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PART 1 .  MOLTEN-SALT REACTORS 

1. HIGH-TEMPERATURE PHASE 
EQUILIBRIUM STUDIES 

Equilibrium , phase  behavior was  examined in 
sys t ems  of relevance to molten-salt reactor tech- 
nology. A three-dimensional model of the  LiF- 
BeF ,-ZrF , phase  diagram w a s  constructed to  
afford a s imple  graphic d isp lay  of the  crystall iza- 
tion behavior of the  MSRE fuel and coolant s a l t .  
Reexamination was  made of t h e  L iF -BeF ,  system, 
us ing  very pure mixtures of LiF and BeF,.  Signifi- 
can t  refinement in the  l iquidus va lues  was achieved. 
Equilibrium cons tan ts  for the  disproportionation of 
UF ,  were determined in  a study of UF ,  UF,  
high-temperature equilibria. T h e  phase  diagram 
of the  system was  constructed as a part of the  
study and shows  a subs t an t i a l  so l id  solubili ty of 
UF,  i n  UF,. Fractionation experiments were 
conducted with the  MSRE four-component fuel 
mixture LiF-BeF,-ZrF,-UF, a t  cool ing  ra tes  ap- 
proximating those  in  the  reactor drain tanks.  L i t t l e  
compositional variation was  observed. Crystallo- 
graphic da t a  were obtained for all so l id  phases  i n  
the  LiF-LnF,  and NaF-LnF, (Ln = La through Lu) 
binary sys tems,  and phase  diagrams were con- 
structed for t h e  30 sys tems.  A high-temperature 
fluorite phase  w a s  found in 12 of the  NaF-based 
sys tems;  its compositional variability is extended 
in  proportion to the  difference in Na '/Ln3 ' ca t ion  
size. Hexagonal-orthorhombic t rans i t ions  were 
determined for SmF,, GdF,,  TbF , ,  TmF,, and 
L u F  3 ,  us ing  quenching and high-temperature x-ray 
methods. Further information relating ca t ion ic  
sizes with fluoride c rys ta l  chemistry w a s  obtained 
in  examinations of the  sys t ems  NaF-ScF,, NaF- 
BiF,, and KF-LaF,. Systems of potential  u s e  in  
advanced reactor technology, KC1-UCl,, NaF-KF- 
ThF, ,  and LiF-NaF-ThF,,  were examined with 

respec t  to liquid-solid equilibrium t rans i t ions  and 
crys ta l  phase  properties. T h e  c rys ta l  s t ruc ture  
of NaNdF, and related compounds was  es tab l i shed  
from single-crystal  data. Accurate va lues  for t he  
atom posit ions in Li,BeF, were obtained from a 
structural  ana lys i s  of s ing le  c rys ta l s .  

2. RADIATION CHEMISTRY 
OF THE MOLTEN-SALT REACTOR SYSTEM 

A s e r i e s  of in-pile t e s t s ,  a t  the  Materials Tes t ing  
Reactor (MTR), of the  compatibility of Molten-Salt 
Reactor materials h a s  been completed. Earlier 
tests in  the  s e r i e s  had furnished ev idence ,  such  
as the  presence  of C F ,  and F, in the gas  phase ,  
that  raised searching  ques t ions  about t he  s tab i l i ty  
of t h e  fuel under irradiation. Favorable answers  to  
these  ques t ions  were confirmed by the  most recent 
t e s t .  T h e  key factor was the  use  of hea ters  t o  
maintain a high temperature in  t h e  fuel during 
periods when the  MTR was  inoperative. Under 
these  circumstances there w a s  no ev idence  of F, 
re lease  from the  fuel,  and virtually none of t he  
untoward e f fec ts  encountered earlier were mani- 
fested.  Off-gas from t h e  in-pile capsu le s  was  
analyzed for CF, ,  but none could be  de tec ted ,  
even at a leve l  of 0.1% of the xenon result ing 
from f i ss ion;  the limiting leve l  of detection is 
lower by a factor of 1000 than that which would 
be of s igni f icance  for MSRE operation. T h e  
amount of uranium deposited on the  graphite spec i -  
mens proved to be inconsequential ,  particularly in 
light of ev idence  tha t  i t  a rose  from t races  of 
adhering fuel. T h e  ac tua l  amounts were about 
2 orders of magnitude lower than those  found in  
earlier experiments i n  which F, was  evolved. 
Other resu l t s  of experiment 47-6 showed that t he  
radiolysis of C F ,  was  low, the f i ss ion  product 
iodine and tellurium were partially removed from 
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c a p s u l e s  tha t  were swept  with helium during irradia- 
tion, the molybdenum t e s t  specimens may have  been 
embrittled during the  exposure,  the ruthenium had 
mainly left  t he  sa l t ,  and the  graphite and INOR-8 
sur faces  were apparently unaffected. T h e  MSRE 
components appear t o  be  qui te  compatible for u s e  
under the  planned conditions of temperature and 
power density. 

A prototype in-pile capsu le  experiment h a s  been 
designed to obtain further information of the  ef- 
fects of irradiation on fue l  salt  for a Molten-Salt 
Reactor. Primary objec t ives  a r e  to  obtain high 
power dens i ty  in the  fuel s a l t  (up t o  200 w/cm3) 
and high burnup (up to  50% ','U) through opera- 
tion of the  experiment in a n  ex is t ing  facil i ty of 
the  ORR. Pertinent fea tures  of the  experiment 
are: (1) circulation of t he  fue l  s a l t  (by thermal 
convective flow), (2) provisions for removing 
samples  of the  s a l t  and cover gas  while operating 
in-pile, (3) provisions for s a l t  additions to maintain 
s a l t  inventory, and (4) abil i ty to maintain the  fue l  
molten a t  all t imes.  Operation for more than 1200 hr 
of a n  out-of-pile mockup of t he  proposed capsu le  
experiment shows that s a l t  circulation in  the  range 
of 2 to 10 cm3/min (total volume of salt is -85 
cm3) c a n  b e  maintained, and tha t  sampling and 
addition of s a l t  a r e  feas ib le  with procedures 
su i tab le  for in-pile use.  Sufficient hea t ing  capac i ty  
and cooling capac i ty  a re  provided . i n  duplicate.  
T h e  salt c a n  be kept molten a t  all t imes,  and 
operating temperature (- 1200OF) c a n  be  maintained 
while removing up t o  -8 kw of f i ss ion  heat.  

T h e  gamma irradiation of a so l id  fluorrde s a l t ,  
simulating MSR fuel, result ing in the  generation 
of subs t an t i a l  quant i t ies  of fluorine gas,  w a s  
reported previously. T h e  examination of s a l t  and 
graphite recovered from t h i s  experiment h a s  re- 
vealed resu l t s  in each  material cons i s t en t  with 
fluorine generation; no such  ef fec ts  were found in  
an  unirradiated control. No ef fec ts  on t h e  INOR-8 
container were noted in either experiment. A mecha- 
nism involving reaction of fluorine and uranium 
hexafluoride with the  graphite is sugges ted  to  
explain a n  observed transport  of uranium to t h e  
graphite. 

Fluorine r e l ease  from so l id  inorganic fluorides 
under electron irradiation was  -studied further to 
(1) provide more complete and accura te  informa- 
tion on the  dependence of G F z  on d o s e  and (2) 
determine the  effect  of thermal annea l ing  upon 
th is  dependence. Three  materials of in te res t  t o  
t he  Molten-Salt Reactor Program were studied: 

simulated MSRE fuel,  Li,BeF,,  and Li,BeZrF, ,. 
No fluorine w a s  re leased  from the  Li ,BeZrF, , ,  
but t h e  other two materials produced fluorine on 
irradiation. T h e  G F 2  values  for both s a l t s  pas sed  
through maximum values  with increas ing  irradiation 
t i m e ;  va lues  for annealed MSRE fuel s a l t  were 
about half t hose  of the  directly frozen s a l t ;  va lues  
for t h e  Li,BeF, were still lower. A model is 
proposed to account  for t he  charac te r i s t ics  of t he  
radiolysis of MSRE fue l  salt a t  temperatures below 
11ooc. 

A beryllium-window x-ray tube, coupled c lose ly  
to  a beryllium-window cell, permitted x-ray d o s e s  
of l o z 1  ev/hr t o  a 10-g sample of t e s t  s a l t  (simu- 
la ted  MSRE fuel). T h e  yield of fluorine w a s  found 
to  increase  with the length of t he  irradiation period, 
up t o  90 hr, while the  y ie ld  of oxygen decreased; 
the total  equivalent G va lue  was  cons tan t  a t  around 
0.09 molecule per 100  e v  of energy absorbed. 
The  G value for equivalent fluorine from the  irradia- 
t ion  of ThF ,  was  raised from 0.005 to 0.014 follow- 
ing treatment with 100% fluorine a t  35OOC t o  
remove impurities. 

3. CHEMICAL STUDIES OF MOLTEN SALTS 

Continued s t u d i e s  of the  chemistry and thermo- 
dynamics of molten fluorides a r e  be ing  made by 
the  method of equilibrating t h e  melts with gaseous  
H F  and H,O. T h e  reac t ions  which occur produce 
both oxide and hydroxide ions  i n  t h e  melts.  
Equilibrium measurements made on  melts sa tura ted  
with B e 0  and ZrO, gave, respectively,  t he  activity 
coef f ic ien ts  of BeF ,  and ZrF,,  both of which 
varied with composition. In addition, t he  so lu-  
b i l i t i es  of t h e s e  oxides  were found to be lower 
than previous, less direct ,  es t imates .  T h e  capac i ty  
of a n  LiF-BeF,-ZrF, melt, approximating t h e  
MSRE fue l  composition, to contain oxide without 
Z r 0 2  precipitation w a s  found to be  generally 
higher than previous es t imates ,  and to  b e  strongly 
a function of melt composition and temperature. 
T h e  efficiency of oxide removal from molten 
fluorides by H F  under equilibrium sparg ing  condi- 
t ions was  ca lcu la ted  and compares wel l  with 
experience during purification of large ba tches  of 
s a l t  for the  MSRE. 

Equilibrium measurements have been made, over 
t he  temperature interval of 565 to  97OoC, of the  
reaction 

UF,  + '/2H2 $ UF,  + H F  , 
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both with so l id  UF,  and UF,  and with t h e s e  com- 
pounds d isso lved  in  molten LiF-BeF,  mixtures. 

T h e s e  measurements sugges t  tha t  -AFT(UF,) = 
351.4 - 52.8(T°K/1000) is in agreement with 
previous es t imates  by Brewer, and tha t  dispropor- 
tionation of UF ,  should prove no problem under 
UF,  and UF ,  concentrations and temperature 
conditions of the  MSRE. 

Reduction of SO,’- i n  molten fluoride mixtures 
and subsequent  removal of sulfur as H,S on sparg- 
ing with H,-HF mixtures h a s  been studied to  
improve sulfur removal i n  the  process ing  of MSRE 
fuels.  

Reference electrodes based  on the  Be /BeZt  and 
H,, H F  electrode reactions have  been found suit-  
ab le  for u s e  in molten Li,BeF,. When they were 
combined t o  form the  cell 

f 

Be(s)  + 2HF(g, 1 atm) = H,(g, 1 atm) + BeF,(d) , 

potential  va lues  of 1.916, 1.849, and”1.775 v were 
obtained a t  504, 597, and  703OC respectively.  
T h e s e  va lues  a re  in fair agreement with the  ex is t ing  
thermochemical data. 

A practical  method was  deduced for interpreting 
the peak-shaped current-voltage curves  obtained by 
l inear voltage s c a n  voltammetry of molten fluoride 
solutions.  T h e  method was  verified by s tud ie s  of 
the  reductions of Fe(I1) and Ni(I1). 

Good reproducibility was  achieved by the  u s e  of 
derivative voltammetry in t h e  determination of 
U(1V) in molten LiF-BeF,  mixtures by electro- 
chemica l  reduction at pyrolytic graphite electrodes.  

A continuing study of the v iscos i ty  of t h e  LiF- 
BeF, system is showing how viscos i ty  changes  
with composition, how these  changes  a r e  corre- 
la ted  with structural  parameters of t h e  individual 
components, and how th i s  sys t em compares with 
the analogous MgO-SiO, sys tem.  Measurements 
were obtained with a rotational viscometer on 17 
mixtures having compositions varying between 
pure BeF ,  and 50 mole % LiF-50 mole % BeF,. 
Over th i s  composition range the  v iscos i ty  changed 
by more than 6 orders of magnitude while the 
energy of activation for v i scous  flow dec reased  
from 60 kca l  for pure BeF, t o  1 4  k c a l  for 5 0  mole 
% LiF-50 mole % B e F z .  T h e  pronounced lowering 
of v iscos i ty  and energy of activation with increas- 
ing  LiF concentration is believed to be  a s soc ia t ed  
with t h e  gradual breakup of the  disordered three- 
dimensional network of Be-F tetrahedra. 

A s imple  experimental  method for es t imat ing  the  
density of molten fluoride mixtures in t h e  laboratory 
was  developed for u s e  in an  inert-atmosphere glove 
box enc losure .  It is based  on measurement, by 
means of a n  e l ec t r i ca l  probe, of t he  height of a 
known weight of melted mixture in a cylinder of 
known diameter. 

Studies of t h e  vapor s p e c i e s  given off from a n  
LiF-BeF , (66-34 mole X )  near i t s  l iquidus tempera- 
ture were made by the  u s e  of a time-of-flight m a s s  
spectrometer. T h e  resu l t s  sugges ted  tha t  BeF, 
was  t h e  dominant s p e c i e s  evolved from the  molten 
state. A sudden ,  small temperature increase  
after a long  period of time below the  melting point 
was  followed by a large relative increase  i n  the  
Li,Ft peak, sugges t ing  tha t  dimeric (LiF) ,  was  
the  s p e c i e s  vaporizing. 

Vacuum dis t i l l a t ion  of simulated MSRE fuel 
salt afforded e s sen t i a l ly  complete recovery of the  
carrier s a l t  and recovery of about 80% of the UF,  
with a n  overall  separation factor in e x c e s s  of 50 
from europium trifluoride used t o  s imula te  rare 
earth f i ss ion  products. T h e  separa t ion  was  done 
in  an  INOR-8 s t i l l ,  by s ingle-pass  disti l lat ion,  
with heat supplied by a n  ordinary vertical  tube 
furnace. T h e  ba lance  of the  UF,  should be  readily 
recovered free from rare ea r ths  by fluorination. 

Gas  transport  ’ properties of a n  impregnated 
graphite (CGB grade) chosen for u s e  in the  MSRE 
have  been evaluated and compared with those  for 
other reactor and commercial graphites. Permea- 
bility of the MSRE graphite to gases (such as 
krypton and xenon) is considerably higher than  
that of CEY graphite, which is much inferior with 
regard to  permeation by t h e  MSRE fuel. 

Removal of 135Xe from the  MSRE by s t r ipp ing  of 
gas f rom fluid flowing a t  a low rate through t h e  
pump bowl h a s  been re-estimated. Assumption of 
a f i l m  which controls mass  transfer to t h e  core  
graphite (and a similar film restricting transfer to  
the  gas  bubbles i n  the  stripper), with the  known 
charac te r i s t ics  of the  MSRE and i t s  graphite, l e a d s  
to  t h e  conclus ion  that xenon poisoning will  be  a 
considerable problem i n  t h e  reactor. 

Prompt removal of protactinium from irradiated 
thorium would minimize neutron losses to  233Pa 
and permit production of isotopically pure ,U. 
Such a prompt removal requires a mobile thorium- 
bearing blanket as well  a s  an  a s soc ia t ed  protac- 
tinium-separation process.  Malm and Fried,  in a n  
old study (1951) at Argonne National Laboratory, 
found some volatility of protactinium from a mixture 
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of ThC1, and AlC1,. We have  made a brief s tudy  
of th i s  system to assess i t s  usefu lness  a s  a 
spec ia l  mobile blanket.  T h e  solubili ty of thorium 
chloride in  molten aluminum chloride a t  tempera- 
tures in  t h e  range 200-350OC w a s  found to be  
1 mole %. In tracer experiments,  it was  shown that 
protactinium could be  leached from so l id  ThC1, 
by liquid AlC1, i n  amounts subs tan t ia l ly  exceeding  
the  thorium chloride which d isso lved ,  and could 
be  volati l ized with the  AlC1,. Quartz and other 
adsorbents were shown to  be capab le  of removing 
protactinium from A1C1, in  both liquid and vapor 
phases .  

4. FLUORIDE SALT PRODUCTION 

A total of 15,300 lb  of 7LiF-BeF, (66 mole % 

7LiF) is required as coolant  (44 ft3) and flush 
(75 ft3) mixtures for t h e  Molten-Salt Reactor 
Experiment (MSRE). About 11,250 l b  of 7LiF- 
BeF ,-ZrF,-UF, (65.0-29.1-5.0-0.9 mole % respec- 
t ively) is required as reactor fuel. Uranium tetra- 
fluoride (some enriched to 93% in 235U and the  
r e s t  depleted in t h i s  i so tope)  and 7LiF were 
obtained from AEC sources ;  other fluorides were 
obtained by competit ive b ids  from commercial 
sources  a t  t he  h ighes t  purity ava i lab le  a t  a reason- 
ab le  price. 

T h e  tue l  was  prepared a n  a n  7LiF-BeFz-ZrF,  
fuel so lvent  mixture, an  7L iF-23sUF4  (27 mole % 
UF,) fuel concentrate,  and an  7LiF-UF, mixture 
with 27 mole % of depleted UF,; t h e s e  mixtures 
a re  to b e  blended to the  proper fue l  composition i n  
s ta r tup  of the  MSRE. T h e  7LiF-BeF, mixtures 
(coolant and flush salt) were prepared to t h e  f ina l  
composition in  one  operation. 

All chemica ls  except  7LiF were blended into 
the  predetermined mixture composition as received. 
T h e  7LiF w a s  heated to 6OOOC with occas iona l  
agitation under hydrogen f luoride-helium atmos- 
pheres to inc rease  t h e  bulk dens i ty  and t o  diminish 
the  water content of the  material before use.  
All mixtures excep t  t h o s e  containing 2 3 5 U F 4  
were processed i n  ba tches  of 250 t o  300 lb; ba t ches  
containing enriched uranium were res t r ic ted  to  
6-in.-diam v e s s e l s  and to 2 3 5 U F 4  contents  of not 
more than 15 kg. 

All the large ba tches  were mixed, blended, and 
melted under hydrogen fluoride-helium atmospheres.  
Metallic beryll ium, was  added t o  a id  i n  the  rapid 

reduction of SO,” and the  liquid was decanted 
into t h e  nickel process ing  equipment. Oxide, 
su l f ide ,  and  ch lor ide  ion were removed, with 
l i t t l e  a t tack  on t h e  equipment, by treatment with 
gaseous  mixtures of H F  and H,. F i n a l  treatment, 
to reduce FeF, and  NiF,, w a s  accomplished by 
treatment with pure H,. T h e  sma l l  235U-containing 
ba tches  were given a similar treatment but without 
the addition of metall ic beryllium. All purified 
melts were s tored  under pure helium until needed. 

T h e  coolant and f lush  s a l t s  have  been transferred 
into the  MSRE tanks.  T h e  MSRE fuel is in  f ina l  
s t a g e s  of preparation. 

P A R T  II. AQUEOUS REACTORS 

5. CHEMISTRY OF PRESSURIZED-WATER 
REACTOR SYSTEMS 

Studies  of the  water chemistry of the  pressurized- 
water loop a t  t he  ORR were continued until loop 
operation was  shu t  down in the  summer of 1964. 
With t h e  water temperature in  t h e  range 149  t o  
176OC, average  concentrations of corrosion product 
Fe, Ni, Mn, Cr,  and C o  were (in lo-’ M), respec- 
tively, 200, 150, 14, 3, and 1 as so luble  s p e c i e s ,  
and 40, 3, 0.1, 5, and  <0.1 a s  suspended so l ids .  
T h e  corrosion products (and the  a s soc ia t ed  radio- 
activity) were thus  largely in t h e  so luble  form. 
The  behavior of t h i s  d i s so lved  material, t h e  
apparent recrystall ization of suspended so l id s ,  
and the  r e su l t s  of further t e s t ing  of magnetite 
absorbents ,  all continued t o  support  the  possibil i ty 
that  a bed of high-temperature magnetite could b e  
used  to recover radioactive corrosion products 
from c i rcu la t ing  water i n  PWR sys t ems  after the  
water had passed  through the  reactor core. 

T h e  solubili ty of Fe304, the  normal corrosion 
product of PWR steel-water sys t ems ,  h a s  been 
studied in pure H,O sa tura ted  a t  room temperature 
with 1 atm of H,. T h e  t e s t s  ind ica te  that t h e  
solubili ty is -0.33 x M (in iron) at 26OoC, 
and 1.5 x M at 200OC. 

6. CORROSION STUDIES FOR AQUEOUS 
REACTORS AND CHEMICAL PROCESSES 

Corrosion t e s t ing  i n  support  of the  High Flux  
Isotope Reactor h a s  been completed.  Both dynamic 
and s t a t i c  t e s t s  were conducted i n  water adjusted 
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to a pH of 5.0 a t  50 and 100OC. Although aluminum 
a l loys  pitted in  c rev ice  regions and beryllium 
pitted randomly on  all sur faces ,  t he  a t tack  of 
neither metal was  sufficient t o  preclude its u s e  
in  t h e  construction of the  reactor.  T e s t s  with 
numerous other materials,  including p l a s t i c s ,  
were conducted to determine their su i tab i l i ty  in  
reactor components. 

Corrosion tests in various chloride-containing 
so lu t ions  of direct  in te res t  to the Transuranium 
Process ing  Fac i l i ty  have  been completed. Because  
of t he  corrosive nature of t h e s e  solutions,  most 
tests were of t he  behavior of tantalum and zir- 
conium. Both materials have  adequate  corrosion 
r e s i s t ance  t o  t h e  process.  so lu t ions ,  but both 
absorb  corrosion-product hydrogen which, in suf- 
f icient quant i t ies ,  produces embrittlement. 

T h e  corrosion res i s tance  of numerous metals and 

the  field coefficient B was  investigated.  T h e  
resu l t s  have shown that B i nc reases  with tempera- 
ture, contrary t o  theory, which predicts B = qa /kT ,  
where q is t h e  valency charge  on  the  mobile ion 
(or vacancy) and a is the  activation d is tance .  
Others have  reported similar observations for 
zirconium and other metals a t  temperatures below 
100OC. However, t he  temperature dependence is 
more marked and the activation d is tance  is much 
larger than expected. T h e  applicabili ty of local 
field concep t s  which relate the  dielectric behavior 
of t h e  oxide through the  dielectric cons tan t  E was  
tested.  U s e  of the  Lorentz field, [ ( E  + 2)/3](V/X), 
led to more reasonable agreement with t h e s e  than 
did u s e  of the  Maxwell field, V/X. It appears  t ha t  
a field-dependent movement of ions ac ross  the  
oxide film is an  important s t e p  in  the  corrosion. 

8. PHYSICAL CHEMISTRY OF HIGH- 
a l loys  h a s  been examined i n  both gaseous  and 
aqueous environments of in te res t  t o  various fuel 
element reprocess ing  schemes .  In addition, the TEMPERATURE AQUEOUS SYSTEMS 

corrosion r e s i s t ance  of type 304  E L C  s t a i n l e s s  
s t e e l  was  determined in ca lc in ing  was te  products 
with and without additions of different g lass -  
forming chemicals.  

7. MECHANISMS OF CORROSION 
OF ZIRCONIUM ALLOYS 

T h e  mechanism of radiation corrosion is being 
investigated by comparing t h e  behavior of fast-  
neutron-irradiated specimens with unirradiated 
controls.  Specimen pretreatments were varied in  
order t o  provide different amounts of oxide f i l m  
and different amounts of d isso lved  oxygen near 
t he  sur face  during irradiation. Weight gain and ac 
film impedances were measured during postirradia- 
tion exposure t o  3OOOC s team plus oxygen. Tenta-  
t ive conclusions from previous work were verified: 
irradiation damage in the  metal  enhances  corrosion, 
and a sma l l  retardation of corrosion resu l t s  from 
irradiation of oxide film. It w a s  also concluded 
tha t  the  damage in  the  metal is probably assoc ia ted  
with d isso lved  oxygen, and i t  i nc reases  with 
increasing concentrations of oxygen. 

T h e  general equation i = 2A s i n h  B E ,  which 
related t h e  anodic f i l m  growth current i t o  t he  
field ac ross  t h e  oxide film E h a s  been shown to  
apply for anodic f i l m  growth on  zirconium i n  
oxygenated d i lu te  H ,SO, a t  temperatures from 
200 t o  284OC. T h e  temperature dependence of 

T h e  e lec t r ica l  conductances of sulfuric ac id  
solutions were measured a t  temperatures from 0 to 
8OOOC and at pressures  to 4000 bars. From t h e  
resu l t s ,  limiting equivalent conductances of H,SO, 
were obtained as a function of temperature and 
density.  T h e  second ionization cons tan t  of H,SO, 
was  ca lcu la ted  at temperatures up t o  3OO0C, and 
the  f i r s t  cons tan t  at temperatures between 400 
and 800OC. 

By us ing  computer techniques and ava i lab le  
experimental va lues  for t he  dielectric cons tan t  of 
water a t  temperatures to  35OoC, a n  empirical 
three-parameter equation was  developed t o  represent 

-the behavior of p2g (where p is the dipole moment 
and g is the  Kirkwood correlation function) as  a 
function of temperature and density.  Values  of 
p2g ca lcu la ted  from th is  equation were introduced 
into t h e  Kirkwood equation to es t imate  the  d ie lec t r ic  
cons tan t  of water to 8OOOC and 1.0 g/cm3. 

T h e  second d issoc ia t ion  cons tan t  of H 2 S 0 ,  was  
ca lcu la ted  at temperatures from 25  to 35OOC through 
the u s e  of va lues  for the  solubili ty of CaSO, and 
its hydrates determined both in  aqueous su l fur ic  
ac id  so lu t ions  and NaCl so lu t ions  a t  temperatures 
from 25 t o  350OC. The va lues  ca lcu la ted  compared 
favorably with l i terature va lues  to  225°C and with 
those  obtained at t h e s e  and higher temperatures 
by the  conductance method. 

By us ing  equivalent conductances from both the  
present s tud ie s  and the  literature, and some trans- 
ference numbers for low temperature from t h e  
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literature, limiting ion ic  conductances  of the  
potassium, sodium, hydrogen, chloride,  bisulfate,  
and su l f a t e  ions  in  water were es t imated  to 400OC. 
T h e  limiting conductances of lithium, ammonium, 
and hydroxide ions  were estimated t o  300OC. 

I sopies t ic  s t u d i e s  of aqueous s a l t  so lu t ions  
were extended t o  165OC with t h e  resu l t s  confirming 
observations previously made a t  15OoC. Specifi- 
cally,  the  g5 vs  m curves  of t h e  1-1 s a l t s  p o s s e s s  
a curvature oppos i te  t o  that encountered at 25OC. 
Evidence is provided which d iscounts  t he  phenom- 
enon of hydrolysis of t he  weaker e lec t ro ly tes ,  for 
example, LiC1, as a relevant factor in accounting 
for t he  unusual g5 v s  m behavior. 

Previously reported measurements of t he  hydro- 
a l y s i s  of T h 4 +  in  1 m (Na)C10, solution at 0 and 
95OC, a long  with similar measurements of o thers  
a t  25OC, have  been analyzed by means of a general  
l eas t - squares  computer program to  determine t h e  
s imples t  set (scheme) of hydrolysis products 
Thx(OH)y(4 x-yi+ with which they a re  cons is ten t .  
At least four s p e c i e s  must b e  assumed to approxi- 
mate the  da t a ;  however, t h e  bes t  s u c h  schemes  - 
(I) x,y: 1,l - 1,2  - 2,2 - 5,12 or  (11) x,y: 1,l - 
1,2 - 2,3  - 6,15 - yield sys t ema t i c  deviations 
from t h e  da t a  which a r e  similar a t  all three tempera- 
tures.  Two schemes  of f ive  s p e c i e s  - (111) x,y: 
1,l - 1 ,2  - 2,2  - 3,6 - 6,15 and (IV) x,y: 1,l - 
1,2 - 2 ,2  - 4 , 8  - 6,15 - fit t he  da t a  within t h e  
expected experimental  error; s cheme  (IV) is the 
better. Formation quot ien ts  were obtained for the  
s p e c i e s  in  e a c h  scheme at all three temperatures. 
Those  for scheme (IV) indicated tha t  t he  enthalpy 
and entropy changes  per OH' bound in the  three  
polymeric s p e c i e s  were nearly cons tan t .  

T h e  so lubi l i t i es  of MgSO, *H,O (and MgSO, - 
D,O) were determined in H,SO,-H,O (and D,SO,- 
D,O) so lu t ions  at temperatures from 200 to 35OOC 
and a t  concentrations of H,SO, to 1.8 m. At so lu-  
tion concentrations of SO, (total su l fa te )  between 
approximately lo-, and 0.1 m, t h e  monohydrate 
was  found t o  b e  hydrolytically unstable;  it was  
converted partially to a n  oxysulfate or Mg(OH), 
(or both) depending upon temperature and solution 
concentration. 

9. INTERACTION OF WATER 
WITH PARTICULATE SOLIDS 

Differential h e a t s  of adsorption of water on 
thoria have been ca lcu la ted  for th ree  charac te r i s t ic  

samples  of thoria from calorimetrically determined 
hea t s  of immersion with varying amounts of pre- 
sorbed water. Data for two of t h e  three ind ica te  a 
high degree  of sur face  heterogeneity,  while t h e  
third appears  to p o s s e s s  regions of near homogene- 
ity. Evidence is presented tha t  t he  sur face  a rea  
is a function of t h e  amount of water on the  sample.  
T h e  da ta  also sugges t  tha t ,  i f  the contribution 
from chemisorption is properly excluded, exce l len t  
agreement of sur face  a r e a s  obtained by water 
adsorption and by nitrogen adsorption c a n  b e  
realized. 

Gravimetric adsorption-desorption s tud ie s  of 
water vapor yield type I1 isotherms with a high- 
relative-pressure hys te res i s  loop charac te r i s t ic  of 
porous so l id s .  However, s amples  which have  
been outgassed  a t  temperatures higher than  the  
isotherm -temperature show an  extremely s l o w  
abili ty t o  adsorb  water which cannot be  recovered 
by normal high-vacuum procedures. T h i s  phenom- 
enon manifests i tself  by the failure of the  adsorp- 
tion and desorption branches to close a t  low 
coverage and even  a t  high vacuum. During months 
of exposure to  water vapor,  t h e  separa t ion  dimin- 
i s h e s  until  eventually the  curves  co inc ide .  

Exploratory experiments have  demonstrated t h e  
applicabili ty of infrared spec t roscopy t o  the  identi-  
f ication of adsorbed s p e c i e s  and their  bonding 
charac te r i s t ics .  Thin thoria d i s k s  have  been 
prepared which seem to meet the  requirements of 
high-res olution infrared spectroscopy. The  inten- 
s i t i e s  of the  absorbance  peaks  of both water and 
carbon dioxide sh i f t  with temperature. 

Waterlogging failure of a leaky fuel element is 
dependent on s t r e s s e s  imposed on  the  c ladding  as 
water is e j ec t ed  by heat-up upon increas ing  reactor 
power. T h e s e  s t r e s s e s  a r e  interrelated functions 
of (1) the  permeability of t he  fuel element,  (2) the  
ava i lab le  void volume, (3) the  geometry of the  fue l  
e lements ,  and  (4) t he  r a t e  of temperature r i se .  
Experimental da t a  ind ica te  that a n  ana ly t ic  inter- 
pretation of waterlogging s t r e s s e s  in terms of 
these  var iab les  and the  pressure-volume-temperature 
properties of water is feas ib le .  T h i s  is particularly 
true for t h e  s t r e s s e s  imposed by flow from water 
expansion within the  element. T h e  effect  of defect 
parameters on the pressure drop a c r o s s  t h e  defec t  
h a s  not ye t  been considered in depth. F l a sh ing  
flow both a t  the  de fec t  and within the  fue l  element 
appears  important. Cr i t ica l  flow controls t h e  flow 
rate through the  defect.  Reasonable  l imitations 
on reactor s ta r tup  procedures, even  i f  empirical ,  
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should supply guidelines which will  minimize the  
likelihood of waterlogging failure. 

Gas evolution from sol-gel (thoria-3% urania) 
reactor fuel material was  studied by outgass ing  
samples  a t  temperatures up to 1200OC. The  amount 
of gas  evolved was  found t o  be  a l inear function 
of t h e  sur face  area of the  material. T h e  composi- 
tion of t he  gas ,  a mixture of CO,, CO, H,, and 
probably H,O, also appeared to b e  strongly af- 
fected by the  sur face  a rea  of t he  material; nearly 
pure CO, was  evolved from materials of low (0.1 
m2/g) sur face  area.  Revers ib le  adsorption of CO, 
was  demonstrated; removal of CO, by outgass ing  
was  rapid and complete a t  temperatures of 5OOOC 
and above. 

P A R T  1 1 1 .  GAS-COOLED REACTORS 

10. DIFFUSION PROCESSES 

T h e  “dusty-gas” model, a mathematical model 
that  descr ibes  gas  transport in porous media as 
the  migration of gas  molecules through a uniformly 
distributed collection of giant molecules (dust 
particles) which a re  fixed in s p a c e ,  h a s  been 
applied in previous reports to account for t he  
isothermal diffusion of binary gas  mixtures through 
porous s e p t a  under uniform to ta l  pressure and in  
the  presence  of a pressure gradient. T h e  model 
has  recently been extended t o  include the  relative 
separa t ion  of two g a s  components as t h e  result  of 
a thermal gradient. As  required, t h e  model predicts 
no separa t ion  a t  very low pressures  (Knudsen 
region), and pressure-independent separa t ion  in  the  
hydrodynamic region. In the  transit ion region, 
however, the  behavior is predicted to be  qui te  
complex; i t  var ies  with the  temperature, molecular 
masses ,  and intermolecular forces  of the  gas  
molecules involved. 

Isothermal gaseous  diffusion measurements were 
made with the  sys t ems  He-Ar, Ar-Xe, and He-Xe 
over t h e  temperature range 0 t o  12OOC in a n  effort 
to reso lve  a previous discrepancy between directly 
measured diffusion coefficients for He-Xe mixtures 
and va lues  determined from t h e  composition depend- 
ence  of the  v iscos i ty  coefficients of s u c h  mixtures. 
T h e  present  r e su l t s  a r e  in  good agreement with 
those  derived from viscosity data.  T h i s  agreement 
sugges t s  the  feasibil i ty of a n  indirect determination 
of diffusion coefficients for cases and conditions 

where v iscos i ty  is t h e  more expedient property 
to measure. 

Investigations of the  migration behavior of 
ac t in ides  in pyrocarbons have continued t o  employ 
two d is t inc t  t ypes  of diffusion experiments: (1) 
thin-layer experiments tha t  yield penetration da ta  
and diffusion coefficients related t o  the  concentra- 
tion profiles,  and (2) constant-potential experiments 
that  yield es t imates  of t h e  ac t in ide  solubili ty in  
pyrocarbons - as well  as additional va lues  of the  
coefficients.  

T h e  thin-layer experiments indicate that no 
appreciable ac t in ide  migration occurs  at tempera- 
tures below 146OOC. Above th i s  temperature, all 
ac t in ides  studied show comparable behavior. Se t s  
of coef f ic ien ts  obtained a t  two different thorium 
concentrations,  in identical  pyrocarbons, show 
that the  ex ten t  of migration increases  as the  acti-  
nide concentration increases .  

The  extent of ac t in ide  migration inc reases  with 
increase  in concentration of defec ts  (as revealed 
by x-ray and electron-microscope techniques)  i n  
pyrocarbons. Autoradiographs well  e s t ab l i sh  the  
nonuniform diffusion of ac t in ides  in  highly defective 
pyrocarbons. Defect concentrations (and diffusion 
ra tes )  in pyrocarbons c a n  be  markedly reduced by 
ultrahigh-temperature annea l s  of actinide-free spec -  
imens. 

Preliminary resu l t s  from constant-potential ex- 
periments verify the  effect  of concentration on 
actinide migration. Structural changes  resu l t ing  
from t h e  presence of actinide within the  specimens 
a re  qui te  apparent through electron-microscope 
examinations, s ince  the  uranium concentration 
a s soc ia t ed  with these  experiments is relatively 
high. T h e  uranium solubility does  not depend 
upon the  temperature a t  which the  diffusion ex- 
periment is performed; rather, i t  a s sumes  a cons tan t  
value within the  temperature range wherein defec t  
concentrations remain constant.  It is c l e a r  that  
structural  changes induced by ultrahigh tempera- 
tures dep res s  ac t in ide  migration, but structural  
changes  induced by the  presence of ac t in ides  
enhance actinide migration. 

11 .  REACTIONS OF GRAPHITE 
WITH OXIDIZING GASES 

T h e  ra tes  of reaction of a 1-in.-diam sphere  of 
ATJ graphite (the graphite used  as the  outer s h e l l  
of AVR fuel spheres)  with low concentrations of 
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H,O and CO, i n  flowing helium (1 atm) were 
measured a t  temperatures of 775 to 975OC. Activa- 
tion energ ies  of -50 and -60 kcal/mole were 
found for H,O and CO,, respectively,  at oxidant 
concentrations in  the  range of 100  to 500 vpm 
(parts per million by volume). Apparent orders of 
-0.6 were observed for both t h e  H,O- and C0 , -  
graphite sys t ems  a t  875OC and oxidant concentra- 
t ions ranging from 50 to 750 vpm. Reac t ion  ra tes  
increased with increas ing  burnoff and increas ing  
flow rates.  T h e  H,O- and  C0,-graphite reactions 
were found to b e  strongly retarded by both H, and 
C O  additions.  

Oxidation of 1.5-in.-diam unfueled sphe res  of 
ATJ and Speer Mod-2 graphites by s team (partial 
pressure of -730 torrs) was  s tudied  a t  800, 900, 
and 1000°C. Similar s tud ie s  of 2.36-in.-diam ATJ 
graphite sphe res ,  simulated AVR sphe res ,  and 
fueled mold-injected AVR sphe res  also were 
performed. A linear relationship was  found between 
the reaction ra tes  and sur face  a rea  of the  remain- 
i ng  specimen over a wide range of burnoffs for 
both grades of graphites at 1000°C. Surprisingly, 
t he  spec i f i c  reaction ra tes  (based on B E T  sur face)  
of the  two graphites a re  e s sen t i a l ly  equa l  a t  
1000°C. Activation energ ies  of -50 and -60 
kcal/mole were 'measured for 2.36- and l.S:in.-diarn 
ATJ sphe res  respectively.  Smaller CO to CO, 
ratios were found in t h e  effluent g a s e s  obtained 
from the  larger spheres .  Simulated and fueled 
AVR sphe res  gave reaction r a t e s  and activation 
energ ies  approximating those  found for the 2.36-in.- 
diam ATJ spheres .  

12. IRRADIATION BEHAVIOR 
OF HIGH-TEMPERATURE FUEL MATERIALS 

Effect of uranium burnup on  ra te  of release of 
five fission-gas i so topes  from fue l  par t ic les  with 
laminar, duplex, and triplex pyrocarbon coa t ings  
h a s  been determined during irradiation of the  
particles to temperatures as high as 1400OC. 
F iss ion-gas  retention of both the  duplex and 
triplex coa t ings  was  shown to be sufficient (at 
l e a s t  t o  16% burnup) for present reactor applica- 
t ions.  T h e  duplex coa t ings  showed reaction zones  
and cracks  a t  the  interface between the  co re  and 
inner laminar layer. T h e  triplex coating, with a n  
inner buffer layer of porous carbon, exhibited,  o n  
postirradiation examination, l i t t l e  or no reaction 
with the  fuel core.  Mechanical breaking of s e l ec t ed  

layers  showed tha t  t he  outer layer  of triplex coat- 
ings contained very small quant i t ies  of f i s s ion  
products. 

Simple gamma scann ing  of irradiated fuel sphe res  
c a n  show fuel loading patterns and abnormalit ies 
in fue l  distribution and c a n  give relative uranium 
burnup values.  Irradiation h a s  no de tec tab le  
effect  on compression or impact res i s tance  of 
1-'/2-in.-diam sphe res ,  but compression r e s i s t ance  
of 2.36-in.-diam spheres ,  on  the  b a s i s  of extremely 
limited da ta ,  may be somewhat reduced by irradia- 
tion. Metallographic examinations ind ica te  less 
damage to  triplex coa t ings  of the  fue l  par t ic les  
than to duplex or laminar coatings.  

Three  metal-clad fuel e lements ,  of t en  tha t  have  
been examined, had suffered c ladding  failures 
during irradiation. One failure w a s  caused  by a 
combination of nitride embrittlement of the  c ladding  
and overheating of t h e  fuel, and the  other two  
were caused  by fue l  element distortion and loss 
of suf f ic ien t  cool ing  a t  local a reas .  

13. FISSION-GAS RELEASE 
DURING FISSIONING OF UO, 

T h e  defect-trap model previously descr ibed  for 
r e l ease  of f i ss ion  gases' from UO, h a s  been refined, 
and a n  equation h a s  been developed which quali- 
tat ively reconci les  t he  experimental  observations.  
T h e  irradiation facil i ty h a s  been modified t o  allow 
neutron flux or temperature to be  maintained at a 
cons tan t  va lue  whi le  t he  other is cyc led  s inusoid-  
ally. From fission-gas r e l e a s e  behavior under 
these  conditions we hope t o  determine the  param- 
e t e r s  i n  the  mathematical model. 

An experiment with fine-grain UO, h a s  demon- 
s t ra ted  tha t  grain boundaries do  not a c t  as  pa ths  
of rapid e s c a p e ,  as once  believed, but rather as 
traps which anchor migrating f i ss ion  gas. T h i s  
experiment also verified the  e f fec t  of f i ss ion  
rate and temperature on  fission-gas r e l ease  as  
predicted by the  defect-trap model. 

14. BEHAVIOR OF CERAMIC MATERIALS 
UNDER 1 R RAD1 AT ION 

T h e  annea l ing  of radiation-induced changes  was  
studied by x-ray diffraction for the  silicates cordi- 
eri te,  zircon, s t ea t i t e ,  and forsteri te.  F i v e  dif- 
ferent irradiation d o s e s  were used; annea l ing  w a s  
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studied a t  temperatures to 1250OC. T h e  threshold 
temperature for stored-energy r e l ease  is compared 
with t h e  temperature that in i t ia tes  restoration of 
x-ray diffraction l ines .  P h a s e  transformations 
a re  identified. 

A fluxmeter method for thermal conductivity 
measurements h a s  been developed for u se  i n  
s tud ie s  of the  annealing of radiation effects.  

Fast-neutron irradiation t o  high dosage  l eve l s  
produces e f fec ts  that may prejudice the u s e  of 
ceramic materials a s  fuel matrices,  moderators, 
or other components of nuclear devices.  Irradiation 
of B e 0  compacts and c rys t a l s  h a s  been carried 
to  dosages  of nearly l o 2 '  neutrons (of energy 
>1 Mev)/cm2; similar experiments with MgO and 
other ox ides  a r e  in  progress,  and a s tudy  of radia- 
tion s tab i l i ty  of refractory carb ides  h a s  been 
init iated.  

Gross  damage t o  B e 0  resu l t s  primarily from the 
breaking of grain boundaries by the  radiation- 
induced anisotropic expansion of t h e  c rys t a l  
l a t t i ce ;  t h i s  damage increases  with neutron dosage  
and dec reases  with increas ing  irradiation tempera- 
ture. Magnesium oxide, a cubic  c rys ta l ,  cannot 
fail by th i s  mechanism. However, i t  shows con- 
s iderable  damage, spread  randomly among samples  
receiving more than 7 x 10'' neutrons/cm2, and 
increas ing  with increas ing  temperature. Expansion 
of MgO compacts s a tu ra t e s  a t  1% on exposure to 
l o z 1  neutrons/cm2 a t  15OoC, and is very s l igh t  
a t  8OOOC and above. T h e  gross damage, which 
inc reases  with temperature a t  high temperatures, 
is probably due  primarily to thermal s t r e s s e s .  

15. MISCELLANEOUS STUDIES 
FOR SOLID-FUELED REACTORS 

T h e  cubic fluorite-structure so l id  solution of 
thoria and urania after equilibration in  a i r  a t  tem- 
peratures from 1000 to  155OOC gives ,  by chemical 
ana lys i s ,  va lues  for t he  mole fraction of UO, i n  
the  range from 0.3 to nearly 0.4 i f  t h e  mole fraction 
of thoria is less than about 0.4. However, a cor- 
relation of l a t t i ce  parameter with composition 
sugges t s  that  t he  mole fraction of UO, never 
exceeds  0.25. Efforts t o  improve the  quenching, 
handling, and ana ly t ica l  t echniques  have  yielded 
UO, mole fractions sl ightly lower than heretofore 
but have not resolved the  discrepancy. 

Studies of t he  U0,-ZrO, sys t em by equilibrating 
the  oxide phases  in  t h e  presence  of molten fluoride 

mixtures a t  temperatures of 500 t o  1000°C have  
been supplemented by high-temperature x-ray dif- 
fractometric observations of transformations in 
oxide mixtures of various overall  compositions.  
In agreement with the  resu l t s  of previous s tud ie s  
in t h e  presence  of molten fluoride fluxes,  the  
equilibrium oxide phases  were found t o  cons i s t  
only of t he  pure components (cubic UO, and mono- 
c l in ic  ZrO,) a t  temperatures below 800OC. Between 
800 and llOO°C there was  ev idence  of a very small 
solubili ty of ZrO, in  UO,. At temperatures of 
1100 to 145OoC, face-centered UO, and tetragonal 
ZrO, so l id  so lu t ions  were found as the  equilibrium 
so l id s  in  diffractometric s tud ies .  A ten ta t ive  
phase  diagram for t h e  U0,-ZrO, sys tem,  involving 
a postulated intermediate phase  of composition 
near UO, -3ZrO,, is proposed for u s e  in planning 
further work. 

A preliminary investigation h a s  been made of the  
s tab i l i ty  of gaseous  SO,, a potential  coolant for 
f a s t  reactors,  t o  irradiation a t  room temperature 
by a lpha  par t ic les  from radon. Init ial  mixing of 
the  g a s e s  produced ev idence  of damage (marked 
Tyndall  effect and separa t ion  of liquid phase),  
but examination after nearly complete decay  of t h e  
radon sugges ted  l i t t l e  damage. It appears  that  the 
decomposition products recombined, even  at room 
temperature, as  the  radiation leve l  diminished. 

A compilation of the  neutron flux spec t r a  in the 
various experimental fac i l i t i es  (including t h e  
horizontal beam hole ,  poolside, and c a p s u l e  ir- 
radiation fac i l i t i es )  h a s  been made. T h e  compila- 
tion includes both t h e  energy and the  spa t i a l  
variations of the  neutron flux whenever da t a  were 
available.  T h e  resu l t s  a r e  presented in  both 
tabular and graphical form. 

PART IV. NUCLEAR SAFETY 

16. EXPERIMENTS WITH THE 
CONTAINMENT MOCKUP FACILITY 

T h e  Containment Mockup Fac i l i ty  (CMF) c o n s i s t s  
primarily of a 6.7-ft3 s t a i n l e s s  s t e e l  tank in  which 
f i ss ion  product aerosols released from irradiated 
fuel spec imens  by induction hea t ing  c a n  be  aged 
and sampled t o  s tudy  the  transport behavior of 
the  f i ss ion  products. T h i s  equipment is located 
in  a hot cell to  fac i l i t a te  experimentation with 
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high-burnup fuel materials. It h a s  been i n  operation 
for approximately two years .  During the  pas t  year  
i t  was  modified by the  addition of a more elaborate 
filter pack (May pack) to  sepa ra t e  the  different 
forms of iodine and equipment for counting and 
separa t ing  par t ic les  into different size groups. 
It was  also changed to permit operation with a i r  
or steam-air p ressures  up to 30 psig.  

Two experiments were performed i n  the  CMF 
with s ta in less -s tee l -c lad  UO, fuel specimens 
irradiated to  a trace level.  T h e  spec imens  were 
melted in  a flowing a i r  stream, and the  f i ss ion  
product aerosol  was  transferred to  the  tank  and 
allowed t o  a g e  for approximately 3 hr. It was  
found tha t  ten  times as much iodine penetrated a 
l.S-in.-thick charcoal bed when part of t h e  a i r  i n  
t he  tank was  unfiltered, as compared with the  
penetration observed when only filtered a i r  was  
present in the  aging tank. Approximately equa l  
amounts of particulate and molecular iodine were 
present a t  the  end of the  aging period. 

T h e  first  meltdown experiment with highly ir- 
radiated (7000 Mwd/ton) UO, was  performed with 
the  furnace and aging tank filled with air  a t  atmos- 
pheric pressure  for comparison with the  r e su l t s  
obtained with trace-level-irradiated fuel.  Re lease  
va lues  were about t he  same  with both irradiation 
leve ls  except  for tellurium, which was  55% for t h e  
high-burnup fuel and 12% for the  trace-level material. 
Only 0.005% of the plutonium content of the  fuel 
and about the  same percent of the  UO, vaporized. 
The  iodine,  cesium, and tellurium concentrations 
in the  tank aerosol dropped rapidly in the f i r s t  
1 0  min of the ag ing  period; about 75% of the  iodine 
on t h e  tank wall  desorbed during passage  of 1.5 
tank volumes of argon through the tank after t he  
3-hr aging period. The  number of airborne par t ic les  
decreased  by a factor of l o3 ;  but the amount of 
fi l terable activity did not change significantly,  
indicating that the par t ic les  were too small t o  
depos i t  rapidly. 

Organic iodine compounds have  been observed 
to form in simulated reactor accident experiments 
and presumably could be  formed in rea l  acc idents .  
Iodine combined in th i s  form is frequently ca l led  
“penetrating” iodine because  i t  is poorly retained 
by charcoa l  beds ,  which a r e  very efficient in 
trapping molecular iodine. In an  effort to determine 
the  mechanism by which molecular iodine is con- 
verted to organic compounds, attempts were made 
to  make methyl iodide by t h e  gas-phase reaction of 
methane and iodine. Only trace amounts of methyl 

iodide were formed under all t h e  conditions used ,  
including exposure to  a high-level gamma source ,  
showing tha t  gas-phase reac t ions  probably do  not 
account for t he  observed amounts of organic iodine 
compounds. 

Different fractions of “penetrating” iodine were 
found in experiments in the  containment tank. 
T h e  highest’  fraction (0.21) w a s  found when t h e  
aerosol  contained vaporized fue l  par t ic les  in a 
steam-air mixture. Low concentrations of iod ine  
seemed to resu l t  in a higher penetration of charcoa l  
beds.  Wet s t a i n l e s s  s t e e l  retained less iodine 
than a dry surface.  “Washout” of iodine from 
the  tank atmosphere by condensing steam removed 
about 50% of the  iodine in the  tank. 

Iodine produced in  simulated reactor acc iden t s  
c a n  b e  separa ted  ,into three fractions:  particulate 
iodine (iodides or iodine adsorbed on particles),  
reac t ive  iodine (principally molecular iodine or 
HI), and nonreactive iodine (organic compounds 
a re  the principal cons t i tuents  identified t o  date). 
It is necessary  to know t h e  fraction of iodine tha t  
may be  present in each  form in different acc ident  
environments t o  permit eva lua t ion  of t he  hazard of 
th i s  important f i s s ion  product. T h e  e f fec t iveness  
of some components of the  fi l ter  pack used  for t h i s  
separa t ion  is reduced by steam. Side  s t reams 
removed between s t a g e s  of the  complex f i l t e r  
pack a r e  pas sed  through diffusion tubes  or through 
additional f i l ter  packs  t o  eva lua te  the  efficiency 
of the  different components of the main-stream 
fil ter pack. In one experiment, i t  w a s  found tha t  
13% of the  iodine that pas sed  through a s e r i e s  of 
eight s i lver  s c r e e n s  was  in  a reac t ive  form. 
In nuclear sa fe ty  experiments, it is des i rab le  t o  

u s e  fue l  materials which have been blended with 
the  proper concentrations of various e lements  
simulating a high-burnup fuel, a long  with millicurie 
amounts of tracer i so topes  of each  element.  T h e  
simulated fuel h a s  the  advantage of not being 
highly radioactive and of having  the  same  amount 
of f i ss ion  product e lements  as high-burnup fuel. 
However, it  h a s  the  d isadvantage  tha t  t h e  distribu- 
tion and t h e  chemical form of the  f i ss ion  products 
are different from those  in  real  fue l  elements.  
Accordingly, it is e s s e n t i a l  to e s t ab l i sh  the  validity 
of the  simulation. In the  f i r s t  simulation t e s t ,  
fuel pe l le t s  were fabricated containing the  con- 
centration of iodine,  tellurium, ruthenium, ces ium,  
strontium, and  molybdenum corresponding to a 
burnup of 10,000 Mwd/ton. T h e  pe l l e t s  were c l ad  
in s t a i n l e s s  s t e e l  and were melted in the  CMF; 
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and t h e  behavior of the  resu l t ing  aerosol,  after 
aging for 3.5 hr, was  compared with that of one 
re leased  from a n  ac tua l  fuel element melted under 
similar (but not identical)  conditions.  Iodine, 
cesium, strontium, and ruthenium showed com- 
parable r e l ease  va lues ,  but differences were found 
in t h e  r e l ease  va lues  of tellurium. T h e  validity 
of the  simulation will  be  examined again after 
resu l t s  of a n  experiment with high-burnup fue l  
under conditions s t r ic t ly  comparable t o  those  
employed i n  the  simulation run become available.  

A new facil i ty,  designed for installation in  one 
of the  hot cells in Building 4501, will  have the  
follow in g features : 

1. a f i ss ion  product aerosol  generator for hea t ing  
100-g quantit ies of high-burnup fuel to t h e  
melting point of UO, and a t  intermediate temp- 
e ra tures ,  

2. a primary v e s s e l  simulator tha t  c a n  be  heated 
t o  8OO0C, 

3. a 1000-gal pressurized containment she l l  tha t  
c a n  be  supplied with different interior su r faces ,  

4. a recycle fi l ter  t e s t  facil i ty,  
5. provision for simulation of top or bottom breaks 

in the primary vesse l .  

T h i s  versa t i le  nuclear sa fe ty  research facil i ty is 
currently be ing  des igned ,  and construction wi l l  
s t a r t  in the  near future. 

T h e  possibil i ty e x i s t s  tha t  movement of over- 
heated UO, fuel in a loss-of-coolant reactor acci- 
dent could occur at lower temperatures than have 
been generally assumed, due  t o  interaction of 
oxidized c ladding  materials with the UO, fuel. 
It becomes of interest ,  therefore, to determine 
melting points of s u c h  mixtures. A res i s tance-  
hea t ing  device  w a s  used  in  a preliminary examina- 
tion of t h i s  problem. Iridium ribbons were used  
for measurements made in air ,  while tungsten foil 
was  used  for vacuum measurements. A significant 
atmospheric e f fec t  on the  melting point of oxidized 
s t a in l e s s  steel-UO, mixtures was  observed, with 
much lower va lues  be ing  obtained in a i r  than in  
vacuum. Melting points increased  with increased  
weight of UO, in  the  mixture. Oxidized s t a i n l e s s  
steel-U0, mixtures melted in the  range 1500 to 
165OOC (compared t o  2850°C, the melting point of 
pure UO,). A Zr0,-Zr-UO, mixture prepared by 
melting a Zircaloy-clad U 0 , ' f u e l  specimen in a i r  
melted a t  215OOC in a i r  as compared with 1435OC 
for a n  oxidized s t a i n l e s s  s teel-U0,  mixture under 
the  same conditions.  

17. BEHAVIOR OF FISSION PRODUCTS 
RELEASED DURING IN-PILE SIMULATED 

LOSS-0 F-COO L ANT ACCl D E NTS 

In-pile experiments a re  being continued t o  s tudy  
the  charac te r i s t ics  and behavior of f ission prod- 
uc t s  released by melting or vaporizing miniature 
stainless-steel-clad UO, fuel e lements  i n  the  ORR 
in a variety of atmospheres. Atmospheres of dry 
helium, moist helium, steam-helium-hydrogen, dry 
a i r ,  moist air ,  and steam-air have  been employed. 
T h e  appearance  of t h e  fuel res idue  was  affected 
markedly by t h e  type of atmospheric environment. 
T h e  most significant variation in  t h e  behavior of 
f i ss ion  products as a function of atmosphere is 
t h e  high r e l ease  of ruthenium and iodine in  moist  
a i r  from a zone  whose minimum temperature is 
1000°C. T h e  ruthenium w a s  retained by high- 
efficiency filters. T h e  iodine penetrated the high- 
efficiency f i l t e rs  t o  a greater extent than in other 
atmospheres,  but w a s  retained by charcoal.  T h e  
nonvolati le f i ss ion  products do  not appear to be  
greatly affected by the  composition of t he  atmos- 
phere, and in  all cases less than 1% of the inven- 
tory was  re leased  from the  1000°C zone. 

In experiments in which s team was  a component 
of the  sweep  gas ,  subs tan t ia l  quant i t ies  of fission 
products were trapped by the  condensa te  and 
co l lec ted  in  the  condenser. 

In a s ingle  experiment which used  a long period 
of hea t ing  at high temperature, t he  fuel appeared to 
have  melted even though the  temperature never 
reached the  melting point of UO,; i t  is likely tha t  
components of oxidized s t a i n l e s s  s t e e l  (particu- 
larly F e , 0 3 )  may subs tan t ia l ly  reduce the  melting 
point of UO,. Re lease  of iodine and tellurium from 
t h i s  experiment was  lower than from others  be- 
c a u s e  their precursors a t  the t ime of r e l ease  were 
nonvolatile. T h e  strontium and barium re l ease  was  
higher because  their  precursors were volatile. 

Interpretation of t he  iodine da t a  from in-pile 
UO, melting experiments l e a d s  to  the  conclusions 
that: (1) a major fraction of re leased  iodine s t o p s  
on metal  sur faces ,  although t h i s  deposit ion is 
inhibited by moisture in t h e  atmosphere, (2) partic- 
u l a t e  f i l t e rs  effectively s t o p  iodine released in  all 
atmospheres inves t iga ted  except  moist  air, and 
(3) only 0.0001% of the iodine found in  e a c h  of 
these  experiments penetrated the  filter system, 
in-pile charcoal trap, and outlet  tubing. 
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A facil i ty designed and built  i n  t he  ORR to 
provide high-burnup fuel for t he  in-pile UO, melt- 
i ng  experiments is being  u s e d  to irradiate UO, 
c a p s u l e s  to  approximately 21,000 Mwd/ton. Addi- 
tional equipment required to  perform hot-cell 
assembly of t h e  experimental apparatus h a s  been 
ins ta l led  and sa t i s fac tor i ly  tes ted .  

18. RELEASF OF FISSION PRODUCTS DURING 
MELTING OF FUELS UNDER REACTOR 

TRANSIENT CONDITIONS 

Previously irradiated pe l l e t s  of UO, c lad  in  
s t a i n l e s s  s t e e l  have  been melted under moist air  
a t  45 p s i a  in  the  T R E A T  reactor; i n  each  of two 
experiments, a reactor t rans ien t  of 75 msec period 
melted the  c ladding  and about 75% of the  UO,. 
Analys is  of t h e  gas ,  distribution of the  fission 
products, and ana lys i s  of par t ic le  sizes of t h e  
gas-borne material were obtained. About one-third 
of t h e  volati le f ission products (I, Te, and Cs )  
were re leased  from the  UO,, but less than 1% 
escaped  from the  fuel autoclave.  

T h e  experimental assembly w a s  successfu l ly  
modified to permit melting of miniature UO, fuel 
e lements  i n  s team a t  about 1000 ps i a  and sampling 
of t h e  gases, aerosols ,  and f i ss ion  products 
produced. With th i s  assembly ,  a s ta in less -c lad  
and a Zircaloy-clad UO, specimen have been ex- 
posed to  77-msec-period t rans ien ts  in TREAT. 
Effective operation of t he  va lves  t o  permit samp- 
l ing w a s  obtained in  only o n e  of t he  attempts.  
Analys is  of the  materials is in  progress. 

19. BEHAVIOR OF RADIOIODINE 

Radioiodine, prepared by decomposition of 
palladium iodide or by action of dichromate upon 
a lka l i .  iod ides ,  can b e  sepa ra t ed  by disti l lat ion at 
-78OC into two fractions. T h e  less-volati le 
fraction appears  to cons i s t  a lmost  entirely of 
molecular iodine. T h e  more-volatile fraction, 
which is of in te res t  because  of i t s  similari ty to 
forms of iodine which occur in reactor acc idents ,  
h a s  been examined by partition between water and 
organic solvent,  by Knudsen effusion cell tech- 
niques,  by g a s  chromatography, by mass spectrom- 
etry,  and by u s e  of composite diffusion tubes.  
All t echniques  ind ica te  t h i s  fraction to cons i s t  

primarily of methyl iod ide  with perhaps a t race  of 
higher homologs. T h e  composi te  diffusion tubes ,  
however, s u g g e s t  that  an  additional and perhaps  
uns tab le  s p e c i e s  tha t  i s  less vola t i le  than I ,  
occurs  in  the  less-volati le fraction. 

T h e  presence  of compounds of radioiodine in  
air-steam mixtures c a n  b e  de tec ted  in modified 
composite diffusion tubes  a t  temperatures above  
100°C, but alternative and better methods a r e  
needed for identification of t h e s e  compounds. 
. Fi l te r  sys t ems  used  to retain particulate matter 

have  been shown to s o r b  apprec iab le  radioiodine 
from particulate-free a i r  s t reams.  Cel lu lose  f i l t e rs  
remove the  l ea s t ,  and polyvinyl chloride and 
ce l lu lose  ace t a t e  f i l t e rs  remove t h e  most, iodine 
of the materials tes ted .  T h e  correction necessary  
to  obtain the  radioiodine carried on par t icu la tes  
is appreciable.  

Reaction of radioiodine and the  vapors of com- 
p lex  organic materials ( such  as lubricating oil ,  
paint, rubber and p l a s t i c  insu la t ion ,  and dioctyl 
phthalate,  DOP) l ikely to  b e  found in  reactor 
environments have  been shown to occur a t  room 
temperature. As  much as 10% of t h e  radioiodine 
w a s  converted to organic iodide compounds. 

Iodine is removed efficiently from He-H20 and 
H ,-H ,O atmospheres and somewhat less effi- 
ciently from H ,O-air atmospheres by heated mild 
steel surfaces.  S t a in l e s s  steel su r faces  remove 
iodine less efficiently from neutral  or reducing 
atmospheres and very inefficiently in oxidizing 
atmospheres above 250 to 300OC. 

Sorption of iod ine  a t  low pressures  by s t a i n l e s s  
s t e e l  follows a logarithmic ra te  law; the  sur face  
reaction becomes s lower  the  more heavily oxidized 
the  s t e e l  surface.  Sorption of cesium by s t a i n l e s s  
s t e e l  is much s lower ,  but i t  p roceeds  to much 
higher sur face  coverages  than those  shown by 
iodine. 

Composite diffusion tubes  have  been employed 
in evaluating the  performance of the  different 
components of May packs ;  t h e  la t te r  a r e  iodine 
samplers  des igned  to  discriminate between the  
various forms of gas-borne radioiodine. T h e  be- 
havior of volati le iodine in two May packs,  one  
operated with fairly dry a i r  and one operated with 
moderately moist  air, was  observed to  b e  generally 
cons is ten t  with the designed functions of t he  May 
pack components. 

T h e  retention of methyl iodine and  of I, by four 
American and one  Br i t i sh  activated charcoa ls  has 
been s tudied  as functions of temperature and 
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relative humidity over a wide range. At relatively 
low humidity and at  temperatures ranging up  to 
15OoC, all charcoa ls  t e s t ed  effectively retain 
CH,I and I,. At room temperature with a relative 
humidity of approximately 7.576, all t he  charcoa ls  
were effective for I, but relatively ineffective 
for CH,I. With high steam concentrations,  methyl 
iodide is poorly retained a t  temperatures of 95 to 
130OC; efficiency of retention of I ,  under t h e s e  
conditions is reduced to  about 98%. 

20. BEHAVIOR OF RADIOACTIVE AEROSOLS 

A program is under way to  improve techniques 
for t he  study of radioactive aerosols ,  and to  pro- 
vide effective and easy-to-handle aerosols  t ha t  
will simulate,  in their behavior i n  fi l ter  sys t ems ,  
t he  radioactive s p e c i e s  re leased  in nuclear acci- 
dents.  Effective tes t ing  of iodine removal sys t ems  
of the  NS “Savannah” and of the  ORR h a s  been 
accomplished with elemental  iodine. Promising 
simulated d ispers ions  of particulate materials have  
been prepared in a rc s  struck between e lec t rodes  
of UO,. T h e s e  “simulants” have  been used  in 
t e s t s  of the  efficiency of absolu te  filters. A 
technique for s tudying  radioactive aereso ls ,  us ing  
fibrous fi l ters,  h a s  been refined and i s  being used  
to test filtration theory. When th i s  program h a s  
been carried further, i t  i s  anticipated that materials 
and techniques will be  ava i lab le  which will permit 
a valid in-place demonstration of the  reliability of 
an engineered safeguard.  

PART V. OTHER ORNL PROGRAMS 

21. CHEMICAL SUPPORT FOR SALINE 
WATERPROGRAM 

Solubili t ies of CaSO, in  aqueous NaNO, solu- 
t ions  were determined a t  temperatures from 125 to 
350OC. They correlated rather well  with the  pre- 
viously determined so lubi l i t i es  in NaC1-H,O solu- 
t ions  and with an  extended Debye-Hiickel relation- 
sh ip  in which the  logarithm of t h e  solubili ty was  
plotted aga ins t  a function of t he  ion ic  strength,  
g / ( l  + 1.5 fl). 

On the  b a s i s  of newly and previously determined 
va lues  for t he  so lubi l i t i es  of CaSO, in NaCl-H,O 

&d NaN0,-H20 so lu t ions  to 35OoC, a general 
computer program was  written tha t  permitted the  
i terative calculation of concentration l imits i n  
s a l i n e  waters  a t  temperatures between 25 and 
35OOC within which precipitation either of CaSO,, 
CaSO, 1 /H20,  or CaSO, *2H,O is avoided. 

A small titanium loop h a s  been equipped for 
carrying out electrochemical corrosion s tud ie s  in  
flowing solutions.  Exploratory experiments indi- 
cate that polarization behavior and corrosion ra tes  
can  b e  s tudied  to temperatures of 200OC. 

Serious attack of titanium a l loys  in sodium 
chloride so lu t ions  at e leva ted  (210OOC) tempera- 
tu res  h a s  been observed. T h i s  attack was  init ially 
observed in connection with s t u d i e s  of t he  cor- 
rosion of aluminum a l loys  in  such  so lu t ions ,  being 
carried out in titanium equipment. Titanium 
specimen holders used  in exposing the  aluminum 
a l loys  were clamped together with bands  made of 
0.008-in. A55 titanium shee t  stock. T h e  holders 
a re  inserted in t h e  loop piping with fi t t ings which 
direct  the solution flow through the  holders so that 
t he  titanium bands a re  in  a semistagnant annulus 
between the  holder and the  pipe. Characteris-  
t ically,  but by no means cons is ten t ly ,  the corro- 
s ion  originated i n  t h e  c rev ice  between the  speci-  
men holder and t h e  clamping band. Similar re- 
s u l t s  have been obtained with bolted coupon 
specimens in  autoclaves.  

T h e  observations thus  far ind ica te  the  following: 

1. 

2. 

3. 

4. 

T h e  severity and frequency of a t tack  inc rease  
with temperature above 100OC. 

Attack inc reases  with acidity but h a s  been 
observed a t  pH va lues  up  to 8.7. 

T h e  frequency of attack inc reases  with ex- 
posure time. 

Attack occurs  with a variety of alloys,  although 
preliminary resu l t s  ind ica te  that a 0.2% palla- 
dium alloy i s  more resistant.  

In an effort to gain some ins ight  into the  mech- 
anism of titanium crevice  corrosion in sodium 
chloride solutions,  electrochemical polarization 
s tud ie s  have  been init iated.  Polarization s tud ie s  
with titanium e lec t rodes  ind ica te  appreciable 
overvoltage for the  reduction of oxygen in  1 M 
NaCl solutions.  As expected, t he  lower the  pH or 
the  higher the  temperature, t he  greater the ease 
of reduction. In the  absence  of oxygen, titanium 
polar izes  severely,  with ca thodic  current den- 
s i t i e s  being very low until  a cathodic potential  
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sufficient for the reduction of water i s  achieved. 
Anodic polarization experiments show no ac t ive  
region in  1 M NaCl a t  pH va lues  of either 3 or  6, 
with or without oxygen, at temperatures between 
100 and 200OC. T h e  t e s t s  sugges t  tha t  for titan- 
ium to corrode in  the c rev ice  region, the  sma l l  
volume of solution in  t h e  c rev ice  must develop a 
pH of less than 3. Studies to determine the  pH a t  
which activation of titanium is poss ib l e  in the  
temperature range 100 t o  2OOOC a re  planned. 

22. SOLVENTS FOR THE FLUORIDE 
VOLATlLl TY PROCESS 

T h e  solvent sys tem KF-ZrF,-AlF, seems to 
p o s s e s s  optimum combination of low cost, high 
A1F3 capacity,  and low corrosivity for u s e  in  
fluoride volati l i ty process ing  of aluminum-uranium 
alloy fuels. Data  have  been obtained to es tab l i sh  
within 1 mole % the compositions a long  the  6OOOC 
isotherm for t h i s  system. Potassium fluoride- 
zirconium tetrafluoride and LiF-NaF-ZrF, mix- 
tu res  offer promise, in d isso lv ing  high concentra- 
t ions  of UF, at  6OO0C, as so lven t s  for d i sso lv ing  
zirconium-clad UO, fue l  elements.  It is poss ib l e  
tha t  t he  LiF-KF eu tec t i c  c a n  d i s so lve  sufficient 
FeF , ,  NiF,,  and CrF,  to se rve  as a medium for 
reprocessing stainless-steel-clad UO, fuels. 

23. SUPPORT FOR SPACE PROGRAMS 

T h e  fate of t h e  hydrogen entering the  NaK-78 
primary coolant of t h e  SNAP-8 reactor from t h e  
zirconium-uranium hydride fuel e lements  will  
depend on t h e  diffusion r a t e s  of the  hydrogen from 
the  NaK through the  metal  wal l s  of the  sys tem,  and 
on t h e  solubili ty behavior of t he  hydrogen. T h e  
permeation ra tes  of hydrogen through the  major 
structural  metal, type 316 s t a i n l e s s  steel, in  the 
p re sence  of NaK a t  temperatures of 543, 593, and 
704OC were found t o  differ l i t t l e  from va lues  ob- 
tained in  t h e  absence  of NaK. Slight i nc reases  
were attributed t o  removal of ox ides  from permea- 
tion cell su r faces  by the  NaK. 

T h e  solubili ty of hydrogen in NaK-78 was  deter- 
mined a t  s i x  temperatures from 300 to 704OC. 
For  unsaturated so lu t ions  the  so lubi l i ty  depended 
on the  square  root of the hydrogen pressures ,  and 
varied only sl ightly with temperature. At tempera- 

tu res  of 300 t o  4OOOC enough hydrogen could be  
d isso lved  a t  p ressures  below 1 atm to result  i n  
precipitation of a metal  hydride. Precipitation- 
decomposition pressures  were cons i s t en t  with the  
l i terature.  

T h e  addition to NaK-78 of 1 t o  4 at. % lithium 
considerably diminished the  hydrogen ac t iv i ty  
both by assoc ia t ion  with it  i n  t h e  NaK and by 
precipitation. T h e  behavior s u g g e s t s  that  dis-  
so lved  hydrogen e x i s t s  in l iquid metal  mixtures as 
largely undissoc ia ted  metal  hydride molecules; 
fraction of the  d isso lved  hydrogen with a particu- 
la r  a lka l i  metal depends on t h e  concentration of 
that  metal  and its affinity for hydrogen. 

T h e  Reactor Chemistry Division i s  participating 
in  a project the objec t ives  of which a re  to (1) 
col lec t  ava i lab le  information and da ta  on t h e  
thermophysical, e lec t r ica l ,  mechanical,  and 
chemical properties of s p a c e  power source  and 
capsu le  container materials; (2) c r i t i ca l ly  eva lua te  
and e s t ima te  l imits of confidence in  the data; 
(3) eva lua te  the  capabi l i t i es  of ORNL and other 
organizations to obtain any particular da ta ;  and 
(4) forecast  da t a  which may b e  forthcoming for 
current or  projected programs of other organiza- 
t ions .  

24. EFFECT OF RADIATION ON ORGANIC 
MAT E R I AL S 

T h e  ear l ie r  f indings of  a l inear  energy t ransfer  
(LET) ef fec t  in the  irradiation of polystyrene 
have  been followed by measurements of free- 
radical y ie lds  by electron-spin-resonance tech- 
niques.  Radica l  y ie lds  from gamma radiation and 
from fast neutrons were equal  within experimental 
error for a s ing le  se r i e s  of spec imens .  T h e  abso- 
lu te  yield was  0.12 t 0.08 radical per 100 ev ,  
with the la rge  experimental  error result ing from the 
uncertainty in the concentration of s p i n s  in  the 
s tandard  and from variations in the  posit ion of 
the  standard within t h e  electromagnetic field of 
t h e  spectrometer. T h e  equal  radical y ie lds  from 
gamma radiation and f a s t  neutrons cont ras t  with the  
increased  y ie lds  of c r o s s  l inks  and volati le prod- 
u c t s  a t  high LET and a r e  difficult  to reconcile 
with a mechanism based  on second-order recom- 
bination reac t ions  of the  observed rad ica ls  i n  
spurs .  

Apparatus is being assembled for sample handling 
and product ana lys i s  to study the addition of 
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radiation-generated alkyl rad ica ls  to naphthalene. 
Apparatus h a s  been constructed for the  handling 
of mixtures of ammonia and hydrocarbons for an 
investigation of the  radiolysis of s u c h  mixtures. 
T h e s e  s t u d i e s  will mark our s t a r t  i n  a chemonu- 
c l ea r  program. 

F lux  mapping h a s  been performed on our new 
18 ,900cur i e  6oCo  source  to provide calculation 
of d o s e s  to various specimens both in s ide  and 
outs ide  t h e  source.  

25. PREPARATION OF PURE MATERIALS 

Several l a rge  s ing le  c rys t a l s  of L i F  of various 
i so topic  compositions were produced with ca t ion ic  
impurity concentrations not exceeding  30 ppb. 
Distribution coef f ic ien ts  for Na', Mg2+, C a Z + ,  and 
Mn2+ on zonal melting of L i F  show that the  rela- 
t ive size of impurity ions  markedly a f fec ts  the  rate 
of removal. A la rge  (0.6 x 1.3 x 3.8 c m )  s ing le  
c rys ta l  of terbium metal was  produced for ORNL 
research programs. By application of vapor-zone 
sublimation techniques,  very pure polycrystall ine 
Z r F 4  was  produced; the  iron content of the  com- 
mercial s ta r t ing  materials (550 ppm) was  reduced 
t o  less than 100 ppm. 

26. CHEMICAL SUPPORT FOR THE 
CONTROLLEDTHERMONUCLEAR PROGRAM 

Surface diffusion, rather than vapor transport ,  
w a s  indicated to be  t h e  dominant mechanism by 

which vacuum sys t ems  become contaminated with 
diffusion pump oil. T h e  combination of electron 
bombardment of sur faces  with mass  spectrometric 
ana lys i s  of the  emitted gaseous  s p e c i e s  was  dem- 
onstrated to be a valuable diagnostic method for 
showing the  presence  of oil i n  very small amounts. 
The  origin of methane in  cer ta in  high-vacuum 
sys t ems  was  indicated t o  be the reaction of car- 
bon atoms in  the sur face  of titanium metal with 
ion ica l ly  pumped hydrogen. T h e  reaction of water 
vapor with such  titanium su r faces  w a s  found to 
produce H, and CO. Methane, e thane ,  and higher 
hydrocarbons were found to b e  present in g a s e s  
produced during operation of t h e  DCX-2 experi- 
nient, indicating the  presence  of a sur face  con- 
tam in  a t  i on. 

Consideration of fuel cyc le  chemistry in tritium- 
burning controlled-fusion dev ices  must include 
recognition of poss ib le  intolerably la rge  inventory 
levels.  Steady-state inventory l eve l s  in t h e  
p re sence  of tritium ion or atom f luxes  will  b e  flux 
dependent but will  i n  any event  require appropriate 
des ign  considerations.  P rocess ing  for tritium 
recovery and for i so tope  separation from protium 
and deuterium will  probably be an e s sen t i a l  part 
of a tritium-burning device. B a s i c  chemical con- 
s idera t ions  and some experimental corroboration 
have led t o  the  conclusion that inventory control 
by p rocesses  appropriate to the  various regions of 
a controlled-fusion reactor is chemically possible.  
Init ial  power cos t  es t imates  for t hese  p rocesses  
were made and appear t o  b e  not prohibitive. 
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Molten-Salt Reactors 





1. High-Temperature Phase Equilibrium Studies 

R. E. Thoma 
G. D. Brunton D. R. Sears  
J. H. Burns B. J. Sturm 
H. A. Friedman H. Insley 
G. M. Hebert 

H. L. Hemphill 

T. N.  McVay 

PHASE EQUILIBRIA AMONG THE FLUORIDES 

Fuel System for the Molten-Salt Reactor 
Experiment 

The System LiF-BeF2-ZrF4. - Liquid-solid 
phase  equilibria in t h e  sys t em LiF-BeF,-ZrF, 
a r e  now well  defined excep t  for compositions of 
less than approximately 20  mole % LiF. Within 
th i s  composition region, accu ra t e  determination 
of t he  phase  boundaries of t h e  immiscible l iquids’ 
is incomplete because  of t h e  volati l i ty of ZrF ,  
at high temperatures and  b e c a u s e  of t h e  high 
v iscos i ty  of the  l iquid phases .  Until t h e  boundary 
l imits of the  immiscible l iquids a r e  es tab l i shed ,  
the  phase  diagram reported previously’ s e rves  a s  
the  most accura te  description of phase  behavior 
in t h i s  system. A three-dimensional model of t he  
LiF-BeF,-ZrF, phase  diagram w a s  constructed 
(Fig. 1.1) as  a means of affording a s imple  
graphic display of the  c rys ta l l iza t ion  behavior of 
the  MSRE fuel and  coolan t  salts. T h e  model is 
now on d isp lay  a t  the  MSRE s i t e .  Except  for t he  
crystall ization reaction in which the  uranium 
phase  7LiF.6UF4 is produced, a l l  equilibrium 
crystall ization reactions of t h e  fuel and  coolant 
salt a r e  evident from t h e  model. 

The System LiF-BeF, (jointly with S. Cantor 
and W. T. Ward). - Although numerous investi-  
gations of t h e  sys t em L iF-BeF ,  have been con- 

the  phase  diagram is s t i l l  uncertain, 
espec ia l ly  the  l iquidus curve  for compositions 
greater than 33 mole % BeF,. T h e  l iquidus tem- 
peratures have  been reexamined for compositions 
33 t o  70 mole % BeF,, the  concentration range 

of grea tes t  s ign i f icance  t o  MSRE performance. 
Very pure component salts were used  for t h e s e  
measurements - crys ta l l ine  LiF was  se l ec t ed  from 
slowly cooled m e l t s  of analytical-grade material, 
and very pure BeF, w a s  obtained by disti l lat ion.  
T h e  total  ca t ion ic  and oxide contaminant con- 
centrations in t h e  s a l t  mixtures used  for t h e s e  
determinations did not exceed  0.2%. For  the  
composition range 33.5 to  52  mole % BeF,, 
l iquidus and so l idus  temperatures were readily 
obtained by conventional thermal ana lys i s  tech- 
niques.’ T h e s e  temperatures were measured with 
NBS-calibrated thermocouples and  have a pre- 
c i s ion  of 0.3OC. Such a precision w a s  not 
achieved for mixtures in which BeF, is precipi- 
t a ted  a s  the  primary phase ,  probably because  of 

‘R. E. Thoma, Reactor  Chem. Div. Ann. Progr. Rept. 

,E. Thilo and H. A. Lehman, Z .  Anorg. Allgem. 

3A. V. Novoselova, Yu. P. Simanov, and E. I. Jarem- 

,D. M. Roy, R. Roy, and E. F. Osborn, J .  Am. Ceram. 

5D. M. Roy, R. Roy, and E. F. Osborn, J .  Am. Ceram. 

6L. J. Wittenberg, J .  Am. Ceram. SOC. 42, 209 (1959). 

J. L. Spiers, “The Binary and Ternary Systems 7 

Formed by Calcium Fluoride, Lithium Fluoride, and 
Beryllium Fluoride: P h a s e  Diagrams and Electrolytic 
Studies,” thesis ,  Michigan State  University (1952). 

‘T. B. Rhinehammer and C. R. Hudgens, P h a s e  
Equilibria in the System LiF-BeF2, MLM-1084, to be 
published. 

’These measurements were carried out by S. Cantor 
and W. T. Ward. 

Jan. 31, 1964, ORNL-3591. p. 4. 

Chem. 258, 332 (1949). 

bash, Zh. Fiz. Khim.. 26, 1244 (1952). 

SOC. 33, 8 5  (1950). 

SOC. 37, 300 (1954). 
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Fig. 1.1. Three-Dimensional Model of the L iF-BeF -ZrF  System. 
2 4  
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the  high v iscos i t ies  in t h e  l iquid phase .  Liquidus 
data for compositions 52  to 70 mole % BeF, 
were obtained by us ing  the  thermal gradient 
quenching method. Rapid cool ing  of LiF-BeF,  
mixtures in which c rys ta l l ine  BeF, is the  sa tu-  
rating phase  retains the  l iquid phase  a s  a true 
g lass .  Th i s  behavior fac i l i t a tes  determination of 
the  liquidus in  quenched specimens by x-ray and 
petrographic methods. Figure 1 .2  (parts a, b, and 
c) shows t h e  typical appearance  of BeF ,  that  
h a s  precipitated out of the  LiF-BeF,  system. 

The LiF-BeF, phase  diagram, constructed from 
the  cooling curve and the  quench da ta  (Table  
1.1) a s  well  as from da ta  se l ec t ed  from refs. 2 
to 5, is shown in Fig.  1.3. 

In principle, the  l iquidus temperatures a t  which 
BeF, crys ta l l izes  can  b e  ca lcu la ted  from thermo- 
dynamic ac t iv i t ies  of BeF, in the  melt, provided 
that the  requisite BeF ,  thermochemical data (heat 
of fusion, melting point, and hea t  capac i t ies  of 
so l id  and  liquid) a re  ava i lab le .  Tr ia l  calcula- 
tions, us ing  current measurements of ac t iv i t ies '  O 
and t h e  hea t  capac i ty  and hea t  of fusion of 
BeF,," gave  l iquidus temperatures, for t he  52 
to  70 mole 7% BeF, concentration range, much 
lower than seems reasonable from t h e  ava i lab le  
phase  equilibrium data. 

The System UF,-UF, (G. Long and  R. E. 
Thoma). - Previously,  the  collection of equi- 
librium phase  da ta  in  UF ,  sys t ems  h a s  been 
impeded by t h e  tendency of most experimental 
procedures t o  induce a sh i f t  toward t h e  right in 
the  reactions 

T h e s e  reactions t ake  p lace  at  e leva ted  tempera- 
tures i f  t he  container meta ls  form so l id  solution 
a l loys  or liquid eu tec t i c  mixtures with uranium 
metal at t h e  temperature of the  s tudy  or i f  t he  
opportunity is ava i lab le  for water  t o  adsorb  on 
UF,, a s  from exposure to laboratory atmosphere. 
T h e  system UF,-UF, w a s  (tentatively) described 
some t i m e  ago. I t s  further elucidation, however, 
appeared t o  b e  poss ib le  only through dynamic 

''A. L. Mathews, C. F. Baes,  and B. F. Hitch, 

"A. R. Taylor and T. E. Gardner, U.S. Bureau of 

"Chemical Studies of Molten Salts,'' th is  report. 

-Mines, Tuscaloosa, Ala. (unpublished data). , 

methods, . s ince  equilibration periods resulted in  
a conversion of UF, to UF,. A s  a part  of a study 
of the  s tab i l i ty  of UF,  (see sec t ion  on "The 
Stability of UF3," th i s  report), t he  reaction 

UF,\ ' 3  /4UF, + t u o ,  

for which 

( a U F 4 )  3 / 4  ( a u O )  ' I4 
K =  t 

a D 

U F 3  

Table 1.1. Phase Transition Data far the System 

LiF-BeF2 

P h a s e  Transition Temperature (OC) 

Composition Thermal Gradient 
Quenching Thermal Analysis (mole %) 

~ 

67.03 32.97 

65.5 34.5 

65.0 35.0 

64.01 35.99 

63.0 37.0 

61.02 38.98 

59.02 40.98 

56.0 44.0 

55.0 45.0 

51.98 48.02 

49.97 50.03 

45.0 55.0 

42.5 57.5 

40.0 60.0 

39.0 61.0 

37.0 63.0 

35.0 65.0 

32.5 67.5 

457.8 

457.6 

456.5 

454.0 

451.9 

442.8 

431.7 

411.5 

404.5 

386.3 360.02 

374.6 360.4 

422 

42 5 

431.3 359.7 

392 

392 

479 

479 
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was  examined by measuring partial  p ressures  of 
H F  produced when H2 w a s  p a s s e d  through a bed 
containing UF ,  and  UF,  to  e s t ab l i sh  the  equi- 
librium 

1 UF, t I/zH,-UF3 + H F  . 
In one  s e r i e s  of measurements beginning with 
pure UF,, t he  reduction reaction was  allowed to  
proceed to  completion, and, from observations a s  
the  temperature w a s  a l te red  a t  s eve ra l  s t a g e s  of 
completion, some deductions could b e  made about 

% t he  phase  behavior. Fo r  example, a change in 
pressure  drop a c r o s s  the  reaction v e s s e l  a s  tem- 
perature was  increased  indicated tha t  t h e  eu tec t ic  
temperature was  895 k 5OC, while a melting-point 
determination a t  60% conversion t o  UF ,  gave a 
the rmd  ar res t  a t  892OC, which coincided with 
ces sa t ion  of bubbling; all t he  observations were 
cons is ten t  with a eu tec t ic  temperature of 892 k 
2OC. T h e  UF, solubili ty in U F ,  appeared t o  b e  
approximately 38 mole % a t  t he  eu tec t ic ,  in good 
agreement with t h e  previous report. T h e  va lue  
obtained for t he  disproportionation reaction equi- 
librium constant,  log  K ,  = 0.328 - 3.30(1000/T), 
is sufficiently low to sugges t  tha t  UF,-UF, 
l iquids should  not change composition during 
short  exposures to  the  conditions that prevail in 
our thermal ana lys i s  experiments. Accordingly, 
we obtained cool ing  curve  da ta  for UF4-UF, 
compositions ranging from 10 to 40 mole % UF, 
and discounted all but  t h e  h ighes t  liquidus tem- 
peratures for repeated runs. On t h e  b a s i s  of our 

previous da ta  and  from the  resu l t s  of t h e  reduction 
of UF,  by H,, w e  have constructed the  phase  
diagram of the  UF,-UF, binary sys t em shown in  
Fig.  1.4.  

MSRE Fuel Fract ionat ion Experiments (H. A. 
Friedman and  R. E. Thoma). - T h e  homogeneity 
generally charac te r i s t ic  of multicomponent salt  
mixtures in the  liquid s t a t e  is progressively de- 
stroyed as  the  mixture undergoes gradual crystal-  
l ization (see Tab le  1.2). T h e  possibil i ty tha t  t he  
MSRE fuel mixture LiF-BeF,-ZrF,-UF, (6529.1- 
5.0-0.9 mole %) might, on cooling in the  MSRE 
drain tanks,  experience sufficient so l id  phase  
fractionation to c rea te  potentially hazardous con- 
dit ions h a s  been examined v ia  laboratory-scale 
experiments. Some 650 g of t h e  fuel salt was  
cooled a t  ra tes  approximating that expected of t he  
en t i re  drain tank assembly and  tha t  expected of 
t he  fuel alone, 3.46 and  0.387OC/hr respectively.  
In both cases the  radiative cooling geometry w a s  
controlled t o  s imula te  as nearly a s  poss ib l e  tha t  
expec ted  in the  drain tanks ,  even  though i t  is 
realized tha t  the  horizontal AT profile in the  
cooling radioactive fuel mixture may b e  sub- 
s tan t ia l ly  different from that prevail ing in the  
laboratory experiment. . 

T h e  concentrations of uranium were found t o  b e  
identical  a t  t he  top and  bottom fractions of each  

ORNL-DWG 65-2521 
4500 
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Table 1.2. Equilibrium Crystallization Behavior o f  the MSRE Fuel Mixture L iF-BeF2-ZrF4-UF4 
(65-29.1-5.0-0.9 mole %) 

Temperature (OC) Solid Phases  Crystallizing Crystal  Density (g/cm3) 

434 2LiF * B e F z  2.167 

431 2LiF  - BeFz f 2LiF - ZrF4 2.167, 3.163 

416 

3 50 

2LiF BeF2 f 2LiF. ZrF,  + 7LiF .  6UF4 

2LiF  - B e F Z  f 2LiF f ZrF,  + 7LiF  - 6UF, t B e F 2  

2.167, 3.163, 4.770 

2.167, 3.163, 4.770, 2.234 

Constitution of frozen salt :  77.07 2 L i F . B e F Z .  14.29 2LiF*ZrF, .  2.57 7LiF .6UF4.  6.07 B e F z  (mole %) 

of the  two ingots,  i r respec t ive  of cooling rate. 
A photograph of t h e  ingot result ing from the  
s lower  cooling ra te  experiments is shown in 
Fig.  1.5. Chemical a n a l y s e s  of the  s a l t  spec i -  
mens from each  of t h e  locations designated in 
Fig. 1.5 were obtained. Fo r  a r e a s  1 to 7, the  
uranium concentrations were found to  b e  2.94, 
3.49, 4.15, 3.32, 4.28, 4.62, and  5.74 wt  %. In 
comparison with the  nominal concentration of 
uranium in t h e  MSRE fuel, 5.13 wt %, t h e s e  ex- 
periments show a maximum inc rease  of 23.4% in 
uranium concentration on  very s low static cooling. 
A fac t  which accounts  for t he  smal l  degree of 
segregation of t h e  uranium phases  in t h e s e  ex- 
periments is that, a t  t h e  onse t  of crystall ization 
of 7LiF.6UF4, simultaneous crystall ization of t he  
three so l id  phases  2LiF-BeF4, 2LiF.ZrF4,  and  
7LiF.6UF4 is proceeding. In addition, t he  volume 
of t h e  liquid phase  is be ing  reduced s teadi ly ,  so  
sharply,  in fact, that in th i s  experiment a s  well  
a s  in previous ones ,  some of the  liquid phase  is 
apparently occluded among dendritic-like c rys t a l s  
of t h e  solidified phase ,  a phenomenon which 
he lps  prevent compositional variation i n  t h e  
mixture. 

In the  freezing of multicomponent mixtures, 
maximum segregation of c rys ta l l ine  phases  t akes  
p l ace  under equilibrium cool ing  conditions. T h e  
segregation represented by t h e  resu l t s  obtained 
in  the  fractionation experiments reported he re  
represents in a practical  way t h e  neares t  approach 
to equilibrium cooling that the  MSRE fuel s a l t  
may experience in a s ing le  crystall ization se- 
quence. 

Removal of  Lanthanides from MSRE F u e l  by 
Zone  M e l t i n g  (G. D. Brunton, H. L. Hemphill, 
R. G. Ross ,  A. J. Singh,” R. E. Thoma). - T h e  
scheduled  t e s t s  of the  MSRE in ear ly  1965  have 
increased  the  in te res t  in all chemica l  methods 
for reprocess ing  the LiF-BeF z-ZrF4-UF , fuel 
sa l t .  Among the  nonvolati le f i ss ion  products 
tha t  will  form during t h e  operation of t h e  MSRE 
a r e  the  rare ear ths ,  which a r e  poisons  because  
of their  very la rge  thermal neutron c r o s s  sec t ions .  

Preliminary phase  re la t ionships  of t h e  lanthanide 
trifluorides (LnF,) and  LiF (ref. 13)  (see sec t ion  
on “The  LiF-LnF,  Systems,” th i s  report) sug- 
ges ted  that t he  distribution coefficient,  k (ref. 
14) (the ratio of t he  concentration of t h e  impurity 
in the  freezing so l id  to tha t  in t h e  liquid at equi- 
librium), for t h e  lan thanide  trif luorides in  LiF 
would b e  significantly l e s s  than  unity. T h e  com- 
position of t h e  MSRE fuel s a l t  LiF-BeFz-ZrF4-  
UF, (65.0-29.1-5.0-0.9 mole %) w a s  chosen  to  
lie j u s t  ou ts ide  t h e  LiF primary phase  field. 
Consideration of t h e  L iF -LnF ,  and  LiF-BeF,- 
ZrF ,  phase  diagrams s u g g e s t s  that  t h e  solubili ty 
of the  rare-earth tr if luorides in LiF-rich com- 
posit ions of t h e s e  mixtures is not highly com- 
posit ion dependent. By inference, t h e  MSRE fuel 
s a l t  might possibly b e  amenable t o  zone  melting 

”Present  address: Chemistry Division, Atomic En- 

13G. D. Brunton e t  al . ,  unpublished work (1964). 

14W. F. Pfann, Zone Melting, Wiley, New York, 1958. 

ergy Establishment, Trombay, Bombay, India. 
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purification. In in i t ia l  eva lua t ions  of t h e  poten- 
tial applicabili ty of th i s  technique, we f i r s t  in- 
vestigated the  removal of rare-earth trifluorides 
from LiF with zone  me1ti11g.l~ Ingots of LiF 
doped with CeF,,  GdF,, and  LuF ,  were zone  re- 
fined, u s ing  conventional zone  melting apparatus.  
T h e  resu l t s  of a n a l y s e s  for rare ea r ths  showed 
tha t  half of the  rare-earth trifluoride w a s  removed 
in 1 to  3 passes ,  and nearly all  of it w a s  removed 
in 12 passes .  From graphs given by Pfann,14 
the  effective distribution coefficient,  k, ,  was  
ca lcu la ted  t o  b e  less than 0.2 for t h e s e  experi- 
ments. 

A similar experiment w a s  conducted with the  
MSRE fuel s a l t  LiF-BeF,-ZrF,-UF, (65.0-29.1- 
5.0-0.9 mole So) ins tead  of LiF. T h e  resu l t s  of 
incomplete ana lyses  indicated tha t  at  t h e  mid- 
s ec t ion  of t he  ingot, generally less than half t he  
L n F ,  was  removed in t en  p a s s e s ,  and  therefore 
that k ,  for t h e  MSRE fuel was  much larger than 
k ,  for LiF. T h e  molten-zone temperature for t he  
MSRE fuel was  chosen as 46OoC, j u s t  above the  
l iquidus of the  fuel a t  43SoC, because ,  for prac- 
t i ca l  engineering reasons,  t he  temperature of the  
molten zone  should b e  a s  low a s  possible.  T h e  
inefficient separation of L n F ,  from t h e  MSRE 
s a l t  may b e  attr ibuted partly to the  la rge  dif- 
ferences in the  temperatures of t h e  molten zone  
used  in t h e  LiF and MSRE fuel experiments. 
T h e  temperature of the  molten zone  for LiF was  
arbitrarily chosen  a t  1000°C, about 15OOC above  
the  melting point of LiF. T h i s  AT he lps  a s su re  
better mixing, more rapid diffusion, and more 
vigorous convection circulation. Future  experi- 
ments wi l l  b e  conducted t o  see whether more 
favorable conditions c a n  b e  found. 

CATION SIZE EFFECTS IN LANTHANIDE 
AND ACTINIDE FLUORIDE SYSTEMS 

R. E. Thoma 
H. Insley J. H. Burns 

G. M. Hebert 

T h e  chemistry of the  rare-earth trifluoride sys -  
tems h a s  been the  sub jec t  of increasingly in tense  
investigations because  the  information obtained 

ing  of reactor fue ls  a s  wel l  as to t h e  chemistry 
of t he  actinides.  In addition, t h e  rare-earth fluo- 
rides have  become employed in  many current 
fundamental investigations of intraconfigurational 
electronic transit ions.  Fo r  s u c h  purposes,  spec -  
t roscopis t s  require well-characterized hos t  ma- 
t r ices  through which rare-earth ions  may b e  
distributed homogeneously over wide concentration 
ranges. It is also anticipated tha t  t he  chemical 
da t a  obtained from the  fluoride sys t ems  may pro- 
vide new insight t o  the  general  problem of complex 
compound formation in ionic sys tems.  In con- 
nection with attempts to  obtain information of 
potential  s ign i f icance  to e a c h  of t h e s e  applica- 
t ions,  w e  have examined the  phase  behavior i n  the  
binary sys t ems  of the  lanthanide trifluorides 
(LnF,) with lithium and  sodium fluoride. P h a s e  
diagrams of each  of t h e  sys t ems  a r e  shown in 
F igs .  1.6 and  1.7. Diagrams of the  LiF-LnF,  
sys t ems  were constructed from relatively few data. 
T h e  NaF-LnF, sys t ems  a r e  so complex, however, 
tha t  much more da t a  were required for their  eluci-  
dation. 

The LiF-LnF, Systems 

Tenta t ive  phase  diagrams were constructed for 
t he  sys t ems  LiF-LnF,  primarily t o  determine 
whether significant differences of the  lanthanide 
distribution coefficient in LiF could b e  observed 
even  though intermediate compounds a r e  formed 
only by some of t h e  rare-earth trifluorides with 
LiF. A prediction based  on correlation of ion 
size to formation of complex fluoride compounds 
indicated that a s i n g l e  intermediate compound, 
L iF -LnF , ,  would occur  in  only the  LiF-LnF,  
sys t ems  T b F ,  through L u F , . ’ ~  Vorres and  
Riviello” confirmed th i s  prediction tha t  t h e  
heavier  rare-earth trifluorides would form a n  
L iF .LnF ,  compound. They reported the  ex is tence  
of isomorphous L i F - L n F ,  p h a s e s  (where Ln  is 
Gd t o  Lu) of the  schee l i t e  type  but did not present 
op t ica l  o r  x-ray da ta  o r  descr ip t ions  of melting 
behavior of t h e  phases .  Our resu l t s  (Fig.  1.6) 
ind ica te  tha t  among t h e  LiF-LnF,  sys t ems  (1) 

is relevant to the  problems of chemical reprocess- 
16R. E. Thoma. Znorg. Chem. 1, 220 (1962). 

”K. S .  Vorres and R. Riviello, “Rare Earth Oxy- 
fluorides and Mixed Oxides, Fluorides and Oxyfluorides 

Melting of Inorganic Fluorides, ORNL-3658 (in prep- with Lithium.” Proceedings of the Fourth Rare Earth 
aration). Research Conference, Phoenix, Ariz., April 22-25, 1964. 

”A. J. Singh, R. G. Ross, and R. E. Thoma, Zone 



11 

I300 

I100 

900 

700 

500 

300 

ORNL-DWG 65-187R m 

c ----I 

- ' LIF PrF3 - 

300 

I300 

I100 

900 

700 

500 

300 

L A  

0 20 40 60 80 100 0 20 40 60 80 100 0 20 40 60 80 (00 
LnF3 (mole%) 

Fig.  1.6. Phase Diagrams of the L iF -Rare  Earth Tr i f luoride Systems. 

e 



12 

500 

I300 

700 

500 

300 

_ _  _ _  
EuF3 NaF GdF3 NaF TbF3 - - NaF 

- _ _  
I ' _ _  - 

I300 

700 

500 

300 

I300 

W 

I 900 
5 

B 
n E 700 

500 
+ 

300 

ORNL-DWG 65-188R 

NaF CeF3 NaF PrF3 

I300 

If00 

900 

700 

1400 

900 

700 

500 

300 
0 20 40 60 80 (00 0 20 40 60 80 400 0 20 40 60 80 400 

LnF3 (mole%) 

Fig. 1.7. Phase Diagrams of the NaF-Rare Earth Tr i f luoride Systems. 



. .  

13 

the  first  group, LiF-LaF, to  LiF-SmF,, is com- 
prised of s imple  eu tec t i c  sys t ems  in  w h i c h ’ n o  
intermediate compound is formed; (2) the  com- 
ponent pa i r s  LiF-EuF,  t o  LiF-DyF, form a s ing le  
intermediate compound, L iF -LnF , ,  which melts 
incongruently t o  L n F ,  and  liquid; and  (3) t h e  
component pa i r s  LiF-HoF, t o  LiF-LuF,  form a 
s ing le  intermediate compound, L iF -LnF , ,  which 
melts congruently. La t t i ce  cons tan ts  and  refrac- 
t ive ind ices  of t h e  tetragonal LiFSLnF, compounds 
a re  shown in  Tab le  1.3. 

The NaF-LnF3 Systems 

A s  is indica ted  in t h e  p h a s e  diagrams, t he  
NaF-LnF, sys t ems  (Fig. 1.7) vary considerably in 
the i r  complexity. They a r e  d is t inguished  by a 
tendency t o  produce intermediate phases  whose 
capabili ty for stoichiometric variabil i ty differs 
remarkably as  the  disparity in ca t ion  sizes 
changes  through the  se r i e s .  Within each  of the  
12  NaF-LnF, sys t ems  from NaF-NdF, through 
NaF-LuF,, two equilibrium compounds occur: 
NaF-LnF ,  and 5NaF.9LnF3. In all of the  lan- 

‘*R. E. Thoma, “Complex Compounds in the Sodium 
Fluoride-Rare-Earth Trifluoride Systems,” Proceed- 
ings of the Fourth Rare Earth Research Conference, 
Phoenix, Ariz., April 22-25, 1964. 

thanide sys t ems  t h e  1:l compound e x i s t s  in a 
hexagonal c rys ta l l ine  form (J. H. Burns, “Crystal  
Structure of Hexagonal NaNdF, and Related Com- 
pounds,” th i s  report). At temperatures above 
approximately 7OO0C, most of t h e  NaFaLnF, 
phases  become converted to  a disordered fluorite 
phase  of variable composition (diagonally! hatched 
regions in Fig.  1.7). T h e  fluorite phase  region is 
particularly interesting because  i t s  compositional 
variability is extended in proportion to  the  dif- 
ference in ion size between Na’ and  L n 3 +  (ref. 
18). The  compound 5NaF.9LnF3 is found empiri- 
ca l ly  t o  b e  t h e  phase  limit of t h e  so l id  solution 
as  the  in te rs t i t i a l  s i t e s  for an ions  become filled. 
At  high temperatures t h i s  phase  d isp lays  the  dis- 
ordering typical of t h e  fluorite so l id  solution; a t  
lower temperatures, however, t he  5NaF-9LnF3  
fluorite phase  may become ordered (where L n  is 
Dy to  Lu)  (cross-hatched sec t ion  of Fig. 1.7). 

Several  resu l t s  of t h e  Nat-Ln3’ size disparity 
a r e  noted in  t h e  c rys ta l  chemistry of t h e  sodium 
fluoride-rare-earth trifluoride binary sys tems.  
F i r s t ,  there is a marked tendency for t he  number 
of intermediate c rys ta l  phases ,  produced by the  
interactions of a given NaF-LnF3 component pair, 
t o  increase  with increas ing  cation radius ratio. 
Second, a trend prevails toward the  formation of 
increasingly ordered c rys ta l l ine  phases  a t  low 
temperatures throughout t h e  s e r i e s  a s  cation size 

Table  1.3. X-Ray, Optical, and Melting-Point Data for LiMF4 Compounds 

Lat t ice  
Calcd. Density Refractive Indices Melting Point Constants (A) 

(OC) 
a C Nu N, 

(g/cm3) 

LiEuF,  

LiGdF, 

LiTbF,  

LiDy F, 

LMoF,  

LiErF, 

LiTmF, 

LiYbF, 

LiLuF,  

5.21 

5.21 

5.19 

5.19 

5.16 

5.16 

5.15 

5.14 

5.13 

11.02 

11.00 

10.89 

10.81 

10.75 

10.70 

10.64 

10.59 

10.55 

5.22 

5.34 

5.48 

5.60 

5.74 

5.84 

5.93 

6.09 

6.18 

1.477 

1.474 

1.476 

1.476 

1.472 

1.474 

1.470 

1.470 

1.468 

1.510 

1.502 

1.502 

1,504 

1.498 

1.502 

1.498 

1.496 

1.494 

681a 

748a 

787a 

811a 

788a 

81 5 

785 

800 

800 

ahcongruent  to M F ,  + liquid. 
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disparity increases .  Further,  increas ing  s tab i l i ty  
of the  ordered so l id  p h a s e s  is noted as Nat /Ln3+ 
increases  ( s e e  Fig.  1.7). 

T h e  Na+/Ln3+ radius ratio var ies  only from 
0.93 to  1.21 a c r o s s  the  en t i r e  lanthanide s e r i e s  
and  is neares t  unity for t h e  pa i r s  NaF-NdF, and  
NaF-SmF, (0.99 to 1.02). A priori, the sys t ems  
in which the  N a +  and  Ln3'  ion radii a r e  nearly 
ident ica l  should b e  expec ted  to conta in  the  l e a s t  
ordered phases ,  and  increasingly ordered struc- 
tures when the  discrepancy in ion size is greatest .  
Indeed, t h e  trends throughout t h e  lanthanide 
s e r i e s  appear  generally to reflect  t h e  plausibil i ty 
of t h i s  hypothesis,  for the  l ighter members, LaF, 
and  CeF,, form a s ing le  intermediate c rys ta l  
phase ,  t he  hexagonal NaF-LnF ,  compound, which 
decomposes on hea t ing ' t o  L n F ,  and  liquid. T h e  
la t te r  group, -PrF, t o  -LuF,, is described in 
general  by t h e  system NaF-YF,, in which three 
types  of intermediate p h a s e s  prevail  - t he  
NaF-LnF ,  fluorite cubic,  t h e  NaF-LnF ,  hexa- 
gonal, t he  5NaF-gLnF  , cubic,  and  the  5NaF.9LnF , 
ordered orthorhombic phases .  In each  of t h e s e  
phases  alkali-metal a n d  rare-earth ca t ions  a r e  
randomly subs t i tu ted  t o  varying degrees.  Although 
t h e  number and  s tab i l i ty  of ordered p h a s e s  tend 
to  inc rease  throughout t h e  NaF-LnF, s e r i e s ,  a 
s t range  effect  appears  concurrently in  t h e  broad- 
ening of the  composition range through which t h e  
disordered fluorite-like s o l i d  solution phase  is 
found a t  high temperatures. T h i s  effect, although 
not understood, is poss ib ly  related t o  the  dif- 
f iculty of d i ssoc ia t ing  Na' ions  from the  larger 
charge  density f ie lds  of t h e  heavier  lanthanide 
ions.  

T h e  trends toward increas ing  number, order, and 
s tab i l i ty  of the  NaF-LnF c rys t a l  p h a s e s  formed 
as the  rad ius  ratio Na+/3Ln3+ inc reases  appear 
t o  b e  d is t inc t ,  not only with respec t  to c rys ta l  
chemistry of the  binary compounds, but also in 
their  modes of crystall ization from molten mix- 
tures. T h e  fluorite-like phase ,  for example, is 
uns tab le  below approximately 600 to  7OOOC with 
respec t  t o  t h e  hexagonal NaF-LnF ,  and  L n F ,  
phases ,  but it may e a s i l y  b e  retained metastably 
in t h e  cooled melts of appropriate compositions 
in t h e  sys t em group NaF-DyF, to NaF-LuF,. 
T h e s e  tendencies  a r e  so marked tha t  in t h e  NaF- 

c rys ta l l ized  from NaF-LuF,  mel t s  simply by very 
s low cooling. 

Tenta t ive  ev idence  tha t  t he  lanthanide fluoride 
phase  diagrams a r e  approximate models for t h e  
ac t in ides  a r i s e s  from comparisons based  on ca t ion  
sizes, a s  shown in  Fig.  1.8. Although the  sys t ems  
a r e  not exac t  analogs,  they a r e  sufficiently similar 
to permit qua l i ta t ive  e s t ima tes  concerning t h e  
nature of t h e  transplutonium trifluoride sys tems.  
T h e  fact ,  for example,  t ha t  all of the NaF-heavy 
metal  trifluoride sys t ems  in  t h e  Na+/M3' cation 
size ratio 0.93 to  1.21, including a l l  of t h e  NaF- 
L n F ,  sys t ems ,  NaF-BiF,, NaF-UF,, and  NaF- 
PuF, ,  form the hexagonal NaF.MF3 phase  ( s e e  
sec t ion  on "Crystal Structure of Hexagonal 
NaNdF, and  Rela ted  Compounds," th i s  report) 
ind ica tes  tha t  t h i s  phase  may b e  expec ted  through- 
out t he  NaF-actinide trifluoride se r i e s .  

Dimorphism o f  the Rare-Earth Tr i f luorides 

R. E. Thoma H. Ins ley  G. D. Brunton 

Dimorphism of t h e  rare-earth tr if luorides was  
s tudied  ex tens ive ly  by Zalk in  and  Templeton, 
who determined t h e  c rys ta l  s t ruc tures  of two 
forms. They observed only the  hexagonal form 
for t h e  trifluorides LaF, t o  NdF,, a hexagonal 
and  a n  orthorhombic form for SmF,, EuF,,  HoF,, 
and  TmF,, and only a n  orthorhombic form for 
GdF,, TbF, ,  DyF,, ErF , ,  YbF,, and LuF,.  
T h e  melting points of t h e  trifluorides were de- 
termined by Spedding and  Daane ,20  who noted 
that SmF,, GdF,, ErF,, YbF,, and  L u F ,  pro- 
duced thermal e f fec ts  a t  temperatures below t h e  
melting points; they inferred t h e s e  effects to b e  
due  t o  c rys ta l l ine  inversions i n  t h e  so l id  s t a t e .  
In recent investigations of t h e  a lka l i  fluoride- 
L n F ,  sys tems,  w e  found that i n  NaF-GdF, and  
NaF-TbF, mixtures containing 75 mole % LnF,  
t h e  GdF,  and  TbF, inverted from t h e  hexagonal 
(high temperature) t o  orthorhombic (low tempera- 
ture) form at  918 and  95OOC respectively.  Although 
t h e s e  va lues  a r e  somewhat lower than those  re- 
ported by Spedding and  Daane for t h e  transit ion 
temperatures, they a r e  i n  close enough agreement 

LuF ,  sys tem the  ordered 5NaF.9LuF3 phase ,  
which in  t h e  other sys t ems  where it occurs  must 
b e  prepared by prolonged annea l ing  i n  t h e  so l id  
s t a t e  a t  e leva ted  temperatures,  c a n  b e  eas i ly  Earths, p. 78, Wiley, New York. 1961. 

"A. Zalkin and D. H. Templeton, J .  Am. Chem. 

'OF. H. Spedding and A. H. Daane (eds.), The Rare 

25, 24s3 (19s3). 
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to  sugges t  tha t  thermal data  a r e  representative of 
the hexagonal-orthorhombic equilibrium transit ion 
temperature. On the b a s i s  of t h e s e  resul ts  and 
from the resu l t s  of our recent  preliminary exami- 
nations of t h e s e  t ransi t ions with the  high-tempera- 
ture x-ray diffractometer, we have  concluded that 
the high-temperature dimorphism of the  rare-earth 
trifluorides occurs a s  shown in Fig.  1.9. The  
resul ts  make poss ib le  the  following new generali- 
za t ions  concerning the  rare-earth trifluorides: 

1. T h e  equilibrium al lotropes of the  rare-earth 
trifluorides a re  comprised only of the  hexag- 
onal and orthorhombic modifications. 

2. A l l  rare-earth trifluorides c rys ta l l ize  from the 
molten s t a t e  as hexagonal crystals .  

3. Although the orthorhombic form may b e  a s t a b l e  
modification of LaF, ,  CeF, ,  NdF,, and P m F , ,  
the inversion temperature will occur a t  such  
low temperatures that  i t s  determination may 
not b e  experimentally feasible .  

Propert ies of the Rare-Earth Hal ides 

R. E. Thoma 

Current data  for the known ha l ides  of the rare- 
earth elements a re  summarized in Table  1.4, 
which was prepared a s  a part  of a current survey 
of the  chemistry of .the rare-earth ha l ides  and 
complex hal ides .  

T h e  Systems NaF-ScF, and NaF-BiF, 

R. H. Karraker" R.  E. Thoma D. R. Sears  

The  chemistry of the t r ivalent  s t a t e  affords the 
most useful means of interrelat ing the chemical 
s imilar i t ies  of the lanthanides  and act inides .  
For many of t h e s e  elements ,  this  s t a t e  is ei ther  
the most s t a b l e  or the only oxidation s t a t e  ob- 
served in their chemical compounds. The varia- 
tion in chemical phase  behavior in the  binary 
systems of t h e  a lka l i  f luorides with the  trifluo- 

' l T o  be published a s  a chapter in vol. I1 of the 
forthcoming work, Progress  in the Science a n d  Tech- 
nology  of the Rare Earths, ed. by LeRoy Eyring. 

"ORINS research participant, Memphis State  Uni- 
versity, Memphis, Tenn. 

r ides  of the  lanthanide,  act inide,  and other metals  
affords a broad experimental  b a s e  from which de- 
ta i led theories of phase  behavior and complex 
compound formation may b e  ant ic ipated.  Fo r  the 
reasons implicit  in  t h e s e  s ta tements ,  we  recently 
extended t h e  invest igat ion of the  lithium and 
sodium fluoride-lanthanide trifluoride relation- 
s h i p s  to include the s y s t e m s  NaF-ScF, and NaF- 
BiF,.  

T h e  System NaF-ScF,. - The  a lka l i  fluoride- 
MF, pair  in which the  M + / M 3 +  radius ratio is j u s t  
larger than that for NaF-LuF, is NaF-ScF,. 
Since the Na+/Sc3 + ratio more nearly approaches 
that  of Na+ /Lu3+  than of Na+/A13 +, NaF-ScF, 
melts would behave, we  assumed,  more nearly 
l ike  NaF-LuF, than l ike  NaF-AlF,. Initial re- 
s u l t s  showed, however, tha t  even though the 
radius of S c 3 +  is considerably c loser  t o  tha t  of 
L u 3 +  than to  tha t  of A13+, t h e  l iquidus profile 

ORNL-DWG 65-2523 
0 F. H. SPEDDING AND A. H. DAANE. THE RARE EARTHS, WILEY, 

A THERMAL GRADIENT QUENCHING DATA 
A HIGHEST TEMPERATURE AT WHICH SPECIMENS WERE 

NEW YORK, 4964, p. 78. 

EXAMINED USING TGP METHODS. TRANSITION 
TEMPERATURE IS ABOVE THIS POINT. 
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Table  1.4. Physical  Properties of the Rare-Earth Hal ides 

Thermochemical Data (kcal/mole) Crystal Structure Data 
Melting Boiling 

Space Lat t ice  Parameters (A) Density 
AH 

vaporiza tione Wee) h f o  rm a t i  in AH*usion 
Compound Point Point 

(OC) (OC) Group aO (298%) Symmetry 

LaF ,  

LaC1, 

LaBr, 

LaI, 

LaI, 

CeF,  

CeF,  

CeC1, 

CeBr, 

CeI, 

CeI, 

PrF,  

P r F  , 
PrC1, 

PrCl , 
PrBr3 

Pr13 

Pr12 

NdF, 

NdF, 

NdC1, 

NdC1, 

NdBr, 

NdI, 

Nd12 

~~ ~ 

1490 

8 52 

783 

76 1 

830 

d 

1437, 1430 

802 

722 

76 1 

1395 

786 

693 

733 

760 

1374 

760 

83 5 

68 4 

775 

565 

Hexagonal P63/mcm 7.186 7.352 5.936 

4.364 3.848 2700 Hexagonal P63/m 7.483 

Orthorhombic 

C 

C Monoclinic 

2327 Hexagonal 

1925 Hexagonal 

1705 

1397 Orthorhombic 

C 

Monoclinic 

2327 Hexagonal 

1905 Hexagonal 

Ccmm 4.37 14.01 10.04 2.246 

I 2 / c  12.6 10.6 8.3 

P63/mcm 7.112 7.279 6.157 

7.450 4.31 5 

Ccmm 4.341 14.00 10.015 2.273 

I2 /c  

P63/mcm 7.075 7.238 6.14 

7.422 4.275 

1547 

1377 Orthorhombic Ccmm 4.309 13.98 9.958 2.309 

C 

Monoclinic 12/c 

Hexagonal P63/mcm 7.030 7.200 

(-421)b 

-255.9 13.0 

(-233) 13.0 

- 189 

(- 442) 

(- 416) 

252.8 

(-228) 

- 185 12.4 

(-413) 8 

-252.1 12.1 

- 163 

- 225 11.3 

-152 12.7 

(-410) 

- 245.6 12.0 

- 163.2 

(-223) 10.8 

Orthorhombic Ccmm 4.284 13.979 9.948 2.342 (- 158.9) 9.7 

C 

62 

52.3 

45 

41 

62 

51.8 

46.8 

41 



18 

h
 

3
 

o z :
 

0
 

3
 

m 
v
 

Y
 

E E, 3
 

m V
 

.r
l 

.c : ; 

o
m

d
o

 
w

e
e

d
 

w
'

m
 

m
 

m
 

m
m

w
 

h
 

n
 

o
m

:
 

m
 
0
 

m
d

m
 

d
 

N
N

4
 

0' t. 
h
 

4 E E
, 

E Y
 
o 

2 2 o 0
 

.r
l 

+
 

Y
 

0
 

Q
" 

m" 

m 
N

 
m

 
m

 
?

 
K 

t. 

m
 

m 
4
 

m t. 
r. 

9
 

9
 

'
?

 
0
 

"
 

h
n

 
h
 

m
t
.
 

t. 
P

I 
m

 
t
.
t
.
 

m
N

 
r
l
 

v
w

 
v
 

h
 

h
 

t. 
t. 

N
 

N
 

N
 

d
 

0
 

N
 

h
 

t
.

 

v
 

r
l
 

n
m

 
N

 
b

N
 
0
 

N
"

 
w

 
m

 
o\' 
0
 

N
 

N
 

W
 

"
m

' ,
-
I
 



Table 1.4 (continued) 

Crystal Structure Data 
Thermochemical Data (kcal/mole) Melting Boiling 

v a p o r i z a t i o n a  A?l h f u  s i o  n forma t i o n  AH Lattice Parameters (A) Density 
Wee) 

Compound Point Point Space 

(OC) (OC) Group a O  cO (298’K) 
Symmetry 

TbF3 

TbC1, 

TbBr, 

TbI, 

DYF, 

DyC1, 

DyBrg 

DYI, 

HoF , 
HoC13 

HoBr, 

HoI, 

E r F  , 
ErC1, 

ErClz  

ErBr, 

ErI, 

T m F ,  

TmC1, 

TmBr, 

TmI, 

1172 

58 8 

(830) 

955 

1154 

654 

881 

955 

1143 

720 

914 

1010 

1140 

776 

950 

1020 

1158 

82 1 

(955) 

(1015) 

(2277) 

(1 547) 

(1 483) 

(1327) 

(2227) 

(1627) * 

(1473) 

(1317) 

(2227) 

(1 507) 

(1467) 

(1297) 

(2227) 

(1497) 

(1457) 

(1277) 

(2223) 

(1 487) 

(1437) 

(1257) 

Hexagonal 
Orthorhombic 

Hexagonal 

Hexagonal 
Orthorhombic 

Monoclinic 

Hexagonal 

Hexagonal 
Orthorhombic 

Monoclinic 

Hexagonal 
Orthorhombic 

Monoclinic 

Hexagonal 

Hexagona 1 
Orthorhombic 

Monoclinic 

Hexagonal 

P63 /m cm 
Pnma 

- 
R3 

P63 /m cm 
Pnma 

- 
R3 

P63/mcm 
Pnma 

P63/mcm 
Pnma 

- 
R3 

P63/mcm 
Pnma 

- 
R3 

(7.035) 
6.513 

7.526 

(7.010) 
6.460 

6.91 

7.488 

6.833 
6.404 

6.85 

(6.952) 

6.354 

6.80 

7.451 

6.763 
6.283 

6.75 

7.415 

6.949 

6.906 

11.97 

6.875 

11.85 

6.848 

11.79 

6.811 

11.73 

(6.875) 
4.384 

20.838 

(6.849) 
4.376 

6.40 

20.833 

6.984 
4.379 

6.39 

(6.797) 
4.380 

6.39 

20.78 

6.927 
4.408 

6.39 

20.78 

7.236 

3.155 

7.465 

3.210 

7.829 
7.644 

3.240 

7.814 

3.279 

8.220 
7.971 

3.321 

(-400) 

(-241) 

(-211) 

(-169) 

(- 398) 

(- 236) 

(-209) 

- 166 

(-395) 

-233 

(- 207) 

- 164 

(- 392) 

211.4 

-150 

(-205) 

- 162 

(-391) 

-229 

(-203) 

- 137.8 

8 

7 

9 

10  

8 

7 

9 

1 0  

8 

7.0 

10  

10 

8 

7.8 

10  

10 

8 

9 

1 0  

10  

60 

45 

44 

40 

60 

45 

44 

41 

60 

44 

43 

41 

60 

44 

43 

40 

60 

44 

43  

40 



Table 1.4 (continued) 

Crystal Structure Data Thermochemical Data (kcal/mole) Melting Boiling 

A H .  
vaporizationa 

fus ion  
formation AH AH Latt ice  Parameters (A) Density Space 

Symmetry Group Wee) 
Compound Point Point  

(OC) (OC) aO cO (298'K) 

TmI, 

YbF, ' 1157 

YbF2 1477 

YbC1, 854 

YbC1, 723 

YbBr, 940 

YbBr, 677 

YbI, (1030) 

YbI, 52 7 

LuF,  1182 

L U C 1 ,  892 

LuBr, 960 

L U I  1045 

(2227) 

(2377) 

d 

(1927) 

d 

(1827) 

d 

(1327) 

(1427) 

(1477) 

(1407) 

(1207) 

Hexagonal 

Hexagonal 
0 rth orh omb ic 

Cubic 

Monoclinic 

Orthorhombic 

Hexagonal 

Hexagonal' 

Hexagonal 
Orthorhombic 

Monoclinic 

Hexagonal 

4.520 

P63/mcm (6.897) 
Pnma 6.216 6.786 

5.571 

6.73 11.65 

6.53 6.68 

- 
R3 7.434 

C6 4.503 

P63/mcm (6.87) 
Pnma 6.181 6.731 

6.72 11.60 

- 
R3 7.395 

6.967 

(6.745) 
4.434 

6.38 

6.91 

20.72 

6.972 

(6.72) 
4.446 

6.39 

20.71 

(-376) 
8.168 8 

(-280) 5 

-228.7, -223 9 

184.5 6 

(- 185) 10 

(- 157) 6 

3.331 (- 143) 10 

(- 135) 5 

8.44 (-392) 8 

-227.9 9 

(-200) 10 

3.386 -133.2 11 

60 

75 

50 

48 

37 

60 

43 

42 

38 

aVapor pressure data  may be found in reports by J. A. Gibson e t  al.. The Properties of the Rare Earth Metals a n d  Compounds, Bat te l le  Memorial Insti- 

b .  
tute, Columbus, Ohio, 1954, and by E. Shimazaki and K. Niwa, 2. Anorg. Allgem. Chem. 314, 21 (1962). 

Figures in parentheses  a r e  estimates. 
'La12, CeI,, and  PrI  a re  isostructural but of a different structure than NdI,, SmI,, and Yb12. which comprise a second isomorphous ser ies  [G. I. No- 

dDecomposes. 
eSrBr2 structure. 
fSmI and EuI  a r e  considered to  be isostructural, although neither structure h a s  been determined. 
'Isostructural with TmI 

2 
vikov and 0. G. Polyachenok, Usp. Khim. 33, 732 (1964)l. 

2 2 

2' 

, 
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of the NaF-ScF, system more nearly approxi- 
mates tha t  of the NaF-AIF, system than tha t  of 
the NaF-LuF, system. Although the  two inter- 
mediate phases  that form in the  NaF-ScF, sys t em 
correspond to  formula ana logs  in  t h e  sys t em 
NaF-AlF, (Le., a 3:l and a 1:1 compound), 
c rys ta l s  of the pairs  a r e  not isomorphous. T h e  
phase  diagram of the  system, constructed from 
preliminary thermal ana lys i s ,  thermal gradient 
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quenching, and direct  v i sua l  observation data,  is 
shown in Fig.  1.10. T h e  phase  diagram as  de- 
scr ibed here  affords an  interest ing contrast  to  
that  reported during t h e  course of this investi-  
gation by Fedorov and associates, who be- 
l ieved tha t  t h e  system was descr ibed a s  is a l s o  

23N.  Ya. Federov, S. I. Sklyarenko, and E. S. Petrov. 
Akad Nauk. SSSR 1, 104 (1964). 

E. S. PETROV, AKAD. NAUK. SIBIRSK. 

ScF3 

3‘ Fig. 1.10. The S y s t e m  NaF-ScF 
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shown in Fig. 1.10. T h e  reasons  for t he  remark- 
ab le  difference between the two diagrams a r e  not 
directly deducible from the  literature. Scandium 
trifluoride, l ike  many of t h e  metal  fluorides, is 
very e a s i l y  hydrolyzed a t  high temperatures by 
t races  of moisture in the  atmosphere. Hydrolysis, 
proceeding through reactions of t h e  following sort ,  

2Na,ScF, + 2 H 2 0  e 2 N a F . S c O F  + 4NaF  + 4 H F ,  

would account for the anomalous activity of N a F  
a t  low ScF ,  concentrations and  for a 2:l oxyfluo- 
ride phase  not encountered in  ORNL measure- 
ments, a phase  which might have been inferred t o  
b e  Na,ScF,. 

The System NaF-BiF,. - A preliminary investi-  
gation of intermediate compound occurrence in  the  
system NaF-BiF, was  made because  the relative 
cation s i z e s  of Na'/Bi3' (1.11) a r e  nearly iden- 
t ica l  with t h e  Na '/Ln3' pairs,  Na +/Tb3' (1.09), 
Na'/Dy3' ( l . l l ) ,  and Na'/Y3' (1.11). Resul t s  of 
this investigation showed tha t  a hexagonal in- 
termediate phase  w a s  formed from slowly cooled 
melts of N a F  and BiF,. Optical  and  x-ray dif- 
fraction measurements with t h e  c rys ta l s  showed 
that t h e  compound h a s  a 1:l formula, with t h e  
properties l i s ted  e l sewhere  (see sec t ion  on 
"Crystal Structure of Hexagonal NaNdF, and  
Related Compounds," t h i s  report). The  x-ray 
diffraction pattern of t he  new phase  w a s  suc-  
cess fu l ly  indexed and refined, us ing  a recently 
developed leas t - squares  program, and  was  found 
to be isomorphous with NaNdF, (see sec t ion  on 
"Crystallographic Data for Some Pure  Materials," 
th i s  report). Tha t  the  l a t t i ce  cons t an t s  s o  nearly 
approach those  of NaNdF, rather than those  of 
NaDyF, sugges t s  that  further s tudy  of t h e  spa t i a l  
relationships in NaBiF, may b e  worthwhile. 

SALT SYSTEMS FOR APPLICATION IN  
ADVANCED REACTOR TECHNOLOGY 

R. E. Thoma G. D. Brunton 
H. Insley G. M. Hebert 
H. A. Friedman T. N. McVay 

Core and Blanket Fluids for Fast  Reactors 

As a reactor concept,  t h e  molten-salt sys tem 
offers great flexibility with respec t  t o  application 
and  design. It may b e  poss ib l e  tha t  future re- 
actors,  evolutionary daughters of the  MSRE, will  

include f a s t  a s  wel l  as  thermal versions.  T h e  
neutron energy spectrum tha t  must prevail  i n  t h e  
core of a f a s t  reactor imposes rather restrictive 
limits on t h e  materials which can  b e  considered 
a s  su i t ab le  core  or  blanket fluids. Virtually the  
only class of s a l t s  which may b e  employed a s  
fuel mixtures in s u c h  reactors is tha t  of t h e  iso- 
topically pure ch lor ides  (35Cl-). A previous 
report2 showed tha t  t he  expected phase  behavior 
in NaC1-KC1-PuC1, mixtures would make them 
a t t rac t ive  as fast-reactor core fluids. Crystal-  
lographic and phase  data for UC1, ind ica te  tha t  i t  
should be  completely miscible with NaC1-KC1- 
PuC1, mixtures a t  e leva ted  temperatures. L i t t l e  
or no da ta  were ava i lab le  for t he  two sys t ems  w e  
cons ider  t o  b e  of primary re levance  t o  appra i sa l s  
of core  (KC1-UCl,) and  blanket (NaF-KF-ThF,) 
fluids. We therefore conducted partial  exami- 
nations of the  equilibrium behavior i n  t h e s e  two 
sys t ems  t o  appra ise  t h e  poss ib i l i ty  tha t  t he  ma- 
te r ia l s  would se rve  a s  useful co re  and  blanket 
f luids;  the  sa t i s fac tory  resu l t s  of t h i s  examination 
have permitted u s  to  defer  further investigations 
of t h e s e  fluids. 

The System KCI-UCI,. - T h e  labil i ty of uranium 
trichloride with respec t  t o  disproportionation (to 
Uo and.UC1,) a s  well  a s  to  hydrolysis continues 
t o  evoke  ques t ions  as  t o  t h e  nature of i t s  equi- 
librium b-ehavior a t  high temperatures. After tes t -  
ing  various methods of obtaining and  preserving 
trivalent uranium in chloride mixtures, w e  con- 
cluded that there a r e  two g6od procedures for 
preparation of t h e s e  materials.  One en ta i l s  re- 
moval of water by treatment of t h e  s a l t s  with 
hexachloropropene a t  200 to  30OoC. T h i s  reagent, 
however, ox id izes  uranium to  the  tetravalent s t a t e  
a t  t h e s e  temperatures. If, however, uranium metal 
is present in t h e  melt throughout t h e  purification 
procedure, t h e  uranium in t h e  melt is retained in 
the  trivalent state. A more su i t ab le  procedure for 
obtaining KC1-UC1, mixtures of accurately as- 
certained composition c o n s i s t s  in purging KCl- 
PbC1, melts with dry HC1 g a s  and  subsequently 
reducing P b 2 '  with uranium metal t o  produce the  
KC1-UC1 , mixtures of des i red  stoichiometry. In 
practice,  a s l igh t  e x c e s s  of Uo was  generally re- 
tained in the  melt to minimize contamination by 
Ucl, .  It is recognized tha t  f in i te  solubili ty of 
Uo in KC1-UCl, may occur and  af fec t  apparent 

',H. A. Friedman, Reactor Chem. Div. Ann. Progr. 
Rept.  Jan. 31, 1964,  ORNL-3591, p. 9. 
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phase  transition temperatures on t h e  system; 
this effect, however, appeared t o  b e  negligible on 
the bas i s  of t he  assumption tha t  uranium metal 
dissolved in the s a l t  phases  should induce 
opacity. 

The  phase  diagram of the  sys t em KC1-UCl,, 
inferred from resu l t s  of thermal ana lys i s  and 
thermal gradient quenching experiments, is shown 
in Fig.  1.11. Th i s  phase  diagram differs sub- 
s tan t ia l ly  from the  preliminary description given 
by Kraus. * Data contributing t o  the  construction 
of the  diagram reported here  were obtained from 
melts in which the  U 4 +  concentration was  mini- 
mized by the  presence of e x c e s s  uranium metal. 
Melts prepared without e x c e s s  uranium metal 
behaved identically a s  descr ibed by Kraus, and, 
on cooling, contained some 1 0  t o  30% tetravalent 
uranium. 

The  resu l t s  of the  current investigation of the  
KC1-UC1, system show the  ex is tence  of only 
one intermediate compound, 2KCl-UC1,. Crystal- 
lographic da ta  for t h i s  compound a r e  given else- 
where ( s e e  sec t ion  on “Crystallographic Data 
for Some Pure  Materials,” th i s  report). Uranium 
trichloride appears t o  b e  capable  of forming an  
ex tens ive  so l id  solution with the  2KCl.UC1, 
phase. Two eutec t ics  occur  in  the sys tem a t  
1 9  and 55 mole % UC1, and a t  560 and 553OC 
respectively. The  reason for a n  apparent per- 
s i s t e n c e  of the  eu tec t ic  break in mixtures that 
contain a s  much a s  85 mole % UC1, is not known. 
Similarly, the  c a u s e  of large thermal e f fec ts  a t  
approximately 588OC up to  30 mole % UC1, is 
a l s o  not known. Kraus reported two thermal ef- 
fec ts  on cooling melts containing up t o  30 mole % 
UC1, and inferred the  ex i s t ence  of t he  compound 
3KCl.UC1, on the  b a s i s  of them. No evidence  
for t he  ex is tence  of t h i s  compound w a s  found, 
however, in t he  present investigation. 

Small pers i s ten t  thermal e f fec ts  were noted on 
cooling a t  approximately 650 and  770OC; t h e s e  
appeared to  be related t o  the  amount of e x c e s s  
uranium metal present. 

The System NaF-KF-ThF,. - Although the  s a l t s  
which may be  considered a s  fue ls  for f a s t  re- 
ac tors  a re  apparently restricted essent ia l ly  to  the  
isotopically pure ’chlorides, blankets for u s e  
in molten-salt fas t  breeder reactors could b e  
composed of fluoride s a l t s .  Blanket  s a l t  mixtures 

25C. A. Kraus, Brown Univ. Report M-251, July 1, 
1943. 
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Fig. 1.11. The System KCI-UC13. 

should ex i s t  a s  homogeneous fluids a t  tempera- 
tures of 550 to  600OC. In examination of t h e  
system NaF-KF-ThF,, i t  vias discovered tha t  th i s  
criterion is met by seve ra l  ternary mixtures con- 
taining 60 to  70 mole % N a F  and 20 to  28  mole % 
ThF,. T h e  resu l t s  of t he  current investigation 
a r e  shown in Fig. 1.12. The  lowest-melting 
eu tec t ic  is located at a n  NaF-KF-ThF, composi- 
tion of about  68-6-26 mole % and melts a t  about 
562OC. A s a l t  mixture of th i s  composition conta ins  
about 2400 g of thorium per liter. A s  in the  analogous 
system NaF-KF-UF,, 2 6  a 1:1:1 compound markedly 
influences phase  behavior in the  low-melting 
region of the  system. 

T h e  ternary compound NaF.KF.ThF4 ( s e e  sec- 
tion on “Crystallographic Data for Some Pure  
Materials,” th i s  report) melts incongruently a t  
about 713OC t o  7(Na,K)F.6ThF4 t liquid. The  
large primary phase  field of t h e  ternary compound 
relative t o  tha t  of 2NaF.ThF4 is probably due t o  
the  fac t  t ha t  a large fraction of t he  K’ ions 
(radius = 1.33 A)  in NaF.KF.ThF, can  be  re- 
placed by the  smaller Na’ ions  (radius = 0.98 A), 
while for 2NaF.ThF4 the  converse  is not possible.  

26R. E. Thoma ,  Phase  Diagrams of Nuclear Reactor 
Materials. ORNL-2548, p. 103 (Nov. 2, 1959). 
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Fig. 1.12. Partial Phase Diagram of the System NaF-KF-ThF,. 

Although 7NaF.2ThF4 does  not appear  a s  a pri- 
mary phase  in t h e  binary sys t em NaF-ThF,, it h a s  
a relatively la rge  primary p h a s e  field in  the  
ternary sys tem because  i t  f o r m s  a very ex tens ive  
i f  not complete so l id  so lu t ion  with t h e  compound 

The System LiF-NaF-ThF,. - An investigation 
of the  phase  equilibria i n  the  sys t em LiF-NaF- 
T h F ,  h a s  been conducted over  t h e  l a s t  severa l  
yea r s  because  of the  long-range prospect that  
t h e s e  s a l t s  may find various applications in 
nuclear technology. A s  thorium so lvents ,  LiF- 
N a F  mixtures of compositions near t he  eu tec t i c  
afford ,homogeneous molten so lu t ions  of very high 
thorium density.  T h e  phase  diagram of the  LiF- 
NaF-ThF, system (Fig.  1.13) shows  that a t  500 
to  6OOOC the  sa tura t ing  compositions of T h F ,  
a r e  28 and 32 mole % ThF,;  l iqu ids  of t hese  com- 
pos i t ions  contain more than  3000 g of thorium 

7KF.2ThF ,. 

(as metal) per liter. At s u c h  high thorium con- , 

centrations,  LiF-NaF-ThF, mixtures would ap- 
pear  t o  b e  a t t rac t ive  a s  breeder b lankets  which 
may b e  conveniently and  cheaply reprocessed. 
T h e  prospect of exploit ing t h e  high solubili ty of 
T h F ,  in t h i s  sys t em also makes i t s  application 
in  t h e  fluoride volati l i ty process  a t t rac t ive  in 
connection with chemical reprocessing of breeder 
fuel elements.  

Determinations of t h e  loca t ions  of boundary 
curves  separa t ing  the  13 primary phase  f ie lds  in 
t h e  LiF-NaF-ThF, ternary sys t em a r e  nearly 
complete, a s  a r e  the determinations of the  im-  
portant liquid-solid transit ion temperatures. T h e  
principal remaining ques t ions  concern the  limits 
of so l id  so lubi l i ty  in t h e  complex so l id  phase.  
T h e  compositions and temperatures a t  which 
invariant equilibrium reac t ions  occur a r e  shown 
in Tab le  1.5. 
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Fig.  1.13. The System LiF-NaF-ThF4.  

T h e  LiF-NaF-ThF, sys t em and  i t s  counterpart, 
LiF-NaF-UF4, a r e  of potentially continuing in- 
te res t  in molten-salt reactor technology because  
of their  s imi la r  l iquidus su r faces  and  because  of 
t h e  previously demonstrated’ ease with which 
T h 4 +  and  U 4 +  ions  may b e  subs t i tu ted  for one  
another i n  s u c h  sys t ems  without grossly affecting 
liquid-solid reaction temperatures. One major 
phenomenon which t a k e s  p l ace  i n  t h e  LiF-NaF- 
T h F ,  system h a s  not been examined a s  ye t  re- 
garding i t s  implication for t h e  four-component 

27C. F. Weaver et al. ,  J. Am. Ceram. SOC. 43, 213 
(1960). 

system LiF-NaF-ThF4-UF,. A ternary com- 
pound, NaF.2LiF.2ThF4,  cry t a l l i ze s  as  a hexag- 
ona l  phase  from LiF-NaF- h F ,  l iquids.  T h e  
phase  is isostructural  with P-NaF-ThF,  and forms 
a continuous so l id  so lu t ion  with P N a F - T h F , ,  
as  shown in  the  ha tched  sec t ion  in Fig.  1.13. 
T h e  crystallographic data for t h e s e  s o l i d s  a r e  
given e l sewhere  (see sec t ion  on “Crystallographic 
Data for Some Pure  Materials,” t h i s  report). I t  
is evident from t h e  phase  diagram tha t  t he  so lu-  
bility relationships involving NaF-ThF ,  and  
NaF.2LiF.2ThF4 a r e  t h e  sa l i en t  fea tures  of t he  
sys t em LiF-NaF-ThF,. T h e  subs t i tu t iona l  mech- 
anism effecting so l id  solution formation between 

I 
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Table  1.5. Invariant Equil ibria and Singular Points in  the System L iF -NaF- .ThF4  

Composition of 
Liquid (mole 70) 

LiF N a F  T h F 4  

30 57 13 50 5 Eutect ic  LiF, NaF. 2NaF.2ThF4 

18 6 5  17 (560)a Decomposition NaF, 7NaF.2ThF4, 2NaF.ThF4 

46 36 18 536 Boundary curve maximum LiF, 2NaF-ThF4 

Temperature 
Type of Equilibrium Solid P h a s e s  Present  a t  Invariant Point 

(OC) 

3 76 21 (620) Pe rite c t  ic NaF, 4NaF.ThF4, 7NaF.2ThF4 

6 73 21 (605) Decomposition 4NaF.ThF4, 7NaF-2ThF4. 2NaF-ThF4 

43.5 32.5 24 509 Eutect ic  LiF, 2Na FeThF,, Na F.ThF,-LiF. 2NaF*2ThF4 ss 

53.5 15.5 31 53 0 Boundary curve maximum LiF, NaF*ThF4-LiF.2NaF.2ThF4 ss 

54.5 13.5 32 52 5 Eutectic LiF, 3LiF.ThF4, NaF.ThF4-LiF*2NaF-2ThF4 ss 

54.5 12.5 33 540 Peritectic 3LiF.ThF4, 7LiF.6ThF4. NaF.ThF,- 
LiF-2NaF.2ThF4 ss 

6 56.5 37.5 (640) Decomposition 2NaF.ThF4, 3NaF-2ThF4, NaF*ThF4- 
LiF.2NaF-2ThF4 ss 

50 12 38 585 Peri tect ic  

48 12 40 (62 5) Pe ritec t ic 

7LiF*6ThF4,  LiF-2ThF4,  NaF.ThF4- 
LiF-2NaF.2ThF4 ss 

LiF.2ThF4, NaF.ThF4-LiF*2NaF*2ThF4 ss, 

NaF-2ThF4 

Peritectic LiF.2ThF4, LiF.4ThF4, NaF.2ThF4 44 12 44 (725) 

LiF. 4Th F ,, Na F -2 T h F  4, T h F  , 16 27 57 (82 5) Peritectic 

aFigures i n  parentheses represent estimated values.  

the  two compounds is therefore of considerable 
interest .  One might specu la t e ,  for example, tha t  
t he  ternary compound c a n  b e  considered t o  b e  
formed from NaF.ThF, and the  hypothetical  com- 
pound 2LiF.ThF4.  Such, specula t ions  become 
f ru i t less  when t h e  following da ta  a r e  considered: 
T h e  unit-cell volume of the  ternary compound 
NaF.2LiF.2ThF4 is 1115.28 A3 and conta ins  s i x  
formula weights of the  compound; t h e  unit-cell 
formula is therefore Na6Li l  2 T h l  2F66. In the  
binary compound NaF-ThF, ,  t he  unit-cell volume 
is 1176.78 A3;  t he  formula weights per cell give 
the  formula Na12Th12F6 , .  Although t h e  unit cell 
of Na6Li  2 T h l  2F66 conta ins  approximately 10% 
more fluoride ions  than Na l  2 T h l  2F60 (NaF-ThF,),  

i t  is a l s o  61.5 A3 smaller.  T h e  size dec rease  
accompanying the  subs t i tu t ions  of Na t  by Lit 
would b e  expected to b e  offset  by the  significant 
volume contributed by the  additional fluoride ions 
(61.5 A3). 

T h e  general  structure of t h e s e  c rys ta l l ine  
phases  may b e  outlined through x-ray diffraction 
s tudies .  In t h e s e  materials t he  ions of low 
atomic number, particularly lithium, would con- 
tribute so  l i t t l e  to the  diffraction in tens i t ies  tha t  
their  location could not b e  determined. The  in- 
te res t ing  ques t ions  concerning solution formation 
between NaF-ThF ,  and  NaF-2LiF.ThF4 will,  
therefore, b e  necessar i ly  deferred until  they c a n  
b e  inves t iga ted  by neutron diffraction methods. 
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CRYSTAL ST RUCTU RE D E T  E RMI N AT1 ON S 

Crystal Structure of Hexagonal NaNdF, and 
Related Compounds 

J. H. Burns 

T h e  structure of hexagonal NaNdF, was  ana- 
lyzed in de ta i l  because  of the  wide occurrence of 
compounds isomorphous with i t  (see sec t ion  on 
"Cation S ize  Effec ts  in Lanthanide  and  Actinide 
Fluoride Systems," t h i s  report), with the  aim of 
explaining the  order-disorder transformations ob- 
se rved  in t h e  NaF-LnF, sys t ems .  Procedures for 
t h e  structure determination a r e  presented e l se -  
where;" only t h e  resu l t s  a r e  given here. F igure  
1.14 shows  one unit  c e l l  of t h e  c rys ta l  and some  
neighboring fluoride ions  needed to  complete the  
coordination polyhedra of ca t ions  in  the  cell. 
All F- ions  a r e  in tr iangular a r rays  in the  p l anes  
Z = 0 and 2 = y2. Cation s i t e s  a r e  of three types:  
a onefold s i t e  occupied by Nd3', a onefold s i t e  
occupied randomly by '/2Na' and  V2Nd3', and a 
twofold s i t e  occupied randomly by Na' and va- 
canc ies .  

T h e  fluoride coordination about  t h e  first  two 
s i t e s  is ninefold, a trigonal prism with each  
ver t ica l  f ace  bearing a pyramid, and  about  t h e  
third s i t e  is irregular octahedral.  In t h e  third site 
t h e  Na' ion is d isp laced  from t h e  cen te r  of a 
trigonal prism toward one  end  or t h e  other t o  
a t ta in  sixfold coordination, thereby leaving  the  
other end  vacant. T h i s  d i sp lacement  produces one  
type  of disorder in t h e  c rys t a l  bu t  h a s  a relatively 
small e f fec t  on t h e  x-ray diffraction intensit ies.  
More important is the  occupancy of t h e  other two 
ca t ion  s i t e s .  Except  for t h e  smal l  sca t te r ing  by 

2 = 2n + 1, depends on t h e  difference in  sca t te r ing  
power of ca t ions  in s i t e s  one  a n d  two. In fact ,  
i f  t h e  ca t ions  a r e  randomly d ispersed  over t h e s e  
two sites, the  intensity of t h e s e  reflections is 
es sen t i a l ly  zero,  and t h e  s p a c e  group becomes 
P6,/m ins tead  of P6.  Thus ,  even  without a com- 
p le te  s t ruc ture  ana lys i s ,  determination of t he  
s p a c e  group provides information about t h e  cation 
distribution. 

When s ing le  c rys t a l s  of NaLnF,  were x-ray 
photographed and their  diffraction symmetries 

1 I2Na' ion, t h e  intensity of 002 reflections,  with 
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4 '  Fig. 1.14. Structure of Hexagonal NaNdF 

es tab l i shed ,  t he  ones  with L n  = La, Ce, P r ,  Nd, 
Eu, Gd, Tb, Ho, - and E r  could b e  a s s igned  t o  
s p a c e  group P6; with L n  = Y, Sm, and  T m ,  
t he  c rys t a l s  could  b e  a s s igned  t o  s p a c e  group 
P6,/m; and  for NaDyF,, one  c rys t a l  of each  
symmetry w a s  found. Some of t h e  samples  were 
obtained from s lowly  cooled melts,  while o thers  
were made by quenching; indeed, t he  symmetry 
exhibited (hence t h e  deg ree  of randomness) may 
depend on t h e  mode of cooling. S ince  most of 
t h e s e  compounds have a high-temperature form in 
which a l l  t h e  ca t ions  a r e  randomly distributed 
over equivalent s i t e s ,  it is reasonable  tha t  some  
of them segrega te ,  a s  t h e  s u b s t a n c e  is cooled, 
in to  nonequivalent s i t e s .  

X-Ray Diffraction Studies on Compounds in 
the System NaF-LnF3 

J. H. Burns R. E. Thoma 

T h e  crys ta l  s t ruc ture  of t h e  cub ic  form of 
NaF-LnF ,  was  e s t ab l i shed  (for t he  case of 
NaYF,) by HundZ9 and  is i l lus t ra ted  in Fig. 
1.15. It is of t h e  C a F ,  (fluorite) type  with the  
Caz '  posit ions randomly occupied by Na' and 
Ln3'  ions.  T h e  length of t he  unit  cube, a,, is 
related t o  the  cation-anion d is tance ,  dCA, by 
a, = (4/fi)dcA; hence  t h e  expec ted  va lues  of 

28J. H. Burns, submitted to Inorganic Chemistry. "F. Hund. 2. Anorg. Allgem. Chem. 261, 106 (1950). 
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a ,  can  be  ca lcu la ted  from t h e  radii  of the  ion 
involved. Measurement of a,, by x-ray diffraction 
was  carried out for t he  s e r i e s  of compounds with 
L n  = Nd to Lu, and  the  va lues  obtained a r e  
plotted in  Fig.  1.16. Calcu la ted  values,  also 
shown in  Fig.  1.16, were obtained a s  follows. 
Fo r  cases where the  L n 3 +  ion is larger than the  
N a +  ion (0.95 A), the  radius of the  L n 3 +  ion3' 
was  added to tha t  of the  F- ion (1.36 A) and 
corrected for l igancy to  obtain d C A ;  but for 
lanthanides smal le r  than sodium, the  average  
'/'[r(Ln3+) + r (Na+) ]  w a s  taken a s  t h e  cation 
radius. 

T h e  good agreement between the  observed ao's 
and those  ca lcu la ted  in  th i s  manner sugges t s  tha t  
th i s  is a valid procedure. T h i s  mode of calcula- 
tion implies tha t  t he  trivalent ion is the  more 
important in determining d C A .  Thus, when 
r ( L n 3 + )  > r (Na+) ,  the  repulsion of the  tr ivalent 
ions,  separa ted  by a , / A  keeps  them a t  equi- 
librium d i s t ances  a s  if t h e  smal le r  N a +  ions were 
not present; but when r (Na+)  > r (Ln3+) ,  t h e  
larger N a +  ion is eas i ly  compressed by the  Ln-F 
a t t rac t ive  force, yielding a radius smal le r  than 
r (Na+)  but not as smal l  a s  if t h e  N a +  ion were 
not present,  tha t  is, approximately a n  average  
radius. Consequently,  t he  lanthanide contraction, 
usually measurable in  a n  isomorphous s e r i e s  of 
c rys ta l s  containing L n 3 +  ions,  is masked in th i s  
group by structural  constraints;  tha t  is, the  random 
intermixing of a nonlanthanide of intermediate 
size, Na', inhibits contraction of t h e  la t t ice  for 
c a s e s  where the L n 3 +  ion is smal le r  than the  
Na + ion. 

In t h e  fluorite structure,  each  ca t ion  such  a s  
the  one a t  t h e  origin (Fig. 1.15) is coordinated by 
a cube  of eight F- ions;  but for e a c h  cube  with 
a ca t ion  a t  i t s  cen ter ,  there  is another which is 
empty, such  a s  the  one  a t  the  cen te r  of the  unit 
ce l l .  It was  shown by Hund31 that t h e  dissolution 
of YF,  in cubic  NaYF4  occurs  by substi tution of 
Y3 ' for Na + ions and  the  fi l l ing of some of the  
holes  with F- ions  t o  produce electroneutrality. 
T h e  limit of th i s  substi tution occurs  a t  the com- 
posit ion 5NaF.9LnF3 (see sec t ion  on "The 
NaF-LnF, Systems," th i s  report); t he  unit-cell 
cons tan ts  for t h e s e  compounds were determined 
and a r e  shown in  Fig.  1.16. T h e  va lues  a re  a l l  

,OD. H. Templeton and C. H. Dauben, J. A m .  Chem. 

31F. Hund, 2. Anorg. Allgem. Chem. 263, 102 (1950). 

SOC. 76, 5237 (1954). 
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Fig.  1.15. Fluorite Structure of NoLnF,. 
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Fig. 1.16. Unit-Cell Constants of NaF*LnF3 and 
5Na F-9Ln F3. 

greater than those  of t h e  corresponding 1:l com- 
pounds because  of t he  stuffing of the  la t t ice  with 
fluoride ions ,  and  the  trend away from the  E:l 
curve shows  that the  effect  of stuffing is more 
important than t h e  lanthanide contraction. 

In addition to  a structure ana lys i s  of a typical 
hexagonal NaLnF, c rys ta l  (see sec t ion  on 
"Crystal  Structure of Hexagonal NaNdF4 and 
Related Compounds," th i s  report), the  unit-cell 
dimensions were determined for the  en t i re  se r ies .  
T h e  va lues ,  given in Tab le  1.6, were refined by 
least-squares adjustment t o  da ta  from a n  x-ray 
powder diffractometer. Some of t hese  cons tan ts  
were measured previously by Roy and  Roy3' and  

,'D. M. Roy and R. Roy, J. Electrochem. SOC. 111, 
421 (1964). 
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Table 1.6. Unit-Cell Dimensions of Hexagonal NaLnF4  

La ’ 6.157 

C e  6.131 

P r  6.123 

Nd 6.100 

Sm 6.051 

Eu 6.044 

Gd 6.020 

T b  6.008 

DY 5.985 

Ho 5.991 

Er  5.959 

Tm 5.953 

Yb 5.929 

Lu 5.912 

(Y ) 5.967 

0.006 

0.006 

0.004 

0.002 

0.010 

0.003 

0.003 

0.004 

0.004 

0.001 

0.002 

0.002 

0.002 

0.003 

0.002 

3.822 

3.776 

3.743 

3.711 

3.640 

3.613 

3.601 

3.580 

3.554 

3.528 

3.514 

3.494 

3.471 

3.458 

3.523 

0.008 

0.004 

0.002 

0.002 

0.007 

0.003 

0.008 

0.002 

0.003 

0.002‘ 

0.002 

0.002 

0.002 

0.003 

0.002 

a r e  in agreement with the  present  values.  The re  
is no  s imple  relationship between the  ionic radii 
and  t h e  ce l l  cons tan ts  a s  above, but a general  
dec rease  in unit-cell volume is observed with de- 
c reas ing  size of t h e  lan thanide  ions. In the  
hexagonal modification of e a c h  compound, t he  
molar volume is about 13% less than in t h e  cor- 
responding cub ic  form, s i n c e  the  in te rs t i t i a l  
ho les  a r e  not present in t h e  former. 

T h e  x-ray diffraction s t u d i e s  make i t  poss ib l e  
to  rationalize some of the  fea tures  of t h e  NaF- 
L n F ,  phase  diagrams from a crystal-chemical 
viewpoint. At  high temperature the  fluorite form 
of NaLnF,  e x i s t s  (for Nd and  heavier Ln)  with 
random distribution of ca t ions .  T h e  octahedral 
vacancies  in  the  fluorite s t ruc ture  readily accom- 
modate extra F- ions,  so  subs t i tu t iona l  plus 
intersti t ial  so l id  solution occurs  out t o  a n  em-  
pirically es tab l i shed  limit of 5NaF.9LnF3. 

A s  t h e  temperature is lowered, t he  two kinds of 
ca t ions  with their  different charges  tend to  find 
different environments and  hence  to segrega te .  
T h i s  occurs  in three ways.  At compositions near  
1:l a polymorphic transit ion t o  the  hexagonal 

NaNdF, structure t akes  place,  partially separa t ing  
the  ca t ions  a s  descr ibed  above (see sec t ion  on 
“Crys ta l  Structure of Hexagonal NaNdF, and  
Related Compounds,” t h i s  report). A s  t h e  com- 
posit ion is enriched i n  L n F ,  by i t s  dissolution in 
t h e  fluorite structure,  t h e  transformation to  the  
hexagonal form is no longer poss ib le ;  hence  
exsolution occurs  on cooling. Near the  5:9 com- 
position, however, another  low-temperature struc- 
ture, des igna ted  tetragonal but not ye t  so lved  in 
detail ,  is poss ib le ;  s o  transformation to it occurs  
on  cooling. Preliminary resu l t s  show tha t  some  
of the  ca t ions  a r e  segrega ted  in  t h i s  structure 
also. 

Refinement o f  the  Crysta l  Structure o f  Li,BeF, 

J. H. Burns E. K. Gordon3, 

T h e  predominant compound in  solidified MSRE 
fuel mixture is Li,BeF,;  consequently,  i t  h a s  
been the  object of numerous phys ica l  chemical 
measurements. One property, t he  knowledge of 
which is often b a s i c  t o  t h e  understanding cf solid- 
s t a t e  behavior, is the  c rys t a l  structure.  Last 
year a de ta i led  description of the  c rys ta l  s t ruc ture  
of Li6BeF,ZrF8,  another primary phase  in t h e  
LiF-BeF,-ZrF, sys tem,  was  reported. 3 5  Exami- 
nation of t h e  l i terature on Li,BeF, revealed that 
it was  not descr ibed  nearly a s  wel l  - a direct  
s t ruc ture  determination had not been made - but 
i t  had been inferred from x-ray powder da t a  that 
i t  is isomorphous with Be2S i04 .36  

We have carried out a s t ruc ture  a n a l y s i s  on a 
s ing le  c rys ta l  of LizBeF4. About 620 x-ray 
in tens i t ies  were co l lec ted  from a spher ica l ly  
ground sample by means of a single-crystal  
orienter a n d  scinti l lat ion-counter detector ap- 
paratus. T h e  hexagonal  unit-cell dimensions,  
a = 13.29 k 0.01 and c = 8.91 f 0.01 A, and  t h e  
s p a c e  group, R3, were found, in agreement with 
those  previously reported. T h e  intensity da t a  were 

- 

33H. Steinfink, University of Texas,  unpublished re- 
s u l t s  (1964). 

34Summer s tudent  trainee, now a t  California Institute 
of Technology. 

35D. R. Sears and  J. H. Bums, Reactor  Chem. Div. 
Ann. Progr. Rept. Jan. 31, 1964, ORNL-3591, p. 11; 
J. Chem. Phys.  41, 3478 (1964). 

36W.  L. Bragg and W. H. Zachariasen, Z .  Krist. 72, 
518 (1930). 
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used  t o  refine the atomic posit ions by l e a s t  
squares.  T h e  posit ional parameters of Be2S i0 ,  
(ref. 36) were u s e d  a s  s ta r t ing  va lues  with t h e  
additional feature that each  atom be  described by 
variable anisotropic thermal parameters. All 
atoms a r e  in general pos i t ions  of the  s p a c e  
group. 

The  refined atomic posit ions,  their  standard 
deviations,  and the  va lues  used  init ially (in 
parentheses)  a r e  given in  Tab le  1.7. Anisotropic 
thermal parameters a r e  l i s t ed  in  Tab le  1.8 and 
a re  graphically d isp layed  in Fig. 1.17. 

The  smal l  posit ional sh i f t s  from their s ta r t ing  
va lues  (Table 1.7) indica te  that L i 2 B e F ,  is indeed 
isostructural  with Be,SiO,. In L i 2 B e F 4 ,  each  
Be atom and each  Li atom is tetrahedrally co- 
ordinated by F atoms; t h e s e  tetrahedra share  a l l  
their  comers  t o  form a three-dimensional net- 
work. Two types  of l inkages  a r e  of interest .  
Figure 1.17 shows  how t h e  tetrahedra a re  joined 
in a chain as the  sequence  of cent ra l  atoms is 
repeated along t h e  c direction, and  Fig. 1.18 is 
a view down t h e  c a x i s  showing how s i x  of t h e s e  
cha ins  a re  “c ross  l inked” in a hexagonal arrange- 
ment. 

T h e  free volume within each  hexagonal array 
is about 2 A in diameter if conventional radii 
a r e  a s s igned  t o  the  surrounding atoms. T h i s  
cylindrical  f ree  s p a c e  is continuous through any 
perfect domain of the  c rys ta l  and  should provide 
a path for rapid diffusion. There  a r e  some empty 
s p a c e s  in the  L i6BeF ,ZrF ,  s t ruc ture  also, but 
they a r e  smal le r  (approximately 0.5 A in di- 

ameter) and a r e  not continuous. T h e  diffusion 
of decomposition products out of irradiated fuel 
should  proceed more rapidly, from t h e  Li2BeF4 
phase  than from the  Li,BeF,ZrF, phase.  

Table 1.7. Posit ional  Parameters from Least-Squares 

Refinement 

[Standard deviations (X l o4 )  are in parentheses after 
the values, and the start ing parameters from phenacite 
are in parentheses below. 1 

Atom X Y z 

Li(1) -0.0216 (2) 

(-0.01) 

Li(2) -0.0162 (2) 
(- 0.01) 

Be -0.01550 (8) 
(- 0.011) 

F(1) 0.11052 (4) 
(0.120) 

F(2) -0.00582 (4) 
(0.000) 

F(3) -0.07502 (4) 
(- 0.074) 

F(4) -0.08185 (4) 
(- 0.074) 

-0.2156 (2) 
(-0.21) 

- 0.2073 (2) 
(-0.21) 

-0.21170 (8) 
(-0.211) 

-0.10578 (4) 
(- 0.092) 

-0.32315 (4) 
(- 0.320) 

-0.20352 (4) 
(- 0.204) 

-0.20919 (4) 
(- 0.205) 

0.5816 (2) 
(0.58) 

-0.0848 (2) 
(- 0.08) 

0.2494 (1) 
(0.250) 

0.25192 (5) 
(0.250) 

0.24855 (6) 
(0.250) 

0.10408 (5) 
(0.083) 

0.39229 (5) 
(0.41 7) 

ORNL - DWG 64- 8472 

Fig.  1.17. Tetrahedral Symmetry of L i 2 B e F 4 .  
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5 2 2 
Table 1.8. Thermal Parameters (X 10 ) from the Expression exp [-(Pllh2 + P22k + P331 + P12hk + 

5 Pl3h2 + P 2 3 k l ) ] ,  and Their  Standard Deviations (X 10 ) 

Atom Pll P 2  2 P 3 3  p12 @ 1 3  '2 3 

Li(1) 230 (9) 263 (9) 338 (4) 117 (8) 10 (9) 4 (9) 

Li(2) 233 (9) 268 (9) 332 (14) 126 (8) -1 (9) - 5 (9) 

Be 166 (6) 170 (6) 239 (9) 87 (5) 5 (6) -1 (6) 

F(1) 185 (4) 211 (4) 359 (6) 24 (3) -13 (3) 13 (3) 

F(2) 215 (4) 175 (4) 472 (6) 104 (3) 24 (3) 18 (3) 

F(3) 237 (4) 367 (4) 245 (6) 192 (3) -32 (3) 2 (3) 

F(4) 267 (4) 372 (4) 256 (6) 213 (3) 47 (3) 20 (3) 

Table  1.9. New Crystallographic Data 

Compound Optical Properties X-Ray Data 

U-C s F. Be F 

2CsF-3UF4 

Biaxial negative, N,= 1.378, N y  = 1,382, 
2 v -  75O 

Biaxial  positive, N,= 1.560, Ny = 1.570, 
2V-70°  

2LiF.Na F.2ThF4 

3LiF-UF, 

2KCl-UC1, 

RbF.6ThF4 

NaF.BiF3 

NaF*KF-ThF4 

NaF.KF*UF4 

a-NaF-ThF, 

ScF3  

Uniaxial positive, No= 1.520. N, = 1.525 

Biaxial  negative, N,= 1.512, N = 1.530, Y 
2 V = 20 to 30° 

Biaxial  positive, N,= 1.745, N = 1.800. 
Y 

2 V very small, very deep blood-red color 

Uniaxial negative, No = 1.530. N, = 1.526 

Uniaxial positive, Nu= 1.636, N, = 1.656 

Uniaxial negative, Nu = 1.454, N, = 1.448 

N, = 1.448 

Uniaxial positive, No = 1.578, N E  = 1.584 

Biaxial negative, N,= 1.506, Ny = 1.540 

N = 1.400 

Monoclinic, a. = 8.39 A, bo = 8.46 A, 
co = 20.88 A, P = 119.89O. space  group 
--P21/n or P a l  

Hexagonal, a. = 9.87 A, co = 13.22 A, 
z = 6, d =  6.342, space  group - P 3 c l  or 
P3c1, isomorphous with U-NaF*ThF4 

Tetragonal, a. = 6.132 A, co = 6.391 A, 

z = 2, d = 5.416. space group -P4/nnn or 
P4/n. isomorphous with SLiF-ThF,  

- 

Orthorhombic, a. = 12.71 A,  bo = 8.82 A, 
c 
Pna2 l  or Pnma 

= 8.00 A, z = 4, d = 3.70, space  group 0 

s 
Hexagonal, a. = 8.33 A, co = 25.40 A, 

space  group P3121 or P311z  or P3212 or 

p3221 

Hexagonal, a. = 6.126, co = 3.716, space  
group ~6 

Hexagonal, a. = 6.29 A, co = 7.88 A, 

z = 2, d = 5.02, space  group P or P- 
3 3  

Hexagonal, a. = 6.24 A, co = 7.80 A, 
z = 2, d =  5.23, space  group P3 or P- 

3 

Hexagonal, a. = 10.15 A, co = 13.19 A, 

z = 12, d = 5.928. space  group P3c1  or - 
p3c1 

Rhombohedral, a. = 4.0124 A, U = 90.05 
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Fig. 1.18. C-Axis Symmetry in LipBeF4. 

Crystal lographic Data for Some Pure Mater ia ls  

R. E. Thoma G. D. Brunton 
J. H. Burns H. Insley 

Heretofore, a sec t ion  of t h i s  report h a s  been 
devoted to opt ica l  and x-ray diffraction da ta  
characterizing new compounds tha t  were dis- 
covered in  the  Reac tor  Chemistry Division's re- 
s ea rch  programs. Within the  l a s t  year we have 
prepared new s tandards  for some  20 crys ta l l ine  
compounds, about whose c rys ta l  symmetry l i t t l e  
or nothing w a s  previously known, from s ing le  
c rys ta l s  and  pure polycrystall ine specimens.  
Accurate powder pa t te rns  for pure c rys ta l l ine  
compounds are frequently obta inable  only when 
single-crystal  da ta  a r e  used  to e s t ab l i sh  unequivo- 
ca l ly  t h e  symmetry of a phase.  In attempting to  
obtain correct powder pa t te rns  for some com-  
pounds of current technological significance,  w e  
have obtained single-crystal  da ta  for the  com- 
pounds l i s t ed  in  Tab le  1.9. T h e s e  and  other 
crystallographic data,  representing our bes t  cur- 
rent measurements of the c rys ta l  properties of 
the  fluorides, chlorides,  and  oxides  with which 
we have  been concerned, a r e  included in  a recent 
topical report. Included in t h e  compilation a r e  

37G. D. Brunton et at., Crystallographic Data for 
Some Metal Fluorides, Chlorides, and  Oxides, ORNL- 
3761 (February 1965). 

da t a  for all compounds previously characterized 
in the  cour se  of t h e  Reac tor  Chemistry Division's 
researches .  

Complex Fluorides of U(III), U(IV), and  U(V) 

R. E. Thoma R. A. Penneman3'  

Recently,  LASL s c i e n t i s t s  found tha t  s ev -  
e ra l  s t a b l e  complex compounds a r e  formed from 
the  a lka l i  f luorides and UF,. 3 9 * 4 0  Uranium(1V) 
ana logs  of t hese  compounds were discovered 
previously in  investigations of a lka l i  fluoride-UF, 
sys t ems  a t  ORNL.37 On comparing crystallo- ' 

graphic da ta  for u(V)-U(IV) ana logs ,  Penneman,'  
noted that 3 R b F a U F 5  and  3RbF.UF4 a r e  apparently 
isostructural  and  of nearly ident ica l  unit-cell 
size. In subsequent  interlaboratory d iscuss ions ,  
w e  noted corresponding properties for 3RbF.UF4 
and  3RbF.UF3. We cons ider  the remarkable 
similarity in  properties of the  three phases  
3RbF.UF5, 3RbF.UF4, and  3RbF-UF3  a s  ev idence  
of t he  ex i s t ence  of a n  isostructural  s e r i e s  of 
complex uranium fluorides for t he  111, IV, and  V 
oxidation s t a t e s .  If so, w e  should  a l s o  expec t  
t he  c rys ta l l ine  compounds to  b e  hos t s  for uranium 
ions  of different oxidation s t a t e s .  In attempts to 
t e s t  th i s  hypothesis,  personnel a t  t he  two labora- 
to r ies  have embarked on a cooperative program 
to prepare and  charac te r ize  the  various complex 
fluorides of U(III), U(IV), and U(V). A s  part of 
t h e s e  efforts, w e  have  synthes ized  the  compounds 
3KF.UF3, 3RbF-UF3,  and  3CsF .UF3  by reaction 
of uranium metal with the  appropriate fluoride 
mixtures a t  temperatures of approximately 1000°C. 
T h e  U(II1) compounds formed a r e  extremely sens i t i ve  
to  moisture and were accordingly protected from ex- 
posure to  moisture-laden atmospheres.  Crys ta l s  
produced by th i s  method were not large enough 
to  b e  used  for single-crystal  x-ray examinations. 
Petrographic and x-ray powder were obtained, 
however. Crystallographic da t a  for the  uranium 
complex compounds a r e  l i s t ed  in  Tab le  1.10. 

38L0s Alamos Scientific Laboratory. 

39R. A. Penneman, G. D. Sturgeon, and L. B. Asprey, 

,OR2. A. Penneman. G. D. Sturgeon, and L. B. Asprey, 

,lR. A. Penneman, unpublished data. 

Inorg. Chem. 3, 126 (1964). 

J .  Am. Chem. SOC. 84, 4608 (1962). 
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Table 1.10. Crystollographic Data for Alkali Fluoride-Uranium Fluoride 3:l Complex Compounds 

Compound Crystallographic Data 

3LiF-UF5 

3LiF-UF4 

3LiF.UF3 

3Na F-UF5 

3Na F-UF,  

3NaF.UF3 

3KF-UFS 

Not investigated 

Tetragonal 
P4/nmm 
a = 6.132 A‘ 
c = 6.391 A 

Biaxial (-) 
Na = 1.512 
N = 1.530 

Not formede 

Tetragonal 

Y 

D4h-14/mmm 1 7  

a = 5.470 A 
c = 10.94 Ae 

Tetragonal 
D4h-14/mmm 17 

a = 5.458 A 
c = 10.917 A 

Uniaxial (-) 

No= 1.417 
N, = 1.411 

Not formedf 

Cubic 
a. = 9.21 A 

d 

Compound Crystallographic Data 

3KF.UF4 

3KF.UF3 

3RbF*UF5 

3RbF.UF4 

3RbF-WF3 

3CsF*UFS 

3CsF-UF4 

3CsF-UF 

Cubicd 

a,, = 9.21 A 
N = 1.436 

Cubic 
a. = 9.2 A 
N Z  1.44 

-, 

Cubic, possit- ;  isomorphous with 
~ R ~ F s U F , ~  

fcc  
a. = 9.5667 A 

N = 1.438 

fcc ’ 
a. = 9.5704 A 

N = 1.440 
Not investigated 

f cc  
a. = 10.62 A 
N = 1.478 

fcc  
a. 2 10.6 A 
N 2 1.48 

eW. Ruedorff and H. Lentner, Ann. Chem. 632, 1 (1960). 
bL. B. Asprey, R. A. Penneman, and G. D. Sturgeon, Inorg. Chem. 3, 126 (1964). \ 

=G. D. Brunton (1964). s e e  Table 1.5, this report. 
“W. H. Zachariasen, J. Am. Chem. SOC. 70, 2147 (1948). 
eC. J. Barton e t  al., P h a s e  Diagrams of Nuclear Reactor Materials, ORNL-2548 (Nov. 2, 1959). 
fC. J. Barton e t  al., P h a s e  Diagrams of Nuclear Reactor Materials, ORNL-2548 (Nov. 2, 1959). 

No attempts were made t o  syn thes i ze  reduced 
phases  in  the  LiF- or  NaF-based sys tems,  be- 
c a u s e  t h e  phase   diagram^,^,^^ of t h e s e  sys t ems  
d o  not ind ica te  t h e  occurrence of s t a b l e  3:l com- 
pounds. Tha t  multiple oxidation s t a t e s  may b e  
exhibited by an  element i n  a particular c rys ta l  

42C. J. Barton e t  al., “The System LiF-UF ,” p. 83 
in P h a s e  Diagrams of Nuclear Reactor Matejials, ed. 
by R. E. Thoma. ORNL-2548 (Nov. 20, 1959). 

43C. J. Barton e t  al., “The System NaF-UF3,” p. 86 
in P h a s e  Diagrams of Nuclear Reactor Materials, ed. 
by R. E. Thoma, ORNL-2548 (Nov. 20. 1959). 

s t ruc ture  is not a t  all surprising. I t  is noted in 
th i s  report ( s e e  sec t ion  on “ T h e  System UF,- 
UF3,”  th i s  report) for UF3-UF4 so l id  so lu t ions  
and was  observed by Hoppe4, for t he  strikingly 
s imi la r  case of 3CsF-DyF3 .  In a t tempts  t o  
oxid ize  Dy(II1) t o  Dy(IV), Hoppe found from mag- 
ne t i c  suscept ib i l i ty  measurements tha t  h e  could 
convert approximately half of t h e  Dy3+  ions  to  
the  tetravalent s t a t e .  

44L. B. Asprey and B. B. Cunningham. pp. 267-302 
in Progress in Inorganic Chemistry, vol. 11, ed. by F. A. 
Cotton, Interscience, New York. 1960. 
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Ruedorff and  Leutner  found tha t  t he  x-ray 
powder diffraction photographs of 3NaF.UF4 and  
3NaF.UF5 were almost identical ,  indicating a 
close structural  relationship. Zachar iasen  re- 
ported tha t  3NaF.UF4 w a s  tetragonal with di- 
mensions a = 5.458 A, c = 10.917 A.45  Th i s  was  
confirmed by .Ruedorff and  Leutner,  who then 
found a s l igh t ly  larger cell for 3NaF.UF5, a = 
5.47 A, c = 10.94 A.46 Since  3NaF.UF4 is com- 
posed of two fluorite l a t t i ce s  ad jacent  to each  
other, with two of the  e ight  ca t ion  sites occupied 

45W. H. Zachariasen,  J. Am. Chem. SOC. 70, 2147 

46W. Ruedorff and H. Leutner, Ann. Chem. 632, 1 

(1 948). 

(1960). 

by U4' ions,  s i x  by Na' ions,  and  1 4  of the  16 
anion s i t e s  occupied by F- ions,  they sugges ted  
that t he  corresponding 3NaF.UF5 structure is 
formed by fi l l ing t h e  two vacan t  anion s i t e s  by 
F- ions. They an t ic ipa te  a continuous transit ion 
poss ib le  between t h e  two structures.  Th i s  sys tem 
cannot b e  extended t o  include U(III), s i n c e  
3NaF.UF3 is not formed.43 With the  heavier  
a lka l i s  i t  is poss ib le  to make the  en t i re  s e r i e s ,  
3MF.UF3, 3MF.UF4, and  3MF.UF5 (M = K, Rb). 
Although sca rce ly  examined a s  yet,  i t  is very 
l ikely that a similar s i tua t ion  will  be  found with 
multivalent heavy e lements ,  for example, pro- 
tactinium, uranium as w e  have shown, neptunium, 
plutonium, and  americium. Curium and berkelium 
have shown va lences  I11 and IV and could well  
b e  included. 



2. Radiation Chemistry of the 

Molten-Salt Reactor System 

I N-P IL E IRRADIATION EXPERIMENT 47-6 

F. F. Blankenship S. S. Ki rs l i s  
H. A.  Friedman 

Introduction 

Review of Previous Results. - T h e  current 
s e r i e s  of irradiation experiments’ i n  the  Materials 
Tes t ing  Reactor (MTR), designed to t e s t  the  
compatibil i ty and s tab i l i ty  of Molten-Salt Reac tor  
mater ia l s  in a f i ss ioning  environment, h a s  now 
been completed. T h e  mater ia l s  under investi-  
gation were t h e  fuel s a l t ,  a uranium-containing 
fluoride mixture; INOR-8, an alloy composed 
mainly of nickel, molybdenum’, and chromium; and 
d e n s e  reactor-grade graphite of low g a s  perme- 
ability. In t h e  three previous t e s t s  of t h i s  s e r i e s ,  
t h e  INOR-8-fuel-graphite t e s t  a s sembl i e s  gener- 
ally survived irradiation without gross  damage to 
t h e  t e s t  materials,  but ev idence  accumulated tha t  
fluorine g a s  w a s  slowly evolved from t h e  irradiated 
fue l  after it had solidified and cooled to room 
temperature. A s  reported l a s t  year, t e s t  47-5,2 in 
which t h e  INOR-8 c a p s u l e s  were equipped with g a s  
l i n e s  so  that t h e  cover gas  could  b e  sampled 
during irradiation, showed tha t  fuel rad io lys i s  
occurred only during periods of reactor shutdown 
after t he  fuel had solidified and cooled to 35OC. 
T h i s  w a s  confirmed by out-of-pile irradiation ex-  
,per imentsO3 Cover g a s  samples  from t e s t  47-5, 
taken while t h e  s a l t  w a s  molten and fissioning, 
occas iona l ly  showed minute t r a c e s  of C F 4  which 

probably originated from F2 generated during 
previous shutdowns. 

T h e  other ind ica t ions  of material  incompatibili- 
t i e s  observed in  experiments 47-3, 47-4, and 47-5 
were thought to b e  related also to t h e  rad io lys i s  
of t h e  fuel during reactor shutdowns. Graphite 
specimens exposed to  t h e  c a p s u l e  cover  g a s  were 
sometimes badly corroded. Thin depos i t s  of 
uranium, u p  t o  4 mg per c m 2  of exposed graphite,  
were observed on t h e  submerged 47-4 and 47-5 
graphite specimens.  T h e  47-3 molybdenum spec i -  
mens were badly corroded. T h e s e  undesirable 
reac t ions  probably occurred during the  sudden 
hea t ing  accompanying reactor s ta r tup  after a shut -  
down period during which fuel rad io lys i s  had 
produced fluorine and a chemically reduced fuel 
salt. 

Objectives of Experiment 47-6. - The  general  
ob jec t ive  of t h i s  f inal  t e s t  w a s  to prove tha t  t he  
undesirable e f f ec t s  l i s t ed  above could all b e  
avoided by never permitting the  fuel salt to cool 
to room temperature, even during per iods  of 
reactor shutdown. T h e  two primary spec i f i c  ob- 
j ec t ives  were to t e s t  for t he  presence  of CF4 in 
capsu le  cover g a s e s  (with the u s e  of ins t ruments  
of high sens i t iv i ty)  and to  examine the  graphite 
specimens thoroughly after t h e  experiment for 
pos i t ive  or  nega t ive  ev idence  of uranium depo- 
si t ion.  Reassur ing  ev idence  of t h e  compatibil i ty 
of molten, f i s s ioning  salt with unclad graphite w a s  
considered e s s e n t i a l  to the  Molten-Salt Reactor 
Program. 

Objec t ives  less important to the  overall  program, 
though perhaps  more in te res t ing  from t h e  chemical 
point of view, included measurements of the  ra te  
of rad io lys i s  of deliberately added CF,, s t u d i e s  ‘MSRP Semiann. Progr. Rep t .  J u l y  31, 1964, ORNL- 

3708. P. 252. 

2Reactor Chem. of the  effect of changes i n  the  uranium concentra- 
ORNL-3591, p. 20. tion i n  t h e  t e s t  s a l t  (from 0.5 to 4.0 mole 72 i n  t he  

31bid., p. 27.  four c a p s u l e s  of t h i s  experiment), t e s t s  of the  

Ann. Progr. Rept .  J a n .  31, 1964, 

36 
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corrosion res i s tance  of molybdenum metal i n  t h e  
absence  of fuel rad io lys i s ,  and information 
relating t o  the  volati l i ty of f i ss ion  products 
(particularly iodine,  tellurium, and ruthenium) 
under conditions l ikely t o  be  charac te r i s t ic  of 
reactor operation. 

Ex per imenta I 

Capsule  and Heater  Design.4 - The  principal 
innovation of the  47-6 des ign  was  the  provision of 
individual hea te r s  on the  four c a p s u l e s  to keep  the  
fuel s a l t  molten during reactor shutdowns.' T h i s  
change required a redesign of t h e  complete n o s e  
end of t he  in-pile assembly to permit f ission hea t  
removal by means of individual water j a c k e t s  
around each  hea ter  and capsu le  (Fig.  2.1). Four  
of these  cylindrical  capsu le s  were mounted 
vertically in  a horizontal array in  t h e  n o s e  end a t  
pos i t ions  numbered 1 through 4 in order of in- 
c reas ing  flux. Whenever t h e  reactor shut  down, 
the hea ters  operated automatically to maintain the  
fuel s a l t  molten during t h e  complete 12-week 
irradiation period. Thermocouples were provided 
to measure t h e  temperature of the  water entering 
and leaving  each  cool ing  jacke t ;  from these  tem- 
peratures, t he  total  capsu le  power could be  calcu- 
la ted  and the  f i ss ion  power estimated. A s  i n  
previous experiments of t h i s  s e r i e s ,  the  n o s e  end 
of t he  in-pile assembly could b e  mechanically 
moved 13 in. toward or away from the  MTR core  
during irradiation, permitting controlled variation 
of t h e  capsu le  f i ss ion  power density.  

Capsu le s  1 ,  2, and 4 each  contained a 1.35-in.- 
long, OS-in.-diam graphite core ,  he ld  i n  position 
by a central  thermocouple and a bottom pin. T h e  
core  of cap'sule 3 was  only half as long, to t e s t  
t he  e f fec t  -of variation in  t h e  exposed graphite 
a rea  on C F ,  evolution. Two flat su r f aces  were 
milled on oppos i te  s i d e s  of each  cylindrical  co re  
to fac i l i t a te  postirradiation examinations of 
sur face  depos i t s  by x-ray diffraction. Each  co re  
was  submerged i n  about 27 g (12 c m 3  a t  650OC) of 
fuel s a l t ,  leaving a capsule  g a s  s p a c e  of about 
4 cm3.  Fue l  salt  in capsu le  1 contained 4.0 mole 
% UF,, tha t  in capsu le s  2 and 3 contained 0.9 

,The design, construction, and in-pile operation were 
performed by the Irradiation Engineering Department of 
the Reactor Division in cooperation with Reactor 
Chemistry Division personnel. 

mole % U F 4  [like MSRE fue l ,  which is nominally 
LiF-BeF,-ZrF,-UF, (65-29.1-5-0.9 mole %)I, and 
t h e  fuel in capsu le  4 contained 0.5 mole % UF,, 
t h e  uranium be ing  highly enriched (93.26% 235U) 
i n  each  case. The sea l ed  capsu le s  1 and 4 each  
contained three  molybdenum corrosion spec imens ,  
1 x 2 x 0.020 in., mounted vertically i n  s l o t s  i n  
the  capsu le  s i d e  and bottom wa l l s  so that contac t  
with t h e  graphite w a s  avoided. 

Provisions for Gas Analysis .  - Capsu les  2 and 3 
were equipped with g a s  l i n e s  for purging the  
capsu le  g a s  s p a c e s  with purified helium and for 
sampling t h e  effluents. T h e  first  7 to  9 in. of the  
capsu le  inlet  and outlet  l i nes  were 0.305 in. ID 
to minimize the possibil i ty of plugging by volatil- 
i zed  fuel; no  plugging occurred. The  remaining 
50 ft of each  l i ne  to the  sample  s ta t ion  was  2-in.- 
OD nickel tubing. Separate purge-gas supp l i e s  
and sample collection sys t ems  were provided for 
e a c h  capsule.  T h e  helium was  purified before 
u s e  by passage  through a molecular s i e v e  drying 
column and hot (600OC) titanium sponge. 

A simplified schemat ic  drawing of t h e  flow 
circuit for capsu le  3 is shown in Fig. 2.2. T h e  
sample s ta t ion  cubicle,  shielded by at least 6 in. 
of lead, enc losed  a similar circuit  for capsu le  2. 
During purging, the  capsu le  effluent was  led 
directly to t h e  sh ie lded  carbon trap and thence  to 
t h e  off-gas l ine.  During sampling, the  Dewar 
f lask  containing t h e  L inde  13X molecular s i e v e  
trap w a s  fi l led with liquid nitrogen, and the  g a s  
leaving the  capsu le  was pas sed  through th is  trap, 
which caught and he ld  all g a s e s  but helium. After 
t he  des i red  volume of helium had been passed ,  i n  a 
period of 1 to 48  hr, t h e  helium was  evacuated 
from the trap, t he  trap was warmed t o  25OoC, and 
the  re leased  gases were swept  with helium into an  
evacuated sample bottle, furnishing a 24.6-cm 
sample a t  600 mm pressure and room temperature. 
The concentration factor achieved by th i s  col- 
lection method was  more than 100 for t h e  usua l  
sampling times and purge flows. 

Qualitative information on the  rate of radiolysis 
of C F ,  w a s  obtained from the  regular concen- 
trated g a s  samples  taken a t  different purge flow 
ra tes ,  bu t  m o r e  definit ive measurements of t h i s  
rate were obtained by pass ing  helium-CF, mixtures 
(0.5 and 5.0% CF,) through capsule  3 and deter- 
mining the  change in  thermal conductivity with a 
sens i t iv i ty  corresponding to 0.005% CF,. Since 
the  helium purification system could not be  used  
with t h e s e  mixtures, some contamination was  
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GAS CAP PURGE SUPPLY TUBE 1 
Fig.  2.1. Typ ica l  Capsule Assembly Equipped for Purging, Experiment ORNL-MTR-47-6. 
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Fig.  2.2. MTR-47-6 Sample Station. 

unavoidably introduced in to  the  flow circuit  during 
these  tes t s .  

A g a s  chromatographic method' for de tec t ing  
parts per billion l eve l s  of impurit ies i n  helium, 
us ing  a newly developed senso r  which measured 
impurity-caused changes  in helium breakdown 
voltage,  was  applied to the  detection of CF, in  
direct  unconcentrated samples  of purge g a s  f rom 
capsu le  3. A spec ia l  purge gas  mixture, containing 
1 ppm CF4, w a s  passed  through the  capsu le  3 
circuit  to ca l ibra te  t he  detector and to measure the  
change when the 1-ppm mixture w a s  p a s s e d  through 
capsu le  3. 

Postirradiat ion Disassembly.  - When four MTR 
cyc le s  of irradiation, accumulating 1500 hr a t  full 
reactor power, had been completed, t he  fuel was  
allowed to decay  for 32 hr while s t i l l  molten to  

'MSRP Semiann. Progr. Rept.  J u l y  31, 1964, ORNL- 
3708, p. 328. 

CARBON 
TRAP 

- 

help minimize fuel radiolysis during and after 
dismantling. T h e  dismantling w a s  performed as 
rapidly a s  poss ib le  in an MTR hot ce l l ;  t he  n o s e  
end of the  in-pile assembly was  sawed off, t h e  
individual capsu le  j a c k e t s  were sawed apart, and 
finally t h e  capsu le s  themselves were milled open. 
The  fuel from the  l a s t  capsu le  opened w a s  
i so la ted  from t h e  other capsu le  components within 
48 hr after t he  freezing of the  salt. The  fuel s a l t ,  
graphite,  and metal specimens from the  c a p s u l e s  
were packed in  sepa ra t e  metal containers and 
shipped to  ORNL for postirradiation examinations. 

Results and Discussion 

I n - P i l e  Operation. - The in-pile assembly and 
t h e  sample  s ta t ion  performed according to des ign  
in  all c ruc ia l  respects.  
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Flux  and Power Densi ty  Determinations. - T h e  
most reliable indications of burnup, average flux, 
and average power dens i ty  were obtained from 

36U/2  5U ra t ios  determined on salt samples  
from each  capsule.  The  resu l t s  a re  given in 
Table  2.1. The  average resu l t s  correspond t o  the 
average insertion position of 4 in.; the power 
density for capsu le s  1, 3, and 4 a t  their  maximum 
insertion of 10.1 in. was  estimated to b e  near 
65 w/cm3 and, for capsu le  2, about half t h i s  
value. 

Analysis  of Gas Samples for CF,. - No CF,  or 
other volati le fluoride was  detected by m a s s  
ana lys i s  (detection l i m i t  2 t o  10 ppm) in any of the  
regular concentrated g a s  samples.  The  g a s  
chromatograph ana lyses  on direct  unconcentrated 
samples  of capsule  3 effluent l ikewise  indicated 
no CF,  with a detection limit of about 250 ppb. 
The  most sens i t ive  determination involved a 48-hr 
sample collection from capsule  3 operating a t  a 
power density of 68 w/cm3. The  sample ana lys i s  
showed no de tec tab le  CF, ,  but over 2000 ppm of 
f i ss ion  product xenon. For  fuel rad io lys i s  to  be  of 
significant practical  effect  on the operation of the  
MSRE, t h e  C F ,  generation would have  to  exceed 
the  xenon production. Since t h e  rad io lys i s  re- 
s u l t s  reported below indicated a negligible degree  
of CF,  rad io lys i s  under the  sampling conditions 
used, t he  negative CF,  ana lyses  may b e  taken a s  
definite proof tha t  molten MSRE fuel is s t ab le  to  
radiolysis in a fissioning or highly radioactive 
environment over the whole range of power 
dens i t i e s  and temperatures investigated.  T h i s  
demonstration accomplished one  of the  major ob- 
j ec t ives  of the 47-6 experiment. 

Analyses for Uranium i n  Graphite. - Uranium 
was  found t o  have  deposited in the sur face  of 

graphite cores from earlier t e s t s 6  Since the  
evolution of fluorine was  a l s o  encountered in t h e s e  
same tests, there  was  a strong likelihood tha t  t he  
transport of uranium was  assoc ia ted  with the  
fluorine. However, the  mechanism remained 
obscure,  and the  possibil i ty tha t  the  uranium 
deposit ion was  inherent in the  exposure of graphite 
to  f i ss ioning  fuel l ingered as a question of con- 
s iderable  concern. 

The  importance of the  question was  such  tha t  
t h e  presence  of uranium in the  graphite was  
sought by severa l  methods. Two types  of quanti- 
t a t ive  ana lys i s  were employed: fluorimetry and 
neutron activation. For  t h e  first ,  s amples  of 
graphite, cylindrical  c r o s s  sec t ions  weighing 
approximately 1 g, were taken from t h e  upper and 
lower portions of t he  cores.  T h e s e  were d is -  
solved in a mixture of nitr ic and perchloric ac id ,  
and portions of the so lu t ions  were analyzed 
spectrographically for the  other fuel consti tuents.  
The  resu l t s  for uranium, shown in column 5 of 
Tab le  2.2, corresponded roughly to the  trace 
amounts of fuel that  adhered t o  the  graphite, as 
evaluated from the amounts of other fuel con- 
s t i tuents  found. In the  second analytical  method, 
adjacent samples  of graphite, cylindrical  c r o s s  
sec t ions  about 20 mils thick, were analyzed by 
counting delayed neutrons after activation in t h e  
Oak Ridge Research  Reactor  (ORR). The  resu l t s ,  
shown in column 7 of Table  2.2, applied only to 
235U and were generally lower than those  found 
by fluorimetric ana lys i s ,  which measured the  to ta l  
uranium. Samples of t h e  so lu t ions  used  for 
fluorimetric ana lys i s  were a l so  analyzed by the  

6Reactor Chem. D i v .  Ann. Progr. Rept. Jan.  31, 1964, 
ORNL-3591, p. 17. 

Table 2.1. Burnup, Average Flux, and Average Power Density for the 47-6 Capsules 

Burnupa Average Flux Average Power Density 

(700) (neutrons cm-' sec-'1 (w /c m3) Capsule 

1 0.835 2.7 x 10" 5 4  

3 2.86 9.2 x 10" 4 7  

4 5.53 1.8 x 1013 53 

2 1.45 4 .6  X 10" 2 3  

aBurnup by fission; d o e s  not include burnup by capture. 
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T a b l e  2.2. Uranium in Graphite from I n - P i l e  Experiment 47-6 

Uranium in Graphite Samples (ppm) 

Dissolved Solid Uranium in Fuel  Estimated Burnup 

(mole X) (%) Capsule Type 
Fluorimetric Delayed Neutron Delayed Neutron 

1 Sealed 4 '  

2 Purged 0.9 

3 Purged 0.9 

4 Sealed 0.5 

Blank 

0.8 

1.5 

40 

96. 

7 

8 

2.9 60 

5.5 51 

175 

20 

30 

89 

4.8 

5.2 

19.4 

12.2 

8.5 

0.1 

(1 

10 

40 

3 
9 

6 

12 

6 

130 

0.11 

(1 

aThe delayed-neutron ana lyses  applied only to  235U; the figures i n  parentheses are corrected to give the total  
uranium in  the blank, which had the normal isotopic distribution. 

delayed-neutron method, and t h e  resu l t s  a r e  shown 
in column 6 of t h e  table.  T h e s e  resu l t s  were 
considered t h e  most reliable of the  three s e t s .  
T h e  differences between the  resu l t s  of the two 
types  of ana lys i s  of the  solutions,  representing 
t h e  larger graphite samples ,  were too great to 
permit any conclusion as to whether the ad jacen t  
graphite samples  differed significantly in the i r  
uranium contents.  

In s p i t e  of the  sca t t e r  in t h e  resu l t s ,  the amount 
of uranium found was  inconsequential ,  particularly 
in l ight of t h e  ev idence  tha t  i t  a rose  from t r a c e s  
of adhering fuel. A search  for uranium by means 
of x radiography of thin sec t ions  of graphite gave  
negat ive  resu l t s ,  i n  cont ras t  with t h e  resu l t s  from 
earlier exposures.  Also, x-ray diffraction from f la t  
su r f aces  of the  graphite gave negat ive  results.  

The  amounts of uranium were lower by  about 2 
orders of magnitude than those  found in  ear l ie r  
experiments where F, w a s  involved. Although 
ques t ions  about detailed mechanisms tha t  produced 
the  earlier depos i t s  were unresolved, t h e  prospec ts  
now seem exce l len t  that  operation of t h e  MSRE will 
not b e  impaired by t h e  deposit ion of uranium in  the  
graphite. Thus ,  t h e  second primary objec t ive  of 
t he  experiment is also considered to have been 
satisfactorily achieved. , 

Other Gas Analyses. - T h e  voluminous g a s  
ana lys i s  resu l t s  a re  described in  de ta i l  i n  a 
forthcoming report and will  be  only briefly 
summarized here. T h e  l e v e l s  o f  impurit ies s u c h  as 
N,, 0,, H,, H,O, and CH, were generally 
gratifyingly low, indicating sa t i s fac tory  leak-tight 
operation of t h e  sampling system. Water was  
de tec ted  only in t h e  first  few concentrated samples.  

Xenon i so topic  ana lyses  revealed low 13 'Xe and  
32Xe  percentages  compared with f i ss ion  y ie lds .  

T h e s e  particular i so topes  had relatively long- 
l ived precursors,  8-day 1311 and  77-hr 13'Te. It 
is believed that t h e  volati l ized precursors were 
swept  out of the  sys tem during purging, resu l t ing  
in low quo tas  of 131Xe and 13'Xe in subsequent  
g a s  samples.  I t w a s a l s o n o t e d t h a t  t he  136Xe/ '34Xe 
ra t ios  were intermediate between those  ca lcu la ted  
from fission y ie lds  for n o  conversion of '35Xe to 

6Xe by neutron capture and those  ca lcu la ted  for 
conversion corresponding to the  exposure of 35Xe 
to t h e  neutron flux for its complete 13.3-hr mean 
life. From these  da t a  it was  ca lcu la ted  tha t  t h e  
average  res idence  time of 13'Xe in t h e  high-flux 
region was  about 7 hr. T h e  gamma spectrometer 

7Topical report (in preparation). 
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resu l t s  on t h e  more radioactive g a s  samples  
showed '33Xe as the  only de tec tab le  activity.  
The  detection limit for 1 3 1 1  and '*'Te ac t iv i t i e s  
was  0.05% of the  '33Xe activity. 

CF, Radiolysis. - Since no CF,  was  de tec ted  
in capsu le  3 effluent a t  any purge flow ra tes ,  the  
regular concentrated g a s  samples  yielded no 
quantitative information on the  rate of rad io lys i s  
of CF,. During the  third MTR cyc le  of irradiation, 
spec ia l  radiolysis t e s t s  were performed in  which 
helium containing 5% C F ,  w a s  pas sed  through 
capsule  3. The  mixture was  admitted through one  
s ide  of a thermal conductivity bridge, pas sed  
through the  capsule ,  and exited through t h e  other 
s ide  of the  conductivity cell. T h e  reading w a s  
compared t o  that when the  same g a s  was  passed  
through both s i d e s  of the  cell without p a s s i n g  
through the  capsu le  containing fissioning molten 
sa l t .  With the  instrument s e t  a t  h ighes t  sens i t iv i ty ,  
a 1-mv output change (read on a 10-mv recorder) 
corresponded to 0.05% CF,  concentration change.  
T h e  da ta  of Tab le  2.3 ind ica te  a C F ,  rad io lys i s  
r a t e  of less than 4%/hr above fuel f i s s ioning  a t  

the  design power dens i ty  and temperature for the  
MSRE (14 w/cm3 and 1200OF). T h e  strong inverse  
temperature dependence of t he  radiolysis rate 
could mean tha t  back reaction of the  rad io lys i s  
products is acce lera ted  by increas ing  temperature. 
A second, more sens i t i ve  but less accurate,  method 
involved i so l a t ing  the  capsu le  containing a known 
C F ,  concentration for severa l  hours,  then flushing 
th i s  g a s  through the thermal conductivity cell with 
the  original mixture. Radio lys i s  r a t e s  obtained by 
th i s  s t a t i c  method, reading t h e  minimum of the  
effluent concentration, were uniformly lower than 
r a t e s  determined by the flowing method, s i n c e  
some mixing of 5% CF,  flush gas  with capsu le  
g a s  was  inevitable. A s t a t i c  test, i so la t ing  0.1% 
C F ,  in the  capsule  for 10 hr,  indicated a rad io lys i s  
rate of 4.2%/hr, with t h e  capsule  temperature a t  
1077OF, minimum insertion (power dens i ty  of 
approximately 29 w/cm3), and a flushing ra te  of 
192  cm3/hr. 

The  dynamic radiolysis results,  taken as a 
whole, ind ica te  tha t  the nega t ive  C F ,  ana lyses  
from the  47-6 g a s  samples  may not be  ascribed to 
rapid C F ,  radiolysis.  

Table 2.3. Radiolysis of 5% CF4 Mixture 

Flow Temperature Insertion Power Density Rate  Uncertainty 
Type of Run (cm3/hr) (OF) (in.) (w/cm3) (%/hr) (%/hr) 

Dynamic 1000 1075 0 29 5.0 *3 

Static 1 0ooa 1075 0 29 3.1 +2, -0 

Dynamic 100 1075 0 29 4.1 k0.4 

Stat ic  1 0oa 1075 0 29 3.6 +1, -0 

Dynamic 100 1275 10 68 8.8 $0.5 

Dynamic 100 1290 2 35 4.1 f0.4 

Dy na mic 100 1042 2 35 6.5 *O. 5 

Dynamic 100 83 1 2 35 8.6 k0.5 

Dynamic 100 1047 2 Ob 2.0 k0.5 

Static 1 0oa 1049 2 Ob 1.6 $0.3 

Dynamic 100 1049 2 Ob 1.6 f0.4 

aFlush  rate. 
bTesting during reactor shutdown. 
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Some puzzl ing observations related to radiolysis 
of CF,  were made while the 1-ppm C F ,  mixture 
was  pass ing  through capsule  3. With t h e  reactor 
operating, both the  g a s  chromatograph and mass  
spectrometric ana lys i s  of the  g a s  samples  indi- 
cated t h e  destruction of 1 ppm of C F ,  on passage  
through the  capsule.  With the reactor down, mass  
spectrometry indicated the survival of CF, ,  while 
the chromatograph indicated i t s  conversion t o  an 
unidentified product. Since m a s s  ana lys i s  of 
CF,  actually measures  a peak for C F ,  , a fragment 
produced a l so  from other fluorocarbons, t h e s e  
observations may not be  contradictory. 

Fiss ion  Product Volat i l izat ion.  - In previous 
postexposure examinations, l i t t l e  emphasis  was  
placed on determining t h e  location of iodine, 
tellurium, and ruthenium because  t h e  l iberation of  

F, had disturbed the chemical  picture in  the  
capsules .  Since fluorine evolution was  suppressed  
in the  47-6 experiment, more could be learned about 
t h e  fa te  of t h e s e  elements. T h e  poss ib i l i t i es  of 
re leas ing  iodine and tellurium from the  fuel as 
volati le compounds and of plating of ruthenium on 
the  graphite and metal walls were of particular 
practical  concern. 

t 

Salt samples  from each  of the  four capsu le s  
were analyzed radiochemically for 'I; samples  
from capsu le s  2 and 3 were a l so  analyzed for 
l o3Ru  and lz9Te. In addition, three sec t ions  of 
inlet  and ex i t  gas  l ines  from capsu le s  2 and 3 were 
analyzed quantitatively for 1311 and '"Te and 
qualitatively for lo3Ru. T h e  four 7- t o  g-in.-long, 
,4-in.-OD tubes  attached to  the  capsu le s ,  four 
3-ft sec t ions  of 'h-in.-OD tubing 30 ft from the  
capsu le s ,  and four 1-ft s ec t ions  of '/,-in. tubing a t  
t he  sample station were taken as representative 
samples  of the  gas  l ines .  

The  analytical  resu l t s  for the s a l t  and for t he  
gas  l i nes  . a r e  given in Tab les  2.4 and 2.5, 
respectively,  expressed  a s  percentage of total  
f ission product calculated from the  known uranium 
contents,  f ission yields,  and neutron fluxes. T h e  
iodine evidently remained in the  s a l t  in t h e  sea l ed  
capsu le s ,  but volatilized to  an appreciable extent 
from capsu le s  2 and 3. Correspondingly, s i zab le  
percentages of t he  total  iodine were found by 
leaching  the g a s  l ines.  About 70% of the  '"Te 
had left  t he  fuel salt in  capsu le s  2 and 3, but only 
t r a c e s  were found in  t h e  g a s  l ines .  Presumably 
the  volati le tellurium compound did not react with 

Table 2.4. F i s s i o n  Products in 47-6 Fuel Salt  

Samplea Percent of Total  Percent  of Total  lZ9Te Percent of Total  lo3Ru 

1FS 

1 FS 

1F18 

1F3 (black) 

1F3 (green) 

2FS 

2F18 

3FS 

3FS 

3F18 

4FS 

4F18 

6.4 

109.0 

44.0 

85.0 

96.5 

19.0 

8.6 

9.0 

33.0 

53.0 

120.0 

74.0 

34.0 

26.0 

36.0 

0.34 

aThe first  numeral is the capsule number; FS represents a composited bulk fuel sample; F18 represents a sample 
of fuel from the bottom of the capsule; F3 refers to  special  colored fuels from capsule  1. 
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Table 2.5. Fission Products i n  47-6 Gas L i n e  Samples 

Capsule Location Percent  of Total  1311 Percent of Tota l  12'Te 03Ru 

2 Near capsule  8.0 0.004 Some 

2 30 ft from capsule  0.2 0 

2 50 ft from capsule  1.0 0 

3 Near capsule  6.0 0.07 

3 30 ft from capsule  5.0 0.006 

3 50 f t  from capsule  1.0 0 

Some 

the  metal wal l s  but p a s s e d  through to  the  carbon 
trap. T h e  lo3Ru  also mainly le f t  t he  s a l t  phase ;  
i t s  activity was de tec ted  i n  t h e  g a s  l i n e s  by 
qua l i ta t ive  gamma s c a n s  of t h e  l each  solutions,  
but much of i t  may have  plated on the  c a p s u l e  
walls.  Examinations of t h e  la t te r  for Io3Ru a r e  
planned. 

As mentioned above, t h e  low 131Xe and 132Xe  
percentages found in the  i so topic  ana lyses  of t he  
g a s  samples  a re  cons is ten t  with volati l ization of 
tellurium and iodine from the  fuel salt. Qual i ta t ive  
gamma s c a n s  of the  graphite specimens (and the i r  
solutions) indicated higher 03Ru than  95Zr-95Nb 
ac t iv i t ies ,  a reversal  of t h e  s i tua t ion  in gamma 
s c a n s  of bulk salt samples.  T h u s  plating of 
ruthenium on  graphite is sugges ted .  Similar ob- 
se rva t ions  were made on some salt samples  taken  
from the  top meniscus of the  fuel o r  from t h e  
material deposited on t h e  capsu le  wal l s  above  the  
fuel leve l .  

Examinat ion of I rradiated Salt. - T h e  s a l t  spec i -  
mens from the  47-6 t e s t  were generally gray-green 
in color, rather than  b lack  a s  in  previous tests. 
T h e  s a l t  from capsu le  1 had segrega ted  in to  two 
clearly separa ted  regions, one  pa le  green and the  
other black. Chemical ana lyses  of t h e  green and  
black portions revealed a lower uranium concen- 
tration i n  t h e  green fraction. T h e  paler co lor  of 
the  47-6 s a l t  specimens may b e  related to the  
hea t ing  for 32 hr after the  final shutdown. 
Petrographic examination of s e l ec t ed  s a l t  spec i -  
mens yielded limited resu l t s  s i n c e  most samples  
were microcrystall ine d u e  to rapid cooling. T h e  
Li2BeF, phase  w a s  identified in all samples  and 

the  3 L i F - U F 4  phase  i n  a few (notably in a black 
sample  of capsu le  1 salt). 

T h e  gamma s c a n s  of s amples  se l ec t ed  from 
various par t s  of t h e  c a p s u l e s  ind ica ted  principally 
a tendency for l o 3 R u  to concent ra te  at in te r faces .  

Chemical a n a l y s e s  of t h e  s a l t  s amples  for bulk 
cons t i tuents  have been nearly completed and so 
far show better agreement with original salt 
compositions than previous a n a l y s e s  of u s e d  fuel. 

Examinat ion of Molybdenum Specimens. - T h e  
molybdenum spec imens ,  on  v isua l  and low- 
magnification examination, showed no damage 
except  for s c r a t c h e s  probably made during d is -  
assembly of t h e  capsules .  A crude hot-cell  bend 
t e s t  indicated marked embrittlement of t h e  
molybdenum b y  t h e  exposure.  T h e  spec imens  
broke c leanly  after bending only 5'. No oxidation 
nor su r face  films could b e  de tec ted  v isua l ly  to 
which the  embrittlement could b e  attributed. T h e  
survival of t h e  specimens with no v isua l  ev idence  
of corrosion w a s  in  marked con t r a s t  to t he  gross 
a t tack  observed o n  t h e  47-3 molybdenum spec i -  
mens. T h e  difference was  ascr ibed  to t h e  sup- 
press ion  of fluorine evolution during t h e  47-6 
exposure.  

Examinat ion of Graphite. - The graphite was  i n  
good condition, and i t s  x-ray diffraction pattern 
w a s  normal. Observations o n  pertinent fea tures  
of i t s  behavior a re  d i s c u s s e d  under other headings  . 
in t h i s  report. 

Examinat ion of INOR-8. - Examination of t h e  
inner capsu le  su r faces  visually and with low-power 
magnification revealed no  ev idence  of damage or  
corrosion. T h e  metal su r f aces  were shiny, and  the  
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original machining marks were visible.  Metallo- 
graphic and x-ray examinations a re  under way, and 
a sea rch  for Io3Ru deposit ion by leaching  is 
planned. 
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DESIGN AND MOCKUP TESTS OF A PROPOSED 
IN-PILE MOLTEN-SALT IRRADIATION 

EXPERIMENT 

H. C. Savage 
G. H. J enks  

J. M. Baker 
E. G. Bohlmann 

T h e  radiation chemistry of t h e  Molten-Salt Re- 
actor (MSR) sys tem h a s  been inves t iga ted  in a 
number of in-pile ~ a p s u l e ' ~ '  and pump 1 0 0 p ' ~  ex- 
periments which have  been operated in  t h e  Ma- 
t e r i a l s  Tes t ing  Reactor (MTR). T h e s e  experiments 
were designed to determine the  effects of irradi- 
ation on  the fuel s a l t  and on  i t s  compatibility with 
t h e  proposed materials of construction (INOR-8 
and graphite). T h e s e  t e s t s  have  shown tha t  oper- 
ation of the  MSRE should not b e  adversely affected 
by irradiation e f f ec t s  on  fuel and materials,  but a 
continuing irradiation program is needed to  provide 
supporting information for an understanding of both 
short-term and long-term ef fec ts  of irradiation on 
fue ls  and materials - espec ia l ly  for reactors tha t  
will follow t h e  MSRE. 

Whereas m o s t  p a s t  experiments demanded very 
l i t t l e  attention during operation, t h e  future ex- 
periments projected will require daily attention to  
the  operation and da ta  by both s c i e n t i s t s  and 
technicians,  rapid a n a l y s i s  of g a s  and fuel 
samples ,  and concess ions  in  reactor operating 

'Reactor Chem. Div. Ann. Progr. Rept. Jan. 31, 1963, 

'Reactor Chem. Div. Ann. Progr. Rept. Jan. 31, 1964, 

'OD. B .  Trauger and J. A. Conlin, Jr., Nucl. Sci. 

ORNL-3417, pp. 17-30. 

ORNL-3591, pp. 16-27. 

Eng. 9, 346 (1961). 

schedules .  T h e s e  requirements and t h e  availabil i ty 
of hot-cell and ana ly t ica l  fac i l i t i es  espec ia l ly  
equipped to handle  radioactive fuel from t h e  MSRE 
dic ta te  tha t  t h e  experiments be  carried out i n  t h e  
Oak Ridge Research  Reactor (ORR). 

Experimental Objectives and Design 
Cons ideration s 

Some objec t ives  for an irradiation (in-pile) 
program with an MSR fuel s a l t  a r e  tabulated below. 
Experiment requirements and reasons  a r e  l i s t ed  in 
Tab le  2.6. 

. .  

Irradiation objectives: 200 w/cm3 fuel f iss ion power 
50% 235U burnup 
One year of in-pile operation 

Information objectives: Graphite-salt compatibility 
INOR-8-salt compatibility 
Salt (fuel) stability 
F iss ion  product chemistry 

Reactor Irradiation Foci I i ty  

It is proposed to make u s e  of horizontal beam 
hole  HN-1 i n  the  ORR, s ince  th i s  will result  i n  
appreciable economies through u s e  of equipment 
le f t  by the  homogeneous reactor irradiation 
program. Neutron flux mapping of beam ho le  HN-1 
indica tes  tha t  a thermal flux of -5 x 1 O I 3  would 
b e  available.  It is estimated that a thermal flux 
of 5 x 1 O I 3  will  produce a fission power density 
of 190 w/cm3 in  a fuel salt  containing 0.6 mole % 
5U and 320 w/cm3 in a 1 mole 7% 5U sa l t .  

Experiment Design 

Consideration of the  experimental ob jec t ives  and 
requirements previously described ind ica te  tha t  
s a l t  circulation and mixing a re  necessary.  In order 
t o  avoid cos t ly ,  complex pump loop experiments 
requiring subs tan t ia l  research and development 
effort, a n  autoclave (capsule  type) experiment with 
thermally induced flow h a s  been investigated and 
designed. A schemat ic  diagram of the  proposed 
autoclave is shown i n  Fig.  2.3, and a photograph 
of t he  partially assembled autoclave is shown in 
Fig.  2.4. T h e  overall dimensions a re  s u c h  tha t  
t he  autoclave assembly will f i t  in beam ho le  HN-1 
of t h e  ORR. 



46 

Table  2.6. Experiment Requirements and Reasons 

Requirement Reasons  

Fuel  circulation through cold and hot regions Move fuel  pas t  graphite and gas  interface to  favor 
transfer of gaseous products (F2,  CF,, Xe) to  gas  
phase for sampling 

Study transport and deposition of f iss ion products 
and corrosion products 

Homogenize fuel  for sampling and enrichment for 
long-term operation (one year)  

Fue l  s a l t  sampling 

Cover-gas sampling 

Drain fuel s a l t  

Maintain fuel  molten at  a l l  times 

F u e l  stability assessment  

F iss ion  product chemistry 

Corrosion product accumulation and chemistry 

Power density estimation 

F u e l  enrichment possibility 

C F  generation 

Xenon generation and removal 

Volatile f iss ion product fluorides behavior 

Power density estimation 

4 

Faci l i ta te  examination of sa l t  and container for 
deposi ts  and precipitates 

Avoid fluorine generation and l o s s  a t  low temper- 
ature (frozen) 

ORNL-DWG 65-2534 

PRESSURE MONITOR 

a 

LSPRAYED ‘-CALROD 
NICKEL HEATER 

Fig .  2.3. In -P i le  Molten-Salt Autoclave Mockup. 



Fig. 2.4. In-Pile Molten-Salt Autoclave. 
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The main autoclave body is fabricated of 2-in. 
sched-40 INOR-8 pipe with a graphite core. T h e  
graphite core  conta ins  e ight  longitudinal $-in. 
holes,  which serve  a s  fuel p a s s a g e s  and provide a 
fuel volume of “42 c m 3  i n  the  core. A reservoir 
tank s e r v e s  as a s a l t  reservoir and provides for a 
liquid-vapor interface. A cold l eg  and return l i ne  
complete the  circuit for s a l t  flow. T h e  total  
circulating s a l t  volume i s  “85 cm3. Calrod 
e lec t r ic  hea te rs  and cooling coils a re  used to 
provide temperature control and t o  maintain the  
thermal gradients necessary  to induce thermal 
convective flow. Tubes  of capillary dimensions 
interconnect the  vapor s p a c e  of the  reservoir tank 
with remotely located pressure  monitoring and g a s  
sampling equipment. The s a l t  sample  l i ne  (‘4 in. 
OD x 0.075 in. ID) is “12  ft long  and is traced 
with Calrod heaters.  T h e  sample l i ne  is routed to 
the sample s ta t ion  a t  the  reactor sh ie ld  face,  
where samples  of molten s a l t  can  b e  routed e i ther  
t o  a dump tank for s torage  or a sample capsu le  for 
subsequent  chemical ana lys i s .  T h e  sample  
station also conta ins  necessary  tanks ,  va lves ,  and 
l i nes  so  that s a l t  additions to  the  au toc lave  c a n  
b e  made during in-pile operation. ’ 

Mockup Tests 

Flow ra t e s  of 2 to  10 cm3/min were obtained with 
a temperature gradient of 30 t o  90°C between the  
main autoclave and the  cooled l e g  in preliminary 
t e s t s  with a model of t h e  assembly. A mockup 
assembly was  constructed and was  operated for 
more than 1200 hr a t  temperatures of ”1200’F 
with a s a l t  mixture whose composition w a s  LiF- 
BeF2-ZrF4-UF,  (65-29-5-1 m o l e  %, l iquidus tem- 
perature “842’F). Evidence of s a l t  circulation 
w a s  sought by three different methods: (1) hea t  
ba lance  around the  cold leg,  (2) hea t  addition to 
one  segment of the  flow circuit  and measurement 
of t h e  temperature response  t ime in a downstream 
segment,  and (3) by sp ik ing  of the  m e l t  with 
additional UF,  and subsequent  chemical ana lys i s  
of a sample. T h e s e  t e s t s  indicated a flow rate in 
t h e  range of 2 to 10 cm3/min. There was ,  however, 
disagreement in  t h e  resu l t s  from each  of t h e s e  
methods, and further tests a r e  required. Heat  
ba lance  measurements around the  circuit  should 
provide a reliable means of monitoring the  salt  
flow rate during in-pile operation. 

T h e  adequacy of the  salt sampling and addition 
sys tem was  demonstrated by removing 1 2  samples  
(10 c m 3  each)  of the  s a l t  whi le  operating a t  
e leva ted  temperature. After each  sample removal, 
an  equivalent amount of s a l t  w a s  added in order to 
maintain the  original salt inventory of 192 g (85 
cm3 at 1200’F). T h e  s a l t  inventory was  checked 
periodically by observing the  s a l t  l eve l  i n  the  
reservoir tank b y  gamma graphs. 

After termination of t he  mockup t e s t ,  t h e  salt 
w a s  drained from the  autoclave into t h e  dump tank  
without difficulty. Portions of the  au toc lave  
assembly exposed t o  molten s a l t  were sec t ioned  
and examined. L i t t l e  or no v isua l  ev idence  of 
corrosion of t h e s e  su r faces  (INOR-8 and nickel) 
was  found. T h e  graphite core  was  in  good con- 
dition, with no ev idence  of s a l t  penetration when 
ex amined microscopic ally. 

A t e s t  w a s  made of the  abil i ty of the  au toc lave  
heater-coo’ler unit  to remove the  predicted 12  kw of 
f i ss ion  and gamma heat (8 kw fission heat)  during 
in-pile operation. Some 9 kw of hea t ,  t he  maximum 
tha t  could be  generated in  ex is t ing  t e s t  equipment, 
w a s  removed with the  autoclave a t  1000’F; the  
cooler capacity is accordingly considered adequate  
for an au toc lave  operating in-pile tak ing  in to  
account  the  higher des ign  temperature of c\, 1200’F. 
Also the  equipment is designed for a larger 
throughput of the air-water coolant than w a s  used  
in t h e  above t e s t .  

Conclusions 

Resu l t s  of t h e  mockup t e s t s  ind ica te  tha t  t he  
proposed in-pile autoclave is su i tab le  for u s e  in  a 
fuel s a l t  irradiation program with t h e  objec t ives  
previously outlined. Experimental requirements of 
(1) fuel circulation through cold and hot regions,  
(2) sampling of fuel s a l t  and  cover gas ,  (3) abili ty 
to  drain the  sa l t ,  and (4) maintaining the  salt  
molten a t  all times were demonstrated. Additional 
des ign  and development work is continuing on a 
prototype autoclave designed for e a s y  dismantling 
after in-pile operation. 



49 

f 

RADIOLYSIS OF SOLID METALLIC FLUORIDES 

Effects of  Gamma Irradiation of Simulated MSRE 
F u e l  Salt  

E. L. Compere H. C. Savage 
J. M. Baker 

Introduction. - T h e  generation of subs tan t ia l  
quant i t ies  of fluorine g a s  by the  gamma irradiation 
of a so l id  fluoride s a l t  simulating t h e  MSRE fuel 
w a s  reported earlier."*'2 The  operation of an 
unirradiated control experiment h a s  also been re- 
ported. l 3  Since  t h e s e  reports, t h e  irradiated and 
control experiment c a p s u l e s  h a v e  been opened and 
t h e  conten ts  recovered and examined. 

Re'sumB of Experiment. - In each  experiment 
35 g of a fluoride s a l t  simulating MSRE fuel w a s  
placed in  a prefluorinated INOR-8 capsu le  covering 
sphe res  of severa l  s e l ec t ed  graphite types.  
Tab le s  2.7 and  2.8 g ive  t h e  s a l t  composition and 
identify t h e  graphites.  T h e  s a l t s  were melted in 
p l ace  and then allowed to f reeze  around the  

"H. C. Savage, E. L. Compere, and J. M. Baker, 
Reactor  Chem. D i v .  Ann. Progr. Rept. Jan. 31, 1964, 

12E. L. Compere, H. C. Savage, and J. M. Baker, 
MSRP Semiann. Progr. Rept. Jan. 31, 1964, ORNL-3626, 

I3H. C. Savage and J. M. Baker, internal memorandum, 

ORNL-3591, pp. 27-31. 

pp. 101-5. 

July 6, 1964. 

T a b l e  2.7. Results of Chemical  Analysis o f  Simulated MSRE Fue l  Salt Without and After Gamma Irradiation 

Original Salt Autoclave Salt 

Major Elements Original Analysis Control Analysis Nonirradiated Gamma-Irradiated 

mole % Wt % F meq/ga Wt % F meq/g Wt % F meq/g Wt % ~ m e q / g  

Fluorine 

Lithium 

Beryllium 

Zirconium 

Thorium 

Uranium 

Total  

Metals total  

Reducing power 

61.1 

69.0 10.6 

23.0 4.59 

5.2 10.5 

1.7 8.88 

1.1 5.59 

100.0 101.26 
-~ 

32.16 59.9 

15.27 10.4 

10.18 4.52 

4.60 8.26 

1.53 12.0 

0.94 5.10 

100.18 
~- 

32.52 

31.53 

14.99 

10.02 

3.62 

2.07 

0.86 

31.56 

<0.005 

62.0 

10.9 

4.65 

10.8 

5.52 

5.33 

99.20 

32.63 

15.71 

10.31 

4.74 

0.95 

0.90 

61.2 

10.6 

4.63 

10.9 

6.13 

5.25 

32.21 

15.27 

10.27 

4.78 

1.06 

0.88 

98.71 

32.61 

< O .  005 

32.26 

0.2 88 

Impurities PPm PPm ppm PPm 

Oxygen . 305 675 542 1121 

Water <250 

Iron 130  330 192 157 

Chromium 8 960 11 81 

Nic ke 1 86 1 62 70 90 

Copper 15  65 80 

Weight percent of 0.0504 0.2042 0.0880 0.1529 
sample of above 
impurities 

aF  meq/g is the number of milliequivalents of fluorine which would react  with the amount of the indicated material 
in  1 g of sample to  form stable  fluoride compounds, e.g., UF4. 
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Table  2.8. Weight Changes in  Graphite from Non- and Gamma-Irradiated Autoclaves 

Individual Sphere Weight 

Total Weight Change Change Average Original Weight 

(mg) (mg) (mg) 
Graphite 

High Low Average 

CEQ 

TSX 

ATU 

AGOT 

ROO25 

PYRO 

2 00 

229 

240 

223 

247 

292 

Unirradiated 

+ 7 .  - 5  - 1  

- 1  - 6  - 2  

+ 8  - 10 - 2  

h a d  i ated 

+42 +5 + 3 0  

+22 + 3  + 1 3  

+1 - 1  0 

- 9  

- 19 

- 15 

+241 

+lo5  

0 

graphite sphe res  prior to the  irradiation or control 
exposure; the s a l t  i n  t he  irradiated autoclave was  
again melted during calibration prior t o  irradiation. 
T h e  s a l t s  of the  two experiments were never sub- 
sequently remelted. Helium w a s  used  a s  a cover  
gas.  The  irradiation experiment’ ’ subjec ted  the 
autoclave to a 6oCo gamma d o s e  rate of 0.45 x l o z o  
e v  hr-’ g-’ for a total  of 7391 hr a t  controlled 
temperatures between 38 and 150°C. The  control 
autoclave was operated for 3119 hr a t  temperatures 
of 25 t o  15OOC. 

Several additions of fluorine gas ,  149.5 c m 3  
(STP) total ,  were made during the  course of the  
control exposure to simulate t h e  conditions found 
in the irradiated autoclave. Only 10.1 c m 3  of t h i s  
fluorine was  recovered; t h e  l o s s  w a s  not ex- 
plainable by leaks ,  equipment malfunctions, or, a s  
d i scussed  later,  uptake by the  graphite. 

Gas Analyses. - Four samples  of gas  removed 
from . t h e  irradiated autoclave a t  various times 
during the experiment yielded a total  30 c m 3  (STP) 
fluorine, 0.89 c m 3  CF, ,  0.52 c m 3  CO,, 2.5 c m 3  
e x c e s s  0,, and lower amounts of COF, and SiF,. 
The  amount of fluorine recovered w a s  8 to 10% of 
tha t  corresponding t o  the  UF,  originally present.  
Uranium hexafluoride, though sought, was  not 
detected.  

Examination of i h e  Salt. - When both au toc laves  
were opened, there w a s  no ev idence  tha t  t he  s a l t  
had wet the wall or the  graphite and no ev idence  of 
corrosion; t h e  s a l t  broke cleanly away from the  
graphite spheres .  During the  tes t ,  both s a l t s  had 
remained a s ing le  so l id  mass with interspersed 
voids formed during init ial  solidification; the 
control s a l t  was  l ight green ( a s  expected),  and the  
irradiated s a l t  was  dull, sooty black throughout. 

Spectrophotometric examination of s o m e  melted, 
irradiated sa l t  showed that i t  was  red, with the  
spectrum indicating that e s sen t i a l ly  all  the  uranium 
was  in the tr ivalent form; on solidification under 
helium atmosphere the sample was  a “dirty light- 
green” color. 

Table  2.7 presents  resu l t s  of chemical  a n a l y s e s  
of  t he  various s a l t  samples;  t h e  unexpected 
variability in the  thorium and zirconium resu l t s  
may indicate nonhomogeneity of t h e  samples .  T h e  
reducing power of the  irradiated sample  is a c l ea r  
indication of a radiation effect;  three t imes ,as 
much fluorine w a s  indicated,  by t h i s  resu l t ,  to  
have been lo s t  from the samples  as that accounted 
for by the fluorine recovered in  the  g a s  samples .  

Optical  (petrographic) and x-ray diffractometric 
examination of samples  revealed small amounts of 
deeply colored brown cubic  c rys t a l s  which appeared 
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t o  b e  lithium fluoride; other resu l t s  were con- 
s i s t en t  with the  known variations in  phase  
occurrence and crystall inity ascr ibable  to  the  
relatively rapid solidification following t h e  
original loading and melting. 

Examinat ion of the Graphite. - Tab le  2.8 presents  
t he  observed weight changes  for the  total of forty- 
eight '/,-in.-diam graphite sphe res  (eight of each  
type) u sed  i n  the  experiments. T h e  graphites of 
t h e  unirradiated control t e s t  were equally or more 
porous (had lower average  original weights) but did 
not show any significant weight changes  over the  
course  of the exposure. The  pyrolytic-graphite 
s amples  i n  the  irradiated t e s t  also appeared to be 
unaffected, but t h e  other two irradiated graphite 
types  showed subs tan t ia l  weight gains. Spectro- 
graphic ana lys i s  showed tha t  t h e s e  graphites, 
after irradiation, contained l o 3  t o  l o5  ppm uranium 
but negligible quant i t ies  of lithium, beryllium, or  
zirconium. T h e  presence  of uranium in these  
graphites in such  quantit ies,  and i t s  subs tan t ia l  
absence  from others,  was  confirmed by the u s e  of 
activation ana lys i s .  

Fluorine ana lys i s  of irradiated,  control, and un- 
exposed material by chemical methods and in some 
cases by activation ana lys i s  indicated that unex- 
posed sphe res  (weighing 200 t o  300 mg) contained 
-0.2 mg of fluorine. Spheres exposed to  fluorine 
in the  unirradiated control contained 0.7 to 1.3 mg 
of fluorine, far above the  stoichiometric equivalent 
of t h e  uranium found i n  t h e s e  spheres.  A pyrolytic- 
graphite sphere  exposed to t h e  irradiated salt con- 
tained 0.7 mg of fluorine (about 50 atoms of 
fluorine per uranium atom). Substantial  quant i t ies  
of fluorine a s  well  as uranium were found in  the 
two more porous graphites exposed to irradiated 
sa l t .  T h e  ROO25 sphere  which w a s  analyzed con- 
tained 4 mg of fluorine (3 fluorine atoms per 
uranium), and the  AGOT sphere  contained 7 mg of 
fluorine (5 fluorine atoms per uranium). 

transferred to the  graphite; t h e  fluorine/uranium 
ratio observed in  t h e  irradiated sphe res  and the  
ava i lab le  material ba lance  information for g a s  re- 
covery,  reducing power, and to ta l  weight gain by 
the  graphite lend support  t o  t h i s  hypothesis.  

T h e  resu l t s  of examination of t he  unirradiated 
control samples  indicate,  i n  agreement with the  
literature, t ha t  fluorine can b e  taken  up by the  
graphite under t h e s e  conditions and that small 
amounts of uranium can  b e  transferred from t h e  
sa l t .  

T h e  much larger transfer of uranium t o  the  
graphite i n  the  presence  of radiation w a s  not con- 
s i s t en t  with a hypothes is  of monolayer adsorption 
on  the  low-surface-area graphites under t e s t  nor 
with t h e  idea  of capillary condensation of the  
volati le s p e c i e s  which might have  been present.  
T h e  direct  reaction of UF,, i n  t he  presence  of 
fluorine, with graphite seems more cons is ten t  with 
the  results,  but information is not available to 
demonstrate whether carbon monofluoride or  tetra- 
carbon monofluoride (known to b e  produced by the  
ac t ion  of fluorine on graphite) is involved, 

T h e s e  findings were, i t  should be  noted, inci-  
denta l  to t h e  .primary goal of t h e  experiment, 
which w a s  to  show t h e  evolution of fluorine from 
gamma irradiation of so l id  MSRE-type fuel. No 
concern  for the  s u c c e s s  of the  MSRE is ra i sed  by 
t h e  observed transport of uranium to graphite, 
s ince  the  resu l t s  of other experiments have shown 
that no fluorine is generated from t h e  irradiation of 
molten s a l t  i n  contac t  with graphite. However, 
t hese  experiments ind ica te  tha t  any continued 
proximity of reactor graphite t o  solidified fuel salt 
material containing f i ss ion  products or otherwise 
sub jec t  t o  subs tan t ia l  ionizing radiation should b e  
minimized. 

' 

Effects  of Beta  Irradiation of  Sol id F luor ides 

J. E. Baker G. H. J enks  
Discuss ion 

T h e  most significant postirradiation finding w a s  
that under the a s soc ia t ed  inf luences  of irradiation 
and fluorine gas ,  both uranium and fluorine, and no  
other materials from the  s a l t ,  combined in  sub- 
s tan t ia l  quant i t ies  with t h e  more porous graphites.  
Although U F ,  w a s  not de tec ted  i n  any of the  g a s  
samples ,  i t  might well have been the  volati le 
intermediate through which the  uranium w a s  

Introduction. - T h e  s tudy  of fluorine evolution 
from inorganic fluorides exposed to Van d e  Graaff 
e lec t rons '  h a s  been continued in  efforts to 
develop an understanding of t h e  mechanisms con- 
trolling the  process.  Such understanding should be  
usefu l  i n  connection with the  des ign  and operation 

14J. E. Baker and G.  H. Jenks. Reactor Chem. Div. 
Ann. Progr. Rept. J a n .  31 ,1964,  ORNL-3591, pp. 31-34. 
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of molten-salt  reac tors  and would contribute to t h e  
general  study of radiation damage to so l id  ionic 
c rys ta l s .  T h e  u s e  of gamma radiation, sof t  x rays,  
and self-radiation from fission products i s  be ing  
explored i n  other s tud ies .  

were 

found to change with increas ing  dose .  The resu l t s  
sugges ted  tha t  information regarding the  mechanism 
might b e  deduced from more complete and accura te  
data. Additional electron-irradiation experiments 
have  now been completed for t h i s  purpose. In 
other electron-irradiation experiments t he  r e l ease  
of fluorine from t h e  compounds Li2BeF4 and 
Li ,BeZrF,  h a s  been s tudied  because  t h e s e  
complex compounds a re  among those  which a re  
formed during cooling of the  MSRE fuel sa l t .  

Experimental  Procedures and Results.  - T h e  
experimental procedures were similar to t h o s e  
previously descr ibed ,  except  as noted 
specifically.  D o s e  r a t e s  were estimated by ex- 
pos ing  a 1:9 mixture of KN03  and LiF t o  a cobal t  
sou rce  of known intensity and comparing the  NO2- 
formation with tha t  obtained from electron irradi- 
ation. T h e  irradiation of n i t r a t e s  h a s  been d is -  
c u s s e d  e l sewhere . i7p i8  T h e  result  for the  MSRE- 
type  s a l t  was,4.2 x l o i 6  Mev g-' pa-hr-', i n  near  
agreement with tha t  ca lcu la ted  previously. T h e  
uncertainty is estimated to be  -20%. Electron 
cur ren ts  of 1 pa were employed in  almost all 
t e s t s .  

Calcu la t ions  of the  temperature gradient i n  t h e  
t e s t  s a l t  during irradiation a t  a current of 1 pa 
gave  a va lue  of 2OoC (from about 19OC a t  the wall  
to about 39OC at t h e  center  of t h e  sample).  

Irradiation of MSRE-Type Salt. - For  t h e  two 
final experiments (14 and 15), four changes  in  con- 
d i t ions  were made over t hose  used  i n  previous 
work: 

1. T h e  cell w a s  modified so  that all t h e  t e s t  s a l t  

In t h e  previous work,I4 t h e  va lues  of GF 
2 

was  exposed to radiation. 

2. G a s  samples  were swept  from the  cell without 
disturbing i t s  position. 

.- -. 

"W. T. Rainey, Jr., e t  al., Reactor  Chem. Div. Ann. 

',M.SRP Serniann. Progr. Rept. July 31, 1963, ORNL- 

I7E. R. Johnson, J. Phys. Chem. 66. 755 (1962). 

"Tung-Ho Chen and E. R. Johnson, J. Phys.  Chem. 

Progr. Rept. Jan. 31,  1964, ORNL-3591. pp. 34-37. 

3529, pp. 98-103. 

66, 2249 (1962). 

3. The total  d o s e  was  accumula ted in  a cont inuous  
s e r i e s  of 3-hr exposures ,  with minimum time 
between exposures  for g a s  sampling and g a s  
recharging. 

4. Pr ior  to one  experiment, t h e  t e s t  s a l t  w a s  
annealed at  4OO0C for 1 hr. 

T h e  r e su l t s  of experiments 14  and 15 a r e  shown i n  
Fig. 2.5. They do not show t h e  second maximum 
found in  an earlier exper iment , i4  but  t he  s h a p e s  of 
t h e  curves  during t h e  init ial  exposure  periods a re  
similar. T h e  reduction in  G va lues  i n  experiment 
15 is attributed to the  prior annealing of t h e  t e s t  
sa l t .  T h e  to ta l  fluorine removed in these  experi- 
ments was  2.0 and 1.1% of tha t  in t h e  original 
samples.  

In experiment 12, the  same procedures were u s e d  
excep t  tha t  the  exposure per iods  were only  2 hr 
each ,  separa ted  by periods of varying duration 
(from 30 min to 1 day). Control determinations of 
fluorine absorption were made during many of t h e s e  
interim periods,  and t h e  t e s t  salt was  not annealed. 

The  observed fluorine evolution in  t h i s  experi- 
ment reached a maximum G va lue  of 8.6 x at 
1.8 x l o 4  s e c ,  after which it dropped markedly and 
became negligible after about 5.7 x l o5  sec. 
T h e s e  resu l t s  differed from those  of all other 
e lec t ron  irradiation experiments with MSRE-type 
sa l t .  

- The procedure used  
for t h e  first  half of experiment 13 w a s  the  same  as 
tha t  described above for experiment 12; tha t  for 
t h e  last half w a s  the  same  as that u sed  i n  experi- 
ments 14 and 15. T h e  s a l t  w a s  examined petro- 
graphically and reported to b e  typical L i 2 B e F 4  
p lus  some LiF. Fluor ine  evolution a t  relatively 
low ra t e s  w a s  found as  i l lus t ra ted  in  F ig .  2.6. 

Irradiation of L i6BeZrF12 .  - T h e  procedures of 
experiments 10 and 11 with th i s  salt were t h e  
same as those  used  in  experiment 12. Petrographic 
examination of the salt  ind ica ted  tha t  i t  w a s  
mostly the  des i red  p h a s e  but  with some crypto- 
c rys ta l l ine  growth. N o  significant fluorine 
evolution w a s  found during exposures  in two 
different experiments i n  which the  to ta l  d o s e  w a s  
about t h e  same  a s  that i n  t h e  Li2BeF, experiment. 
T h e  measured G va lue  w a s  slightly nega t ive  but, 
a t  t he  95% confidence level,  not significantly 
different from zero. 

Irradiation of L i a B e F  
4.' 

"G. D. Brunton, private communication. 
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F ig.  2.5. Fluorine Evolution Rates from MSRE-Type Salt. 

Discussion of Results.  - The  occurrence of a 
second maximum in the previous work with MSRE- 
type  salt is now believed to have  been due  to 
mechanical exchange of unirradiated and irradiated 
s a l t  due  t o  movement of the  cell after t he  first  
maximum had  been passed;  t h e  unirradiated s a l t  
then exposed t o  t h e  electron beam probably led to 
the  observation of the  second maximum. T h e  
procedures of experiments 14 and 15 avoid t h i s  
possibil i ty.  

N o  explanation for t h e  anomalous resu l t s  of ex- 
periment 12 is known; i t  is poss ib l e  that t he  
interim periods of exposure to fluorine permitted 
radiolytic fluorine to  diffuse out of t he  sa l t ,  t hus  
invalidating both the  radiation and the  control 
results.  

A similar possibil i ty could b e  u s e d  to explain 
the r e su l t s  of experiments with the  Li ,BeZrF, , ,  
but t he  lack  of any de tec ted  fluorine evolution 
supports the  conclusion that no fluorine is evolved 
upon electron irradiation a t  t h e  in t ens i t i e s  used. 
Previous  workers' have reported t h e  evolution of 
fluorine after exposure to sof t  x rays; no expla- 
nation of the  difference is apparent. 

ORNL-DWG 6 5 -  2533 
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Fig.  2.6. Fluorine Evolution Rates from MSRE-Type 

Salt and from L i Z B e F 4 .  
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The  r e su l t s  of the  irradiation of Li 'BeF, s e e m  
t o  show that fluorine is evolved from th i s  phase ,  
bu t  a t  ra tes  which a re  low relative to those  for 
MSRE fuel sa l t .  

Model for the Re lease  o f  F luor ine from MSRE- 
T y p e  Salt  During Irradiation. - A model h a s  been 
postulated to explain the  relationships between the  
ra te  of fluorine evolution and  exposure time i n  ex- 
periments 14  and 15 as well  a s  the  other character-  
istics of the  fluorine r e l ease  from MSRE-type sa l t .  
It a s sumes  t h e  p re sence  within t h e  so l id  mixture 
of an  unspecified material of some particular 
composition and degree of c rys ta l l ine  imperfection. 
Fluorine r e l ease  occurs  at a ra te  proportional to 
t h e  concentration of t h i s  material; t h i s  concentra- 
t ion depends upon the  thermal and  mechanical 
history of t h e  solid,  and i t  c a n  b e  reduced by 
thermal annealing. It i s  also reduced i n  proportion 
to t h e  amount of fluorine which h a s  been re leased  
during irradiation. T h e  evolution of fluorine from 
t h e  so l id  is proportional to the  concentration of  
radiation-released fluorine within t h e  solid.  Back 
reaction of fluorine and t h e  sites from which i t  was  
generated is assumed to b e  negligible. 

T h e  model appears  to offer p laus ib le  expla- 
na t ions  for most  of the  r e p ~ r t e d ~ ~ " * ' ~ ~ ' ~  ex-  

perimental observa t ions  for temperatures below 
llO°C. Modification may b e  necessa ry  to accommo- 
da te  t h e  poss ib i l i ty  of back reaction, which would 
account  for t he  reported uptake of fluorine by 
irradiated salt a t  higher temperatures. 

Effects  of irradiation w i t h  Soft X Rays2 '  

W. T. Rainey" D. N. H e s s  
H. F. McDuffie 

T h e  u s e  of sof t  x rays  for t h e  liberation of  
fluorine from so l id  inorganic fluorides ' w a s  con-  
t inued during part of 1964 with a Muller 150 MG 
(constant dc)  beryllium-window tube, operated a t  
150 kv  and 12  m a  to give a n  output through t h e  
window of 2 x 10" ev/hr. F igure  2.7 shows t h e  

2oW. T. Rainey, Jr.. e t  at., "Chemical Effects  of 
X-Rays on Inorganic Fluorides. I. Apparatus, Tech-  
niques, and Preliminary Results," presented a t  1964 
Annual Meeting of the American Nuclear Society, San 
Francisco,  Calif., 1964. 

"Formerly Reactor Chemistry Division, now Analytical 

'2Reactor Chem. Div. Ann. Progr. Rept. Jan. 31, 
Chemistry Division. \ 

1964, ORNL-3591, P. 34. 
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arrangement of t he  tube and the  beryllium-window 
t e s t  cell. T h e  absorbed radiation d o s e  to a 10-g 
sample of s a l t  was  measured to b e  l o z 1  ev/hr by 
conventional dosimetry. 

Continuation of the  irradiation of MSRE-type fuel 
salt with the  beryllium-window tube  gave  resu l t s  
cons is ten t  with those  previously observed a t  lower 
dose  rates;  during a 69-hr irradiation, a concentra- 
t ion of 3.6% fluorine w a s  produced i n  the helium 
cover g a s  - an  order of magnitude higher than  
previously achieved concentrations.  

T h e  importance of impurit ies w a s  shown by 
s tud ie s  of t he  effect  of changes  i n  the  irradiation 
period. A s ingle  sample of fine-particle fuel s a l t  
was  used  throughout the  s e r i e s  of t e s t s .  T h e  
sample  had been prefluorinated a t  95OC with 100% 
fluorine (the conditions were not so  severe  a s  to 
c a u s e  any de tec tab le  r e l e a s e  of UF6). F igure  2.8 
shows the observed inc rease  of fluorine yield and 
dec rease  of oxygen yield as  the  irradiation period 
was  lengthened; t he  figure a l s o  shows  a total  
yield of irradiated products,  ca lcu la ted  on t h e  
assumption that one  molecule of oxygen was  
equivalent to two molecules o f  fluorine. The  
apparent cons tancy  of th i s  s u m  sugges t s  tha t  t h e  
in i t ia l  yield of radiolytic products is around 0.09, 
some s i x  t imes  a s  high as the  maximum va lues  re- 
ported for irradiation with Van d e  Graaff e l ec t ronsz3  
but within a factor of 2 of t h e  value of 0.05 re- 
ported for irradiation with gamma r a y s z 4  and t h e  

23This report, chap. 2, p. 51. 

' ,Reactor Chem., Div. Ann. Progr. Rept .  Jan. 31, 

"Reactor  Chem. Div. Ann. Progr. Rept .  Jan. 31, 

1964, ORNL-3591, p. 31. 

1963. ORNL-3417, p. 30. 

. .  . . 
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value of lers than 0.05 reported for postfission 
decomposition of MSRE fuel s a l t  samples  which 
had been irradiated in the  MTR.' 

A low G value (0.003 to  0.008 equiva len t  
molecule of F, per 100 e v  energy absorbed) had 
been reported for ThF ,  " after prefluorination a t  
16OoC t o  remove impurities. A more d ra s t i c  
fluorination of t h i s  ThF,  - with 100% fluorine a t  
35OoC for severa l  weeks  - produced a material  
which, upon subsequent  irradiation, gave  a yield of 
0.014, with only F, and C F ,  as  products; none of 
t h e  previously observed fluorine compounds and 
equivalent s p e c i e s  were present.  

Future  s tud ie s  in th i s  program will b e  directed 
toward the  e f f ec t s  of composition, c rys ta l  structure,  
crystall inity,  and the  presence of controlled 
amounts of impurities on the  y ie lds  of radiolytic 
products.  
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3. Chemical Studies of Molten Salts 

HF-H,O EQUILIBRIA AND OXIDE CHEMISTRY 
IN MOLTEN FLUORIDES 

A.  L. Mathews' C. F. Baes ,  Jr. 
B. F. Hitch 

Investigation of the oxide chemistry and the 
thermodynamics of LiF-BeF,  melts by the  method 
of equilibration with gaseous  H F  and H,O h a s  
continued during the p a s t  year. As indicated 
previously, t hese  measurements can  yield seve ra l  
kinds of information. Knowledge of the equilibrium 

(1) 

can  be used to predict the ex ten t  of oxide con- 
tamination of melts exposed to water  vapor, a s  
well as the efficiency of the  reverse process ,  the 
removal of oxide by H F  sparging. When the melt 
is saturated with an oxide,  MOx,,, such  measure- 
ments can  yield information about the thermo- 
dynamic activity of the corresponding metal fluo- 
ride in  the  melt, s i n c e  reaction (1) may then be 
written in the form 

H,O(g) + 2F-(soZn) + O2-(soln) + 2HF(g) 

H,O(g) + - 2 MF,(soZn) e 
X 

(where c denotes  the c rys ta l l ine  solid). Finally,  
t hese  measurements can  yield e s t ima tes  of t he  low 
so lubi l i t i es  of metal ox ides  i n  these  melts. 

The  experimental procedure was  tha t  described 
previously.' Melts (0.2 t o  1 kg), at 500-7OO0C 
in nickel ves se l s ,  were sparged  with a s t ream of 

'ORINS Graduate Research Fellow from the University 

'Reactor Chern. Div .  Ann. Progr. Rept. Jan. 31,  1964, 

of Mississippi. 

ORNL-3591, p. 46. 

H, gas  (up to -0.2 liter/min) containing known 
partial p ressures  of H F  and H,O (up to  0.02 atm). 
T h e  effluent gas  was  ana lyzed  alternately for H F  
(by alkalimetric titration) and for H,O (by Karl 
F i sche r  titration). Under the conditions used, 
good equilibration of the m e l t  with the  flowing 
gas  s t ream was obtained in nearly all of a large 
number of runs. 

Methods of Data Reduction 

From the resu l t s  of these  measurements  it be- 
came evident tha t  hydroxide ion w a s  formed in  
addition t o  oxide ion in melts exposed  to H F  and 
H, 0: 

H,O(g) + F-(soh) OH-(soZn) + HF(g) . (3)  

This  additional equilibrium complicated the  treat- 
ment of the da ta ,  but the  treatment w a s  fac i l i t a ted  
by computer calculations.  T h e  effluent partial  
p ressures  PHF and P were assumed t o  b e  

H 2 0  
related t o  [O'-] and [OH-] by equilibrium quo- 
t ien ts  to be  determined: 

Qo = (PiF/P )[O'-] atm mole kg-' , (4) 
H 2 0  

Q = P i F / P  atm (for MO,,, s a tu ra t ion ) ,  (5) 
M H'O 

Q, = ( P H F / ~ H 2 0 ) [ @ H - l  mole/kg . (6) 

T h e s e  quotients,  derived from reactions (l), (2), 
and (3 ) ,  were assumed cons tan t  for a given LiF- 
BeF ,  composition and temperature. In addition, 
two material ba lance  differential  equations could 
be  written. 

56 
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and 

d[OZ-1 + diOH-1 

= ( P i 2 o  - P ) dW (for unsaturated melts) , (8) 

a re  influent pressures ,  i n  

H 2 0  

wherein P i F  and P o  
atmospheres,  and  H 2 °  

W = V / ( R T  x m e l t  wt.) mole kg-' a t m - '  . 
T h e  quantity W is the  number of s tandard  volumes 
(-24 l i te rs )  of g a s  pas sed  per kilogram of melt; 
T is the absolu te  temperature a t  which the  g a s  
volume was  measured (- 300'K). 

Fo r  sa tura ted  melts,  Eqs .  (5), (6), and (7) were 
combined to y ie ld  a differential  equation which 
could b e  integrated to  give a l inear express ion  of 
the  form3 

, 
(9) QM 

Q A  

f(QM, PHF) = - W + cons t  . 

When melts sa tura ted  with Be0 were sparged with 
H F  and H 2 0 ,  t he  in i t ia l  effluent partial  p ressures  

0.042 

0.040 

rose  with time (with W) and then leveled off a t  
cons t an t  va lues  (Fig. 3.1). T h e  low in i t ia l  va lues  
of PHF and P reflect  the consumption of H F  

and H 2 0  to  form OH- ion. T h e  quotient Q, 
(Eq. 5) w a s  usually es t imated  after PHF and P 
became constant.  Then the  above  express ion  
(Eq. 9) w a s  fitted to the  da t a  in  the  region where 
PHF and P 

For  melts not sa tura ted  with oxide,  E q s .  (4), 
(6), (7), and (8) all were to  b e  sa t i s f ied .  Except  
for a c rude  graphical calculation, no  method could 
b e  found by which Qo and Q, could be  determined 
directly from the  observed va lues  of P , ,  and 
P as a function of W .  Instead, two simul- 

H 2 0  

H 2 0  

H 2 0  

were changing, giving Q A a 4  
H 2  O 

31n Eq. 9, f(Q, PHF) (1/D) In [(Y +D) / (Y  -D)] ,  where 
D = 1 + 8(PLF + 2 P i n 0 ) / Q ,  Y = (4/Q)PHF + 1. 

4The program whichLperformed these calculations was  
written by R. J. McNamee, Operations Analysis Divi- 
sion, ORGDP. 
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0.00653 atm. The curves were 
O t m f  p H #  = 

Gas. 

calculated with Q = 0.0165 atm and Q 

30 mole % BeF,-70 mole % LiF at 700"C. PHF = 0.00567 

= 0.0161 mole/kg. 
A 
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t aneous  differential equations were derived which 
expressed  the changes in  [02- ]  and [OH-] with 
W as a function of Q,, Q A ,  P L F ,  and  P k z 0 .  

T h e s e  equations were so lved  numerically, with 
Qo,  Q,, and the  in i t ia l  va lues  of [02-1 and [OH-] 
as adjus tab le  parameters,  to produce ca lcu la ted  
curves  of P H F  and P v s  W. By a least- 

H 2 0  
squa res  procedure, t he  four parameters were then 
varied to give the b e s t  f i t  to the  da ta  (Fig. 3.2).6 
T h i s  rather involved ca lcu la t ion  w a s  further com- 
plicated by the f ac t  that the leas t - squares  refine- 
ment of the parameters usua l ly  did not succeed  
un le s s  the  init ial  guessed  va lues  of Qo ,  Q,, 
[02-], and [OH-] were fairly good ones.  T h e  
fits finally obtained were usually sa t i s fac tory ,  

6These calculations were performed by a computer 
program, "FIASCO," written by M. T. Harkrider, Mathe- 
matics Division, ORNL. 
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o =  0.0099 otm. The c u r v e s  were calculated with Q 

7.76 x 
mole/kg. 

atm mole kg-' ,  and Q, = 6.11 x 

however, and there s e e m s  l i t t l e  doubt tha t  t he  
assumed equilibria, Eqs .  (1) and (3 ) ,  account  for 
the  measurements. 

LiF-BeF2 Melts 

T h e  observed dependence of Q, (the quotient 
for BeO-saturated melts)  upon the  

LiF-BeF, composition and  upon temperature is 
shown in  Fig.  3.3. T h e  smooth cu rves  were cal- 
cu la ted  from the  empirical  express ion  

pi F 0 

l og  (QB/XBeF ) = A  + BX;,, - CX;,, , (10) 

where X denotes  mole fraction and e a c h  of the 
coef f ic ien ts  A, B, and C va r i e s  linearly with 1/T. 
T h e  agreement between the observed va lues  of 
Q, and  those  ca lcu la ted  from this express ion  

2 
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compares favorably with the estimated experi- 
mental errors in  Q, ( these  averaged approximately 
+5%). Some of the thermodynamic quant i t ies  which 
can be derived from Eq. (10) are summarized in 
Table  3.1 and Fig.  3.4. 
. If the discrepancy (1.4 kcal)  between the value 

of AF for reaction (2) derived from the present  
measurements and that derived from the JANAF 

Table  3.1. Thermodynamic Quantit ies Derived far the 

Reaction H20(g) + BeF2(f )$BeO(c)  + Z H F ( d  

Log K = 3.90 - 4.420/T 

= 2.4 kcal  (1.03 kcal)a A F~ OOOOK 

A H I O O O ~ K  = 20.2 kcal  (24.88 kcalf 

aCalculated from JANAF Tables.? 
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MOLE FRACTION BeFp 

F ig .  3.4. Variation of B e F 2  Act iv i ty  Coefficient in 

L i F - B e F 2  Mel ts  with Male  Fraction of BeF2 and with 

Temperature. Curves, based on Eq. (6), are dashed in 

the regions where the data were extrapolated. The 

dotted curve shows the expected variation of yBeF i f  

melts were ideal mixtures of B e F 2  and L i 2 B e F 4 .  
2 

T a b l e s ?  is caused by an  error in  f ree  energy of 
BeF ,  formation, the corrected value would b e  

A F ~ o o o ~ K  E -208.5 kcal  (vs 207.1 kcal). How- 
ever,  e m f  measurements now in progress (see the 
subsec t ion  "Reference Half-Cells for Molten 
LiF-BeF,  Mixtures," this  chapter) s u g g e s t  also 
that  an error may be present i n  the JANAF T a b l e  
value for A F f  of BeO. The  greater discrepancy 
between the AH values  in  Tab le  3.1 (4.7 kcal)  
may largely be caused by a n  error in  the hea t  of 
fusion of BeF , ,  which the JANAF T a b l e s  take 
to be 2 kcal. Combination of the present  es t imates  
of y B e F 2  (Fig.  3.4) with the BeF,  l iquidus temper- 

a tures  in the LiF-BeF,  phase  diagram s u g g e s t s  
that  the heat  of fusion of BeF,  is 11 k 4 kcal. 

I t  is s e e n  (Fig. 3.4) that  L iF -BeF ,  mixtures 
are qui te  non-ideal; they exhibit  both posit ive and 
negative deviations from idea l  behavior. If, for 
'BeF ,  (BeF, mole fraction) > 0.33, the com- 

ponents are chosen to  be L i 2 B e F 4  + BeF,  rather 
than LiF + B e F , ,  and i f  it is assumed that  the 
mole fraction of BeF ,  calculated on th i s  b a s i s  is 
equal  to the activity of BeF , ,  then it is possible  
to calculate '  a curve (Fig.  3.4) representing the 
variation to be expected in  y B e F  with com- 

position. T h i s  curve is s e e n  to have a s h a p e  
similar to those based on the measurements,  and 
showing both posi t ive and negative deviat ions of 
L iF-BeF ,  mixtures from i d e a l  behavior. T h i s  
might be taken as evidence for the formation of 
BeF42- in th i s  system; however, the rapidly 
increas ing  viscosi ty  a s  'BeF ,  approaches 1 

(which limited the present  measurements to  
'BeF,  < 0.80) indicates  these  melts  a re  in- 

creasingly polymeric, and the real i ty  of the s imple 
s p e c i e s  B e F 4 2 -  cannot be es tab l i shed  by this  

2 

'JANAF (Joint Army-Navy-Air Force) Znterim Thermo- 
chemical Tables,  Thermal Research Laboratory, Dow 
Chemical Company, Midland, Mich. (in loose-leaf bind- 
ers; revised quarterly). 

'The mole fraction of BeF, in  BeF, + LizBeF4 mix- 

tures, X L e F  , is related to  the mole fraction in BeF2 + 
2 

LiF mixtures, X B e F  , by X L e F  = (3/2) - (1/2XBeF ). 

Taking a B e F  XLeF2,  the activity coefficient of BeF, 

in BeF2-LiF mixtures is given by 

2 2 2 

2 
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correlation alone. An analogous t e s t  i n  the com- 
posit ion range below XBe  = 0.33, in  which the 

components would be c h o s e n  as LiF + Li,BeF,, 
would perhaps be  more informative on th i s  point, 
b u i  the composition range here  is greatly res t r ic ted 
by the LiF liquidus. 

T h e  quot ients  Qo (Eq. 4) and Q, (Eq. 6) could 
be  estimated over a limited range in X 

measurements on melts not saturated with BeO. 
T h e  sca t t e r  i n  the r e su l t s  (Figs .  3.5 and 3.6) re- 
f l ec t s  t he  poorer accuracy of t h e s e  quotients.  
Since Qo and Q, are related to the  equilibrium 
cons tan t s  of reactions (1) and (3) by 

2 

B e F  from 
2 

and 
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the  variations of Q, and Q, with the  LiF-BeF, 
composition reflect  the variation in  the  activity 
of fluoride ion and/or in  the  act ivi ty  coeff ic ients  
of oxide and hydroxide ion. T h e  ratio of Qo t o  
Q, (the PkF/PH20 quotient at Be0 saturation) 

gives  the concentration of oxide ion a t  Be0 sa t -  
uration (Fig. 3.7). T h e  indicated solubi l i ty  of 
B e 0  in 2L iF-BeF2  a t  6OO0C, 0.01 mole/kg, is 

I I I I I 
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Fig.  3.6. Variat ion of the Hydroxide Ion Formation 

Quotient with L i F - B e F 2  M e l t  Composition and Tempera- 

ture. Closed symbols denote measurements on BeO-  

saturated melts. 
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F i g .  3.7. E s t i m a t e d  V a r i a t i o n  w i t h  C o m p o s i t i o n  a n d  

T e m p e r a t u r e  o f  t h e  O x i d e  Ion C o n c e n t r a t i o n  f a r  L iF-  
B e F ,  M e l t s  S a t u r a t e d  w i t h  BeO.  T h e  p o i n t s  w i t h  

e s t i m a t e d  u n c e r t a i n t i e s  w e r e  d e r i v e d  by  i n t e r p o l a t i o n  

o f  t h e  d a t a  i n  F i g s .  3.3 a n d  3.5. 

lower by a factor of about 6 than a previous e s t i -  
mate by a less direct  method.' 1 

L,.---c5-5-+s \ 
2Li F- Be F, -ZrF 

I t  h a s  been found in  previous measurements of 
oxide so lubi l i t i es  in 2LiF-BeF2 tha t  with ZrF,  
present (greater than * 0.01 mole/kg) the  s t a b l e  
oxide precipitated is ZrO,. * Continuing meas- 
urements of Q, (the quotient P k F / P  for Zr0 , -  

saturated melts) a r e  summarized in  F ig .  3.8. AS 
expected, Q, r i ses  with ZrF,  concentration, in 
accordance with the equilibrium cons tan t  expres- 
sion (cf. Eq. 2) 

H 2 0  

The  activity coefficient of ZrF,  (with the  crystal-  
l ine so l id  a s  the standard s t a t e )  is given by 

Y Z r F 4  = Q i / ( K i  X Z r F 4 )  

'Reactor Chem. Div .  Ann. Progr. Rept .  Jan.  31, 1963, 

"Reactor Chem. Div. Ann. Progr. Rept .  Jan.  31, 1964, 
ORNL-3417, p. 38. 

ORNL-3591, p. 46. 
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F i g .  3.8. V a r i a t i o n  o f  Q, f o r  Z r 0 , - S a t u r a t e d  (2LiF- 
B e F 2 )  + Z r F 4  M e l t s  w i t h  T e m p e r a t u r e  a n d  Z r F 4  C o n -  

c e n t r a t i o n .  T h e  d a s h e d  c u r v e ,  r e p r e s e n t i n g  e q u i l i b r i u m  

PiF/p  v a l u e s  f o r  2 L i F - B e F  m e l t s  s a t u r a t e d  w i t h  

b o t h  Z r 0 2  a n d  Z r F 4 ,  i s  b a s e d  on f r e e - e n e r g y  d a t a  i n  

t h e  JANAF ( J o i n t  A r m y - N a v y - A i r  F o r c e )  Interim 
Thermochemicaf Tables ,  T h e r m a l  R e s e a r c h  L a b o r a t o r y ,  

D o w  C h e m i c a l  C o m p a n y ,  M i d l a n d ,  M i c h .  ( i n  l o o s e - l e a f  

b i n d e r s ;  r e v i s e d  q u a r t e r l y ) .  

H 2 °  2 

T h e  value of K ,  (= Q, for melts saturated with 
both ZrO, and ZrF,) h a s  not been determined 
experimentally, but i t  may be estimated (F ig ,  3.8) 
from da ta  in  the JANAF  table^.^ In addition t o  
the  indicated uncertainties in y Z r F  , which a re  

based on estimated uncertainties in Q, (Fig.  3.9), 
a l l  values a re  subjec t  to a larger sys temat ic  un- 
certainty caused  by any errors i n  the  free energy 
values used. The  approximate effect  of a 1-kcal 
error in the standard free energy of the reaction 
in Eq. (2) is indicated in Fig.  3.9. 

4 



6 2  

2 ,  I I I I I I 

The  quotients Qo and Q, (Eqs.  4 and 6) s i m -  
i larly a re  being determined i n  these  ZrOz-saturated 
melts. Both increase  with addition of ZrF,  (F igs .  

3.10 and 3.11). The  expres’sion QL[Zr4+]/Qi is 
equal to the apparent solubili ty product of ZrO,: 

Q,, = [zr4 +1[02-12 . (1 1) 

I I 

This  quantity h a s  been estimated from the present,  
a s  ye t  incomplete, measurements. While quite 
approximate, t hese  es t imates  indicate tha t  the  
solubili ty product of ZrO, inc reases  markedly with 
ZrF,  concentration. Th i s  could be caused  by the  
formation of Z r o 2  + ion, 

z r 4 + +  0,- + Z ~ O ’  +, (12) 

s i n c e  in that c a s e  the concentration of oxide [02-]  
determined in  the present measurements  would b e  
the  sum of the  concentrations of 0’- and Z r 0 2 + ;  
the apparent solubili ty product would be larger 
than tha t  calculated from the uncomplexed oxide 
ion concentration and would increase  with the 
zirconium concentration. T h e  formation of Zr02 + 

cannot  be  definitely es tab l i shed  by these  measure- 
ments alone, however, s i n c e  y Z r F  clearly changes  

- and other activity coefficients probably change 
a s  well  - with melt compositions. 

4 
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Fig. 3.9. Estimated Variat ion of yzrF4 in ( 2 L i F -  

B e F 2 )  + Z r F 4  Melts with Z r F 4  Concentration. 

T h e  result ing “oxide tolerance” of (2LiF-  
BeF,)  + ZrF,  mixtures - corresponding approxi- 
mately to MSRE flush s a l t  and fuel s a l t  mixtures - 
is indicated in F ig .  3.12. T h e  amount of oxide 

Y I I I I I I 

Fig. 3.10. Variat ion of the Oxide Ion Formation.Quo- 

tient with Z r F 4  Concentration and Temperature in 

( 2 L i F - B e F 2 )  + Z r F 4  Melts. 
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Fig.  3.11. Variat ion of the Hydroxide Ion Formation 

Quotient with Z r F 4  Concentration and Temperature in  

( 2 L i F - B e F 2 )  + Z r F 4  Melts.  
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Saturated with Z r 0 2 .  

which these melts can  conta in  without precipita- 
tion is not only a function of composition but also 
strongly a function of temperature. 

Th i s  temperature dependence is cons i s t en t  with 
observations tha t  Z r 0 2  tended to precipitate from 
fuel salt  onto cooler su r f aces  of t he  engineering 
t e s t  loop. l 1  Th i s  could provide a means for the  
collection of any e x c e s s  oxide which might be 
present in the MSRE fuel as ZrO, in a cold trap 
in the  MSRE system. The  cold trapping of 
sparingly so luble  so l id s  i n  an  MSR system h a s  
been d i scussed  previously. '  

Removal of Oxide by HF Sporging 

F r o m  the present  measurements of Q,, Q o ,  and 
Q, i n  LiF-BeF, melts,  i t  is poss ib l e  t o  predict 
t he  cour se  of removal of oxide from such  mixtures 
by HF-H, sparging under equilibrium conditions.  
Calcu la t ions  were made by means of the relation- 
sh ips  previously c i ted  for sa tura ted  mel t s '  (Eq. 

"Dunlap Scott, Jr., and J. L. Crowley, Reactor Divi- 
sion, private communication; R. E. Thoma, Zdentifica- 
tion of Crystalline P h a s e s  from Engineering T e s t  Loop 
N o .  3 Graphite Loading Port Annulus, MSR-64-21 (May 
11, 1964) (internal use only). 

"R2. B. Evans  e t  al., Reactor Chem. Div. Ann. Prqgr. 
Rept. Jan. 31, 1960, ORNL-2931, p. 90. 

131n Eq. 9, f(Q, PHF) = ( l /D)  In [(Y +D)/ (Y - D)]. 

where D = 1 + 8(P:F + 2P0 )/Q, Y =  (4/Q)PHF + 1. 
H 2 °  

ORNL-DWG 65-2543 
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V/RT (kg meli)=W (mole k9-I atm-') 

Fig.  3.13. Removal of Oxide from Z L i F - B e F 2  by HF 
Sparging with 0.1 atm HF at 5OO0C, Assuming Equilib- 

rium Between Melt  and Gas Stream. QB, Qo, and Q A  

values are 7.91 x atm; 3.9 x l o v 6  otm mole k g - ' ;  

and 4.5 x 1 0-3 mole/kg respectively. 

9) and for unsaturated T h e  cour se  of 
oxide removal, as water,  by sparging of 2L iF-BeF2  
a t  5OO0C with 0.1 atm H F  is shown in  Fig.  3.13. 
Init ially the  effluent pressure of water should  be  
low, but increas ing ,  as the  formation of OH- 

14These equations are: 
d[OH-]/dW = ( P i F  + 2P, 0 o)  

2 

d [ o 2 - I / d W =  --(PhF + P i z o )  

5These calculations were performed by the computer 
programs SATPLOT for oxide-saturated melts and RUNG 
for melts not saturated with oxide. Both yield plots of 
PHF and PH a s  a function of W for specified equilib- 

rium quotients. These  programs were written by E. E. 
Branstetter and M. T. Harkrider of the ORNL Mathe- 
matics Division. 

2 
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occurs  (Eq. 3) in  the presence  of sol id  BeO. T h i s  
should be followed by a s teady-s ta te  period during 
which the effluent H 2 0  and H F  part ia l  pressures  
and the dissolved oxide and hydroxide concentra- 
t ions all remain constant  a s  long as B e 0  is 
present.  Final ly ,  after all the so l id  oxide h a s  
been consumed, a peak in  the effluent P is 

expected, followed by a sharp  drop a s  the l a s t  
of the dissolved oxide and hydroxide is removed. 

ini t ia l ly  rises to 

a s teady s t a t e  is inversely related to  Q,. T h e  
efficiency of H F  ut i l izat ion thereafter is de- 
termined by, and var ies  inversely with, the value 
of Q,. Final ly ,  the rapidity of the  removal of 
the dissolved oxide after the sol id  h a s  been con- 
sumed is inversely related to both Qo and Q,. 

H 2  0 

The  rapidity with which P 
H 2 0  

i 

0.5 

- 
0' 

5 
0 0.2 
E 

+ z 
W + z 8 0.i 

W 

X 
0 

A 

E 

5 0.05 
k 

0.02 

0.04 

Provided agitation is suff ic ient  to  maintain 
equilibrium between the  sparging gas  and the melt, 
the removal of oxide from 2LiF-BeF, should be 
readily accomplished. T h i s  is indicated by plots  
(Fig.  3.14) of the ini t ia l  amount of oxide present ,  
d i sso lved  and suspended as BeO, v s  W ,  the  number 
of standard volumes of sparg ing  gas per kilogram 
of melt required to  reduce the oxide leve l  to  0.001 
mole/kg (16 ppm). With an influent H F  partial 
pressure of 0.1 a tm and with more than 0.1 mole 
of oxide per kilogram ini t ia l ly  present ,  85% utiliza- 
tion of the gas is predicted at 500°C. With re- 
duced in le t  PHF, with reduced ini t ia l  oxide,  or 
with increased temperature, the ut i l izat ion of H F  
is decreased,  but there is a wide range of condi- 
t ions over which greater than 50% H F  ut i l izat ion 
is predicted. 

0.4 0.2 0.5 i 2 
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i 

I 

I 

io 20 50 100 
V/RT ( k g  melt) = W (mole k g - '  atm-' 

F ig .  3.14. Calculated Number of Standard Volumes of Sparging Gas per Kilogram of Me l t  Required to Reduce the 

Oxide Content of 2 L i F - B e F 2  to 0.001 mole/kg. The  dashed lines represent 100% ut i l izat ion of HF. 
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Table  3.2. Conversion of HF to H 2 0  a t  Steady State with Z r O Z  Preseni 

H F  Converted (%) a t  Specified PHOF 

0.05 atm 0.1 atm 0.2 atm 
T 

Qz 
(OC) 

500 -0.06 47 58 68 

600 -0.3 20 30 42 

700 -1.6 6 10  13 

During the  purification of numerous ba t ches  of 
2LiF-BeF,  as flush s a l t  for t he  MSRE, t h e  ex- 
perience with removal of oxide w a s  reasonably 
cons i s t en t  with t h e s e  ca lcu la t ions .  In the  treat- 
ment of a typical 120-kg ba tch  of s a l t  a t  6OO0C, 
-8 moles of oxide (equivalent to 1000 ppm) w a s  
removed by sparg ing  at  1 0  l i ters/min for 16  hr 
with an H,-0.09 atm H F  mixture. T h e  estimated 
H F  uti l ization was  . ~ 4 6 % ,  which may b e  compared 
with a value of 70.74 expec ted  for equilibrium 
sparg ing  under t h e s e  conditions. While t h e  ob- 
se rved  value is lower, its c l o s e n e s s  to the cal- 
cu la ted  value ind ica tes  that equilibrium sparg ing  
w a s  rather wel l  approached in  the s imple  equip- 
ment used  and that great improvements i n  effi- 
ciency will  not b e  realized by improvements in 
the  equipment alone. Considerably shorter treat- 
ment t imes  should result ,  however, i f  the sparg ing  
temperature is lowered and if provisions a r e  made 
for higher sparg ing  rates.  

T h e  removal of oxide  from mel t s  containing ZrF,  
may b e  expected to  become more difficult  with 
increas ing  ZrF,  concentration, s i n c e  Q,, Q,, and  
Q, a l l  increase .  T h e  uti l ization of H F  to b e  
expected during the s t eady- s t a t e  period when 
ZrO, is present  may be  ca lcu la ted  (Table  3.2) 
from present  es t imates  of 9,. Limited experience 
a t  t he  molten-salt production facil i ty is cons is ten t  
with t h e s e  es t imates ;  for example, with 2LiF-  
BeF,-5 mole % ZrF,  (-1.25 moles/kg) the H F  
uti l ization with PkF = 0.09 atm at  6OO0C was  
13-25%. Th i s  low oxide removal efficiency could  
b e  circumvented, however, by transfer of the  melt 
away from the  ZrO, in  the  meltdown vesse l ,  
followed by a shor t  sparg ing  treatment of the s a l t  
to remove t h e  smal l  amount of d i sso lved  oxide. 

At t he  MSRE, treatment of t he  fuel t o  remove 
oxide  in  the  chemical reprocess ing  facil i ty is not 

expec ted  to b e  difficult, s i n c e  the amount of oxide 
to be  removed should b e  small. 

THE STABILITY OF UF,16 

G. Long” 

Equilibrium measurements on the  reduction of 
UF, to UF, by hydrogen have  been made with a 
view toward improving the  thermochemical informa- 
tion on UF,. The difference i n  the  free energ ies  
of formation of UF, and UF, is involved i n  cor- 
rosion equilibria a r i s ing  from the  presence  of UF, 
i n  molten fluoride reactor fue ls  and  is also mani- 
fes ted  i n  the s tab i l i ty  of UF, toward dispropor- 
tionation to  give UF, and UO. Both these  be- 
haviors a re  of prime in te res t  i n  connection with 
the Molten-Salt Reactor Program. 

A schemat ic  diagram of the  apparatus is shown 
i n  F ig .  3.15. Experimental de t a i l s  wi l l  appear 
elsewhere.  

When solid c rys ta l l ine  UF, w a s  reduced by 
hydrogen, t he  products were H F  and a sa tura ted  
so l id  solution of UF, in  UF,. T h e  concentrations 
of H F  and H, at equilibrium with pure UF, and 
the  so l id  solution were measured at  17 tempera- 
tu res  between 565 and 970OC; overall  compositions 
i n  the binary condensed phases  ranged from 1% 
to more than 50% UF, (mole basis) .  T h e  resu l t s ,  
in terms of the  equilibrium pressures  PHF and 

P combined as the ratio Q, = PHF/(PH2 ) 1 / 2  

H 2  
~ 

16G. Long, “Stability of UF3,” paper in  preparation; 

”Visiting Scient is t  from AERE, Harwell, Berks, U.K. 
this version prepared by F. F. Blankenship. 

... 
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pertaining to the reaction 

?h H 2  + UF,(c) UF , ( s s )  + H F  , (13) 

could be correlated by means of the  expression 

7000 + 58 

TOK log l  Q, = 3.95 + 0.057 - 9 (14) 

a s  depicted graphically in  F ig .  3.16. 
tween 840 and 1160°K, the free energy change, 

AFEcss ,  = -RT  In Q ,  = (32.03 + 0.27) 

Hence, be- 

1 - (18.08 + 0.26) - kcal/mole , (15) 
1000 

where the subscr ipt  (ss) refers to the fact  that  the  
reference s t a t e  for UF,  is the saturated sol id  
solution. ( R  denotes  reduction a s  distinguished 
from D for disproportionation that is used later.) 

In order to  extrapolate beyond the experimental 
range, an estimated hea t  capaci ty  difference,  
A C p ( , , ,  = -0.9 kO.7 c a l  deg-' mole-', for the 
reaction was employed. Since the mean tempera- 
ture of the experiments was 1000°K, this gave 

= 32.03 - (-0.9)(1000 - 298) 

= 32.67 + 0.58 kcal/mole , (16) 

= 18.08 - (-0.9)(ln 1000/298) 

= 19.17 f 0.89 c a l  deg- '  mole-' . (17) 

ORNL-DWG 64-9775 
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F ig .  3.16. P lo t  of loglo Q, vs the Reciprocal of the 

Absolute Temperature for the React ion U F ,  + 
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For a s ing le  temperature, 980°K, additional ex- 
perimental measurements, involving an extrapola- 
tion to zero time, gave the pressures  of H F  and H, 
a t  equilibrium with UF,  and UF,,  both a s  pure 
so l id  crystals .  T h i s  provided a value for AFt80,c, 
of 15.43 f 0.3 kcal/mole and afforded a b a s i s  
for estimating AF; for the reaction producing UF,  
in i t s  customary standard s t a t e .  

By assuming that  a t  298OK the so l id  solut ion is 
ideal  and contains  80 * 10 mole % UF, a t  satura- 
tion, the standard AS, 9 8 ( c )  could be estimated: 

- R In (0.8 k 0.1) as:9 8 ( C )  = As: 9 8 (S S ) 

= 18.73 5 0.95 c a l  deg-' mole-' . (18) 

If, in addition, AC was estimated a s  -2.0 k 0.3 

c a l  deg-' mole-' ,  the result ing change in hea t  
content a t  298'K, AH:g8(c was  32.8 k 1.0 kcal/  
mole, T h i s  value is nearly the same  a s  for the 
reaction to yield so l id  solution, indicat ing a hea t  
of solution a t  298'K of only 0.13 f 0.4 kcal/mole. 
The effect  of temperature on the reaction involving 
pure so l ids  was given by 

P 

log K ,  = 3.57 - 6.87(1000/T) . (19) 

With standard entropies (Sig8) for HF," H,," 
and U F , 2 0  of 41.51, 31.21, and 36.3 f 0.1 c a l  

deg-' mole-' and standard h e a t s  of formation 
(AH:,,) for HF'  and UF," of -64.8 k 0.3 and 
-450 f 5 kcal/mole, we  find 

AH:,,(UF,) - AH:g8(UF4) 
= 97.6 * 3.3 kcal/mole , 

(20) bH:,,(UF,) = -352 f 6 kcal/mole , 

S:98(UF3) - S:98(UF4) 

= -7.2 f 0.9 c a l  deg-' mole-' , 

Sig8(UF, )  = 29.1 f 1.0 c a l  deg-' mole-' . (21) 

The  difference in the free energies  of formation 
of UF,  and UF, [AFf,(UF,) - AF',(UF,)] and the 

free energy of formation of UF, [AFf,(UF,)] have  
been calculated from the free energy change for 
the reduction reaction, 

over the temperature range 298 to 1400'K. The  
values  of AF: were calculated from the hea t  and 
entropy changes  for the reduction reaction a t  298OK 
with a AC: of -2.0 k 0.3 c a l  deg-' mole-', 
while the values  of AF',(HF) and AFf,(UF,) were 
taken from the recent compilations of Cantor .22 
The  resul ts  of the calculat ions are  presented in 
T a b l e  3.3. 

Over this temperature range the calculated free 
energies  can be represented to within 0.1 kcal/  
mole by the empirical expressions 

AFf,(UF,> - AFf, (UF4)  = 97.0 - 15.6(T/1000) , 

AFf,(UF,) = -351.4 + 52.8(T/1000) . (23) 

The  value for UF,  agrees  with that  estimated by 
BrewerZ3 rather than ' those by more recent 
a ~ t h o r s . ~ ~ * ~ ~  The  extent of disproportionation a t  
lOOO'K according to these  figures is qui te  low. 
Comparisons are  given in Tab le  3.4. 

Ser ies  of measurements on five liquid compo- 
s i t ions  containing UF,  dissolved in  LiF-BeF,  
melts were made. T h e s e  melts were chosen be- 
c a u s e  of their relation to the MSRE fuel. In terms 

~~ 

"JANAF (Joint Army-Navy-Air Force) Interim Ther- 
mochemical Tables, Thermal Research Laboratory, Dow 
Chemical Company, Midland, Mich. (in loose-leaf bind- 
ers; revised quarterly). 

"0. Kubaschewski and E. L. Evans, Metallurgical 
Thermochemistry, 3d ed., p. 248, Wiley, New York, 1956. 

J. H. Burns, D. W. Osborne, and E. F. Westrarn, Jr.. 20 

J. Chem. Phys. 33, 387 (1960). 
"M. H. Rand and 0. Kubaschewski, The Thermochem- 

ica l  Properties of Uranium Compounds, p. 14, Inter- 
science,  New York, 1963. 

2 2 ~ .  Cantor, personal communication. 

',Leo Brewer e t  al., The Thermodynamic Properties 
and Equilibria a t  High Temperatures of Uranium Halides. 
Oxides, Nitrides, and  Carbides, MDDC-1543 (Sept. 20, 
1945). 

',A. Glassner. The Thermodynamical Properties of 
the Oxides, Fluorides, and  Chlorides to 25OO0K. ANL- 
5750 (1957). 

"M. H. Rand and 0. Kubaschewski, The Thermochemi- 
c a l  Properties of Uranium Compounds, Interscience, New 
York, 1963. 
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of the quant i t ies  measured, the  equilibrium quo- 
for the reduction of dissolved UF,, t ient ,  Q 

yielding dissolved UF,, was 
R ( 4 '  

' R  ( d )  = M:F M U F 3  r<)P;:' , (24) 
4 

where 

= pressure of hydrogen, a t m  = 1.05, 
pH, 

M i F 4  = total  amount of UF, ini t ia l ly  present ,  

M U F 3  = total amount of UF, present ,  mill i-  

PHF/PH2 = ratio of par t ia l  p ressures  of HF and 
H, at equilibrium, 

and the  subscr ipt  ( d )  refers  to  t h e  dissolved state. 
In three  of the  compositions,  t h e  solvent  was  

held constant  a t  66 mole % LiF, 34 mole % BeF,,  

millimoles, 

moles, 

Table 3.3. Calculated Values of AF&(UF,) - k & ( U F 4 )  and @,.(UF,) Over the 
Temperature Range 298 to 1400'K 

Temperature aF&(UF3)  - k f T ( U F 4 )  - fk&(UF,)= 
( OK) (kcal/mole) (kcal/mole) 

298 

400 

500 

600 

7 00 

800 

900 

1000 

1100 

1200 

1300 

1400 

92.5 f0.8 

90.8 

89.2 k0.6 

87.6 

86.0 

84.4 

32.9 

81.3 f0.3 

79.8 

78.3 

76.8 

75.2 k0.6 

335.8 

320.2 

324.8 

319.5 

314.3 

309.1 

303.8 

299.0 

293.4 

288.2 

282.9 

278.8 

ak"'6 kcal/mole, 

Table 3.4. Calculated Activity of Uranium in Equilibrium with Pure U F 4  and UF3 at lOOO'K 

Rand and 
This  Work Brewer" G l a s ~ n e r , ~  Kubaschews ki2 

- AF: ooo(UF3), kcal/mole 299 299 281 290 

- AF:  ooo(UF4), kcal/mole 380.3 375 3 73 381 

AF:ooo(UF3) - AF:ooo(UF 4 ), kcal/mole 81.3 76 92 91 

Calculated uranium activity 5 x lo-" 3 x 10-16 8 x 10-2 2 x ~ o - ~  



T a b l e  3.5. Values of the Equilibrium Quotient, QR(d). the Parameters of the Expression log,,, Q(atm”2) = A  +B/T, and the 

Derived Values of A H  and AS for Each Solvent Studied ( c i s  Standard Deviation) 

AH cc/& Init ial  Composition 
Experiment of Solution Temperature ~O’Q,(,) 1 0 5 u  A caA, --B (CJ--,) A s  P&, 

(OC) (atm’’2) (atm1’2) (OK) (cal  deg-I mole-’) (kcal/mole) (mole %) Number 

LiF 

BeF2 

UF 4 

62.7 
32.3 

5.0 

724 
772 
83 1 
88 1 
948.5 

0.78 0.08 
1.99 0.08 
5.93 0.37 

14.5 0.4 
39.3 0.7 

4.255 9.357 
f0.090 fo .10  

19.5 42.9 
f0 .4  k0.5 

2 19.9 43.4 
10.6 f0.6 

LiF 
BeF 

UF 4 

65.0 
33.4 

1.6 

774 
824 
879 
949.5 

1.61 0.07 
3.93 0.15 

11.2 0.4 
32.4 0.5 

4.350 9.581 
f0.12 f0.14 

17.8 41.2 
f0.4 fo. 5 

LiF 63.8 
32.8 

3.4 

82 4 
879 
949.5 

4.89 0.10 
12.3 0.3 
34.1 0.7 

3.895 9.000 
10.081 fO.10 BeF2 

UF4 

LiF 69.0 
26.0 

5.0 

774 
824 
879 
949.5 

1.54 0.03 
3.77 0.22 

10.6 0.2 
29.9 0.6 

4.244 9.490 
f0.118 f0.13 

19.4 43.4 
fo .5  f0.6 BeFz 

UF4 

5 LiF 
BeF 

UF 4 

52.6 
42.4 

5.0 

724 
774 
82 4 
879 
949.5 

3.85 0.20 
9.25 0.60 

21.8 1.5 
52.2 1.2 

133 4.0 

3.998 8.403 
10.207 f0.24 

18.29 38.5 
f l . 0  fl.l 

Hypothetical standard LiF 70.0 
solution (see text) BeF2 30.0 

0.0 UF 4 

4.233 9.329 19.4 42.7 
f0.063 f0.081 k0.3 f0.4 
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and t h e  in i t ia l  concentration of UF, w a s  1.60, 
3.34, and 5.06 mole %. For  t h e  other two compo- 
s i t ions ,  the  UF, content w a s  he ld  cons tan t  a t  
5.0 mole %, while the  LiF content  of the so lvent  
w a s  72.6 and 55.3 mole %. 

were independent 
of t he  extent of conversion t o  dF, over the  range 
studied. T h e  mean va lues  of Q a t  each  tem- 
perature, with standard deviations,  a r e  presented 
in Tab le  3.5. For  each  solution composition the  
individual va lues  for Q were fi t ted by the  
method of least squa res  to a n  express ion  of 

In general, the va lues  of Q 
R ( d  

R ( d )  

R ( d )  

100 

50 

20 

10 
QR 

5 

2 

I 

0.5 

Values of A and .B with t h e  derived enthalpy and 
entropy changes  for t h e  reaction a r e  also sum- 
marized in Tab le  3.5. T h e  va lues  of Q R ( d )  on a 
logarithmic scale a re  plotted a g a i n s t  t he  reciprocal 
of the abso lu te  temperature i n  F ig .  3.17. 

T h e  ef fec ts  of changing  the  UF, and BeF,  con- 
cent ra t ions  a r e  shown in Figs. 3.18 and  3.19. T h e  

ORNL-DWG 64-40813 

0.80 0.85 0.90 0.95 j.00 
1 ooo/T 0 K 

Fig. 3.17. Plot of loglo Q R ( d )  vs 103/T0K for the Hydrogen Reduction of UF4 in Various Solutions. (Plots 

numbered according t o  Tab le  3.5.) 



-3.4 

-3 6 
- 4  05 

log40 % ( d l  

log,o -3.8 
-4.40 

-4.0 

-4.2 

Table 3.6. Estimated Activity Coefficients of U F 4  in L iF -BeFZ-ZrF4-UF4  (65.0-29.2-5.0-0.8 mole 76) 

Temperature This Work Phase Diagram UF,-UO, Equilibriaa 

(OC) (5% UF,) (25% UF,) (<1% U F 4 )  

0 

860°C 

/ 

500 

700 

5 

2 

9 

2.5 

1.0 

0.6 

aC. F. Baes  e t  at.. Reactor Chem. Div .  Ann. Progr. Rept. Jan. 31, 1964, ORNL-3591. p. 46. 

experimental data  may be summarized by the ex-  the  reference s t a t e ,  the activity coefficient ratio, 
pres si on yUF3/yUF4, is readily obtainable.  From the 

log, solubili ty of U F 3 2 6  in the MSRE fuel, L iF-BeF, -  
ZrF,-UF4 (65.0-29.2-5-0.8 mole %), the activity 
coefficient of UF,  is found to be 

Q R ( d )  = 3.995 - 9.329(103/T) 

+ 3.77(10-')x 
U F 4  

+ 2.09(10-2)(x,e - 30.0) , (26) 
2 

The expression s t r ic t ly  app l i e s  only for UF, con- 
centrations up to 5 mole % in  a solvent  containing 
66 mole % L i F  and for variations in solvent com- 
position a t  a constant 5.0 mole UF,. Neverthe- 
less the changes  are  so small  that  i t  can probably 
be applied to any solution containing up to 10 
.mole % UF, and between 25 and 35 mole % BeF,  
without introducing errors of greater than 10% i n  

p, The relatively low value found for Q, 
imptles that  a relatively low concentration of 
corrosion products corresponds to equilibrium in 
the MSRE, where alloyed chromium, rather than 
H,, is the reducing agent.  

log Y U F ,  = -1.62 + 3.77(1000/T) . (27) 

In the same solution, the interpolated value of 

Q R ( d )  is 

log Q R ( d )  = 4.20 - 9.33(1000/T) . (28) 

In accord with the AFE for pure so l ids  from above, 

log K ,  = 3.57 - 6.87(1000/T) . (29) 

Solving for yUF , the result ing expression is 
4 

log y U F  = -0.99 + 1.31(1000/T) . (30) 
4 

Values of y U F  
a r e  compared with other es t imates  in Tab le  3.6. 

a s  calculated from this relation 
4 

Since K ,  = Q R ( d ) y u F 3 / y U F 4 ,  where y is the 
26J. H. Shaffer et at . ,  Reactor Chem. D i v .  Ann. Progr. 

activity coefficient with saturated solution a s  Rept. Jan.  31,  1964, ORNL-3591, p. 50. 



72 

If, for the disproportion 
molten fluoride solution, 

reaction in the s a m e  filtered samples  of the melt could b e  removed by 
T h e  H2S  evolved means of a copper fi l ter  s t ick .  

the equilibrium quotient is written as 

where x is mole fraction, the relations for yUF 

and for Q R ( d )  can  be  combined with the  free 
energ ies  of formation AFf(HF) and AFf(UF4) to  
give 

4 

log  Q, = -0.57 - 0.56(1000/T) . (33) 

For comparison, 

log  K ,  = -0.328 - 3.30(1000/T) . (34) 

For example, a melt containing 0.5 mole % each  
of UF ,  and UF, a t  lOOO'K is in equilibrium, 
according to Q,, with uranium metal  a t  an  activity 
of 1.5 x The  express ion  for the  d isso lved  
s t a t e ,  Q,, a l s o  h a s  a smaller temperature coeffi- 
c ien t  than could have readily been anticipated.  

REMOVAL O F  SULFUR FROM MOLTEN 
FLUORIDES 

H. H. Stone C.  F. Baes ,  Jr. 

Sulfate impurities i n  MSRE raw materials have, 
in the pas t ,  resulted in in s t ances  of seve re  su l f ide  
corrosion of nickel containers and piping during 
s a l t  purification by the H,-HF treatment. Accord- 
ingly laboratory s tud ie s  were undertaken' 7 i 2 8  to 
learn more of the behavior of sulfur in molten 
fluorides and to search  for a n  improved method 
of i t s  removal. 

In these  experiments, l14-in. or 2-in. x 15-in. 
cylindrical  nickel v e s s e l s  were used. They were 
fitted with a d ip  l eg  extending to  within '/8 in. of 
the bottom of the ves se l ,  a thermocouple well ,  an 
off-gas line, and a sampling port through which 

27MSRP Semiann. Progr. Rep t .  J u l y  31, 1963. ORNL- 

28MSRP Semiann. Progr. Rept .  Jan.  31 ,  1964, ORNL- 
3529, p. 117. 

3626, p. 141. 

in H,-HF sparging runs was  trapped in  ammoniacal 
CdC1, solution, which in turn was  acidified and  
t i trated aga ins t  standard iod ine  solution. T h e  
amount of H,S released was  determined a s  a 
function of the measured flow ra t e s  of H,, HF ,  
and He, 

Reduction of Sulfur 

While thermodynamically favored, the reduction 
of su l fa te  by mass ive  nickel was  found to  be 
inappreciable a t  600'C (Table  3.7, subheading  A). 
However, an  e x c e s s  of finely divided n icke l  
powder reduced su l fa te  in 2L iF-BeF2 ,  presumably 
to sulfide,  in a few hours a t  th i s  temperature 
(Table  3.7, subheading B). An e x c e s s  of iron 
fi l ings and only a s l igh t  e x c e s s  of beryllium metal 
behaved similarly (Table  3.7, subheadings  C 
and D). The  reactions occurring were  probably of 
the  type 

4M0 + SO,'- 4 4MZ ' + 40'- + S z -  . (35) 

T h e  Ni" and Be2 '  evidently were precipitated 
mainly a s  NiO and BeO; Fez ' remained in solution 
as FeF,. T h e  su l f ide  produced w a s  a l s o  pre- 
cipitated,  though the composition of th i s  pre- 
c ip i ta te  w a s  not determined. 

Reduction of su l fa te  by beryllium metal alone 
would b e  an a t t rac t ive  means of sulfur removal, 
provided the result ing prec ip i ta te  could be  removed 
by filtration. 

H,-HF Sparging. - T h e  removal of sulfur,  by 
H,-HF sparging after its reduction to  su l f ide  with 
beryllium metal, w a s  expec ted  to occur  by the 
reaction 

MS(s) + 2HF(g) +H,S(g) + M 2  ' + 2 F -  . (36) 

However, the removal ra te  was  found to b e  con- 
trolled primarily by the hydrogen flow rate. Th i s  
is i l lus t ra ted  in F ig ,  3.20. T h e  accumulated 
amount of H,S released in  one  run is plotted in  
the  upper half of the figure a s  a function of t ime.  
There  a r e  breaks in  the  curve- a t  points where the  
H, flow rate was  changed. When these  same data 
a r e  plotted v s  the  moles of H, pas sed  (lower part  
of Fig.  3.20) a smooth curve is obtained. More- 
over, when the r e su l t s  of other runs a t  the  same 
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T a b l e  3.7. Reduction of Sulfate in  2 L i F - B e F 2  by Various Metals 

(60OoC with Helium Sparging) 

Analyses of Filtered Samplesa 
T i m e  

Sulfate Total Sulfur M(II)b 
fir)  

(ppm) (ppm) @pm) 

0 

1% 

3 ,  

4 

6 

7 

31 

0 

2 

3 

3 2  

0 

t/ ,  
2l4 

3 14 

4% 

5l4 

6 2  

24 

0 

lk 
t/, 

1% 

3l4 

4 %  

5% 

1 

A. 

2000 (added) 

508 

2358 

1241 

1588 

2501 

1826 

New Ni  Vessel 

2000 (added) 

2225 

2310 

2195 

2155 

2330 

2240 

6. Ni Powder (3-100 p), 25 g in 296 g of Melt 

1970 (added) 

350 

175 

<5 

C. Fe Filings (30-50 Mesh), 25 g in 320 g of Melt 

800 (added) 800 (added) 

567 6 82 

464 486 

445 497 

43 5 4 95 

229 266 

212 245 

<5 

D. Be Turnings, 0.86 g in 354 g of Melt 

2000 (added) 

348 

262 

301 

176 

121 

108 

61 

2000 (added) 

1034 

796 

419 

3 88 

240 

135 

171 

53 

38 

43 

51 

69 

102 

243 

2 92 

241 

926 

1298 

1479 

1716 

2144 

2551 

3441 

aAnalyses performed by Analytical Chemistry Division. 
bConcentration of oxidized metal (i.e., ppm N i Z t  in A and B; ppm Fez '  in C). 



74 

ORNL-DWG 65-2545 

0.03C 

0.02c 
c - 
al 
E 
0 
I, 
\ m 
I 
N 

0.01c 

C 

0.030 

- 0.020 - 
0) 
E 
0 
1 
\ m 
I 
N 

al - 
E 

0.010 

TC 

~ 1.17- 

I 1- 0.1 17 - 

bL SULFUR INITIALLY PRESENT - --- - 

I , /  
RUN NO. 4 L 7.13- 

0- -0- 
48 

I 

2 0  
TIME ( h r )  

l i t e r s  Hp/kg melt (AT 25°C'AND1alm) 

5 FLOW (mole hr-' kg-' ) 

- H2 

~ HF 

__ He 

1000 2 0 0 0  3000 4000 
I TOTAL SULFUR INITIALLY PR 

_ _ _  
SUN NO. 1 

I 

A 

e 

SULFUR ADDED GAS FLOW (mole hr-' kg-') 
- RUN NO. m e l t  ( kg )  (mole/kg) He H2 H F  - -~ 

1 0.25 0.0625 0 5.13 0.108 
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Fig. 3.20. Removal of Sulfur a s  H S by Sparging 2 L i F - B e F 2  Melts Containing Sulfur With H e - H 2 - H F  Mixtures 2 
at  6OO0C After Reduction with Beryllium Metal. 
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\ temperature - but otherwise differing in conditions 
- a re  plotted in  the same way, t he  da t a  a re  s e e n  
to coincide in the  in i t ia l  period of relatively rapid 
H,S evolution. The  H,S/H, mole ratio of the 
effluent gas  here w a s  roughly cons tan t  a t  -0.00044 
for the  various runs. When the amount of sulfur 
remaining to be  removed had fallen to  -0.02 
mole/kg (-600 ppm), the  H,S evolution ra tes  be- 
gan to  dec rease  a t  a ra te  roughly proportional to 
the  amount of sulfur remaining and the corre- 
sponding half t imes for the  decay in the  rate 
appeared to be proportional to the  hydrogen flow 
rate. 

In the experiments a t  6OO0C, it was  poss ib le  t o  
remove >95% of the sulfur i n  20-40 hr of sparging. 
Th i s  was  with 1000-2000 ppm sulfcr init ially 
present in 0.25 kg of m e l t  and with H, gas  flow 
ra tes  of -40 l i ters/hr.  T o  remove similar amounts 
of sulfur in similar t i m e  periods from 100-kg 
ba tches ,  such  a s  those  treated in  the  production 
facil i ty a t  Y-12, evidently -400 t i m e s  th i s  flow 
rate (16,000 l i t e rs  of H, per hour) would be  re- 
quired. Because  of the  expected dec rease  in the 
H,S/H, ratio be1,ow -900 pprn sulfur, the gas 
flow ra tes  required for melts containing <600 ppm 
sulfur, while they should be  l e s s ,  unfortunately 
would not decrease  proportionately. 

In the  t e s t s  a t  8OO0C, although init ially the 
effluent H,S/H, ratios were higher (-0.001 v s  
-0.0004), i t  was  poss ib le  to remove only about 
70% of the sulfur a s  H,S. It is thought tha t  the 
remainder was  lo s t  by irreversible reaction with 
the  n icke l  vesse l .  

H,S React ion w i t h  N i c k e l  

T h e  constancy of the effluent H,S/H, mole ra t io  
during the in i t ia l  sparging of sulfide-containing 
melts with HF-H, mixtures sugges t s  tha t  a n  equi- 
librium of the  type 

MS + H, H,S + Mo 
is involved. Of the three metallic e lements  which 
were present i n  major amounts, lithium, beryllium, 
and nickel,  the first  two may reasonably be ruled 
out s i n c e  reduction of Li(1) or Be(I1) to the  metals  
could not occur in the presence of HF.  In the 
c a s e  of nickel,  however, already present as the 
metal in the container wal l s ,  reaction with H,S 
to  form a nickel sulfide is qui te  possibly the 

equilibrium which controls the  effluent H,S/H, 
mole ratio, The  observed in i t ia l  va lues  of t h i s  
ratio a t  600 and 8OO0C, when compared with the 
resu l t s  of Rosenquis tZ9 for the  reaction of Ni  
with H,S, a re  s e e n  to be comparable but lower: 

Observed Rosenquisl 

6OO0C 0.00044 0.001 1 

8OO0C 0.0010 0.0023 

T h i s  could be  because  the n icke l  su l f ide  was  
formed in the cooler region of the sys tem (e.g., in 
the upper part of the  reaction v e s s e l  or in the 
off-gas line). T h i s  was  supported by r e su l t s  of 
a n  experiment in which the  off-gas l ine was  packed 
with fine nickel wire. At the end of an H,-HF 
sparging run, nickel su l f ide  w a s  observed to  be 
present only at the upper, cooler extremity of 
the wire packing. The  dec rease  in the effluent 
H,S/H, ratio with continued sparging c a n  be  
explained in  t e r m s  of a decreas ing  reactivity of 
nickel su l f ide  as the amount decreases  or as i t  
formed on cooler surfaces.  

The  evident formation of n icke l  su l f ides  (prob- 
ably Ni, S 3 )  nonethe less  appeared largely revers- 
ib le ,  s ince  nearly all of the sulfur init ially added 
could b e  removed in runs a t  6OO0C and the nickel 
v e s s e l s  when examined after u s e  were found t o  
be  free of s eve re  corrosive attack. T h e  failure 
to remove a l l  the sulfur at 800°C was t o  be  ex- 
pected, s i n c e  th i s  is above the temperature (645OC) 
a t  which an Ni-33 at. % S eutec t ic  is formed. 
It  is th i s  eu tec t ic  which is thought to  b e  respon- 
s ib l e  for the penetrating, and probably irrevers- 
ible, a t tack  of nickel by sulfur which can  occur. 

Sulfur Removal  Methods. - On the  b a s i s  of 
these  t e s t s ,  the treatment of sulfate-containing 
ba tches  of flush s a l t  (2LiF-BeF2)  a t  the  Molten- 
Sa l t  Production Fac i l i ty  involved addition of a 
smal l  e x c e s s  of beryllium metal to reduce the 
su l fa te  to sulfide,  followed by H, -HF sparging 
which was  continued until  the H,S evolution rate 
decreased  to a low value. The  temperature was 
usually 6OO0C, below the eu tec t ic  temperature 
a t  645OC. T h i s  treatment, while effective,  was  
prolonged a s  expected at the  gas  flow rates u sed  

"Terkel Rosenqvist, J .  Iron Steel  Inst. (London) 176. 
37 (1954). 
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(-10 liters/min); H,-HF sparging was  often con- 
tinued for more than 100 hr per 100-kg batch. A 
much improved treatment would be  t o  filter the 
salt after the beryllium reduction, thus  removing 
most of the  sulfur, the  oxide, and the reducible 
metall ic impurities i n  one  s t ep .  However, such  
fi l trations have  proven t o  be  difficult  with ex- 
i s t i ng  techniques,  the n icke l  f i l t e rs  being eas i ly  
c logged by finely divided so l ids .  

Alternatively, s i n c e  the  present  resu l t s  ind ica te  
tha t  the sulfur is removed relatively rapidly from 
the m e l t  during H,-HF sparging, and then reacts 
with the container wal l s  and piping, a cooled 
reactive bed of n icke l  metal or other getter could 
be  loca ted  in the g a s  phase  of the  treatment v e s s e l  
to quickly and sa fe ly  remove the H,S evolved from 
the melt. If it should become necessary  in the 
future to aga in  treat  molten fluoride salts con- 
taining sulfur impurities, laboratory s t u d i e s  of 
such  a method would be desirable.  

ELECTROCHEMISTRY OF MOLTEN FLUORIDE 
MIXTURES 

Reference Half-Cells for Molten LiF-BeF, 
Mixtures 

G. Dirian3' K. A. Romberger 
C. F. B a e s ,  Jr. 

T h e  development of reference e lec t rode  half- 
cells tha t  are compatible with molten fluorides in  
general  and with the  MSRE fuel salt in particular 
h a s  been in progress during the  p a s t  year. Such 
half-cells would permit the determination of the 
redox potentials of some of t he  major fuel con- 
s t i tuents ,  f i s s ion  products, and poss ib le  impurit ies 
such  as corrosion products. T h i s  information 
could form a bas i s  for the development of remote- 
controlled, on-stream analy t ica l  methods tha t  
would b e  extremely valuable indicators of the 
chemical  condition of the  reactor fuel system. 
In addition, the  reversible poten t ia l s  obtained 
could be  used  to derive important thermodynamic 
quant i t ies  which e i ther  a r e  not otherwise ava i lab le  
or can  be compared with va lues  from other ex- 
perimental sources.  

A reference electrode half-cell  must have  a 
potential  that is s t ab le ,  reproducible, and revers- 

30Euratorn Exchange Scientist, C.E.N., Saclay, France. 

ible. Also,  i t  should be  nonpolarizable, rugged, 
s imple  to  u s e ,  and inert  to  the sys tem under in- 
vestigation. Two e lec t rodes  which have  been 
found to  m e e t  most of t hese  requirements are those  
based  on the beryllium metal-beryllium ion  and 
the hydrogen-hydrogen fluoride couples ,  i.e., 

B e  = B e 2 + +  2 e ,  

2 F -  + H, = 2 H F  + 2e . 
(3 7) 

(38) 

T h e  construction of the beryllium e lec t rode  tha t  
It cons is ted  of was  used  is shown in F ig .  3.21. 
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Fig. 3.21. Beryllium Electrode. 
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a tubular p iece  of beryllium metal  brazed onto a 
n icke l  support  tube. A boron nitride s l e e v e  pre- 
vented contact between the  nickel and the  melt ,  
while helium g a s  bubbling through the  centered 
hole  protected the  beryllium from a t t ack  by any  
res idua l  HF .  

T h e  H,, HF/Pd e lec t rode  is i l lus t ra ted  in  
Fig.  3.22. Thin-walled palladium tubing dipped 
in to  the  melt to a c t  a s  an  iner t  subs t r a t e  for t he  
H,-HF reaction. The n icke l  tube  transmitted the  
premixed H,-HF g a s  mixture and provided elec- 
trical  contac t  to the outside.  

Both e lec t rodes  were i so la ted  from the bulk of 
the  melt  (and thus from each  other) by compart- 
ments  of the type shown in F ig .  3.23. The  smal l  
3/,-in. ho le  provided a passage  for melt  flow in to  
and out of the  compartments during insertion or 
removal of the e lec t rode  assembl ies .  

T e s t s  involving two beryllium e lec t rodes  vs  each  
other in molten Li,BeF, showed them to b e  
perfectly s t a b l e  and revers ib le  for current den- 
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Fig. 3.22. Hq, HF/Pd Electrode. 

s i t i e s  up  to 2 ma/cm2. Reversibil i ty was  obtained 
init ially even  a t  current dens i t i e s  of 100 ma/cm2, 
but  rapid potential  decay occurred, apparently be- 
c a u s e  of beryllium ion depletion from the melt 
near the electrode surface.  Reproducibility was  
50.1 mv. Other beryllium e lec t rodes ,  formed by 
electroplating the metal  onto a nickel rod, were 
also found to b e  reproducible and  reversible,  but 
the metal depos i t  w a s  spongy and porous, and 
beryllium ion depletion was  more quickly observed. 

When two H,, HF/Pd  e lec t rodes ,  suppl ied  with 
the same  H,-HF mixture, were used  together, the 
potential  w a s  also found to b e  reversible up  t o  
2 ma/cm2. T h e s e  e lec t rodes  were s t a b l e  to 
k1 mv. T h e s e  s m a l l  potential  f luctuations were 
caused  by s l igh t  pressure  changes  as bubbling 
occurred, but no  b i a s  w a s  observed. 

ORNL- DWG 65-2548 
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Since both the Be /Be2  ' and the H,, H F / P d  elec- 

Be(s) + 2HF(g) = H,(g) + BeF,(d) (39) 

could be studied. At any one beryllium ion cornpo- 
s i t ion,  the potential  should depend only on the 
partial pressures  of H, and HF.  Figure 3.24 
shows a plot of the potent ia l  values  observed for 
H F  part ia l  pressures  from 0.04 to 0.78 a t m .  T h e  
reversible s l o p e  of 0.0775 v a t  508OC was  c lose ly  
approxi mated. 

T h e  potential  value when log (PHF)'/;PH 
equals  zero is a measure of the free energy, 
AF(40),  of the cell reaction 

Be(s) + 2HF(g, 1 atm) 

trodes responded reversibly,  the cell reaction 

2 

= H,(g, 1 atm) + BeF,(d) ; (40) 

AF(40) can b e  compared with the free  energy, 
AF,, ), assoc ia ted  with t h e  reaction 

BeO(s) + 2HF(g, 1 atm) 

= H,O(g, 1 atm) + BeF,(d) , (41) 

which h a s  been determined independently in an 
L i , B e F 4  solvent  (see the  subsect ion "LiF-BeF, 
Melts," th i s  chapter). T h e s e  free energ ies  should 
differ by an amount equal  to the difference in the 
s tandard free energies  of formation of B e 0  and 
H,O; that is, AF(,,) should equal  AF(, , ,  + 
A F ; ~ ,  - A F ; , ~ .  T h e  la t te r  sum of terms, 
labeled AFcs,, is calculated in  Tab le  3.8 and 

This comparison shows  compared with AF 
that the free  energies  obtained by the present  emf 

(4  0 )' 

are  more negat ive than measurements,  
the  corresponding calculated quant i t ies  , 
by 1.5 to 1.1 kcal  for the temperature range 504 t o  

AF(4  0 ) '  

AF S ) '  

703OC. 

1.950 

1.900 

1.850 - 
> - 
9 
c z 
w + ' 1.800 

1.750 

1.700 

T h i s  difference may be due in  part to an  

Fig. 3.24. P lot  of Potential vs log (PHF)2/P for 

the Cell Be(s) + 2HF(g) = H2(g) + BeF2(d) in Li2BeF4.  
" 2  

(9' Table 3.8. Comparison Between Measured Free Energies, hF and Calculated Free Energies, hF 
(40)' 

for the Reaction Be(s) + 2HF(g, 1 atrn) = H2 (g, 1 atm) + B e F 2  ( d )  

5 04 +1.9155 -88.35 - 10.90 - 124.85 -48.94 - 86.81 - 1.54 

508 +1.9130 -88.23 -10.82 -124.76 -48.89 -86.69 -!.54 

703 +1.7749 -81.86 - 6.90 -120.24 -46.36 -80.78 - 1.08 

597 +1.84g5 -85.26 - 9.06 - 122.69 -47.74 - 84.01 - 1.25 
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error i n  the  value of AFieo.  T h e  va lues  of 
AF:eo . and  AFo were interpolated from those  

given in the JANAF Tab les .  3 1  

Both e lec t rodes  performed acceptably for u s e  
as reference electrode half-cells.  In the future, 
metal-metal ion couples  other than Be/Be2 + wil l  
b e  investigated to determine their  reversibility . 
In particular, if  ei ther of the  couples  

H 2 0  

Ni0+ N i 2 + +  2 e  

Feo + Fez ' + 2 e  

is reversible,  then the  concentration of the cor- 
responding structural  metal  ion  could,  i n  principle, 
b e  monitored continuously i n  a molten fluoride 
reactor system such  as the MSRE by u s e  of a cell 
of the type 

M I M2+(in MSRE fuel) 1 )  2LiF-BeF,  I R.E.  

wherein either t he  Be/Be2+ or  the H, ,  H F / P d  
electrode could be  used  as the  reference electrode. 

Revers ib le  Deposit ion of Meta ls  on Solid 
Electrodes by Voltammetry w i t h  L i n e a r l y  

Vary ing  Potent ia l  

Gleb Mamantov3 D. L. Manning33 
J. M. Dale33 

In the s t u d i e s  of the  electrochemical reduction 
of metall ic i o n s  in  molten s a l t  so lven t s ,  i t  became 
necessary  to extend the  ava i lab le  theoretical  treat- 
ment for t h e  reversible depos i t ion  of meta ls  on 
so l id  e lec t rodes  during voltammetry with linearly 
varying potential  (stationary e lec t rode  polar- 

Equation (42), proposed by Kolthoff and 
ography). 

~ i n g a n e ,  

RT 
n F  

+ 2.3 -log (if - i) , (42) 

where 

E ;  = the standard potential  for the  couple 
M n t  + n e e M ,  

k = a constant,  

fs = the  activity coefficient of t he  metal  ion,  

i, = limiting current, 

i = current a t  any potential  E ,  

h a s  been used  for reversibility t e s t s  and for t he  
determination of n va lues  in the  case of the  
deposit ion of meta ls  at so l id  microelectrodes (ap- 
plications to molten s a l t  sys t ems  a r e  d i s c u s s e d  
by L iu ,  Johnson, and Laitinen35).  I t  is assumed 
for stationary e lec t rodes  that mass transfer is 
convection controlled, that  the metal  is depos i ted  
on the  e lec t rode  sur face  a t  cons tan t  activity with- 
ou t  alloy formation, and  tha t  the reaction proceeds 
reversibly. I t  is evident  that  the  s lope  of E vs  
log ( i f  - i) is given by 2.3(RT/nF). 

If the  m a s s  transfer is diffusion controlled,  
usually' encountered with rapid s c a n  ra tes ,  n o  
s teady  limiting currents a r e  obtained; ins tead ,  
the  current-voltage curves  a re  peak-shaped. 
Berzins and D e l a h a ~ ~ ~  have  shown tha t  for the 
reversible deposit ion of metals a t  solid micro- 
e lec t rodes ,  the current is given by 

where 

v = ra te  of voltage s c a n ,  

A = electrode a rea ,  

Co = concentration, 

D = diffusion coefficient,  

t = s c a n  time, 

3 1  JANAF (Joint Army-Navy-Air Force)  Interim Ther- 
mochemical Tables, Thermal Research Laboratory, Dow 
Chemical Company, Midland, Mich. (in loose-leaf bind- 
ers; revised quarterly). 

32Consultant, University of Tennessee  Chemistry De- 
partment. 

33Analytical Chemistry Division. 

341. 111. Kolthoff and J. J. Lingane, Polarography, vol. 
1, 2d ed., pp. 203-205, Interscience, New York, 1952. 

35C. H. Liu, K. E. Johnson, and H. A. Laintinen, 
ggElectroanalytical Chemistry of Molten Salts," pp. 695- 
99  in  Molten Sa l t  Chemistry, ed. by M. Blander, Inter- 
science,  New York. 1954. 

36T. Berzins and Paul  Delahay, J. Am. Chem. SOC. 75, 
555 (1953). 
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and the  term 

@[( g " t ) 1 ' 2 ]  , 

denoted as  @(a) ,  represents the  function 

T h e  va lues  of @ ( a )  for different va lues  of a have 
been tabulated. 

I t  w a s  of in te res t  t o  obtain a relationship from 
Eq. (43) between the appl ied  e lec t rode  potential  
E and log  (ip - I), where i is the  peak current, 
i n  similarity to the  Kolthoff-Lingane equation. 

T h e  de ta i led  ana lys i s  is given e 1 ~ e w h e r e . j ~  I t  
can  be  summarized by s ta t ing  tha t  the  plot of 
log  (ip - I) v s  E approaches  l inearity over the 
approximate current range 0.5i to 0.9i the  s l o p e  
be ing  2.2(nF/RT). T h e  experimental  verification 
included the  study of the  current-voltage curves  
for t he  reductions of Fe(I1) i n  molten LiF-BeF,  
(66-34 mole %) and LiF-NaF-KF (46.541.5-42 
mole %) at 500' and Ni(I1) i n  LiF-NaF-KF (46.5- 
11.5-42 mole %) a t  pyrolytic graphite electrodes.  

P P'  

Electrochemistry of UF, in  Molten Fluorides 

Gleb Mamantovj 

Electrochemical s t u d i e s  i n  molten fluorides have  
been continued; the equipment h a s  been described 
previously. Electrochemical reduction of U(1V) 
by ,voltammetry with l inearly varying potential  i n  
molten LiF-BeF,-ZrF, (65-33-2 mole %) a t  5OO0C 
h a s  been observed a t  approximately -1 .2  v vs  t h e  
platinum quasi-reference e lec t rode  (F ig .  3.25A); 
the  reduction of the so lvent ,  presumably involving 
the  Zr(1V) spec ie s ,  t a k e s  p lace  a t  approximately 
-1.7 v. T h e  limiting current i nc reases  with the  

j 7 W .  L. Miller and A. R. Gordon, 1. Phys. Chern. 35, 
2875 (1931). 

38Gleb Mamantov, D. L. Manning, and J. M. Dale, J .  

j9Gleb Mamantov, Reactor Chern. D i v .  Ann. Progr. 

Electroanal. Chern. (in press). 

Rept. Jan. 31. 1964. ORNL-3591, pp. 53-55. 

concentration of U(IV) in  the range 0.09-0.33 
mole %), although i t  h a s  not  ye t  been poss ib l e  t o  
e s t ab l i sh  d i rec t  proportionality. T h i s  is likely 
to be  caused  by the  poor definit ion of t he  a rea  of 
the unshea thed  platinum working electrode. T h e  
definition of the  U(1V) voltammogram at a pyrolytic 
graphite e lec t rode  is poor after s eve ra l  runs. 

Good reproducibility h a s  been achieved ,  how- 
ever,  with derivative voltammetry (Fig. 3.25B); 
for example, t he  relative s tandard  devia t ion  for 
10 consecut ive  runs made a t  10-min in te rva ls  was  
1.8%. 

T h e  mechanism of U(1V) reduction and other 
a s p e c t s  of t h e  electrochemistry of uranium i n  th i s  
so lvent  a r e  presently be ing  investigated.  

T h i s  method appears  to b e  potentially usefu l  for 
the  development of an  in-line monitoring device  
for molten-salt reactor sys tems.  

ORNL-DWG 65-2550 
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Fig. 3.25. Reduction of U(IV) at a Platinum Micro- 
electrode (Area = 0.06 cm2) in L iF-BeF2-ZrF4 (65-33-2 
mole %). 



VISCOSITY IN THE LiF-BeF, SYSTEM 

S. Cantor W. T. Ward 

Viscos i t ies  of the L iF -BeF ,  system a r e  being 
measured to provide s ignif icant  physical  da ta  in  
support  of molten-salt  reactor technology and to 
systematical ly  explore a s e r i e s  of fluoride m e l t s  
which vary from the very v iscous  (pure BeF,)  to 
the very fluid (pure LiF) .  

T h e s e  v iscos i t ies  have  been measured by de- 
termining the torque required to maintain constant  
angular velocity of a cylindrical  spindle  immersed 
in  the test liquid. The  reliability of the instrument 
(Brook field LVT), which both measures  the torque 
and maintains constant  rotation rates ,  h a s  been 
thoroughly checked with o i l s  of known viscosi ty  
purchased from the National Bureau of Standards. 

Seventeen compositions,  having BeF,  concen- 
trations ranging from 50 to 100 mole %, have been 
invest igated,  and the da ta  for t h e s e  are sum- 
marized in Tab le  3.9. All  compositions,  with the 
possible  exception of pure BeF , ,  appeared to fit 
the equation 

where 

'7 = the viscosity in cent ipoises ,  

K = a constant  (a l so  in cent ipoise  units), 

E = the energy of activation for viscous flow, 77 
R = the gas  constant ,  

T = the temperature in  degrees  Kelvin. 

Table  3.9. Summary of Data  and Constants for the Viscosity-Temperature Equation, 

l o g T ] = A / T - B  
(T]  in centipoises; T in  O K ) ,  for the System L i F - B e F 2  

Composition Temperature Range Viscosity a t  600°C 

(centipoises) A B (mole % B e F 2 )  Measured (@C) 

100 712-829 13,100 7.05 90,000, 000' 

99.01 692-967 11,390 5.955 12,300,000' 

98.01 632-917 10,300 5.135 4.7 10,000' 

97.00 601 -897 9,540 4.595 2,160,000' 

96.01 601-844 8.995 4.29 1,020.000' 

94.91 557-837 8,620 4.13 550,000 

258,000 93.01 572-842 8,185 3.96 

91.02 s45--832 7,690 3.77 110,000 

90.02 594-882 7.405 3.65 68,000 

85.00 539-747 6,580 3.37 14,500 

79.99 558-745 5,950 3.185 4,250 

75.00 490-705 5.405 3.085 1.275 

70.00 480-704 4,695 2.695 480 

65.00 451-724 4,150 2.45 200 

60.00 437-584 3,775 2.35 92 ' 
55.01 389-584 3,390 2.22 46' 

50.00 376-577 3,065 2.08 27' 

'Extrapolated. 
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F o r  more convenience in  ca lcu la t ions ,  Eq. (44) 
was  r ecas t  i n  the  form 

log 17 = A / T  - B , (4 5) 

where 

A = ET/2.303R, 
B =-log K .  

Of the da ta  l i s ted  i n  T a b l e  3.9, that  for pure BeF, 
is the  least reliable,  because  of d i f f icu l t ies  in 
measuring very high v i scos i t i e s  with the appara tus  
at hand. Fo r  t h e  other compositions,  the  vis- 
cosities a r e  probably accu ra t e  t o  within 10%. T h e  
temperature dependence of the  v iscos i ty  (reflected 
in the cons tan t ,  A), however, is accura te  to  within 
3%. 

A s  il lustrated i n  the  l a s t  column of T a b l e  3.9, 
t he  viscosity dec reases  rapidly with increas ing  
LiF concentration. A l so  dec l in ing  rapidly with 
LiF concentration is the energy of ac t iva t ion  for 
v i scous  flow (see Fig. 3.26). If, w e  f i r s t  assume 
tha t  liquid BeF, is a disordered three-dimensional 
network of tetrahedra4 O' held  together by beryllium- 
fluorine bonds,  the changes i n  '1 and E 
addition of LiF become explainable,  
is introduced, bond rupture occurs ,  caus ing  the 
network to break down into c lus te rs .  T h e  bond' 
rupture may be  pictured a s  

I I I 
-Be-F-Be- + L i F  + -de-F Li' F--Be . 

I I I I 

b;.;h;;; 

A s  more LiF is put into the  sys tem,  s t i l l  more 
bonds break, and the average  c lus t e r  size de- 
c reases .  If we a s sume  (1) tha t  t he  flow unit  is 
proportional t o  c lus te r  size and (2) tha t  t he  number 
of flow un i t s  i nc reases  as the number of c lus te rs  
i nc reases ,  then i t  follows that v i scos i ty  d e c r e a s e s  
with increasing LiF concentration. Furthermore, 
a s  the  size of the flow uni t  dec reases ,  the  energy 
required t o  surmount the potential  energy barrier 
to flow also decreases ;  hence  E (which is a 
measure of this required energy) dec reases  with 
inc reas ing  LiF concentration. If w e  imagine, alter-  
natively,  that  the  uni t  of flow tunnels through the 
potent ia l  energy barrier, then the  smal le r  un i t  
should  get through eas i e r ;  hence ,  a tunneling 

7 )  

MOLE PERCENT EeF, 

Fig. 3.26. Energy of Activation for Viscous Flow vs  
Composition in the L i F - B e F p  System. 

mechanism leads  to the  s a m e  conclusion: 
dec reases  with increas ing  LiF concentration. 

A binary system analogous in many properties 
to LiF-BeF, is MgO-SiO,. T h e  b a s e s  of the  
analogy a r e  the  approximate equa l i t i e s  i n  ionic 
sizes (Lit 2 Mg", B e Z t  2 Si4', F- 2 02-). 
Bockris,  Mackenzie, and Kitchener4 ' h a v e  meas- 
ured the  v i scos i t i e s  of the  MgO-SiO, sys t em over 
the  composition range 44.3 to 51.4 mole % MgO. 
For  the  corresponding compositions and tempera- 
tu res ,  t hese  authors found tha t  t he  v i scos i t i e s  of 
three o ther  (CaO, SrO, BaO) a lka l ine  ear th  oxide- 
silica binary sys t ems  were roughly equal  t o  the  vis- 
c o s i t i e s  measured in  the  MgO-SiO, system. Fur- 
thermore, for any  composition up  to 55 mole % 
a lka l ine  earth oxide, E 
of t h e  a lka l ine  earth oxide. T h e  curve  of E vs  
composition in these  silica b inar ies  is nearly 
proportional to the same plot in the LiF-BeF, 
sys tem.  In other words, 

w a s  the  same,  regard less  ' 
q. , 

E,, (pure BeF,) 
E (x mole % BeF,, y mole % LiF) 

7 )  

E ,  (pure SiO, a t  170OOC) 

E (x mole % sio,, y mole % MO) ' 
% - 

71 

where M is Mg, Ca ,  Sr, or Ba. 
Further v i scos i ty  s t u d i e s  i n  the  LiF-BeF, 

system a re  i n  progress or  planned. Liquids  being 
or t o  b e  measured are: ( a )  pure BeF , ,  u s ing  

40W. H. Zachariasen, J .  Am. Chem. SOC. 54, 3841 
(1932). 

41J. O'M. Bockris, J. D. Mackenzie, and J. A. Kitch- 
ener, Trans. Faraday SOC. 51, 1734 (1955). 
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spec ia l  sp ind le s  for high v iscos i ty  determination, DENSITY (lb/f13) ORNL-DWG 65-2552 

( b )  liquids having higher concentrations of L i F ,  looo IO0 125 150 I75 200 

and (c) so lu t ions  of UF,,  ThF,,  o r  ZrF, i n  the  
LiF-BeF,  system. 900 1652 

- - 800 1472 
W LT - Y 

700 1292 2 
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600 1112 4 
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DENSITIES OF MOLTEN-FLUORIDE MIXTURES 5oo 932 

Values  for the  dens i t i e s  of molten-fluoride mix- 300 15 2 0  2 5  30 3 5  

3 MSRE FUEL B. J .  Sturm R. E. Thoma 400 

tures  have generally been obtained from es t imates  DENSITY (g/cc)  

Fig. 3.27. Densit ies of Molten Salts. such  as  the relatively imprecise method of mix- 
tu res  employed by Cohen e t  aZ.,42*43 in which 
experimental va lues  for the dens i t i e s  of the  com- ‘ 

ponents a t  room temperature were used ,  or the  
more sa t i s fac tory  method employed by Cantor,,, 
which a s sumes  additivity of molar volumes. In 
order to obtain more p rec i se  dens i t i e s ,  w e  as- 
sembled a , s imple  experimental dev ice  to  measure 

MASS SPECTROMETRIC STUDIES OF MOLTEN 
FLUORIDE VAPOR SPECIES 

the  height of a known weight of fluoride contained 
in a cylindrical  ves se l ;  the apparatus is contained 

R. A .  Strehlow J. D. Redman 

i n  an inert-atmosphere glove box to permit safe 
handling of beryllium compounds and  to prevent 
contamination of the t e s t  s a l t  mixtures. T h e  
l iquid he ights  a re  obtained by perpendicularly 
probing the  l iquid sur face  and , the v e s s e l  bottom 
with a rod a t tached  to ca l ipers .  When the  rod j u s t  
touches  the sur face  of the  l iquid,  a s imple  elec- 
trical  c i rcu i t  is completed and  a light bulb goes  
on. From the  height of the  liquid, the diameter 
of t h e  nickel v e s s e l  and  the  weight of fluoride, 
t he  density is then calculated.  Experimental  
va lues  of dens i t i e s  obtained for four s a l t  mixtures 
of current u s e  i n  MSRE or  F luor ide  Volatility 
Process technology are shown in  Tab le  3.10 and  
Fig .  3.27. Some of the  experimental  va lues  ob- 
tained i n  th i s  work a r e  somewhat higher than those 
obtained in previous estimations.  R e a s o n s  for 
the d i f fe rences  in  experimental and  ca lcu la ted  
va lues  a re  not ye t  ascribable.  

During the pas t  year s tud ie s  were begun of the 
vapor s p e c i e s  given off from so l id  or molten 
fluoride mixtures. I t  w a s  expec ted  that t h e  r e su l t s  
would contribute to our general  knowledge of the  
behavior of inorganic fluorides,  would a s s i s t  t he  
present  evaluation of vacuum dis t i l l a t ion  as  a 
poss ib le  purification method for reactor fuels 
(see the next  sec t ion ,  “Recovery of Carrier Sa l t  
by Disti l lat ion,” th i s  chapter), and would bear 
on the  ques t ion  of whether so l id  plugs might be  
depos i ted  in  reactor off-gas l i nes  via true vapor 
transport (vs mechanical transport as mist). T h e  
f i r s t  experiments were made with a lithium flu- 
oride-beryllium fluoride salt composition (66 
mole ’% L i F )  corresponding nearly to  that of the  
compound Liz BeF, . 

Measurements were made near  t he  melting point 
(452OC) of the sa l t .  T h e  vapor sou rce  w a s  a tiny 
quartz crucible,  0.045-in.-diam, hea ted  by an  ex- 
ternal tungsten filament. The  top of the crucible 

,’S. I. Cohen and T. N. Jones, A Summary of Density 
Measurements on Molten Fluoride Mixtures and a Cor- 
relation Useful  for Predicting Densit ies of Fluoride Mix- 
tures, ORNL-1702 (July 19, 1954). 

43S. I. Cohen, W. D. Powers, and N. D. Greene, A 
Physical Property Summary for A N P  Fluoride Mixtures, 

Cantor, p. 38 i n  Reactor Chem. Div. Ann. Progr. 

w a s  about ha l f  a n  inch  below the ion iz ing  electron 
beam Of a Bendix time-of-flight m a s s  spectrometer 
u s e d  for de tec t ing  the  vapor, spec ie s .  T h e  vacuum 
sys tem of the  spectrometer was  modified i n  order 
to obtain lower source  pressures ;  t he  normal 

3-5 x lo-’ torr. S ince  the quartz-crucible vapor 

ORNL-2150 (Aug. 23, 1956). 
Operating pressure was reduced from lo-’ to 

Rept. Jan. 31, 1962, ORNL-3262. 



Table  3.10. Densit ies of Molten Salts 

* Density Ex pres sion 

( d i n  lb/ft3; t in OF) 
(English Units) Temperature Composition Expression (Metric) 

( d  in g/cm3; t in OC) Previous Estimate This Work (mole X )  

1200°F 

MSRE fuel LiF 65.0 d =  2.857 - 0.00087t d =  179 - 0.0271t 1200°F 146 lb/ft3 146 lb/ft3 a 

B e F 2  29.1 141 lb/ f t3  ' 
ZrF, 5.0 
UF, 0.9 

MSRE barren LiF 65.6 d = 2.842 - 0.000808t ' d =  178 - 0.028t 145.5 lb/ft3 132.7 lb/ft3 
fuel B e F 2  29.4 

ZrF, 5.0 

MSRE coolant LiF 66.0 d =  2.742 - 0.00095t ' d =  171.5 - 0.0329t 1200°F 132 lb/ft3 122 lb/ft3 " 
B e F 2  34.0 124 lb/ft3 " 

118 lb/ft3 a'f 

Volatility K F  63.8 d = 5.025 - 0.00275t 
solvent ZrF,  21.3 

AlF, 14.9 

65OoC 3.237 g/cm3 

%60O-65O0C 2.5 g/cm3 ' 
~~ 

aW. R. Grimes, "Molten Sal ts  a s  Reactor Materials," Nuclear News (May 1964). 
'E. S. Bett is  and W. B. McDonald, "Molten-Salt Reactor Experiment," Nucleonics (Jan. 1964). 
'Based on addition of a second portion of sal t ;  therefore, in  effect, t hese  values  are  corrected for the curvature of the meniscus. 
dEstimated from empirical molar volumes (see ref. 44). 
"J. R. Engel, private communication, February 1965. 
'Corrected for temperature. 
gS. Mann, private communication, February 1965, calculation based on difference in pressure of two probes in  Pi lot  Plant  reaction vessel .  

a, 
P 
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source used for these  s t u d i e s  w a s  not really 
su i tab le  for melted fluorides, i t  was not possible  
to obtain quant i ta t ive resu l t s  a t  high temperatures; 
nevertheless ,  various peaks were ass ignable  to  
expected s p e c i e s ,  and some interest ing t ransient  
phenomena were found. 

Tab le  3.11 lists the observed mass  peaks with 
ass igned  formulas. No  peaks  corresponding t o  
L i ,BeF ,  , Li,BeF,+,  or L i , B e F , +  ions were 
found. The presence of L iBeF ,  i o n s  indicated 
that, for the 66 mole % LiF composition, L iBeF ,  
was the dominant and possibly the sole s p e c i e s  
containing both lithium and beryllium. 

T h e  effects of small uncontrolled temperature 
perturbations on the peak i n t e n s i t i e s  of Li,Ft 
and BeF, '  relative to the  intensi ty  of L iBeF ,  
near  two temperatures (416 and 46OoC) are  shown 
in F igs .  3 .28 and 3.29. It wi l l  b e  noted that below 
the melting point the Li,Ft intensi ty  increased 
relative to  that  of the beryllium-containing ions 
for a short  t ime  following a small temperature 
increase,  while above the melting point the BeF ,  
ion intensi ty  increased temporarily re la t ive to  
those  of both of the lithium-containing spec ies .  
Such behavior was  observed at severa l  tempera- 
tures  from 375 to 570°C and indica tes  that, under 
nonequilibrium vaporization condi t ions,  BeF ,  
rather than a lithium-containing s p e c i e s  vaporized 
from liquid Li,BeF,.  The  s p e c i e s  which vaporized 
from the solid s a l t  appeared to b e  dimeric lithium 
fluoride. 

+ 

+ 

+ 
1A ,TEMPERATURE I 
% :! = 

Although the peak height ratios cannot  give a 
direct  quantitative measure of the amounts of BeF,  
relative to  the amounts of all the other  s p e c i e s ,  
an  ion intensity for BeF ,  of more than 60% of 
the total  peak heights  h a s  been occasional ly  ob- 
served from the liquid. From the so l id ,  a s  much 
a s  90% of the vapor h a s  appeared to be dimeric 
lithium fluoride. It was  assumed that the smal l  
temperature perturbations did not grossly affect 
the  ionizing efficiency, spec t ra l  pat terns ,  or de- 
tection efficiency of the mass spectrometer.  

Table  3.11. Mass Numbers Observed During 

Vaporization of L i q B e F 4  

Mass Number Assigned Formula 

7 Li + 

26 LiF+ 

33 LizF 

47 BeF , 
54 LiBeF, 

+ 59 Li3FZ 

+ 
+ 

t 

3 
TIME ( rn in)  

Fig. 3.28. Ion Intensity Rat ios Near 416'C from 

L i 2 B e F 4  (Solid). 
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Fig. 3.29. Ion Intensity Ratios Near 460°C from Li2BeF4 (Liquid). 

RECOVERY OF CARRIER SALT 
BY DISTILLATION 

M. J. Kelly 

Uranium fluoride d isso lved  in a carrier s a l t  of 
beryllium, lithium, and zirconium fluoride in  the 
molten s t a t e  is the fuel for the Molten Sa l t  Reac tor  
Experiment. A similar fuel (probably without the  
zirconium) is proposed for a thermal breeder. To 
ach ieve  a significant breeding gain, the  average 
thermal c ros s  sec t ion  of the fuel must remain low. 
As f i ss ion  products (particularly the  rare ear ths)  
accumulate,  neutron losses by capture  increase .  
If a process  for removal of f i ss ion  products which 
wi l l  keep their concentration a t  a n  arbitrary low 
value is economically practical ,  the potential  
a t t rac t iveness  of the  fluid fue l  becomes a reality. 
Such a removal process  would also allow long-term 
usage  of the  carrier s a l t ,  which o therwise  must 
b e  discarded, b e c a u s e  of f i s s ion  product accumula- 
tion, a t  a c o s t  of -$1100/ft3. 

The oreti ca I Cons id era ti ons 

Purification of meta ls  and compounds by dif- 
fusion of their vapor from hot to cold s u r f a c e s  h a s  
been successfu l ly  practiced for decades .  Vacuum 
dis t i l l a t ion  is also commonly u s e d  in  the  meta l  
industry and in biochemical processes .  Fo r  the  
fluoride s a l t s  Brewer4 es t imated  vapor pressures ,  
shown on  Fig .  3.30, which ind ica t e  that a good 
separa t ion  of the  MSRE fuel components from the 
rare earth fluorides could b e  achieved  by the  
above techniques.  Fo r  volume production pur- 
poses ,  vacuum disti l lat ion appea r s  much more 
a t t rac t ive  than a diffusion process .  T h e  vapor 
pressure  required for prac t ica l  d i s t i l l a t ion  is 
es t imated  i n  the metal  industry as about  2 mm Hg. 
T h i s  va lue  can  be achieved  for e a c h  fuel com- 
ponent at  temperatures compatible with the  use  

45Le0 Brewer, “The Thermodynamic and Physical 
Properties of the Elements,” Report for the Manhattan 
Project, 1946. 
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Fig.  3.30. Estimated Vapor Pressures for MSRE F u e l  

Components and Rare Earths (Brewer, 1946). 

of oxidation res i s tan t  a l loys  necessary  for con- 
tainment, The  unknown quant i t ies  a r e  the activity 
coef f ic ien ts  of the various components i n  the 
molten mixture. 

Experimentu I Studies 

Since  determination of t h e s e  activity coef f ic ien ts  
presented a difficult problem, i t  appeared simpler 
to examine the  ac tua l  problem of d is t i l l a t ion  and 
acqui re  some knowledge of the relative volatility 
of t he  fuel components by experiment. Init ial  
experiments demonstrated the  feasibil i ty of dis- 
t i l l ing pure lithium fluoride and a lithium-beryllium 
fluoride mixture. Then samples  of MSRE fuel s a l t ,  
with europium trifluoride added a s  the  simulator 
for the  rare earth f i ss ion  products,  were d is t i l l ed .  
Success ive  a l iquots  of the  d is t i l l a te  were ana- 
lyzed. In one  experiment, the  separation factor 
for europium was  over 1000 after 80% of the  in i t ia l  
charge  w a s  disti l led.  All  experiments were single- 
p a s s  d is t i l l a t ions  with or  without some thermal 
reflux. T h e  equipment involved w a s  a s imple  
tubular still hea ted  with a n  ordinary vertical  tube 
furnace. 

Tab le  3.12 shows the summarized r e su l t s  for 
a n  experiment with 98% of the original charge 

Table  3.12. Recovery of Simulated MSRE Fuel  by Vacuum Dist i l lat ion 

Recovered in Recovered in Sti l l  
Bottoms Distilla tion Charged 

(g) (%I (g) (70) (mole %) (wt %) 

LiF 62.0 37.8 35.18 100 0.0014 0 ’  

BeFz 32.0 35.2 32.26 100 0.0008 0 

ZrF, 5.0 19.5 18.89 100 0.003 0 

UF4 
1.0 7.3 5.18 80 1.33 20 

EuF 0.2 0.003 2 0.15 98 

Unknown 5.38 0.49 
- - 

Tota l  99.7 g 96.89 98.1 1.89 1.9 

SFa = 50 

aSeparation factor. 



88 

dis t i l l ed ;  the separation factor of 50 obtained 
with total recovery of the carrier salt is adequate.  
T h e  remaining uranium c a n  b e  recovered by flu- 
oride volatility processing. 

Experimental data from completed experiments 
enable  u s  to construct  a very preliminary diagram 
of the vapor-liquid relat ionship a t  various s t a g e s  
of distillation. T h i s  is shown in Fig.  3.31. As 
more data  a re  acquired,  a l terat ions wil l  occur,  
but i t  is fel t  that  these changes  w i l l  be  minor in  
nature. 

Conclusions 

It appears  evident that separat ion of the MSRE 
fuel components from the rare earth f i ss ion  
products by dis t i l la t ion is practical. In addition, 
it seems likely that the process  wil l  provide 
reasonable  separat ions from other (and less im- 
portant) f iss ion product s p e c i e s  such  a s  SrF, ,  
BaF, ,  and that  fraction of the Nb, Mo, Ru, Rh,  
and P d  which is suspended i n  the metall ic state 
in  the  sa l t .  Separation from f i ss ion  product ZrF, 
will clearly not occur,  and no separat ion from 
RbF,  C s F  is expected. Many technical  d e t a i l s  

ORNL-DWG 64-9064 
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Fig. 3.31. Estimated Composition of L iqu id  and 

Vapor During D is t i l l a t ion  of MSRE Fuel. 

are  unresolved, and some diff icul t ies  a re  probably 
even unrecognized. It is expected that  a con- 
t inued research effort will find and resolve t h e s e  
problems, as well  a s  provide valuable  fundamental 
information on the interact ions between the various 
molten complexes.  

GAS TRANSPORT CHARACTERISTICS 
OF MSRE GRAPHlTES 

R. B. E v a n s  I11 J. Trui t t  

Direct  contact  of the unclad graphite moderator 
and the fuel in the MSRE offers an  opportunity 
for the f iss ion g a s e s  to permeate the graphite; 
this  permeation may lead to  var iable  reactivity 
result ing from variations of the 13’Xe concen- 
tration within the moderator, and, perhaps,  to  
a high xenon poison fraction retained i n  the  
core. Accordingly, s t u d i e s  have  been  made of 
the gaseous  interdiffusion and  flow properties 
of the MSRE graphite (CGB grade). 

In a n  earlier i n ~ e s t i g a t i o n ~ ~  of the removal of 
xenon from the MSRE, two grades of graphite,  
denoted a s  AGOT and CEY,  were considered. 
Comparison of the  CGB grade with t h e s e  shows 
s t r iking differences in  the res i s tance  to  penetra- 
t ion by the molten fluoride fuel (see Fig.  3.32). 
AGOT grade graphite (basical ly  the  type used  i n  
the EGCR) is given l i t t l e  o r  no addi t ional  treat- 
ment to l e s s e n  its permeability; total  invasion 
by the molten s a l t  is not surprising. An impreg- 
nation treatment, given to the b a s e  s tock ,  dras- 
t ical ly  lowers the permeability of the CEY grade. 
T h e  impregnation is not uniform, however, and 
the end product takes  the appearance of a coated 
pipe. T h i s  can  be clear ly  s e e n  in  F ig .  3.323, 
where the molten salt appears  to have  penetrated 
the coating, possibly through a crack,  and h a s  
moved with relatively l i t t l e  restriction within the 
cent ra l  portion of the specimen. T h e  CGB ma- 
terial, a l so  produced by impregnation of a b a s e  
s tock ,  clearly yields  a more uniformly impermeable 
graphite;  i t  is invaded by the molten s a l t  t o  a 
very minor extent. 

46G. M. Watson and R. B. Evans 111, ORNL-CF-61-2- 
59 (Feb. 15, 1961). 
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Fig.  3.32. Salt Distribution in Graphite Grades (a) AGOT, (b) CEY, and ( c )  C(  
Molten Salt a t  130OoF (704OC) Under 150 psig, as Shown by Radiographs of Thin  Sections. 

Pore-s ize  spec t r a  of representative samples  of 
the three graphite grades  a r e  i l lustrated i n  Fig.  
3.33. T h e  s ignif icant  difference is that  CGB 
appears  to  have  a s ing le  distribution of pore 
sizes, whereas the other two might be more cor- 
rectly described by the  superposit ion of two 
distribution functions, one  for small pore sizes, 
and another for somewhat higher va lues  of the  
pore entrance diameter. T h e  effect of such  
b id isperse  sys t ems  on the gas  transport  charac- 
t e r i s t i c  of porous media h a s  already been con- 
s idered  by deBethune and Rowell. 

From the pore-size spectra ,  i t  would appear  that 
t he  relative magnitudes of the permeabili t ies of 

Tha t  t h i s  is not t h e  case is 
clear ly  shown in Fig.  3.34. In a previous ob- 
servation of a similar effect, it w a s  sugges ted  
that  the reversal  is due  to the relat ive effect ive 
lengths  of the  pores.48 T h e  resul ts ,  shown below, 
of our diffusion s tud ie s  support  t h i s  view. 

the  three samples  should be given by: K,,,, > 
> Kc,,. KCEY 

Interdiffusion experiments with He-At g a s  mix- 
tures  were conducted with the CGB sample  under 
both uniform and nonuniform pressure  conditions. 
T h e  data  obtained in  these  s tud ie s  indicate  that  
t he  effect ive diffusion coefficient for the sys tem 
He-Ar at 23OC and 1 a t m  is given by: 

D12(eff) = 7.68 x cm2/sec . (46) 

T h e  coefficient D12(eff) is related to the diffusion 
coefficient i n  free s p a c e  through a porosity- 
tortuosity factor (e /q ) ,  which is character is t ic  
only of the porous septum. If D , ,  and the porosity 
(fractional void volume) of t h e  medium a re  known, 
it is poss ib le  to ca l cu la t e  t he  tortuosity (4). T h i s  
tortuosity is, i n  turn, t aken  to b e  a measure of 
t h e  average effective length L(eff) of the pores 
comprising t h e  septum relative to the ac tua l  length 
L. Specifically,  

(47) 

47A. J. deBethune and R. L. Rowell, J .  Phys.  Chem. 
67, 2065 (1963). 

48Paper presented by A. P. MaIinauskas and F. L. 
Carlson at the 66th Annual Meeting of The American 
Ceramic Society, Chicago, April 18-23. 1964, and to  be 
published in the Bulletin of the American Ceramic 
Society. 

Similar He-Ar diffusion experiments have  been 
made by Malinauskas4 with the CEY graphite, 
from which i t  was  found that  

49A. P. Malinauskas, private communication. 
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Fig.  3.33. Representative Pore-Size Spectra of AGOT, CEY,  and CGB Graphite Grades. 

D,,(eff) = 1.71 x lo-' cm2/sec (48) 

at 24OC and 1 atm. T h e  poros i t ies  of t he  CGB 
and the CEY grades of graphite have  been  de- 
termined by a gas  expansion method and were 
found t o  b e  9.0 and 11.1% respectively.  By com- 
bining these  values for the  porosit ies with the  
effective diffusion coefficients o f  Eqs.  (46) and  
(48); the  tortuosit ies of the two graphites are in  
the  ratio 

(4 9) 

If the interpretation of q a s  given by Eq. (47) is 
correct, Eq. (49) i nd ica t e s  tha t  the  average effec- 
t ive  length of the pores within the CEY specimen 
is 7-8 times as  great as that for the CGB sample.  

Another bas i s  for comparison is the relative 
contribution of Knudsen (free molecular) diffusion 
to the overall  transport. Of the  number of ways  
in  which this comparison can  be  made, w e  have  
chosen  to  u s e  the pressure dependence of the 
apparent effective diffusion coefficient reduced 
t o  unit molecular concentration. ' T h i s  apparent 
diffusion coefficient (nD, 2)app is ca lcu la ted  from 
the  diffusion da ta  by assuming a negligible 
Knudsen contribution. ,If the assumption is valid, 

~ ~ ~ 

'OR. B. Evans 111, G. M. Watson, and J. Truitt, J .  
A p p l .  Phys.  33, 2682 (1962). 

ORNL-DWG 653-3476 
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Fig.  3.34. Permeabi l i t ies to Argon of AGOT,  CEY, 
and CGB Graphites. 

then (nD,2)ap is equal  to the  ac tua l  effective 
diffusion coe8ic ien t  reduced to unit  molecular 
concentration and is independent of pressure.  
On the other hand, i f  the  assumption is not valid,  
a plot of (nDlz)ijp vs  the reciprocal of t he  mean 

pressure,  < p > - ' ,  will  show a linear relationship 
having a posit ive,  nonzero s lope ,  The  intercept,  
however, is equal to (nDl2)-l, and the  magnitude 
of the s lope  is a measure of the relative contribu- 
tion due to  free molecule diffusion. A normalized 
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plot of (nDl2);lp is shown in Fig.  3.35 for the  
three grades of graphite. I t  is s e e n  from the 
s lopes  of the l ines  in the  figure tha t  the  relative 
effects of Knudsen transport increase  in  the  
sequence:  AGOT, CEY, and CGB. 

THE REMOVAL OF ' 3 5 x e  IN THE MSRE 

R.  B. Evans  I11 

An ana lys i s  of temperature profile measurements 
on molten salts flowing through tubes  sugges t s  
the ex i s t ence  of a f i l m  a t  the liquid-solid ikterface 
which provides an effective barrier to hea t  and 
mass  transfer.51 In a previous ana lys i s52  of the  

"H. W .  Hoffman and J. Lones, Fused Salt Neat Trans- 
fer. Part 11. Forced Convection Heat Transfer. in Circu- 
lar Tubes Containing NaF-KF-LiF Eutectic, ORNL- 
1777 (Feb. 16, 1955). 

52G. M. Watson and R. B. Evans 111, ORNL-CF61-2- 
59 (Feb. 15, 1961). 
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Fig. 3.36. Effect of a Molten Salt-Gas F i l m  on the 

Stripping Eff ic iency of the MSRE for Various Areas of 

Salt Exposed in the Pump Bowl. Graphite and salt-flow 

parameters ore fixed a t  MSRE conditions. 

removal of 35Xe in graphite-moderated, molten- 
s a l t  reactors,  the  effect  of such  a film was 
considered negligible; w e  have  therefore re- 
examined the problem with the  assumption tha t  
t h i s  f i lm  e x i s t s  and that a s i m i l a r  f i l m  a l s o  
e x i s t s  a t  the  sa l t -gas  boundary in the stripper.  
T h e  parameters used in  the previous report52 
have  been altered somewhat t o  conform t o  the 
present operational spec i f ica t ions  of the MSRE 
and the gas  transport charac te r i s t ics  of the  
graphite a s  determined in the work presented 
above. 

T h e  penetrability of the film is convFniently 
expressed  in terms of a f i lm  factor, F ,  defined by 

where AC,, represents t he  concentration drop 
ac ross  the  f i l m  and CXe is the concentration of 
135Xe in the bulk molten sa l t .  I t  is eas i ly  s e e n  
from Eq. (50) that a completely impermeable f i l m  
(AC,, = Cxe) corresponds to F = 0, whereas  the 
absence  of such  a f i lm  (AC,, = 0) is denoted by 
F = 1. The  ef fec t  of the f i l m  factor on the amount 
of xenon which is removed in the pump bowl 
(stripper) is shown in F ig .  3.36 for various a s -  
sumed values of the effective area of the s a l t ,  
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As, measured relative to the  area of bulk s a l t  
exposed to  the helium sweep  gas  in the pump bowl, 

Aos. The  stripping efficiency, 77, is defined as 
the  ratio of the ac tua l  s t r ip  rate of xenon to  the 
s t r ip  ra te  in the absence  of a film. It is apparent 
from th is  figure tha t  the stripping efficiency c a n  
be  significantly increased, for a given f i l m  factor, 
by increas ing  the effective a rea  of the sa l t -gas  
interface (e.g., by bubbling the  helium s w e e p  gas  
through the molten salt) .  

Diffusion in to  the graphite moderator, burnout 
and decay, and removal a t  the stripper,  all compete 

' i n  the depletion of the  total  amount of i 35Xe  
produced. Absorption by the  graphite is over- 
whelmingly favored by present  MSRE design 
parameters, in tha t  the (DxeA),ff of the  graphite 
is comparatively large - even  when f i l m s  a r e  

present - because  the fraction of total  salt flow 
permitted to  d ischarge  ' 35Xe  via the stripper h a s  
been fixed a t  a s m a l l  va lue  (6% recycle). T h e  
presence  of a f i lm under t h e s e  conditions does  
not enhance  xenon removal a t  the stripper;  rather, 
the major f i l m  effect is t o  force I3'xe in to  solu- 
tion, as shown in Fig.  3.37. Furthermore, the  
s teady-s ta te  135Xe concentration in the bulk salt 
is virtually independent  of the s t r ipp ing  efficiency 
(as i t  is related to As for a given va lue  of F). 
T h i s  si tuation is perhaps more c lear ly  presented 
i n  Fig.  3.38, where fractions of ' 35Xe  removed 
by stripping have  been plotted a s  a function of 
the  s a l t  flow ra te  within the pump well ,  assuming 
fixed a reas  and graphite parameters. One objective 
here  w a s  to explore for future applications the  
possibil i ty of increas ing  ' 35Xe  removal by in- 
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Circulation Rate  in the Pump Bowl.  

creas ing  the recycle rate. In l ine  with the  present 
d i scuss ion ,  note tha t  t he  MSRE s a l t  flow rate 
within the stripper is in  the  range of flow rates 
a t  which the fraction of xenon removal by stripping 
var ies  inversely.with the f i l m  factor. T h u s  the 
s t r ipp ing  efficiency var ies  i n  a similar fashion. 
T h e  point emphasized here  is that our preliminary 
ana lys i s  clearly demonstrates t h e  complex manner 
in  which 13’Xe removal ra tes  vary within the 
range of var iab les  near  MSRE conditions.  A 
de ta i led  presentation of th i s  ana lys i s ,  and, hope- 
fully, a comparison with ac tua l  MSRE behavior, 
wi l l  b e  presented a t  a la te r  date.  

SEPARATION OF PROTACTINIUM FROM 
IRRADIATED THORIUM SALTS 

A. J. Shor E. L. Compere 

neutron capture with the production of nonfission- 
ab le  2 3 4 U  can  result  i n  a reduction of the con- 
version factor and reactivity of the  reactor sys tem.  
Isotopic purity of the  2 3 3 U  and i t s  ult imate value 
a r e  markedly reduced. Appreciable production of 
232U occurs  by n,2n reactions on 233Pa or  233U, 
and high radiation l eve l s  from uns tab le  high-energy 
a-emitt ing daughters of 2 3 2 U  lead to increased  
sh ie ld ing  requirements and  to higher c o s t s  in the  
des ign  of 2 3 3 U  recovery facil i t ies.  T h u s  a process  
for prompt withdrawal of 233Pa a t  reasonable 
l eve l s  from a reactor blanket could have  important 
consequences i n  the economics of the thorium fuel 
cyc le ;  a low s teady  s t a t e  protactinium l eve l  could  
b e  maintained in the  reactor, and high-purity 2 3 3 U  
could b e  produced. 

In a se r i e s  of experiments Malm and  F r i ed53p54  
succeeded in demonstrating that a process  based  

A number of significant benefits  may b e  derived 
from the prompt removal of 233Pa from thorium 
irradiated in  a nuclear reactor or blanket,  If 233Pa 
is permitted t o  reach apprec iab le  concentrations,  

53J. G. Malm and S. Fried, Sec. C-1, ChernistryDivi- 
sion Summary Report JulySeptember, 1950, ANL-4545, 
p. 12. 

54J. G. Malm and S. Fried, “Separation of Protactinium 
from Contaminants,” U.S. Patent 2,893,825, July 7, 1959; 
USAEC Application April 11, 1951. 
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Fig. 3.39. Tentat ive Phase Diagram, AlCl  -ZrCI4 System. 3 

on the apparent  volatility of protactinium chloride 
might b e  useful in the prompt removal of P a  from 
irradiated thorium. I t  w a s  claimed that upon 
chlorination of thorium metal o r  oxide with AlC1, 
or with AlC1, and C1, or upon direct reaction of 
irradiated ThC1, with AlC1, , protactinium chloride 
might be  d is t i l l ed  from the  mixture at temperatures 
a s  low a s  100°C. The la t te r  process ,  which 
promised the highest  y ie ld  of P a ,  was  se l ec t ed  
for further investigation. 

Previously reported da ta s s  indicated the so l -  
ubility of ThC1, in AlC1, to b e  low. Inference 
from the  examination of the  phase  diagrams of 
ana logs  of thorium chloride with aluminum chloride 
sugges ted  tha t  the presence of a third component 
such as ZrC1, might enhance  thorium solubili ty,  
and work on the  relevant binary sys tems was  
initiated. Previous s tud ie s  5 5  had indicated l i t t l e  
mutual solubili ty in the ZrCl,-ThCl, system. Work 
on the AlCl,-ZrCl, binary sys tem is reported 
below. 

"A. J. Shor and E. L. Compere, Reactor Chem. Div .  
Ann. Progr. Rept .  Jan. 31, 1964, ORNL-3591, p p .  56-58. 

A IC I, -ZrC I, Phase Studies 

T h e  aluminum chloride-zirconium chloride sys tem 
was  studied throughout t h e  range of composition 
us ing  differential, thermal, and v i sua l  ana lys i s .  
Figure 3.39 shows a preliminary binary phase  
diagram; concentrations shown as sume  monomeric 
AlC1,. The  open circles on the diagram represent 
information derived from differential  thermal anal-  
y s i s  (DTA) experiments; the  so l id  circles are  
da ta  obtained by the d i rec t  viewing of melting in 
quartz capsules .  Visua l  observations were nec- 
essary for the 10 to 25 mole % ZrC1, region of 
the  diagram, due to the s t e e p n e s s  of the  l iquidus 
curve in th i s  range. Direct v i sua l  observations 
of eu tec t ic  and monotectic temperatures on hea t ing  
were obscure and difficult to reproduce. Differ- 
en t ia l  thermal ana lys i s  da t a  a r e  shown for those  
transit ions.  Data  obtained on cooling are shown 
as so l id  squares .  Supercooling effects on the 
freezing point of the eu tec t i c  mixture are readily 
apparent. At  ZrC1, concentrations greater than 
-33 mole %, supercool ing of the  l iquidus tran- 
s i t i ons  was  relatively small .  Throughout the 
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Table  3.13. Melting- and Freezing-Point  Temperatures of the Z r C I 4 - A I C l 3  Binary Phase System 

Transition Temperatures on  Transition Temperatures 
Heatup ( O C )  on Cooldown (OC) Mole % ZrCl, 

I I1 Liquidus I and I1 Liquid u s  

100 43 7 43 5 
90 167 191 42 5 150a 42 0 
80 159 41 9 144 417 
75 160 139 396 

67 163 399 144 396 
50 162 369 143 366 
40 166 350 1 54a 
33  168 191C 32 Oa 150 317 

25 164 198 312b 135 262 
20 167 193 291' 130 234 
14 163 192 24Sb 125 
1 0  170 192 194' 120 

7 170 187' 
5 172 18SC 
4 171 1 goc 
3 178 188' 

2 183 
1 185 

100% AlC1, 1 93 

125 
127 
132 
135 

160 
162 
183 

'By direct visual  observation. 'Poor resolution of second peak. aVague transition. 

entire range of concentrations,  supercooling of 
the monotectic and eu tec t ic  compositions ranged 
from 1 0  to 5OoC. 

Sparse data reported by B. G. Korshunov et a l . 5 6  
for the  A1C13-ZrC1, sys tem are a l s o  shown in 
F ig .  3.39, as triangles.  T h e s e  da ta  parallel  
cooling data obtained in our s tud ie s  by thermal 
ana lys i s  and represent supercooled freezing tem- 
peratures in the binary liquid mixtures. 

In the region of -10 to 100  mole ZrC1, com- 
plete miscibility of the liquid mixture is pos- 
tulated,  while in the region of -3 to 10 mole % 
ZrC1, a narrow two-phase sec t ion  may ex i s t  with 
a monotectic composition of 10% ZrC1, a t  192OC. 
An A1CI3-ZrC1, eu tec t ic  is evident a t  -2.5% 

56B. G. Korshunov, A. M. Reznik, and I. S. Morozov, 
Tr. Mosk. Znst. Tonkoi Khim. Teckhnol. 7, 127 (1958). 

ZrC1, and 17OoC. Table  3.13 l i s t s  the data from 
which the  curves  a re  derived, together with notes 
on the observations.  The phase diagram appears 
to  be cons is ten t  with the trend of data reported 
in  other investigations of binary sys tems con- 
taining AlC1,. For example,  the presence  of a 
eu tec t ic  of high percentage AlCI,, the  sharp  
in i t ia l  rise of the liquidus curve, and the presence 
of two liquid phases  appear  to  be  characterist ic 
of a number of such  systems." However, t he  sharp  
drop in the melting point of mixtures in the  AIC1,- 
rich s i d e  of the  eu tec t ic  composition and the  pos- 
s ib i l i ty  tha t  the ex is tence  of the monotectic may 
be an  art ifact  have led to severa l  alternative inter- 
pretations of t he  data.  These  a re  still under 
consideration. 

"I. N. Belyaev, Russ .  Chem. Rev. (English Transl.) 
2?, 428 (1960). 
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Thermodynamic ac t iv i t ies  of ZrC1, as a function 
of temperature were ca lcu la ted  for the ZrC1,-rich 
part of the phase  diagram. Assumptions of con- 
s tancy  of hea t  capac i ty  and partial  molar h e a t  of 
solution were made in  these  ca lcu la t ions .  Ac- 
t iv i t ies  were compared with the corresponding 
concentrations in mole fraction uni t s  in two ways: 
F i r s t ,  a s  a mixture with dimeric (AlC13)z, which 
is the usua l  s t a t e  of the pure liquid; and, second,  
as a mixture with monomeric AlC1,. I t  was  found 
that from about 33 to 100  mole % ZrCl,, the  ZrC1, 
liquidus curve showed apparent i dea l  behavior, 
based  on a model of a solution of monomeric AlC1, 
and ZrC1,. A manuscript containing a more com- 
plete d i scuss ion  of this sys t em will  be submitted 
for publication. 

AICI,-ThCI, Phase Studies 

Investigations5 of the A1C13-ThC1, system by 
thermal methods and by d i rec t  observation of 
melting and freezing for concentrations of 100, 
90, 75, 50, 25, and 10  mole % ThC1, in AlC1, 
showed no indication of mutual solubili ty.  Some 
recent Russ ian  works8 h a s  a l s o  sugges ted  tha t  
the  solubili ty of ThC1, in AlC1, should be  much 
less than 1 0  mole %. 

Direct measurement of the solubili ty of ThC1, 
in liquid AlC1, was obtained by equilibrating 
1 0  mole % mixtures of ThC1, in AlC1, a t  cons tan t  
temperature. T h e  ThC1, was  separa ted  by se t t l i ng  
a t  temperature, and the sys tem w a s  rapidly frozen. 
T h e  A1CI3-rich phase  w a s  analyzed for thorium 
content. Measurements were conducted a t  five 
temperatures with the following results:  

Temperature Solub i I i ty 

(OC) (mole % ThCI,) 

210 0.98 

215 0.96 

250 1.01 

300 0.85 

3 50 0.88 

T h e  solubili ty over t h i s  range is regarded a s  
cons tan t  a t  1 mole % ThC1, in AlC1,. 

58B. G. Korshunov et al. ,  Izv. Vysshikh Uchebn. 
Zavedenii, Tsvetn. Met. 6, 114-18 (1960). 

Protac ti n i urn-233 Tracer Ex  per i rnents 

Tracer  quantit ies (2-30 pc) of were gen- 
erated in  se l ec t ed  mixtures of ThC1, and AlC1, 
by thermal-neutron irradiation in the  Oak Ridge 
Research  Reactor  pool. T h e  salts were contained 
in an evacuated 9-mm-ID quartz tube, divided in to  
two sec t ions  joined by a shor t  4-mm-ID neck. The  
tube w a s  sea l ed  under vacuum while the  body of 
the  tube  w a s  immersed i n  liquid nitrogen to prevent 
e s c a p e  of volati le s a l t s .  During attempts to 
d i s t i l l  the protactinium, the shorter,  75-mm, sec- 
tion of the tube was used  as the salt container 
while  the longer, 125-mm, sec t ion  served  generally 
as the  receiver. In some cases a loose  quartz 
wool plug was  placed in  the neck  sec t ion  to 
prevent physical  carryover of material. 

T h e  relative distribution of protactinium after 
d i s t i l l a t ion  w a s  measured by moving the quartz 
tube in 1-cm s t e p s  pas t  a slit (“1 cm) between 
two sec t ions  of lead sh ie ld ing ,  and determining 
with a G-M tube the collimated radiation. 

Sa l t s  with s ta r t ing  composi t ions of 100, 50, 10 ,  
and 0.5 mole % ThC1, in AlC1, were d is t i l l ed  a t  
s a l t  temperatures ranging from 160 to 275OC. 
Resu l t s  are summarized in Tab le  3.14. 

N o  transfer of protactinium activity to an air-  
cooled receiver was  observed when hea t ing  pure 
ThC1, or a s a l t  mixture containing 50 mole % 
ThC1, in  AlC1, to temperatures a s  high as 275OC 
for  periods up to 46 hr. With the  mixtures con- 
taining subs tan t ia l ly  more AlCl,, an  apprec iab le  
fraction of the protactinium activity was  trans- 
ferred when the AlC1, w a s  d is t i l l ed  under these 
conditions. The  retention of the protactinium 
when 50 mole AlC1, or less was used may have  
been due  to retention of protactinium in the  in- 
terior of the  ThC1, grains or to s t rong  adsorption 
of protactinium from AlC1, solution on the rela- 
t ively abundant  sur face  of the  so l id  ThC1,. Evi- 
dence  below supports the  la t te r  view. 

At 1 0  mole % ThC1, in AlCl,, from 10  to 90% 
of the protactinium w a s  transferred when one end 
of each  of the tubes containing s a l t  mixtures was  
hea ted  in the range 160  t o  26OOC for 2 to 7 hr and 
the A1C1, w a s  d is t i l l ed  to the receiver end. T h e  
volati l ization of such  proportions of protactinium, 
when only 1 mole % ThC1, is so luble  in  AlCl,, 
implies tha t  protactinium was  leached to  a sub- 
s t an t i a l  degree from ThC1, grains,  and then 
volati l ized with AlCl,, 
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Tab le  3.14. 233Pa  Volat i l izat ion Experiments w i th  Tubes Containing irradiated ThCl4-AICl3 Mixtures 

AlC1, Found in Found in  Temperature (OC) 
ThC1, in 

Tube ThCl,-AlCl, Quartz Fiber  Time Heated Original Original “Original Receiver” Receiver Region Comments 

(70) 
No. Mixture Fi l ter  Present  (hr ) Mixture Receiver Regiona 

(mole %) Region Region (% ) 

250 60 None - 3 100 Yes 46 

7 50 Yes 7 275 95 None 

9 10 Yes  7 160 55 10 

1 0  1 0  N o  4 212 37 30 

11 10 Yes  4 208 32 50 

8 10 Yes 4 220 350d 90 

17  0.5 b 4 200 203d 45 

13 0.5 No 4 267 35 40 

17 0.5 b 4 60 2 05 45 

16  0.5 C 4 2 02 60 0 

All  

All  

All  

All  

All  Mostly on quartz fiber 

All  rD 
-I 

Mostly on quartz fiber All  
i n  receiver 

All  Attempt t o  transfer back 
was  ineffective 

All  Quartz fiber i n  original 
mixture 

215 60 9.5 56 Quartz container 
15  0.5 No t 

T 29 0.5 No 1 256 118 33 All  Teflon capsule  

T 29 0.5 No 2 i  267 95 28 All  Teflon capsule  
4 

aBased  on integrated count of entire tube. 
bQuartz wool in receiver only. 
‘Quartz wool i n  original mixture only. 
dMaximum temperature of receiver region. 

This  includes the material found on “receiver” s ide  of fi l ter  a t  constriction between regions. 

Distillation of AlC1, doubt less  occurred during cooldown, apparently more rapid in receiver. 
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T h e  fraction transferred seems subs tan t ia l ly  
affected by adsorption phenomena, including a n  
affinity of protactinium for quartz fiber, for ThCl,, 
and possibly for the quartz tube. 

T h i s  phenomenon might b e  the  b a s i s  of a protac- 
tinium separation process;  some  pertinent observa- 
t ions follow. 

In dis t i l la t ion experiments involving 1 0  mole % 
ThCI,, the u s e  of quartz fiber in the neck region 
appeared to resul t  in greater protactinium transfer 
(Table  3.14). Without the quartz wool 30% of the 
protactinium was  transferred; with quartz wool 
present  50% was transferred,  and a large part of 
the activity was  found in  the region of the quartz.  
With the quartz at high temperature for a t ime,  a n  
even  greater quantity was  transferred; th i s  material  
remained fixed to the quartz.  

In experiments with 0.5 mole % ThC1, in  AlC1, 
in which quartz wool w a s  placed entirely i n  the 
receiver  region, dis t i l la t ion a t  2OOOC transferred 
45% of the protactinium irreversibly to th i s  region. 
In another experiment, quartz wool in  the original 
mixture region prevented the dis t i l la t ion of protac- 
tinium under s imilar  conditions.  Though con- 
firmatory experiments (such as percolation) were 
not included in  the present  program, it is implied 
that  quartz wool might s e r v e  as an  effect ive ad-  
sorbent  for protactinium from aluminum chloride 
in  e i ther  liquid or vapor phase.  

Nickel  dis t i l la t ion tubes retained protactinium 
more strongly than did quartz.  Most of the retained 
protactinium w a s  recovered by leaching  the nickel  
with di lute  nitric ac id  or with H F  solution. Some 
reaction of the s a l t  mixture with nickel  seems to 
have occurred; the s a l t  was  found to contain about 
200 ppm N i  af ter  the experiment. 
' In  order to study the protactinium volatility phe- 

nomena with as little interference as possible  from 
adsorption, two d is t i l l a t ions  were conducted in  
mechanically s e a l e d  Teflon tubes.  A thorium chlo- 
ride concentration of 0.5 mole 76 was  used  in 
order t o  have, initially, the materials ent i re ly  in  
solution. Dist i l la t ion of 0.5 mole % ThCl,-AlCl, 
mixtures contained in  the Teflon tubes in  the 
presence  of helium atmosphere (dry glove box 
ambient) resulted in  the transfer of 33% of the 
protactinium. A reverse d is t i l l a t ion  of the AlC1, 
(not shown in Table  3.14) transferred all of the 
act ivi ty  back to  the original region. Subsequent 
redistillation transferred 28% of the protactinium 
act ivi ty  to  the receiver.  Complete t ransfer  in  the 
back dis t i l la t ion implies that  there was  no inter- 
action between Teflon and protactinium. If t h i s  
is accepted, then the lack  of complete forward 
transfer must b e  interpreted as being d u e  to the 
presence of ThC1,. T h i s ,  in  turn, probably indi- 
cates adsorption of protactinium on precipitated 
ThCl,, though complexing with ThC1, dissolved 
in the  liquid' A1C1, is also possible .  



4. Fluoride Salt 

J. H. Shaffer 
W. K. R. F inne l l  
Wiley Jennihgs 

Prenuclear  t e s t  operation of the Molten Sa l t  
Reactor Experiment (MSRE) is currently in prog- 
r e s s  with fused fluoride mixtures prepared by the 
Reac tor  Chemistry Division. When fully opera- 
tional, the  MSRE will  have  an inventory of approxi- 
mately 26,500 l b  of these  fluoride mixtures. In 
addition to the  fuel and the secondary coolant,  
the  s a l t  mixture now used  in  p lace  of the reactor 
fuel will  be retained for subsequent  u s e  to flush 
and c l ean  the  fuel circuit  when maintenance on 
that sys tem becomes necessary .  

The coolant and flush s a l t s  currently in use  in  
the  MSRE a r e  mixtures of 7LiF and BeF, contain- 
i ng  66 mole % 7LiF. All 7LiF used  in the produc- 
tion of MSRE fluoride mixtures w a s  a t  l e a s t  99.99% 
pure 7Li. However, that  material having  the high- 
e s t  6Li content w a s  used for the reactor coolant 
mixture. Approximately 15,300 l b  of the binary 
s a l t  mixture was  required for a coolan t  salt  volume 
of about 44 f t3  and a flush salt  volume of about 

Approximately 11,260 l b  of the  mixture 7LiF- 
BeF2-ZrF,-UF, (65.0-29.1-5.0-0.9 mole % respec- 
t ively) is required for the init ial  fuel loading of 
approximately 75 f t3  in  the  reactor assembly. The  
MSRE fuel s a l t  i s  being prepared as a fuel con- 
cent ra te  mixture and a s  a barren fuel so lvent  
mixture. T h e  fuel concentrate mixture will con- 
s i s t  of t he  binary eu tec t ic  mixture 'LiF-UF, 
(73-27 mole %) and will  include all U F  required 
for the  reactor fuel. S ince  f i ss ionable  4235U will  
comprise only a third of the  uranium inventory, th i s  
mixture will be produced as a n  enriched fuel con- 
cent ra te  mixture (with UF, that is highly enriched 

75 ft3. 

'The ass i s tance  of R. W. Ray, R. G. Ross, and 
B. F. Hitch is gratefully acknowledged. 

Production 

F. A. Doss  
W. P. Teicher t  
C. E. Rober t s '  

i n  235U) and as a depleted fuel concentrate mix- 
ture. The  barren fuel so lvent  will  cons i s t  of the 
ba lance  of materials required to achieve  the de- 
s i red  overall  composition of the reactor fuel mix- 
ture. Since t h e s e  mixtures will be combined in  
t h e  MSRE fuel drain tank, t he  final fuel composi- 
t ion will, in fact ,  depend upon the  amount of 235U 
required to bring the sys t em to the  cri t ical ,  and 
then to the  operating conditions. 

The production of fluoride mixtures for the MSRE 
w a s  begun in  March 1964. T h e  coolan t  and flush 
s a l t  mixtures were made ava i lab le  to the MSRE 
in  September 1964. T h e  various mixtures required 
for t he  reactor fuel will  b e  completed by March 
1965. The  production p rocess  is based on  tech- 
n iques  previously used  for preparing fluoride mix- 
tures for t he  Aircraft Reactor Experiment together 
with refinements realized from process  develop- 
ment programs during the intervening years .  

PROCESS CHEMISTRY 

MSRE fluoride mixtures a re  prepared from start- 
i n g  materials of very high purity, but further purifi- 
ca t ion  is needed before they a r e  acceptab le  for 
reactor use. The  removal of a limited number of 
impurity s p e c i e s  during production operations is 
achieved by treatment of the  fluoride melts with 
anhydrous HF ,  hydrogen, and, in some ins tances ,  
a s t rong  metallic reducing agent. Impurities that  
c a n  b e  volati l ized are removed in the  process  g a s  
effluent stream; those  that can  be  converted into 
insoluble par t ic les  a re  removed by filtration. 

2G. J. Nessle  and W. R. Grimes, Chem. Eng. Progr., 
Symp.  Ser. 56(28), 5 1  (1960). 
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Oxide  Removal  

T h e  raw materials,  as received, undoubtedly 
contain some  oxide  o r  hydroxide. In addition, 
ox ides  or  hydroxides a r e  formed through reaction 
of t h e  fluoride salts with their adsorbed  water on 
heating. Oxides, which a r e  sparingly so luble  in  
t h e  molten m i x t ~ r e s , ~  a re  removed during the  
in i t ia l  gas sparg ing  of t he  fluoride melt a t  6OOOC 
with a n  anhydrous mixture of hydrogen fluoride 
in  hydrogen. They reac t  directly with hydrogen 
fluoride by the  reaction 

0’- + 2 H F  +2F- + H,O , 

and a r e  conveniently removed from the p rocess  
as  water  vapor. Recent  measurements of equilib- 
rium quotients for t h i s  reaction show that the  ef- 
ficiency of ox ide  removal by th i s  process  is high,, 
and, in the  p rocess  equipment, the reaction with 
H F  proceeds rapidly to near completion. Thus,  
t he  MSRE fluoride mixtures, as  delivered, should 
have some  “oxide capac i ty”  to accommodate in- 
advertent contamination during reactor operations 
without formation of precipitates.  

Sulfur Removal  

Sulfur impurities need to be  absen t  from MSRE 
fluoride mixtures to avoid corrosive a t tack  on 
nickel-base a l loys  a t  e leva ted  tempefatures. Sul- 
fur is found in the  s ta r t ing  mater ia l s  primarily 
as su l fa te ;  t h i s  requires multiple treatment for 
removal from the  fluoride mixture. During a pre- 
liminary treatment, su l f a t e s  a r e  reduced to su l -  
f i des  by the  addition of beryllium metal  turnings 

’ to the  molten raw material.5 Hydrogen su l f ide  is 
produced by the reaction 

S z -  + 2HF + 2F- + H,S , 

and is removed from the  sys tem (with the  H,O) in 
the  gas effluent. However, the  rate at which H,S 
c a n  be removed is low and is proportional to the  

3A. L. Mathews, C. F. Baes, Jr., and B. F. Hitch, p. 

4MSR Program Semiann. Progr. Rept. Jan.  3 1 ,  1964, 
56, this report. 

ORNL-3626. p. 137. 
’MSR Program Semiann. Progr. Rept. July. 31 ,  1963. 

ORNL-3529, p. 117. 

hydrogen flow rate.6 T h i s  condition may resu l t  
from a n  intermediate reaction of H,S with the 
nickel salt container;  sulfur removal would be 
controlled by the reaction 

H, + NiS + N i o  + H,S . 
Hydrogen flow ra t e s  of about 10 li ters/min a re  
used  in  the  production process ;  t he  maximum su l -  
fur removal rate h a s  been approximately 0.7 g/hr. 

Since removal of su l fur  from molten fluoride mix- 
tu res  is difficult, efforts were made to obta in  raw 
materials t ha t  a r e  free from sulfur. Of these  raw 
materials,  only beryllium fluoride w a s  found to 
contain sulfur impurities, and through cooperative 
efforts with the  vendors, sulfur impurit ies i n  this 
material  were subs tan t ia l ly  reduced. Approxi- 
mately two-thirds of t he  BeF, required by the  
MSRE was  sulfur-free; t he  ba lance  conta ined  su l -  
fur concentrations o f  10 to 1000 ppm. 

Remova I o f  Structura I -Metal  Impuri t ies 

T h e  INOR-8 alloy (Hastelloy N) used  as the  
structural-metal container in the MSRE conta ins  
6-8% chromium as a consti tuent.  It is expected’ 
t ha t  the chromium activity in  the  sur face  layer  of 
metal  i n  contac t  with MSRE fuel will  be  deple ted  
until  t he  following equilibrium is es tab l i shed:  

Cro  + 2UF, + 2 U F 3  + CrF ,  . 
Nonequilibrium concentrations of s t ruc  tural-metal 
fluoride impurities that  are more eas i ly  reduced 
than UF, (e.g., NiF,  or  FeF,) would resu l t  in 
further depletion of chromium ac t iv i ty  in the  INOR- 
8 container. Structural-metal f luorides a r e  present  
a s  impurit ies in the  fluoride raw materials and may 
also b e  introduced by corrosion of the  p rocess  
equipment during production operations. Thus ,  
the control of structural-metal fluoride concentra- 
t ions  in  the  purified fluoride mixtures is an im- 
portant process  consideration. 

Hydrogen fluoride will  readily a t t ack  structural  
meta ls  and a l loys  tha t  a r e  su i t ab le  as s a l t  con- 
ta iners  a t  the operating temperatures of the  produc- 

6H. H. Stone and C. F. Baes ,  Jr., p. 72, this  report. 

‘5. A. Lane, H. G. MacPherson, and F. Maslan (eds. ) ,  
Fluid Fuel  Reactors, p. 599, Addison-Wesley, Reading, 
Mass., 1958. 
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tion p rocesses  (600 to 8OOOC) by reac t ions  of the 
type 

M o  + 2HF + MF, + H ,  . 
However, metal sur faces  that a re  in contac t  with 
t h e  fluoride mixture cannot b e  protected by a 
fluoride corrosion film s i n c e  the generated fluoride 
d i s so lves  in the fluoride melt. 

P r o c e s s  development s tud ie s  have shown tha t  
t h e  corrosion of nickel could be controlled by 
u s i n g  mixtures of H F  with hydrogen and that non- 
corrosive mixtures of these  g a s e s  would also be  
effective for oxide and sulfur removal. Thermo- 
dynamic va lues  for corrosion p rocesses  in molten 
fluorides, which also subs t an t i a t e  t h i s  process  
refinement, show that similar control of corrosion 
of iron and chromium would be impractical. Ac- 
cordingly, nickel metal  is used  a s  the  primary 
s a l t  containment material i n  the  process  equip- 
ment. A gas  mixture containing approximately 
t o  mole fraction of H F  in H, h a s  been used  ef- 
fectively in  the  fluoride purification process.  

Gas  sparg ing  of t he  melt a t  700°C with hydrogen 
a lone  is used  as a final phase  of the purification 
process  to reduce FeF, (initially present )  and any 
remaining NiF,  (formed during the process). The 
reduction of CrF ,  by hydrogen is too slow to be 
effective at process  temperatures, but chromium 
concentrations of 25-50 ppm that a r e  present in 
the s ta r t ing  materials are not prohibitive for re- 
actor applications.  When structural-metal fluoride 
concentrations a re  exceedingly high, beryllium 
metal, a s t rong  reducing agent,  is added to  the 
melt. T h i s  treatment is followed by a mild hydro- 
fluorination to convert  t he  unreacted e x c e s s  of 
beryllium metal to i t s  fluoride sa l t .  Insoluble 
metall ic impurities are separa ted  f rom the purified 
fluoride mixture by decantation and by filtration 
through s in te red  n icke l  during transfer of the  
molten mixture to i t s  s torage  container.  

PRODUCTION OPERATIONS 

T h e  MSRE fluoride mixtures a r e  prepared in two 
batch process ing  uni t s  which are charged alter- 
nately with molten raw materials from a s ing le  

'5 .  H. Shaf fer  e t  at., Reactor Chem. Div. Ann. Progr. 
Rept .  Jan. 31,  1962, ORNL-3262, p.  27. 

' C .  M. Blood, Solubili ty and Stabili ty o f  Structural 
Metal Difluorides in Molten Fluoride Mixtures, ORNL- 
CF-61-5-4 (Sept. 21, 1961). 

ORNL-DWG 64-6998 

Fig.  4.1. Fluoride Production F a c i l i t y  - Layout  of 

Operating Level .  

meltdown furnace assembly. All operations a re  
coordinated so  that t he  batch process ing  units 
will  operate on a semicontinuous schedule.  Figure 
4.1 shows  the  floor plan of the main operating 
leve l  of the  production facil i ty and ind ica tes  the  
flow of mater ia l s  through the  process ing  units.  

Starting Materia Is 

When possible,  fluoride s a l t s  tha t  a r e  used  as 
s t a r t i ng  materials for t he  production of fused 
fluoride mixtures for the MSRE were purchased 
from commercial sources  on a competitive bid ar- 
rangement; t h e  chemical spec i f ica t ions  a r e  shown 
in Tab le  4.1. While materials obtained for u s e  in 
preparing MSRE fluoride mixtures were generally 
within these  spec i f ied  limits, iron concentrations 
of 250 and 500 ppm were allowed in BeF ,  and LiF 
respectively.  Some carbonaceous impurities were 
also allowed s i n c e  they a re  converted to finely 
divided carbon a t  high temperature and are  swep t  
ou t  by g a s  sparging. Approximately 12,000 l b  
of beryllium fluoride was  purchased for preparing 
the  f i r s t  reactor loading of fluoride mixtures. 
Zirconium tetrafluoride, relatively free of hafnium 
( < l o 0  ppm) and otherwise of high purity, was 
also found to be  readily available from commercial 
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Table  4.1. Fluoride Production for MSRE - General 

Chemical Specifications for Starting Materials 

Allowable Concentration 

Impurity (wt %) 
(1 ppm = 0.0001 wt 70) 

Water 

c u  
F e  
N i  
S 

Cr 
A1 
Si 
B 
Na 
Ca 

Mg 
K 
Li (natural) 
Zr (natural) 
Cd 
Rare earths (total) 

0.1 
0.005 
0.01 
0.0025 
0.02 5 
0.0025 
0.015 
0.01 
0.0005 
0.05 
0.01 
0.01 
0.01 
0.005 
0.025 

0.001 
0.001 

sources .  Approximately 2300 Ib  of th i s  material  
was  purchased for u se  in the  MSRE fuel mixture. 

To minimize the  neutron-absorption c r o s s  sec t ion  
of the  MSRE fuel, all lithium fluoride used in s a l t  
mixtures for the MSRE must b e  essent ia l ly  f ree  
of the  6Li isotope. Sufficient 'LiF (22,000 Ib) 
w a s  obtained from the  USAEC for one complete 
reactor loading and for the  planned replacement of 
the  flush and fuel s a l t  mixtures. 

Although the  235U enrichment in the MSRE fuel 
mixture during power operation will  be only ap- 
proximately 3076, all 235U w a s  obtained for proc- 
e s s i n g  as  highly enriched (93% in 235U) uranium 
tetrafluoride. About 90 k g  of 235U will  be  re- 
quired for reactor t e s t s  currently scheduled. The  
ba lance  of uranium inventory in the reactor fuel 
system will  b e  made up  of UF,  that  is depleted 
of 235U. These  materials were obtained from 
USAEC sources .  

L i F Dens if ica ti on 

T h e  lithium fluoride, as received, was  found to 
have a very low bulk density and to  contain sub- 
s t an t i a l  amounts of water. S ince  the  d i rec t  u s e  

of t h i s  material  would resu l t  in loss of production 
capac i ty  and e x c e s s i v e  oxide  contamination, all 
7LiF was  pretreated to improve t h e s e  properties. 

Heat ing  t h e  LiF, with periodic agitation, to 
4OOOC under a flowing mixture of helium and 
anhydrous H F  and then to  65OOC under helium 
produced a free-flowing granular product with a 
minimum of LiOH." All 22,000 l b  of 7LiF on 
hand was  processed  in th i s  fashion in ba tches  of 
200 to 300 Ib  each. The  production-scale equip- 
ment cons is ted  of a horizontal Monel reaction 
v e s s e l  (17 in. i n  diameter by 8 f t  long) equipped 
with a full-length agitator and a hea t ing  jacket.  
T h e  average  bulk dens i ty  of the 7LiF w a s  in- 
c r eased  from about 0.6 to 1.1 g/cm3 by th i s  opera- 
tion. 

Charging and Meltdown Operations 

Because  of the toxicity of beryllium fluoride, 
the handling of raw materials is done in a loading 
room tha t  is i so la ted  by a i r  locks  from other a r e a s  
of the  production plant. Personnel  working within 
the  loading  room wear fully protective p l a s t i c  
fresh-air s u i t s  to avoid exposure to these  hazard- 
ous  chemicals.  Raw materials a r e  assembled in 
th i s  a rea ,  weighed into appropriate ba tch  sizes 
in a well-ventilated hood enc losure ,  and transferred 
to  the  meltdown furnace by a vibratory conveyor. 

T h e  meltdown furnace assembly shown in Fig. 
4.2 ad jo ins  t h e  raw materials loading room; it 
provides a molten charge to each  of the two ad- 
j acen t  batch process ing  units. After meltdown, 
the  molten fluoride mixture is sparged  with hydro- 
gen and helium a t  relatively high flow ra tes  t o  
remove inso luble  carbon by entrainment. Beryl- 
lium metal  turnings a r e  also added to the  molten 
charge to reduce su l fa te  impurit ies t o  su l f ides  and  
to reduce structural-metal impurities to their  in- 
so luble  metall ic s t a t e s .  During subsequent  trans- 
fer of material  to a batch process ing  unit, some 
separa t ion  of these  insoluble impurities by de- 
cantation is achieved. 

M e l t  Pur i f icat ion 

Each  of t h e  two process ing  uni t s  h a s  a capac i ty  
of 2 f t3  of s a l t  per batch; 94  ba tches  a r e  required 

'OJ. H. Shaffer e t  al. ,  Reactor Chem. Div. Ann. Progr. 
Rept. Jan. 31, 1964, ORNL-3591, p. 62. 
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for t he  MSRE, and a 10% e x c e s s  is planned to 
allow for usua l  contingencies.  Although produc- 
tion r a t e s  vary with the  quali ty of the s ta r t ing  
materials, t he  average batch cyc le  encountered 
for MSRE production, including maintenance shut- 
down periods, h a s  been about 164 hr. 

Salt  treatment v e s s e l s  used  in the process  and 
the  meltdown units a r e  constructed of 12-in. IPS 
304L s t a in l e s s  s t ee l  pipe and a re  approximately 
6 ft  in length. An inner l iner  fabricated from 2- 
in. grade A nickel s h e e t  provides primary salt  
containment. Except for conventional loading 
ports and g a s  l ine  connections,  the  ves se l  is of 
welded construction. Nickel containers,  of the 
same approximate diameter but 3 f t  i n  length, a r e  
used  to s tore  and d i spense  purified s a l t  mixtures. 
T h e  treatment ves se l s  and salt s torage  v e s s e l s  
a r e  hea ted  by commercial res i s tance  furnaces of 
50 and 25 kw respectively. 

A simplified schemat ic  flow diagram of the unit  
p rocess  is shown in Fig.  4.3. T h e  s a l t  treatment 
ves se l  connec ts  directly to the receiver ves se l  
(salt  s torage  container) through a sma l l  diameter 
tube, which functions a s  the  p rocess  gas  entry 
l i ne  during purification of the fluoride mixture 
and  as the  s a l t  transfer l ine a t  the  completion of 
the  process.  T h e s e  v e s s e l s  a r e  also connected 
through the  gas  manifold system to provide cen- 
tralized control over p rocess  conditions during 

salt purification and regulation of the  differential 
g a s  pressure  on the  sys t em during transfer of the 
molten charge to i t s  s torage  container. 

T h e  g a s  effluent from the  process  is p a s s e d  
through a bed of sodium fluoride pe l l e t s  t o  reduce 
H F  concentrations to low va lues  before discharge 
to the atmosphere. Since la rge  quant i t ies  of hydro- 
gen a r e  used, exhaus t  g a s e s  a re  bubbled through 
a n  inert  liquid trap to  isolate the  p rocess  equip- 
ment from the  atmosphere. 

At the  completion of the  production cycle,  the 
purified fluoride mixture is transferred to the s a l t  
s torage  container and allowed to cool. Interim 
s torage  under a s t a t i c  helium cover g a s  is provided 
within the production facility. 

PROCESS CONTROL 

To ensure  delivery of acceptab le  fluoride mix- 
tu res  to the  MSRE, control of material ba lances  
and p rocess  conditions is maintained for each  
phase  of the production operation. In additipn 
to accounts  tha t  show the  source, quality, and 
amounts of raw materials used  in e a c h  production 
batch, various measures a re  exerc ised  during the 
process ing  cyc le  to  provide quality control of the 
finished product. Primary process  control is 

ORNL-DWG 64-6993 
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Fig.  4.3. Fluoride Production F a c i l i t y  - Simplified Schematic Process Diagram. 
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achieved by frequent ana lyses  of the  process  
g a s  streams. . T h e s e  ana lyses  se rve  as guides 
for alteration or  termination of process  conditions 
and are,  therefore, directly related to  production 
efficiency and quality control. Secondary control 
of product quali ty is derived from chemical anal- 
y s e s  of s a l t  samples  tha t  a r e  withdrawn from melts 
during process ing  operations. 
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Process Gas Analyses  

The  HF-H, concentration ratio in the  gas  in- 
fluent to the s a l t  treatment v e s s e l  is monitored 
by direct  titration of a s i d e  stream with a standard 
KOH solution. A similar titration of the gas  ef- 
fluent s t ream is used to determine H F  utilization. 
Typica l  resu l t s  obtained during preparation of the 
MSRE coolant  s a l t  mixture, i l lustrated in Fig.  4.4, 
show the high H F  uti l ization that is charac te r i s t ic  
during init ial  treatment of the  molten raw materials.  

Hydrogen sulfide,  co l lec ted  in an  ammoniacal 
cadmium chloride solution from the  gas  effluent 
stream, is determined by titration with a standard 
iodine solution. Material ba l ances  on  sulfur evolved 
a s  H,S from the  treatment v e s s e l  as compared 
with the  quantity of sulfur believed to be present  
i n  the  raw materials charge a re  often in disagree- 
ment and probably result  from the precipitation 
of su l fur  compounds in  the  meltdown furnace. 
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However, exper ience  obtained during the produc- 
t ion opera t ions  shows that,  when all su l fa te  is 
reduced to sulfide,  t he  ra te  of H,S evolution indi- 
c a t e s  the  concentration of sulfur remaining in the 
melt. Removal of sulfur from the  melt, therefore, 
is not  considered complete until  a subsequent  
addition of beryllium metal  fails to resu l t  in an  
inc rease  in the  H,S evolution rate. 

Water vapor, which resu l t s  from the  reaction of 
H F  with oxide  ion  in  the  melt, is nearly completely 
recovered from the  g a s  effluent stream, with some 
HF,  in  a cold trap maintained a t  about -12OC. 
T h e  contents  of the  cold trap a r e  drained periodi- 
ca l ly  and  analyzed for water content.  The  repro- 
ducibil i ty of resu l t s  obtained by th i s  process  con- 
trol method on a number of s a l t  preparations is 
shown in  Fig.  4.5. Oxide removal is considered 
complete when the  water removal rate becomes 
negligible. During the  final g a s  sparg ing  treat-  
ment, t h e  reduction of structural  meta ls  by hydro- 
gen resu l t s  in the  evolution of HF. The  rate of 
H F  evolution ind ica tes  t he  reduction rate and, 
as shown by Fig.  4.6, is also a function of the 
structural-metal ion concentration of the melt. 
Therefore, the  H F  content  of the  gas effluent is 
monitored periodically by direct  titration with a 
standard KOH solution. Values obtained by th i s  
procedure a r e  used  to  determine the  practical  
completion of the H, stripping process.  
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Fig. 4.4. Fluoride Production for MSRE - Utilization Fig. 4.5. Fluoride Production for MSRE - Removal 
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Fig. 4.6. Reduction of Iron Fluoride from MSRE Barren 

Fuel  Solvent a t  7OO0C by Hydrogen Sparging. 

Salt  Analyses 

Samples of molten s a l t  in p rocess  a re  withdrawn 
for ana lys i s  into copper fi l ter  tubes  that have  been 
previously fired in an  atmosphere of flowing hydro- 
gen. T h e  sampling assembly, when fi t ted onto a 
valved port of the treatment ves se l ,  permits sam- 
pling under ex i s t ing  process  conditions without 
extraneous contamination to the  batch or the  
sample.  . 

Chemical ana lyses  of filtered s a l t  samples  taken 
ju s t  prior to s a l t  transfer into i t s  s torage  container 
a re  cons idered  to be  representative of the  produc- 
tion batch. Averages of concentrations of various 
impurit ies found in  fluoride mixtures provided 
thus  far for t he  MSRE a r e  shown in Tab le  4.2. 
Values for “oxide removed”. were determined 
from quant i t ies  of water co l lec ted  in the  effluent 
gas  cold trap during the hydrofluorination treat- 
ment; they do not include water removed during 
the meltdown s t ep .  

PRODUCTION OF COMPONENT MIXTURES 
FOR THE MSRE FUEL 

T h e  fue l ing  of the  MSRE will  be accomplished 
by the  addition of component fluoride mixtures to 
the  reactor fuel drain tank until  the required s a l t  
volume (“ 75 ft3) having the  approximate composi- 
tion 7LiF-BeF ,-ZrF,-UF, (65.0-29.1-5.0-0.9 mole 
% respectively) is achieved. T h e s e  component 
mixtures a r e  commonly referred to as  the enriched 
fuel concentrate,  which conta ins  all 235U required 
by the  MSRE as the  mixture 7LiF-235UF,  (73-27 
mole %), the  depleted fuel concentrate,  which 
conta ins  the  ba lance  of nonfissionable uranium 
(also as  t h e  binary eu tec t i c  of UF, with 7LiF), 
and the  barren fuel solvent,  which c o n s i s t s  of the  
remaining components a s  the mixture 7LiF-BeF,- 
ZrF ,  (64.7-30.1-5.2 mole %). Two ba tches  (-600 
lb )  of t he  7LiF-UF, mixture with deple ted  uranium 

Toble 4.2. Fluoride Production for MSRE - Average of Chemicol Analyses of Salt Botches 

Average Concentration of Impurities (ppm) 

Salt Mixture Chemical Composition “Oxide 
Removed” Cr Ni Fe S 

Coolant 

Flush 

7LiF-BeF 19 26. 166 < 5  

(66-34 mole %) 

’LiF -Be F , 16 39 123 <5 
(66-34 mole %) 

1460 

1650 

Fuel  solvent  ‘LiF-BeF ,-ZrF, 21 15 77 <5 72 8 

Fuel  concentrate 7LiF-UF , 24 35 49 10 1700 

(64.7-30.1-5.2 mole SO) 

(73-27 mole SO) 



will be prepared in  the  large-scale production ap- 
paratus.  Production of the enriched fuel concen- 
t ra te  required spec ia l  apparatus  and procedures 
to provide for nuclear safety and for planned re- 
actor  operations.  

Preparation of Enriched F u e l  Concentrate 

MSRE operations,  as currently scheduled, will 
require approximately 90  k g  of 2 3  5U. The prepara- 
tion of th i s  quantity of f iss ionable  uranium, in  
s i x  equal  batches containing 15 k g  of 235U each,  
sat isfactor i ly  m e t  requirements for nuclear sa fe ty  
and reactor fueling operations and permitted the 
economical u s e  of ex is t ing  process  equipment. 

The reaction vesse l  was  constructed from a 36- 
in. length of 6-in. IPS, sched 40 pipe (s ta inless  
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steel 304L). The  v e s s e l  was provided with an 
inner liner fabricated from %-in. nickel  sheet .  
Storage containers for the finished batches of en- 
riched fuel concentrate mixture were constructed 
from 36-in. lengths  of 4-in. IPS, s c h e d  40 grade A 
nickel pipe. All v e s s e l s  were of welded construc- 
tion except  for loading ports and gas  l ine  connec- 
tions. The  overall  design of these  v e s s e l s  pro- 
vided for a liquid depth of about 29 in. in the  s a l t  
s torage container  and a dry mix depth of about 
2 6  in. in  the reaction vessel .  

Ba tches  of raw material  were blended and loaded 
into the  salt treatment v e s s e l s  by the Special  
Process ing  Group of the Y-12 Plant .  Each  batch 
contained about 4.9 k g  of 'LiF and about 21.6 kg 
of 235UF4. T h e  loaded v e s s e l s  were then trans- 
ferred to the fluoride production facility, where 

Fig.  4.7. Fluoride Production for MSRE - Process Equipment for Enriched Fue l  Concentrate Mixture. - 

1 
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the  s a l t  mixture was  melted, further purified, and 
transferred to salt s torage  containers by procedures 
previously described for the production of other 
MSRE mixtures. A photograph of the process  equip- 
ment is shown in  Fig. 4.7. T h e  processed  ba tches  
of enriched fuel concentrate a r e  in  s torage  in  the 
Y -12 Plan t .  

Preparation of Fuel Enriching Capsules 

Incremental additions of 235U will  be  made to 
t h e  c i rcu la t ing  reactor fuel by d isso lv ing  a fused 
eu tec t i c  mixture of 7LiF-235UF,  (73-27 mole %) 
from a small capsu le  that will be lowered into the 
bowl of the  fuel pump. The  fuel enriching cap-  
s u l e s  a re  constructed from 6-in. l engths  of $-in.- 
OD x 0.035-in.-wall nickel tubing with hemispheri- 
cal bottoms. T h e  top plug of each  capsu le  is 
penetrated by two k-in.-OD x 0.025-in.-wall nickel 
f i l l  tubes. Fo r  fi l l ing purposes,  s e v e n  capsu le s  
will  b e  connected in s e r i e s  by their  f i l l  tubes  and 
c lus te red  within a 4-in.-diam hea t ing  chamber. 
Some 154 capsu le s  will be fi l led from a prepared 
batch of the enriched fuel concentrate mixture. 
E a c h  fill operation will be monitored by radio- 
graphy us ing  a Nore1,co 160-kv, 6-ma portable x-ray 
unit  and a TVX camera to control the  s a l t  liquid 
leve l  in the l a s t  capsule.  The  fi l led capsu le  
c lus t e r s  will  be s e a l e d  individually in watertight 
cans and placed in s torage  until needed a t  the 
reactor s i te .  

REACTOR LOADING 

In addition to the  preparation of all fluoride 
mixtures for the MSRE, the Fluoride Production 
Group h a s  been responsible for loading these  
materials into the drain tanks  of t he  reactor facility. 
During the  la t te r  part  of October 1964, approxi- 
mately 5755 l b  of the mixture 'LiF-BeF, (66-34 
mole %) was  transferred from 22 salt  s torage  con- 
ta iners  t o  the  coolant drain tank in the MSRE. 
An additional 9200 l b  of this mixture was trans- 
ferred from 36 containers into a fuel drain tank 
during November 1964. T h i s  material is currently 
in  u s e  in  p l ace  of the  fuel mixture for prenuclear 
t e s t  operation of t he  reactor. T h e s e  operations 
were accomplished routinely and without de tec tab le  
beryllium contamination to t h e  reactor facility. 

T h e  fuel s a l t  is scheduled for addition to  the 
MSRE in April 1965. Although the  fi l l ing opera- 
t ions will  be  similar to those encountered for the 
coolan t  and flush s a l t  additions,  the  loading 
procedure will  accommodate the  calibration of 
drain tank weigh cells, a check-out of uranium 
inventory procedures and salt-mixing character-  
i s t i c s ,  and an orderly approach to cr i t i ca l  opera- 
tion o f  t he  reactor. After the  bulk of t h e  fuel 
so lvent  mixture h a s  been added (and the weigh 
cell ca l ibra t ions  compared with those  previously 
obtained during the  flush salt addition), t he  de- 
pleted fuel concentrate will be added in  controlled 
increments. T h e  salt  mixture will be homogenized 
by g a s  sparg ing  and by s a l t  transfers within the 
fuel circuit. Chemical ana lyses  of s a l t  samples  
withdrawn from the  mixture will  be  the  b a s i s  for 
eva lua t ing  salt mixing charac te r i s t ics  and the 
uranium inventory. 

T h e  approach to crit ical  operation will  be made 
by incremental additions of the enriched fuel con- 
cent ra te  to the  fuel drain tank. Although the 
quantity of 235U tha t  will b e  added in t h i s  manner 
will b e  regulated by the  nuclear charac te r i s t ics  
of t he  fuel mixture, it is anticipated that approxi- 
mately 90% of the 2 3 5 U  required for init ial  reactor 
operation will  be added via the fuel drain tank. 
T h e  ba lance  of  235U required will  be  added from 
enriching capsu le s  in the  fuel pump bowl. 

PRODUCTION ECONOMICS 

During the course  of fused fluoride production 
a t  ORNL, modifications and revisions have been 
made on the  facil i ty to meet spec i f i c  sa fe ty  re- 
quirements and to incorporate procedural changes 
that have resu l ted  from . process  development 
programs, The  replacement value of the  production 
facil i ty is probably in the range of $300,000 to 
$500,000. 

T h e  operation of the production facil i ty for the 
preparation of MSRE materials h a s  been conducted 
on a seven-day, three-shift schedule.  Each of 
t he  four sh i f t s  h a s  required a technician for opera- 
t ional control and a research mechanic for routine 
maintenance. Other supporting c raf t s  were em-  
ployed for nonroutine maintenance as required. 
Operation, maintenance, and equipment c o s t s  were 
budgeted a t  an average of $20,000.per month. 
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Fluoride s ta r t ing  materials that have been ac- 
quired for the production of MSRE materials have 
values a s  shown in Table  4.3. The  raw materials 
cos t  for the coolant and flush s a l t  mixture, 'LiF- 
BeF ,  (66-34 mole %), is $11.29 per pound and that 
of the fuel sa l t ,  excluding 235U cos t s ,  is $10.13 
per pound. As calculated from operating and raw 
materials c o s t s  (but not plant amortization), the 
coolant and flush s a l t  mixture h a s  an estimated 
va lue  of $19.71 per pound. A similar cos t  for the 
fuel s a l t  mixture, excluding 235U, is estimated 
a t  $17.33 per pound. Thus, the in i t ia l  charge of 
coolant, f lush,  and fuel s a l t  mixtures for the MSRE 
will have  an estimated value of $496,400, ex- 
c lus ive  of plant amortization and uranium cos ts .  

Table  4.3. Fluoride Production for MSRE - 
Raw Mater ials Costs  

Material Quantity Unit Cos t  Total  Cost 

7LiF 22,000 Ib $16.50a $363,000 

BeF, 12,000 Ib 5.70 68,400 

ZrF 2,300 Ib 8.00 18,400 

UF4 90 kg 12,000 1,080,000 

(235U Basis )  

Total  $1,529,800 

aIncludes $1.82 per pound for preparation a s  fluoride 
salt. .  
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5. Chemistry of Pressurized- Water Reactor Systems 

F. H. Sweeton C. F. Baes R. W. Ray 

Behavior of ionic s p e c i e s  i n  the  very pure 
coolan t  water circulating in PWR sys t ems  h a s  
been s tudied '  t o  provide, if poss ib le ,  improved 
des ign  and operation of s u c h  reactors and  their  
auxiliary water purification sys t ems .  T h e  primary 
tool for th i s  study h a s  been the  pressurized-water 
loopz tha t  was  operated in  the  ORR from 1959 to  
the summer of 1964. Data d i scussed  below were 
obtained during the l a s t  t en  months of th i s  period, 
when the  loop temperature w a s  relatively low 
(300-350'F or 149-176OC) in  order t o  avoid over- 
hea t ing  the  co res  of fuel experiments t ha t  were 
simultaneously be ing  tes ted  for t he  Army. T h i s  
s tudy  was  terminated when operation of the  loop 
was  discontinued in  the  summer of 1964. 

BEHAVIOR IN O R R  LOOP 

Corrosion- Product Chemistry 

Corrosion products were sampled, a s  previously 
reported, from cooled loop water flowing i n  a 
s p e c i a l  s i d e  stream containing a flowmeter, a 
Millipore filter (normally with 0.10-p pores), and  
a ca t ion  exchanger column. Samples of so l id s  
and of so luble  ca t ions  were each  ana lyzed3 spec-  
trographically and radiochemically. T h e  resu l t s  of 
the  ana lyses  a r e  shown in T a b l e  5.1; the  radio- 
chemical da t a  a re  presented in  the  form of activa- 
tion t imes calculated under the  assumpt ions  given 

'F. H. Sweeton e t  af., Reactor  Chem. Div. Ann. progr. 
Rept. Jan. 31, 1964, ORNL-3591, pp. 67-69. 

21. T. Dudley, D. E. Tidwell, and D. B. Trauger, 
Design Report for NSMR Pressurized-Wa ter Loop a t  
ORR, ORNL-3188 (Dec. 19, 1962). 

3The analyses  were made by the Analytical Chemistry 
Division under the supervision of W. R. Musick and 
E. I. Wyatt. 

a t  the  foot of the  table.  Data  given in  the  previous 
report '  a r e  included for completeness.  

T h e s e  da ta  show tha t  the  different corrosion 
products were transported t o  different degrees  and 
by different mechanisms. T a b l e  5.2 shows  that 
d i sso lved  iron, d i sso lved  nickel,  and suspended 
iron were the  major corrosion products i n  the  loop 
water. Dissolved manganese and suspended chro- 
mium were of intermediate importance; d i sso lved  
chromium and cobal t  and suspended nickel, cobalt ,  
and manganese were of minor importance. Tab le  
5.3 shows  the  abundance of various corrosion 
products i n  loop water,  relative to iron. 

T h e  relative radioactivity of the  various nuc l ides  
in the loop water is shown by the  ave rages  in 
Tab le  5.4. T h e s e  nuclides,  when arranged in  
dec reas ing  order of importance a s  sources  of 
penetrating radiation, a r e  6oCo, "Fe, 54Mn, 58C0, 
"Cr, and "Fe. The  tab le  shows that the  so lub le  
cons t i tuents  were the  chief source  of radioactivity. 
T h e  most important of t hese  was  6oCo. T h e  
normal source  of 6oCo  in  pressurized-water sys t ems  
is the  cobal t  impurity normally found in the  stain- 
less s t e e l  used  in  construction. However, in the  
present  case the  average  6oCo  concentration w a s  
perhaps doubled by the  inadvertent release of 
so lub le  cobalt  from a n  irradiated flux suppressor  
in one of the fuel assembl ies  being t e s t ed  in  the 
loop. T h e  nuclides next i n  importance, so luble  
"Fe, 54Mn, and 58C0, were at l e a s t  a n  order of 
magnitude below the  6oCo in importance as  sources  
of radiation. 

T h e  s e r i e s  of chemical ana lyses  w a s  helpful in 
following the re lease  of so luble  cobal t  from the  
defec t ive  flux suppressor.  The  fuel assembly 
bearing th i s  suppressor  was inserted into the  loop 
during the fourth month of th i s  s e r i e s  of t e s t s .  
During the  first  three weeks  of i t s  irradiation the  
concentration of cobalt  increased enough to b e  
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T a b l e  5.1. Characterization of Soluble and Insoluble Corrosion Products in Water of ORR Pressurized-Water Loop 

Sampling Time Filter Pore Loop 

Start End @) (OC) Fe c o  Cr Mn Ni 5 5 ~ ~  5 9 ~ ,  5 8 c o  6 0 c 0  5 4 ~ ~  51cr 

Concentration (moles/liter) Calculation Activation Timesa (days) 
Diameter Temperature 

8-30-63 

8-31-63 

9-03-63 

9-1 9-63 

10-17-63 

10-29-63 

11-01-63 

11-22-63 

12-06-63 

12-2 0-63 

12-23-63 

1-16-64 

2-18-64 

2-27-64 

3-1 1-64 

3-31-64 

4-16-64 

5-08-64 

6-18-64 

8-31-63 

9-03-63 

9-13-63 

10-11-63 

10-24-63 

10-30-63 

11-13-63 

12-03-63 

12-13-63 

12-23-63 

1-07-64 

2-03-64 

2-22-64 

3-05-64 

3-3 0-64 

4-05-64 

5-04-64 

5-31-64 

7-14-64 

0.45 

0.45 

0.45 

0.45 

0.10 

0.10 

0.10 

0.1 0 

0.10 

0.10 

0.10 

0.10 

0.10 

0.10 

0.10 

0.10 

0.10 

0.10 

0.1 0 

149 

149 

149 

149 

149 

149 

149-177 

177 

38 

177 

177 

177 

135 

149 

149 

177 

149-177 

149-177 

149 

x 

444 

16.3 

6.4 

20.3 

79.5 

2 06 

50 

22 

136 

21 

15 

16 

8.7 

6.3 

10 

to9  

15 

6.8 

Insoluble Components 

x 

(25 

.<2 

<0.3 

(1.6 

<0.3 

<1.1 

(0.5 

<0.8 

(5.1 

<1.9 

<0.3 

(0.8 

(0.5 

(0.3 

<0.5 

(0.4 

(0.5 

(0.6 

x 1 0 - ~  

551 

5.6 

0.6 

2.0 

0.6 

19 

1.9 

1.2 

6.2 

2.1 

0.3 

(0.7 

< 0.4 

0.23 

0.4 

0.9 

<0.9 

0.78 

x 

2.2 

(0.05 

< 0.03 

co.09 

< 0.09 

(0.11 

< 0.06 

< 0.09 

(0.5 

0.0 

<0.7 

< 0.2 

(0.12 

(0.10 

<0.17 

0.0 

<0.17 

0.28 

x 1 0 - ~  

40.7 

1.2 

0.4 

0.8 

1.9 

3.7 

0.93 

0.87 

4.3 

1.2 

1.5 

3.1 

1.1 

0.9 

1.5 

16 

1.8 

1.6 

110 

49 

29 

8.4 

4.5 

12.6 

5.1 

3.1 

3.5 

7.8 

13.5 

10.0 

6.3 

10.7 

4.9 

13.4 

10.7 

42 

12.5 

4.9 

3.1 

0.76 

2.3 

0.96 

0.45 

0.70 

1.05 

3.7 

1.17 

1.36 

1.63 

0.36 

2.12 

13.3 

10.2 

3.4 

4.4 

1.38 

4.6 

1.02 

0.88 

0.67 

1.9 

12.3 

1.6 

0.68 

1.1 

0.16 

1.28 

0.99 1.22 

> 0.3 

> o s  
> 0.7 

> 0.3 

> 0.9 

>2.5 

>0.16 

>0.11 

> 0.07 

>1.3 

>1.7 

> 0.74 

> 0.46 

>0.78 

>3.0 

> 0.9 

> 0.49 

107 

22 

19 

8.7 

0.6 

1.0 

0.35 

0.51 

2.3 

1.4 

19 

2.4 

1.4 

9.8 

1.02 

6.4 

3.4 

0.23 

0.33 

0.64 

0.32 

0.30 

0.16 

0.28 

0.18 

0.12 

0.07 

> 0.09 

> 0.04 

0.38 

0.23 

1.02 

>0.16 

0.28 



T a b l e  5.1 (continued) 

b 

'Concentration (moles /liter) Calculation Activation Timesa (days) Filter Pore Loop Sampling Time 

Start End 
Diameter Temperature 

Mn Ni 55Fe  5 9 ~ ~  58c0 6 0 c 0  5 4 ~ ~  51cr Fe c o  Cr 
@) (OC) 

Soluble Cations 

8-3063 

8-31-63 

9-03-63 

9-1 9-63 

10-1 7-63 

10-29-63 

11-01-63 

11 -22-63 

12-06-63 

12-20-63 

12-23-63 

1-1 6-64 

2-18-64 

2-27-64 

3-1 1-64 

3-3164 

4-1664 

5-08-64 

6-18-64 

8-31-63 

9-03-63 

9-13-63 

10-1 1-63 

10-24-63 

10-30-63 

11-13-63 

12-03-63 

12-13-63 

12-23-63 

1-07-64 

2-03-64 

2-22-64 

3-05-64 

3-30-64 

4-05-64 

5-0464 

5-31-64 

7-14-64 

0.45 

0.45 

0.45 

0.45 

0.10 

0.10 

0.10 

0.10 

0.10 

0.10 

0.10 

0.10 

0.10 

0.10 

0.10 

0.10 

0.10 

0.10 

0.10 

149 

149 

149 

149 

149 

149 

149-177 

177 

38 

177 

177 

177 

135 

149 

149 

177 

149-177 

149-177 

149 

x 1 0 - ~  

60 

70 

119 

646 

491 

2300 

11.3 

157 

13.9 

98 

131 

442 

130 

111 

122 

123 

145 

95 

150 

x 1 0 - ~  

<31 

<2.6 

0.0 

<1.6 

(1.0 

<4.8 

<0.5 

<8.3 

1.2 

1.8 

3.2 

1.55 

1.8 

1.3 

0.9 

0.85 

<0.4 

x 1 0 - ~  

0.0 

0.0 

0.3 

0.7 

4.2 

21 

0.4 

2.2 

(0.2 

1.0 

1.3 

7.2 

0 

0 

(0.24 

<0.4 

0.2 

(1.1 

13 

x 1 0 - ~  

9 

8 

4.5 

29 

18 

93 

2.1 

3.8 

1.3 

10.9 

14 

47 

8.6 

6.0 

5.5 

7.0 

11.7 

7.5 

8.5 

x 1 0 - ~  

507 

44 

16.2 

277 

152 

752 

6.6 

10.5 

23 

90 

74 

252 

407 

146 

146 

63 

164 

188 

102 

(8 

6.4 

4.2 

0.22 

1.2 

0.3 

56.5 

2.9 

6.5 

4.0 

1.0 

3.1 

5.9 

10.1 

9.7 

4.8 

4.4 

3.0 

<0.5 

1.2 

0.72 

0.06 

0.34 

0.09 

11.5 

0.85 

0.65 

1.05 

0.99 

0;39 

2.4 

0.91 

1.7 

1.7 

0.67 

1.0 

0.45 

0.04 

0.75 

2.77 

0.17 

0.35 

0.09 

5.6 

4.4 

1.2 

0.88 

1.06 

0.39 

0.75 

0.85 

1.05 

2.17 

0.72 

1.01 

2.9 

>0.13 

>1.5 

>3.5 

>6.5 

>1.75 

> 9.3 
>0.7 

9.3 

25 

20 

22 

16 

21 

25 

34 

> 45 

29.5 

94 

35 

4.6 

10.5 

2.2 

5 76 

46 

61 

70 

34 

26 

42 

22 

24 

36 

43 

17 

190 

<0.3 

<0.03 

<0.13 

<0.03 

(0.2 

<0.03 

<0.03 wl 

(0.04 

<0.11 

< 0.09 

+ + 

(45 

> 10 
1.0 
I__ ___ 

aFor this calculation i t  has been assumed that the thermal and fast  fluxes were 5.0 and 4.0 x lOI3 neutrons cm-2 sec-l, respectively, that the irra- 
diation was continuous until sampling t ime,  and that the radionuclide remained with i t s  parent. The last assumption should be valid for 55Fe, 59Fe, 
6oCo, and 51Cr, whose parents are nuclides of the same elements, but may well be in error for 58C0 and 54Mn, whose parents are 58Ni and 54Fe. The 
cross  sections cm2) and abundances (%) of the parents of these six nuclideshave been taken to be: 2.3, 5.84; 0.98, 0.31; 0.091, 67.8; 36.0, 100; 
0.050, 5.84; 15.0, 4.31. 
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T a b l e  5.2. Averagea Concentrations of Corrosion 

Products Found 

Average Concentration 

Element M )  

Dissolved Suspended 

Fe 219 40 

Ni 145 2.9 

Cr 2.9 4.7 

c o  0.7-1.7' <0.9 

Mn 14 0.04-0.12' 

~~ ~~ 

eEach analysis  weighted according to  the length of 

'Ranges in  value a r i se  from averaging resul ts  which 
sampling period. 

include "less than" values. 

readable by spectrographic ana lys i s ,  and the 6oCo 
activity rose significantly. 

A considerable amount of information about the  
transport of iron and the other corrosion products 
c a n  be deduced from the  ana ly t ica l  data.  Iron 
was  the primary consti tuent of both so luble  and 
the insoluble fractions of corrosion products. The  
iron was  present largely in  the  so lub le  form; we 
be l ieve  th i s  was  due to both the higher solubili ty 
of Fe,O, a t  the relatively low operating tempera- 
ture of the  loop, and a low rate of so l id s  generation 
by the  thick protective f i l m  formed during four 
yea r s  of prior operation. Using the Fe and "Fe 
analy t ica l  data for s amples  13 and 19 of Tab le  5.1 
(samples  taken when the  fuel experiments  had been  
in the reactor for two months or more), and knowing 
tha t  the ratio of in-flux to  out-of-flux sur face  was  
0.04, we c a n  ca lcu la te  tha t  the  in-flux sur face  

T a b l e  5.3. Corrosion-Product Rat ios 

Moles Xi Moles Cr Moles Mn Moles Co 

Moles Fe Moles Fe Moles Fe Moles Fe 

Type 300 s ta in less  s t e e l  0.12-0.18 0.24-0.29 50.02 

Found in suspension 0.07 0.12 0.001 -0.003 e <0.02 

0.66 0.013 0.064 0.003-0.008e Found in  solution 

eRanges in value a r i se  from averaging resul ts  which include "less than" values. 

T a b l e  5.4. Nucl ide Concentrations Found and Calculated Act ivat ion T imes  

Averagee Calculated 
Activation Time Averagee Concentration 

(days) 
Nuclide Parent  Half-Life (dis sec-l liter-') 

Dissolved Suspended Dissolved Suspended 

"Fe 54Fe 2.94 years  1400 1500 7.2 10.6 

'Fe 58Fe 45.1 days 160 175 1.4 2.3 

58c0 58Ni 72 days 1800 90 1.5 2.2 

6Oco 9 ~ 0  5.27 years 7600 230 >20 >1.2 

54Mn ',Fe 300 days 1100 48 80 5.3 

' ~ r  Ocr 27.8 days 1300-1 560 545 -5 >3.1 

aEach analysis  weighted according to  the length of sampling period. 



re leased insoluble  iron at about the  same rate  per 
unit a rea  as the out-of-flux surface,  In the  case 
of soluble  iron we c a n  ca lcu la te  that  t h e  in-flux 
sur face  w a s  probably somewhat less effect ive than 
the out-of-fhx. 

Electron micrographs furnish further qual i ta t ive 
information about t h e  transport  of iron in  t h e  loop 
water. W e  expec t  that  the fine irregular crystal-  
lites shown in  the  lef t  s i d e  of Fig.  5.1 were formed 
in  some region of supersaturation. The  la rge  
sharply defined crys ta l s  in  the  right s i d e  of Fig.  
5.1 indicate ,  as h a s  been noted p r e v i ~ u s l y , ~  that 
considerable  regrowth occurred. T h e  Ion g rods 
in th i s  same micrograph are ,  we think, c rys ta l s  
grown by the mechanism of s c rew dis locat ion and 
subs tan t ia te  tha t  appreciable c rys ta l  growth w a s  

4C. F. Baes  and T. H. Handley, “PWR Chemistry 
Studies of the ORR In-Pile Loop,” pp. 367-89 in The 
Third Conference on Nuclear Reactor Chemistry, TID- 
7641, Office of Technical Services,  Department of 
Commerce, Washington, D.C., 1962. 
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from solution. The dendrite formation of Fig.  5.2 
w a s  found in  one crud sample and is a s p e c i a l  
case of the same growth mechanism. 

T h e  presence of cobal t  w a s  s e e n  mainly i n  terms 
of the 6oCo formed from it.  An appreciable  par t  
of the cobal t  re leased by the defect ive fuel  
assembly was  not directly removed by t h e  puri- 
f ication system, but was  adsorbed by the loop 
walls.  T h i s  w a s  shown by the fact that ,  al though 
the 6oCo concentration quickly dropped to one-half 
on removal of the assembly,  it decreased  s lowly 
thereafter. T h e  purification ra te  (3% of t h e  loop 
volume per minute) had apparentIy been unable  to  
remove cobal t  as rapidly as it w a s  re leased  to 
solution. 

Nickel,  present  in the  water  almost ent i re ly  in  
so luble  form, was  of in te res t  primarily as the 
parent of 58C0, one of the important radioact ive 
corrosion spec ies .  T h e  ratio of n icke l  to iron in  
the loop water averaged about three t i m e s  that  
in  the original s t a i n l e s s  steel, showing tha t  nickel  

PHOTO 68703 

Fig. 5.1. Chemistry of Pressurized-Water Reactor Systems (Crud from ORR Pressurized-Water Loop). 
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w a s  e i ther  being leached from the  corrosion f i lm  
fas te r  than the iron, was  being removed from the 
solution less effectively than w a s  iron, or both. 
T h e  58C0 occurred in  the water largely i n  the  
so luble  form. 

Manganese was  a l s o  found t o  be  a lmost  com- 
pletely i n  the so luble  form; the  Mn/Fe ratio in  
solut ion was  three t imes tha t  i n  the s t a i n l e s s  
steel. W e  presume that much of the manganese 
separated from the iron during regrowth of the  
Fe,O, c rys ta l s  and that addi t ional  manganese may 
have diffused out of the  corrosion fi lm. 

Very l i t t le  chromium appeared in  the loop water 
under normal conditions. T h e  C r / F e  ratio, both 
i n  solut ion and i n  suspens ion  (see T a b l e  5.3), 
averaged definitely less than tha t  of t he  or iginal  
s t a i n l e s s  s tee l .  T h e  surface of the oxide layer  
o n  the  s t a i n l e s s  s t e e l  must have been growing 
rich in  chromium, as is commonly observed in  
corrosion of s t a in l e s s  steel. T h e  fact  tha t  the  
suspended  so l id s  did not normally show s u c h  a n  
enrichment lends  support to t he  conclusion that 

a considerable  portion of the  suspended  crud had 
been reformed from so luble  const i tuents .  

Some of t h e s e  observat ions of corrosion-product 
behavior sugges t  methods for reducing the  t ransport  
of corrosion-product activity from in-flux to  out-of- 
flux regions of pressurized-water reactors. T h e  
appearance of the so l id s  ind ica t e s  tha t  they were 
formed i n  regions where the  so lu t ion  w a s  super- 
sa tura ted  in  iron. T h e  qua l i ta t ive  indicat ion of a 
low in-flux r e l ease  ra te  s u g g e s t s  tha t  t he  super- 
saturat ion occurs  in th i s  region. Our solubi l i ty  
s tud ie s  (see below) give independent  evidence 
tha t  the iron solubili ty should d e c r e a s e  as  the  
solut ion is heated on p a s s i n g  through the  in-flux 
region. Such supersaturat ion i n  a circulat ing 
solut ion leaving a reactor core  should be  removed 
eas i ly  by a bed of Fe,O,. 

Fission Product Chemistry 

T h e  f i ss ion  product act ivi ty  leve l  in  the  loop 
water w a s  s tudied by occas iona l  a n a l y s e s  of s p o t  

PEM-3890-3 

Fig. 5.2. Chemistry of Pressurized-Water Reactor Systems (Crud from ORR Pressurized-Water Loop). 

. 
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samples  of the  water. One-liter samples  were T h e  resu l t s  appear to  be  routine up to  May 1964. 
pas sed  through a 0.30-p Millipore filter before The  f i r s t  four samples ,  and tha t  taken on February 
ana lys i s ,  although early checks  showed tha t  less 26, 1964, represent loop operation without any 
than 5% of the f i ss ion  product activity could be fuel-test  assembl ies  i n  the loop. T h e  significant,  
s topped by the  filter. T h e  r e su l t s  of t hese  ye t  limited, increase  in f i ss ion  product l eve l s  
ana lyses  are given in Table  5.5; some da ta  from with the insertion of the  fuel-test  a s sembl i e s  is 
the  previous year a re  included for completeness .  undoubtedly due to  smal l  235U impurities on the  

T a b l e  5.5. Fission Product Analyses of Water from Pressurized-Water Loop 

Disintegrations per Second per Liter a t  Sampling Timea 

Date of Sample ' l s r  "sr 13ZI 1331 1341 

(9.67 hr) (2.6 hr) (2.33 hr) (20.8 hr) (52.5 min) 

6-21-63 

7-1 0-63 

7-31-63 

8-21-63 

9-18-63 

10-18-63 

11-14-63 

12-24-63 

1-09-64 

2-04-64 

2-26-64 

4-02 -64 

4-21 -64 

5-2 6 -64 

5-28-64 

5-31 -64 

6-15-64 

6-23-64 

6-30-64 

7-02-64 

7-10-64 

7-15-64 

7-28-64 

112' 

194' 

99' 

61 ' 
2 09 

120 

255 

318 

245 

640 

177' 

301 

485 

630 

6 02 

384 

506 

52 7 

742 

280 

71 9 

426 

311 ' 
311 ' 
272 ' 
5 05 

412 

536 

1466 

956 

932 

275' 

42 6 

6 78 

786 

754 

561 

484 

587 

633 

590 

1110 

599 

586' 

418' 

434' 

472 ' 
1,852 

995 

1,087 

222 

948 

893 

144' 

735 

1,061 

5,605 

3,693 

2,680 

2,542 

2,227' 

15,350 

8,823 

8,568 

11,200 

81 ' 
87 ' 
83 ' 
87 ' 

2 92 

160 

172 

377 

317 

300 

89' 

168 

369 

7,655 

6,515 

2,222 

8,932 

2,332 

21,715 

9,070 

8,433 

14,000 

6,66OCSe 

3,495 

3,384 

1,074'" 

1,896' 

3,161' 

9,290' 

7,135' 

5,259' 

11,350 

6,026 

44,000 

4,307 

12,470d 

*Expected accuracy is 10% or better unless  otherwise indicated. 

'With no fuel-test assemblies  in the loop. 
'Expected accuracy is 20%. 

dExpected accuracy is 40%. 

eCorrected back to reactor shutdown. 



120 

sur face  of the  assemblies.  The  sharp  increase  in  
the iodine f i ss ion  products i n  May was  due t o  
a leak in a specimen in  the  fuel assembl ies .  

Fe304 a s  High-Temperature Adsorbent 

We repeated a test of Fe,O, a s  a high-tempera- 
' ture adsorbent,  us ing  the  experimental method 
previously reported. T h i s  time the Fe,O, sample  
had been sintered a t  1200'C ins tead  of 14OO0C, 
the loop operating temperature was  350'F (177'C) 
ins tead  of 300'F (149'C), and the  t e s t  w a s  not 
periodically interrupted a s  before to take  gamma- 
spectrometer readings on the  various uni t s  of the  
t e s t  system. T h e  high concentration of 6oCo in  
the  loop water at the time of t h i s  test interfered 
with our obtaining a good material  ba lance  for 
"Fe. We accounted for about  half of t he  59Fe 
entering the  system; about  90% of th i s  was  found 
on the  Fe,O,, and the remainder on the ca t ion  
exchanger  placed downstream to  scavenge  any  
ca t ions  tha t  could get through the Fe30, column. 
In addition, the  Fe,O, s topped about  half of the  
cobal t  activity and about  two-thirds of the man- 
ganese.  T h e s e  da ta  confirm the earlier conclusion 
that, under certain conditions at l ea s t ,  Fe,O, 
can  adsorb  corrosion-product activity effectively 
from solution a t  elevated temperatures. 

Our observation tha t  the  su r face  area of t he  
Fe,O, doubled during th i s  t e s t  appears  to  be  real ,  
but we have  no explanation. Our p lans  for further 
t e s t s  of Fe,O, with water  taken  isothermally from 
the  loop had t o  be cance led  when the  operation 
of the loop was  discontinued. 

SOLUBILITY O F  Fe30, 

Magnetite (Fe,O,), the s t ab le  oxide result ing 
from high-temperature reaction of s t e e l  with water  
i n  the presence  of hydrogen, is a recognized 
cons t i tuent  of the corrosion f i lm  on s t e e l  i n  PWR 
sys tems.  T o  d isso lve  in water,  Fe,O, must  
undergo an  oxidation-reduction reaction of the  type 

Fe,O, + 6Ht + H, = 3Fe2' + 4H,O . 
T h e  extent of reaction, and the solubili ty,  depends 
on hydrogen activity as wel l  as on acidity and 
temperature. We are s tudying  the solubili ty of 
Fe,O, in neutral and s l igh t ly  ac id  so lu t ions  a t  

hydrogen pressures  near 1 atm and at temperatures 
as high as  260'C to  better understand transport  of 
iron in reactor sys t ems  of the PWR type. T h e  low 
solubili ty (-lo-' M) of Fe,O, under t h e s e  condi- 
t ions makes u s e  of radiotracer "Fe virtually 
e s sen t i a l .  

T h e  flowing system shown as Fig. 5.3 c o n s i s t s  
of a g l a s s  reservoir holding 12 liters of solution pro- 
tected from air  by a cont inuous flow of pure H, 
at 1 a t m .  Other integral  components  (not shown 
in F ig .  5.3) are connections through which water 
can  c i rcu la te  through thallium, and  a mixed ion 
exchanger  for removal of 0, and ionic  impurities. 
The  water normally contained 10 t o  30  ppb of 0, 
and had a conductivity of less than 0.5 micro- 
mho/cm a t  25'C. T h e  Pulsafeeder  pump which 
circulated the solution developed a pressure  of 
about  1200 psi .  T h e  preheater, which brought the 
solution t o  the furnace temperature, contained 
platinum black to ca t a lyze  reaction of res idua l  
t r aces  of 0, with the d isso lved  H,. T h e  so lu t ion  
passed  through the heated column containing 2.7 g 
of 30- t o  50-mesh particles of Fe,O, formed by 
s in te r ing  submicron par t ic les  at 14OO0C, through 
a cooler,  a Millipore filter (0.10-p pores), a fine 
platinum capillary tha t  limited the  flow rate,  and 
a ca t ion  exchanger, before returning t o  the reser- 
voir. The  solution in the  sys t em was  in contac t  
with g lass ,  p las t ic ,  Teflon, s t a i n l e s s  s t e e l ,  

ORNL-OWG 65-2556 

H20+ + H 2 0  

FLOW CONTROLLING 
COLUMN HOLDING 1 

PULSAFEEDER 

Fig. 5.3. Schematic Diagram of F lowing System for 

Determination of Solubility of Fe 0 . 
3 4' 
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platinum, nickel,  and Monel alloy. Only the  l a s t  
three were used  i n  the  high-temperature regions. 
No  s topcock  grease  was  used  in  the  sys tem.  

Disso lved  iron w a s  a s s a y e d  through the  radio- 
ac t ive  "Fe induced in the  Fe304 sample by prior 
irradiation i n  the  ORR. During the  t e s t s ,  con- 
tamination of the  sample with 6oCo,  generated 
during the  irradiation from cobal t  impurity in the 
Fe304, became a problem. Cobalt-60 gamma 
radiation is difficult t o  s epa ra t e  from that of "Fe 
because  the energ ies  a r e  almost t he  same. T h e  
59Fe activity,  which was  appreciably greater than 
the 6oCo at first ,  decayed with i t s  45-day half-life, 
and eventually became smaller than the 6oCo.  
Although cobal t  in the sample on the  ion exchanger 
could be  e a s i l y  separa ted  by chemical methods, 
that  on  the  filter and the  metal  parts of the  
solution-handling sys tem could not. T h e s e  parts 
were analyzed on a gamma spectrometer,  and the  
59Fe and 6oCo peaks  were resolved by comparison 
of the  observed peaks  with those  of t he  pure 59Fe 
and 6oCo. 

T h e  gamma spec t ra  of the f i l t e rs  after these t e s t s  
normally showed an 5 9 F e / 6 0 C o  ratio 1.6 t o  8 
times tha t  i n  the  original Fe304. T h i s  indicated 
that essent ia l ly  no solid Fe304 w a s  be ing  carried 
out of our column. A s  a result  we have considered 
all of the  activity found on the  fi l ter  and the  
sys t em both before and after the  filter a s  actually 
representing so luble  iron. Three  t e s t s  showed the  
same 5 9 F e / 6 0 C o  ratio in  the  material  on the filter 
as in  the original Fe304; we concluded that some 
of t h e  so l id  had passed  the  re ta in ing  nickel frit 
of t h e  column during a su rge  in  flow. We therefore 
rejected the da ta  from these  t e s t s .  

In the  initial experiments w e  determined only the 
activity on j u s t  the  ion exchanger and  filter. After 
a number of experiments w e  found tha t  apprec iab le  
ac t iv i ty  w a s  he ld  on the  metal  sys tem.  T h e  first  
entry of Tab le  5.6 is a composite of t h e s e  t e s t s ;  
i t  inc ludes  th i s  latter activity.  In each  subsequent  
t e s t  w e  redetermined the ac t iv i ty  on the  metal  
system. 

T h e  flow rate was  varied from t e s t  t o  t e s t  t o  
check  our expectation that the  apparent  solubili ty 
would dec rease  a t  higher flow ra tes  due  to  lack  
of saturation. With the  relatively high solubili ty 
a t  2OOOC w e  may have observed s u c h  a n  effect, 
No s u c h  effect  w a s  observed a t  260OC; i n  fac t ,  
t he  apparent solubili ty may have increased  with 
flow rate,  

We think the  bes t  va lues  for the so lubi l i t i es  a t  
260 and 2OO0C a re  the  averages  of the t e s t s ,  e a c h  
weighted according to  the volume of solution 
sampled. T h e s e  averages  a re  330 and 1500 x 

M ,  respectively,  with uncertainties of perhaps 
50%. T h e  uncertainty cannot be  es t imated  for t he  
s ing le  resu l t  a t  164OC, but, i n  view of the high 
flow rate used, this resu l t  is likely to be low. 

Some solubili ty t e s t s  have  been made in  a 
rocking titanium autoclave with a capac i ty  of 
147  ml. Spec ia l  samples  of F e 3 0 4 ,  prepared with 
a high spec i f ic  activity of 59Fe, were used .  When 
pure H 2 0  served  as the solvent,  e x c e s s i v e  amounts 
of ac t iv i ty  were held up  on  the  metal  par t s  through 
which the  solution was  sampled. A s  a resu l t  w e  
conclude tha t  th i s  s t a t i c  method w a s  unsui tab le  
for s t u d i e s  of such  low so lubi l i t i es .  

We plan to u s e  the flowing sys tem for future 
t e s t s ,  to minimize the  amount of absorption of 
d i sso lved  iron on the  solution-carrying par t s  of 
the  t e s t  sys tem,  to hold the  so l id  Fe304 i n  i t s  
column more reliably, and to  improve the  accuracy  
of the  a s s a y  procedures. T e s t s  have been s ta r ted  
to extend the  measurements t o  ac id i c  so lu t ions .  

Table 5.6. Solubility T e s t s  by Flowing Method 

Concentration 
Date Flow Rate Total Flow of Total Iron 

011) (ml/min) (liters) 

7-2464 to 

9-22-64a 

9-2364 

9-24-64 

10-05-64 

10-09-64 

10-21 6 4  

11 -13-64 

9-25-64 

9-2964 

10-02-64 

12-09-64 

11-2564 

260° C 

2.0-8.6 22 

3.9 3.9 

4.7 4.6 

1.7 9.1 

0.93 8.0 

2.5 42.5 

3.0 47.9 

20oOc 

3.7 14.6 

2.6 10.0 

0.97 3.8 

1.8 33.1 

l64'C 

2.0 33.0 

x 1 0 - ~  

312 

66 

357 

128 

92 

309 

457 

726 

884 

1415 

2100 

1348 

'This is a composite of 13 early tes ts .  



6. Corrosion Studies for Aqueous Reactors 

and Chemical Processes 

J. C. Gr i e s s  
J. L. Engl i sh  L. L. Fairchild P. D. Neumann 

CORROSION TESTS FOR THE HIGH FLUX 
ISOTOPE REACTOR 

Corrosion s tud ie s  with a large variety of materi- 
a l s  having more or less permanent usage  in  the  
High Flux  Isotope Reactor (HFIR) were completed. 
Preliminary da t a  have been reported, and f ina l  
reports a r e  in  preparation on the resu l t s  of labora- 
tory3 and dynamic loop t e s t s . 4  Both types  of t e s t s  
were carried out i n  pH 5.0 water a t  100°C and 
below. T h e  laboratory t e s t s  employed water i n  
equilibrium with air. Water i n  the loop t e s t s  con- 
tained approximately 5 ppm of d isso lved  oxygen. 
T h e  laboratory t e s t s  were concerned with qu ie scen t  
solutions,  whereas water ve loc i t ies  i n  the  loop 
t e s t s  varied from around 0.5 fpm to 81 fps. Speci- 
mens i n  the  la t te r  t e s t s  were e lec t r ica l ly  insu la ted  
from the  loop sys tem.  In the  preparation of d i s s i m -  
ilar-metal couples ,  two or more flat coupons were 
bolted together with a bolt  and nut made of one  of 
the  materials present i n  the  couple. Upon comple- 
tion of t he  t e s t s ,  aluminum and beryllium spec i -  
mens were c leaned  cathodically in  chromic-phos- 
phoric ac id  solution. S t a in l e s s  s t e e l s  and o ther  
high-alloy materials were cathodically c l eaned  in  
inhibited sulfuric acid.  T h e  following sec t ions  
summarize the  resu l t s  obtained. 

Laboratory Studies 

T h e  addition of 0.8 ppm copper as cupric n i t ra te  
was  found to c a u s e  a fourfold inc rease  in the pit- 
t ing frequency on 6061-T6 aluminum. When coupled  
with s t a i n l e s s  s t e e l s  and other high-alloy materi- 
als, 6061 aluminum in  both annea led  and T6 condi- 
t ions w a s  sub jec t  t o  subs t an t i a l  pit t ing on con tac t  
sur faces .  T h e  deepes t  penetration was  42 mils 
a f te r  14,000 hr of contac t  with annea led  type 410 
s t a i n l e s s  steel. With other materials,  penetrations 
between 20 and 30 mils were not uncommon. Type  
1100 aluminum w a s  also sub jec t  to pit t ing when 
contac ted  by e i ther  Teflon or Celcon p las t ics .  

Types  302, 303, 304, 316 ,  and 17-4 P H  s t a i n l e s s  
s t e e l  exhibited exce l len t  r e s i s t ance  during ex- 
tended exposure periods with corrosion r a t e s  l e s s  
than 0.1 mil/year. T h e s e  materials were  immune  
to  pit t ing a t tack .  Sens i t ized  specimens of a n  off- 
spec i f ica t ion  hea t  of type 304L  s t a i n l e s s  s t e e l  
(0.4% carbon) showed no  ev idence  of intergranular 
a t t ack  a f te r  13 ,500  hr of exposure.  T h e  observed 
corrosion rate was  less than 0.1 mil/year. Nitrided 
types  304  and  17-4 P H  s t a i n l e s s  s t e e l  were unsa t -  
isfactory,  with s i g n s  of blistering. Two brazing 
a l loys ,  des igna ted  GE-81 and AMS-4775, appeared  
the most corrosion res i s tan t  of f ive different a l loys  
tha t  were tes ted .  Alnico V, a magnet alloy, be- 

l ~ .  C .  Griess e t  af., Reactor Chem. Div. Ann. Pro&. 

2J. C. Griess e t  af., Reactor  Chern. Div. Ann. Progr. 

haved poorly a t  50 and 100°C, with cons iderable  
s c a l i n g  and pitting. Defected aluminum-clad rare- Rept.  Jan. 3 1 ,  1963, ORNL-3417, pp. 66-68. 

earth-aluminum compacts  suffered s e v e r e  swel l ing ,  Rept.  Jan. 3 1 ,  1964, ORNL-3591, pp. 71-73. 
blistering, and exfoliation at 100OC. T h e  behavior 

Studies for the High Flux Isotope Reactor,  ORNL-TM- of defected aluminum-clad tantalum-aluminum d i s -  
1029 (to be published). 

Studies for the High F ~ U X  Isotope Reactor, ORNL-TM- Plastics s u c h  as ChemloY 70719, Fluorogreen, 
1030 (to be published). Rulon A, and  carbon-filled Teflon were completely 

3J. L. English and J. c. Griess, Laboratory Corrosion 

' persions was  excellent.  
4J. L. English and J. C. Griess,  Dynamic Corrosion 
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res i s tan t  a t  50 and 100°C. Celcon and Delrin 
p l a s t i c s  showed acceptab le  behavior at  50°, but 
underwent degradation at 100°C. 

Dynamic Loop Studies 

Quadruplicate specimens of reactor-grade hot- 
pressed  QMV beryllium were exposed for 17,600 hr 
a t  100°C t o  two water velocit ies,  12.5 and 23  fps. 
Corrosion ra tes  were cons tan t  and averaged 1.9 
mils/year in each  case; agreement in  ra tes  among 
the e ight  specimens did not devia te  from the  aver- 
a g e  rate by more than 0.1 mil/year. Only very thin 
films formed on a l l  specimens during the exposure; 
the  difference between final as-removed and de- 
filmed weights varied between 0.1 and 0.2 mg/cm2. 
All specimens were sub jec t  t o  pit t ing a t tack ,  which 
gradually increased  to  a maximum depth between 7 
and 9 mils. 

Also  included i n  the  t e s t s  a t  the  two different 
velocit ies were specimens of t he  QMV beryllium 
coupled with 6061-T6 aluminum and with type 304  
s t a i n l e s s  s t ee l .  T h e  beryllium-aluminum couples  
were exposed for the  en t i re  17,600 hr. Corrosion 
rates for t h e  beryllium were 1.7 and 2.0 mils/year, 
respectively,  a t  flow ra tes  of 12.5 and  23 fps. T h e  
aluminum specimens exhibited a ra te  of 0.2 mil/ 
year a t  e a c h  velocity. As  with the  uncoupled be- 
ryllium specimens,  t h e  coupled beryllium specimens 
were prone t o  pit t ing a t tack  on t he  water-exposed 
sur face  as wel l  a s  on the contac t  surface.  How- 
ever, the  in tens i ty  and frequency of the  a t tack ,  
even on contac t  su r f aces ,  w a s  about the  same as  
was  observed on the  uncoupled specimens.  The  
aluminum specimens exhibited random pitting to  a 
maximum depth of 3 mils on t he  contac t  su r f aces  
only. 

T h e  coupling of beryllium to stainless s t e e l  had 
no significant e f fec t  on the  generalized corrosion 
rate of either material  during a n  11,980-hr expo- 
sure. However, t he  beryllium sur face  in  d i rec t  con- 
t ac t  with the  s t a i n l e s s  s t e e l  had p i t s  up  t o  13 mils 
deep, which was  about twice tha t  experienced on 
the r e s t  of t he  sur face  or  on uncoupled specimens.  
In other t e s t s ,  specimens of 6061-T6 aluminum, 

X8001-F aluminum, and QMV beryllium were ex-  
posed a t  100°C t o  four different flow velocity 
ranges: 22-23, 33-51, 51-72, and 72-81 fps. 
F ina l  defilmed corrosion ra tes  a r e  given in  Tab le  
6.1. A s  shown, there was  no ef fec t  of flow veloc- 
i ty  on corrosion ra tes  for the  three materials 
tested.  

Table  6.1. E f fec t  of Velocity on the Corrosion 

of Aluminum Al loys and Beryllium in pH 

5.0 Water a t  100°C 

Corrosion Exposure Velocity 
Material T i m e  Range Rate  

(hr) (fPS ) (mils/year) 
~ 

6061-T6 A1 12,775 22-33 0.2 
33-51 0.2 
51-72 0.2 
72-81 0.2 

X8001-F A1 11,775 22-33 0.3 
33-51 0.3 

QMV Be 5.590 22-33 2.1a 
33-51 1 , g a  

17,360 51-72 2.1a 
72-81 2.0a 

aPi t t ing attack. 

CORROSION STUDIES FOR THE TRANSURANIUM 
PROCESSING FACILITY 

During the  pas t  year  the tes t ing  program con- 
ducted to  eva lua te  the  corrosion behavior of mate- 
r ia l s  of in te res t  to t he  Transuranium Process ing  
Fac i l i ty  (TRU) h a s  been e s sen t i a l ly  completed. 
The  resu l t s  obtained have been included in  reports 
i s sued  by the  Chemical Technology Division, 5 -  

and a top ica l  report covering the  en t i re  inves t i -  
gation h a s  been prepared. 

Most recent t e s t s  have  been concerned with hy- 
drogen pickup in  Zircaloy-2 and in  commercially 
pure zirconium on exposure to hydrochloric ac id  
solutions.  T h e  amount of hydrogen found in  the  
metal after exposure h a s  been roughly proportional 
t o  the  amount of corrosion for both materials but 
otherwise independent of the  t e s t  conditions. 
About 10 to 40% of the  hydrogen formed by t h e  

'W. D. Burch, Transuranium Quart. Progr. Rept. Feb .  

'W. D. Burch. Transuranium Quart. Progr. Rept. Aug. 
31, 1964, ORNL-3739 (to be published). 
7W. D. Burch, Transuranium Quart. Progr. Rept. Nov. 

30, 1964 (to be published). 
'J. L. Engl ish and J. C. Griess, Corrosion Studies  for 

the Transuranium Processing Facility, ORNL-TM-1031 
(to be published). 

29, 1964, ORNL-3651, pp. 68-69. 
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corrosion reaction appeared i n  the  metal. In com- 
parable t e s t s ,  t he  commercially pure material cor- 
roded two to  four t imes  fas te r  than Zircaloy-2, 
although in both cases, corrosion ra tes  were low. 
An attempt t o  reduce t h e  amount of hydrogen enter- 
ing  the  metal  by alloying zirconium with 1% plati-  
num w a s  unsuccessfu l .  A higher corrosion rate and 
greater hydrogen pickup were experienced by t h e  
platinum alloy than by zirconium itself .  

In addition to  the  work with zirconium, t e s t s  to 
determine the  r e s i s t ance  of numerous p las t ic  mate- 
rials t o  various process  so lu t ions ,  including or- 
ganic  so lven t s  containing ex t rac tan ts ,  were also 
conducted. 

CORROSION TESTING PROGRAM IN SUPPORT 

RE PROCESSING 
OF POWER-REACTOR FUEL-ELEMENT 

This  corrosion tes t ing  program assists the  Chem- 
ical Technology Division in  t h e  development of 
power-reactor fuel reprocessing methods and d i s -  
posa l  of a s soc ia t ed  was tes .  E a c h  new disso lu t ion  
and separa t ion  process  proposed must b e  eva lua ted  
in  terms of corrosion problems result ing from the  
process.  Candida te  materials for construction of 
containers,  piping, reaction v e s s e l s ,  and other 
process  equipment a r e  screened  under s imula ted  
process  conditions. T h o s e  with potentially usefu l  
corrosion r e s i s t ance  a r e  subjec ted  to  long-term 
t e s t s ,  depending on their  required se rv ice  life. Be- 
c a u s e  of the  wide s c o p e  of t he  chemical process-  
ing development, a la rge  variety of materials is 
t e s t ed  under many different conditions.  

Waste d i sposa l  t e s t s  were carried out t o  deter-  
mine t h e  su i tab i l i ty  of type 3 0 4 L  s t a i n l e s s  s t e e l  
as  a container material  for calcination of was te  
products from lthe Darex process ,  e i ther  a lone  or in 
combination with various glass-forming subs t ances .  
Straight Darex was te  w a s  ca lc ined  in  type 304L  
containers a t  900°C for 24  hr, with a metal  l o s s  of 
less than 0.003 in. No further metal loss occurred 
when hea t ing  was  continued for 168 hr. T h e  addi- 
tion of various phosphates,  bora tes ,  and aluminum 
nitrate improved the  phys ica l  properties of the  f ina l  
product, but a l l  addi t ions  resulted in  increased  
corrosion rates. 

Fo r  the  chemica l  process ing  development pro- 
gram, s t u d i e s  were made for ?he purpose of s e l ec t -  
ing mater ia l s  of construction for chemica l  equip- 
ment for process ing  various uranium-thorium-graph- 
i t e  fue ls  by both aqueous-  and gas-phase proc- 
esses. Duriron and tantalum were found t o  r e s i s t  
t he  90% H,SO,-10% HNO, so lu t ion  used  to  oxid ize  
graphite i n  a wet process.  Nickel 200, Has te l loy  
N, and Corronel 230 were found t o  b e  sa t i s fac tory  
for oxidizing graphite fue ls  i n  pure 0, a t  tempera- 
tures up  to  800OC. Type  309  SCb w a s  s l igh t ly  l e s s  
resistant.  Nickel 200 and Has te l loy  N were also 
res i s tan t  t o  60% 0,-40% H F  mixtures at tempera- 
a tures  up to  650OC. 

S ince  midyear t he  emphasis  h a s  been entirely on 
the  G a s  P h a s e  Head End P rocess ,  and  a small-  
s c a l e  gas-circulating loop with a fluidized-bed 
chemical reactor was  constructed to b e  u s e d  in  
t h e s e  s tud ies .  

Pure nickel (ASTM SB-161, 162) w a s  used  for t h e  
fluidized-bed vesse l ,  a l l  piping, and orifice p la tes .  
Dalton-type fi t t ings of Monel with Teflon gaske t s  
were used  in the  co ld  sec t ions  of t h e  loop. An 
ORGDP type B-4 pump having a n icke l  head, Monel 
piston, and phosphor-bronze bellows i s  u sed  to  
c i rcu la te  g a s e s  through the loop. 

A fluidized bed of A1,0, (-60 +120 mesh) s e r v e s  
as  a hea t  transfer medium and support  bed. Corro- 
s ion  specimens a r e  inser ted  in  the  fluidized bed 
and in the g a s  s p a c e  above  the  bed. 

A simulated decladding process  us ing  a 60-40 
mixture of 0 , -HF resulted i n  low corrosion ra tes  
for nickel and Has te l loy  N in  the  fluidized bed, but 
subs t an t i a l  corrosion occurred in  t h e  cooler por- 
t ions  of the  vesse l .  

T h e  resu l t s  of a l l  t e s t ing  a re  a n  integral  part of 
the  process  development program and as  s u c h  a r e  
included in reports i s sued  by t h e  Chemical Tech-  
nology Division.g-'  ' 

'T. A. Gens ,  Laboratory Development o f  a Process  for 
Chlorinating the Combustion A s h  from Graphite Fuels 
Containing ThC,  and UC,  and Recovering the Uranium 
b y  Solvent Extraction from a Solution of  the Chlorinated 
Products, ORNL-TM-789 (May 1964). 
'OF. G .  Kitts ,  Evaluation of an Engineering Demon- 

stration o f  the Modified Zir f lex  and Neuflex Processes  
for  the Preparation o f  Solvent Extraction Feeds  from 
Unirradiated Zirconium-Base Reactor Fue Is. ORNL-3465 
(March 1964). 

"Chem. Technol.  D i v .  Ann. Progr. Rep t .  May 31. 
1964, ORNL-3627, pp. 20-21. 
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ACCEPTANCE TESTS 

Approximately 100 boiling 65% HNO, t e s t s  and  
electrolytic oxa l ic  ac id  e t ch  t e s t s  (ASTM:A262- the  High Flux  Isotope Reactor. 
55T) were completed on aus ten i t ic  s t a i n l e s s  s t e e l s  

for u s e  in  various ORNL and Y-12 programs. T h e  
Y-12 programs accounted for nearly 90% of the  
tes t s .  T h e  remaining tests dea l t  with mater ia l s  for 



7. Mechanisms of Corrosion of Zirconium Alloys 

G. H. Jenks  

OXIDE GROWTH AND CAPACITANCE ON oxygen. Periodically,  the spec imens  were removed 
P REI R RAD1 A T  ED ZI RCALOY-2 from the  oxidizing environment, and weight gain 

and ac f i l m  impedances were measured. 
Deta i l s  of the specimens,  of the type I11 irradi- R. J. Davis  

T h e  mechanism of radiation corrosion of Zirc- 
aloy-2 is being studied by comparing t h e  behavior 
of fast-neutron-irradiated spec imens  with unirradi- 
a ted  controls. Per iodic  measurements of weight 
gain and a c  film impedance during postirradiation 
exposure to 3OO0C steam plus oxygen a re  employed 
in  evaluating radiation effects.  

(1) a 
specimen irradiated after pretreating a t  5OO0C i n  
helium for 16 hr t o  provide an oxygen-rich but 
fi lm-free surface,  and (2) a specimen irradiated 
after exposure to  3OO0C steam plus oxygen for 
four days  t o  provide a subs tan t ia l  corrosion f i lm.  
It was  tentatively concluded tha t  an acceleration 
of corrosion resulted from radiation damage in 
the  m e t a l  (rather than in  the  oxide) and tha t  ir- 
radiation of the  oxide f i l m  did not i nc rease  the  
corrosion rate but did indeed retard i t  temporarily. 
Additional experiments, reported below, were 
carried out with t h e  objec t ive  of verifying that t he  
irradiation effect is in  the  metal and not in the  
oxide, and determining whether t he  irradiation 
effect in the  metal is related to d isso lved  oxygen. 

Previous  r e su l t s '  have  included da ta  on: 

Experimental 

Each  specimen was  f i r s t  pickled in  a mixture of 
H F  and HNO, and then subjected to a pretreatment 
and, in some c a s e s ,  to  neutron irradiation a s  l i s ted  
i n  Tab le  7.1. After pretreatment and  irradiation 
the  specimens were exposed to 3OO0C s team plus  

'R. J .  Davis,  Reactor Chem. Div. Ann. Progr. Rept .  
Jan. 31,  1964, ORNL-3591. pp. 80-83. 

ation capsu le s  which e n c a s e  the  spec imens ,  and 
of t h e  experimental procedures and a s sembl i e s  
employed are  given in previous reports. 2 3 3  

Results and Discussion 

Postirradiated GI rrosion of Irradiated Specimens 
and Controls. - Specimens 24 a n d  23 (Table  7.1). - 
T h i s  experiment w a s  a repeat of a previous one 
(specimens 15 and 14, Table  7.1) in  which an  
irradiated, film-free specimen exhibited a greater 
corrosion than the control. T h e  irradiated spec- 
imen in the  present experiment a l s o  corroded more 
rapidly than the  control, as shown  in F ig .  7.1. 
T h e  enhancement of corrosion due  t o  irradiation 
w a s  less in the  present experiment than  in the  
previous one. T h i s  difference in the  two resu l t s  
is considered in more de ta i l  below. 

T h e  result  of th i s  experiment quali tatively veri- 
fies the  previous result  and confirms the conclu- 
s ion  that with th i s  particular pretreatment, which 
l eaves  considerable d isso lved  oxygen near t h e  
surface,  irradiation c a u s e s  an enhancement of 
corrosion. S ince  no f i lm  w a s  present during i r -  
radiation, t he  pertinent irradiation damage must 
have been  in the  metal. 

Specimens 43 and 40 (Table  7.1). - T h i s  experi- 
ment w a s  s imi la r  to a previous one  (specimens 17 
and 16 ,  Tab le  7.1) i n  which a specimen irradiated 

'R. J .  Davis ,  Reactor Chem. Div. Ann. Progr. .Rept. 

,R. J .  Davis and G. H. Jenks ,  Reactor Chem. Div. 
Jan. 31, 1963, ORNL-3417, pp. 70-72. 

Ann. Progr. Rept .  Jan.  31, 1962, ORNL-3262, p. 84.  

126 



127 

Table  7.1. Specimen Pretreatments - Procedures and Purposes 

80 

70 

60 

N 

E 50 5 - 
5 40 
W 
I- 
I 

30 
3 

20 

IO 

0 

Irradiateds Control Purpose of Pretreatment Was 
To Provide a Surface: Pretreatment Specimen No. Specimen No. 

24' 23 ' 500°C in He for 16 hr, then 100°C in He for Free of oxide film, but with some 
dissolved oxygen near surface ten days 

43 40 3OO0C in steam + O2 for 1 hr, then 100°C Covered with a thin oxide f i l m  

in He for ten days 

34 32 800°C in He for 16 hr, then 100°C in He for Free of both oxide film and dis- 
ten days solved oxygen near surface 

36 39 3OO0C in steam f O2 for 64 hr, then 500°C Nearly free of oxide film but very 
high in dissolved oxygen near 
surface 

in He for ten days 

26' 

. 30' 

35 

31 

14' 

600°C in He for 16 hr 

500°C in He for 16 hr 

500°C in He for 2 hr 

800°C in He for 16 hr 

500°C in He for 16 hr, then 100°C in He for 

To test effect of 100°C for ten days 

To provide extra oxygen near surface 

To test effect of 100°C for ten days 

Free of oxide film, but with some 
dissolved oxygen near surface 

15' 
ten days 

17' 16' 3OO0C steam + O2 for four days, then 100°C Covered with heavy film 
in He for ten days 

'Specimens were irradiated to fast neutrons during the ten days at 100°C periods. 
'Pretreatment in pickled autoclaves. 
'Data from these specimens were previously r e p ~ r t e d . ~  

ORNL-DWG 65-2557 

0 2 4 6 8 40 42 44 

EXPOSURE TIME (days)  

Fig.  7.1. Specimens Pretreated i n  Hel ium 16 hr a t  

5000 C-W e i  gh t Gains. 

with about 2700 A of preformed film w a s  found to  
corrode less rapidly than the  control for severa l  
d a y s  and then somewhat more rapidly. In the  
present experiment a specimen was  irradiated with 
about 300  A of preformed film. T h e  corrosion 
resu l t s  (Fig.  7.2) were quali tatively the  same as  
i n  t h e  previous t e s t ;  t h e  irradiated specimen cor- 
roded more slowly than t h e  control for 13 days.  
At about 13 days  and at a weight ga in  of about 
60 p g / c m 2 ,  a discontinuity i n  t h e  corrosion-time 
curve occurred. After 13 days  the  specimens ap- 
peared to corrode a t  approximately equal rates.  
Actually, as will b e  pointed out i n  a l a t e r  para- 
graph, t h e  ra te  cons t an t s  for t he  two specimens 
were i n  approximate agreement after t he  discon- 
tinuity. T h e s e  effects a r e  quali tatively t h e  same  
as those  found i n  t h e  previous experiment, and 
t h e  weight ga ins  a t  transit ion for the  two experi- 
ments  were approximately t h e  same. 

T h e  resu l t s  of t h i s  test confirm the  conclus ion  
that under t h e  conditions of t h e s e  experiments,  
irradiation of corrosion film resu l t s  in a temporary 
retardation of corrosion. 
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Fig. 7.2. Specimens Pretreated in Steam-Oxygen 1 hr 
at 300'C-Weight Gains. 

Specimens 34 and  32 (Table  7.1). - It had been  
hypothesized that the enhancement of corrosion 
which resulted from irradiation of film-free spec- 
imens (i.e., spec imens  prepared by pickling and 
then hea t ing  i n  helium at 500'C for 16 hr) w a s  
a s soc ia t ed  with t h e  ex i s t ence  of an  appreciable 
concentration of d i sso lved  oxygen near t he  sur face  
of the  metal. As one test of th i s  hypothesis,  a n  
experiment was  conducted employing spec imens  
which were prepared by  pickling and then heating 
in  helium a t  800'C for 16 hr. T h i s  treatment d i s -  
so lves  any  oxide on the  sur face  and d is t r ibu tes  
the  oxygen throughout t h e  specimen,  so tha t  t he  
oxygen concentration near  t he  sur face  was  very 
low in comparison to  other treatments u sed  in 
th i s  work. T h e  resu l t s  (Fig.  7.4) clearly showed 
tha t  the  irradiated and control spec imens  corroded 
a t  t he  same rates.  

Specimens 36 and  39 (Table  7.1). - T o  further 
t e s t  the dissolved-oxygen hypothesis,  a t e s t  was  

(8C 
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IRRADIATED 
(SPECIMEN NO. 36) 

/SPECIMEN NO. 44 

L (NOT PREFILMED) 

_e/ 
- I 

-/ - /-. 
I 00 j::F# ~ 

- 0  
I 

I 
0 20 40 60- 

TIME (min) 

0 40 20 30 40 5 0  60 70 

EXPOSURE TIME ( d a y s )  

Fig. 7.3. Specimens Prefilmed in Steam-Oxygen 64 hr 
at 300'C. Then Heated in Helium 16 hr a t  500'C- 
Weight Gains. 

done  to see i f  the irradiation effect could b e  mag- 
nif ied by increasing t h e  oxygen concentration near  
t h e  surface.  Specimens were prepared b y  prefilm- 
ing t o  30 t o  40 pg/cm* weight gain, then heating 
in helium a t  500'C for 16 hr. I t  h a s  been  reported4 
that t h i s  treatment resu l t s  in dissolution of more 
than half of t he  oxide. Both spec imens  exhibited 
a dull  coloring a f te r  t he  respec t ive  treatments,  
indicating that some f i l m  was  present during ir- 
radiation. T h e  postirradiation corrosion resu l t s  
a re  shown in  Fig.  7.3 along with t h e  curve for a 
previous control specimen (14) which was  pre- 
t rea ted  by  pickling and heating a t  5OO0C for 16 hr. 

Three  fea tures  of the resu l t s  a r e  noteworthy: 
(1) For the  first  severa l  days  (17 t o  30 days), con- 
trol 39 and irradiated specimen 36 corroded about  
t he  same amount; (2) after 17 days ,  irradiated 

4J. P. Pemsler ,  The Dif fus ion o f  Oxygen in Zirconium 
and I t s  Relation to Oxidation and Corrosion, NMI-1177 
(May 31, 1957). 
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specimen 36 corroded fas te r  than control 39; and 
(3) control 36 corroded about twice  as fa s t  as a 
previous control specimen tha t  had  only a modest 
concentration of oxygen near the surface.  

T h e s e  resu l t s  show that a very high concentra- 
t ion  of oxygen enhances  corrosion even without 
irradiation. The  corrosion is further enhanced by 
irradiation, at l e a s t  after an  in i t ia l  period. T h e  
corrosion during the  init ial  period may have  been 
affected by t h e  temporary retardation phenomenon 
which occurs  when spec imens  a r e  irradiated with 
f i l m s .  A s  will  b e  pointed out i n  la te r  paragraphs, 
the  difference between the  corrosion k ine t ics  of 
t h e  control and irradiated specimen after t h e  in i t ia l  
period can  b e  correlated with tha t  found i n  experi- 
ments which employed specimens with lower con- 
centrations of oxygen in the  metal; t h i s  correlation 
shows  tha t  t he  radiation effect  was  grea tes t  when 
t h e  concentration of oxygen was  greatest .  The  
r e su l t s  thus  support the hypothes is  that  t h e  ir- 
radiation e f fec t  requires a n  appreciable concen- 
tration of d isso lved  oxygen i n  the  metal  and a l s o  
ind ica te  that the  amount of effect  i nc reases  with 
increasing concentrations of d isso lved  oxygen. 

F i Im Impedance, Out-of- Radi  at ion Exper i ment s, 
and Addit ional  Ana lyses  of Kinet ic  Data.  - All 
k ine t ic  and capac i t ance  da ta  obtained to  d a t e  a r e  
shown for reference in  F igs .  7.4 and 7.5. A few 
of the  tan  6 data  a r e  plotted i n  Fig.  7.6. 

Calculation of Kine t ic  a n d  Film Impedance Pa- 
rameters. - Calculated parameters a r e  l i s ted  in 
Tab le  7.2. T h e  weight gain da t a  were d iges ted  
on t h e  b a s i s  of t he  logarithmic k ine t ic  equation 
dx/dt = Ae-BX, where x and t a r e  weight gain and 
exposure t i m e .  T h e  integrated form of the equation 
is x = 1 / B  In (ABt + a )  (ref. 5). Values  of A, B,  
and a determined from experimental da t a  a re  l i s t ed  
i n  Tab le  7.2. T h e  logarithmic equation w a s  chosen 
as a b a s i s  for describing the  weight gain da t a  
because  most of the  da t a  fit the equation; and 
corrosion through pores in t h e  oxide  can  g ive  r i s e  
to t h e s e  k ine t ics ,  and some of the  da t a ,  as de- 
sc r ibed  below, sugges t  tha t  t h e  f i l m s  a r e  porous. 
T h e  s igni f icances  of t h e  parameters i n  terms of 
t h e  E v a n s 6  pore mechanism a r e  (1) A is a measure 
of t h e  reactivity of t he  metal, (2) B is the  most 

powerful parameter i n  the  equation and is related 
to  the  ra te  a t  which pores  a r e  c losed  off a s  t h e  
film grows, and (3) a is unity if t he  logarithmic 
relation is obeyed from time zero; any  deviation 
from unity may resu l t  from different k ine t ics  be ing  
obeyed in  t h e  thin film region. T h e  va lue  of B,  
but not t ha t  of A, can  b e  determined unequivocally 
from weight gain-time data.  T h e  apparent va lue  
of A is affected by the  presence  of an  unknown 
amount of oxide  of unknown degree  of protective 
quali ty a t  the  s ta r t  of weight gain measurements. 

Values  of apparent dielectric cons tan t  of t h e  
films, E, l i s ted  in Tab le  7.2, were ca lcu la ted  from 
the  s l o p e s  of the  reciprocal capac i tance  v s  weight- 
gain p lo ts  according . to t h e  relation 

7.77 x weight gain 

A/C 
E =  ( 1) 

T h i s  relation w a s  derived from the  more funda- 
mental relation 

EiAi 

i si 
C = C 1  + C 2  + .  . . + Ci = K E-, (2) 

where C1, C,, etc., a r e  the  capac i t ances  of paral- 
lel increments,  and E ~ ,  Ai, and Si a re  the  dielectric 
cons tan t ,  t he  area,  and t h e  th ickness  of the  i th 
parallel  increment respectively.  If t he  dielectric 
constant of every increment is the  same,  then 

(3) 

If t h e  f i l m  is also uniform i n  th ickness ,  S is con- 
s tan t ;  then 

(4) 

and t h e  va lue  of Sav  can  b e  estimated from t h e  
weight gain, and E can  b e  ca lcu la ted  as i n  Eq. (1). 
I t  will  b e  argued in  the  d iscuss ion  that the  as- 
sumption of uniform film th ickness  is not valid 
and that high apparent E values  resulted from t h i s  
assumption. For  instance,  if, on a particular spec -  
imen, 1 %  of the  film area  is 1% as thick as the  
average, then from Eq. (3), 

'A. L. Bacarella, Reactor Chem. Div. Ann. Progr. 

'U. R. Evans, The Corrosion and Oxidation of Metals ,  

Rept. Jan. 31, 1963, ORNL-3417, pp. 72-74. 

p. 836, Edward Arnold, London, 1960. 

0*99Atot) = 2  ( KE- tl;) , 
o.olsav l.0lSav 

C x  = K E  
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or tw ice  t h e  capac i tance  expected for  a uniform 
film (Eq. 4), and t h e  apparent E from Eq. (1) would 
b e  twice  the  true value. There  are,  therefore, two 
poss ib l e  interpretations of the  va lues  of apparent E 

i n  T a b l e  7.2: (1) the  apparent E'S a r e  t h e  true 
d ie lec t r ic  cons t an t s ,  and the die lec t r ic  cons t an t s  

vary as  shown; or (2) t h e  true dielectric cons tan t  
is 19 (the smal les t  observed) or  less, and t h e  
discrepancy between 19 and the  apparent E'S re- 
s u l t s  from film porosity. 

T a n  6 is a directly observed parameter; observed 
va lues  taken  from Fig .  7.6 a re  l i s t ed  in Table  7.2. 
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Fig. 7.6. Tan 6 v s  Weight Gain. 

In order to interpret tan 6, some  workers7 have 
attempted to write equivalent e lec t r ica l  c i rcu i t s  
for t h e  film. In some cases, fi lms a r e  descr ibed  
as leaky capac i tors  (i.e., a capac i t ance  i n  parallel  
with a resistance),  i n  which case 

t an  6 = 1/2nfRpCp . ( 5 )  

In other cases the film h a s  been considered equiv- 
a l en t  to a capac i t ance  in  s e r i e s  with a res i s tance ,  
in which case 

A third definition c a n  b e  derived in  which t an  6 
is related to  t h e  d ie lec t r ic  1 0 s s e s . ~ ~ ~  T h e  di- 
e lec t r ic  cons tan t  is conveniently expressed  as a 
complex number: 

7L. Young, Anodic Oxide Films, Academic Press,  New 

‘H. Frohlich, Theory of Dielectrics,  2d ed . ,  pp. 4-9, 

York, 1961. 

Oxford Press,  London, 1958. 

E = E  1 + i ~  2 ’  (7) 

where is the  normal d ie lec t r ic  cons tan t  as de- 
scribed above, and E2 is related to tan 6: 

tan  6 = E ~ / E ,  . (8 1 
It is observed i n  t h i s  work tha t  tan 6 is nearly 
cons t an t  in t h e  frequency range 20 c p s  to  10 kc ,  
and thus  neither Eq. (5 )  nor Eq. (6 )  is applicable.  
T h e  s igni f icance  of tan 6 is therefore presumed, in 
t h i s  work, to b e  tha t  indicated i n  Eq. (8). F o r  t h e  
purposes  of the  following d iscuss ion ,  i t  is suf- 
f icient t o  note that tan 6 is, therefore, assumed 
to b e  a property which is charac te r i s t ic  of t h e  
material, and, unlike the apparent E values ,  t an  6 
does  not depend on the  geometry of the  film. 

Capacitance Anomaly. - F o r  all specimens which 
were hea ted  i n  helium i n  pickled au toc laves  (23, 
24, 26, 30), a n  anomaly i n  the reciprocal capac i -  
t a n c e  v s  weight-gain behavior occurred. Virtually 
no dec rease  in  film capac i t ance  occurred during 
t h e  f i r s t  15 ,ug/cm2 weight gain. An E va lue  
ca lcu la ted  from t h e  s lopes  i n  t h e  thin f i l m  region 
would b e  unreasonably high; it  is therefore indi- 
ca t ed  tha t  t h e  apparent high E’S were due  to film 
porosity. 
Tan 6 vs Weight Gain. - There  w a s  a definite 

weight-gain dependence; t an  6 increased  markedly 
at about 10 &cm’ weight gain and reached  a con- 
s t an t  va lue  beyond about 15 pg/cm ’. Since  tan  6 is 
a property of t h e  material not dependent o n  geom- 
etry, i t  is indicated that a change in na ture  of t h e  
film material occurred a t  t h i s  charac te r i s t ic  weight 
gain. 

T a n  6 v s  weight gain w a s  remarkably similar for 
all cases where good d a t a  a r e  ava i lab le  (except 
for  specimen 36) regardless of pretreatment or’ 
irradiation. T h i s  is evidence  tha t  t h e  pretreatment 
and irradiation did not alter t h e  d ie lec t r ic  proper- 
t i e s  of t h e  film material. Accordingly, the  varia- 
tion in  apparent E va lues  is ascr ibed  to  varying 
amounts of porosity. 

E f f e c t  of 100°C Treatment. - T h e  ten  d a y s  at 
100°C did not affect  t h e  film-free specimens; t h i s  
is shown by the good agreement between t h e  A,  
B ,  and E va lues  for specimens 23 and 30 and for 
31 and 32. 

E f f e c f  o f  Ofher Thermal Treafmenfs. - Heat ing  
specimens i n  helium ins ide  pickled au toc laves  
resulted in a reduction i n  A;  heating in  machined 
au toc laves  increased  E .  With spec imens  35 
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Table 7.2. Calculated Results 

a E tan Sa 

14' 

15'" 

1 6' 

17'" <50 pg/cm2 
>50 pg/cm2 

23 

24' 

40 

43' <60 pg/cm2 
>60 pg/cmz 

32 

34 

36' 

39 

30 

35 

26 

31  

A s  pickled 

~~ 

1.2 

1.2 

1.0 

2.5 

1.5 

1.5 

2.2 

2.2 

-7.0 

2.1 

2.1 

1.4 

1.7 

2.2 

1.2 

1.3 

2.1 

0.8 

0.011 

0.021 

0.0060 

0.0009 

0.021 

0.012 

0.010 

0.029 

0.01 1 

0.02 

0.0095 

0.0095 

0.0038 

0.0043 

0.015 

0.0036 

0.0016 

0.0095 

0.041 

0.048 

0.024 

0.094 

Od 

0.059 

0.043 

0.025 

0.044 

0.044 

0.044 

0.055 

0.055 

0.0082 

0.024 

0.052 

0.013 

0.048 

0.055 

0.067 

35 

35 

19 

26 

26 

l g e  

l g e  

19 

26 

26 

35 

35 

75 

35 

l g e  

27 

19* 

35 

19 

0.19 

0.19 

0.21 

0.21 

0.20 

0.20 

0.15 

0.30 

aTan 6 a t  high weight gain and 1 kc. 
'Data from these specimens were previously reported. 

'Specimens were irradiated. 
dIndicates linear corrosion. 
eE1 calculated from slope of A / C  vs weight gain after ini t ia l  15 ,ug/cm2 weight gain. 

Table 7.3. Effects of Thermal Treatments 

Dielectric Corrosion Parameters 
Main Feature  of Treatment 

A B Constant, E 

A s  pickled 0.04 0.067 19 

Heated in pickled autoclaves 0.01 0.05 19 

Heated in machined autoclaves 0.01 0.05 35 

High oxygen concentration in metal (35 and 39) 0.004 0.01 -0.02 27-35 

60O0C, 16 hr, pickled autoclave (26) 0.002 0.05 19 
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(pickled, then 5OO0C, 2 hr) and 39 (prefilmed, then a. T h e  parameter A in  the  kinetic equation 
5OO0C, 16 hr), the  pretreatments led to espec ia l ly  dx/dt = Ae-BX is reduced by heat ing as- 
high oxygen concentration at t h e  surfaces .  In pickled sur faces  in  helium. 
t h e s e  c a s e s ,  A and B decreased a great  deal.  b. Pretreatments  which would leave  a consider- 
Specimen 26 (6OO0C, 16 hr in  pickled autoclaves)  a b l e  oxygen concentration in  the metal near 
obviously d o e s  not fall into the  correlation. T h e  the surface c a u s e .  both A and B to  b e  re- 
resu l t s  with t h e s e  specimens are summarized in  duced by a factor of 2 to 5. 
Tab le  7.3. 

Effec ts  of Irradiation. - T h e  observed ef fec ts  
can  be correlated qui te  well  on t h e  basis that  (1) 
there  was  a strong effect of irradiation to decrease  
B only i f  d issolved oxygen was  ava i lab le  near the 
surface,  (2) there  was  probably a temporary (it 
las ted  severa l  days)  reduction in  A when prefilmed 
sur faces  were irradiated, and (3) irradiation of 
prefilmed sur faces  a l so  increased  the subsequent  
f i l m  porosity (apparent E). T h e s e  resu l t s  are  sum- 
marized i n  T a b l e  7.4. 

Summary of Resul ts .  - T h e  following points,  
derived from the calculated parameters in  T a b l e s  
7.3 and 7.4 and from other resul ts ,  were used in  
arriving a t  the  principal conclusions and a r e  a l s o  
of importance in suggest ing further study. 
1. Various pretreatmdnts c a n  substant ia l ly  affect 

the  subsequent  corrosion. I t  is therefore nec- 
e s s a r y  'to u s e  control specimens in  order t o  
separa te  irradiation effects from others.  

2. A change in t h e  nature of t h e  f i lm  material 
occurring at 600 to  1000 A f i l m  th ickness  is 
indicated by a sharp r i se  in  tan  6. T h i s  finding 
may b e  of importance to the  understanding of 
f i l m  growth kinet ics .  

3. Effects  on subsequent  corrosion d u e  to  prior 
thermal t reatments  a re  as follows: 

4. T h e  e f fec ts  ascr ibed to  irradiation are: 
a. T h e  parameter B is reduced in cases where 

sur faces  rich in oxygen a r e  irradiated. Ir- 
radiation appears  t o  magnify t h e  out-of- 
radiation effect. Factors of 2 and 5 reduc- 
tion occurred at  concentrat ions at which a 
negligible change and a factor  of 2 change 
occurred. 

b. Surfaces irradiated with preformed f i l m  tem- 
porarily corroded m o r e  s lowly than controls ,  
probably due to  a d e c r e a s e  in the  A param- 
eter. Irradiation a l s o  c a u s e s  the  f i l m  to  b e  
more porous in t h e s e  cases. 

c. Surfaces  irradiated with neither f i lm  nor 
appreciable dissolved oxygen near  t h e  sur- 
face show no de tec tab le  e f fec ts  d u e  t o  ir- 
radiation. 

Conclusions 

T h e  principal conclusions are: (1) T h e r e  is fast- 
neutron irradiation enhancement of corrosion which 
resu l t s  from damage in t h e  metal. (2) The re  is a 
small  retardation of corrosion which resu l t s  from 
irradiation of oxide film. (3) T h e  damage in  the 
metal is probably assoc ia ted  with dissolved oxygen 
and increases  with increasing concentrat ions of 
the oxygen. 

Table  7.4. Effects of Irradiation 

Main Feature  of Pretreatment A B E tan S 

Heavy f i lm,  little dissolved oxygen Corrosion 1 .4' 

retarded' 

Thin film, little dissolved oxygen 0.4a' None 1.4' None 

No film, no dissolved oxygen None None None None 

No film, some dissolved oxygen, heated in machined autoclaves 2' 0.5' None 

No f i lm,  some dissolved oxygen, heated in pickled autoclaves None 0.5' None None 
) 

Traces  of f i lm,  much dissolved oxygen None 0.3' 2' o s b  

. -  

'Temporary effect. 
'Signifies change i n  parameter by this factor. 
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ELECTROCHEMISTRY 0 F ZIRCONIUM 

AQUEOUS SOLUTIONS 
CORROSION IN HIGH-TEMPERATURE 

A. L. Bacare l la  A. L. Sutton 

In previous reported work, equipment and 
techniques  were developed for inves t iga t ions  of 
t he  electrochemistry of corrosion in high-tempera- 
ture aqueous environments; t hese  have  been  used 
in  s tud ie s  of the electrochemistry of zirconium and 
Zircaloy-2 corrosion in oxygenated 0.05 rn H,SO, 
so lu t ions  in the  temperature range 200 t o  30OoC. 
Much of t h e  effort in t h e s e  s tud ie s  h a s  been  con- 
cerned with the  particular ra te  law governing the  
corrosion of zirconium. We have  found tha t  over 
a limited period of t ime (first 500  to 1000 min 
a t  about 3OO0C), both the  logarithmic and cubic 
rate laws  can satisfactorily expres s  the data.  
However, deviations from the in i t ia l  rate equations 
occur  a t  longer times. At lower temperatures the  
logarithmic law is obeyed for longer times. T h e  
cubic law is fit ted less satisfactorily.  Additional 
investigations of the  k ine t ics  of zirconium cor- 
rosion have now been carried out. T h e s e  had t h e  
objective of es tab l i sh ing  whether sufficiently 
accura te  and ex tens ive  da t a  obey one  rate expres- 
s ion  over extended periods of exposure, and 
thereby help es tab l i sh  the  mechanism. 

A method in which measurements are made 
of t he  f i lm  growth at a cons tan t  anodic potential  
below the  oxygen evolution potential  w a s  em-  
ployed in t h e s e  investigations.  T h i s  method 
h a s  been  employed in several  previously reported 
investigations of zirconium and zirconium-alloy 
corrosion. * However, t hese  were carried out 
a t  lower temperatures, and f i l m  growth was  insuf- 
f icient t o  enable sa t i s fac tory  correlations between 
f i l m  th ickness  and rate. In our higher-temperature 
s tud ies ,  satisfactory correlations could be  made. 
Studies of anodic f i l m  growth a t  high field s t rengths  

I 

'A. L. Bacarella,  J .  Electrochem. SOC. 108, 331 

''A. L. Bacarella,  H R P  Quart. Progr. Rept. Oct. 31, 

"A. L. Bacarella, HRP Quart. Progr. Rept. July 31, 

"A. L. Bacarella, Reactor Chem. Div. Ann. Progr. 

13G. B. Adams, P. van Rysselberghe, and M. Maraghini, 

14G. B. Adams e t  at., J .  Electrochem. SOC. 105, 660 

(1 961). 

1959, ORNL-2879, p. 149. 

1960, ORNL-3004, P. 75. 

Rept. Jan. 31, 1964, ORNL-3591, pp. 77-80. 

J .  Electrochem. SOC. 102, 502 (1955). 

(1958). 

are, numerous, and an excellent monograph by 
Young7 h a s  been  published. In these  it h a s  been  
found tha t  field s t rengths  of t h e  order of l o 6  to  
10 '  v/cm are necessary  to produce ionic current 
dens i t i e s  i n  the normal experimental range lo-' 
to lo- '  amp/cm2. At such  high field s t rengths ,  
Ohm's law is not obeyed b y  the  ionic current. 
Instead, it was  shown15 as early a s  1934 that t h e  
relation i = A exp B E  represents  t he  dependence 
of the ionic current i on the  field strength E .  A s  
the field strength is reduced, t h i s  equation should 
fail ,  but measurements have not been  made a t  
sufficiently small  ionic currents for failure to  b e  
observed. T h e  general equation covering both 
high and low field s t rengths  is expected t o  b e  
i = 2A s inh  Thi s reduces to  i = 2A B E  
a t  low f i e lds  (Ohm's law) and t o  the above expo- 
nential  form a t  high f ie lds ,  On the  b a s i s  of the  
hyperbolic s i n e  relation for the  ionic current, 
Charlesby 6- l 9  h a s  argued that the  apparent ra te  
law relating fi lm th ickness  to time t will depend 
on the  portion of t h e  range (f) studied. If 

BV 
i = 2A sinh - 

X 

= A  [exp  (F) - exp (- T) 1 , (1) 

where V / X  = E ,  and V is t h e  voltage drop ac ross  
the  oxide of t h i ckness  X ,  then for small X and 
va lues  of B V / X  > 3, a logarithmic law is approx- 
imated; as X i nc reases  and B V / X  cv 1, the  f i l m  
growth approximates a cubic function of t i m e .  It is 
therefore of in te res t  to  cons ider  whether t he  resu l t s  
obtained for zirconium corrosion a t  temperatures 
from 200 to 3OO0C c a n  b e  interpreted according 
to t h e  hyperbolic s i n e  relation. Since t h e  con- 
s t a n t s  A and B i n  Eq. (1) have  some b a s i s  in 
theory, a further test on the  validity of t h i s  inter- 
pretation can  b e  made. 

15A. Gunterschulze and H. Betz, 2. Physik 

16A. Charlesby, Acta Met. 1, 340 (1953). 

17A. Charlesby, Proc. Phys. SOC. (London) 866, 317 
(1953). 

18A. Charlesby and J. J. Polling, Acta Met. 2, 667 
(1 954). 

J. J. Polling and A. Charlesby, Proc. Phys.  SOC. 19 

(London) B67, 201 (1954). 

92, 367 
(1934). 



136 

T h e  solution was  the  same as that employed 
previously, and the  temperature range w a s  200  t o  
284OC. The  zirconium e lec t rode  w a s  maintained 
a t  a constant potential ,  about 1 v anodic t o  t h e  
corrosion potential ,  us ing  an electronic potentio- 
s t a t ,  and t h e  anodic current w a s  recorded a s  a 
function of f i l m  growth. T h e  reference potential  
was  a platinum electrode a t  50°C located in one  
arm of the reaction ce l l ,  l 2  or a calomel  electrode 
a t  25OC and 1 a t m  bridged in to  t h e  cell, us ing  a 
design we developed. F i l m  th i cknesses  were 
obtained by  integration of the  electronic current 
supplied by  t h e  potentiostat .  T h e  current effi- 
c iency  can  b e  taken  as 100% based  on earlier 
observations of the current-voltage behavior  for 
zirconium in t h i s  environment at t h e s e  tempera- 
tures.  It is observed that the r a t e s  of 0, evolution 
and of 0, reduction a re  negligible a t  t he  poten t ia l s  
employed, -0.0 v v s  Pt/O,. T h e  va lues  of t h e  
f i l m  th i cknesses  ca lcu la ted  by  integration of t h e  
anodic current are in  exce l len t  agreement (5%) 
with va lues  es t imated from a v isua l  color com- 
parison of the  e lec t rode  with a standard color 
chart." T h e  calculation of f i l m  th i ckness  was  
based  on an  es t imate  of 60 A per p g  of 0, per cm'. 

T h e  applicabili ty of Eq. ( 1 )  t o  t h e  da t a  obtained 
in the  present inves t iga t ions  was  tes ted  as shown 
in Fig. 7.7. Here t h e  ionic current is plotted as 
a function of s inh  BV/X.  A sa t i s fac tory  fit of 
t h e  da ta  is obtained for measurements extending 
over two orders of  magnitude of t i m e ,  100 to  12,000 
min, and over an order of magnitude in  rate. Values  
of BV used in Fig. 7.7 were obtained from plo ts  
of log i v s  1 / X ,  where for small X ,  Eq. ( 1 )  ap- 
proaches t h e  exponential relation i = A e x p  
(BV/X) .  Values  of BV as  a function of tempera- 
tu re  a re  shown in F ig .  7.8. Values  of A obtained 
from the s l o p e s  of l i nes  as in Fig.  7.7 a re  shown 
in an  Arrhenius plot in F ig .  7.9; they show a n  
activation energy of 26 5 2 kcal/mole. 

I t  is of in te res t  to cons ider  in further de ta i l  t he  
s ign i f icance  of t he  kinetic cons t an t s  obtained from 
the  application of Eq. (1) to the  data.  In i t s  u s e  
a t  temperatures below 100°C the  applicabili ty of 
Eq. ( 1 )  h a s  not been  tes ted ,  s i n c e  measurements 
a t  sufficiently small  currents have  not been  made. 
However, t he  high-field approximation t o  Eq. (l), 
i = A exp B(V/X),  h a s  been  tes ted ,  and va lues  for 
t h e  field coefficient B and its temperature depend- 
e n c e  have  been  obtained. Theory" predicts B = 

'ON. F. Mott, Trans. Faraday SOC. 43, 429 (1947). 
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Fig. 7.7. P lot  of i vs  sinh ( B V / X )  for Zirconium in 
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q a / k T ,  where q is the  ionic charge and a is the 
activation d i s t ance  (one-half t h e  jump distance). 
Measurements reported by  o thers  have  shown an  
anomalous temperature dependence,  with B in- 
c reas ing  slightly with temperature. ' Similar ob- 
se rva t ions  have  a l s o  been  obtained for tanta- 
1um.21*22 In the work reported here,  the product 
of t he  field coefficient,  B, with t h e  voltage drop 
ac ross  the  oxide, V ,  is obtained experimentally. 
Assuming tha t  t h e  voltage drop a c r o s s  the OX- 

i de  is constant a t  cons tan t  potential ,  the  tem- 
perature dependence of va lues  of BV shown 
in Fig .  7.8 is proportional t o  tha t  of t h e  field 
coefficient B.  Therefore the  anomalous tempera- 
tu re  dependence is a l so  obtained for t he  measure- 
ments reported here.  T h e  temperature dependence 
is, however, much larger than h a s  been  observed 
for measurements below 100°C. In addition to 
th is ,  we find that t he  apparent activation d i s t ances  
are larger than expected. T h e s e  va lues  are ca l -  
culated from theory according t o  qaV = BV x k T .  

Although these  unusually large values a re  not 
found in s tud ie s  of anodic f i l m  growth, they are 

'lL. Young, Trans. Faraday SOC. 50, 153 (1954). 
"D. A. Vermilyea, Acta M e t .  1, 282 (1953). 

observed in related s tud ie s  of ionic conductivity 
in soda-lime g la s s ,  2 3  where the  theoretical  equa- 
tion i = A s inh  BE w a s  obeyed over a range of 
about two decades  of current, and the high-field 
approximation was  evident a t  the higher fields.  
T h e  apparent activation d is tance  was  much larger 
than expected and increased  with temperature. It 
was  9.5 A at O°C and 30 A a t  llO°C. Using the 
Lorentz  field [ ( E  + 2)/3]E a s  the  effective field 
acting on an  ion in the  film, the  estimate of the  
jump d is tance  was  more reasonable in  magnitude 
and, because  of the rather large estimated tempera- 
ture dependence of t he  dielectric constant E,  be- 
came independent of temperature. 

In order to  test the  applicability of the Lorentz 
field t o  ionic p rocesses  in ZrO,, the  capac i tance  
of t h e  ZrO, f i l m s  were measured a s  a function of 
f i l m  th ickness ,  us ing  a galvanostatic pu lse  tech- 
nique. A typical plot of capac i tance  measurements 

23R. J. Maurer, J. Chern. Phys. 9, 379 (1941). 
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a t  233OC, from which t h e  d ie lec t r ic  cons t an t  is 
ca lcu la ted ,  is shown in Fig. 7.10. Values  of t h e  
dielectric cons tan t  es t imated  at other temperatures 
and also the  va lues  reported a t  20 to 25OC a re  
shown i n  F ig .  7.8. With t h e s e  e s t ima tes  of t h e  
d ie lec t r ic  cons tan t  and t h e  va lues  for BV i n  
F ig .  7.8, es t imates  of qaV, which a re  proportional 
to t h e  activation d is tance ,  were made, us ing  t h e  
Lorentz field in one  case and the average  field 
i n  another. T h e  va lues  a re  l i s ted  i n  Tab le  7.5. 

It is s e e n  that when the  Lorentz field is used, 
t h e  va lues  a r e  more "reasonable" in magnitude 
and  a r e  independent of temperature. If a va lue  
of 2 v c a n  b e  assumed for t he  voltage a c r o s s  t h e  

oxide,  as w a s  done by Charlesby and Polling," 
then  va lues  of qa = 1.36 to 1.5 x lo-' cm a re  
ca lcu la ted  for t h e  measurements reported here ,  
and a r e  in  very sa t i s fac tory  agreement with t h e  
r e su l t s  a t  25OC reported by others,  qa = 1.3 x 
IO-' cm. 

In summary, the  experimental k ine t ic  da t a  a r e  
well  f i t ted by the  s inh  relationship of Eq. (l), 
and the  va lues  of t he  cons tan t  B a r e  i n  near agree- 
ment with those  expec ted  from theory when t h e  
Lorentz  rather t han  t h e  probably less valid Maxwell 
f ield is employed. Accordingly, i t  is indicated 
that a n  important s t e p  in t h e  corrosion is a field- 
dependent movement of i ons  a c r o s s  a n  oxide  film. 

Table  7.5. L i s t  of Measured Values of B V  and Capacitance a t  Several Temperatures 

and Calculated Values of qaV 

Temperature qaV (Average Field)  qaV (Lorentz Field)  
E (volt-cm) (volt-cm) B V  (cm) (OK) 

473 1.35 x 

525 1.90 x 

5 00 1.65 X lo-' 
55 x IO" . 52 3.0 X 

71 X lo-' 76 2.72 X IO-' 

85 X IO-' 92 ' 2.75 x IO-' 

3 

E + 2  
2 9Sa B = 4.60 X cm/volt B k T  = qa = 11.75 X lo-' cm 27 B k T  - = qa = 1.30 X lo-' cm 

aThese est imates  are made from values reported i n  refs. 11 and 14. 
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His h-Temperature 

ELECTRICAL CONDUCTANCES OF AQUEOUS 
SOLUTIONS AT TEMPERATURES FROM 0 TO 

800°C AND PRESSURES UP TO 4000 BARS: 
THE CONDUCTANCES AND IONIZATION 

CONSTANTS OF SULFURIC ACID 
SOLUTIONS' 

A. S. Quis t  H. R. Jolley'  W. L. Marshall 

Introduction and Experimental Procedure 

The  e lec t r ica l  conductances  of d i lu te  sulfuric 
acid so lu t ions  have been measured a t  temperatures 
from 0 to 80OOC and a t  p ressures  from 1 to 4000 
bars. Earlier papers have  presented a description 
of the  conductance cell and the  experimental 
methods. 3 - 6  Three  concentrations of sulfuric 
ac id  (0.002424, 0.004893, and 0.009855 m) were 
studied. Because of the  highly corrosive nature 
of t h e s e  solutions,  the equipment was modified 
s l igh t ly  by having high-pressure connections a t  
both e n d s  of the conductance ce l l ;  this "flow- 
through" arrangement permitted more effective 
f lush ing  of the  cell. However, even  with these  
improvements, t he  estimated uncertainty in the 
me asurements is 4-576. Reproducible measure- 
ments were most difficult to obtain in  the  tempera- 
ture range 100-300°C, where the h ighes t  con- 
duc tances  were observed. 

'Summary of paper submitted for publication, J. Phys. 

'Summer participant, 1961-63, Loyola University, 

3A. S. Quist  e t  af., J. Phys. Chern. 67, 2453 (1963). 
,A. S. Quist  et al., Reactor Chern. Div. Ann. Progr. 

'A. S .  Quist  e t  al., Reactor Chern. Div. Ann. Progr. 

6E. U. Franck et al., Rev. Sci. Instr. 33, 114 (1962). 

Chem. (1965). 

New Orleans. 

Rept. Jan. 3 1 ,  1964, ORNL-3591, pp. 84-87. 

Rept. Jan. 3 1 ,  1963, ORNL-3417, pp. 77-82. 

Aqueous Systems 

Results and Discussion 

Examples of the  types  of curves  obtained when 
the  spec i f i c  conductances of H,SO, a re  plotted 
v s  temperature a t  cons tan t  pressure a re  shown in 
Fig. 8.1 for 0.004893 rn H,SO, a t  severa l  pres- 
sures .  The  curves  a t  temperatures below 4OOOC 
a re  similar to those observed previously with 
KHSO,, where isothermal increases  of pressure  
inc rease  the  d issoc ia t ion  of the bisulfate ion, and 
i sobar ic  i nc reases  of temperature decrease  its 
d issoc ia t ion .  (A deta i led  explanation is given 
in ref. 4.) Above 4OOOC the  behavior of H,SO, 
so lu t ions  differs from tha t  observed for KHSO, 
because  there appears  to b e  increas ing  associa- 
tion between H t  and HS0,- ions ,  while there was  
very l i t t l e  assoc ia t ion  between K +  and HS0,- 
ions. 

T h e  molar conductances of 0.004893 m H,SO, 
so lu t ions  as a function of density a re  shown in 
Fig. 8.2. (The isotherms without individual points 
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a t  Several Temperatures. 

represent  averages  of two or more runs.) At tem- 
peratures of 2OOOC and below, the  effect  of in- 
c r eas ing  density on increas ing  the d issoc ia t ion  
of the  bisulfate ion is readily apparent. At con- 
s t an t  dens i ty  at temperatures above 4OO0C, the  
dec rease  in t h e  f i r s t  ionization cons tan t  of H,SO, 
with increas ing  temperature can  be noted by com- 
paring the  graphs with those  for K,S0,.3s5 

T h e  determination of l imiting equivalent con- 
duc tances  of an  electrolyte from measured equiva- 
l en t  conductances  depends upon the extrapolation 
to zero  concentration of conductance (or some 
function of conductance) when plotted aga ins t  
concentration (or some function, of concentration). 
Below 3OO0C, none of s eve ra l  methods tried worked 
sa t i s fac tor i ly  for H,SO,, probably because  in- 
complete ionization of HS0,- gave extrapolated 
l imiting conductances too low assuming complete 
ionization to H +  and SO,'- ions,  but too high for 
ionization only to  H and HS0,-. At 300 and 
4OOOC a t  respec t ive  dens i t ies  of 0.75 and 0.80 
(or below) g/cm3, and a t  higher temperatures, 
when t h e  d issoc ia t ion  of HS0,- is negligible,  
su l fur ic  ac id  c a n  be considered a uni-univalent 
electrolyte.  Under these  conditions,  s eve ra l  extra- 
polation procedures were used  with varying degrees  
of s u c c e s s .  When H,SO, behaved as  a strong uni- 
univalent electrolyte,  extrapolations based on  the  

+ 

Onsager l imiting law, the Owen method, * and the 
Fuoss-Onsager  methodg could b e  used. Where 
H,SO, behaved a s  a weak uni-univalent electro- 
lyte,  the  bes t  method for obtaining h, (the limit- 
ing equiva len t  conductance) was  presumably tha t  
of Shedlovsky,'oo" in which A. and the  ionization 
cons t an t  a r e  determined simultaneously.  At so lu-  
t ion dens i t i e s  below 0.6 g/cm3 and a t  tempera- 
tures above 550°C, H,SO, behaved as  a very weak 
electrolyte,  and thus  conductances  were not avail-  
ab le  a t  sufficiently low concentrations for reliable 
u s e  o f  t he  previous methods. Es t imates  of A, in 
t h e s e  regions of uncertainty were obtained by ex- 
trapolating the  l inear relationship of Walden prod- 
uc t  (Aovo) v s  density to  dens i t i e s  below 0.6 
g/cm3. S ince  there w a s  only a s l igh t  variation 
in  th i s  relationship (above d = 0.5 g/cm3) with 
temperature from 400 to 55OoC, t h e  Walden product 
w a s  assumed to be independent of temperature (at 
constant dens i ty  above 4OOOC). The following 
empirical  equation, f i t t ing the  da t a  a t  400 t o  55OoC 
a t  high dens i t i e s ,  therefore was used  to ca l cu la t e  
limiting conductances  for H,SO, a t  the  higher 
temperatures and lower dens i t i e s ,  

A,(H,SO,) = (0.60 t 0.78d)/v0 , (1) 

where d = dens i ty  (g/cm3), and 7, = viscos i ty  
(poises). Viscos i t ies  u sed  were those  es t imated  
by Franck to 800T and 1.0 g/cm3.12 Values  of 
A, for H,SO, a t  temperatures of 4OO0C and higher, 
ca lcu la ted  by the methods descr ibed  above, a r e  
given in Table  8.1. T h e  upper right portion of 
t he  tab le ,  separa ted  by a heavy line,  conta ins  
the  va lues  based on the  d i rec t  extrapolation of the  
experimental  data. T h e  other values in  the  tab le  
a re  those  ca lcu la ted  from the  empirical  equat ion  
given above. 

Equilibrium cons tan ts  for the d issoc ia t ion  of 
the  b isu l fa te  ion, 

HSO,-,+H+ + ~ 0 , ~ -  , K O  = a ~ +  a s 0 4 ~ -  > (2) a 
H s 04- 

7Lars Onsager, Physik. Z .  28, 277 (1927). 

'B. B. Owen, J .  Am. Chem. SOC. 61, 1393 (1939). 

'R. 

'OT. Shedlovsky, J .  Franklin Inst. 225, 739 (1938). 

"R. M. Fuoss  and T. Shedlovsky. J .  Am.  Chem. SOC. 

"E. U. Franck, Z .  Physik. Chem. (Frankfurt) 8, 

M. F u o s s  and Filippo Accascina, Electrolytic 
Conductance, Interscience, New York, 1959. 

71, 1496 (1949). 

107 (1956). 
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Table  8.1. Limit ing Equivolent Conductances of H2S04, Calculated as Described in  the T e x i  

Where H,SO, is treated a s  a 1-1 electrolyte 

Density (g/crn3) Temp 

(OC) 0.40 0.45 0.50 0.55 0.60 0.65 0.70 0.75 0.80 0.85 

1370 1360 1325 

1475 1390 1380 1350 

400 1720 1640 1595 1560 , 1505 

450 1720 1670 1625 1560 1505 

500 1720 1670 1625 1580 1525 1495 1470 1445 [ , ::I: 
550 1690 1670 1625 1580 1525 1515 1490 1465 

600 1660 1640 1595 1560 1525 1515 1490 1465 1440 

650 1630 1610 1595 1560 1525 1515 1490 1480 

700 1600 1585 1570 1560 1525 1515 1490 1480 

750 1570 1560 1570 1535 1504 1495 

800 1545 1560 1545 1515 1504 1495 

-- '' , (3b) 
H ( H  o )m + a~~ o , ( H  o +, - 

1 ak ak 

were ca lcu la ted  a t  temperatures to 3OO0C from the 
conductance d a t a  by u s i n g  the  Davies method. 

given i n  Tab le  8.2, and a re  i n  good agreement to 
2OO0C with those  obtained ear l ie r  from the KHSO, 
data., At 3OO0C t h e  values obtained from the 
KHSO, da ta  a re  probably the  more reliable. 

with t h e  l imiting equivalent conductances  of H,SO, 
given in Table 8.1, equilibrium constants for the 
reaction 

a 
K' = - 

T h e  resu l t s ,  based  on molar concentrations,  a r e  a H 2 S 0 4  ( H 2 0 ) j  H 2 0  H 2  O 

l o g  K ;  = log  KY - k l og  a . (3c) 

Since the activity of a molecular or ion ic  s p e c i e s  
i s  Proportional to i t s  concentration, and s i n c e  
the  concentration of water is proportional to i t s  

H 2 0  

B~ using the Shedlovsky method in 

a + a  - Table  8.2. Negat ive Logarithm (Base IO) of the Second 
I (3) Ionizat ion Constant of H,SO,, - l o g  K:' H,SO,+H++HSO,-  , K ;  = HS04 

a 
H 2 S 0 4  

Temp Density (g/crn3) 
were ca lcu la ted  from 400 to 8OO0C, and a re  given 
in Table  8.3. 

treatment of the  ionization cons tan ts  of KC1 in 
supercr i t ica l  aqueous fluids,  Eq. (3) may be  re- 150 

written to inc lude  water of hydration: 200 4.09' 

( O C )  b 0.75 0.80 0.85 0.90 0.95 1.0 

By following Franck's procedure, used  in h i s  loo %3.10c 

H,SO, (H,O)~ + ~ H ~ O . . + H ( H , O ) ~ +  
250 

300 

2.60 

2.83 

3.85 3.56 3.13 

3.85 3.65 3.35 

4.09 4.03 3.91 3.73 3.58 

+ HSO, (H201n- , (34 
'Standard s t a t e  is the hypothetical 1 M solution. 
bDensity of liquid in contact with saturated vapor. 13E. C. Righellato and C. W. Davies, Trans. Faraday 

SOC. 26, 592 (1930). Values a t  saturation vapor pressure. 
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T a b l e  8.3. Negat ive Logarithm (Base 10) o f  the F i r s t  Ionizat ion Constant o f  H2S04, - l o g  KYa 

Temp Density (g/cm3) 

(OC) 0.40 0.45 0.50 0.55 0.60 0.65 0.70 0.75 0.80 0.85 

4 00 3.90 3.40 3.00 2.65 2.24 1.61 1.32 0.66 0.37 

450 4.18 3.67 3.19 2.79 2.39 1.99 1.58 1.28 1.04 0.64 

500 4.52 3.99 3.43 3.01 2.58 2.20 1.89 1.66 1.46 1.24 

550 4.90 4.25 3.67 3.23 2.76 2.42 2.12 1.90 1.75 1.56 

6 00 5.24 4.53 3.91 3.42 2.94 2.62 2.30 2.08 1.99 

650 5.39 4.67 4.10 3.60 3.10 2.76 2.43 2.26 

7 00 5.53 4.80 4.29 3.79 3.27 2.92 2.52 2.40 

750 . 5.58 4.90 4.43 3.99 3.46 3.05 

8 00 5.62 5.05 4.61 4.10 3.66 3.22 

aStandard state is the hypothetical 1 M solution. 
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dens i ty  (C 

written 

= 55.55 x 4, Eq. (3c) may be  re- 
H2° 

l og  KO = log K '  + k log  55.5 + k l og  d . (34 

According to Eq. (34, i f  log K is plotted aga ins t  
dens i ty ,  a s t ra ight  l i ne  would be  obtained, with 
intercept l o g  K' + k log 55.5 and s lope  k. T h i s  
plot would give only the ne t  change in  water of 

ORNL-DWG 65-72 
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Fig .  8.4. L o g  K ,  (H2S04) vs 1/T a t  Several Pressures. 

hydration, k, with j ,  'm, and n remaining undeter- 
mined. F igure  8.3 conta ins  p lo ts  of th i s  type for 
temperatures of 400-800OC over the  dens i ty  range 
0.4-0.8 g/cm3. T h e  average  s lope  of the l i n e s  
in  Fig.  8.3 is 11.3 f 0.2. If the  l i nes  in  Fig.  8.2 
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a re  extrapolated to dens i ty  = 1.0 g/cm3, and if 
t hese  va lues  for l og  KY a t  d = 1.0 g/cm3 are  plot- 
t ed  aga ins t  1 /T (for 400-800°C), and an extra- 
polation is made to 2S0, the  extrapolated value 
for K ;  a t  2S0, 1.0 g/cm3 is lo'. 

Log K ;  (H2S04)  w a s  plotted v s  pressure a t  tem- 
peratures from 400 to  800OC. Interpolations were 
made to  pressures  of 1000, 2000, 3000, and 4000 
bars. T h e  va lues  for l og  K ;  at these  pressures  
were then plotted aga ins t  1 /T as shown in Fig.  
8.4. T h e  value of AHo for the  ionization process  
was  ca lcu la ted  from the average s lopes  of the 
l i nes  and w a s  found to be -63, -39, -30, and 
-27 kcal/mole at pressures  of 1000, 2000, 3000, 
and 4000 bars  respectively.  

ESTIMATION OF THE DIELECTRIC CONSTANT 
OF WATER TO 800°C'4 

A. S. Quist  W. L. Marshall 

The  e lec t r ica l  conductances  of d i lu te  aqueous 
so lu t ions  of e lec t ro ly tes  have  been measured a t  
temperatures t o  8OOOC and pressures  t o  4000 
bars.3n4 For  the interpretation of t hese  da t a  it is 
helpful to u s e  equations s u c h  as  the  Onsager 
limiting l aw to ca lcu la te  t he  theoretical  change 
in equivalent conductances as a function of con- 
centration. In order to u s e  these  equations i t  is 
necessary  to know the d ie lec t r ic  cons tan t  of the 
solvent.  Although th is  cons tan t  for water h a s  not 
been measured a t  temperatures above 393OC, es- 
timated va lues  to 8OOOC and to dens i t i e s  of 1.0 
g/cm3 have been published by Franck. l 2  T h e s e  
e s t ima tes  were based'  on  a graphical f i t  of the 
Kirkwood equation 

( 2 ~  + 1) ( E  - 1) 4nNd pzg 
--a +- 

9E 3M 3kT (4) - 

(where E = dielectric constant,  N = Avogadro's 
number, k = Boltzmann constant,  M = molecular 
weight, g/mole, a = polarizability = 1.58 x 
cm3/mole, ' p = dipole moment of the  water mole- 
cu le ,  T = degrees  Kelvin, d = dens i ty  in  g /cm3,  
and g = Kirkwood correlation factor tha t  accounts  
for orientation between neighboring molecules) 
for t h e  d ie lec t r ic  cons tan t  of polar l iquids '  6*1 
to severa l  s e t s  of experimental data. Since 1956, 
additional da t a  on water have been published. 

Therefore w e  have  reviewed previous and more 
recent d a t a  and have  applied computer techniques  
in an  attempt to obtain better estimates of the 
d ie lec t r ic  cons tan t  of water a t  high temperatures 
and  pressures.  

F igure  8.5 conta ins  va lues  of p2g ca lcu la ted  by 
the  Kirkwood equation from d a t a  of those  investiga- 
t ions  considered to cover the wides t  ranges of 
temperature and density.  At low dens i t i e s  (and 
of necess i ty  a t  high temperatures for water, which 
h a s  a cr i t i ca l  temperature of 374OC and cr i t ica l  
dens i ty  of 0.32 g/cm3), short-range interactions 
between molecules (e.g., hydrogen bonding) should 
become smal l ,  and, as  dens i ty  approaches zero, 

14Summary of paper submitted for publication (1965). 

"R. M. Waxler and C. E. W e i r .  J. R e s .  Natl. Bur. 

1 6  J. G. Kirkwood. J. Chem. Phys .  7. 911 (1939). 
Std. A 67, 163 (1963). 

17G. Oster and J. G. Kirkwood, J. Chem. Phys .  11, 
175 (1943). 
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A .  J. Hughes, chap. 4.iv in High Pressure Phys ics  and 
Chemistry, vol I ,  ed. by R. S. Bradley, Academic, New 

York, 1963; B. 8. Owen, R. C. Miller,  C. E. Milner,  and 

H. L. Cogon, J. Phys. Chem. 65,2065 (1 961 ); W .  L. Lees,  

Dissertation, June 1949, Department of Physics, Harvard 

University; G.  C. Akerlof and H. I. Oshry, J .  Am. Chem. 
SOC. 72, 2844 (1950); J. Wyman, Jr., and E. N. Ingalls,  

J .  Am. Chem. SOC. 60, 1 1  82 (1 938). 
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t he  Kirkwood correlation factor should  approach 
a va lue  of unity. Accordingly, the  d ipole  moment 
of t he  water molecule would approach 1.87, the  
va lue  reported for an  i so la ted  water molecule.' 
If the Kirkwood equation is correct, t h e  term p2g 
should then approach 3.50 (1.87') a t  low dens i t i e s  
and  high temperatures. T h i s  behavior is observed 
in F ig .  8.5 where it  is s e e n  that p 2 g  ext rapola tes  
to approximately 3.50 at zero  density.  T h i s  ob- 
se rva t ion  based  on  experimental measurements 
subs t an t i a t e s  the  u s e  of the  Kirkwood equation. 

T h e  main objec t  of th i s  investigation was  to 
obtain an  equation that would es t imate  the  be- 
havior of p2g a s  a function of temperature and 
dens i ty  over  t he  range of the experimental di- 
e l ec t r i c  cons t an t s  and tha t  could  b e  used  for ex- 
trapolation to higher temperatures. Several  types  
of equations estimating p2g as a function of tem- 
perature and density were fitted to the d a t a  in 
Fig.  8.5 (excepting t h o s e  of Gier and Young, in 
which t h e  isothermal variation of p'g with dens i ty  
is larger than expected at 250, 301, and 350O) by 
the  u s e  of a generalized leas t - squares  program. ' 

T h e  equat ion  tha t  best fi t ted the  da t a  (all da t a  
given equal  weight) is given as follows, 

p'g = 3.50 + d(175 + 136d - llld2)T-"' . (5) 

Dielec t r ic  cons tan ts  ca lcu la ted  from the  combina- 
tion of th i s  equation with the  Kirkwood equation 
a r e  given in  Tab le  8.4. T h e s e  va lues  a re  generally 
somewhat lower than those  reported by Franck. ' 

When only the  d a t a  a long  the liquid-vapor equili-  
brium curve  were used, the  following equation 
b e s t  f i t ted th i s  set of data: 

p2g = 3.50 t d(43.0 + 43.3d - 14.7d')T-0.3'. (6) 

Dielec t r ic  cons t an t s  ca lcu la ted  us ing  th i s  equation 
a re  compared with the  experimental va lues  in 
Tab le  8.5. T h e  measured va lues  at 360 and 370° 
were not  used to eva lua te  the  parameters, but 
they a re  given in  Table  8.5 to show the  la rge  dif- 
fe rences  from ca lcu la ted  va lues  at these  two 
temperatures. 

"R. A.  Robinson and R. H. Stokes, Electrolyte 
Solutions, 2d ed., Butterworths, London, 1959. 

"M. H. Lietzke. A Generalized L e a s t  Squares Pro- 
gram for the ZBM-7090 Computer, ORNL-3259 (1962). 

Table  8.4. Dielectr ic  Constant of Water Calculated from Eq.(5) 

Temp Density (g/cm3) 

(OC) 0.0001 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0 

0 

25 

100 

2 00 

3 00 

4 00 1.001 1.83 3.13 4.9 7.1 9.7 12.7 

5 00 1.001 1.71 2.81 4.3 6.1 8.3 10.8 

600 1.000 1.63 2.58 3.9 5.4 7.3 9.4 

7 00 1.000 1.56 2.40 3.5 4.9 6.5 8.3 

800 1.000 1.51 2.26 3.2 4.5 5.9 7.5 

(88.4)a 

(78.1)a 

(54.6)a 

(34.3)a 36.4 

(20.0)a 23.8 28.4 

16.0 19.5 23.2 

13.5 16.5 19.5 

11.7 14.2 16.8 

10.4 12.5 14.8 

9.3 11.2 13.2 

88.4 

78.5 

58.0 

42.3 

33.0 

26.8 

22.6 

19.4 

17.0 

15.1 

aFor liquid in equilibrium with vapor at  the temperatures shown in  the heading. 

c 
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Table  8.5. Experimental and Calculated Values for the Dielectr ic  Constant of  Water in 

Temp 
E (exptl) E (calcd) 

(OC) 

0 87.90 

1 0  83.95 

20 80.18 

25 78.36 

30  76.58 

40 73.15 

50 69.88 

60 66.76 

70 63.78 

80 60.95 

90 I 58.25 

100 55.50 

110 52.89 

87.59 

83.79 

80.08 

78.28 

76.50 

73.05 

69.76 

66.59 

63.59 

60.71 

57.96 

5 5.3 5 

52.84 

Equilibrium With Vapor, 0-350°C 

Calculated values using Eq. (6) 

Temp 
E (exptl) E (calcd) 

(OC) 

120 50.48 50.44 

130 48.19 48.15 

140 46.00 45.96 

150 43.89 43.85 

160 41.87 41.84 

170 39.96 39.89 

180 38.10 38.03 

190 36.32 36.24 

2 00 34.59 34.51 

210 32.93 32.84 

22 0 31.32 31.22 

230 29.75 2 9.66 

240 28.24 28.13 

SECOND DISSOCIATION CONSTANT OF H,SO, 
FROM 25 TO 350°C EVALUATED FROM 
SOLUBILITIES OF CaSO, IN SULFURIC 

ACID SOLUTIONS 

W. L. Marshall E. V. Jones  

T h e  so lubi l i t i es  of N i S 0 4 , 2 0  L i 2 S 0 4 , 2 1  MgSO,, 2 2  

and C a S 0 4 2 3  have been determined in aqueous 
sulfuric acid solutions a t  temperatures up to 35OOC. 
Of particular interest  is the solubili ty behavior 
of CaSO, in high-temperature electrolyte solutions,  
s ince  th i s  s a l t  produces s c a l e  on heat-exchanger 
su r faces  upon d is t i l l ing  s e a  water, In addition, 
the  so lubi l i t i es  of CaSO, in ac id ic  solution a t  

~ 

'OW. L. Marshall, J. S .  Gill, and Ruth Slusher, J. 

"W. L. Marshall, Ruth Slusher, and F. J. Smith, J. 

"W. L. Marshall and Ruth Slusher, e lsewhere in this  
report. 

23W. L. Marshall and E. V. Jones, Reactor  Chern. 
Div. Ann. Progr. Rept. Jan. 31 ,  1963, ORNL-3417, p. 
277. 

Inorg. Nucf. Chern. 24, 889 (1962). 

Inorg. Nucf. Chern. 25, 559 (1963). 

Temp 
(oc) E (exptl) E (calcd) 

250 

260 

2 70 

2 80 

290 

300 

310 

320 

330 

340 

350 

360 

370 

26.75 

25.29 

23.86 

22.45 

21.05 

19.66 

18.27 

16.88 

15.51 

14.10 

12.61 

(11.22) 

(9.74) 

26.65 

25.21 

23.79 

22.39 

21.02 

19.65 

18.30 

16.91 

15.50 

14.06 

12.54 

10.84 

8.40 

high temperature a re  of interest  to geochemistry 
because  they might aid in understanding deposi-  
tion mechanisms. In th i s  report are given the 
so lubi l i t i es  of CaSO, - 2 H 2 0  a t  25, 30, 40, and 
6OoC, of CaSO, - l/zH,O a t  125OC, and of anhydrous 
CaSO, (including previous va luesz3)  from 125 to 
35OOC in H 2 S 0 4  solutions varying from 0 to 1 m. 
From these  results,  combined with previous 2 4  and 
new so lubi l i t i es  to 3.50' of CaSO, in NaCl solu-  
t ions ,  the  second dissociation constant of su l -  
furic acid was calculated from 25 to 350OC. 

Experimental Procedures 

Reagent-grade CaSO ,.2H 2O and sulfuric ac id  
(diluted to  the  required concentrations) were used 
in the previous and present experjments. All  
analy t ica l  and experimental procedures have  been 
described elsewhere.  'O-' The  t imes for a t -  
tainment of equilibrium were approximately the  

24W. L. Marshall, Ruth Slusher, and E. V. Jones, J. 
Chern. Eng. Data 9, 187 (1964). 
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same a s  those  found in the  s tudy  of t he  solubili ty 
of CaSO, in  NaCl-H,O solutions.  

Resul ts  

In F igs .  8.6 and 8.7, molal so lubi l i t i es  of CaSO, 
and its hydrates,  experimentally determined in 
th i s  program, a re  plotted aga ins t  the molal con- 
centration of H,SO,. Thus,  a t  25OC the  addition 
of H,SO, moderately inc reases  the solubili ty of 
CaSO, - 2H,O but a t  very high concentrations de- 
c r e a s e s  i t s  solubility. However, at higher tem- 
peratures the  solubili ty inc reases  strongly with 
increas ing  H ,SO, concentration. This  behavior 
is almost certainly due to the sharply decreas ing  
second d issoc ia t ion  cons tan t  of H,SO, with r i s ing  
temperature, which upon addition of H,SO, to 
sa tura ted  CaS0,-H,O so lu t ions  reduces the  con- 

centration of SO, ’- and a l lows  increased  solu- 
bility of CaSO, to sa t i s fy  the solubili ty product. 
Th i s  increase  is due also to the  increase  in  ion ic  
s t rength  by addition of acid. Nevertheless,  a t  
a cons tan t  H,SO, concentration t h e  solubili ty of 

CaSO, dec reases  with temperature because of a 
dec reas ing  solubili ty product i n  conformance with 
the solubili ty behavior of most su l fa te  s a l t s  a t  
high temperatures. 

T h e  Second Dissociat ion Constant of H,SO,. - 
T h e  second  d issoc ia t ion  cons tan t  of H,SO, ( K ; )  
from 25 to  35OOC w a s  ca lcu la ted  us ing  the  experi-  
mental so lubi l i t i es  both in H,SO, and NaCl solu- 
tions. An extended Debye-Huckel equation was  
used ,  and assumptions were made that (1) the  ca l -  
cium ion  w a s  unassoc ia ted ,  (2) t he  first  d i ssoc ia-  
tion cons t an t  of H,SO, was  infinite, that  is, there 
were no H,SO, neutral  s p e c i e s ,  and (3) the so lu-  
bility product ( K s p )  and second d issoc ia t ion  con- 
s t a n t  of H,SO, (K,)  were the  only equilibrium con- 
s t a n t s  in effect .  Thus the  following two equat ions  
were derived: 

\ 

m - s + K s p / , s  K 

Fig. 8.6. The Solubility of CoS04’2H20 (at 25, 30, 40, and 6OoC) and CaS04”/,H20 (at 125OC) in H2S04-H20.  
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Fig .  8.7. Solubility of CaSO, in H2S04-H20 Solutions, 150-35@C. 

where s is the  molal solubili ty of CaSO,, m is 
the  formal molality of H,SO,, and K ,  and K s  are  
the cons t an t s  a t  ionic strength I .  Values oPKgOp 
and the  A parameter in the extended Debye-Huckel 
equation, 

(9) 
fl 

log  K s p  = l og  K : p  + 8 A 
1 + A d7' 

where K : p  is the (thermodynamic) solubili ty prod- 
uc t  a t  I = 0, and .& is the  l imiting Debye-Huckel 
s l o p e  for a 1-1 elec t ro ly te  a t  e a c h  temperature cor- 
rected for the u s e  of molal units,  were obtained 
from the  so lubi l i t i es  of CaSO, in  NaCl-H,O so lu-  

t ions  a t  temperatures up to 200°C24 and estimated 
from our own (unpublished) so lubi l i t i es  a t  higher 
temperatures. A value of A of 1.5 provided the 
bes t  fit a t  all temperatures. 

A computer program was  written that evaluated, 
by a n  i terative process ,  K s p ,  I ,  and K ,  from the 
so lubi l i t i es  of CaSO, in H,SO,-H,O. However, 
as m + 0 the  calculation fa i led  due to the inability 
to obta in  sufficient accuracy of measurement. 
Therefore, those  va lues  of K ,  a t  very low m, plot- 
ted v s  g/(l + '1.5 fl) and showing sca t t e r  greater 

than about k5%, were ignored. Also,  those  va lues  
a t  25, 30, 40, and 60°ca lcu la ted  from so lubi l i t i es  
in H,SO, solutions greater than about 0.8 m were 
not used. T h e  remaining va lues  of K ,  were evalu- 
ated by a generalized least-squares computer pro- 
gramz5 to obtain the  bes t  va lues  of K i  and A ac- 
cording to the  equation 

(10) l o g  K ,  = log  K i  + 4s 
Jr 

1 + A J f '  

T h e s e  present  va lues  of K i ,  plotted in Fig.  8.8, 
are in reasonably good agreement both with those  
determined previous ly26  to 225OC by a solubili ty 
method (included in Fig. 8.8), those estimated at 
100 and 2OOOC by the conductance 
and with a n  accepted  value of 0.0103 a t  25°C.28 

~~ 

25M. H.  Lietzke,  A Generalized L e a s t  Squares Pro- 

26M. H. Lietzke, R. W. Stoughton, and T. F. Young, 

27A. S. Quist, W. L. Marshall, and H. J. Jolley, else- 

28H. S. Dunsmore and G. H. Nancollos, J. Phys. 

gram for the ZBM-7090 Computer, ORNL-3259 (1962). 

J. Phys. Chem. 65, 2247 (1961). 

where in th i s  report. 

Chem. 68, 1579 (1964). 
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Fig. 8.8. Equilibrium Constants Derived from Solubilities of Anhydrous CaS04 in H2S04-H20  and NaCI-H20,  

25-350°C. 

From Eq. (10) the  A parameter for the equilibrium 
expressed  by K, inc reases  from about 1.0 a t  25O 
and appears  to reach a cons tan t  value near 1.6 
at about 3OO0C, in cont ras t  to  the behavior of A 
for the solubili ty product equilibrium, which re- 
mains nearly constant a t  1.5 from 25OC to the 
high temperatures. 

Values  for another related constant,  

[CaZ+l [HSO,-l 

[H +I 
m + s - K S p / s ,  (11) 
m - s + KSp/s  

K, = = s  

were obtained and the ca lcu la ted  K i ' s  (solution 
sa tura ted  with anhydrous salt) are included a l s o  
in Fig.  8.8. 

ASSIGNMENT OF LIMITING EQUIVALENT 
CONDUCTANCES TO SINGLE IONS TO 400°C29 

A. S. Quist  W. L. Marshall 

In eva lua t ing  electrical  conductances of aqueous 
electrolyte solutions a t  high temperatures and 

pressures ,  t he  limiting equivalent conductances 
of s ing le  ions to  40O0C were needed. Es t imates  
were  obtained by us ing  measured transference 
numbers ( t )  to 125°C,30 limiting ionic conduct- 
ances  for severa l  e lec t ro ly tes  to 100°C, ' s reported 
equivalent conductances t o  4OO0C, n 3  o 1  * 3  '-' 
and the  equivalent conductance of K,SO, at loo", 
1 atm, evaluated from da ta  of Noyes et aZ.3 com- 
bined with those  of Quist  et al.3 

29Summary of paper submitted for publication (1965). 

J. E. Smith, Jr., and E. 'B. Dismukes, J. Phys. 3 0  

Chem. 67, 1160 (1963); 68, 1603 (1964). 
31A. A. Noyes e t  al., The Electr ical  Conductivity 

of Aqueous Solutions, Publication No. 63, Carnegie 
Institution of Washington, Washington, D. C., 1907. 

32S. B. Brummer and G.  J. Hills,  Trans. Faraday SOC. 
57, 1817, 1823 (1961). 

J. M. Wright, W. T. Lindsay, Jr., and T. R. Druga, 3 3  

The Behavior of Electrolytic Solutions a t  Elevated 
Tempera tures a s  Derived from Conductance Measure- 
ments, WAPD-TM-204 (June 1961). 

34A. J. El l is ,  J. Chem. SOC. 545 (1963). 

35D. Pearson, C. S .  Copeland, and S. W. Benson, J. 
Am. Chem. SOC. 85, 1044, 1047 (1963). 

c 
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Table  8.6. Estimated L imi t ing  Ionic Conductances (cm2 ohm-' equ iv - l )  for Several Ions a t  Temperatures to 4OO0C 

+ 
H +  Li + Na K +  NH, OH- C1- HS0,- SO,'- 

+ 
~ - ~~ 

looo, 1 atm 634 156 151 195 2 06 447 211 125 246 

200'. 0.865 g/cm3 824 329 304 364 3 94 701 391 260 521 

300°, 0.7125 g/cm3 894 562 459 504 579 82 1 561 400 800 

400°, 0.8 g/cm3 945 440 455 520 415 

- \  

Smith and Dismukes3' observed a linear relation- 
sh ip  when log  t / t  + was plotted aga ins t  1 / T  

(OK) from 15 to 125OC for 0.1 N KC1 and NaCl 
solutions.  By extrapolating th i s  relationship to 
temperatures of 4OO0C, values of t in 0.1 N 
NaCl were obtained. Transference numbers of the 
chloride ion a t  infinite dilution from these values 
with the use  of the procedure of Smith and Dis- 
mukes3' were 0.581,30 0.563, 0.550, and 0.541 a t  
100, 200, 300, and 4OO0C, respectively,  from which 
limiting ionic conductances (at saturation pressure) 
for Na', H+, K + ,  NH,', Li', C1-, and OH- a t  
100, 200, and 300° were calculated (Table 8.6). 

The  above method was not applicable for e s t i -  
mating h,(HSO,-) s i n c e  a t  low temperatures bi- 
sulfate ion partially d i s soc ia t e s  to hydrogen and 
su l fa te  ions. However, Xo(HSO,-) a t  3OOOC was  
obtained indirectly by extrapolating l inear plots 
of log A. for KHSO, (at  cons tan t  solution dens i ty)  
aga ins t  1 / T  (OK) from higher temperatures (400- 
700°C).32 F r o m  A,(KHSO,)'s at  dens i t i e s  of 0.7 
and 0.8 g/cm3, a A,(KHSO,) of 906 at saturation 
vapor pressure  w a s  obtained by interpolation. The  
s a m e  method was used for obtaining ho(H,SO,) 
treated a s  a 1-1 electrolyte (H+-HSO,- ions only), 
giving a value of 1335 a t  300OC. Calculated 
Xo(HSO,-)'s were 400 and 440 from the KHSO, 
and H,SO, da ta  respectively.  Since the KHSO, 
data were considered more reliable, the limiting 
conductance of the bisulfate ion was taken as 
400. At 400°, from Ao(KCl) values of Franck, l 2  

our own va lues  of A, for KHSO,, H,SO,, and NaC1, 
and from the transference number of  the chloride 
ion estimated herein, limiting ionic conductances 
for Na', K+, H', C1-, and HS0,- ions a t  4OOOC 
were calculated (Table 8.6). 

C1- N a  

c1- 

' 

OSMOTIC BEHAVIOR OF AQUEOUS 
SOLUTIONS A T  165OC 

P. B. Bien B. A. Soldano 

Introduction 

During the pas t  year the osmotic behavior of 
aqueous salt so lu t ions3  6 - 3 9  h a  s been studied a t  
165OC. Contrary to  the customary behavior en- 
countered a t  temperatures below 100°C, the  os- 
motic coefficients of 1-1 electrolytes decrease  
with increas ing  concentration after reaching a 
maximum, The  maximum var ies  with the individual 
s a1 t s p e c i e s  . 

Experi men to I 

The  experimental i sopies t ic  ratios a t  165OC a t  
fixed water activity,  

where v = number of ions  formed per formula 
weight  of salt and m = molality of the solute,  are 
reported (Table 8.7) a t  rounded molali t ies obtained 

36B. A. Soldano, R. Fox, R. Stoughton, and G. Scat- 
chard, pp. 224-35 in The Structure of Electrolytic 
Solutions, ed. by W. J. Hamer. Wiley, New York, 1959. 

37C. S. Patterson, L. 0. Gilpatrick, and B. A. Sol- 
dano, J .  Chem. SOC. 273 (1960). 

38B. A. Soldano and C. S. Patterson, J .  Chem. soc.  
937 (1962). 

39B. A. Soldano and M. Meek. J .  Chern. SOC. 4424 
(1963). 
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T a b l e  8.7. Isopiest ic  Rat ios a t  165 * 0.loC with N a C l  as Standard 

m +NaCI  RL'Cl  R K C ,  R C s C l  R N a 2 S 0 4  

0.50 
0.75 

1 .oo 
1.25 
1.50 
1.75 
2.00 
2.25 
2.50 
2.75 
3.00 
3.25 
3.50 
3.75 
4.00 
4.25 
4.50 
4.75 

5.00 
5.5 
6.0 
6.5 
7.0 
7.5 
8.0 

0.9109 
0.8925 
0.8874 
0.8929 
0.9058 
0.9233 
0.9422 
0.9597 
0.9727 
0.9783 
0.9734 
0.9552a 
0.9206 
0.8667 
0.7904 
0.6888 
0.5589 
0.3977 
0.2022 

1.0436 
1.0506 
1.0500 
1.0432 
1.0317 
1.0171 
1.0010 
0.9849 
0.9703 
0.9588 
0.9520 
0.9550 
0.9580 
0.9610 
0.9640 
0.9670 
0.9700 
0.9730 
0.9760 
0.9820 
0.9880 

0.9754 
0.9642 
0.9536 
0.9438 
0.9346 
0.9262 
0.9184 
0.9114 
0.9050 
0.8994 
0.8944 
0.8902 
0.8866 
0.8838 
0.8816 

0.8794 

0.8800 
0.8834 
0.8896 
0.8986 
0.9104 
0.9250 
0.9424 

0.9733 
0.9613 
0.9503 
0.9402 
0.9311 
0.9229 
0.9157 
0.9094 
0.9040 
0.8996 
0.8961 
0.8936 
0.8920 
0.8913 
0.8916 

0.8950 

0.9022 
0.9131 
0.9278 
0.9462 
0.9685 
0.9945 
1.00 

0.8668 
0.8192 
0.7849 
0.7634 
0.7544 
0.7585 
0.7754 
0.8051 
0.8078 

0.7914 
0.7083 
0.6392 
0.5842 
0.5483 
0.5165 
0.5038 
0.5012 
0.5206 
0.5502 

0.7598 
0.6906 
0.6268 
0.5684 
0.5154 
0.4678 
0.4256 
0.3889 
0.3575 
0.3316 
0.3111 
0.2960 
0.2863 
0.2820 
0.2831 

aThis value and values a t  higher concentrations are extrapolated. 

from a leas t - squares  f i t  of R v s  m. Osmotic coef- 
f ic ien ts  (Fig. 8.9) were ca lcu la ted  by Eq. (13), 

(13) 
> '  

N a C l  m N a C l  

"salt  m s a l t  

V 

+i = + N a C I  ( 
All osmotic coef f ic ien ts  a r e  referred to the da ta  
published recently by Gardner, Jones,  and deNord- 
wall4 '  on NaC1-water solutions.  

Discussion 

The curves  of osmotic coef f ic ien ts  v s  molality 
a t  165OC are  shown in Fig. 8.9. Generally, they 
resemble those  previously reported for 15OOC. ' 

T h e  osmotic coefficient cu rves  of the a lka l i  chlo- 
rides,  after the  init ial  r i s e  (no longer as s t e e p  
as at lower temperatures), inflect  and bend toward 
the molality ax i s  - the  inflexion poin ts  vary with 
different s a l t s .  T h i s  performance differs from 
that found at lower temperatures, where the  osmotic 
coef f ic ien ts  r i se  continuously away from the  
molality ax is .  

It w a s  hypothes ized4 '  tha t  the  observed inflex- 
i ons  ind ica te  the  ex i s t ence  of a n  e f fec t  in con- 
cent ra ted  so lu t ions  hitherto unnoticed a t  lower 

40E. R. Gardner, P. J. Jones, and H. J. deNordwal1, 
Trans.  Faraday SOC. 59, 1994 (1963). 

41B. A. Soldano, P. B. Bien, and C. H. Secoy, Re- 
actor Chem. Div. Ann. Progr. Rept. Jan.  31, 1964, 
ORNL-3591, pp. 99-101. 
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Fig. 8.9. Comparative Osmotic Coeff ic ients a t  Rounded 

Molal i t ies a t  165 * 0.1OC. 

temperatures. T h e  curve for LiCl  was  taken not 
only as a confirmation of the ex is tence  of t h i s  
e f fec t  but a l s o  as an estimate of the strength of 
i t s  influence. We note a t  165OC that the same be- 
havior for LiC1, previously noted for the f i r s t  time 
a t  15OoC, continues to persist .  

A question had been ra i sed  whether the  observed 
behavior of LiCl  might be due to hydrolysis ef- 
fec ts  in solution. A . t e s t  was  made to determine 
whether the  hydrolysis of LiCl  (creating HC1, 
which could e s c a p e  into the vapor phase  and 
change the  nature of the  salt in the sample d ish)  
might account  for the observed low osmotic  coef- 
f icient values. I sopies t ic  conditions were  simu- 
la ted  in an all-glass apparatus, strong enough 
to withstand over  5 atm of pressure and provided 
with a cold l e g  into which s team could condense 
together with any free HC1. The  condensate  was  
tes ted  by adding to i t  3 volumes of 1 N AgNO,; 
turbidity resu l t ing  from the precipitation of AgCl 
was  t e s t ed  by us ing  a Beckman model B spectro- 
photometer a s  a nephelometer (sensit ivity to a 
CI- concentration of 7 x IO-'' equivalent/liter). 
A control experiment start ing with 0.005 m HC1 
demonstrated HCI transport to  the condensate .  
Experiments with NaCl and LiCl  (start ing with 1 m 
solution) failed to give any evidence of HC1 trans- 
port to the  condensate.  Lithium chloride, therefore, 
is believed to b e  too s t rong  an electrolyte to 
hydrolyze to the  extent suggested by the query. 

It may be further observed that the $ v s  rn curve 
for KC1 a t  16S°C, which s t a r t s  above that of CsC1, 
c r o s s e s  over  a t  about 2.6 m and proceeds below 
the C s C l  curve as concentration increases .  

THORIUM HYDROLYSIS I N  1 M (Na)CIO, A T  
0, 25, AND 95°C42 

C. F. Baes ,  Jr. N. J. M e ~ e r ~ ~  C. E. Roberts 

T h e  measurement of thorium hydrolysis in 1 M 
NaC10, so lu t ions  a t  0 and 95OC h a s  been described 
p r e v i ~ u s l y . ~ ~ ' ~ ~  The results,  along with the resu l t s  
of Kraus and H 0 1 m b e r g ~ ~  for the same system a t  
25OC, have been analyzed extensively during the 
pas t  year to determine the simplest  set (scheme) of 
T h 4  + hydrolysis products, Thx(OH)y(4X-y)+ , with 
which these  da t a  are consistent.  

Data Analysis 

In th i s  ana lys i s  a computer program4' was  used 
to compare various poss ib le  hydrolysis schemes  
with the data,  which cons is ted  of pa i r s  of values 
of t he  hydroxyl number E (the average number 
of OH- ions  bound per T h 4 +  ion in solution) 
and the  pH. A chosen  s e t  of hydrolysis products 
ThxOHy(4X-Y)t was  t e s t ed  by spec i fy ing  for each  
s p e c i e s  in the s e t  the va lues  of x and y and a 
guessed value of the formation quotient, Q, . 

.Y' 

QXty = [Thx(OH)y(4X-Y)+ 1 [H+lY/[Th4+lX.  (14) 

In the computation, Ti values were calculated a t  
each  measured pH, and the stardard deviation 
u ( E )  of these  calculated F values  from the ob- 
served values was  determined for all the da ta  a t  
a given temperature. In a series of i terative re- 
finements, the init ial  guessed values of the forma- 
tion quotients Q,,, were adjusted by means of a 
general l eas t - squares  procedure to  yield those  

42To be  published in  Inorganic Chemistry (April 
1965). 

43Professor of Chemistry, Bowling Green State Uni- 
versity, Bowling Green, Ohio. 

44C. F. Baes,  Jr., N. J. Meyer, and C. E. Roberts, 
Reactor  Chem. D i v .  Ann. Progr. Rept. Jan. 31 ,  1963, 

45C. F.Baes, Jr., e t  al., Reactor Chem. D i v .  Ann. 
Progr. Rept. Jan. 3 1 ,  1964, ORNL-3591, p. 94. 

46K. A. Kraus and R. W. Holmberg, J. Phys. Chem. 
58, 325 (1954). 

47Hydrolysis Constant Program, consisting of a sub- 
routine, Calculation of Hydroxyl Number, written by 
R. M. Rush (described by R. M. Rush, J. S. Johnson, 
and K. A. Kraus, ORNL-3278, pp. 4-7) and a general 
least-squares program written by W. R. Busing and H. 
A. Levy. 

ORNL-3417, p. 96 
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va lues  which gave  the  minimum values  of ~(i i) .  
Usually only two or  three refinements were re- 
quired for t h i s  computation to converge to the  
lowes t  va lue  of ~ ( f i )  and t h e  "best values"  of t he  

Occasionally a computation did not con- 
verge, e i ther  b e c a u s e  a t  l e a s t  one  of the  t r ia l  
va lues  of Q x , y  was  a poor guess  or  because  the  
assumed scheme  conta ined  a s p e c i e s  which, in the  
presence  of t he  others,  had l i t t l e  e f fec t  on the  cal- 
cu la ted  va lue  of E. T h e s e  d i f f icu l t ies  often could 
be overcome by improving t h e  t r ia l  Q x , y  values  
and/or by increas ing  the  spec i f ied  increments 
over which t h e s e  quotients were varied in the 
leas t-squaring calculation. 

's. 
QX.Y 

T e s t s  of Schemes Involv ing Four  
Hydrolys is  Products 

The  hydrolysis resu l t s  a t  low Ti values  at 95 and 
at 25O gave  ev idence  that the init ial  hydrolysis 
products were ThOH3 ', Th(OH),, ', and Th,(OH),6 '. 
In all schemes tes ted ,  t hese  monomeric s p e c i e s  
(x,y = 1,l and 1,2) and  e i ther  t h i s  dimeric s p e c i e s  
(x,y = 2,2) or  another dimeric s p e c i e s  were as- 
sumed to be  present. To account  for all the  da ta ,  
at least one  more s p e c i e s  obviously was  neces-  
sary.  The  numerous tests which were made to 
determine t h e  best scheme of four hydrolysis 
products a re  summarized in  Tab le  8.8 A along with 
the  s tandard  deviation c(F) for each  scheme. Two 
schemes  o f  four s p e c i e s  were found to be  the  
most cons i s t en t  with the data: 

[I] 1, l -1 ,2-2,2- .5 ,12;  ~ ( f i ) = 0 . 0 2 4 ,  0.021, 0.019; 

[I11 1,1-1,2-2,3-6,15; 0(Ti)=0.021, 0.020, 0.021. 

(The three  va lues  of u(Ti) for e a c h  set of x,y values  
refer respectively to t h e  0, 25, and 95" data.) 
Deviation p lo ts  of ii - ii (calcd) vs pH for t hese  
schemes  are presented in Fig. 8.10. All other 
four-number schemes  t e s t ed  gave ~ ( n )  va lues  
>0.03 at least at one  temperature, and it s e e m s  
likely that s chemes  [I1 and [I11 a re  the best pos- 
s i b l e  c h o i c e s  of four spec ie s .  These '%est" 
cho ices ,  however, are not espec ia l ly  good f i t s  
(Fig. 8.10) in  tha t  the devia t ions  - while they 
a re  not much greater than the  expected error in 
the  d a t a  - a r e  largely sys temat ic  rather than ran- 
dom and  a re  similar i n  appearance  a t  all three 
temperatures. While there  could be  s u c h  sys tem-  
atic errors present  in one  s e t  of data,  i t  s e e m s  

very unlikely that sys temat ic  errors a t  all three 
temperatures would produce similar appear ing  
deviations from a correct hydrolysis scheme. 
Hence  it may reasonably be  concluded that at 
l e a s t  five products must be  formed in the  hydrol- 
y s i s  of Th4'. 

Schemes of F i v e  Hydrolys is  Products 

T h e  sea rch  for more cons i s t en t  s chemes  of five 
hydro lys is  products was  undertaken with the 
realization tha t  probably no clearly unique scheme 
could be  identified, s i n c e  sys t ema t i c  errors pres- 
e n t  in the da t a  or insens i t iv i ty  of the da ta  to 
various combinations of so  many s p e c i e s  would 
produce good f i t s  t o  more than one  scheme. Yet, 
Ti vs  pH da ta  are probably the  bes t  kind of d a t a  
with which to inves t iga te  so complicated a hydrol- 
y s i s  process ,  and the progress made in identifying 
cons i s t en t  schemes ,  as we l l  as i n  eliminating 
others,  should  b e  usefu l  when additional ev idence  
becomes available.  

In all schemes  of five s p e c i e s  tes ted  (Table 
8.8, B and C) the  first  three s p e c i e s  were assumed 
to be ThOH3 ', Th(OH), ', and Th,(OH), '. As 
the fourth spec ie s ,  principally trimers and tet- 
ramers were tested.  T h e s e  t e s t s  were largely 
limited to the  0" resu l t s ,  s i n c e  these  seemed  to 
b e  t h e  most sens i t ive .  

T h e  arrays of u ( E )  values  l i s ted  for the  OOdata 
in Tab le  8.8 B indica te  the bes t  s chemes  to be: 

[IIII 1,l - 1,2  - 2,2 - 3,6 - 6,15; 

~ ( n )  = 0.0126, 0.0128, 0.0175; 

[IV] 1,l - 1,2 - 2,2 - 4 ,8  - 6,15; 
~ ( n )  = 0.0117, 0.0145, 0.0154. 

While the  ~ ( 5 )  values  a t  25" do not favor scheme  
[IVl, t hose  for s cheme  [IV] a t  0 and  95" were among 
the lowes t  o n e s  obtained with any scheme a t  
t hese  temperatures. In other t e s t s  a t  Oo, l i s ted  
in Tab le  8.8 C, the  degree of polymerization of t he  
fourth and  fifth s p e c i e s  w a s  varied whi le  holding 
their y/x ra t ios  at 2 and 2.5, respectively,  with 
the  r e su l t  that  scheme [IVl remained the  "best" 
choice,  T h e  deviation p lo t s  obtained with schemes  
[III] and [IV], as expected, showed more nearly 
random sca t t e r  of the da t a  (Fig. 8.10). 

While t h e  numerous t e s t s  l i s t ed  i n  Tab le  8.8 
do not reveal a c lear ly  unique hydrolysis scheme, 
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Table  8.8. Standard Deviatibn of Calculated from Observed R Values 

for Various Thorium Hydrolysis Schemes 

Values l isted a r e o ( t i )  x IO3 

A. Four Species: 1 , l ;  1,2; 2 , y ;  x,y 

Third Species 

O0 2504 950 Fourth 

Speciesa 
2,2 2,3 2,l  2'2 2,3 2'4 None 2, 1 2,2 2,3 2'4 

5,11 74 94 38 45 35 54 

4,9 67 79 36 41 44 33 33 44 44 

7,16 43 72 25 26 47 

6.14 32 55 20 47 45 37 22 38 43 

5,12 24 32 49 21 19 42 32 30 19 25 31 

7,17 

4,10 

6,15 

7.18 

5.13 

6.16 

32 34 33  24 

43 33 54 37 29 47 

45 21 

70  45 

70  46 

68 

39 20 

30 

52 28 

36 

30 30 

22 22 22 15  18 

I 

39 39 31 21 28 

44 28 

36 23 

34 
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Table  8.8 (continued) 

6. F i v e  Species: 1, l ;  1,2; 2,2; x,y;  x ,y  

E ; S A  Fourth Species 

Species" None 2,3 3 ,4  3,5 3,6 3,7 4,7 4,8 4,9 4,lO 5,lO 5,12 

0" 

24 20 21 21 23 21 22 24 5,12 

7,17 32 21 16 17 15 14 19 

15 22 18 13 28 20 12 15 39 6.15 45 20 

7,18 70 45 25 37 25 14 42 21 

8.21 19 

7.17 33 19 

6.15 39 19 

7.18 29 

7,17 30 

6,15 31 20 

16 

18 

17 14 

15 16 

15 

95O 

19 19 

15 18 

7.18 44 18 
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Table 8.8 (continued) 

~~ 

Fourth Species 

O0 25O 9 9  Fifth 
Speci esa 

3,6 4,a 5, io  3,6 4,a 3,6 4,a 

4 , l O  32 

6.15 13 12 15 13 15 18 15 

8.20 20 16 

10,25 28 23 

0.1 

0 

-0.1 

0 

? 

I: 

L 
5 

0 

0.1 

0 

- 0.1 

% p e d e s  are l isted in  order of increasing OH/Th ratio. 
bValues at 25' are based on data of Kraus and Holmberg (ref. 46). 

., .. %:&* . .- ... A? . '.& ., .- 

I I I I 
-2.6 -3.2 -3.8 -24 -2.8 -32 

log h 

1.95% 

II.95'C 

111*95'c I 

IV, 95% 7 

I 

-L4 -1.8 -2.2 

Fig. 8.10. Deviation Plots  Obtained with Schemes I-IV. The u(r7) values are listed in Table 8.8. 
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they do reveal what, to some, may seem a surpr i s -  
ing  sens i t iv i ty  of the da t a  to a s  many as  f ive  as- 
sumed equilibria. Th i s  is il lustrated by the  varia- 
tion of ~ ( i i )  with the  y/x ra t ios  of those  s p e c i e s  
which were varied. Of course,  in the relatively 
few cases a t  0' wherein the maximum y / x  ratio 
assumed is lower than the  maximum observed R 
values,  a relatively poor fit is expected, but i n  
the  other cases a correlation was  also found. 
T h e  sens i t iv i ty  of ~ ( 3 )  to the  assumed degree of 
polymerization (Table 8.8 C) is also noteworthy 
in view of the  rather high polymers assumed. 

Of the  various spec ie s  which appear in schemes 
[I-IVl, all of which have been proposed by one 
or more previous  investigator^,^, the monomers 
ThOH3+ and Th(OH),'+ and the  dimer Th,(OH),6+ 
seem to be  well es tab l i shed  by the appearance  of 

t h e  da t a  at low ii values. The  hexamer T h  ,(OH) +, 
which appears  in three of the  four bes t  schemes ,  
s e e m s  most probably to be the  correct final prod- 
uct. Of the two schemes ,  [I111 and [IV], which 
contain these  spec ie s ,  the la t te r  s eems  the better 
choice.  T h e  fact  that  s chemes  [I] and [I11 both 

48The spec ies  ThOH3+, Th(OH),'+, and Thz(OH),6+ 

were proposed by Kraus and Holmberg (ref. 46) from an 
analysis  of their resul ts  a t  low Kvalues .  Species  of the 
general formula Thn(OH)3(n-l)(n+3)+- e.g., Th,(OH)35+, 

Th3(OH), +, Th 5(OH)l ", and Th,(OH), '+ - were 

proposed by S. Hietanen [Acta Chem. Scand. 8, 1626 
(1954)l. The spec ies  Th,(OH),*+ was proposed by 
R. Schaal  and J. Faucherre [Bull .  SOC. Chim. France  
IS, 143 (1948)l. 

Table 8.9. Formation Quotients for Thorium Hydrolysis Products in 1 m (No)CIO, 

Temperature 

(OC) 
-Log Q X I y  

Scheme I 

0 

2 s a  
95 

Scheme I1 

0 
25 
95 

Scheme I11 

0 
2SaSb 
2Sa 
95 

Scheme IV 

0 
25a'b 
2Sa 

95 

1,1 

4.24 f 0.04 

4.16 k 0.05 
2.25 fO.02 

1,1 

4.38 k 0.05 
4.13 k0.04 
2.30 f 0.02 

1.1 

4.23 f 0.02 
4.07 f 0.03 
4.00 f 0.02 
2.26 f 0.02 

1,1 

4.32 f 0.02 
4.12 f0 .03 '  
4.15 f 0.04 

2.29 f 0.02 

1.2 

8.83 f 0 . 1 6  
7.72 f 0 . 0 4  
4.51 fO.01  

1.2 

8.63 50.27 
4.56 f O . 0 1  

1.2 

7.95 f 0.05 

4.54 fo .01  

1.2 

8.48 f 0.03 

7.81 f0 .03 '  
7.70 5 0.03 
4.50 k 0.01 

9.73 * 0.65 

8.05 f 0.07 

2.2 5,12 

5.45 50 .03  34.84 f 0 . 0 3  
4.52 50.02 29.26 k 0.02 
2.51 10 .04  16.36 f 0 . 0 2  

2 3  

8.86 5 0.02 
7.60 f 0.01 
4.40 k0.03 

2.2 3,6 

5.62 k0.02 17.80 f 0.02 
4.67 kO.03 15.01 50 .03  
4.72 f 0.03 14.99 5 0.02 
2.60 f 0.04 * 8.59 f 0.04 

2.2 4,8 

5.60 f 0.02 22.79 fO.02 
4.64 f0 .02  18.64 f 0 . 0 3  

4.61 k0.02' 19.01 f0 .02 '  

2.55 fO.03 10.49 f 0.03 

6,15 

43.77 kO.03 
36.81 f0 .02  
20.60 k 0.03 

43.78 kO.02 

36.81 f0 .02  
20.61 f 0 . 0 3  

43.84 f 0.02 

36.76 fO.02 

20.63 50.02 

0.024 
0.021 
0.019 

0.021 
0.020 
0.021 

0.0126 
0.0094 
0.0128 
0.0175 

0.0117 

0.0096 
0.0145 
0.0154 

aThese log Q x , y  values, based on the data  of Kraus and Holmberg in 1 M NaC104 (ref. 46). have been corrected 

from the molarity t o t h e  molality scale. T h e  values  on the  molarity s c a l e  are  more negative by a small  amount: A log 
= O.O20(y - x + 1). 

Q X . Y  

bThese values  are based on the data .of Kraus and  Holmberg a t  low Ti values  wherein rn was specified for each  

'Values used in the  calculat ions of AH, hF, and Lk (Table 8.10). 
data point. 
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give fair  agreement with the da t a  may be ration- 
alized as follows: In scheme [I], the 5,12 s p e c i e s  
approximates the  behavior of t he  two s p e c i e s  4 ,8  
and 6,15; in scheme [HI, the 2,3 s p e c i e s  approxi- 
mates  the  behavior of the  two s p e c i e s  2,2 and 4,8. 

Of cour se  th i s  reasoning  can  be extended by 
suppos ing  tha t  the more polymeric s p e c i e s  in 
scheme [IVl a re  in  reali ty “s tanding  in”  for pa i r s  
of o ther  spec ie s .  Certainly th i s  cannot be d is -  
proved. Indeed there is no doubt that  replacing 
one  or  more in scheme [IV] by pa i rs  of s p e c i e s  
would yield sl ightly better fits. However, .such a 
procedure is justif ied only if the errors in the 
da t a  a re  completely random, s i n c e  the  general 
l eas t - squares  procedure then will  dist inguish be- 
tween significant and insignificant spec ies .  In 
the  present  case, however, some sys t ema t i c  errors 
undoubtedly were present. T h e  dec is ion  to ex- 
amine five-member schemes was  made only after 
i t  was  found that the best four-member schemes 
gave  devia t ions  of ca lcu la ted  from observed i? 
va lues  which were somewhat larger than the  ex- 

- + 0.7 
a 00.0. 0 

LL 

0.4 

0.2 

0. I 

0 
0 

V I I m  Th 4 n‘ 2 

pected  sys t ema t i c  errors and were similar at all 
th ree  temperatures. The  devia t ions  found with 
t h e  b e s t  five-member schemes ,  however, were 
not c lear ly  suf f ic ien t  to justify the  assumption of 
six-member schemes .  

T h e  formation quotients Q x , y  [Eq. (14)I obtained 
with schemes  [I-IVl are l i s t ed  in  Tab le  8.9. The  
ranges shown for log Q x , y  represent approximately 
the  computed standard deviations (k) of Q, , Y‘ 
In schemes  [I] and [HI, both the  1,l and 1,2 s p e c i e s  
a re  relatively unimportant at 0 and 25’; for ex- 
ample, with scheme [I], the formation quotient of 
t h e  1,2 s p e c i e s  w a s  computed to be negligible 
a t  09 With a few except ions ,  va lues  of the  forma- 
tion quotients a r e  not  grossly affected by the 
choice  of scheme. 

T h e  predicted distribution of thorium among the 
various hydrolysis products assumed in  scheme 
[IV] is shown a t  0 and 9 5 O  and a t  0.001 and 0.1 m 
thorium in  Fig. 8.11. I t  is s e e n  tha t  temperature 
should have  the greater effect  on the  relative 
abundance of monomeric vs  polymeric s p e c i e s  

ORNL DWG. 64-8802 

n 

Fig.  8.11. Predicted Distribution of Thorium Among the Various Hydrolysis Products of Scheme IV. 
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a t  lower thorium concentrations. There should 
be  a maximum in the concentration of Th,(OH)," 
a t  Ti ,,, 1.5; however, i t s  p resence  is predicted to 
have  but l i t t l e  e f fec t  on the average degree  of 
polymerization which would be measured by the 
ultracentrifuge or by light sca t te r ing  (Fig. 8.12). 
This ,  in addition to the uncertainty regarding the 
charge on the  various hydrolysis products, makes 
these  methods of confirming the present interpreta- 
tion unpromising. While we have arbitrarily written 
the charge  as (4x - y)+, i t  seems probable that 
at l e a s t  the  higher polymers incorporate or c lose ly  
a s soc ia t e  with C10,- ions. Since the concen-  
tration of C10,- was  cons tan t  in the  present  
measurements, i t s  poss ib le  involvement in the 
equilibria does  not affect  the other conclusions 
drawn regarding the  spec ie s  formed, however. 

P l o t s  of log Q x , y  vs  1 /T  a re  shown in Fig. 8.13 
for the five s p e c i e s  in scheme [IVl. The  vertical 
bars ind ica te  the  range of values found for the 
corresponding s p e c i e s  in the  various schemes.  
T h e  p lo ts  for Q 2 , 2 ,  Q4,*,  and Q6,15 all are nearly 
linear; those  for Q, , and Q1,2, however, show a 
surprisingly smal l  difference between the va lues  
a t  25 and 0 9  Based on these  results,  va lues  of 

~, I , I ORN;DWG.64-8801 

, 

Fig.  8.12. Weight Average Degree of Polymerization 

Predicted from Schemes I-IV. 
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Fig .  8.13. Temperature Dependence of Th (OH) ( 4 x - y )  

Formation Quotients in 1 rn (Na)C104 According to 

Scheme IV.  Ver t ica l  bars indicate range of values from 

schemes I- IV; curves are based on A H  and A c  values 

in Tab le  8.10. 
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AH, AF, and AS of reaction a t  25' have been cal- 
culated, '  assuming ACp to b e  independent of 
temperature (Table 8.10). These ,  of course,  a re  
not t h e  usua l  thermodynamic quantit ies,  the  stand- 
ard states being hypothetical 1 m so lu t ions  of the 
so lu te  s p e c i e s  in 1 m NaC10, as the solvent.  
T h e  accuracy  of t h e s e  numbers is difficult  to 
assess without certain knowledge tha t  scheme 
[IV] is correct - though, from the fair constancy 
of Qx,y va lues  found for many individual s p e c i e s  
in  the  numerous schemes tested,  i t  can  be  sa id  
that t he  numbers in Table  8.10 a r e  usefully ac- 
cura te  if the  s p e c i e s  to which they correspond d o  
indeed ex is t .  If scheme [IV] is correct, the  AF and 
AH values  may be  good to a few ten ths  of a kilo- 
calorie;  t he  AC values  a r e  probably no  better 
than 5 2 0  cal/'C. 

T h e s e  approximate thermochemical va lues  sug- 
ges t  a cons tancy  of AH/y and AS/y for the poly- 
meric spec ie s .  

P 

A W Y  b / Y  

ThOH + 5.9 0.9 

Th(OH),,' 7.0 5.5 

Th ,(OH) , '+ 7.4 14.2 

Th ,(OH) + 7.22 13.3 

7.23 13.0 9 +  '(OH) 

T h e s e  a r e  the average en tha lp ies  and entropies 
for t h e  reaction shown i n  Tab le  8.10 per OH- ion 
bound or, al ternatively,  per H +  ion produced. From 
the  previous study of uranium(V1) hydrolysis,  
t he  corresponding values,  

,'The expression 

A B  
--In T + D In Qx,y - - - - - 

RT R 

was  fitted to the values of Q x , y  at  the three tempera- 
tures; & = A - B T a n d A C  =-B .  

P 

'OC. F. Baes,  Jr., and N. J. Meyer, Inorg. Chem. 1, 
780 (1962). 

Table  8.10. Estimated Enthalpies, Free Energies, and 

Entropies of Reaction e 

25'C. 1 m NaC104 

xTh4'  + yHzO Thx(OH)y (4X-Y)'+ yHt 

A H A F  A s  A c  
Species  (kcal) (kcal) (cal/OK) (cal /  8 C) 

T ~ O H ~  + 5.9 5.6 0.9 224 

Th(OH),'+ 13.9 10.7 11.0 3 04 

Th,(OH)," 14.8 6.3 28.4 1 

Th,(OH)88+ 57.7 25.9 106.6 108 

Th &OH) " 108.5 50.1 195.7 239 

Calculated (cf. fo tn te 49) using values of log Qx,y 
in;able 8.9, scheme PI"?. 

show roughly t h e  same correlation. The  entropy 
inc reases  a s soc ia t ed  with thorium hydrolysis a re  
s e e n  to be  much greater, owing presumably to the 
higher charge o n  the  unhydrolyzed ion. T h e  fol- 
lowing polymerization reac t ions  

4Th(OH):+ fTh,(OH)8st, AH = 2.0, AS = 63 , 

6Th(OH),'+ + 3H ,O S T h  ,(OH) + + 3H +, 

AH = 25, AS = 130 , 

evidently a r e  favored fa r  more by the  accompanying 
entropy increase  than they are hindered by the 
enthalpy increase.  In the  latter case, % 22 and 40, 
respectively,  should be subtracted from AH and 
AS to correct for t he  three  protons liberated. 

SOLUBILITY AND HYDROLYTIC INSTABILITY 
OF MgSO, IN H,SO,-H,O AND D2S04-D,0 

SO L UTI ON S, 200-350" C 

W. L. Marshall Ruth Slusher 

In a previous determination of NiSO, monohydrate 
so lubi l i t i es  in H,SO,-H,O and D,SO,-D,O so lu-  
t ions  between 200 and 35OoC, i t  was  shown tha t  
NiSO, H,O solid,  i n  d i lu te  ac id ic  so lu t ions ,  
converted hydrolytically to one or more nickel 
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oxysul fa tes ,  or to Ni(OM),.20 
showed tha t  near 2OO0C t he  apparent so lubi l i ty  
of a n  MgSO, so l id  decreased  to very low va lues  
(but tha t  an  "Aufscheidungskurve" exis ted  above 
the  true solubili ty curve), i t  was  of in t e re s t  to 
determine the  p h a s e  relationships of MgSO, in  
H,SO,-H,O so lu t ions  between 200 and 350°C 
(in t h e  presence  of vapor), and to determine whether 
MgSO, w a s  similar to NiSO, in  i t s  solubili ty and 
hydrolytic charac te r i s t ics .  T h e  resu l t s  of th i s  
study a r e  also of particular in te res t  to disti l lat ion 
p r o c e s s e s  for desalination of sea or  brackish 
water, s i n c e  Mg(OH), is one  of the cons t i tuents  
of scale that c a n  form o n  heat exchanger su r faces  
at high temperature. 

Since &nrath5 

Experimental 

The experimental methods and procedures have  
been descr ibed  previously. 0°" T h e  ra tes  of 
attainment of equilibrium were found to be  es- 
sent ia l ly  ident ica l  with those  for the solubili ty 
of NiS0,-H,O and L i ,S04  in  H,S04-H,0.20'21 

Results 

In F igs .  8.14 and 8.15 t he  experimental solubil-  
ities in the sys t ems  MgO-SO,-H,O and MgO-SO,- 

"A. Benrath, 2. Anorg. Allgem.  Chem. 247, 147 
(1 94 1). 
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D,O at temperatures from 200 to 35OOC and at 
concentrations of SO, from lo-' to 3 m a re  plotted 
as log molality SO, v s  the  sa tura t ion  molal ratio, 
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SO,, x-ray diffraction pa t te rns  for the saturating 
so l id  phases  showed l i n e s  corresponding to a 
magnesium oxysulfate (MgSO, - 5Mg0 - 8H,O) and 
to Mg(OH), a t  the  lowes t  concentrations. 

At SO, molalities above curve AB (Fig. 8.14) 
MgSO, -H,O (or MgSO, .D,O) w a s  identified as  
the  sa tura t ing  so l id  phase.  At concentrations be- 
low curve  AB, t he  solid phase  was  Mg(OH), or 
the  oxysulfate (or both) depending upon tempera- 

2 . 0  
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4.2 

> 

0 

+ .- - 
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4.0 
* 
0 
v) m 
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0.4 
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- 0.20  

- 0.45 

- 0.10 

- 0.05 

- 0  
0 0.05 0.40 0.15 0. 

ture and concentration. Experimental va lues  for 
R M g  below curve AB (Fig. 8.14) were not suf- 
f iciently prec ise  to be displayed; the  dashed l i n e s  
represent t he  va lues  from -*5% above 0.01 rn 
SO, to  t 1 5 %  near 0.003 rn SO,. However, in Fig.  
8.16 all identifications of so l id  phases  i n  equilib- 
rium with solution a re  given. T h e s e  so l id  p h a s e s  
a re  shown as a function of solution concentration 
of SO,. The  posit ions of the  c rossover  l i nes  con- 

H2S04 (molality) 

/ / I  

ORNL-DWG 63-8022 

I 
0 0.2 0.4 0.6 0.8 4 .O 4.2 4.4 4.6 1.8 2.0 
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Fig. 8.17. The Solubility of MgS04' H 2 0  in H2S04-H20 Solutions, 20O-35O0C. 
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necting MgSO, - H,O so l id  to MgSO, -5Mg0 8H,O 
and Mg(OH), were estimated both from the identifi- 
ca t ions  of so l id s  and from the  overall  description 
of the system shown in Fig. 8.14. 

Thus the large decrease  in solubili ty a t  2OOOC 
reported by Benrath is attributed to hydrolytic 
instabil i ty of stoichiometric MgSO, solutions,  
similar to the behavior of  NiSO, solutions.  

Solubi l i ty  of MgSO,.H,O in H,SO,-H,O. - T h e  
data expressed  a s  saturation molality MgS0, vs 
molality H2S0,  are shown graphically in Fig. 8.17. 
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- 0.40 
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Like  NiSO, .H,O, the  solubili ty of MgSO, .H,O 
inc reases  with increas ing  acidity but dec reases  
with increas ing  temperature. These  resu l t s  were 
evaluated by the  method of l e a s t  squares ,  and 
a re  expressed  by a n  empirical equation, together 
with i t s  coefficients,  in Tab le  8.11. 

Solubi l i t ies  of MgSO, D,O in D,SO,-D,O. - 
Solubili t ies in D,O, expressed  a s  molali t ies of 
MgSO, and D,SO,, are plotted graphically in Fig.  
8.18. Coefficients for the empirical quadratic 
equation express ing  the  da ta  a re  given in Table  

I I I I I 

ORNL-DWG 63-8023 
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F ig.  8.18. The Solubility of MgS0,' D 2 0  in D2S04-D20 Solutions, 20O-35O0C. 



8.12. Behavior of MgSO, hydra tes  is similar t o  
that of NiSO, H,O and NiSO, - D,O; the  hypotheti- 
cal stoichiometric solubili ty in H,O (represented 
approximately by the  coefficient a ,  in Tab le  8.11) 

Table 8.11. Equation and Coefficients for the 
Solubility of MgS04* H,O in H2S04-H20 

Solution, 200-350°C 

Applicable for ranges of curves shown in  Fig. 8.17 

163 

Temperature a 
0 

( O C )  
a l  a 3  

is greater than in D,O (Table 8.12). In moderately 
ac id ic  solution there is a crossover  and the  solu- 
bility becomes comparatively greater i n  D,S04. 
At 35OOC the ao's are  insufficiently prec ise  for 
comparison. 

Table 8.12. Equation and Coefficients for the 

Solubility of M g S 0 4 - D 2 0  in D2S04-D20  
So I u ti on, 200-350°C 

Applicable for ranges of curves shown i n  Fig. 8.18 

2 00 +0.1078 +1.206 - 0.2433 +0.04344 

235 +0.02318 +1.052 -0.1075 +0.01651 

270 +0.00825 +0.9024 -0.07148 +0.02356 

300 +0.00528 +0.7264 +0.06556 -0.01277 

325 t0.00348 +0.6033 +0.1589 - 0.03344 

350 +0.00113 +0.4689 +0.2036 -0.04091 

____ 

200 +0.05847 +1.226 - 0.2468 +0.05624 

235 +0.01033 +1.125 -0.2055 +0.05223 

270 +0.00470 +0.9354 -0.04035 +0.01087 

300 +0.00473 +0.8190 +0.04903 -0.01012 

325 +0.00079 +0.7131 +0.1127 -0.02302 

350 -0.00162 +0.5874 +0.1441 -0.01893 
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SUR FACE 

Interaction of Water with Particulate Solids 

CHEMISTRY OF THORIA 

C. H. Secoy 

Heats  of Immersion and D i f fe rent ia l  Heats  
of Adsorption 

H. F. Holmes E. L. Ful le r ,  Jr. 

Calorimetric measurements of the hea t  of im-  
mersion of T h o 2  in water h a v e  been concerned 
primarily with samples  of T h o 2  containing known 
amounts of presorbed water. Pr inc ipa l  efforts i n  
th i s  area have been directed toward extending the  
previous s tudy '  t o  other s amples  and to  smaller 
quant i t ies  of presorbed water. T h e  utility and 
advantages  of th i s  type of s tudy  have been dis- 
cussed .2n3  M o s t  pertinent t o  t h e  present  system 
is the  fact that t hese  experiments provide an 
unambiguous measurement of the  h e a t  of adsorption 
of water. on T h o ,  a t  25OC for sma l l  quant i t ies  of 
adsorbed water. Fo r  the present  system this 
quantity (the hea t  of adsorption) is experimentally 
unattainable by the  conventional technique of 
measuring adsorption isotherms a t  s eve ra l  tem- 
peratures near  25°C (see subsequent  sec t ion ,  
Vapor Adsorption and  Desorption). A s e r i e s  of 
s amples  can b e  prepared by adsorbing known 
quant i t ies  of water, s ea l ing  off, and, if necessa ry ,  
waiting indefinitely for equilibrium to b e  attained. 
Furthermore, a knowledge of t h e  equilibrium water 
vapor pressures  is not necessary .  By th is  
technique one  can  circumvent such  difficult ies 
as  s low equilibrium, irreversible adsorption, and 

'C. H. Secoy, E. L. Fuller, Jr., and H. F. Holmes, 
Reactor Chern. Div. Ann. Progr. Rept. Jan. 31, 1964, 

2C. H. Secoy and H. F. Holmes, Reactor Chern. Div. 
Ann. Progr. Rept. Jan. 31, 1963, ORNL-3417, pp. 
124-29. 

ORNL-3591, pp. 102-8. 

J. J. Chessick and A. C. Zettlemoyer,. Advan. 3 

Catalysis  11,  263 (1959). 

hys t e re s i s ,  all of which a r e  usua l ly  a s soc ia t ed  
with t h e  measurement of adsorption isotherms. 

Heats  of Immersion w i t h  Presorbed Water. - 
T h e  previous s tudy '  was  accomplished with 
samples  prepared by equilibration with known 
water vapor pressures  controlled by sa tura ted  s a l t  
solutions.  T h e  main d isadvantage  of th i s  method 
of sample preparation i s  tha t  i t  cannot  be  used  t o  
prepare samples  with very sma l l  amounts of pre- 
sorbed water. There  a r e  two reasons  for this.  
T h e  first  is tha t  t he  very low water vapor pres- 
s u r e s  required cannot  b e  achieved  with sa tura ted  
s a l t  so lu t ions .  Second, t he  amount of adsorbed 
water  is determined by the  difference in 
sample weight before and  af te r  equilibration and 
is therefore relatively inaccura te  for sma l l  
amounts of adsorbed water. Accordingly a new 
technique for sample preparation was devised. 
In th i s  method a known volume of water vapor i s  
condensed on a sample of T h o 2  he ld  at 77'K in a 
liquid-nitrogen bath. After condensation of the  
required amount of water,  t he  sample  bulb is 
s e a l e d  off whi le  s t i l l  at 77OK. T h e  amount of 
adsorbed water is readily ca lcu la ted  from the 
pressure ,  volume, and temperature of the  vapor 
reservoir. The  desired water vapor pressures  
were es tab l i shed  by a liquid water reservoir 
whose temperature was  controlled a t  a set 
point below the  temperature of the  vapor reservoir. 
T h e  amount of water in t h e  void s p a c e  of the 
sample bulb was  negligible because  of the  very 
low equilibrium pressures  and  smal l  void volume 
(-3 cm3) in the sample bulb. 

Calorimetric equipment and  techniques have 
been described previously. ' s 4  Samples used  in 
the  s tud ie s  reported in th i s  and the subsequent  
sec t ion  are l i s t ed  in  Tab le  9.1, a long  with their 
ca lc in ing  temperature and  nitrogen sur face  area 

4H. F. Holmes and C. H. Secoy, J. Phys. Chem. 69, 
151 (1965). 
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a s  determined by the Analytical  Chemistry Divi- 
s ion.  Other pertinent physical  properties of 
these  samples have been d iscussed .  1 * 2 , 4  

T h e  hea t  of immersion of s ample  A is shown in 
Fig.  9.1 as a function of the amount of presorbed 
water. A t  this  point i t  is appropriate t o  explain 
that the amount of presorbed water for a l l  the 
calorimetric s tudies  is relat ive to  the vacuum 

Table 9.1. Tho2 Samples 

ORNL Nz Surface Area 

( m Z / g )  
Code cod e Temperature 

(OC ) 

A DT-37-100 650 14.7 

B DT-37-100 800 11.5 

C DT-37- 100 1000 5.64 

D DT-37-100 1200 2.20 

E DT-9 1600 1.24 

ORNL-DWG 65-2570 

1200 
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BY EQUILIBRATION WITH 
KNOWN H20 PRESSURE 

" 
0 4 8 12 16 

PRESORBED H20 (mg per g of Tho2) 

Fig. 9.1. Heat of Immersion of Sample A at 25OC. 

outgassed sample weight a t  5OO0C, that i s ,  zero 
on the presorbed water ax is  represents  the sample 
weight in  high vacuum a t  500OC. T h e s e  out- 
gass ing  conditions are not suff ic ient  t o  obtain a 
water-free sur face  (see subsequent  sect ion) .  As 
wil l  be explained la ter ,  this  fact introduces some 
difficulty in the interpretation of the data. T h e  
sol id  points in F ig ,  9.1 are reproduced from pre- 
vious d a t a '  and demonstrate the good agreement 
between the two methods of sample preparation. 

With the  exception of the in i t ia l  linear part, 
the  general  shape  of the curve shown in Fig.  9.1 
h a s  been c lass i f ied3  as being indicat ive of a 
heterogeneous surface.  Indeed the  ini t ia l  s t e e p  
s l o p e  of th i s  curve . indicates  a large hea t  of ad- 
sorption which subsequently d e c r e a s e s  with in- 
c reas ing  amounts of adsorbed water. 

T h e  horizontal  l ine labeled h L  in  Fig.  9.1 corre- 
sponds  to  the surface energy (118.5 ergs/cm2) 
of water a t  this  temperature. At th i s  point it is 
pertinent t o  emphasize that the heat  of immersion 
da ta  in F i g s .  9.1 to  9.3 have been reduced to  
unit  a rea  b a s i s  by means of the measured nitrogen 
surface area. The s ignif icance of hea t  of im- 
mersion values  less than 118.5 ergs/cm2 and 
their relationship to  the Harkins-Jura absolute  

ORNL-DWG 65-2574 

PRESORBED H,O ( mg per g of  Tho2)  

Fig.  9.2. Heat of Immersion of Sample B at 25OC. 

4 
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Fig. 9.3. H e a t  of Immersion of Sample E a t  25OC. 

method of determining sur face  a r e a s 5  w a s  d is -  
c u s s e d  in a previous report.' Briefly,  i t  was  
postulated tha t  the effective sur face  area of the  
sample decreased  with increas ing  amounts of 
adsorbed water. A recent a r t ic le6  offers experi- 
mental  ev idence  tha t  th i s  phenomenon may be  
much more general  than was  previously recog- 
nized. T h e  d iscrepancy  between the  Harkins- 
Jura absolu te  su r face  a r e a s  and  the  BET nitrogen 
sur face  areas was  found to pe r s i s t  even for non- 
porous particulate s a m  ples. La te r  measurements 
from the  same  laboratory7 showed tha t  Harkins- 
Jura and BET sur face  a reas  could b e  reconciled 
i f  t he  BET a r e a s  were determined on samples  
containing known amounts of presorbed water. 
BET nitrogen sur face  a rea  measurements by u s  
have demonstrated that the e f fec t ive  sur face  a rea  
of sample A does  indeed dec rease  with in- 
c reas ing  amounts of adsorbed water ( s e e  subse-  
quent section).  

F igure  9.2 i l lus t ra tes  how the  h e a t  of immersion 
of sample B var ies  with t h e  amount of presorbed 
water. T h e  general  s h a p e  of the  curve in Fig. 9.2 

5W. D.  Harkics and G.  Jura, J. Am. Chem. SOC. 66, 
1362 (1944). 

6W. H. Wade, J. Phys .  Chem. 68, 1029 (1964). 

'N. Hackerman and W .  H. Wade, J .  Phys .  Chem. 
68, 1592 (1964). 

is s imi la r  t o  tha t  in Fig. 9.1 and is again indica- 
t ive of a heterogeneous sur face .  However, as 
wi l l  b e  shown later,  the  s l o p e s  of the  two curves  
a r e  different. Lack  of a suf f ic ien t  quantity of 
material  prevented u s  from extending  the  measure- 
ments t o  larger amounts of presorbed water than 
those  shown in Fig. 9.2. B e c a u s e  of th i s  w e  
cannot definitely s a y  that t he  e f fec t ive  sur face  
a rea  of sample B dec reases  with increas ing  
amounts of adsorbed water,  although we suspec t  
that  it does.  

T h e  hea t  of immersion of s ample  E is shown in  
F ig .  9.3. L inea r  portions of a h e a t  of immersion 
curve such  as that of Fig. 9.3 have  been c i t ed3  
as ev idence  for a homogeneous sur face .  T h e  
sha rp  d iscont inui t ies  i n  Fig.  9.3 a r e  very unusual 
and ind ica te  abrupt changes  in the  ne t  hea t  of 
adsorption. Due to  a lack  of da t a  points the 
exac t  s h a p e  of the  curve between 0 and 0.06 mg 
of H,O per gram of T h o ,  is uncertain.  The  
horizontal  portion of Fig.  9.3 ind ica t e s  ze ro  ne t  
hea t  of adsorption even though t h e  hea t  of im- 
mersion h a s  not decreased  to the  sur face  energy 
of water ( h L ) .  On an area  b a s i s  t he  range of sur- 
face coverages  included in Fig.  9.3 i s  not as  
large as the  range in Fig. 9.1 (see T a b l e  9.2). 
Fo r  th i s  reason we a r e  s t i l l  uncertain as t o  
whether the  h e a t  of immersion of sample  E (with 
larger amounts of presorbed water) wi l l  dec rease  
to,  or below, the  su r face  energy of water. T h i s  
in te res t ing  question wi l l  b e  experimentally re- 
so lved  in the  near  future. 

T h e  phenomenon of a slow hea t  of immersion 
with T h o  and water h a s  been reported and dis- 
cussed .  1 T 2 9 4  Briefly, s amples  A,  B, and  C had  a 
s low hea t  of immersion, while s amples  D and E 
did not. It was  pointed out i n  a previous report '  

Table  9.2. Calculated Monolayer Capacities 

Che mica1 Physic a1 
Sample (mg of H,O per (mg of H,O per 

gram of Tho,)  gram of Tho, )  

2.818 

2.205 

1.081 

0.422 

0.238 

4.148 

3.245 

1.592 

0.621 

0.350 

t 
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that s amples  of A which were equilibrated a t  
relative water vapor pressures  less than 0.6 had 
a s low hea t  of immersion, while those  equilibrated 
a t  relative pressures  greater than 0.6 did not. 
T h e  slow-heat phenomena were postulated l n 4  as 
being due to a s low diffusion of liquid water 
i n to  the  smal l  pores of the  T h o z  particles.  T h e  
water adsorption isotherms reported in the  sub- 
sequent  sec t ion  lend additional support  to th i s  
postulate.  T h e  isotherm for sample A, which ex- 
h ib i t s  a s low heat,  h a s  a capi l la ry  condensation 
hys te res i s  loop which closes at re la t ive  pres- 
s u r e s  wel l  below 0.6 (small  pores). T h e  corre- 
sponding  loop for sample D, which did not have a 
s low heat,  c lo sed  a t  relative p re s su res  greater 
than 0.6 (large pores). 

N e t  Dif ferent ial  Heats  of Adsorption. - From 
the  standpoint of adsorption thermodynamics the  
most important quantit ies derivable from F igs .  
9 .1  to  9.3 a re  the  net differential  h e a t s  of ad- 
sorption. From the  preceding d iscuss ion  on sur- 
face a r e a s  one might, a t  f i r s t  g lance ,  question the  
validity of r e su l t s  derived from da ta  in which the 
sur face  area of t he  sample  is dec reas ing  in  an  
unknown manner. Indeed, many workers in t h e  
pas t  have  ca lcu la ted  thermodynamic functions for 
the adsorption process  on a unit  a r ea  b a s i s  merely 
by subt rac t ing  the  sur face  enthalpy of water from 
the  hea t  of immersion for a vacuum-outgassed 
sample.  As i s  obvious from the  present d i scus-  
sion and as pointed out by o thers ,7o8  such  cal- 
cu la t ions  may be  dras t ica l ly  erroneous and a r e  
certainly not valid for t he  samples  used  in the  
present study. However, i t  is valid,  and probably 
less ambiguous, t o  report hea t  of immersion 
measurements on other than a unit  a r ea  b a s i s ,  
for example,  calories per gram. T h i s  is especially 
true for resu l t s  obtained with samples  having 
presorbed water and in which it is not known how 
the sur face  a rea  var ies  with t h e  quantity of 
adsorbed material. Thus ,  the  derivative of the  
h e a t  of immersion (in units of ca lor ies  per gram) 
as a function of the  amount of adsorbed material 
gives an unambiguous value for the  ne t  differ- 
en t i a l  h e a t  of adsorption. 

F igures  9.4 to 9.6 a r e  t h e  result ing ne t  differ- 
ential  hea t s  of adsorption for water on samples 
A, B, and  E, respectively,  as a function of the  
amount of adsorbed water. Each  of these  graphs 
is a chord-area plot of the  h e a t  of immersion 

J. J. Chess ick ,  J. Phys .  Chem. 66, 762 (1962). 8 
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da ta  shown in  F igs .  9.1 to 9.3 excep t  that  t h e  
da t a  were first  converted to un i t s  of ca lor ies  per 
gram of Tho , .  Lack of a suf f ic ien t  quantity of 
material  prevented th i s  type of s tudy  with samples  
C and D. T h e  h e a t  of immersion for one sample  
of C containing 0.3128 mg of H,O per gram of 
T h o ,  resulted in an average  ne t  hea t  of adsorp- 
tion of 21.6 kcal/mole in this range of sur face  
coverage. 

Among t h e  most prominent f ea tu re s  of t h e s e  
d a t a  a r e  the  magnitudes of t h e  h e a t s  of adsorption. 
T h e s e  large ne t  h e a t s  a r e  most cer ta in ly  assoc i -  
a t ed  with a chemisorption process .  A chemisorp- 
tion process  h a s  previously been proposed l P 2 r 4  

for th i s  particular absorbate-adsorbent sys tem.  
From the  h e a t  of immersion of t h e s e  samples  as  
a function of outgass ing  temperature, i t  was  
estimated that t he  ne t  hea t  of adsorption should  
range from about 7 to 22  k ~ a l / m o l e . ~  With t h e  
weight loss da ta  for s ample  A, i t  was  es t imated4  
that the  average ne t  hea t  of adsorption was  18 
kcal/mole in t h e  range of 0 t o  1.8 mg of H,O per 

gram of T h o ,  (relative t o  the 5OOOC sample 
weight). T h i s  compares qui te  favorably with the 
da t a  in  F ig .  9.4. Publ i shed  e s t ima tes  for the  
hea t  of adsorption of water on T h o ,  obtained 
from adsorption isotherms a r e  15 t o  47 (ref. 9),  
20 (ref. lo ) ,  and 24 (ref. 11) kcal/mole. Con- 
s ider ing  the  variation between samples  A, B, and  
E, there is n o  disagreement,  bu t  chemisorption is 
sugges t ed  in all cases. 

Da ta  such  as shown in t h e s e  figures a r e  usua l ly  
plotted as  a function of the  fraction of the  sur face  
covered. T h i s  is a va luable  procedure in that i t  
enab le s  one  t o  correlate the  hea t  da t a  with com- 
pletion of various monolayers, of which the  first  
monolayer is the  most important. The re  a r e  two 
very good reasons  why we a r e  presently unable  
to  present  our da t a  in th i s  manner. Pe rhaps  the  
most fundamental of these  two is the experimental 
fact tha t  w e  have been unable  to obtain a “dry” 
T h o z  sur face  for u s e  as a reference zero. We d o  
hope to  achieve  th i s  state in t h e  near  future. The  
second and perhaps more difficult  of t hese  two 
problems is the variation of su r face  a rea  with 
the  amount of adsorbed water.  One would have to 
know th is  variation before h e  could d i scuss  “com- 
pletion” of a monolayer in a definit ive manner. 

Never the less  one can  ca lcu la te ,  from the 
measured nitrogen sur face  a rea ,  t he  amount of 
water necessa ry  to form a monolayer on t h e s e  
samples  of Tho , .  T h e s e  monolayer capac i t i e s  
a r e  given in Tab le  9.2 as chemical and phys ica l  
capac i t i e s .  T h e  chemical monolayer capac i ty  was  
ca lcu la ted  on the  b a s i s  of t he  number of s i t e s  for 
sur face  hydroxyl groups on a c rys ta l l ine  T h o ,  
sur face  (one water molecule occupies  15.6 A‘). 
T h e  phys ica l  monolayer capac i ty  a s sumes  tha t  
t h e  adsorbed layer h a s  the  dens i ty  of liquid 
water and  is independent of sur face  s t ruc ture  
(one water molecule occupies  10.6 A’). Ad- 
mittedly t h e s e  monolayer capac i t i e s  a r e  rough 
es t imates ,  but perhaps they c a n  be  taken as the  
upper limit for t h e  amount of water i n  a monolayer 
on these  sur faces .  

’A. G. Oblad, S. W. Weller, and G. A. M i l l s ,  Pro- 
ceedings of the Second World Congress  on Surface 
Activity, vol. 11, p. 309, Academic, New York, 1957. 

‘‘A. L. Draper and W. 0. Milligan, Structure and  
Surface Chemistry of Thorium Oxide, The Rice 
University, Houston, Tex., 19.59. 

“M. E. Winfield, Australian J .  Sci. Res.  3A, 290 
(1950). 
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T h e  s h a p e  of t he  differential  hea t  curve shown 
in Fig. 9.4 is somewhat typical of ahe terogeneous  
sur face  except  for t he  cons tan t  in i t ia l  value. 
The  cons tan t  ne t  differential hea t  up to 1 mg of 
H,O per gram of T h o ,  ind ica tes  t ha t  in th i s  
s t age  of the  adsorption process  t h e  sur face  acts 
a s  i f  i t  were a homogeneous array of adsorption 
sites having a uniform energy with no inter- 
action between the  adsorbed spec ie s .  Such a 
system is poss ib le  with highly loca l ized  chemi- 
sorption but is rather unusual in a polar sys tem 
such  as  the  present one. T h e  vertical  l ine in 
Fig.  9.4 which is labeled w Z 5  represents the 
weight of water adsorbed by sample A in  high 
vacuum a t  25OC af te r  repeated adsorption-de- 
sorption measurements with water vapor. T h e  
monolayer capac i t ies  l i s ted  in T a b l e  9.2 coupled 
with t h e  f ac t  that  there is still water on the sur- 
face at  5OOOC (zero on th is  s c a l e )  ind ica te  that 
there may b e  three layers  of water  on this sample 
which cannot be removed by high vacuum at room 
temperature. Hea t s  of adsorption a t  25OC for 
sur face  coverages less than tha t  indicated by 
w a r e  c lear ly  inaccess ib l e  by the  convention- 
a1 measurement of adsorption isotherms. However, 
h e a t s  of adsorption in th i s  region of sur face  
coverage can  be readily obtained by t h e  hea t  of 
immersion technique. 

Net differential h e a t s  of adsorption for sample  
B a re  shown in F ig .  9.5. One of the  most signifi- 
cant features of th i s  figure is the  fac t  that  t he  
in i t ia l  hea t s  of adsorption a re  some 50% greater 
than those  observed with sample A. The de- 
c l ine  of t h e  net differential h e a t s  with increas ing  
coverage ind ica tes  a heterogeneous surface,  but 
there is little ev idence  for a region of sur face  
homogeneity. Perhaps  such  a region would b e  
found if the  measurements were extended to lower  
sur face  coverages (by outgass ing  a t  temperatures 
greater than 5OO0C). Although t h e  da t a  in Fig. 
9.5 extend over only about 40% of a chemisorbed 
monolayer compared t o  a much larger range of 
coverage for sample A (Fig.  9.4), the  energetics 
of water adsorption on the  two samples  a re  
markedly different. Th i s  i s  not unexpected s ince  
the hea t s  of immersion for s amples  A and B as  a 
function of outgassing temperature a re  also differ- 
e n t . l P 4  Both the  present and previous da t a ’ ,4  
se rve  to  emphasize t h e  complexities involved in 
any  attempt t o  prepare “identical” sur faces .  

T h e  most surprising resu l t s  for the  ne t  differ- 
en t ia l  h e a t s  of adsorption a r e  those  shown in 

2 5  

F ig .  9.6 for sample E. For  reasons  mentioned 
previously, t he  ne t  hea t  of adsorption between 
0 and  0.06 mg of H,Oper  gram of T h o ,  can only 
b e  taken as  an average  value and i s  not a true 
differential hea t .  Above 0.25 mg of H 2 0  per 
gram of T h o ,  t h e  s l o p e s  of the integral  h e a t  of 
immersion curve a r e  approaching l imitations 
imposed by the  ult imate calorimetric sensit ivity.  
However, t h e  accuracy and  reproducibility of the 
resu l t s  in th i s  range of sur face  coverages  cer- 
tainly limit the  ne t  hea t  of adsorption to  a very 
small  value ( l e s s  than 0.5 kcal/mole). T h e  
resu l t s  between 0.06 and 0.25 mg of H,O per 
gram of T h o ,  a r e  not limited by the calorimetric 
sens i t iv i ty .  Thus ,  i t  is almost certain that the  
net differential  hea t  of adsorption is a cons tan t  
8.44 kcal/mole in th i s  region of su r face  cover- 
age .  T h i s  i s  most unusual for a polar adsorbate- 
adsorbent sys tem and indica tes  that  the adsorp- 
tion is occurring on an energetically uniform sur- 
f ace  with n o  interaction between adsorbed 
s p e c i e s ,  or tha t  t h e s e  two fac tors  ( s i t e  energy 
and la te ra l  interaction) a re  combined in such  a 
manner that the  observed (true) ne t  differential 
hea t  of adsorption is constant.  T h i s  in te res t ing  
and unusual sample will  b e  subjec ted  to further 
experimental inves t iga t ions  (both calorimetric 
and gravimetric adsorption). 

Vapor Adsorption and Desorption 

E. L. Ful le r ,  Jr., H. F. Holmes 

Gravimetric adsorption s tud ie s  were continued 
for s amples  A and D (see Tab les  9.1 and 9.2). 
T h e  apparatus and technique have been described 
previously. ’ 9 ’ 

Weight Loss on Outgossing. - Increasing the 
sample  temperature s t epwise  under vacuum 
torr) resulted in  a weight loss which re la tes  quite 
favorably to  t h e  sur face  a rea  of the  sample.  
Figure 9.7 presents  the  da ta  as t h e  amount of 
volati le material l o s t  per squa re  meter of sample  
a t  each  temperature, over and above vacuum 
weight a t  room temperature (25OC). T h e  loss in 
weight following each  temperature increment re- 
quired 16 to  24 hr to reach a s teady  value.  It is 

12E. L. Fuller, H. F. Holmes, and C. H. Secoy, 
“Gravimetric Adsorption Studies of Thorium Dioxide 
Surfaces with a Vacuum Microbalance,” in Vacuum 
Microbalance Techniques, ed. by P. M. Waters, vol. 4, 
p. 109, Plenum, New York, 1965. 
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Fig.  9.7. Weight L o s s  on Outgassing Thoria. 

qui te  apparent that  the  500°C temperature limit 
imposed by the  Pyrex sys tem is not adequate  t o  
remove all t h e  volati le material  from the thoria 
sur face ,  as  noted by others.13 However, t h e  
correlation on the b a s i s  of the  widely different 
sur face  a r e a s  of these  two samples  (14.7 and 
2.20 m2/g) verifies tha t  this desorption is sur- 
f ace  related and not a property of t he  bulk thoria. 

T h e  s tud ie s  performed t o  d a t e  h a v e  been limited 
t o  500°C outgass ing  in an attempt to  bolster 
t he  hea t  of immersion work, which h a s  been cor- 
related to th i s  temperature. T h e  sample pan and 
sample tube have been replaced by fused silica to 
enab le  s t u d i e s  u p  to  1000°C. T h e s e  investiga- 
t ions  will  probably have to  b e  performed after 
characterizing t h e  sur faces ,  s i n c e  thoria is 
known t o  s in te r  appreciably above 75OoC, l 4  
thus  a l te r ing  the  sur face  of in te res t .  

Nitrogen Adsorption. - After t he  5 O O O C  out- 
gass ing ,  the  temperature was  lowered t o  25OC and 
the  samples  began to gain weight slowly even  
though t h e  vacuum pumps continued to  operate. 
Nitrogen BET sur face  a reas  were determined, at  
-195OC, to  b e  13.78 and 1.39 m2/g for samples  
A and D, respectively,  compared to the  14.7 and 
2.20 m 2 / g  determined volumetrically by the  
Analytical  Chemistry Division. T h i s  d i screpancy  

1 3 M .  E. Wadsworth e t  af., Universkty of Utah Prog- 
ress Report Jan. 31, 1964. 

14A. U. Daniels and M. E. Wadsworth, University of 
Utah, Technical Reports No. XIX (1963) and No. 
XXIII (1964). 

may be  inherent in the different ana ly t ica l  proce- 
dures ,  or poss ib ly  our samples  underwent some 
s in te r ing  during the 80 to 90 hr they were he ld  a t  
5OO0C. 

Water Adsorption. - T h e  adsorption of water on 
thoria revea ls  complex in te rac t ions  not observed 
with nitrogen. T h e  isotherms presented  in Fig.  
9.8 (sample  A) and Fig .  9.9 (sample D) reveal 
two concurrent processes .  The re  a r e  well-defined 
type  11 isotherms (multilayer adsorption accom- 
panied by condensation in pores) superimposed 
on a s lower  adsorption process  in  which some 
water is held by the  sur face  s o  firmly that i t  
cannot  b e  removed by reevacuation to  torr 
at  the isotherm temperature. In th i s  d i scuss ion  
th i s  is referred t o  as “bound” water, in con- 
t ras t  t o  t he  less tightly bound water that  can  be  
removed by evacuation of the sample  chamber. 
T h i s  “bound” water associates i t s e l f  with the  
su r face  in a rather complex k ine t ica l ly  controlled 
manner, as  indicated by the f ac t  tha t  each  suc -  
c e s s i v e  isotherm fails to  close upon the  previous 
one by a dec reas ing  amount. Exposure of t he  
sample to high re la t ive  pressures  of water vapor 
does  not appear  t o  acce le ra t e  the reaction 
appreciably.  Repeated adsorptions and  d e s o r p  
t ions over s eve ra l  months were required t o  bring 
the  vacuum weight of sample D to  a cons tan t  
va lue  a t  18.18OC. F igure  9.10 shows  that the  
desorption branch of t h i s  f ina l  isotherm closes 
upon the  adsorption branch and tha t  t he  amount 
of “bound” water h a s  reached a cons tan t  value,  
ind ica t ing  that an equilibrium s i tua t ion  h a s  been 
achieved .  In accordance  with the  da t a  presented 
in T a b l e  9.2 of the  preceding sec t ion ,  t h i s  vacuum 
weight corresponded t o  1.8 physically adsorbed 
layers  or 2.6 chemisorbed layers  of “bound” 
water over and above the 500°C vacuum weight. 
T h e  re la t ive  r a t e s  of the s l o w  process  can  be  
s e e n  by the  breaks in the  isotherms, correspond- 
ing  to overnight s tops  in  their  construction. T h e s e  
a r e  qu i t e  pronounced in  the first  adsorption 
branches and become much less predominant i n  
the  subsequen t  isotherms, indicating tha t  the  rate 
of the  s low process  diminishes as the  cons t an t  
reproducible vacuum weight is approached. 

T h e  spec i f i c  sur face  a rea  of sample A, com- 
puted from e a c h  of t he  water isotherms (each  
based upon its own vacuum weight), gives va lues  
success ive ly  dec reas ing  from 28.8 m2/g to 9.8 
m2/g. I t  is apparent that  each  of these  calcula- 
t ions involves  some “bound” water, for which 
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the B E T  theory is not valid, s i n c e  i t s  derivation 
cons iders  only “physically” adsorbed water. 
T h e  final ca lcu la t ions ,  with l i t t l e  or no “bound” 
water involved, a re  undoubtedly the more valid 
representation of the sur face  a rea  of t h e  sample .  
A nitrogen sur face  a rea  determination, following 
the last water desorption, gave 9.4 m2/g. T h i s  
agreement of t h e s e  two va lues  is quite good and 
bears  out the  validity of us ing  16.2 and 10.6 
A 2  for t he  cross-sectional area occupied by 
physically adsorbed nitrogen and water molecules 
respectively.  A similar diminution of the  nitro- 
gen-evaluated su r face  area as water is adsorbed 
on alumina h a s  been observed.’ 

T h e s e  isotherms show a high-pressure hys- 
t e r e s i s  a s soc ia t ed  with porous structure of the  
adsorbate.  T h e  hys te res i s  loop appears  t o  close 
a t  a par t ia lpressure  of 0.35 for sample A, indicat-  
ing the  presence  of qui te  a number of pores of 
very s m a l l  radius. In contrast ,  the hys t e re s i s  
loop closes at about 0.65 partial  pressure for 
sample D, indicating a minimum pore radius much 
larger than for sample A.  

T h u s  it appears  tha t  the  120OOC ca lc in ing  
temperature is great enough to effectively e l i m i -  
na te  t h e  very fine pores found in the  65OOC calci- 
nation. T h i s  elimination of fine pores is a l s o  
evident by the  dec rease  in spec i f i c  sur face  i n  
the  120OOC calcination; apparently the  thoria 
s in t e r s  appreciably,  c los ing  the  small pores. 
Furthermore the  “bound” water in t h e s e  pores 
contributes a finite sur face  th ickness  which 
diminishes the  a rea  ava i lab le  to  other adsorba te  
molecules,  hence  the dec rease  in sur face  area 
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Fig. 9.1 1. Heat of Adsorption of Water on Thoria A. 

determined with nitrogen accompanying the  ad- 
sorption of “bound” water. 

F igure  9.11 compares the i sos t e r i c  hea t  of ad- 
sorption (q,,) and the  differential  hea t  of adsorp- 
tion (AH) of water on sample A. T h e  former w a s  
ca lcu la ted  from 17.35, 25.00, and 32.18OC iso- 
therms, and the  latter was  determined calori- 
metrically and is identical  with the  curve of 
F ig .  9.4. T h e  hea t  of liquefaction of water h a s  
been added to the  ne t  differential hea t s  of Fig. 
9.4, and the  scale for the  amount of water ad- 
sorbed  h a s  been shifted from the  500° vacuum 
weight t o  the  vacuum weight a t  17.35O. T h e  
i sos te r ic  h e a t s  were ca lcu la ted  from the  ad- 
sorption branch of isotherms which, in addition 
to  showing the  high-coverage hys t e re s i s  loop, 
had not c losed  with t h e  desorption branch. T h e  
application of t h e  Clausius-Clapeyron equation 
i s ,  therefore, of questionable validity. Never- 
t he l e s s ,  the  comparison shows  good correlation 
between these  va lues  and also the  higher degree  
of precision inherent in the  calorimetric va lues .  
T h e  deviation of q,, from AH a t  the  low coverages 
may wel l  be  a manifestation of the l a s t  remnants 
of the  “bound” water becoming a s soc ia t ed  with 
the  surface.  

Infrared Spectra of Adsorbed Species 
on Thorium D i o x i d e  

C.  S. Shoup, Jr. 

Calorimetric hea t s  of immersion and gravimetric 
adsorption experiments have revealed that the  
thorium dioxide-water in te r face  is a very complex 
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system. Although exce l len t  da t a  have  been ob- 
tained in terms of weight changes and energ ies  
involved as a function of environmental condi- 
t ions,  t h e s e  measurements reveal l i t t l e  informa- 
tion as to  the  s t ruc ture  or bonding charac te r i s t ics  
of the  adsorbed s p e c i e s ,  information which is 
necessa ry  for a thorough interpretation of the 
experimental  da ta ,  particularly in  the  low- 
pressure  region. 

Techniques s u c h  as low-energy electron dif- 
fraction, l 5  nuc lear  magnetic resonance, l 6  and 
infrared spectroscopy have  been shown t o  b e  
applicable to  su r face  s tudies .  Fo r  example,  
infrared spec t roscopy h a s  been u s e d  to de tec t  the 
presence  of three types  of OH groups remaining 
on t h e  sur face  of y-alumina a f te r  ou tgass ing  a t  
temperatures as high as 700OC. l 8  Preliminary 
experiments were therefore undertaken to deter- 
mine the  feasibil i ty of u s ing  infrared spec t roscopy 
for a direct  investigation of t he  nature of the  
s p e c i e s  adsorbed on the thoria sur face  as a func- 
tion of environmental conditions.  

One of t he  major problems in an investigation 
of t h i s  type is to prepare a sample that simulta- 
neous ly  meets  the  following conditions:  

1. the  sample must b e  reasonably  transparent to 
infrared radiation in the  wavelength region of 
in te res t ;  

2. the  number of adsorbed s p e c i e s  in the  radia- 
tion beam must be  la rge  enough t o  be  de tec ted  
s p e c  tros copi ca 11 y ; 

3. if a supporting medium is used, i t  must not 
distort  the  spec t r a  of the  s p e c i e s  of in te res t ;  

4. the  sample  must b e  reasonably permeable to 
g a s e s  if an in s i tu  examination i s  des i red ;  

5. the  sample  must maintain i t s  s t ruc tura l  
integrity during the  experimental  measurements.  

Infrared spec t r a  of t h e  sur face  of thoria were ob- 
tained ear l ie r  by d ispers ing  smal l  quantit ies of 
t he  thoria powder in a p re s sed  d i sk  of potassium 
bromide. l 9  T h e  se r ious  d isadvantages  of the  

”A. U. MacRae, Science 139, 379 (1963). 

16W. S. Brey, Jr., and K. D. Lawson, J. Phys..Chem. 

17R. P. Eischens,  Science 146, 486 (1964). 

68, 1474 (1964). 

18 J. B. Per i  and R. B. Hannan, J. Phys.  Chem. 64, 
1526 (1960). 

19M. E. Wadsworth et af., “The Surface Chemistry 
of Thoria,” Progress Report, University of Utah, 
Jan. 31, 1959. 



pressed-sa l t  technique a re  now wel l  known,20 
and t h e  anomalous effects on t h e  spec t r a  due to 
the  presence  of the ha l ide  a r e  such  as t o  render 
most spec t r a  produced by th i s  technique suspec t .  

Several  methods were attempted in an effort to 
produce thoria samples  meeting the  above require- 
ments. Success  was  achieved  by press ing  thin 
self-supporting d i s k s  of pure thoria powder. 
T h e s e  d i sks  were observed to b e  permeable to  
water and reasonably transparent to infrared 
radiation from 4000 cm-’ to a t  l e a s t  400 cm-’ 
(2.5 p to a t  least 25 p).  Several d i sks  20 mm in 
diameter were subsequently prepared from sample 
A (see Tab le  9.1) and from thoria designated as 
DT-102W by press ing  the  powder a t  20,400 ps i .2 ’  
T h e  latter sample  had been ca lc ined  a t  65OOC and  
had a nitrogen B E T  sur face  a rea  of 33 m2/g. The  
d isk  weights varied from 100 to 300 mg, yielding 
“optical  dens i t i e s”  of 32  to 95 mg/cm2. 

Infrared spec t r a  of t h e s e  d i s k s  were obtained 
with t h e  d i sks  exposed to the  ambient environ- 
ments within t h e  spectrophotometers.  Typica l  
spec t r a  a re  i l lus t ra ted  in Fig. 9.12 for a d isk  
made from DT-102W thoria i n  a spectrophotometer 
which had been purged with dry a i r  t o  reduce the 

2oW. A. Pl iskin and R. P. Eischens ,  J .  Phys.  Chem. 
59,  1156 (1955). 

21The 20-mm disks  were prepared by A. J. Taylor of 
the Metals and Ceramics Division. The infrared 
spectrophotometers were used  through the  courtesy of 
the Chemistry and Analytical Chemistry Divisions. 
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water vapor and carbon dioxide concentrations to  
very low levels.  Although the environmental 
conditions represented in F ig .  9.12 were not  well 
known, there is a significant difference in the  
temperatures of the  thoria as represented by 
spec t ra  a and b.  Spectrum a was  recorded by 
placing the  thoria d i sk  very close to the en- 
t rance  to  the photometer sec t ion  of the instrument 
and w a s  thus  close to a focus point of the inci- 
dent radiation. Spectrum b was  recorded with the  
d isk  in a KBr beam condenser which produced a 
reduced image of t h e  source  on the  disk.  A s  a 
result  of the increased  in tens i ty  of the  incident 
radiation on the  thoria, the  temperature of t he  
thoria sur face  w a s  significantly higher in the  
la t te r  case. 

Although it would b e  premature to attempt any 
de ta i led  interpretation of t h e  observed spec t ra ,  i t  
is obvious tha t  a large amount of chemisorbed 
carbon dioxide and hydrogen-bonded water is 
present on t h e  sur face  of the  thoria under the  
above  conditions.  An inc rease  in temperature h a s  
many effects,  one of which is to reduce the  sur- 
face concentration of hydrogen-bonded water and 
to inc rease  the  concentration of OH groups which 
a re  not involved in hydrogen bonding. The  in- 
frared spec t r a  of d i s k s  of sample A thoria were 
very similar to the  above;  however, there were 
some significant differences,  which a re  being fur- 
ther inves t iga ted  under more controlled condi- 
tions. 

ORNL-DWG65-2579  

FREQUENCY (crn-‘) 

Fig. 9.12. Typical Infrared Spectra of DT-102W Thoria.. 
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PERMEABILITY OF VIBRATQRILY 
COMPACTED FUELS 

M ,  J. Kelly J. C. Gr iess  

Previous  s tud ies2 '  of the  mechanism of water- 
logging failures in fuel e lements  were concerned 
primarily with permeability measurements of sol- 
gel oxide fuel elements.  Extension of th i s  work 
has resulted in a broadening of the experimental 
program, with the  permeability of the fuel be ing  
only one  of s eve ra l  var iab les  considered. 

Waterlogging is t h e  en t rance  of water through a 
c ladding  flaw in to  the  ava i lab le  void s p a c e  within 
a fuel element. T h e  subsequen t  possibil i ty of 
catastrophic failure of a fue l  element depends 
on the  s t r e s s e s  imposed on the  c ladding  as the  
water i s  e jec ted  upon increas ing  reactor power. 
These s t r e s s e s  a re  interrelated functions of 
(1) the permeability of t he  fue l  element,  (2) the  
ava i lab le  void volume, (3) t he  geometry of the  
fuel element, and (4) t he  rate of temperature rise.  
All unbonded fuel e lements  a re  sub jec t  to water- 
logging, and i t  s e e m s  probable that any  fully 
waterlogged element wi l l  f a i l  upon a large power 
excursion from low power. Except  for th i s  condi- 
t ion,  limitations on reactor s ta r tup  procedures 
(based on the  interrelations of the above vari- 
ab les )  should greatly minimize the possibil i ty of 
waterlogging failure. 

During the  p a s t  year  experimental  work to  deter-  
mine the interaction of these variables has been 
in progress. 

V a r i a b l e  Propert ies of F u e l  Elements 

Permeabi l i ty .  - T h e  permeability of pellet-  
loaded fuel rods is much grea te r  than tha t  of 
powder-packed rods because  of the  annular 
c learance  between the  fuel and the  cladding. In 
powder-packed rods no  annular c learance  e x i s t s ,  
and  the  permeability of the compact determines 
the  overall  permeability of t he  fuel element. 

T h e  permeability of t h e  compacted fuel de- 
c r e a s e s  inversely with the  square  of the sur face  
a rea  per unit  volume and i n c r e a s e s  directly as the  
cube  of the  void percentage23 although the 

22M. J. Kelly and J. C. Griess,  Reactor Chem. Div .  
Ann. Pro&. R e p t .  Jan. 31, 1964, ORNL-3591, pp. 

F. C. Carman, Flow of Gases Through Porous 

109-12. 
23 

Media, pp. 8-20, Butterworths, London, 1956. 

a s soc ia t ed  cons t an t s  a r e  not  es tab l i shed  for 
d e n s e  packings.  P rac t i ca l  considerations d ic ta te  
as small a void s p a c e  as poss ib l e  (8 t o  12%); 
and, whi le  t h e  sur face  a rea  could be  controlled 
by elimination of very f ine  material ,  t h i s  i s  not 
economically attractive.  

T h e  range of permeability for compacts pre- 
pared for t h e  Kilorod program is from to 
5 x darcy. Other compacts  studied have 
permeabili t ies ranging from to  1. Since 
extremely f ine  powders pack poorly due  to sur- 
face effects, it is expec ted  tha t  prac t ica l  fue l  
rods wi l l  have  permeabili t ies above  a s  
fabricated,  and  after a t ta in ing  nuc lear  pow'er wi l l  
i nc rease  tha t  permeability by condensation of 
t he  fine fraction as a resu l t  of sintering. 

A v a i l a b l e  V o i d  Volume. - Sintered pe l l e t s  
normally have  most of their  porosity unavai lab le  
(i.e., c losed  pores). T h e  ava i lab le  void s p a c e  
in a pellet-loaded rod is the  annular s p a c e  plus 
any  fission g a s  gap. T h e  ava i lab le  porosity 
within a powder-packed rod corresponds to t h e  
void volume, s i n c e  all of the void s p a c e  is inter- 
connected by finite pas sages .  In either type of 
fuel, all the  f ree  volume must be considered as  
ava i lab le  when considering waterlogging failure.  

Geometry of the F u e l  Element.  - In general ,  
fuel e lements  a re  long  compared to their  c ros s  
sec t ion .  Tubular e lements  a r e  most common, but 
other shapes  are used. Fo r  waterlogging failure,  
flow the  full length of an element must b e  con- 
s idered  a t  t h e  e f fec t ive  c r o s s  sec t ion  of t he  fuel. 

R a t e  of Temperature Rise .  - T h i s  is the  most 
independent of t he  var iab les  and may be  con- 
trolled over a wide range during reactor startup. 
It is not measured directly but  can  be ca lcu la ted  
with reasonable  accuracy from t h e  phys ica l  
charac te r i s t ics  of the reactor a s sembl i e s  and the 
rate of reactor power rise.  

Theoret ica l  Considerat ions 

T h e  pressure-volume-temperature properties of 
water a re  wel l  known. T h e s e ,  together with the  
description of t h e  properties of fue l  elements,  
make i t  poss ib le  to  construct a simplified 
descr ip t ive  relationship a s  a model from which to  
work. 

Maximum internal pressure  is the  sum of the  
pressure  drop down the length of the e lement  
and the  p re s su re ' d rop  a c r o s s  t h e  defect.  T h i s  
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to ta l  p ressure  is crea ted  by flow from ex- 
pansion upon increas ing  temperature plus the  
vapor pressure.  Little work h a s  been done on the  
defect pressure  drop, and, other than noting that 
c r i t i ca l  flow controls,  it will  not b e  considered in 
th i s  report. 

T h e  pressure drop down the  length of the ele- 
ment depends on the  flow c a u s e d  by the  ex- '  
pansion of liquid within the  tube  and may be  
described by ; 

where 

V = free volume in  fue l  element,  m l ,  

dV/dT = rate of volume change with tempera- 
ture,  ml/OK, 

n = viscos i ty  a t  T ,  cen t ipoises ,  

L = length of fuel pack, cm, 

A = cross-sectional a r ea  of fuel pack, cm', 

k = permeability of fuel pack, darcys ,  

dT/dt = ra te  of temperature change with time, 
OK/sec, 

noting that ( L V / A k )  is a property of the  mechani- 
c a l  sys tem and (n dV/dT) is a property of the 
fluid, with dT/dt a s soc ia t ed  with both. 

Figure 9.13 shows  a plot of n dV/dTvs  T a t  
various conditions prepared us ing  the  expansion 

TEMPERATURE ("C) 

Fig.  9.13. P l o t  of the Rate of Thermal Expansion 

Times Viscosity v s  Temperature for Water both L iqu id  

and Vapor a t  Various Pressures. 

properties of water and  t h e  v iscos i ty  of liquid or 
vapor a s  required. If dT/dt were constant,  the 
model equation would be  s imple  to  use. Assum- 
ing ,  however, that  the assembly h a s  a spec i f i c  
hea t  of about 1 cal per centimeter of length and 
tha t  when waterlogged 10% of th i s  is due t o  water, 
t he  pressure r i s e  is unduly weighted by the hea t  
of vaporization as the water f l a shes  t o  steam. 
T h i s  resu l t s  in a change in dT/dt  which de- 
p re s ses  the  total  pressure.  T h e  temperature at  
which th i s  occurs  is directly dependent on the  
pressure drop a c r o s s  the  defect.  

Experimental  Studies 

T h e  most practical  method to s imula te  the  
s t r e s s e s  on a waterlogged fuel element during 

ORNL-DWG 65-2581 
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reactor s ta r tup  i s  to completely fi l l  t he  void 
s p a c e  of a t e s t  element with water and then 
supply energy a s  if  generated by fission. Elec-  
tr ical  current pas s ing  through the  c ladding  is 
used  for th i s  purpose. I t  is fe l t  that the rate of 
expansion of the c ladding  be ing  greater than tha t  
of the  fue l  does  not compromise the  results,  
s i n c e  flow down the element caused  by fluid 
expansion provides the  compress ive  force neces-  
s a ry  to  retain firm fuel packing. The  current 
source  h a s  been descr ibed  e l ~ e w h e r e . ’ ~  

The original test e lements  were rods formed 
from 2-in.  s t a i n l e s s  s t e e l  pipe,  schematically 
shown in F ig .  9.14. After filling, by the Metals 
and Ceramics Division, with fuel of nominal 
“Kilorod” size distribution and dens i ty ,  numerous 
t e s t s  from fully waterlogged conditions were made 
on two experimental assembl ies .  T e s t  resu l t s  
showed tha t  a much longer a s sembly  was  neces -  
s a ry  to  obtain da ta  adequate  for ana ly t ic  extrap- 
olation. A prototype “Kilorod” element was  
therefore obtained and ins ta l led  i n  place of the  
shorter t e s t  p ieces .  P r e s e n t  experiments a r e  
obtaining da ta  from this assembly ,  which has  a 
packed fuel length of -105 cm and a cross-  
s ec t iona l  a r ea  of 0.94 cm’. 

Results 

A plot of da t a  from a shor t  t e s t  element is shown 
in  F ig .  9.15. T h e  time period assoc ia ted  with 
these  experiments w a s  such  tha t  the heating 
current w a s  merely turned on at a previously 
chosen sett ing.  Neither cons tan t  power nor a 
particular d T / d t  program could be  obtained. Data 
from these experiments have  been fi t ted t o  an  
empirical equation for t h e  pressure  drop down the 
element: 

with the  uni t s  as previously noted. 
T h e  experimental d a t a  can be fitted to our 

theoretical  equation with gratifying precision up 
to the temperature at  which flashing flow appears  
within the element if  d T / d t  is obtained from wal l  
temperature da ta  (5 on Figs. 9.14 and 9.15). 

24J. C .  Griess  e t  al . ,  E f f e c t  o f  Heat Flux on the 
Corrosion o f  Aluminum by Water, ORNL-2939 (1960). 
pp. 8-9. 

Flash ing  flow can  only occur when t h e  internal 
vapor pressure exceeds  the  pressure  drop ac ross  
the defect. Once th i s  occurs ,  rapid loss of inter- 
na l  liquid occurs ,  and  a superhea ted  vapor sys t em 
i s  reached before t h e  c r i t i ca l  temperature.’ T h e  
extreme volume inc rease  at t h e  c r i t i ca l  tempera- 
ture is avoided, and the  maximum pressure  
occurs  shortly after f lash ing  s t a r t s .  

In order to explain the observed experimental 
resu l t s  after f lashing occurs ,  the  liquid water 
must b e  entrained by the  sa tura ted  s team and 
travel at s team velocity and v iscos i ty .  After 
expulsion of the  en trained liquid, t he  super- 
heated steam sys tem can  again be  related to our 
theoretical  equation with fair  agreement with no  
empirical j u s  t i  f ica t ions.  

T h e  previously reported change” in  effective 
permeability when changing  from liquid water t o  
g a s  as a t e s t  fluid was not observed when chang- 
ing from liquid water t o  s team.  Permeabili ty 
measurements u s ing  s t eam (250-300OC) gave  
va lues  ident ica l  with liquid water within the 
precision of the  measurement for t h e  t e s t  ele- 
ments. Permeabili ty measurements u s ing  nitro- 
gen gas yielded va lues  seve ra l  t imes  tha t  of 
water a s  observed with previous samples .  T h e  
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postulated sur face  interaction with water appar- 
ently is equally e f fec t ive  in t h e  vapor phase.  

A few preliminary experiments with the  “Kilo- 
rod” element a t  a cons tan t  power input appear 
to confirm our assumptions from short-element 
data.  

Conclusions 

Presen t  da t a  ind ica te  tha t  an analytic inter- 
pretation of waterlogging s t r e s s e s  is feasible.  
T h e  extension of such  r e su l t s  t o  a general c a s e ,  
even if empirical, should supply  guidelines for 
reactor operations and fuel element des igners  
which will  minimize the  opportunity for water- 
logging failure. T h e  pressure  e f f ec t s  a t  a defect 
a s sume  greater importance now that a quantita- 
t ive explanation involves internal s team forma- 
tion and flashing flow. An effort will  b e  made to 
determine t h e  e f fec t  of various defect parameters. 

GAS EVOLUTION FROM THORIA-3% 
URANIA SOL-GEL MATERIAL 

D. N. H e s s  W. T. Rainey 
B. A. Soldano 

Introduction 

Thoria-3% UO, sol-gel material proposed for 
u s e  as a reactor fuel evolves  g a s e s  when heated. 
Development of excess ive  pressure  of such  
g a s e s  in a s e a l e d  fuel element could resu l t  in 
rupture of t h e  element; th i s  poss ib i l i ty  might be 
increased  if reaction between g a s  and metal  were 
poss ib le  (e.g., zirconium alloy with hydrogen). 
S tudies  have been init iated to determine the  
factors that  affect  both the nature and the  amount 
of g a s  evolved from sol-gel material. 

Sol-gel material  prepared from 2 3 3 U  is of 
primary interest .  Uranium-233 is quite radio- 
ac t ive  and requires remote handling. The  first  
experiments have ,  therefore,  been done with 
sol-gel preparations (designated H-I1 and SC) 
of ordinary uranium supplied by the Chemical 
Technology Division as representative of mate- 
rials prepared in laboratory-scale equipment. 
Experimental factors which have been con- 
trolled in the  experiments to da t e  include the  
nature of the  sol-gel material under observation, 
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the  temperature of outgassing, the particle size 
of the  material, and ( to  some extent)  t he  atmos- 
phere to  which the  material was  exposed prior t o  
the  outgass ing  operation. Previous  work by the 
Chemical Technology Division had shown tha t  
t he  quantity of gas evolved during hea t ing  w a s  
dependent on the  temperature; t h i s  factor was  held 
cons tan t  a t  1000°C in most experiments in order 
t o  permit exploration of the effect  of other vari- 
ab les .  T h e  related factors of sur face  a rea  and 
particle size were considered to  be  of probable 
primary importance in controlling g a s  evolution, 
and considerable attention was  paid to the  u s e  
of various s i zed  fractions of ground and screened  
material. An attempt was made t o  prevent the  
inadvertent adsorption of atmospheric CO, or 
H,O on the  freshly ground and s i zed  material  by 
performing these  operations ins ide  a p l a s t i c  bag  
in an inert  atmosphere; brief exposure to  a i r  was ,  
however, permitted i n  most experiments during 
the  weighing and loading of s amples ,  and no 
controlled s tudy  h a s  yet been made of the  effect 
of th i s  exposure.  

T h e  experimentally observed quantit ies in the  
s tudy  have  been the  to ta l  gas  evolved, the  
composition of the evolved gas ,  the  ra tes  of gas  
evolution, and the  abil i ty of the  material t o  ab- 
sorb  and desorb added g a s e s .  

Effects  of P a r t i c l e  Size 

A strong ef fec t  of par t ic le  size on the  to ta l  gas  
evolved a t  1000°C from SC material i s  indicated 
by Fig .  9.16; t h e  resu l t s  a re  plotted on a scale of 
relative sur face  a rea ,  derived from the  arithmetic 
average  particle diameters with a n  assumed value 
of 1.0 for sur face  a rea  of spher ica l  particles of 
1.0 m i l  diameter. The  l inearity of the relation- 
s h i p  and  the  extrapolation t o  ze ro  g a s  evolu- 
tion at  ze ro  sur face  a rea  sugges t  that  the  evolved 
g a s  (essent ia l ly  all CO,) was  being released 
only from the  sur face  exposed by grinding and not 
from t h e  interior of t he  particles.  Such be- 
havior is typica l  of chemisorbed material. 

A s t rong  ef fec t  of particle size was  a l s o  found 
when the  H-I1 material was  t e s t ed  at 1000°C. 
Eight t imes as  much gas  was  released from -270 
mesh material as from -20 +40 mesh material. 
T h e  maximum volumes of g a s  obtained were a s  
high. as 1.0 s t d  cm3/g; t h i s  was  s i x  t imes as 
much as was  re leased  from the SC material. T h e  
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composition of the  g a s  w a s  subs tan t ia l ly  dif- 
ferent;  CO and H, were p resen t  as important 
cons t i tuents .  Pa r t i c l e  size w a s  found t o  have 
an  important e f fec t  on t h e  gas composition a s  
well as t h e  total gas.  F igure  9.17 shows the  
relationship between sur face  a rea  (measured by 
the B E T  method) and the g a s  composition. 
Extrapolation of t h e  relationship of Fig. 9.17 to 
the  very low B E T  sur face  a r e a  of 0.1 m 2 / g  sug- 
g e s t s  that  the g a s  evolved would be  about 99% 
CO, - j u s t  what was  observed in t e s t s  of the  
SC material, which had s u c h  a low sur face  area.  

Effect  of Temperature 

Measurements of the  to ta l  g a s  evolved and the 
rate of the  evolution were made on -270 mesh 
samples  of the  H-I1 material  a t  temperatures of 
1000 and 1200OC. More g a s  was  cons is ten t ly  
evolved from the  samples  a t  1000 than a t  12OO0C, 
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and there  was  some evidence  tha t ,  at 12OO0C, an 
init ially higher gas  r e l ease  was  be ing  followed 
by a s low removal or consumption process.  It is 
poss ib le  tha t  t he  su r face  of the sol-gel material 
a t  120OOC was  ca t a lyz ing  the  water-gas reaction, 

H, + CO,+ CO + H,O , 

for which the  value of t h e  equilibrium cons tan t  
is around 2.7 a t  1200OC. T h e  gas  ana ly t ica l  
technique which w a s  u s e d  in the  experiments did 
not provide va lues  for H,O. A s  a consequence ,  
the reaction of H, and CO, to form CO and H,O 
could have  resulted in  an apparent dec rease  in 
the total  g a s  evolved. 

Revers ib le  Gas Adsorption on Sol-Gel Mater ia l  

In s t u d i e s  of particle size effects, the  SC 
material  had re leased  a g a s  which w a s  e s sen t i a l ly  
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pure CO,. After t h e s e  t e s t s ,  some of the  samples  
were exposed to air  to determine whether CO, 
would b e  adsorbed and, if so ,  to what extent.  
Reevacuation a t  1000°C was  used  to remove any 
adsorbed g a s ,  and i t  was  found tha t  less than 
10% of the .or ig ina1  amount was  evolved. T h i s  
sugges ted  that, for the  SC material, the  originally 
evolved CO, had been present i n  the  original 
material  a s  i t  was  exposed by grinding and had 
not come from adventit ious adsorption from the 
a i r  during a brief exposure during weighing. The  
small amount of g a s  involved made i t  inadvisable  
to  perform further s tud ie s  of reversible adsorption 
with t h i s  material. 

A sample  of -270 mesh H-I1 material was  used  
for a se r i e s  of s tud ie s  of t h e  reversible a d s o r p  
tion and desorption of CO,; the  desorption w a s  
followed as a function of time at various tempera- 
tures,  while the  adsorption w a s  always achieved 
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by exposing the  sample to 1 atm of dry CO, and 
permitting i t  t o  cool  to room temperature in t h i s  
environment. T h e  samples  were then evacuated 
at room temperature before the  t e s t  boat was  in- 
s e r t ed  into the preestablished temperature region 
of the  furnace. F igure  9.18 shows  the resu l t s  of 
s u c c e s s i v e  t e s t s  a t  250, 500, 750, and 1000°C; 
the  desorption was  qui te  rapid, and temperatures 
of 50OOC or higher were apparently adequate to  
remove all t he  adsorbed gas  in these  t e s t s .  T h e  
reversibility of the CO, sorption-desorption i s  
i l lustrated by Fig.  9.19, showing how the  pres- 
su re  in  the apparatus (originally evacuated at 
room temperature after exposing the  sample to  
1 atm of CO,) changed as the  H-I1 sample was  
hea ted  to  1000°C and then allowed t o  cool down. 
A similar reversibil i ty was  found for SC material, 
but t he  amounts of gas and pressures  were 
negligible.  

ORNL-DWG 65-2585 

0 
0 5 10 15 20 25 

T I M E  (min) 

x TOTAL GAS, MEASURED 

0 5 10 15 20 25 
T I M E  (rnin) 

AT ROOM TEMPERATURE 

Fig. 9.18. Desorption of CO, from H-l l  Sol-Gel Mater ial  a t  Various Temperatures. 
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Discussion 

T h e  s tudy of gas  evolution was  undertaken be- 
c a u s e  of the possibil i ty that gas  evolution from 
reactor fuel e lements  in serv ice  might lead to  
distortion of the fuel  element or failure of the 
fuel element cladding. T h e  following points 
summarize what h a s  been learned so  far by 
s tudies  on two different  samples  of nonradioactive 
laboratory-prepared material: 

1. There is a 'large difference in t h e  behavior 
of different materials,  sugges t ing  that  osten-  
s ibly similar preparatory methods may ulti- 
mately be refined t o  provide material  with 
more desirable  properties.  

2. The  amount of gas  evolved depends strongly 
on the exposed sur face  area of the material. 
I t  appears  t o  be evolved from t h e  material  
i tself  and not t o  b e  a consequence  of a d s o r p  
tion after grinding and s iz ing .  T h e  quest ion 
h a s  been raised, but not answered,  whether 
u s e  in a reactor will c a u s e  a great increase  in  
sur face  area and,  presumably, re lease  of 
potentially avai lable  gas .  

3. The  composition of the  gas  evolved depends 
significantly on the  par t ic le  size (surface 
area exposed) of the material. I t  is possible  
that the surface of the material  can ca ta lyze  
the water-gas reaction. 

4. Carbon dioxide is reversibly adsorbed on the 
material  but may be removed by treatment a t  
temperatures a s  low a s  500OC. 

T h e  study will be continued in  order to  apply 
the resul ts  t o  plant material .  
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10. Diffusion Processes 

TRANSPORT PROPERTIES QF GASES 

Studies of transport phenomena exhibited by 
g a s e s  a re  motivated in th i s  laboratory by a de- 
s i r e  to characterize completely fission-gas 
migration in high-temperature gas-cooled nuclear 
reactors. Initial inves t iga t ions  led to the  formu- 
lation of the  “dusty-gas” model, a mathematical  
model tha t  descr ibes  g a s  transport through 
porous media as the migration of g a s  molecules 
through a localized, uniformly distributed col- 
lection of giant molecules or d u s t  particles.’  
T h e  gas-dust interactions a re  regarded as inter- 
molecular co l l i s ions  in which one  of the molecules  
is preponderantly greater than the other in both 
size and mass. Because  of th i s  formal view, i t  
i s  poss ib le  t o  employ the  e labora te  ana ly t ica l  
apparatus of rigorous kinetic theory with little 
change. Moreover, by su i tab le  substi tution for 
certain geometric parameters, it h a s  also been 
demonstrated that t he  model can  b e  applied to 
descr ibe  gas transport through capi l la r ies  as 
well. 

In addition to  providing a unified and cons is ten t  
theore t ica l  treatment of concentration-induced 
migration,’ extension of the  model t o  include 
thermal gradients h a s  revealed unsuspec ted  
rela t ionships among seve ra l  gas  properties. 
One of t h e s e  is the  poss ib l e  u s e  of the  thermal 
transpiration phenomenon (or “thermomolecular 
pressure  effect”) in s tud ie s  of i ne l a s t i c  colli- 
s i o n ~ . ~ ’ ~  More recently,  a consideration of 
the  simultaneous ex i s t ence  of concentration and 
thermal gradients h a s  yielded the f i r s t  mathemati- 
cal formulation of t h e  e f fec t  of sur face  colli- 
s i o n s  on thermal d i f f ~ s i o n . ~  It is unfortunate in  

‘R. B. Evans 111, G. M. Watson, and E. A. Mason, 

2E. A. Mason, R. B. Evans 111, and G. M. Watson, 

3E. A. Mason, J .  Chem. Phys.  39, 522 (1963). 

J .  Chem. Phys .  35, 2076 (1961); 36, 1894 (1962). 

J .  Chem. Phys .  38, 1808 (1963). 

th i s  lattermost case tha t  there a re  insufficient 
experimental  da t a  with which t o  t e s t  some of the  
in te res t ing  e f fec ts  predicted. 

T h e  theoretical .  investigation of the effect  of 
pressure  (surface coll isions) on thermal diffusion 
and  the  current experimental s tud ie s  of thermal 
transpiration represent a logical continuation of 
previous work regarding the dusty-gas model; 
t h e s e  programs, together with continuing experi- 
mentation of gaseous  diffusion phenomena, com- 
p r i se  t h e  more fundamental a s p e c t s  of our g a s  
transport research. Several  other problems had 
also been investigated during the  p a s t  year that 
a r e  more directly oriented toward reactor applica- 
tion. Among t h e s e  i s  the  characterization of g a s  
trans port through unclad fuel-admixed graphite 
and graphites containing pyrolytic-carbon-coated 
fuel. 

Pressure Dependence of the Thermal 
Diffusion Factor4 

A. P. Malinauskas E. A. Mason5 

T h e  s imples t  apparatus tha t  can  be used  to 
s tudy  thermal diffusion c o n s i s t s  of two bulbs 
which a re  maintained at two different uniform 
temperatures and which a re  interconnected by a 
sma l l  tube in s u c h  a manner that a temperature 
gradient e x i s t s  along the  entire length of the  
tube.  If a binary gas  mixture (e.g., of compo- 
nen t s  1 and 2) is introduced into t h e  apparntus,  
a relative drift motion of the  two components will  
occur between the  interconnected volumes which 
usua l ly  (but not always) tends  to concent ra te  the 
heavier component i n  the  

4E. A. Mason and A. P. 

5 ~ o n s u ~ t a n t ,  University of 
Phys. 41, 3815 (1964). 

Molecular Phys ics .  

colder region. T h e  

Malinaus kas,  J. Chem. 

Maryland, Institute for 
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concentration gradient s o  generated c a u s e s  a 
relative drift motion opposite t o  the  thermal dif- 
fusion. Eventually,  transport due to  the  concen- 
tration-induced diffusion j u s t  equa l s  t he  thermally 
induced transport, and a s t eady  s t a t e  is attained. 
Under th i s  condition, t he  separa t ion  of one of the 
components can  be obtained from the equation 

Oxl  = - x 1(1 - x l)al ,v In T , (1) 

where x 1  represents  t h e  mole fraction of compo- 
nent 1, T is the  temperature in  OK, and a12 is t h e  
thermal diffusion factor of t he  gas pair 1-2. T h e  
quantity ai, is invariant t o  an interchange of the  
subscr ip ts ,  bu t  may b e  pos i t ive  or  negative,  
depending upon t h e  assignment of the subscr ip ts .  
Fo r  th i s  reason the convention h a s  been adopted 
to a s s ign  the  subscr ip t  1 t o  t h e  heavier  compo- 
nent,  and  to write a12 pos i t ive  if the heavier 
component d o e s  indeed concent ra te  in the  colder 
region. I t  h a s  been experimentally observed that 
at cer ta in  temperatures or gas compositions the  
thermal diffusion behavior is reversed; tha t  i s ,  
a changes  s ign ;  t h e s e  a r e  ca l l ed  “inversion 

1? points .” 
In t h e  normal or hydrodynamic region, a12 is 

independent of pressure as long  a s  only binary 
molecular co l l i s ions  a re  important. In the  
Knudsen region (very low pressures) ,  however, 
t he  e f fec t ive  va lue  of alz is zero, s i n c e  each  
component of the g a s  mixture behaves  independ- 
ently,  and there is no  re la t ive  separation of t he  
components even  though thermal transpiration 
occurs.  Presumably, then, t he  e f fec t ive  thermal 
diffusion factor, al ,(eff), would decrease  through 
t h e  intermediate-pressure (transition) region, 
and  would approach ze ro  as t h e  pressure  ap- 
proached zero. 

T h e  dusty-gas model is wel l  su i t ed  t o  descr ibe  
t h e  pressure  dependence of ai,, s i n c e  a variation 
of the  mole fraction of the dus t  component is 
formally equivalent t o  a variation in the  ac tua l  
pressure  of t h e  gas mixture. Application of the  
model, i n  accordance  with a theory of thermal dif- 
fusion in ternary mixtures tha t  h a s  been- recently 
formulated, l eads  to  an express ion  for a, ,(eff) 
which is the ratio of two polynomials in l / p ,  
where p is t h e  ac tua l  g a s  pressure.  The  numera- 
tor is linear i n  l / ~ ,  whereas  the  denominator is 
quadratic i n  l / p ,  s o  that al,(eff) is ze ro  at very 

low pressures  and  approaches a cons tan t  va lue  
at high pressures  as required. However, t he  
transit ion from the low-pressure limit t o  pressure- 
independent separa t ion  in  t h e  hydrodynamic region 
c a n  b e  qui te  complicated and  varied,  depending 
upon t h e  temperature, molecular masses, and inter- 
molecular forces  of t h e  particular gas molecules. 
(See ref. 4 for a de ta i led  discussion.)  

Resu l t s  for t he  e f fec t ive  thermal diffusion 
factor of He-Ar mixtures in c i rcu lar  cap i l la r ies  
a r e  i l lus t ra ted  in F igs .  10.1 and 10.2. In Fig. 
10.1, a l z (e f f )  is plotted as a function of 
d/ZHe a t  356OK, where d is the  diameter of the  
capillary,  and Z H e  represents  the  mean free path 
of the  helium atoms when only He-He co l l i s ions  
a r e  considered. Three curves  a re  shown: one  
for x A r  = 0; one  for x = 0; and  a third for an He 
equimolar mixture. T h e  variation of a12(eff)  in 
the three cases is the  behavior to be  expec ted  
when t h e  cor res  pondin g pres sure-inde pen den t 
al, [the high-pressure l imits of al,(eff), shown 
by dashed l i nes  in the figure] a r e  fairly la rge  
and  “normal.” T h e  experimental  points shown 
in the  figure represent experimental  da t a  taken 
by Kotousov7 for a 50-50 mixture a t  about 315’K. 
B e c a u s e  of a lack  of experimental  de t a i l s ,  i t  
w a s  necessa ry  t o  ad jus t  Kotousov’s da ta  by 
arbitrary scale factors in order t o  reduce them to 
the  same  scale as the ca lcu la ted  curves ;  w e  thus 
claim only qua l i ta t ive  agreement with experiment. 

7L. S .  Kotousov, Soviet  Phys . -Tech.  Phys .  (English 
Transl.)  7 ,  159 (1962). 

0.0 

0.6 

- 
L + - 0.4 
N 

0.2 

0 

6F. van der Valk, Physica 29, 417 (1963). 

ORNL-DWG 64-57i8 

0 20 40 60 80 100 

*/e,, 

Fig. 10.1. Thermal Dif fusion of the System He-Ar a t  

356’K a s  a Function of Pressure and Composition. 
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For  a Lennard-Jones (12-6) interaction poten- 
t i a l ,  t h e  system He-Ar is predicted to have  a n  
inversion point a t  a temperature s l igh t ly  above  
32.0'K; thus  the  high-pressure l imits of al ,(eff) 
shown in F ig .  10.2 a r e  both small  i n  magnitude 
and negative.  T h e  pressure dependence of 
al ,(eff) a t  t h i s  temperature, however, is pre- 
d ic ted  t o  p o s s e s s  three in te res t ing  features:  
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Fig.  10.2. Thermal Diffusion of the System He-Ar a t  

32.0'K (Slightly Below the Inversion Temperature) a s  a 

Function of Pressure and Composition. 

0.0 1 

0 

-0.01 

-0.02 

- 
Z -0.03 - 
N 
0- -0.04 

-0.05 

-0.06 

-0.07 
0 20 40 60 80 100 

d/PM 

Fig. 10.3. Thermal Diffusion of the System 20Ne-NH3 
a t  358'K as a Function of Pressure and Composition. 

(1) the  effective thermal diffusion factor goes  
through a maximum; (2) i f  t he  pressure  corre- 
sponds  t o  d / IHe  -, 37, an  inversion with respec t  
t o  composition should  b e  observed; (3) t he  in- 
version due t o  temperature depends upon the  
p re s su re  a t  which the  experiments a r e  performed. 
F igure  10.2 clearly i l lus t ra tes ,  then, the  ab- 
normalit ies tha t  can  occur in the behavior of 
al ,(eff)  in t he  region of a temperature inver- 
s ion .  W e  have also been led to conclude that a 
similar behavior is poss ib le  in  the  region of a n  
inversion due  to composition; th i s  is i l lus t ra ted  
in Fig.  10.3, where we have plotted a12(eff)  a s  a 
function of d/ZNe for "Ne-NH, mixtures. 

Until  now, the  abnormal behavior of al ,(eff) 
with pressure  in the  region of inversion points 
w a s  largely unsuspected; hence  t h e  experimental 
s tud ie s  of thermal diffusion at low pressures  a r e  
scanty .  Admittedly, i t  is difficult t o  obtain 
accu ra t e  experimental da t a  at s u c h  pressures  as 
a r e  required, but it should b e  poss ib le  to check  
some of t h e  predictions a t  l e a s t  quali tatively.  

Thermal  Transpirat ion 

A. P. Malinauskas 

T h e  apparatus for investigations of t h e  thermal 
transpiration phenomenon is similar i n  most 
r e spec t s  to the thermal diffusion apparatus 
descr ibed  above, except tha t  i n  th i s  case a pure 
gas is employed, smaller connecting tubes  a re  
used ,  and  pressure,  rather than composition, is 
monitored. The thermal gradient c a u s e s  a flux of 
g a s  molecules in t he  direction from the  colder 
region to  the  warmer region; at the s teady  s t a t e ,  
th i s  flux is counterbalanced by a molecular flux 
whose driving force is the  resultant pressure  
gradient. If the  s teady-s ta te  va lues  of the  
pressure  drop A p  ac ross  the  connecting tube a re  
plotted as  a function of some charac te r i s t ic  pres- 
s u r e  (the pressure in the  warmer region is com-  
monly chosen),  i t  is observed that A p  in i t ia l ly  
inc reases  rapidly with pressure unt i l  i t  a t ta ins  
a maximum, and then it gradually dec reases  to 
zero. 

An application of the dusty-gas model to th i s  
phenomenon h a s  postulated tha t  t he  magnitude of 
A p  a t  t he  maximum is functionally related to  the  
ease with which the gas  molecules can  transfer 
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t rans la t iona l  energy to internal degrees  of free- 
dom via   collision^.^^^ Thus ,  for example, i t  
is poss ib le  t o  determine the  rotational co l l i s ion  
number Zrot charac te r i s t ic  of a particular g a s  
molecule from thermal transpiration experiments. 
T h e  ac tua l  procedure h a s  been appropriately d is -  
c u s s e d  e l s e ~ h e r e ; ~ * ~ * *  hence  w e  attempt only a 
brief treatment here. T h e  b a s i c  equation used  in 
the  ca lcu la t ions  is 

where q is the  gas v iscos i ty ,  M is the  molecular 
weight of t he  gas, Ap* is the  va lue  of A p  a t  the  
maximum, and F is a quantity that is related to  
Zrot in  a somewhat complex manner. T h e  sub- 
s c r i p t s  z e r o  refer t o  a g a s  p o s s e s s i n g  no internal 
degrees  of freedom, for which F o  = 0.8743 accord- 
ing  t o  rigorous kinetic theory, and is virtually 
temperature independent. 

In order to obtain a measurable A p ,  it  is 
necessa ry  in most cases to  impose a rather la rge  
temperature gradient; thus  the  choice  of a 
charac te r i s t ic  temperature for t he  evaluation of 
the  v iscos i ty  coefficient ratio becomes a deter- 
mining factor in the  calculation of F .  For  th i s  
reason ,  our current inves t iga t ions  a r e  d i rec ted  
toward a su i t ab le  choice  of the  charac te r i s t ic  
temperature as wel l  as toward a demonstration 
of t h e  validity and  feasibil i ty of the  proposed 
method. T h e  present  s t u d i e s  a re  being conducted 
with the  gases Ne, Ar, Kr, Xe, CO,, N,, O,, 
CO, and CH,, but are not  sufficiently complete 
to jus t i fy  unambiguous conclus ions  at th i s  time. 

Gaseous Di f fus ion 

A. P. Malinauskas 

In virtually every treatment of the migration of 
a s p e c i e s  through a porous medium by a gaseous  
diffusion mechanism, the  rate of transport  is s a i d  
to be related to  an ef fec t ive  gaseous  diffusion 
coefficient and is taken as 

'A. P. Malinauskas, Results of Preliminary Experi- 
ments on Thermal Transpiration, ORNL-TM-80 1 (April 
1964). 

where D , is the corresponding diffusion coeffi- 
c i en t  in free s p a c e ,  and ( d q )  is a quantity deter-  
mined only by the  internal s t ruc ture  of the  
porous barrier. [Equation (3) seems never t o  
have  been tes ted  experimentally,  however.] If 
Eq. (3) is valid,  and if i t  c an  b e  further assumed 
tha t  the  structure of the  medium, insofar as  
( d q )  is concerned, is nearly temperature inde- 
pendent, then it is poss ib le  t o  predict the dif- 
fusion of any  gas  pair i - j  through the  septum 
from a s e r i e s  of e f fec t ive  diffusion Coefficient 
measurements a t  a s ing le  temperature with some 
other g a s  pair, k-1, provided tha t  t he  necessa ry  
diffusion coefficient va lues  in  f r ee  s p a c e  a r e  
known. Unfortunately, for many sys t ems  of 
in te res t  t o  reactor technology, for example,  t he  
gas pair He-Xe, t he  appropriate diffusion coeffi- 
c i en t s  a r e  e i ther  unknown, or  a r e  reported only 
for much lower temperatures,  s o  tha t  the extrap- 
olation to  the  required temperature range is risky. 

From a more fundamental viewpoint, t h e  free- 
s p a c e  diffusion coef f ic ien ts  provide a usefu l  
means of obtaining information regarding inter- 
molecular forces,  but in th i s  case too, unambigu- 
ous  conclus ions  can  b e  drawn only if the  va lues  
have  been determined with an  accuracy  not cur- 
rently attainable,  or if  the  measurements span  a 
wide range of temperature. I t  is thus des i rab le  
to measure gaseous  diffusion coef f ic ien ts  a t  
e l eva ted  temperatures, to f i l l  theore t ica l  as wel l  
as appl ied  needs .  

T h e  direct  measurement of D I 2  at temperatures 
of t he  order of l O O O O K  is difficult ,  and  th i s  
difficulty is probably the  primary reason for the  
present  dearth of da ta .  However, a n  ind i rec t  
method h a s  recently been proposed to circumvent 
much of the  apparatus problems. S ince  v iscos i ty  
coef f ic ien ts  c a n  be determined with a higher 
degree  of accuracy than the  corresponding dif- 
fusion coefficients,  and c a n  be  more conveniently 
obtained a t  e leva ted  temperatures,  Weissman and 
Masong"' have sugges ted  tha t  the  composition 
dependence of the v i scos i t i e s  of g a s  mixtures b e  
used  for the  indirect  determination of D1 ,. In 
suppor t  of th i s  method, they have presented com- 
par i sons  between va lues  derived from viscos i ty  

'S. Weissman and E. A. Mason, J .  Chem. Phys .  37, 
1289 (1962). 

S. Weissman, J .  Chem. Phys.  40, 3397 (1964). 10 
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da ta  and directly measured coefficients;  with few 
except ions ,  the  agreement is sa t i s fac tory .  

One of the sys tems for which d iscrepancies  are 
ev ident  is the g a s  pair He-Xe. T h i s  is surprising, 
s i n c e  the  Weissman-Mason procedure follows in a 
straightforward manner from kinetic theory as  
formulated by Chapman and Enskog,"  and  i t  
should  therefore be particularly appl icable  to  
noble-gas systems. Fo r  th i s  reason and for the  
obvious in te res t  in the sys t em He-Xe as appl ied  
to  high-temperature gas-cooled nuclear reactors,  
we decided to reinvestigate the  diffusion charac- 
te r i s t ics  of the gas pair He-Xe. 

The diffusion measurements were made with a 
two-bulb apparatus described e l sewhere .  2 o  

To achieve  greater accuracy, a relative method 
was  used;  the  diffusion coefficient va lues  were 
referred t o  resu l t s  obtained for the  system He-Ar, 
for which the coefficients a re  reasonably wel l  
known. As  a check on th i s  method, the system 
Ar-Xe was  a l s o  included in the investigation. 

''A thorough discussion of the Chapman-Engskog 
kinetic theory of gases  is contained in the c l a s s i ca l  
text by J. 0. Hirschfelder, C. F. Curtiss,  and R. B. 
Bird, Molecular Theory of Gases  and Liquids, Wiley, 
New York, 1954. 

"A. P. Malinauskas, Reactor Chem. Div. Ann. 
Progr. Rept. Jan. 3 1 ,  1964, ORNL-3591, pp. 117-18. 

I3A. P. Malinauskas, J. Chern. Phys. 42, 156 (1965). 

Some of t he  experimental da t a  a re  shown in  
F igs .  10.4 and 10.5, where D1,, reduced t o  1 
atm pressure in the  usua l  manner, is d isp layed  
a s  a function of temperature. The  so l id  l i nes  in 
the  figures were ca lcu la ted  from the  Chapman- 
Enskog expression for D1, and the  following 
Lennard- Jones  (12-6) potential-energy parameters: 
Ar-Xe, E/k = 257OK, D =  3.367 A; He-Xe, e / k  = 

It is apparent from Fig.  10.4 that both the  re- 
s u l t s  of the  present work with Ar-Xe and the  
lone  viscosity-derived value a re  in sa t i s fac tory  
agreement with previous measurements by Amdur 
and  S c h a t ~ k i ' ~  and by Srivastava." The la rges t  
deviations a re  about 4%; they a re  ind ica t ive  of 
the  difficulty in  measuring D1, accurately.  On 
the  other hand, F ig .  10.5 clearly dep ic t s  t he  
almost constant,  9% variance between Srivas- 
tava ' s15  va lues  and the  present  resu l t s  for t he  
system He-Xe. The  more recent da t a  a re  in 
exce l len t  agreement with t h e  diffusion coeffi- 
c i en t s  ca lcu la ted  from viscos i ty  measurements, 
however; they thus  support  t he  Weissman-Mason 
procedure. 

67.3'K. C= 3.273 A. 

141. Amdur and T. F. Schatzki, J. Chern. Phys.  27, 

15K. P. Srivastava, Physica 25, 571 (1959). 
1049 (1957). 
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Gas Transport Character is t ics  of 
Uranium-Fueled Graphi tes l  

A. P. Malinauskas F. L. ~ a r l s e n ' ~  

Two types  of fueled graphite prepared by an 
admixture technique have  been under considera- 
tion for u se  in high-temperature gas-cooled nu- 
c l ea r  reactors.  In one, the graphite is fabricated 
by molding an admixture of high-fired UO, shot  
and a carbonaceous mix and then baking the  com- 
pact a t  temperatures favorable for formation of 
uranium carbide; in the second,  the fuel is 
admixed in the  form of pyrolytic-carbon-coated 
UC, spheroids." In the  l?tter type, fission-gas 
retention is relegated to  the impermeable pyrolytic 
carbon coating, but in e lements  containing the  
uncoated ca rbcn, f ission-gas transport is largely 
a charac te r i s t ic  of the graphite matrix. Further- 
more, conversion of the  UO, t o  uranium carbide 
yields a septum with large voids which, due  to  
the consequent  migration of t he  carbide, are 
partially enveloped by regions of relatively low 
permeability. Thus ,  in comparison with exten- 
s ive ly  s tud ied  reactor-grade graphites,  graphites 
containing the  uranium fuel show differences due 
t o  t h e  necessary  modifications in fabrication 
techniques (smaller batches,  lower baking tem-  
peratures,  etc.) along with, particularly in the 
c a s e  of the  uncoated fuel elements,  differences 
due to  a d i rec t  alteration of the  matrix by the  fuel. 
G a s  flow properties of both the  coated and the 
uncoated types of fueled graphite were therefore 
investigated.  T h e  l imitations of space do not 
permit a detailed presentation of t he  a spec t s  of 
t h i s  work, which can be  found elsewhere;16 
seve ra l  highlights are given here. 

T h e  f i r s t  series of investigations,  begun in the  
latter part of 1962, cons is ted  of a s e t  of diffusion 
and permeability experiments designed t o  test 
the sens i t iv i ty  of the  gas  transport theories to  
the gross  inhomogeneity of uncoated fuel-admixed 
graphites. No d iscrepancies  were anticipated 

16A. P. Malinauskas and F. L. Carlsen, Bull. Am. 

17Metals and Ceramics Division. 
'*R. A. Reuther and D. D. Johnson, Proc. Conf. 

Carbon, Fifth, University Park, Pennsylvania 1961, 

"A. P. Malinauskas, Reactor Chem. Div. Ann. 
Progr. Rept. Jan. 31, 1963, ORNL-3417, p. 145. (At 
that time the material was incorrectly denoted a s  a 
"uranium-impregnated graphite. ") 

Ceram. SOC. 44(3), 251 (1965). 

1, 377-83 (1962). 

and none were detected. In another a spec t  of 
the  work, a graphite of the  same type was  
machined into s ix  cylinders in such  a way tha t  
flow measurements could be  made parallel  to  
the direction of the molding force appl ied  in 
forming the  compact, as well  a s  in two mutually 
perpendicular directions t o  i t .  T h e s e  permeability 
resu l t s  a r e  displayed in F ig .  10.6, where the 
pressure dependence of the  permeability coeffi- 
c ien t  K is shown. T h e  two specimens (1P and 
2P) in which gas  flow was  made to  occur in the 
direction parallel  to t h e  applied molding force 
clearly demonstrate an  enhancement  of g a s  
transport relative to  flow in the  perpendicular 
directions (1A and 2A, 1C and 2C). Unfortunately, 
the  same samples  a l s o  gave  higher porosity 
va lues  when determined by both a g a s  expansion 
method and a mercury penetration method. Since 
the  porosity determinations were omnidirectional, 
the  flow enhancement observed appears  to  b e  
fortuitous; i t  may b e  due  to the  higher porosi- 
t i e s  of these  samples  as well. Figure 10.6 a l s o  
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F ig .  10.6. Permeabi l i t ies to  Argon of an Uncoated 

Fuel-Admixed Graphite as a Function of Pressure and 
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Molding Force. Samples 1P and 2P, flow paral le l  to 
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graphically i l lus t ra tes  the  divergence in the  
permeability da t a  for “duplicate” samples  (from 
position to  position within an  otherwise ident ica l  
specimen). T h i s  is readily s e e n  when one com- 
pares  the  da t a  for samples  1P and 2P ,  1A and 
2A, and 1C and 2C. 

In the  next s e r i e s  of experiments, t h e  effect of 
fuel content on the  permeability of uncoated 
uranium-admixed graphites was  investigated.  
T h e  four molded samples  used  were prepared 
under ident ica l  conditions but with differing 
uranium content  (5.06, 7.26, 10.28, and 14.61% 
uranium by weight respectively). A comparison 
of the  argon permeabili t ies of t hese  samples  
(Fig.  10.7) with the  corresponding pore-size 
spec t r a  (Fig. 10.8) shows good agreement. In 
particular, t he  anomalous behavior of sample  916 
(14.61% uranium) i s  obvious in both figures. 
Th i s  anomaly, as  wel l  as the  lack  of reproduci- 
bility of flow properties from position to position 

within the  s a m e  material, d i scussed  earlier,  
demonstrates t he  uniqueness  imparted t o  graphite 
s e p t a  as  the  result  of fabrication, and h a s  led 
u s  to conclude tha t  the  relative concentration of 
the  voids formed during the  formation of uranium 
carbide in uncoated fuel-admixed graphites d o e s  
not materially affect the  fission-gas retention 
properties of such  s e p t a  in the fuel concentration 
range studied. 

F igures  10.9 and 10.10 i l lustrate flow proper- 
t i e s  and pore-size distributions of three fuel 
e lements  t ha t  contain pyrolytic-carbon-coated 
UC2 spheroids.  As in the  previous case, the  two 
sets of da t a  correlate well ,  but t he  pore-size 
spectrum for the  sample  des igna ted  GA-S1, when 
compared with the  spec t r a  of the  specimens con- 
taining the  uncoated fuel, sugges t s  a lower 
permeability coefficient than that observed. 
T h i s  discrepancy is believed to b e  due  t o  the. 
relative “effective lengths”  of t h e  pores in the  
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Fig. 10.9. Permeabi l i t ies to Argon of Graphites Con- 

taining Coated Particles. 
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two types  of graphite, and aptly demonstrates 
that  s i n c e  pore-size spec t r a  d o  not d i s t inguish  
between pore length and pore number, whereas  
the  e f f ec t s  of t hese  two parameters on gas 
transport  a r e  in opposition, a s imple  comparison 
between the  two properties cannot  ordinarily be  
made. 

ACTINIDE DIFFUSION IN PYROCARBONS 

R. B. Evans  111 
J. L. Rutherford J. Truit t  

J. 0. Stiegler’’ 

Experimental  determinations of diffusion coef- 
f ic ien ts  for t h e  migration of thorium, protactinium, 
and uranium as a function of temperature i n  mas- 
s i v e  pyrocarbons have  continued. Our researches  
have  revealed tha t  variations in matrix structure 
and ac t in ide  concentration greatly influence the  
mode and ex ten t  of the  observed migration. Three  
s e r i e s  of experiments have  formed the  b a s i s  for 
t hese  findings. 

T h e  first  s e r i e s  w a s  des igned  to show compari- 
s o n s  of t h e  migration behavior of various acti- 
n ides  in  both as-deposited and  improved pyrocar- 
bons when the  migration was  init iated from thin- 
layer sou rces  containing 10 t o  30 pg of ac t in ide  
per c m ’  on a unit  a r ea  of specimen surface.  Both 
DI and D l ,  values  were obtained, where D 
(cm 2 /sec)  represents  the  diffusion coefficient.  
T h e  second  s e r i e s  of experiments was  restricted 
to D thorium measurements i n  as-deposited pyro- 
carbons. In th i s  series, t h e  l aye r s  contained 2 
pg  of thorium per c m 2 .  T h e  third s e r i e s  of experi- 
ments involved a constant-potential  uranium source  
in order t o  produce diffusion r e su l t s  at the high- 
e s t  poss ib le  concentrations - as d ic ta ted  by the  
l imi t s  of ac t in ide  solubili ty in pyrocarbons. 

i 

Thin-Layer Experiments at High Concentrations 

Adequate descr ip t ions  of experimental  proce- 
dures ,  d e t a i l s  of pyrocarbon s t ruc tures ,  ‘ 
pecul ia r i t i es  of the da ta ,  23 and interpretations 

20Metals and Ceramics Division. 
2 1  J. Truitt, G. D. Alton, and C. M. Blood, Appf. 

Phys. Letters 3(9), 150 (1963). 
22R. B. Evans 111, J. 0. Stiegler, and J. Truitt, 

GCR Program Semiann. Progr. Rept. Sept. 31, 1964, 

23R. B. Evans I11 and J. Truitt, Reactor Chern. D i v .  
ORNL-3619, p. 111. 

Ann. Progr. Rept. Jan. 31, 1964, ORNL-3591, p. 118. 
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of t h e  r e su l t s  2 4 * 2 5  have been reported previously 
for t he  thin-layer experiments with 10 to 30 pg  of 
ac t in ide  per cm2  of pyrocarbon sur face .  It is 
important, however, t o  summarize these  ear l ie r  
resu l t s  in order to form an introduction for d i s -  
cuss ions  of our more recent findings. T h e  high- 
concentration thin-layer experiments provided 
da ta  over the  temperature range 1000 t o  24OOOC; 
three d is t inc t  migration regimes were de tec ted  
for t he  case of as-deposited pyrocarbon. 

Below a threshold temperature of 146OoC, mi- 
gration was  found t o  be  negligible. Above the  
threshold temperature but below 2OOO0C, the  
migration could be described by appl icable  dif- 
fusion equations.  Within th i s  regime, the  dif- 
fusion behaviors of the ac t in ides  s tud ied  were 
similar. T h e  ratio of coef f ic ien ts  D ,  ,/Dl w a s  
280; t he  a s soc ia t ed  activation energy appl icable  
to  both directions was  60.8 kca l  per gram atomic 
weight; va lues  of the  coef f ic ien ts  ranged from 
10- t o  10- l 2  cm2/sec .  Supplementary r e su l t s  
obtained with porous graphite specimens fell 
between the  two sets of coef f ic ien ts  obtained with 
pyrocarbon, with approximately the  same activa- 
tion energy. 

At temperatures above 20OO0C, e f f ec t s  of 
s t ruc tura l  changes  within the  carbon matrix 
intruded in to  the  diffusion process ,  and the  
apparent coef f ic ien ts  decreased  with increased  
diffusion-anneal times. For  example, experiments 
at 240OoC revealed an arrested migration with 
respec t  t o  t h e  DL direction after a sudden in i t ia l  
penetration. T h i s  finding, supported by structural  
charac te r iza t ions ,  demonstrated that dras t ic  
annea l s  and dramatic structural  changes  were 
not required t o  suppress  ac t in ide  migration in 
the  perpendicular direction. T h e s e  r e su l t s  gave 
the  first  suggestion that structural  a l te ra t ions  
a r i s ing  from the  presence of the  ac t in ides  might 
influence migration behavior. 

Several  pyrocarbon specimens were annealed 
(without actinide) for 3 hr a t  temperatures ap- 
proaching 30OO0C. A comparative examination 
of specimens before and after t h i s  annea l ing  
treatment indicated definite changes in specimen 
dimensions,  c rys ta l l i t e  s i z e s  and orient a t  ion,  
and crystallographic parameters. All changes  

represented improvements in the  carbon s t ruc ture  
accompanied by dec reases  in defect concentra- 
t ions.  

Actinides were found to  be  immobile (at a l l  
t imes,  with respec t  to perpendicular-direction 
diffusion) in the  improved material produced 
v i a  hi gh-temper ature anneals.  Accordingly , 
ac t in ide  mobility in  as-deposited pyrocarbon was  
attributed, in part, to the defective s t ruc ture  of 
t h e  material. 

Attempts t o  obtain da t a  pertinent to parallel- 
direction diffusion in improved pyrocarbons met 
with only partial  s u c c e s s ,  because most of t he  
material  posses sed  c racks  along basa l  su r f aces ,  
as shown in Fig.  10.11. From a limited amount 
of da ta ,  we have concluded that the  e f f ec t s  of 
hea t  treatment on diffusion in the perpendicular 
direction a re  much more dramatic than upon 
diffusion i n  the  parallel  direction. 

Thin -Layer  Experiments a t  L o w  Concentrat ions 

T h e  pyrocarbon specimens used in these  experi- 
ments contained only 2 pg  of thorium per c m 2  of 
carbon sur face .  They were examined after t he  
diffusion annea l  by autoradiography and by 
sec t ion ing  and ana lyses  to  e s t ab l i sh  the nature 
and ex ten t  of migration. 

Autoradiographic Results.  - Autoradiographic 
r e su l t s  revealed tha t  the tracer distributions on 
su r faces  normal t o  t h e  diffusion path in  the  
<+c> direction (the direction in which the  pyro- 
carbon “grows” during deposition) a re  qui te  
different from those  in the  <-c) direction. T h e  
orientation of these  directions,  with respec t  t o  
the  macrostructure of the  as-deposited carbon, 
is i l lus t ra ted  in Fig. 10.11. From an  applied 
point of view, diffusion in the  <+c> direction is 
of major in te res t ,  s i n c e  diffusion in particle 
coa t ings  proceeds in  th i s  direction. Most of 
our experiments,  therefore, have  involved the  
<+c) direction. 

Comparisons of the diffusion patterns a s soc i -  
a ted  with the  two directions a re  shown in F ig .  
10.12. Several  features may be  noted from the  
r e su l t s  shown in th i s  figure: the  sur face  con- 
centration of ac t in ide  is uniform before the dif- 
fusion annea l ,  marked segregation occurs  during 
the  experiment, the  migration patterns for t h e  
<+c> and <-c> directions a r e  inverted, i n  all 
cases t h e  patterns correlate with macrostructure, 

24R. B. Evans I11 and J. Truitt, Nucl. Sci. Eng. 

25R. B. Evans 111, J. 0. Stiegler, and J. Truitt ,  
Actinide Diffusion in Pyrocarbons and Graphite, 

20, 197 (1964). 

ORNL-3711 (December 1964). 
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Fig. 10.1 1. Micrographs Indicating Orientation of Two Dif fusion Paths for <c>  Direction Migration in Columnar 

Pyrocarbons. The two figures a t  the top correspond t o  one specimen; those a t  the bottom correspond t o  another 

specimen. For each specimen two  views of the same areas under different l ighting are shown. In micrographs 
produced a t  the magnifications indicated above, one actual ly sees mocrostructure. The presence of cracks along 
basal surfaces i s  most readi ly detected under a bright field; such cracks negate most of our attempts t o  study migra- 

I 

t ion parallel t o  the basal  planes. 

and the  patterns a re  the same at various penetra- 
tion depths. 

Segregation probably occurs quite rapidly at 

low temperatures during the  very in i t ia l  s t a g e s  
of the  experiment. Migration ra tes  a s soc ia t ed  
with segregation must be  quite high, in view of 
the short  times and relatively large d i s t a n c e s  
involved. In any event,  t h i s  phenomenon seems 
t o  represent  t he  an t i thes i s  of a diffusion process.  
T h e  la t te r  requires net movement toward low- 
concentration regions in order to yield uniform 
sys tems.  Our experimental resu l t s  seem t o  con- 
tradict  t h e s e  requirements. 

Although the macrostructure h a s  a marked in- 
f luence upon the  in i t ia l  segregation effects over 
a reas  normal t o  the diffusion paths,  we suspec t  
that  the  microscopic defec ts  within t h e  sur faces ,  
through which the  <c> direction diffusion occurs,  

a r e  distributed uniformly over t hese  su r faces .  
It is important t o  note  that patterns,  such  as 
those  shown in Fig. 10.12, are not peculiar to  
lowsoncent ra t ion  experiments; they charac te r ize  
all our perpendicular experiments - regardless of 
the  ac t in ide  concentration. 

Penetrat ion Data.  - In the low-concentration 
experiments, " major attention was  given to mi- 
gration as it would occur in the <-.> direction, 
s i n c e  all other perpendicular experiments have  

*'This investigation has  been carried out, with the 
authors ass i s tance ,  by F. L. Carlsen, Jr., of the 
Metals and Ceramics Division. Mr. Carlsen has a l s o  
conducted similar experiments involving pyrocarbons 
which are intermediate with respect to our improved 
and as-deposited materials. A complete summary of 
this work wi l l  appear a s  a thesis to  be prepared under 
joint auspices  of the University of Tennessee Graduate 
School and ORNL. 
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Fig. 10.12. Autoradiographs of Tracer Patterns Arising from < c >  Direction Diffusion of Thorium in 

Pyrocarbon. F i l m  exposure time 

equal. In a l l  cases the reader is vie 

surfaces; the migration of interest has proceeded in a direction perpendicular to these surfaces and t o t  

the figure. 

Dark regions on autoradiographs indicate location of 239P0 act ivi ty .  

Dimensions of these specimens are approximately 0.68 x 0.78 cm. 

been limited to the <+c) direction. Two  s e r i e s  
of the  <-c> direction experiments were carr ied 
out at 1850 and 1975OC. In addition, one s e r i e s  
of the <+c> direction experiments was  conducted 
at 1850OC. T h e s e  resu l t s  - coupled with resu l t s  
of four ear l ier  experiments (conducted at higher 
concentrations) - sugges t  equivalent  diffusion 
ra tes  for both directions.  

One of the most s ignif icant  features  of t h e  
resu l t s  concerns the relatively low va lues  of 
penetrations and diffusion coeff ic ients  as com- 
pared with those  obtained at higher concentra- 
t ions  under comparable conditions.  Specifically,  
the penetrations and coeff ic ients  for the high- 
concentration thorium experiments were, respec- 
tively, three and ten times greater than those  for 
the low-concentration thorium experiments. 

T h i s  concentration effect  c la r i f ies  the  apparent 
time dependence of the coeff ic ients  observed in  
ear l ier  experiments.  Similar effects appear in  
the present  experiments. For example,  at 185OT, 

coeff ic ients  at low concentrations corre 
to 2, 64, 144, and 256 hr, respect ively,  
3.0, 1.9, and 1.6 x cm2/sec for diffusion 
in  the  <+c> direction. W e  note  here  that the  
coefficient should remain constant  - if  the  mi- 
gration processes  were independent of concen- 
tration - but the  migration ra tes  and coeff ic ients  
a re  high when the concentrat ions are  high in our 
experiments. One might recal l  that the concen- 
t ra t ions should have their maximum values  during 
the  early s t a g e s  of all types  of depletion experi- 
ments - regardless  of complications.  Thus  the 
apparent t i m e  dependence may be directly related 
to the observed concentration effects. 

Constant-Potent ial  Experiments 

Scope and Obiect ives.  - T h e s e  experiments 
were designed to s tudy uranium diffusion in  
both the  <+c> and (.> direct ions (frequently 
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denoted I and II) as  i t  occurs  in as-deposited 
pyrocarbon a t  high l eve l s  of uranium coticen- 
trations. Fo r  t h i s  investigation, diffusion- 
anneal time and temperature were se l ec t ed  as the  
controllable independent variables.  The  deter- 
mination of the  so-called saturation concentra- 
tion, C o  (g/cm3), of uranium in a columnar pyro- 
carbon consti tuted a major objective of the  
work. From t h e  standpoint of transport relation- 
sh ips ,  C o  represents  a time-constant driving 
force a t  a boundary. 

Since the  resu l t s  of earlier experiments taught 
the  concentration dependence of the  actinide- 
diffusion coefficients,  it was  realized that co- 
ef f ic ien ts  obtained at low concentration would 
not apply here. Thus ,  present experiments were 
broken down in to  two parts: (1) measurement of 
the  total uranium, AM, accepted  by pyrocarbon 
specimens after various annea l  t imes,  t ,  as given 
by 

where A i s  the  a rea  normal to the diffusion path, 
and (2 )  evaluation of coefficients,  D (cm2/sec), 
to allow computation of C o  from AM/A values ,  
us ing  the  relationship above. The  coef f ic ien ts  
were evaluated by comparing applicable penetra- 
tion da ta ,  determined by counting and grinding, 
with the approximate relationship 

F.R. = dyier fc  (u)  . ( 2 )  

T h e  abbreviation F.R. denotes  fraction of total  
’ 38U-related ’ ’Np activity tha t  remains after 
grinding (and discarding) specimen volumes 
over a d i s t ance  x. T h e  argument u is x / v m .  

Procedures. - Each experimental s e r i e s  in- 
cluded s ing le  diffusion annea ls  at 1500, 1640, 
1820, and 2260’C with some additional 2020’C 
experiments at different diffusion-anneal times. 
Specimens prepared to s tudy  diffusion in  the  
perpendicular (+c> direction were “spiked” 
with a thin layer  of 2 3 8 U  (10 pg/cm2) prior t o  
the  diffusion anneal.  T h i s  s t e p  was  omitted in 
the  case of t h e  pa ra l l e l<a )  direction spec imens .  
All specimens were loaded in to  individual 
graphite holders ( s e e  Fig.  10.13) such  that t he  

su r faces  of in te res t  would contac t  a cons tan t -  
potential  source.  Each  experiment involved 
f o,u r s pec  i mens. 

T h e  source  material was  composed of a porous 
graphite containing 26 wt ’% uranium in the  form 
of d ispersed  UC, granules. Each loading w a s  
subjec ted  to  a short  preanneal at 2020’ for 
15 min. Preliminary annealing and sp ik ing  
were included in our procedures to enhance in i t ia l  
equilibration and to  ensure  a posit ive zero  - t’ i m e  
correction. After t h e  diffusion annea ls ,  t h e  
spec imens  were unloaded and dras t ica l ly  trimmed 
to minimize errors a s soc ia t ed  with contamination 
of t he  coupons at  the edges.  

Duplicate determinations of the  to ta l  238u 
were performed (using appropriate s tandards)  by 
counting the  239Np produced by two individual 
short-term neutron activations.  T h e  agreement 
between the  two s e t s  of da t a  was  qui te  good. 
Averages of t h e  duplicate determinations appear 
i n  Tab le  10.1; t h e s e  were applied (some time 
later)  in Eq. (1) to compute C o .  

Variations in the  va lues  tabulated for different 
specimens of a given experiment probably result  
from differences in macrostructure as  i t  occu r s  
in  different spec imens ,  rather than variable 
devia t ions  introduced v ia  a s s a y  techniques.  
On the b a s i s  of the  AM/A values  given in 

. Tab le  10.1 (and other considerations),  one  
specimen from each  loading w a s  se l ec t ed  as  
being most representative of a particular experi- 
ment, and was  put a s i d e  for subsequent  penetra- 
tion determinations. T h i s  group of specimens 
w a s  designated se r i e s  I.  Another group ( se r i e s  
11) w a s  collected and subjec ted  to grinding t o  
remove a wedge of the specimen sur face  at the  
uranium-invaded zone. Angles of the wedges a re  
shown in  Fig. 10.13. 

At th i s  point, s e r i e s  I and 11, for both parallel-  
and perpendicular-direction experiments, were 
reactivated to  advance the  activity t o  the l eve l s  
required for autoradiographic techniques and a 
determination of the  coef f ic ien ts  through direct  
grinding procedures. 

Autoradiographic Resul ts .  - Resu l t s  relative t o  
parallel-diffusion specimens a re  shown in F igs .  
10.14~1 and b. At t h e  x = 0 sur faces ,  regions of 
high concentrations of uranium, in the form of 
pockets  or worm holes ,  appear a t  delaminations 
or c r acks  tha t  proceed along the  b a s a l  sur faces .  
Manifestations of delaminated sec t ions ,  as they 
affect  the  actinide-invasion front, a r e  reflected 
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also in autoradiographs of wedged spec imens ,  verification of th i s  h a s  been gained through grind- 
shown in Fig.  10.14b. Within the  invasion zone, i ng  experiments. A major portion of the  penetra- 
t he  uranium concentration is es sen t i a l ly  uniform tion da ta  for all D l l  experiments revea ls  a uni- 
as sugges ted  by the  absence  of an intensity form concentration profile - irrespective of the  
gradient in exposures  of Fig. 10.14b. Definite ac t in ide  concentration involved. 
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F i g .  10.13. F u r n a c e  L o a d i n g  D i a g r a m  a n d  Wedge A n g l e s  P e r t a i n i n g  t o  C o n s t a n t - P o t e n t i a l  D i f f u s i o n  S p e c i m e n s .  

A l l  c o m p o n e n t s  a t  l e f t  a r e  c o m p o s e d  of v a r i o u s  f o r m s  o f  g r a p h i t e .  T h e  a n g l e s  of t h e  w e d g e s  c u t  on a n n e a l e d  s p e c i -  

m e n s  ( s h o w n  a t  r i g h t )  d i f f e r  b e c a u s e  t h e  e x t e n t  of d i f f u s i o n  i n  t h e  < a >  d i r e c t i o n  i s  m u c h  g r e a t e r  t h a n  t h a t  i n  t h e  

< c >  d i r e c t i o n .  

T a b l e  10.1. Total U r a n i u m  C o n t e n t  o f  <+c> D i r e c t i o n  S p e c i m e n s  

A f t e r  D i f f u s i o n  a t  V a r i o u s  T e m p e r a t u r e s  

Uranium Contenta Diffusion 
Temperature Time (&/A, pg of uranium per cm2) 

2260 12 63.1 60.5 52.9 68.8 70.3 

2020 17 25.7 22.9 18.0 30.8 31.1 

2020 100 63.5 61.2 65.8 206.5d 196.0d 

1820 192 24.4 17.5 15.3 22.9 42.0 

1640 530 14.8 14.1 16.5 14.5 14.3 

1500 1,200 11.8 12.5 9.4 16.3 8.8 

aUranium contents are referred t o  a unit area of source-specimen 

bSpecimens used t o  obtain diffusion coefficients. 
'Specimens used for wedge autoradiographs. 
dValues rejected. 

interface. 
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Fig. 10.14~~. Surface Autoradiographs, a t  x = 0, of 

Series I < a >  Specimens Prior to Grinding. T h e  dark 

regions indicate the presence of radioactive material 

ar is ing from neutron act ivat ion of 238U which has 

migrated into the specimen under constant-potential 

c ond i t i on s . 

Autoradiographs of perpendiculardirect ion 
diffusion spec imens  are shown i n  Figs. 10.15a 
and b. Relat ively uniform concentrations at the 
x = 0 sur faces  were anticipated; we had expected 
a cont inual  act inide replenishment in a r e a s  that 
tended to b e  depleted in the  thin-layer experi-  
ments. In other words, we had expected a 
relat ively uniform concentration on the specimen 
surfaces .  Although our expectat ions s e e m  to be 
verified by the autoradiographs of wedged sur- 
f a c e s  in  Fig.  10.15b, the resu l t s  of Fig.  10.15a 
clear ly  indicate  the ex is tence  of an  ac t in ide  
segregation qui te  s imilar  to  that  obtained in  
the  thin-layer experiments. Apparent disagree-  
ment a r i s e s  because  f i lms  on wedges were some- 
what overexposed in order t o  bring out de ta i l  at 
deep  penetrations.  

I l i l I  
0 15 30 14 60 

WEDGE DEPTH (mils) 
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2O2O0C; 13hr 

Y.59184 

P 

I I I I I  
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1 6 4 0 ' C :  1 2 6  hr 

Fig. 10.14b. Autoradiographs of Wedge Surfaces on 

Series II <a>  Specimens. Since the wedge angle relates 

distances across the wedge surface with penetration 

distances, these figures give an  indication of the 

constant-potentia I concentration profile within the 

specimen, particularly a t  deep penetrations. 

Di f fus ion Data.  - To date ,  penetration da ta  are 
avai lable  only for the <K> direction experi- 
ments. A rather unusual feature of the data  is 
i l lustrated in Fig. 10.16, namely, the presence  of 
a supersaturated region near the interface at 
x < 15 p. It  is c lear  that  the concentrations 
within th i s  region were qui te  high in  comparison 
to  concentrat ions in  the bulk of the specimens.  
The  reader might recal l  that the concentrat ions 
are proportional to the negative s lopes  of our 
experimental  F.R. v s  x (and/or u)  curves.  In an  
effort t o  correlate  the major portion of t h e  pene- 
tration da ta  with Eq. (2), it seemed reasonable  
to us to recompute t h e  F.R. with new b a s e s  given 
by the  extrapolat ions to x = 0 as indicated in  
Fig.  10.16. We should mention that our decis ion 
to  sp ike  and preanneal specimens prior t o  the 





198 

1 .o 

0.9 

0.2 

0.1 

80 90 0 10 20 30 40 50  60 70 

X ,  DISTANCE REMOVED BY GRINDING (microns)  

F ig.  10.16. Typ ica l  Appearance of Penetration Data for < t c >  Direction Constant-Potential Diffusion Experi- 

ments in Raw Form. T h e  x = 0 intercepts of the broken curves indicate the approximate uranium content of the 

specimen when contributions of very high concentration actinide layers (7-15 ~1 thick near the surface ofthe specimen) 

are excluded. 

material  of different texture weave their  way 
throughout t he  flake.  T h e s e  a re  qu i t e  evident  
i n  Fig.  10.19. In addition, isolated pa tches  of 
sca ly  material  appear. T h e  electron diffraction 
pat terns  from s u c h  regions reveal t he  presence  of 
transformed (or reformed) material  with t h e  b a s a l  
p lanes  rotated with respect t o  the original 
deposi t ion surface.  We cannot,  however, identify 
the  transformed material as having ei ther  a 
pyrolytic carbon or a graphite structure.  

T h e  s t ructure  of t he  c leavage  f lakes  taken a t  
posi t ions d e e p  in  the  interior of the specimen is 
the same as the s t ructure  of t h e  as-deposited 
material. T h i s  s u g g e s t s  that  t he  presence of 
the act inide - not the temperature of the  experi- 
ment - brought about t he  structural  transforma- 
tion. In opposit ion to t h i s  idea,  the concentra- 
tion of uranium in  the region within the growth 

c o n e s  s e e m s  t o  be too low to promote the change  
in  s t ructure  of the type observed near the 
boundaries.  There  h a s ,  however, apparently been 
s o m e  diffusion (and perhaps s o m e  structural  
changes)  within the  growth cones  as is evidenced 
by the  c losed  microvoids in  th i s  region. 

There  is no  diffraction evidence for the exis t -  
e n c e  of classical forms of uranium carbide in  
t h e s e  layers.  A few small dark s p o t s  are sca t -  
tered throughout the material ,  mainly near or in 
the regions having a pebbled structure.  T h i s  
ind ica tes  t ha t  t he  actual  uranium concentration 
of th i s  material is still extremely small after 
diffusion. Continuous pa ths  of transformed 
material  have not been observed in  uranium- 
invaded zones  of specimens subjected to 
anneal ing temperatures lower than 2260OC. 
Additional s t ructural  invest igat ions along t h e s e  
l i n e s  are  in progress.  
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Remaining (F. R . )  vs .  x data as  indicated on F i g .  10.6. 

Summary of Results,  - A convenient means for 
summarizing all the  semiquantitative da t a  accu- 
mulated in regard to our constant-potential  ex- 
periments presents  i t se l f  when one  combines the  
uranium-content va lues  and related diffusion 
coef f ic ien ts  to compute the apparent uranium 
solubili ty,  Co. T h e  da ta  and resu l t s  a s soc ia t ed  
with s u c h  computations a r e  presented in  Tab le  
10.2. We should mention that out uranium- 
conten t  va lues  and diffusion coef f ic ien ts  incor- 
porate depth and area  measurements performed 
a t  room temperature; accordingly, we have  applied 
a smal l  correction (-6 vol %) to the Co values  to 
account for t he  volume expansion of the  pyro- 
carbons  as t h e  temperature was  increased  from 

room temperature to  the relatively high experi- 
mental temperatures. 

Inspection of the  Co va lues  appearing in  Tab le  
10.2 s u g g e s t s  that  the  apparent solubili ty is 
independent of the  temperature. T h e  average  of 
all Co values  i s  1.32 mg/cm3. T h i s  va lue  is in 
good agreement with the  average of the  Co 
va lues  reported by Lonsdale" for a comparable 
sys tem.  We note ,  however, tha t  Lonsdale ' s  
resu l t s  demonstrate a temperature dependence 
(Co i nc reases  with T ) ,  in opposition to the  
present  results.  

"H. Lonsdale and . J. Graves,  Coated Particle-Fuel 
Research at G .  A . ,  November 31, 1962 - May 31, 
1963, GA-4260, pp. 53-57.  
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10.18. Comparison of Three Sets of Diffusion 

Coefficients for <c> Direction Actinide Migration 

With in Identical Columnar Pyrocarbon Specimens. The 

coefficients are plotted as a function of temperature for 

three actinide concentration ranges. 

UNCONTAMINATED ZONE 

One may specula te  tha t  the  act inide solubi l i ty ,  
as well  as the  coefficient,  depends heavily on 
s t ructural  defec ts  in  the pyrocarbons, and tha t  
the nature of these  defec ts  ( insofar as act inide 
solubili ty is concerned) is relatively insens i t ive  
to  temperature variations within the temperature 
range 1500 to 2260OC. Considerations as to  the 
s t ructure  of nearly perfect graphite - combined 
with our resu l t s  showing a complete lack of the  
<+c > act inide migration (and/or solubility) in 
improved pyrocarbons - lead one to expec t  a 
negl igible  solubi l i ty  in  the  absence  of defects .  
T h u s  we  a r e  not at all surprised by the tempera- 
ture invariance of the  C, value in  our highly de- 
fect ive material. 

We are, on the  other hand, amazed by the  fac t  
that  the coeff ic ients  and C o  values  a r e  amenable 
to  correlation of any kind when we consider the 
obvious var ia t ions in  the  diffusion pat terns  as 
indicated by comparisons of the autoradiographs 
in  F igs .  10.15a and b. In t h i s  regard, our volume 
correction seems to be superfluous. We recognize 
that  the reported Co values  represent an overal l  

PHOTO 66590 

0 

URANIUM INVADED ZONE 

Fig. 10.19. Transmission Electron Micrographs Showing Structrual Changes Result ing from Actinide Migration 

in Pyracarbans a t  226pC. The locations of re-formed material, which i s  probably produced by actinide-catalyzed 

kansformations, correspond t o  positions of the l ight streaks that appeor in micrographs of the uranium-invaded zone. 

Examinations of the material in  the streaks suggest only the presence of regions of altered pyrocarbons; the presence 

of actinide carbides in identif iable forms in  such regions has not been detected. 
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number based  on specimen dimensions.  T h e  act inide actual ly  resides,  are two to four t imes 
true C o  values  for pyrocarbon regions,  whereinthe higher than those given in  Table 10.2. 

Table 10.2. Summary of Diffusion Results for the <+c> Direction ot 

Uranium Migration Under Constant-Potentia I Conditions 

Uranium 
Expansion Ratio' Solubility, Effective Diffusion 

b U Content,a &/A Coefficient, Dl 
Temperature 

co  3 
(V7 ' V z o 0 )  2 

(mg/cm 1 (cm /sec)  
e a  

Gug/cm2) 

2260 29.5 79.0~ lo-'' 1.065 1.33 

2020 23.7 37.0 1.058 1.31 

2020 35.7 13.0 1.058 1.39 

1820 ' 23.2 2.7 1.052 1.44 

1640 14.8 0.57 1.047 1.20 

1500 6.8 0.049 1.043 1.26 

aAverages of Table 10.1 corrected for supersaturated regions near source-specimen 

bBased on curves of Fig. 10.7 and Eq. (2). 
'For pyrocarbons, a s  estimated using data supplied by High-Temperature Materials, 

interface. 

Inc., Boston, Mass., for columnar structures. 



11. Reactions of Graphite with 

L. G. Overholser 

Interest  i n  gas-cooled reactor concepts  u s ing  all- 
ceramic co res  and helium coolant i s  increas ing  
mainly because  higher helium outlet  temperatures 
a r e  poss ib l e  with such  s y s t e m s  than with those  em- 
ploying metal-clad fuel elements.  The  AVR, for ex- 
ample, is to u s e  spher ica l  fuel e lements  cons i s t ing  
of graphite with pyrolytic-carbon-coated fuel parti- 
cles. Graphite components present  i n  the  reactor 
core  would b e  slowly a t tacked  ,by low concentra- 
t ions  of ox idants  (O,, H,O, CO,) in  the  circulating 
helium, and a more rapid and  ex tens ive  a t t ack  would 
occur if high partial  p ressures  of s team were present  
i n  the helium following a tube failure in a s t eam 
generator. Mechanical failure of the  fue l  bodies  
and rupture of t h e  coa t ings  of the  fue l  par t ic les  
might b e  produced by s u c h  seve re  attack. Hydro- 
gen produced by the  steam-graphite reaction could 
lead  to  explos ive  conditions in the  event  tha t  the  
main coolan t  circuit  also failed. 

Experimental  s tud ie s  have been performed to 
es t ab l i sh  reaction r a t e s  of ATJ graphite (the 
graphite u sed  a s  t h e  outer s h e l l  of AVR fuel 
sphe res )  with low concentrations of CO, and H,O 
i n  helium. Unfueled sphe res  of ATJ graphite and 
fueled s p h e r e s  having  s h e l l s  of ATJ graphite have 
also been s tudied  in steam a t  temperatures of in- 
t e r e s t  to the  AVR and similar reactors.  Brief 
presenta t ions  of the  resu l t s  of some of t h e s e  ex- 
perimental s t u d i e s  ' a r e  given in the following 
sec t ions .  

OXIDATION OF ATJ GRAPHITE BY LOW 
CONCENTRATIONS OF OXIDANTS IN HELIUM 

J. P. Blakely 

Experimental  r e su l t s  obtained from s t u d i e s  of t h e  
oxidation of Speer Mod-2 graphite by low concen- 
trations of water vapor and carbon dioxide in helium 

Oxidizing Gases 

were presented previously. '-' Similar s t u d i e s  of 
t he  oxidation of ATJ graphite were made more re- 
cen t ly  us ing  t h e  same experimental equipment and 
techniques.  Reac t ion  r a t e s  were determined from 
weight changes  caused  by flowing contaminated 
helium a t  a to ta l  p ressure  of 1 atm by the  spher ica l  
specimen and from a n a l y s e s  of t h e  effluent gases 
with a Burrell K-7 g a s  chromatograph. T h e  la t te r  
instrument was  modified recently with a resu l tan t  
i nc rease  in sens i t iv i ty  and improved s tab i l i ty  of 
detector output. A s ing le  1-in.-diam sphere  (same 
geometry a s  Speer Mod-2 specimen) of ATJ graphite 
was  used  in all the  experiments. ATJ graphite 
conta ins  -1000 ppm of a s h  (largely calcium) com- 
pared to  <30 ppm for Speer Mod-2 graphite. Grain- 
size and pore-size distribution of the  two graphites 
also differ. 

T h e  e f fec t  of burnoff on the  H,O-graphite reac- 
t ion during early s t a g e s  of oxidation a t  975OC 
us ing  a water  vapor concentration of 460 vpm (parts 
per million by volume) is shown in  Fig.  11.1. The.  
rapid inc rease  in reaction ra te  a t  t he  onse t  of 
oxidation is noteworthy. Da ta  obtained at larger 
burnoffs showed that t h e  reaction rate continued 
to inc rease  but more slowly for burnoffs up to 
7 wt %, t he  maximum measured. Data were not ob- 
tained for Speer Mod-2 graphite at the  very low 
burnoffs, but da t a  obtained for burnoffs above  

J. P. Blakely and N. V. Smith, Reactor Chem. Div. 
Ann. Progr. Rept. Jan. 31.  1963, ORNL-3417, pp. 157- 
58. 

'L. G. Overholser and J. P. Blakely, GCR Program 
Semiann. Progr. Rept. Sept. 30,  1963, ORNL-3523, pp. 
254-59; March 31,  1964, ORNL-3619, pp. 180-86. 

J. P. Blakely, J. L. Rutherford, and L. G. Overholser, 
The Reactivity of Graphite and Fueled Graphite Spheres 
with Oxidizing Gases,  ORNL-TM-751 (February 1964). 

'L. G. Overholser and J. P. Blakely, Oxidation of 
Graphite by Low Concentrations of Water Vapor and Car- 
bon Dioxide in Helium (in press). 
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Fig. 11.2. Ef fect  of Temperature ond Flow Rate  on 

the H20-Graphite Reaction a t  Inlet H 2 0  Concentrations 

of 1 1  0 and 460 vpm (-4 w t  % Burnoff). 

BURNOFF ( w t  % 1 

Fig. 11.1. Ef fect  of Burnoff o n  the H20-Graphite Re- 

action a t  975OC (Flow Rate of 150 cm3/min, In le t  Can- 

centration of 460 vpm of H20). 

1 wt % ind ica te  tha t  t he  reactivity increased  more 
slowly with increas ing  burnoff than did that of ATJ 
graphite. T h i s  behavior resu l t s  from differences 
in the  ra te  of sur face  development for t he  two 
graphites. A qualitative confirmation of t h i s  prem- 
ise is shown (see Fig.  11.6) by similar rate changes  
on oxidation by a high partial  p ressure  of steam. 

The  effect  of temperature and of flow rate on the 
reaction r a t e s  of the  H,O-graphite system at  two 
concentrations of water vapor a r e  shown in Fig. 
11.2. T h e  inc reases  in  reaction ra tes  with in- 
c r eas ing  flow ra t e s  a t  all temperatures examined 
sugges t  tha t  the  r a t e s  a re  controlled by diffusion 
through a g a s  film. T h i s  type of mass transport, 
however, should be  characterized by a much 
s m a l l e r  activation energy than the  -50 kcal/mole 
found from t h e  plots in Fig.  11.2. Although the  ac- 
tivation energy of -50 kcal/mole sugges t s  in-pore 
diffusion control, no apparent dec rease  in activa- 
tion energy with increas ing  temperature occurs  over 
t h e  temperature range studied. Resu l t s  reported 
ear l ie r3  for Speer Mod-2 graphite show the  reaction 
to b e  affected only very slightly by changes in  
flow rate and also show a significant dec rease  in 
activation energy with increas ing  temperature 
(-60 kcal/mole a t  850 t o  -40 kcal/mole a t  
1000°C). A ca ta ly t ic  reaction involving the  im-  
purit ies present  in the  ATJ graphite might con- 
ceivably be  responsible for t h e  observed flow ef- 
fect. Ra te  of reaction of ATJ graphite with CO, 
responds to  changes  in  flow ra te  i n  a similar way 

over t h e  same  temperature and oxidant concentra- 
tion interval. Activation energ ies  of -60 kcal/mole 
were found for t he  reaction of CO, with ATJ 
graphite; t h i s  is reasonably near to the "55 
kcal/mole reported earlier for CO, with Speer 
Mod-2 graphite. 

It is s e e n  from Fig. 11.3 that  t he  apparent order 
of both the  H,O and CO, reactions with ATJ 
graphite is between 0.6 and 0.7 a t  the designated 
temperature and flow rate. Data given in  Fig.  11.2 
sugges t  tha t  the  apparent order of the  H,O reac- 
tion is not markedly affected by temperature or 
flow rate. Although the  apparent order of the  H,O 
and CO, reac t ions  with ATJ graphite a r e  i n  fair 
agreement with those  found previously for Speer 
Mod-2 graphite, t he  relative reactivity of t h e  two 
grades of graphite with the oxidants is markedly 
different. Data in Fig.  11.3 show that t he  reaction 
rate of H,O is less than twice that of CO, under 
comparable conditions. T h i s  i s  i n  marked con- 
t ras t  to a ratio of -8 for t he  reactivity of H,O to 
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CO, found for Speer Mod-2 graphite.3 A poss ib le  
explanation for the difference is tha t  the  impurities 
present in the ATJ graphite ca ta lyze  the C0 , -  
graphite reaction more strongly than the H,O- 
graphite reaction. 

Values  of -20 were found for the CO t o  CO, 
ratio in the effluent g a s e s  obtained by reacting 
H,O with Speer Mod-2 g r a ~ h i t e . ~  In the  current 
s tud ie s  us ing  ATJ graphite, va lues  for t h i s  ratio 
are near unity. Th i s  ind ica tes  that  ATJ graphite 
is a more efficient agent  for promoting the reac- 
tion, CO + H,O +CO, + H,, than is Speer Mod-2 
graphite. T h e  most plausible explanation is that 
the impurities present in ATJ graphite strongly 
ca ta lyze  the  conversion of CO to CO,. There is a 
possibil i ty,  however, that  th i s  conversion is a l s o  
connected with the  res idence  time of the CO in the 
pore structure of t he  respective graphites. 

The  retarding effect  of various concentrations of 
H, or CO on the  H,O reaction with ATJ graphite is 
demonstrated in Fig.  11.4. I t  is evident that  the 
reaction is strongly (and about equally) retarded by 
CO and H,. The  retardation by CO i s  more marked 
than found previously in the  s tud ie s  with Speer 
Mod-2 g r a ~ h i t e . ~  Gadsby e t  a L 5  attributed the  re- 
tarding e f f ec t  of CO to the  H, formed by the reac- 
tion CO + H,O+ H, + CO,. The  da ta  in F ig .  
11.4, however, show tha t  CO per  se retards the  
H ,O-graphite reaction, s i n c e  the  retardation was 
much greater than that due  t o  the  maximum con- 
centration (110 vpm) of H,  which could have been 
present.  

'5. Gadsby, C. N. Hinshelwood, and K. W. Sykes. 
Proc. Roy. SOC. (London), Ser. A 187, 129 (1946). 
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T h e  reaction of ATJ graphite with CO, w a s  re- 
tarded to  the s a m e  degree by H, and by CO. P l o t s  
of t h e  reciprocal of the  reaction ra te  aga ins t  the  
concentration of e i ther  CO or H,  gave curves  bend- 
ing  downward rather than essent ia l ly  l inear rela- 
t ionships as found in Fig. 11.4. T h e  lack of 
linearity for retardation by CO and the strong re- 
tarding effect of H, were unexpected; the  c a u s e s  
are not understood. 

REACTIVITY OF FUELED AND UNFUELED 
GRAPHITE SPHERES WITH STEAM 

J .  P. Blakely J .  L. Rutherford 

Resu l t s  obtained by oxidizing l.S-in.-diam fueled 
graphite spheres  supplied by seve ra l  vendors and 
l.S-in.-diam unfueled graphite sphe res  machined 
f rom Speer Mod-2 and ATJ grades  of graphite with 
s team at 800, 900, and 1000°C were reported previ- 
ously. 3 * 6 - 8  More recently,  the  e f fec t  of burnoff 

6L. G.  Overholser, J. P. Blakely, and J. L. Rutherford, 
GCR Program Semiann. Progr. Rept. March 31,  1963, 

'5. P. Blakely, J. L. Rutherford. and L. G. Overholser, 
Nucl. Sc i .  Eng. 20, 196-98 (1964). 

'J. P. Blakely. J. L. Rutherford, and L. G. Overholser. 
GCR Program Semiann. Progr. Rept. Sept. 30,  1964, 

ORNL-3445, pp. 180-86. 

ORNL-3731, pp. 161-67. 
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on the reactivity of l.S-in.-diarn unfueled graphite 
spheres  was examined in more detai l ,  and the 
s tudies  were extended to  include 2.36-in.-diam 
spheres  of ATJ graphite, simulated AVR fuel 
spheres ,  and fueled mold-injected AVR spheres.  
React ion rates were determined from weight changes 
of the  spheres  as  well  a s  from a n a l y s e s  of the 
effluent gases .  Steam flow r a t e s  of 600 and 1200 
c m 3  STP/min were used for the 1.5- and 2.36-in.- 
diam spheres ,  respectively,  a t  a par t ia l  pressure of 
s team of -730 torrs. 

T h e  effect of burnoff and temperature on the re- 
activity of the unfueled l.S-in.-diam graphite 
spheres  is shown in Fig.  11.5. Activation energies  
determined from t h e s e  plots  (" 60 kcal/mole) agree 
well  with values  obtained previously3 for 1.5-in.- 
diam fueled and unfueled spheres .  T h e  activation 
energy appears  t o  be essent ia l ly  independent of 
burnoff; the  s l igh t  increase with burnoff in  the c a s e  
of Speer Mod-2 graphite may or may not be signif- 
icant. 

ORNL-DWG 64-11214 
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Fig. 11.5. E f fec t  of Temperature and Burnoff on the 

React ivi ty  of 1.5-in.-diam Unfueled Spheres with Steam. 

Data obtained a t  1000°C are  further detai led in 
Fig.  11.6. ATJ graphite showed a much larger in- 
c r e a s e  in  both reactivity and surface a rea  a t  burn- 
offs above 5 wt % than did Speer Mod-2 graphite. 
P l o t s  of reaction rate v s  surface a rea  (Fig.  11.7) 
showed the  reaction rates  to b e  proportional to  the 
B E T  surface area of the remaining specimen. In- 
creased reaction rates with increasing burnoff ap- 
peared to  resul t  from corresponding increases  in  
surface a rea  as determined by nitrogen adsorption. 
Surprisingly, the spec i f ic  reaction ra tes  (weight 
l o s s  per unit  B E T  surface area)  obtained for the 
two graphites a t  1000°C are  essent ia l ly  equal.  
Surface area measurements of sec t ions  c u t  from 
oxidized spheres  showed that  the increase  in  sur- 
face  area was fairly uniformly distributed through 
Speer Mod-2 spheres ,  whereas the increase in  sur- 
face  area of the oxidized ATJ spheres  was much 
greater in the outer than in  the central  region. 
Mercury porosimetry a l s o  showed that  the oxidation 
of ATJ spheres  was heavily concentrated in  the 
outer region. T h i s  technique a l s o  disclosed some 
differences in  the  pore-size distribution of the un- 
oxidized graphites;  large pore volumes a re  con- 
tained in pores having radii of -2.5 and -10 1-1 in 
the c a s e  of ATJ and Speer Mod-2 graphite respec- 
t i  vel y . 

The ef fec t  of burnoff on the  CO to  CO, rat io  in  
the effluent g a s e s  was  more pronounced a t  900°C 
than that shown for 1000°C in Fig.  11.6. In the 
case of Speer Mod-2 graphite, this  ra t io  increased 
rapidly a t  low burnoffs, at tained a maximum of 
-6.5 a t  20 wt % burnoff, and then decreased a t  
larger burnoffs. T h i s  ratio increased slowly with 
increasing burnoff and attained a value of -2 at 
30  wt % burnoff when ATJ graphite was oxidized. 
T h e  fact  that ATJ graphite yielded smaller CO to 
CO, ratios than did Speer Mod-2 graphite sugges ts  
that  t h e  former ca ta lyzes  the reaction CO + 
H,O e CO, + H, more strongly than does  the lat- 
ter graphite. Equilibrium quotients calculated from 
the  composition of the effluent g a s e s  from the 
s team reaction with Speer Mod-2 graphite were, in  
all cases, a t  least an order of magnitude less than 
the equilibrium constants  for the water gas  shif t  
reaction a t  the  temperatures of interest. Although 
c loser  agreement was found for ATJ graphite, the 
equilibrium quotients a l s o  were smaller than the 
theoretical  values.  T h e  only conditions at which 
equilibrium prevailed was a t  1000°C us ing  2.36-in.- 
diam spheres  of ATJ graphite, The  larger spheres  
gave significantly smaller CO to CO, ratios than 
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did the  l.S-in.-diam spheres .  T h i s  behavior indi- 
c a t e s  tha t  the  sphere  diameter h a s  a n  e f fec t  which 
may b e  a s soc ia t ed  with the  longer res idence  t imes 
of  CO in the  pore structure of t h e  larger spheres.  

Some resu l t s  obtained from s team exposures  of 
fueled 2.36-in.-diam sphe res  prepared by Carbon 
Products  Division, Union Carbide Corporation, 
u s i n g  a mold-injection method a re  given in  Fig. 
11.8. T h e  sphe res  had 1.0-cm ATJ graphite s h e l l s  
surrounding a graphite matrix containing pyrolytic- 
carbon-coated uranium dicarbide fuel particles.  T h e  
e f fec t  of burnoff as s e e n  in Fig.  11.8 appears  t o  b e  
similar t o  that found for t he  unfueled ATJ graphite 
sphe res  (Fig. 11.5). T h e  ac t iva t ion  energy is es- 
sent ia l ly  independent of burnoff; i t  h a s  the value 
“50 kcal/mole for three l eve l s  of burnoff plotted. 
Th i s  value ag rees  sa t i s fac tor i ly  with activation 
energ ies  found for 2.36-in.-diam ATJ graphite 
sphe res  as  well  as for simulated AVR sphe res  
having  a n  ATJ graphite s h e l l  and a CS-312 graphite 
insert.’ T h e  f ac t  tha t  all l.S-in.-diam sphe res  
(fueled and unfueled) gave activation energ ies  of 
“60 kcal/mole ind ica tes  tha t  t he  activation energy 
is affected by sphere  diameter.3 No se r ious  a t tack  
of t h e  fuel par t ic les  w a s  observed desp i t e  exten- 
s i v e  oxidation of the  fueled spheres .  
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12. Irradiation Behavior of 

High-Temperature Fuel Materials 

Oscar  Sisman J. G. Morgan 

INTRODUCTION 

T h e  evaluation of the behavior of fuel material 
and fuel e lements  under irradiation is a cooperative 
effort of three d iv is ions  of the  Laboratory. Preir-  
radiation t e s t ing  is performed by the  Metals and 
Ceramics  Division. Fue le l emen t  des ign  s tud ie s  
and the irradiation experiments a re  conducted by 
the  Reactor  Division. Postirradiation examination 
and radiation damage evaluation, summarized here,  
are the  responsibil i ty of the  Reactor  Chemistry 
Division. T h e s e  s tud ie s  a re  reported in de t a i l  in 
the  semiannual  progress reports of the GCR Project,  
and in topical reports. 

oxide (see Table  12.1) with duplex or tr iplex4 
pyrocarbon coa t ings .  Irradiations were performed 
in the B-9 facil i ty of the  ORR. 

T h e  three ba tches  of uranium carbide particles 
were irradiated at temperatures and t o  burnups 
shown along with the  average fractional f i s s ion-  
gas  r e l ease  r a t e s  in Tab le  12.2. Re lease  r a t e s  
increased with temperature for each  of the ba tches ,  
but no burs t s  of f i ss ion  gas  occurred upon thermal 
cycling, and no dependence of r e l ease  rate on 
flux at cons tan t  temperature (tried only on  the  
triplex particles) was  found. Re lease  ra tes  in- 
c reased  s teadi ly  with burnup (see Fig .  12.1) for all 
three ba tches  of particles.  

Metallographic examination of t h e  coated uranium 
carbide particles after irradiation showed no failed 

RADIATION EFFECTS IN PYROLYTIC- 
CARBON-COATED FUEL PARTICLES' 

4P. E. Reagan et al..  Reactor Chem. Div. Ann. Progr. 
Rept. Jan. 31,  1964, ORNL-3591, pp. 128-33. 

P. E. Reagan  J. G. Morgan 
C. D. Baumann 
T. W. Ful ton 

E. L. Long, Jr.' 
J .  W. Gooch 

Table  12.1. Characteristics of Coated Particles 

Tested Under lrrad ia t  ion 

Previously descr ibed fac i l i t i es  and techniques'  * 3  Average 

have  been  used in  a continuing s tudy  of ra tes  of Coating Batch Core Particle Coating 
Material Size Thickness 

release of f i ss ion  gas  from fuel particles.  Recent  No. 

and particles of uranium carbide or thorium-uranium 

s tud ie s  have used temperatures of 1200 t o  1400°C, eel) (CL) 

Triplex GA-309 Uranium carbide 377 98 

Duplex NCC-216 Uranium carbide 390 93 
'P. E. Reagan and J. G.  Morgan, Fiss ion Gas R e l e a s e  

from Pyrolytic Carbon Coated Fuel  Particles During Duplex OR-138 Uranium carbide 430  115 
Irradiation a t  2000 to 2500°F, submitted for publication 
to Nuclear Science and Engineering. Duplex OR-206 Thoriurn- 466 11 0 

'Metals and Ceramics Division. 

3R. M. Carroll and P. E. Reagan, Nucl. Sci .  Eng. 21, 
uranium oxide 
(Th:U = 1 3 : l )  

141 (1965). 
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Table  12.2. Release of  F iss ion Gases from Coated Uranium Carbide Part ic les Under Irradiation 

Coating Batch Temperature Heavy-Meta1 Fractional Fission-Gas Re lease  Rates,  R/B 
Burnup 
(at. %) 

TY Pe  NO.^ (OC) 85m Kr "Kr '*Kr 133xe  135xe 

X I O - ~  x 1 ~ - 5  x io -5  x 1 ~ - 5  x 1 0 - 5  

Triplex GA-309 1375' 19.7 2.2 1.5 1 .9  2.2 0.7 

Duplex NCC-216 1375' 15.8 1.2 0 .9  1 .0  0.7 0.3 

Duplex OR-138 1375' 13.1 1.2 0 .9  1.1 0 .9  0.3 

aNCC - Carbon Products Division, UCC; GA - General Atomics; OR - Oak Ridge National Laboratory. 
bTemperature was increased from llOO°C to 1375 during irradiation; near end of irradiation the flux was cycled 

'Near end of irradiation temperature was cycled over interval 1200 t o  1375OC. 
with temperature constant a t  123OOC. 

coatings in any batch. Both batches of duplex 
coated particles showed wedge-shaped fractures,  
extending from the  c o r e c o a t i n g  interface to  the 
outer columnar coating, and one (NCC-216, Fig .  
12.2) showed a reaction product adjacent to the 
fuel. The  triplex material (Fig. 12.3) showed no 
reaction zone ,  no migration of fue l  in to  the coating, 
and no delamination of the  coating; t he  triplex 
particles appeared unchanged by irradiation except  
for l o s s  in crystall ine de ta i l  and the presence of 
fine porosity within the  carbide fuel.  However, 
fracturing of the  inner coa t ing  did not s e e m  t o  
enhance the  l o s s  of f i ss ion  gases  from the  duplex 
coatings.  It may be concluded tha t  pyrolytic- 
carbon coa t ings  of either the  duplex or triplex 
type will  operate a t  140OOC to  16 at.  % burnup 
with sufficient integrity t o  mee t  present gas-cooled 
reactor des ign  criteria.  T h e s e  particles c a n  with- 
stand thermal cyc le s  from 200 to  140OOC during 
power production. 

T h e  s ingle  batch of duplex-coated thorium-uranium 
oxide particles was  irradiated a t  120OOC to 0.53 
at.  % heavy-metal burnup. T h e  fuel in these  par- 
ticles was  made by the sol-gel p r o c e ~ s . ~  The  
average fractional f ission-gas r e l ease  rates were 
lower by about fivefold than those  shown in Tab le  
12.2. Metallographic examination of particles 
from th i s  experiment revealed no failures,  but 
straight-line fractures originating a t  the core- 
coating interface were found in the inner coating. 
A few of the  fractures had penetrated the  en t i re  

5D. E. Ferguson, Status and Progress Report for 
Thorium Fue l  Cycle  Development, ORNL-3385. 

th ickness  of the  inner laminar coating, but none 
extended into the  outer columnar layer. 'In about 
10% of the  particles examined, a shiny particulate 
material was  noted in  these  fractures tha t  was  not 
present before irradiation. 

When the  fractional f ission-gas r e l ease  rates for 
the  various i so topes  a re  plotted aga ins t  their half- 
life on a log  scale, the  points follow one of two 
charac te r i s t ic  l ines .  If the  experiment conta ins  
particles with broken coatings,  the r e l ease  ra tes  
will plot a nearly straight l ine ,  l ike the one shown 
in F ig .  12.4 for uncoated particles.  However, if 

ORNL-DWG 64-7041R2 
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Fig. 12.1. Increase in 88Kr Release with Burnup. 
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PHOTO 68704 

Fig. 12.2. Pyrolytic-Carbon-Coated Uranium Carbide Part ic les from Batch NCC-216. (a )  Unirradiated. (b) From 

experiment 89-16, irradiated to 16.8 ai. % uranium burnup at 1379C. 
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PHOTO 68705 
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Fig. 12.3. Pyrolytic-Carbon-Coated Uranium Carbide Part ic les from Batch GA-309. (a) Unirradiated. (b) From 

experiment B9-15, irradiated t o  19.7 at. % uranium burnup at 1375OC. 
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there a re  no broken coa t ings ,  the l ine (Fig. 12.4). 
will show a n  offset between the  kryptons and the 
xenons. T h i s  discrimination between the kryptons 
and xenons may be a useful index to  determine 
whether or not t h e - g a s  is coming through cracked 
coatings.  

POSTIRRADIATION TESTING 
OF COATED FUEL PARTICLES 

M. T. Morgan R.  L. Towns 

212 

Coated particles are irradiated in the B-9 facil i ty,  
as described immediately above,, t o  determine their 
ability to  retain f i ss ion  gases  during irradiation. 
Portions of t hese  batches are subsequent ly  tes ted  

by anneal ing at high temperatures t o  determine (1) 
res i s tance  of coa t ings  to  cracking, and (2) rate and 
extent of release of f i ss ion  products a t  temperatures 
higher than those  readily available in-pile. In addi- 
tion, a few t e s t s ,  i n  which the coa t ing  layers  were 
sequentially removed, have been performed to  
determine the  extent to  which f i ss ion  product migra- 
tion h a s  progressed within the  coatings.  

Fission Product Release on Annealing 

Samples (generally 2 0  to  200 particles) from eight 
previously irradiated ba tches  have each  been 
annealed a t  progressively increasing temperatures 
in the  range 1375 to  20OO0C; re lease  of ”Kr was  
monitored continuously during heating and while  
t he  specimens were maintained (generally for 2 t o  
18 hr) at the  anneal ing temperature. Re lease  of 
I t  nonvolatile” f i ss ion  products from three of t hese  
batches was  evaluated by ana lys i s  of the graphite 
crucibles and quartz furnace tube l iners,  which 
were changed a t  each  annealing s t ep .  Equipment 
and techniques used in th i s  study a re  similar t o  
those  previously described. 

T h e  eight batches of particles included one 
batch of UO, with duplex coatings and seven  
batches of UC,, four with duplex and three with 
triplex coatings.  T h e  UO, particles had been 
irradiated to  4.6% burnup, and one batch of t he  
triplex-coated UC, showed 8% burnup; all others 
showed burnups of 16 to  26%. Two of the batches 
had been irradiated at 95OOC and below; all others 
had. spen t  a t  least part of their  irradiation time a t  
1310 to 137OOC. 

Re lease  of 85Kr from these  samples  on  annealing 
produced few surpr i ses .  Gas re lease  ra tes  during 
the  f i r s t  hour after temperature changes were 
generally sl ightly higher than the  average ra te  
after th i s  period. T h e  in i t ia l  rate seldom exceeded 
the  average by more than  threefold, but one s e t  of 
particles (UC, with duplex coatings irradiated t o  
16% burnup a t  137OOC) showed in i t ia l  ra tes  1 6  to 
100-fold t h e  subsequent  average. Cracking o r  
bursting of coa t ings  (not involved in  the phenomena 
described above)  were easy  t o  de tec t ,  s ince  each  
such  event  re leased  large gas  bursts corresponding 
to about 50% of tha t  contained by the particle. 

6GCR Program Semiann. Progr. Rept.  S e p t .  30, 1963, 
ORNL-3523. 



213 

It is interesting to  observe tha t  of some 560 indi- 
vidual particles,  heated a t  severa l  temperatures 
through 20OO0C for an average of approximately 
8 hr a t  each  temperature, only 1 9  coa t ing  bursts 
occurred. Of these ,  14  of the 19 were in the batch 
of particles that  yielded the large init ial  bursts.  

T h e  graphite crucibles and quartz furnace l iners 
were examined for 14'Ba, '44Ce,  13'Cs, lo3Ru,  
l o 6 R u ,  89Sr, and 95Zr. More than 95% of the 
barium, cerium, and strontium col lec ted  remained 
in the  crucible at 1370OC. At 17OO0C about 30% 
of the strontium collected was  transferred t o  the 
furnace tube liner. Re lease  of cesium, ruthenium, 
and zirconium was  a t ,  or below, l i m i t s  of detection 
a t  t hese  temperatures. At 20OO0C, approximately 
80% of the  barium, 95% of the cerium, 10% of the 
cesium, 60% of the ruthenium, 10% of the strontium, 
and most of the zirconium collected remained on 
the  crucible.  T h e  rest of t he  f i ss ion  products 
released were transferred to  t h e  furnace tube liner. 
F i s s ion  products, except for 95Zr,  collected from 
other parts of the assembly totaled 1% or less of 
those  co l lec ted  on  crucibles and l iners.  Approxi- 
mately 12% of the  95Zr collected was  found on the 
nonremovable parts of the furnace sys tem after a n  
extended annea l  at 20OO0C. 

The  three batches of particles examined included 
one of UO, with duplex coating, one of UC, with 
duplex coating, and one UC, with triplex coating. 
Burnups ranged from 4 t o  24%. T h e s e  variables 
seem, however, to have had relatively l i t t le effect 
on the  f i ss ion  product r e l ease  ra tes .  Table  12.3 
shows da ta  typ ica l  of that obtained in  the  study. 
Barium, strontium, and, to  a sl ightly lesser extent,  
cerium appear to be  re leased  from the  particles a t  
appreciable rates. 

Fission Product Release into Outer Coating 

Attempts were made to  fracture, by mechanical 
means, the coa t ings  of individual particles within 
a closed sys t em a t  room temperature. Uranium 
dicarbide 'particles with triplex coatings (GA-309) 
irradiated a t  1375OC t o  19.7% burnup were used. 
Mechanical cracking of the coatings without crush- 
ing the co res  was  possible.  When cracking of both 
outer coa t ing  layers  occurred, the  8sKr re leased  
corresponded to  15 to  35% of the total  contained 
in the  particle. When the outer coating was  frac- 
tured a lone  (three cases ) ,  less than 0.01% of the 
contained 85Kr was  re leased .  It is clear tha t  no 
effective penetration by krypton of the  inner coating 
layer had occurred. 

Fragments of the  outer coatings removed a s  
above were analyzed for "nonvolatile" f i ss ion  
products. T h e s e  ana lyses ,  combined with v i sua l  
es t imates  of s i z e  of the coa t ing  fragment, sugges t  
tha t  the  outer coa t ing  contained 6.3% of the total  
14'Ba, 17% of the  144Cr, 14% of the 13'Cs, 0.5% 
of the  lo3Ru  and lo6Ru ,  2.3% of 89Sr, and 0.9% 
of the  95Zr produced in  an  average particle.  

POSTIRRADIATION EXAMINATION 
OF FUELED GRAPHITE SPHERES 

D. R. Cuneo 
H. E. Robertson 

M. F. Osborne 
J. G. Morgan 

C. D. Baumann 

F u e l  e lements  for t he  German AVR, a pebble bed 
reactor, are to  be 2.36-in. (6 c m )  diam spheres  of 
graphite, containing fuel particles individually 

Table  12.3. Fraction of F iss ion Product Isotope Released per Hour During Annealing 

of Duplex-Coated UC, After Irradiation a t  137OoC to 16% Burnup 

'Ba 1 4 4 ~ e  137cs ' 03Ru ' 06Ru 89sr 9 5 2 ,  
Temperature 

(OC) 

B9-17 1370 8.1 x 1.3 X 1.2 (1.4 x 5.3 4.6 1.7 x 

1700 1.2 IO-' 8.3 10-2 4.5 5 . 8 ~  3.3 x 1.4 x io-' (1.6 x 

2.6 3.6 x 3.1 x 

8.7 x 1 0 - ~  5.0 x 1 0 - ~  

2000 1 . 0 ~  lo-'- 6.4 x 10"- 7.1 x loW2- 1.5 x 2.5 x 1.1 x lo-'- <2.4 x 
3.7 x lo-' 1 . 0 ~  10" 9.2 x lo-' 5.2 x lo-' 
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coated with pyrolytic carbon. Ef fec ts  of long-term 
irradiation on stabil i ty,  mechanical properties, and 
fission-gas retentivity of t hese  spheres  remain an  
important problem. Each  of the  sphe res  tes ted  
(after irradiations and by methods which have  been 
described in de ta i l )7  during th i s  year h a s  been of 
one of the following types.  

1. Molded with no she l l ,  fue l  particles dispersed 
throughout. 

2. Molded fue l  cores  contained in unfueled molded 
s h e l l s  of various th icknesses .  

3. Molded fuel cores  contained in unfueled machined 
she l l s  of various th icknesses .  

T h e  graphite spheres  were either 1% in. o r  2.36 
in. (6 cm) i n  diameter; they contained pyrolytic- 
carbon-coated fuel particles,  300-500 p in diameter, 
of either UC, or (Th,U)C,. They were irradiated 
in an  integrated flux ranging from 10' '  to  10'1 
neutrons/cm '; sur face  temperatures varied between 
1000 and 1700OF; and the  burnups (based on  the  
enriched uranium particles) varied from 0.5 to  19%. 
T h e  resu l t s  of t hese  s tud ie s  have  been reported 
in  detail .  '-' 

F u e l  Distribution and Burnup 

Faulty fue l  loading patterns or se r ious  abnor- 
malit ies in fuel distribution within the  spheres  c a n  
b e  detected by careful gamma-ray scanning  of the 
irradiated spheres .  Gamma s c a n s  of the  three 
sphe res  of Fig. 12.5, for example, show a region of 
low fuel density in the  interior of sphere  No. 1, 
and indicate,  by width of the  gamma-emitting region, 
t he  th ickness  of the  unfueled s h e l l  on each  sphere.  

Areas under such  gamma s c a n s  a re  related to  
fuel burnup; they afford an e a s y  check  upon burnup 
va lues  ca lcu la ted  from flux monitor ana lys i s .  Tab le  
12.4 shows a comparison of va lues  from t h e s e  
sources  for a s ing le  experiment. 

J. G. Morgan et .a l . ,  Reactor Chern. Div. Ann. Progr. 
Rept. Jan. 31 ,  1964, ORNL-3591, pp. 133-36. 

'D. R. Cuneo, E. L. Long, Jr., and H.  E. Robertson, 
Hot Cel l  Techniques for the Evaluation of Fueled 
Graphite Spheres, 12th Annual Conference on Remote 
Systems Technology, ANS Winter Meeting, Nov. 29- 
Dec. 3 ,  1964, San Francisco. 

J. G. Morgan e t  at.,  GCR Program Serniann. Progr. 
Rept. March 31 ,  1964, ORNL-3619, pp. 246-68. 

J. G. Morgan e t  at., GCR Program Serniann. Progr. 
Rept. Sept. 31,  1964 (in press). 

7 

9 

1 0  

Weight and 
were baked, 

Mechanica l  Propert ies 

Dimensional  Changes. - Al l  spheres  
prior to irradiation, at temperatures 

comparable to  those  expected during irradiation. 
Temperature distributions within the  sphe res  can-  
not, however, be duplicated in preirradiation heat-  
ing. During irradiation some of t h e  sphe res  experi- 
enced more severe  temperature excursions than 
those  for which they were designed. Whether 
irradiation or t h e s e  high temperatures a re  responsi-  
b l e  for t h e  observed changes  cannot  b e  ascertained. 

Spheres irradiated a t  sur face  temperatures of 
1000 to  190O0F have generally decreased  in diam- 
e te r  by 0.2% t o  nearly 1%. T h e  manufacturing 
method of the  sphere  seems more important than 
irradiation temperature in determining the  extent 
of t he  decrease .  Weight losses of up t o  0.67% 
have been observed. T h e  limited observations 
sugges t  t ha t  sphe res  with unfueled s h e l l s  show 
larger weight losses, while t hose  without s h e l l s  
show larger diameter changes.  

Weight l o s s e s  c a n  lead to difficulty if the  l o s s  
represents volati l ization of the  cementing layer 
between fueled core and unfueled she l l .  If t h i s  
layer f a i l s ,  the  s h e l l  is unsupported aga ins t  com- 
pression, and, with hea t  transfer impaired, t he  fuel 
core runs hotter than its des ign  condition. Some 
examples  of such  failure have been observed 
( s e e  next section).  

Compression and Impact Test ing.  - Postirradia- 
t ion  test r e su l t s  have  been  reported7 for 1'4-in.- 
diam fueled spheres .  T h e  compression t e s t  resu l t s  
on 6-cm sphe res  are inconclusive because  of t he  
lack of s t a t i s t i ca l  data.  However, u se  of the com- 
pression t e s t  allowed u s  to  observe lack  of sphere  
s h e l l c o r e  bonding. F igure  12.6 shows two sphe res  

Table  12.4. Comparison of Areas 

Under Gamma Scan Curves and Calculated Burnups 

for Spheres from Loop 2-2a 

Normalized 

Burnup Area Under Gamma Scan 
Sphere No. 

A 

B 

C 

100 

5 9  

4 0  

100 

57 

37 

aNormalized t o  sphere A. 
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after the  compression test. The  sphere  on the left 
failed at 1450 lb, and the lack  of a bond between 
t h e  core and the  s h e l l  is evident.  The  sphere on  
the right failed at 2500 lb. I t  had a negligible 
weight loss  and a good she l l - tocore  bond. 

Meta I lograph i c Examinations. - Representat ive 
specimens from the  spheres  a re  se lec ted  for metal- 
lographic examinations.  Generally,  a specimen is 
cut  from the center  portion of the sphere,  and 
another specimen is taken  from the  fuel-core- 
unfueled-shell interface. 

Figure 12.7 is a photomicrograph of a polished 
and etched sec t ion  of a sphere containing a laminar- 
coated particle. T h i s  sec t ion  is a sphere which 
experienced a 12% burnup at 1000-1150°F. A light- 
colored reaction product had formed around the 
perimeter of the fuel core. Fractures  and t e a r s  
had begun to form at the interface of the fuel  
core  and t h e  pyrolytic-carbon coating. No crystal-  
l ine  de ta i l s  a r e  evident in  the  fue l  core,  and 
p las t ic  flow is apparent.  T h e  uranium in th i s  
(Th,U)C part ic le  was  93% enriched. Examination 

ORNL-DWG 65-2588 

Fig. 12.5. Gamma Scans of Three 2.36-in.-diam spheres. Re la t ive  unfueled shel l  thickness (0.33, 0,and 0.25 in., 

respectively, for spheres 1, 2, and 3) is shown by width of curve bases. Low-density fue l  region i n  sphere No. 1 
is evident. 
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t 

PHOTO 68706 

R-1890 

I 
i 

Fig. 12.6. Fuel Spheres After Compression Testing. ( a )  Failure at 1450 Ib; lack of bonding of fue l  core 
to unfueled shel l  evident. (b) Fai lure at 2500 Ib; good bonding of fuel core to unfueled shel l  evident. 

. 

Fig. 12.7. Lominor Coated (Th,U)C2 Port icle from Experiment 86-3, Sphere No. 1, 12% Burnup, 1000-115l)OF. 

Uronium i s  93% enriched. Reduced 20%. 
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of a laminar-coated (Th,U)C part ic le  containing 
normal uranium (irradiated in  another sphere  at 

changes.  Crystal l ine de ta i l  was  qui te  sharp,  and 
t h e  fuelcore-coat ing interface was  ident ical  to 
unirradiated,  unheated (Th,U)C, par t ic les .  

Figure 12.8 shows  two duplex-coated par t ic les  
of enriched UC, after polishing and etching. T h e s e  
par t ic les  a re  from a sphere which was irradiated to 
a burnup of 20 at. % a t  -2500°F. As in  the case 
of the laminarcoa ted  (Th,U)C part ic le  (Fig. 12.7), 
no crystal l ine d e t a i l s  a re  evident.  Fractur ing of 
t h e  inner layer of coat ing is apparent,  as wel l  as 
a reaction product zone at the c o r e c o a t i n g  inter- 
face.  Voids in  the core  a re  particularly noticeable 
i n  t h e  right-hand particle. T h e s e  features were 
typicaI  also for the  duplex-coated par t ic les  in  the 
spheres .  

I -1400OF and 14% burnup) showed none of t h e s e  

L 

Figure 12.9 is a photomicrograph of 
coated (Th,U)C, particle which was irr 
a maximum temperature of 1300OF to a 
12%. T h e  photomicrograph shows  no ( 

detai l  in  the fuel ,  but one  possible  reac 
e x i s t s  between the core and the  shel l .  

Triplex coat ings appear to show les  
than d o  duplex under the  conditions of tc 
and burnup for t h e s e  experiments. In tl 
coated par t ic les  t h e  integrity of t h e  outer 
ings  was  maintained completely,  with c 
damage to t h e  innermost coat ings.  Tf 
coat ing o n  par t ic les  i n  Fig.  12.7 shoi 
a t tack at about the  same leve l  of burnui 
perature. T h e  duplex-coated par t ic les  o 
higher temperature and burnup; damage . ...-.- 

severe  than in t h e  triplex coat ing but was  limited 
to  the  inner coating. 

Fig. 12.8. Duplex Coated Particles from Experiment 89-16, 20% Burnup, 250OOF. 
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POSTIRRADIATION EXAMINATION OF EGCR 
FUEL ELEMENT PROTOTYPE CAPSULES 

M. F. Osborne 
E. L. Long, Jr.2 

D. R. Cuneo 
H. E. Robertson 

T h e  program for t h e  evaluat ion of EGCR prototype 
fuel  is nearly complete. T h e  last t e n  c a p s u l e s  of 
the  ETR irradiation s e r i e s  have been removed from 
the  reactor; o n e  capsule  w a s  examined in  detai l ,  
and three other c a p s u l e s  were examined nonde- 
structively. T h e  other  six c a p s u l e s  were removed 
from the  NaK coolant ,  inspected visually,  photo- 
graphed, and s tored for poss ib le  future examination. 
Two high-burnup irradiations are still in  progress  
in  the ORR. 

Descr ipt ions and resu l t s  of ear l ier  experiments in  
this s e r i e s  have  been  reported previously. 11-' 
Data for t h e s e  ETR-irradiated c a p s u l e s  are sum- 
marized in  T a b l e  12.5. 

Analysis  of the  NaK coolant from e a c h  c a p s u l e  
indicated that c a p s u l e s  E-3 and E-7 had suffered 
cladding fai lures ,  but that  the  other  c a p s u l e s  were 
intact .  Visual  inspect ion revealed s e v e r e  distor- 
t ions  and two fractures  in  the  cladding of c a p s u l e  
E-7. One of t h e  fractures  is shown in  Fig. 12.10. 
Capsu le  E-3 w a s  tightly s t u c k  ins ide  its NaK 
v e s s e l  and could not be inspected without further 
disassembly.  No unusual  irradiation effects on  the 
cladding of t h e  other e ight  c a p s u l e s  were apparent.  
With t h e  except ion of the  badly damaged capsule  

"J. G. Morgan, M, F. Osbome, and Oscar Sisman, 
Nucl. Sci .  Eng. 14, 83-100 (1962). 
'*M. F. Osbome e t  al., Reactor Chem. Div. Ann. 

Progr. Rept. Jan. 31, 1964, ORNL-3591, pp. 1 3 6 4 0 .  
I3M. F. Osborne, E. L. Long, Jr., and J. G. Morgan, 

Performance of Prototype EGCR Fuel  at  Extreme Operat- 
ing Conditions, ORNL-TM-832. 

14J. G. Morgan e t  SI . ,  GCR Program Semiann. Progr. 
Rept. Sept. 30, 1964, ORNL-3731, pp. 280-82. 

Fig. 12.9. Tr iplex Coated Part ic le from Experiment 8B-4, Sphere No. 1, 12% Burnup, 13OOOF. 
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Table 12.5. Data for EGCR Prototype Capsules Irradiated in EGCR 

Average 
Maximum Capsule Type of Cladding 

Temperature Powera No. F u e l  Pellet 
(So of design) 

(OF) 

E-1 R 

E -2 

E-3 

E-4R 

E-5 

E S R  

E-7 

E-1 0 

E-1 1 

E-12R 

Solid 

Solid 

Solid 

Solid 

Hollow 

Hollow 

Hollow 

Hollow - BeOd 
d Hollow - B e 0  

Hollow 

1550 

1300 

1500 

1250 

1250 

1500 

1250 

1500 

1300 

1450 

112 

61 

111 

97 

111 

117 

170' 

110 

87 

98 

aDetennined from operating data. Design power rating was  35,000 Btu hr-' lin ft-' 
bCalculated from neutron-flux data.  
'Capsule mptured. 
dBeryllium oxide rod was inserted in center of U02 pellet column. 

E-7, no s ignif icant  c h a  
s i o n s  were found. Me1 
t h e  fue l  and cladding j 

that the c a u s e s  of fail1 
for three previous ca 
impurity in  t h e  UO, cau 
and accidental  overheal 
fractures in the  embritt 
of t h e s e  examinations h 
de ta i l  elsewhere. '  

POST1 RRADIAT 
OF METAL-CLA 

OF ADVANCED GAS-CC 

M. F. Osborne 
D. R. Cuneo Y. I. I"..&, J ' .  

Fig. 12.10. Area of Cladding Fracture in Capsule E-7. 

3.1 x. 
T h e  examination of five elements  which had been 

irradiated in  the  ORR loop No. 1 faci l i ty  h a s  been 
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completed. The  de ta i led  resu l t s  of t h e s e  and 
earlier experiments i n  th i s  s e r i e s  have been re- 
ported previously. "-" 

General fabrication and irradiation da ta  for t hese  
experiments a re  summarized in Tab le  12.6. T h e  
construction of the  fue l  elements is shown in  
Fig. 12.11; all e lements  were similar except  for 
minor variations. Two of t h e  e lements  had a sp i r a l  
wire wrapping brazed to the  exterior of the  cladding, 
and a third element had f ins  machined in  the  clad- 
ding. T h i s  c ladding  roughening was  des igned  to  
increase  h e a t  transfer from the  element to the 
helium coolant.  Very high hea t  ratings were 
achieved in two e lements  (see Table  12.6), but 
the third element failed during reactor startup. 
Examination showed tha t  both wire-wrapped ele- 
ments had bowed to t h e  ex ten t  t h a t  poor h e a t  
transfer had caused  local hot spo t s .  T h e  copper 
braze had melted, and the  cladding had suffered 
intergranular fractures (Fig. 12.12). T h e  element 
with machined f ins ,  however, performed wel l  
throughout the irradiation and showed no  significant 
change . 

"D. F. Toner e t  al., Reactor Chem. Div. Ann. Progr. 
Rept. Jan. 31, 1963, ORNL-3417, pp. 190-92. 

16J. G. Morgan, D. F. Toner, and E. L. Long, Jr., 
Postirradiation Examination of EGCR Prototype Fue l  
Elements, ORNL-TM64-4-31. 

"M. F. Osborne, E. L. Long, Jr., and J. G. Morgan, 
Postirradiation Examination of ORR Loop 1 Advanced 
Fue l  Elements, ORNL-TM-862. 

Two  e lements ,  7D and 13, had '/6-in.-diam holes  
drilled i n  the  c ladding  prior t o  irradiation. T h e  
purpose of t h i s  ven t  was  to  permit s tudy  of f i ss ion  
product evolution from the  element and deposit ion 
of f i ss ion  products within the  loop. Very l i t t l e  
f i s s ion  product radioactivity was  found i n  t h e  
coolant for element 13, and postirradiation examina- 
tion revealed tha t  t he  vent hole had not penetrated 
t h e  ins ide  sur face  of the  cladding. A deta i led  
study of t hese  two elements was  made, but no 
unusual e f fec ts  were found.' 6 * 1 8  

We examined one  fuel capsu le  of advanced gas- 
cooled reactor des ign  which had been irradiated 
in t h e  ORR Pools ide  fac i l i ty . lg  T h e  s t a i n l e s s  
s t e e l  c ladding  was  0.85 in. OD and had machined 
grooves, for improved hea t  transfer. The  capsu le  
was  irradiated t o  a burnup of 4100 Mwd per metric 
ton of UO, a t  a maximum cladding temperature of 
1600OF. T h e  average  l inear power was  about 
50,000 Btu hr-' ft-'. No unusual irradiation 
e f fec ts  were s e e n  during the examination. Circum- 
ferential  c ladding  ridges were faintly v is ib le  a t  
fuel pellet  interfaces.  The  cladding had co l lapsed  
aga ins t  the  fuel pe l le t s ,  and about 5% of the f i ss ion  
gas  had been re leased  from the  fuel. 

li8J. G. Morgan e t  al., GCR Program Serniann. Progr. 

"J. G. Morgan e t  al., GCR Program Semiann. Progr. 
Rept. Sept. 30, 1964, ORNL-3731, pp. 278-79. 

Rept. March 31, 1964, ORNL-3619, pp. 44-47.  

Table  12.6. Fabrication and Irradiation Data  for ORR Loop No. 1 F u e l  Elements 

Maximum 
Cladding Cladding Fue l  Heat Generation Irradiation Burnu p 

(Mwd/metric ton UO,) Time Element 
Surface Failure Manufacturer Rate 

(*tu hr'l ft") (weeks) 

1OP-1 Wire wrapped Yes ORNL and 69,000 3 -500 
Westinghouse 

1OP-2 Wire wrapped Yes ORNL and a a 
W e s  tingh ouse 

a - 

7D Smooth Nob ORNL 23,000 4 345 

13 Smooth Nob Wes tinghouse 32,000 14 -1200 

1 1 M  Machined fins N o  ORNL 74,000 8 -1400 

~ ~ 

aFai led during startup. 
bDeliberately vented element. 

I 
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ORNL-DWG 63-206 
CENTRAL THERMOCOUPLE 

TOP END CAP THERMOCOUPLE WELL 

ERMOCOUPLE 
STEEL SLEEVE 

TOP END CAP 

FUEL BUSHINGS 

THERMOCOUPLE 
STEEL CLAD 

0 92 1 

INCHES 

BOTTOM END CAP 

Fig.  12.11. Construction of ORR Loop 1 F u e l  Elements with Spirol Wire Wrapping. 
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. 
HCO-1586 

Fig. 12.1: 

cladding. 2 
1OP-1. NO 

2. Region of Cladding Fracture in Element 

te the wire wrapping and the fractures in the 
!.2X. 



13. Fission-Gas Release 

R. M. Carroll Oscar 
R. B. P e r e z '  

INTRODUCTION 

The s a f e  operation of a fuel element may depend 
on  the  amount of f i ss ion  g a s  tha t  is released from 
the fuel during irradiation. Therefore, consider- 
able effort h a s  been devoted  to obtaining a method 
to ca lcu la te  the  fission-gas re lease .  Above a 
threshold temperature, the  fission-gas re lease  in- 
c r e a s e s  exponentially with temperature in UO,, 
and in the  p a s t  th i s  effect h a s  c a u s e d  most experi- 
menters to believe tha t  t he  high-temperature re- 
lease of f i ss ion  g a s  was  by a diffusion p r o ~ e s s . ~  

More recently t h e  r e su l t s  of work by severa l  ex- 
perimenters have  led to the  conclusion that the 
temperaturedependent r e l ease  of f i ss ion  g a s  is 
not controlled by diffusion, but is controlled by a 
trapping p r o ~ e s s . ~  We have used  a n  in-pile experi- 
ment to confirm and extend th i s  The 
in-pile experiment (located on  the  C-1 l a t t i ce  posi- 
tion of the  ORR) eliminates many of t h e  variables 
of o ther  experimental methods by measuring the 
s teady-s ta te  fission-gas r e l e a s e  while the UO, 
specimen is producing nuc lear  power. The  speci-  
men is hea ted  by i t s  own f i s s ion  power, which is 
adjus ted  by moving the  specimen into or out of the 
neutron flux. The  UO, temperature is controlled 

'Consultant from the University of Florida. 
,On loan from Hitachi Co., Tokyo, Japan. 
3J. Belle (ed.), Uranium Dioxide: Properties and 

Nuclear Application, U.S. Govt. Printing Office, Wash- 
ington, D.C., 1961. 

4R. M. Carroll, Nucl. Safety 5(4), 356-60 (1964). 
'R. M. Carroll, Reactor Chem. Div. Ann. Progr.Rept. 

6R. M. Carroll, Reactor Chem. Div. Ann. Progr. Rept. 

7R. M. Carroll and P. E. Reagan, Nucl. Sci. Eng. 

Jan. 31 ,  1963, ORNL-3417, pp. 207-10. 

Jan. 31,  1964, ORNL-3591, pp. 141-46. 

21, 1 4 1 4 6  (1965). 

During Fissioning of U 0 2  

Sisman T. W. Fulton 
Kiyoshi Inoue * 

by a i r  cool ing  t h e  specimen capsule.  F i s s ion  gas  
is entrained in a stream of sweep  gas, and the 
amount of e a c h  fission-gas i so tope  in  the sweep  
g a s  is determined by gamma-ray spectrometry. 
T h e  neutron flux is determined by adding argon to  
the  sweep  gas and measuring the  subsequent  ac t i -  
vation of the  argon.8 

In order to simplify the problem as much as pos- 
s ib le ,  w e  have  been s tudying  the  fission-gas re- 
lease from purified s ingle  c rys t a l s  of UO,. The 
resu l t s  of t h e s e  experiments showed tha t  both 
burnup and f i ss ioning  ra te  had a large effect  upon 
the  s teady-s ta te  fractional r e l ease  ra te  of f i ss ion  
gas during irradiation. T h e s e  and other observa- 
t ions  could not b e  explained by a diffusion-control- 
l ed  mechanism, and a defect-trap model was  postu- 
lated.g T h i s  model appears  to sa t i s fy  all the 
requirements for t he  experimental observations.  

Very simply, t he  defect-trap model a s sumes  that 
t he  ra tecont ro l l ing  p rocess  for fission-gas r e l ease  
in  the  tempera turedependent  region is the  proba- 
bility of be ing  trapped and  the  probability of being 
re leased  from traps. T h e  t raps  (see Fig. 13.1) 
a re  of three kinds: (1) intrinsic traps, which a re  
voids, grain boundaries, o r  other flaws in the 
material, (2) point defec ts  which a r e  formed in the 
wake of a f i ss ion  fragment, and  (3) c lus te red  point 
defects.  T h e  point de fec t s  a re  mobile, a r e  c rea ted  
and destroyed by fission, and are  annealed by hea t ;  
they reach a n  equilibrium number a t  a given tem- 
perature and f i ss ion  rate. T h e  in t r ins ic  t raps  a re  
not mobile a t  the  temperatures considered here  and 
act as permanent t raps  for any g a s  which d i f fuses  
into them. 

'R. M. CarroIl, Nucleonics 20(2), 42 (1962). 
'R. M. Carroll and Oscar Sisman, Nucl. Sci. Eng. 21, 

147-58 (1965). 
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MOBILITY DEPENDS ON SIZE . . .  ' 

LARGE CLUSTERS BEHAVE LIKE ( I  ) . . . . , . e.. , 
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Fig.  13.1. Defect-Trap Characteristics. 

RELEASE FROM FINE-GRAIN SPECIMENS 

Single c rys t a l s  have  very few in t r ins ic  traps. 
A good t e s t  of o n e  a s p e c t  of the  defect-trap theory 
would b e  to study the  charac te r i s t ics  of fission- 
g a s  r e l ease  from material with a la rge  number of 
in t r ins ic  traps.  F o r  th i s  purpose w e  used  spec i -  
mens of very sma l l  grain size, but which in all 
other respec ts  very c lose ly  resembled the  single- 
c rys ta l  specimens of ear l ie r  experiments. In the 
d i scuss ion  tha t  follows w e  will  compare the re- 
s u l t s  from t h e  fine-grain material  with those  from 
the s i n g l e c r y s t a l  material. 

T h e  fine-grain specimens were prepared by the 
Ceramic Research Group at the Hanford Labora- 
to r ies  i n  the  following manner. Micronized UO, 
powder was  p laced  in  a s t a i n l e s s  steel c a n  and 
evacuated. T h e  canned UO, w a s  then hea ted  to 
120OOC and pneumatically impacted at 380,000 psi.  
T h e  compacted UO, was  removed from the remains 
of the c a n  and annea led  i n  hydrogen a t  1000°C for 
12 hr. T h e  dens i ty  of the impacted spec imens  was  
nearly tha t  of the single-crystal  specimens.  The  
e s s e n t i a l  difference between the  single-crystal  
specimens and  t h e  high-energy compacted spec i -  
mens was  the  small grain s t ruc ture  (=3 p) of the 
compacted specimens.  

T h e  temperature dependence of fission-gas re- 
lease was  determined by measuring the  equilibrium 
re l ease  ra te  of 133Xe, '35Xe, 85mKr, "Kr, and 
88Kr over a range of temperatures a t  cons tan t  

neutron flux. W e  then changed the  posit ion of the 
specimens in  the  reactor to change the  f i ss ion  
rate and again measured the  temperature depend- 
e n c e  of the  fission-gas re lease .  More than 500 
measurements of t h e  r e l ease  r a t e s  were made in  
th i s  manner. T h e  neutron flux l eve l s  ranged from 
1.1 x 1013 to 8.4 x 1013 neutrons cm- ,  sec-', 
and the  temperature ranged from 420 to 1450OC. 
T h e  overlapping temperature ranges allow the  
comparison of fission-gas r e l ease  ra tes  a t  the 
s a m e  temperatures but at different f i s s ion  rates.  

T h e  temperature-dependent behavior of the fis- 
sion-gas r e l ease  w a s  e s sen t i a l ly  the same  for t he  
fine-grain as for t he  s i n g l e c r y s t a l  specimens.  
T h a t  is, below about 7OOOC a temperature-inde- 
pendent p rocess  dominates the gas  re lease ;  above  
7OOOC the  r e l ease  is primarily by a temperature- 
activated process.  F igure  13.2 s h o w s  the r e l ease  
of "Kr as a function of temperature. T h e  shape  
of the  cu rves  for t h e  o ther  i so topes  of krypton is 
exactly the  same. T h e  s l igh t  temperature depend- 
e n c e  of t h e  curve  below 7OO0C is l ike ly  caused  by 
the  contribution from the temperature-activated 
component. A t  lower temperatures there is no de- 
tec tab le  temperature dependence in the  gas release.  

As w a s  observed for t he  s i n g l e c r y s t a l  spec i -  
mens, t he  temperature-independent process  was  
directly proportional t o  the f i ss ion  r a t e  (and there- 
fore to t h e  neutron flux). However, the  recoil- 
ac t iva ted  r e l ease  rate from the  fine-grain spec i -  
mens was  higher t han  from the  s i n g l e c r y s t a l  

ORNL-DWG 64-7276 

IO7 2 

Fig. 13.2. Release Rate  of **Kr from Fine Grain 

Specimen of UOz. 
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F ig .  13.3. Comparison of "Kr Reco i l  Release Between 

Single Crystal  and F i n e  Grain U 0 2  Specimens of the 

Same Size and Density. 

spec imens  (Fig. 13.3). T h e  recoil-activated gas 
release is of g a s  which is trapped near the sur- 
face  of the  specimen and re leased  when a f i ss ion  
fragment, pas s ing  through the  surface,  car r ies  with 
i t  atoms of surrounding ~ n a t e r i a l . ~  The  recoil 
process,  therefore, depends on the total  surface 
a rea  of the specimen a s  well  as on the f i ss ion  
rate. The  da ta  of Fig. 13.3 indicate that the sur- 
face area (total, not geometric) of the fine-grain 
specimens was  2.8 t i m e s  tha t  of the single-crystal  
specimens. 

E f f e c t  o f  F i s s i o n  R a t e  

T h e  temperature-dependent component of the 
fission-gas release is found by subtracting the 
recoil contribution from the total  measured gas 
released. The  amount of 88Kr re leased  by the 
temperaturedependent  process  is plotted vs  re- 
ciprocal absolute temperature in Fig. 13.4. Only 
a few of t h e  d a t a  points obtained in th i s  experi- 
ment  are shown, but the da t a  in  Fig. 13.4 are typi- 
cal of the  other krypton i so topes  and of duplicate 
measurements. 

One of the very strongest arguments aga ins t  the 
diffusion theory for fission-gas re lease  from UO, 
is tha t  in the  in-pile experiments  a change of 
neutron flux a t  cons tan t  temperature does  ,not 
produce a change in  the  temperature-activated 
fission-gas re lease  rate. T h i s  means, for example, 
that  doubling the  f i ss ion  ra te  at 1000°C (which 
resu l t s  in doubling the  amount of radioactive fis- 
s ion  g a s  a t  equilibrium) does  not resu l t  in doubling 
t h e  r e l ease  rate. For  t h e  s i n g l e c r y s t a l  experi- 
ments, changing the  flux by a factor of 4 resulted 
in no change in the fission-gas r e l ease  rate within 
the  accuracy of the measurements (+20%). 

2 

105 
12 9 io 41 7 a 5 6  

~o,ooo/T (OK) 

F ig.  13.4. Temperature Dependent Release Rate  of 

"Kr from F i n e  Grain U02. 

T h e  da ta  plotted in Fig. 13.4 confirm these  ob- 
servations for t h e  fine-grain specimens.  Here the 
equilibrium re l ease  ra te  of "Kr is shown for the 
tempera ture-ac tiva ted process for neutron fluxes 
between 1.9 x l O I 3  and 8.4 x As with the 
s i n g l e c r y s t a l  experiments, no difference was  ob- 
served for t he  da t a  taken over th i s  range of flux 
and temperature. 

M a g n i t u d e  o f  R e l e a s e  R a t e  

Our theory proposes  tha t  grain boundaries will 
ac t  as permanent traps for the f i ss ion  gas  and thus 
should lower the  r e l ease  ra te  for the  temperature- 
ac t iva ted  process  (over t he  temperature range 
studied here). A comparison of the re lease  ra tes  
from t h e  fine-grain material to that  of the single- 
c rys ta l  material is shown in  Fig. 13.5. Since the 
low-temperature (recoil-activated) re lease  depends 
only on the  sur face  area and f i ss ion  rate, the da t a  
of Fig. 13.5 were normalized by adjusting the  low- 
temperature part of the curve (as  shown in Figs.  
13.2 and 13.3) to that of the s ing le  c rys t a l s  for 
t he  same neutron flux. The  activation energies 
for these  two sets of spec imens  a re  nearly the 
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s a m e  (57 kcal/mole s ing le  crystal ,  51 kcal/mole 
fine grain), but t he  release ra te  for the fine-grain 
material is lower by a factor of 17 a t  1000°C. 
T h i s  is di rec t  evidence tha t  t he  grain boundaries 
a re  retarding the  e s c a p e  of f i ss ion  gas. 

Th i s  experiment h a s  demonstrated tha t  grain 
boundaries do not  a c t  as pa ths  of rapid e scape ,  
a s  once  believed, but rather as traps which anchor 
t h e  migrating f i ss ion  gas.  Also, the  effect  of 
f i s s ion  ra te  on the fission-gas r e l ease  w a s  pre- 
dicted by our model, which proposes  tha t  a defect-  
trap mechanism controls t he  e s c a p e  rate of fission 
gas, so tha t  the  e s c a p e  rate d o e s  not change  much 
with change in f i ss ion  rate.  Th i s  relation was  
valid for temperatures up to  145OOC (the highes t  
temperature of the experiment) and within the 
limits of t he  f i ss ion  dens i ty  of the experiment 
(from 2 to 9 x 10'' f i s s ions  cm-3  sec-I). 

MATHEMATICAL MODEL' OJ 

The mathematical model developed below de- 
s c r i b e s  a mechanism for the  s t e a d y s t a t e  release 
of f i ss ion  g a s  which fits the  observations and 
conclusions presented above. T h i s  is a rather 

'OR. M. Carroll, R. B. Perez. and Oscar Sisman, 
J .  Am. Ceram, SOC. 48(2), 55-59 (1965). 

"R. B. Perez, R. M. Carroll, and Oscar Sisman, A 
Mathematical Model for the High Temperature In-Pile 
Re lease  of Fission Gases,  ORNL-TM-743. 

oversimplified s ta r t ing  point f rom which further 
refinements may be made. For  the  present we will 
consider tha t  the c lus te rs  of defec ts  (third type 
trap) a re  quite permanent. That  is, we assume 
tha t  a f i ss ion  product c a n  e s c a p e  from a point de- 
f ec t  ( the second type trap) but h a s  small  proba- 
bility of e scap ing  from e i the r  the f i r s t  or the  third 
type trap, both of which w e  will  treat as permanent 
traps.  Note tha t  a n  atom of gas  born deep  in the 
specimen h a s  a high probability of fall ing into a 
permanent trap, and tha t  only the g a s  which is 
born near  the  specimen su r face  h a s  a high proba- 
bil i ty of e scape .  

We will,  then, restrict  ourse lves  to  the  considera- 
tion of the  temperaturedependent  gas-release 
processes ,  where la rge  (permanent) and smal l  
(temporary) traps retard the e s c a p e  of the f i ss ion  
gas. The  small (type 2) t raps  reach a quick pro- 
duction-anneal equilibrium for a given f i ss ion  rate 
and temperature. T h e  f i ss ion  products in a small 
trap have  a probability of e scap ing  the trap, but 
those  in a large trap have vanishingly smal l  es- 
c a p e  probability. Fission-fragment t racks  will  
create point defec ts  in their  wake and a t  the same 
time destroy any point de fec t  traps in their path. 

T h e  mechanisms of t rapping  and release from 
t raps  are introduced by defining two parameters: 

g = probability of trapping (sec- '), 
b = probability of e s c a p e  from trap (sec-I). 

T h e  other symbols to be  used  are: 

M ,  H = density of mother, daughter isobars,  
respectively (atoms/cm3), 

ro = the  fractional probability tha t  a trapped 
mother atom will  e s c a p e  the trap be- 
c a u s e  of recoil  energy when the mother 
decays  into the  daughter isobar,  

Mtr, Htr = concentration (atoms/cm3) of mother, 
daughter i sobars  i n  traps,  

D = diffusion coefficient (cm'/sec) = Do 

F = f i ss ion  rate (fissions 

R = gas  constant,  
T = absolute temperature, OK, 

exp I -  E , / R T I ,  
sec-I), 

E ,  = activation energy for process  X, 

R 
isobars from the specimen,  

6, = fission yield of isotope x, + = neutron flux (cm-' sec-I), 
Ax = decay cons tan t  of i so tope  x (sec-I), 
Cf = macroscopic f i ss ion  c r o s s  sec t ion  

=release ra te  per unit  a rea  of daughter H 

(cm- I). 
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The  hypothesis  is made tha t  the trapping proba- 
bility is proportional to the f i ss ion  density.  In 
the  expression 

the  term g o  will account  for both the  presence of 
the  intrinsic trap population and the  traps produced 
by condensat ion of the  point defects.  The  g , ( F , T )  
term of Eq. (1) s t a t e s  t ha t  the  population of point 
defec ts  is a function of f i ss ion  density and spec i -  
men temperature. 

The  gas  trapped in the  point de fec t s  can  also 
e s c a p e  by tunneling through the potential  barrier 
c rea ted  by the defect. T h i s  tunneling process is 
governed by an Arrhenius factor, and can be ex- 
pressed  a s  

b = bo exp - - 
RT ’ 

I 

where A E ,  is the activation energy of the tunnel- 
ing process. Under the  hypothesis  of a diffusion 
mechanism coupled with radioactive decay and a 
trapping-release mechanism, the equations for 

the transport of the  parent-daughter i sobars  can  be 
eas i ly  written by making u s e  of the principle of 
the  conservation of particles. l o  

The equation giving the r e l ease  .rate of an inert- 
gas  isotope is shown in  Fig. 13.6, along with the 
simplifying assumptions for th i s  f irst  model. The  
constant RZ is the recoil yield (atoms-cm/fission). 

OSClL LATl NG EXPERIMENTS 

In order to  more fully exploit  the defect-trap 
theory and to  eva lua te  the  various fac tors  in the 
equations,  we have  modified the experiment so 
tha t  i t  c an  now be operated in a dynamic mode. 
T h e s e  changes  make i t  poss ib le  to osc i l la te  either 
the neutron flux or the temperature in a controlled 
fashion. The  frequency, amplitude, waveform, and 
base-line posit ion of t he  temperature or flux osc i l -  
l a t ions  can  b e  controlled manually or in a pro- 
grammed manner. 

The  f i ss ion  gas  released from the specimen dur- 
ing irradiation is monitored continuously by a 
gamma-ray spectrometer. By appropriate se t t ings  
of the spectrometer controls, the  variation in the 

ORNL DWG. 64-7441 

Release  Ra te  of Gaseous Daughter, R H  = R;I (T,F) + R!F 

SIMPLIFYING ASSUMPTIONS 

(1) No change of microstructure 

(2) Re lease  by recoil is not temperature dependent  

(3) Trapping probability of intrinsic and c lus te r  traps is cons tan t  with t i m e  

(4) Mother-daughter a r e  affected t h e  same by the  t raps .  

(5) Diffusion of point defec ts  are neglected,  

(6) Homogenous distribution of t raps .  

Fig. 13.6. A Mathematical Model for Mother-Daughter Release. 
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emiss ion  rate of a s ing le  i so tope  c a n  be recorded 
over a period of time. A record of t he  flux or  tem- 
perature variations, dur ing  th i s  same period of 
time, is kept by a digital  recording voltmeter. By 
s tudying  the  amplitude and phase  sh i f t  of the fis- 
sion-gas r e l ease  under various input conditions,  
w e  hope to develop our defect-trap model for fis- 
sion-gas re lease  and to  experimentally e s t ab l i sh  
the  parameters (Do, go, gT, bo, ro ,  A E g ,  AE,) i n  
the mathematical model. 

Following t h e  ins ta l la t ion  of the osc i l la t ing  
equipment, single-crystal  specimens were ir- 
radiated. The  specimens were s l i ced  from the  
same crys ta l  as some of t he  previous specimens 
but were polished t o  a metallographic finish 
before irradiation (the previous specimens had a 
ground finish). Specimens with the  ground finish 
had become smoother during irradiation, ' and we 
be l ieve  th i s  smoothing may have  caused  the  ob- 
se rved  reduction in f i ss ion-gas  re lease  rate as 
burnup progressed. We wished, therefore, to see 
if a specimen tha t  w a s  metallographically polished 
prior to irradiation would show th is  change. Pre-  
liminary ana lys i s  of the d a t a  ind ica t e s  that  the  
g a s  r e l ease  from the  pol i shed  specimen did not 
dec rease  with time. Also,  the  recoil  re lease ,  

which is as soc ia t ed  with total  sur face  area,  was 
about the  same  as for t he  ground spec imens  after 
irradiation smoothing had occurred. 

The  emitted fission g a s  must travel some d i s t ance  
before an activity measurement c a n  be  made. T h e  
travel time is inversely proportional to the sweep  
flow ra t e  (we normally u s e  a 0.60-cm3/sec flow 
rate, which g ives  40 min travel time between the 
specimen and the  detector probe). The  de lay  time 
is measured by us ing  a sweep  gas containing 1% 
argon while o sc i l l a t ing  the  specimen into and out 
of the  reactor. The  flowing argon emerges from 
the  reactor with an ac t iv i ty  that var ies  according 
to the  neutron flux at the  specimen capsule.  In 
th i s  manner we find the  neutron flux variation for 
a given osc i l la t ion  program and also the  exac t  
de lay  time for a given flow of sweep  gas.  

T h e  f i ss ion  gas must e s c a p e  from the  specimen 
as  well  a s  travel ou ts ide  the  reactor; therefore 
the  difference of time between the argon wave train 
and the  fission-gas wave train is an  indication of 
the  t ime required for t h e  f i ss ion  g a s  to e s c a p e  from 
the specimen. All t he  d a t a  given below h a v e  been 
corrected for t h e  measured de lay  t ime of t he  sweep  
gas. 
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A large m a s s  of da t a  h a s  been obtained while 
the specimen temperature or f i ss ion  ra te  was  be- 
i n g  osc i l la ted  through various amplitudes and 
frequencies. The  da ta  a re  still being analyzed, 
but the  general behavior of the  fission-gas release 
is given below. 

1. Oscillating the  specimen temperature, a t  tem- 
peratures above 7OO0C and a t  constant f ission 
rate, produces a s ingle  smooth oscil lation of 
temperature. However, the maximum in the 
fission-gas re lease  rate occurs  before the 
maximum temperature of t he  specimen (Fig. 
13.7). Th i s  resu l t  implies tha t  the gas  being 
released a s  a function of temperature is gas  
which had been trapped, rather than a change 
in diffusion rate. 

2. Oscillating the f i ss ion  rate of the specimen 
a t  constant temperatures below 7OOOC produces 
a s ing le  smooth waveform of fission-gas re- 
lease. The  wave is symmetrical, but the  fis- 

sion-gas waveform a t t a ins  its maximum and 
minimum about  20 min after the corresponding 

. flux variation. The  magnitude of the  wave is 
proportional t o  the  variation in  fission rate. 
We think this f ission-gas re lease  is by knock- 
out result ing from f i ss ion  fragments penetrating 
the surface of the specimen. Note that the 
concentration of fission gas  a t  the specimen 
surface will  a l s o  vary with f i ss ion  rate. 

3. Oscil lating the fission ra te  a t  cons tan t  tem- 
peratures above 7OO0C produces a double wave- 
form of f i ss ion  g a s  (Fig. 13.8). One activity 
peak follows the flux peak by about 20 min and 
is presumably caused  by the knockout mecha- 
nism. The  second activity peak follows the 
flux peak with a delay t i m e  depending upon the  
frequency of oscil lation. This  peak h a s  a maxi- 
mum value when the  f i ss ion  rate is approaching 
(or a t )  its minimum, and is thought to be a re- 
su l t  of a changing concentration of fission- 
induced traps. 
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14. Behavior of Ceramic Materials Under Irradiation 

RADIATION STABILITY OF SILICATE 
c E RAMI cs 

C. D. Bopp 
0. Sisman R. L. Towns 

T. N. McVay2 

X-ray diffraction w a s  used  to supplement a 
previous s tudy  by thermal ana lys i s3s4  of the  
annea l ing  of radiation changes  in s i l i ca t e  ceramics.  
T h e  neutron d o s e s  for t h e  five different radiation 
exposures  used  a r e  l i s ted  in Table  14.1. T h e  
specimens were s in te red  compacts and cons i s t ed  
of small c rys t a l s  (Table 14.2) which were embedded 
in a g l a s sy  matrix., Samples were irradiated in  the  
form of d i sks  (34 in. i n  diameter by 0.02 in. thick), 
which were powdered for diffractometer measure- 
ments a f te r  other s tud ie s  had been made.' 
Diffractometer pa t te rns  were also obtained for 
unpowdered compacts i n  the  in s t ances  noted. 
Although a higher integrated fas t  neutron flux is 
required to disorder s i l i c a t e s  than to disorder 
quartz, ' the  quali tative similarity of the  density- 
dosage  re la t ions  sugges t s  similarity of the  
disordering mechanism. ' Recently,  it  w a s  shown 
tha t  disordering resu l t s  i n  quartz from t h e  s t ra in  
produced by s i l icon  in te rs t i t i a l  c lus te rs .  ' Dis- 

'Presented t o  the San Francisco meeting of the B a s i c  
Science Division of the American Ceramic Society, 
October 28-30, 1964. 

'Consultant from Bureau of M i n e s ,  Tuscaloosa, Ala. 
30. Sisman, Reactor  Chem. Div. Ann. Progr. Rept. 

Jan. 31, 1964, ORNL-3591, p. 152. 

4C. D. Bopp; 0. Sisman. and R. L. Towns, Reactor  
Chem. Div. Ann. Progr. Rept. Aug. 31, 1962, ORNL- 
3364, p. 194. 

'Diffractometer patterns were obtained by R. E. 
Thoma. 

'5. H. Crawford, Jr., and M. C. Wittels, Proc. U . N .  
Intern. Conf. Peaceful  Uses  of A t .  Energy, l s t ,  Geneva, 
1954. 7 ,  654 (1955). 

'William Primak, Phys. Rev. 110. 1240 (1958). 
'Sigmund Weissman and Koicha Nakajima, J .  Appl. 

Phys. 34, 611 (1963). 

ordering does  not necessar i ly  d e c r e a s e  strength,  
however. Fo r  example, a zircon compact (which 
w a s  ex tens ive ly  disordered as  d i scussed  below) 
remained in t ac t  throughout irradiation and annea l ing  
treatments.  

A comparison is made in  T a b l e  14.2 of the  
threshold temperature for stored-energy r e l ease3  s4 
and the  temperature a t  which restoration of t he  
x-ray diffraction l i nes  is init iated.  A hea t ing  
period of 15 min init iated restoration of  the 
diffraction l i n e s  at t h e  temperatures l i s ted .  T h e  
two temperatures co inc ide  for cordierite and 
zircon. This indica tes  tha t  d i s loca t ions  a re  
sufficiently mobile for recrystall ization at the  
temperature of intersti t ial-vacancy recombination. 
Fo r  s t ea t i t e ,  t he  l i n e s  a r e  restored a t  a much 
higher temperature. In forsteri te,  which w a s  not 
as  much disordered as the other  materials,  partial  
recovery occurs  a t  the  temperature of stored- 
energy re lease ,  but a much higher temperature is 
required for complete recovery. 

Cordierite 

New l ines  i n  the  x-ray diffraction pattern of t h e  
powdered compact ind ica te  a partial  breakdown to 
protoenstati te and  mullite a f te r  exposures  I and 
111. Exposure IV destroyed all t h e  l i nes  after 
hea t ing  a t  900°C; the  s t ronges t  x-ray diffraction 
l ine  corresponds to tha t  of a metas tab le ,  quartz- 
type so l id  solution s u c h  as that obtained with 
c rys ta l l iz ing  g l a s s  of cordierite composition. 
T h i s  phase  transforms to cordierite after 58 d a y s  
at  900°C,9 or i n  a shorter time at higher tempera- 
tures.  Pyroceram 9606," which is a partially 
c rys ta l l ine  g l a s s  containing very s m a l l  cordierite 
c rys ta l s ,  shows similar behavior. 

'W. Schreyer and J. F. Schairer, Z .  Kris t .  116, 60 

''A Corning Glass  Company product. 

(1 961). 
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Table  14.1. Def ini t ion of Irradiation Dosage 

Integrated Flux, 10" neutrons/cm2 
Reactor Exposure 

Code Thermal Epithermal >0.2 Mev > 1  Mev 

I MTR 

I1 Graphite 

I11 Graphite 

IV MTR 

V ORR 

Material 

9 

12 

2 0  

50 

100 

6 

10 

18 

30 

30 

6 2 

3 0.6 

6 1.1 

30 10 

30 10 

Table  142. Annealing Temperatures 

Average 
Crystal Threshold Temperature Temperature Which Initiates 

of Stored Energy Appearance of Diffraction 
Lines  (OC) 

Radiation 
Exposure Size 

( OC) (P) 

Cordierite (98% IV -1 900 + 5  
2Mg0 - 2 A l 2 0 ,  *5SiO,) 

Zircon (95% ZrSi04, 5% SiO,) I -30 880 fl0 

IV -30 880 k10 

850-900 

88 0-92 0 

960-1050 

Steatite (98% MgO -SiO,) IV 2-10 860 f 5  

Forsterite (98% 2Mg0 'SiO,) IV 4-16 835 &lo 

1 1  00-1 150 

800-980 

Zircon 

The  x-ray diffraction l i nes  are destroyed in 
zircon (Fig. 14.lb) at much lower exposures  than 
for cordierite; t h i s  resu l t s  from thermal-neutron- 
induced fission of a small amount of uranium 
impurity (0.022 wt % by activation analysis) .  
Zircon c rys t a l s  se lec ted  for low radioactive im- 
purity content were not disordered until  exposed 
t o  a much higher integrated fas t  neutron flux.6 
Comparison of the  x-ray diffraction patterns for 
powdered and unpowdered material showed tha t  
there was  a small effect of grinding on unirradiated 
material, but tha t  ex tens ive  l ine  broadening was  
produced by grinding after exposure I. T h i s  
ind ica tes  an instabil i ty of the  irradiated crystal-  
l ine phase  a s  suggested by Holland. " Restoration 

of t he  l i nes  is init iated by heating t o  92OoC after 
exposure I (Fig. 14 .14 ,  but higher temperatures 
o r  longer t i m e s  are required after higher exposures  
(Figs.  14.lf and g). Both zircon and zirconia are 
formed by hea t ing  the  irradiated material in the  
range 920  to 1150°C. T h e  zircon content de-  
creases and the  zirconia content i nc reases  with 
increas ing  exposure until  only zirconia is formed 
a t  exposure IV (Fig.  14.1j). Heat ing in the range 
1150 to 125OoC converts zirconia to zircon. T h e  
temperature or time for the  conversion inc reases  
with exposure (Fig.  14.1). 

The  formation of zirconia a t  high exposure re- 
s u l t s  from an increase  in  the  thermal s tab i l i ty  of 

"H. D. Holland and David Gottfried, Acta C r y s t .  8, 
291 (1955). 
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a. UNIRRADIATED ZIRCON PORCELAIN 

b. EXPOSURE I 

c. EXPOSURE I. HEATED I hr AT 400'C 

d. EXPOSURE I. HEATED t5  min AT 920T 

e. EXPOSURE II, HEATED I5 min AT 920% 

f. EXPOSURE m. HEATED I hr AT 9 5 0 T  

g. EXPOSURE IV. HEATED I 5  min ATIOIOaC 

h. EXPOSURE 1. HEATED 15 rnin AT 1150'C 

I. EXPOSURE 1U.HEATED 15 rnin AT 1150T 

J. EXPOSUREIV.HEATED t5min AT l15O'C 

k. EXPOSURE Il l .  HEATED 8 hr AT I20VG u I. EXPOSURE [V. HEATED 3 hr AT 1250'C 

5 5  50  45 40 35 30 25 20 - 28  (degl 

Fig. 14.1. X-Ray Diffraction Patterns for Z i rcon  

(Cu KaRadia t ion  Was Used). 

s i l icon  in te rs t i t i a l  c lu s t e r s ,  due  to interaction of 
the  c lus t e r s  with diglocations.  such  as  was  ob- 
served  with q u a r t z 8  Zirconia is formed after a 
radiation d o s e  suf f ic ien t  to s t ab i l i ze  c lus t e r s  at 
t h e  recrystall ization temperature. 

Steatite 

Clinoens ta t i te  is the  s t a b l e  polymorph of MgSiO, 
at low temperature; however, protoenstati te is 
s t a b l e  above  about 70OoC. Ordinary cool ing  r a t e s  
produce only par t ia l  transformation of protoenstati te 
to c l inoens ta t i te ;  sometimes grinding inc reases  
t h e  amount of clinoenstati te." In the present  
study, t h e  same  relative in t ens i t i e s  for proto- 
ens t a t i t e  and  c l inoens ta t i te  l i n e s  were obtained 
both with t h e  unpowdered s t e a t i t e  compact and 

'*J. F. Sarver and F. A. Hummel, J. Am. Ceram. SOC. 
45(4), 152 (1962). 

with material  powdered a t  room temperature subse -  
quent  t o  irradiation. T h e  principal phase  w a s  
protoenstati te,  which g ives  the  s t ronges t  l i ne  a t  a 
d s p a c i n g  of 3.18 A, although the  p re sence  of 
c l inoens ta t i te  is shown by weaker l i n e s  at 2.86 
and  2.96 A. 

Exposures  I and I11 did n o t  produce much change  
in  the  diffractometer pattern of unpowdered 
compacts.  However, with material powdered af te r  
exposure  I, t he  c l inoens ta t i te  phase  w a s  expanded 
as w a s  evidenced by the  appearance  of a moderately 
s t rong  l i n e  at 3.21 A. Before irradiation, t h i s  l i n e  
w a s  obscured by the  3.18-A protoenstati te l ine.  
With material powdered after exposure  111, 
c l inoens ta t i te  w a s  destroyed. T h e s e  observa t ions  
may b e  explained if the  combined e f f ec t s  of irradi- 
a t ion  and grinding produce expans ion  and eventua l  
destruction of t h e  c l inoens ta t i te  phase .  

Exposure IV destroyed all of t h e  diffraction 
l ines.  Heat ing  for 3 hr at 125OoC after exposure 
IV did not res tore  c l inoens ta t i te ,  although protoen- 
s t a t i t e  was  restored by th i s  treatment. T h e  s a m e  
treatment, however, did res tore  c l inoens ta t i te  
after exposure 111. Since c l inoens ta t i te  forms from 
protoenstati te on cooling, it appears  that  the  
protoenstatite-clinoenstatite transformation is 
impeded after heavy irradiation. 

F o rs ter i te 

Changes in the  x-ray diffraction pattern were not  
as pronounced i n  forsteri te as in  the  o ther  ma- 
te r ia l s ,  because  the  c rys ta l l ine  l i n e s  were not as 
strong. After exposure  IV, t h e  l i n e s  were only 
about one-fourth of the  in i t ia l  in tens i ty ,  and  they 
were very broad. Heat ing  to 98OoC restored t h e  
l i n e s  to  about one-half of t h e  in i t ia l  intensity;  
however, t h e  l i n e s  were still broad. Heat ing  to 
llOO°C did not produce further restoration. Further 
work is planned to  determine t h e  temperature of 
recrystall ization. 

I RRADl ATION-IN DUC ED THERMAL 
CONDUCTIVITY CHANGES OF CERAMICS 

C. D. Bopp 

We have  begun to s tudy  
irradiation-induced de fec t s  
materials by measuring 

0. Sisman 

the  annea l ing  of the 
i n  severa l  ceramic 

thermal conductivity 
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changes.  Thin spec imens  a re  used to permit 
dissipation of .the hea t  generated during irradi- 
ation, and a fluxmeter method was  developed, 
which is accura te  t o  about 5% with thin spec imens  
'(0.05 c m  thick and 1 c m  square) of conductivity 

to  1 0  c a l  ("C)-' sec-' cm-'. Another 
method ' is used  for specimens with conductivity 
less than 

With the  fluxmeter method (Fig. 14.2), t he  tem- 
perature drop across a sec t ion  of t he  specimen is 
compared with tha t  ac ross  a fluxmeter, a standard 
conductor in s e r i e s  with the  ~ p e c i m e n . ' ~  A 
provision is made for easy  removal of t he  spec i -  
men. T h e  upper end  of the  specimen is clamped 
t o  a heater by a n  electrical-type spring clip,  
while the lower end is submerged in  mercury. T h e  
temperature gradient is measured by the  tempera- 
ture difference between two ba r s  held aga ins t  the 
specimen by spring c l ips .  T h e  d is tance  between 
t h e  bars  is fixed by a space r  attached to  one  of 
them. Cotton is packed loose ly  around the  spec i -  
men, and the  temperature of the  lower bar is kept  
within about 0.2OC of the  ambient temperature by 

13C. D. Bopp, / . A m .  Ceram. SOC. 47, 151 (1964). 

I4C. N. Hooker et al . ,  Proc .  Roy. SOC. (London), Ser. 
A ,  276, 83 (1963). 

adjusting the  temperature of the water bath, which 
s e r v e s  a s  a hea t  sink. 

Experimentally, it was  found tha t  convection 
l o s s e s  become less important a t  low hea t  flux. 
The  l o s s e s  are acceptably s m a l l  (<5% of the  total  
flux) at a flux equivalent t o  a 1°C/cm gradient i n  
the specimen,  with the  specimen s i z e  mentioned 
above and the  conductivity greater than 
Th i s  method may a l so  be  used  with sufficiently 
thick specimens of lower conductivity, s i n c e  the  
l o s s e s  become less important with increas ing  
th ickness .  An accuracy of about 10% was  ob- 
tained with a cylinder about 0.5 c m  in diameter 
and a conductivity of 2 x In th i s  case the 
contact bars  were machined to match the curvature 
of the specimen. 

BEHAVIOR OF HIGH-TEMP ERATU RE 
MATERIALS UNDER IRRADIATION 

G. W. Keilholtz J. E. Lee ,  Jr. 
R. E. Moore 

'The behavior of ceramic oxides  and refractory 
metal carb ides  toward large fast-neutron doses  at 
high temperatures is being investigated in  a 
program now of severa l  years '  duration. The  

ORNL-DWG 65-2593 
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objec t ives  are to determine the l imits of fast- 
neutron dose,  fast-neutron flux, and temperature 
for t he  u s e  of t h e s e  materials in nuclear devices ,  
and to  es tab l i sh ,  i f  poss ib le ,  t he  mechanisms of 
damage. The  radiation s tab i l i ty  of sintered B e 0  
compacts  h a s  been defined at temperatures from 
1 1 0  to  llOO°C over the  fast-neutron d o s e  range 
0 .3  to 8.0 x 1 0 2 1  neutrons/cm2 (>1 M e V )  in a, 
s e r i e s  of experiments designed to separa te  t h e  
effects of grain size, density,  specimen s i z e ,  flux, 
dose ,  and temperature. 

A similar ,  though sma l l e r ,  study of sintered 
MgO compacts  is i n  progress; init ial  d a t a  a re  
presented in th i s  report. In addition, a s e r i e s  of 
experiments have  been in i t ia ted  to  determine the  
changes  in physical  properties of t he  carb ides  of 
Ti, Zr, Nb, Ta, and W when exposed to fast-  
neutron d o s e s  a s  high as 10" neutrons/cm2 a t  
temperatures from 130 to  140OOC. T h e  behavior of 
high-purity Y 2 0 ,  and A1,0, compacts  over the 
same dose  and temperature range is a l s o  under 
investigation. 

Ef fec t  of F a s t  Neutrons on Bery l l ium Oxide  

The  B e 0  irradiation s tud ie s  have  accumulated a 
large amount of useful da t a  for the  engineering 
des ign  of BeO-moderated reactors and for evaluating 
damage  mechanism^.'^-'^ In a s e r i e s  of ten 
assembl ies ,  more than 500 cylindrical  B e 0  spec i -  
mens and 40 s ingle  c rys t a l s  have  been irradiated 
t o  fast-neutron d o s e s  as high as 8 x 10" 
neutrons/cm2 a t  temperatures from 110  to l l O O o ~  
in the  Engineer ing Test Reactor  (ETR). T h e  ex- 
periments were designed t o  define the effect of 
grain size, density,  specimen size, dose,  flux, 
and temperature on pure Be0 compacts ,under  con- 
trolled conditions. Four  types  of specimens,  con- 
s i s t i ng  .of combinations of two dens i t i e s  (2.7 and 
2.9 g/cm3) and two grain sizes (22 and 34-72 p) 
were employed. 

The  resu l t s  from the  experiments a re  cons i s t en t  
with t h e  hypothes is  that  point defec ts  produced by 

15G. W. Keilholtz, J. E. Lee, Jr., and R.  E. Moore, 
1. Nucf. Mater. 1 l(3).  253-64 (1964). 

16G. W. Keilholtz, J. E. Lee,  Jr., and R. E. Moore, 
Properties of B e 0  Compacts Irradiated to Fast-Neutron 
D o s e s  Greater than 1021 neutrons/cm2 at  110, 650, and 
11 OOOC, ORNL-TM-1011 (Dec. 1, 1964). 

17G. W. Keilholtz, J. E. Lee ,  Jr., and R. E. Moore, 
Reactor Chem. Div. Ann. Progr. Rept. Jan. 31, 1964, 
ORNL-3591, pp. 147-52. 

f a s t  neutrons c a u s e  anisotropic expansion of the 
B e 0  crys ta l  l a t t i ce  (predominantly in the direction 
of the  c axis),  which in turn c a u s e s  grain-boundary 
separation in randomly oriented compacts. T h i s  
grain-boundary separation can  account  for most of 
the  changes  in physical  properties of irradiated 
B e 0  compacts. T h e s e  include fracturing and 
powdering, large reductions in the  crushing 
strength and thermal conductivity, and volume 
expansion. Photomicrographs of spec imens  irradi- 
a t ed  at low temperatures or to high d o s e s  a t  high 
temperatures show, in addition to ex tens ive  grain- 
boundary separation, some transgranular fracture, 
particularly in spec imens  of la rge  grain s i z e s .  

In irradiations a t  l lO°C,  a temperature a t  which 
in-pile anneal ing of point defec ts  is probably 
insignificant,  s eve re  fracturing of many spec imens  
occurs  during exposure  t o  fast-neutron d o s e s  
exceeding  10' neutrons/cm2. Most samples  
disintegrate to  powder after irradiation t o  d o s e s  
greater than 2 x 10" neutrons/cm2. Volume ex- 
pansion, a reliable criterion of neutron damage to  
B e 0  compacts, i nc reases  from 2.5 to 6% over the 
d o s e  range 0.7 to 2.2 x l o z 1  neutrons/cm2. In 
comparison, c rys ta l  volume expansion ca lcu la ted  
from l a t t i ce  parameters increased  only from 1.25 
to  3.5% over the  same d o s e  range. 

In-pile annea l ing  of fast-neutron damage t o  B e 0  
occurs  to  some exten t  at 65OoC and is qui te  
effective at llOO°C. Less g ross  damage, c rys ta l  
expansion,  and compact volume expansion occurs  
at 650 than a t  llO°C. In irradiations at a very 
high temperature (llOO°C), t he  gross  damage is 
much less seve re  than a t  650°C. Beryllium oxide  
of low dens i ty  and smal l  grain size generally with- 
stood irradiation better than B e 0  of high dens i ty  
or la rge  grain s i z e .  T h e  volume expansion at 
llOO°C w a s  much less than tha t  a t  65OoC. Speci- 
mens of low dens i ty  and s m a l l  grain s i z e  ex- 
panded l eas t ,  and spec imens  of high dens i ty  and 
large grain s i z e  expanded most. 

Comparison of da t a  for s amples  irradiated a t  
65OoC in long- and short-term t e s t s  to  equivalent 
dose  va lues  provides no indications of a flux 
intensity effect on gross  damage, volume ex- 
pansion, o r  l a t t i ce  parameter expansion. In irradi- 
a t ions  a t  llOO°C, there is no apparent e f fec t  of 
flux intensity o n  gross  damage. Surprisingly, 
however, volume expansion was  greater in low 
f luxes  than i n  high f luxes  for equivalent doses ,  as 
c a n  b e  s e e n  in Tab le  14.3. T h i s  unexpected re- 
su l t  is difficult  to explain as a radiation effect .  
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Table  14.3. Volume Expansion of Half- Inch B e 0  Specimens Irradiated in 

Experiments 41-8 and 41-9 at  llOO°Ca 

Volume Increase a t  Fast-Neutron Dose (7') 
Experiment 

Type 2.0 x 10" neutrons/cm2 4.0 x loz1 neutrons/cm2 7.2 x l o z 1  neutrons/cm2 

I 41-gb 

I , 41-9' 

I11 41-8' 

I11 41-9' 

IV 41-8' 

IV 41 -9' 

2.0 

0.7 

2.8 

1.3 

4.0 

1.8 

2.2 

1.4 

3.1 

2.6 

4.3 

3.6 

2.4 

3.5 

4.7 

aThe values of volume increase a t  the three neutron doses  were interpolated from linear data  plots. Type I1 was  

'Irradiation time 1.4 x l o 7  sec. 
'Irradiation time 7.33 x l o 6  see. 

omitted because there were too l i t t le  data available, but the expansion appears to  lie between types I and IV. 

A proposed explanation is tha t  thermal cyc l ing  of 
t he  reactor c a n  produce grain-boundary separation 
in  compacts with anisotropically strained grain 
boundaries. Accordingly, more grain-boundary 
separa t ion  and consequently greater volume ex- 
pansion could occur in  long-term, low-flux irradi- 
ations. 

F o r  the  u s e  of B e 0  a s  a moderator i n  nuclear 
reac tors  designed for long-term performance, t h e  
temperature i n  all loca t ions  exposed to high fas t -  
neutron fluxes should b e  llOO°C or  above. Be- 
c a u s e  of in-pile annealing a t  high temperatures, a 
low flux would probably minimize damage. A more 
important factor i n  minimizing damage, however, 
is the  maintenance of reactor operation without 
shutdowns or s ign i f icant  temperature drops. T h e  
irradiation da ta  a t  llOO°C indica te  that grain- 
boundary separation in  BeO, with the  consequent 
deterioration of i t s  phys ica l  and mechanical 
properties, may b e  promoted by thermal cycling. 

Fast-Neutron Damage to Magnesium Oxide 

The des ign  of t he  MgO irradiation a s sembl i e s  is 
very similar to those used  for BeO. In addition to 
440 MgO specimens,  t h e  a s sembl i e s  also con- 
tained 123  A1203 samples  and 112 B e 0  samples  
for comparison. Four types  of cylindrical  MgO 

specimens cons i s t ing  of two dens i t i e s  (3.15 to 
3.29 and 3.35 t o  3.41 g / c m 3 )  and two grain sizes 
(10 and 45 to 55 p) were irradiated a t  150, 800, 
and llOO°C. 

, T h e  e f f ec t s  of fast-neutron d o s e  and flux were 
separa ted  a t  each  temperature by irradiating spec i -  
mens for different periods of time in  the  same flux 
profile. Experimental conditions in the  MgO 
irradiations a re  given i n  Fig.  14.3. Each  wide 
bar represents  a capsu le  containing 15 cylindrical  
specimens 0.5 in. l ong  by 0.5 in. in diameter, and 
each  narrow bar represents a capsu le  containing 
30 specimens 0.25 in. long by 0.25 in. in diameter. 
Resu l t s  from postirradiation examinations of 
samples  from experiments 41-15, 41-17, and 41-21 
a r e  presented below. 

I r radiat ion of Magnesium Oxide a t  *15OoC. - 
T h e  four types  of MgO compacts were irradiated at 
-150OC in  two experiments of different time 
periods over the  same flux profile. T h e  spec i -  
mens,  which were white before irradiation, were 
found t o  b e  gray or b lack  a t  the conclusion of t he  
experiments. About 40% of the  samples  were 
severe ly  fractured, but n o  powdering occurred. 
T h e  fracturing did not i nc rease  with inc reas ing  
fast-neutron d o s e  as it did i n  BeO, but  i n s t ead  
appeared to b e  randomly distributed over t h e  d o s e  
range of both experiments. No definite differences 
among the  types  of MgO were noted. 
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Fig.  14.3. lrrodiotion Conditions for Experimental 

Assemblies Containing M g 0  with B e 0  and A1203. 

The volume expansion of s amples  tha t  survived 
without s eve re  fracturing is plotted aga ins t  fast- 
neutron d o s e  in  Fig. 14.4. The  MgO samples  ex- 
panded in volume approximately 1% after receiving 
a d o s e  of 1.1 x 10" neutrons/cm2,  but irradiation 
to d o s e s  as high as 2.4 x l oz1  neutrons/cm2 did 
not produce greater expansion. There  were n o  
significant differences among the  types  of MgO, 
and, a s  expected in  low-temperature irradiations,  
there was  no definite flux in tens i ty  effect. A s  can  
b e  s e e n  i n  Fig. 14.4, the  B e 0  samples  in t h e  
assembl ies  expanded much more than did the MgO 
samples .  

Micrographic examination of MgO irradiated a t  
15OOC revealed n o  grain-boundary separation what- 
soever. Frac tures  present i n  some of the samples  
were t rans  granular. 

Irradiation of Mg0 a t  800 and llOO°C. - 
Approximately 30% of the MgO samples  irradiated 
at 800°C and nearly all the  samples  irradiated at 
llOO°C over the dose  range 0.75 to 4.9 x 10" 
neutrons/cm2 ( > 1 M e V )  were severe ly  fractured. 
No  powdering was  observed. A s  in  the  low- 
temperature irradiation, fracturing was  randomly 
distributed over t he  dose  range, and there  were no 
significant differences among the  four types  of 

MgO. Unlike the irradiations at 15OoC, the  speci-  
mens did not darken during the  experiments. T h e  
volume inc rease  of MgO samples  irradiated a t  
llOO°C, which survived without s eve re  fracturing, 
was  less than 0.5%, even after exposure to d o s e s  
exceeding  4.5 x 10' neutrons/cm2.  Micrographic 
examinat ions showed no grain-boundary separation 
at e i ther  800 or llOO°C. However, transgranular 
f rac tures  were seen  in photomicrographs of some 
of the specimens.  Out-of-pile control t e s t s  were 
conducted to  dupl ica te  the thermal history of t h e  
irradiation experiment. No  fracturing or significant 
dimensional changes  occurred i n  the  MgO samples  
hea ted  a t  e i ther  temperature in these t e s t s .  

Mechanisms of Fast-Neutron Damage to Mg0. - 
Damage t o  sintered compacts .of  MgO and B e 0  
exposed to high fast-neutron d o s e s  apparently 
occur s  through different mechanisms. It is 
generally agreed tha t  anisotropic expansion of the  
B e 0  crys ta l  l a t t i ce  c a u s e s  grain-boundary sepa-  
ration in irradiated B e 0  compacts. Since the  MgO 
la t t i ce  is isotropic, l a t t i ce  expansion result ing 
from point defec ts  should no t  c a u s e  grain-boundary 
separation in MgO compacts. Micrographic ex- 
aminat ions confirm th i s  conclusion. Frac tures  
s e e n  in  the  photomicrographs (Fig. 14.5) were 
definitely transgranular, which means tha t  t h e  

ORNL-DWG 64-8397R 
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AMgO TYPE Ill-HIGH DENSITY (-3.4 g/cm3) SMALL GRAIN-SIZE (-40~) 
vMgO TYPE IV-HIGH DENSITY (-3.4 g/cm3 ) LARGE GRAIN-SIZE (-45p) 
0 Be0 DENSITY (-2.7 g/cm3), GRAIN-SIZE ( c l o p )  

SOLID SYMBOLS: DOSE RECEIVED IN 4.38 x IO6 sec 

OPEN SYMBOLS: DOSE RECEIVED IN 2.75 x 406sec 

8 

7 . ~ i  
TEMP - 450°C 

8 2  3 3 3 1  

-5 - 0 v o v  4 

0 
.D 

o a  

0 0.5 4 .O 4.5 2.0 x 402' 
FAST-NEUTRON DOSE (neutrons/cm', '4 MeV) 
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Fig.  14.5. Photomicrograph of MgO Specimen 4-27. Density,-3.4 g/cm3; grain size,  -45 p ;  irradiated to a fast- 

neutron dose  of 4.5 x loz '  neutrons/crn* (> 1 MeV) a t  80OoC; as polished, 1 0 0 ~ .  

- fracturing of MgO compacts  is a resul t  of an 
int r insic  weakness  of the  irradiated MgO crys ta l s  
themselves.  Fracturing of compacts  at low tem-  
peratures,  then, is caused  by random crack 
propagation through t h e  relatively fragi le  MgO 
c r y s t a l s  which h a v e  been weakened by irradiation. 

A s  judged from the  very s m a l l  volume expansion 
at 8OO0C, radiation damage is largely annealed at 
high temperatures.  The  fact tha t  there  is greater 
damage at llOO°C than at 8OO0C may mean, there- 
fore, that thermal e f fec ts  a re  responsible for 
fracturing at t h e s e  temperatures. R e s u l t s  of out- 
of-pile tests show that nei ther  thermal cyc l ing  
nor long-term heat ing produces fracturing. Con- 
sequently,  thermal s t r e s s ,  possibly in con- 
junction with thermal cycling, must in i t ia te  the  
fractures  in  high-temperature irradiations. 

Effects  of Fast-Neutron Irradiation on AI,O, 

Samples of two types  of s intered A1,0, speci-  
mens (densi t ies ,  3.6 and 3.8 g/cm3), both with 
grain size less than 10 p, were irradiated i n  the 
experimental assembl ies  of the  MgO ser ies .  T h e  
gross  damage w a s  s imilar  to that of MgO samples  
in  irradiations at 150OC. Of 1 2  samples  receiving 
d o s e s  from 0.46 to 2.35 x 1021 neutrons/cm2 
(>1 Mev), s even  were severely fractured, while 
f ive sus ta ined  little damage. No correlation 
of d o s e  and gross  damage was  establ ished,  and no 
difference between t h e  two types  w a s  apparent. 
Dimensional d a t a  from the samples  tha t  could be 
reliably measured indicate  tha t  the volume ex- 
pansion of A1,03 at 150°C is no greater than about 
1.4% after irradiation to 2.35 x 10" neutrons/cm2. 
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T h e s e  preliminary resu l t s  show that even though 
the  crystal  structure of A1203 is anisotropic l ike  
tha t  of BeO, t h e  behavior of A1203 on exposure to  
fast neutrons is more l ike that  of MgO. 

Behavior of  Refractory-Metal Carbides and 
H igh-Pur i ty  Oxides of Yt t r ium and Aluminum 

Refractory-metal carb ides  have potential  appli- 
ca t ions  in high-performance power plants  and in  
reactors for spec ia l  appl icat ions requiring ex- 
tremely high power densi t ies ."  For th i s  reason,  
a carbide irradiation program h a s  been ini t ia ted to  
s tudy the s tabi l i ty  of t h e s e  high-melting mater ia ls  
toward fas t  neutrons. Both hot-pressed and s l ip-  
c a s t  s intered samples  of the monocarbides of Ti, 

18G. W. Keilholtz, J. E. Lee, Jr., and R. E. Moore, 
Behavior of High-Temperature Materials Under Zrradi- 
ation, ORNL-TM-980, pp. 95-105 (Oct. 31, 1964). 

Zr, Nb, Ta,  and W will be irradiated over three 
temperature ranges: 130-420, 900-1000, and 
1100-1400OC. Single c r y s t a l s  will a l s o  b e  in- 
cluded. It is planned to  irradiate the  carb ides  to 
doses  as high as l o 2 *  neutrons/cm2 (>1 M e V )  and 
to  separa te  the  flux and d o s e  parameters a t  each 
temperature by varying the irradiation t imes.  

Low-temperature experimental assembl ies  (130- 
420OC) are  now being irradiated in  the ETR and 
t h e  ORR, and high-temperature assembl ies  a re  
being prepared for insertion in  the ETR ear ly  in  
1965. The carbide experimental s e r i e s  a l s o  in- 
c ludes  s tud ies  of the radiation s tabi l i ty  of high- 
purity Y 2 0 3  and translucent A1203 (Lucalox), 
which may have value for thermal conversion 
appl icat ions in reactor systems.  In addition, i t  is 
planned to  irradiate some B e 0  compacts in t h e s e  
experiments a t  temperatures as high as 140OOC to 
obtain information for spec ia l  appl icat ions of th i s  
material. 



15. Miscellaneous Studies for Solid-Fueled Reactors 

EQUILIBRIUM STUDIES IN THE SYSTEM 
~ T h 0 2 - U 0 2 - U 0 3  

L. 0. Gilpatrick C. H. Secoy 

obtained a t  much shorter periods of time. Resul t s  
a r e  shown in Figs.  15.1, 15.2, and 15.3 for three 
additional temperatures, 1400, 1425, and 155OOC. 

Study of the phases  which compose the  equilib- 
rium sys tem Tho,-U0,-UO, h a s  been continued 
a t  temperatures ranging from 700 to 155OOC. Oxy- 
gen partial  pressure h a s  been limited to that con- 
tained in the  normal atmosphere. Previously re- 
ported resu l t s ' -3  have  es tab l i shed  the  general 
form of the phase  diagram for th i s  system. Addi- 
tional insight h a s  k e n  poss ib le  due to  improved 
techniques which have  been used  during th i s  
period. A new high-temperature tube furnace h a s  
been put into service.  The element windings of 
heavy 50% platinum-50% rhodium wire a re  de- 
signed to operate a t  170OOC in air. Temperature 
gradients are adjustable in de ta i l  to achieve an 
experimental value which can  be held constant 
to floc throughout. Better temperature control 
h a s  helped to improve the quality of the  data. 

Some variations in the methods of quenching the 
high-temperature s t a t e  were examined. Quenching 
under a n  argon cover in  p lace  of air, for example, 
was  found to have no pronounced effect  on the 
resu l t s  at 155OOC in the high-urania region. Re- 
duc ing  t h e  quench time to 15 sec did help the 
regularity of the data. 

Compositions ranging from 100 to 40 mole % 
urania were examined a t  various temperatures of 
equilibration. After 174 days  a t  712OC the lowest-  
temperature s e t  was  analyzed and revealed no 
significant change as compared with prior da ta  

'H. A. Friedman and R. E. Thoma, Reactor Chem. 
Div. Ann. Progr. Rept. Jan. 3 1 ,  1963, ORNL-3417, pp. 

'L. 0. Gilcatrick. H. H. Stone. and C. H. Secov. 
130-34. 

Reactor  Chem. Div.-Ann. Progr. Rept. Jan. 3 1 ,  1963; 

3L. 0. Gilpatrick, H. H. Stone, and C. H. Secoy, 
Reactor Chem. Div. Ann. Progr. Rept. Jan. 31,  1964. 

ORNL-3417, pp. 134-39. 

ORNL-3591, pp. 160-64. 

0 0.1 0.2 0.3 0 4  0.5 06  0 7  
MOLE FRACTION Thog 

Fig. 15.1. 140OoC Isotherm for the System Th02-U02-  

u O j  at P = 0.2 atm. 
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Coefficients for t he  b e s t  s t ra ight  l i nes  represent- 
i n g  t h e  two-phase and  the  single-phase region 
were determined by the  leas t - squares  method of 
fi t t ing and  a r e  l i s t ed  in  the  sepa ra t e  Tab le s  15.1 
and  15.2. In all cases the  resu l t s  of the  f i r s t  
h e a t s  of a particular composition were excluded 
from consideration. In nearly all cases there is 
evidence  tha t  a t  l e a s t  t h e  first  h e a t s  have not ye t  
a t ta ined  equilibrium. The va lues  presented in 
T a b l e s  15.1 and 15.2 a re  not i n  very good agree- 
ment with r e su l t s  reported earlier.  Nor is i t  c lear  
which present  a more nearly correct picture. X-ray 
diffraction d a t a  d i s c u s s e d  below sugges t  that  both 
may err in ind ica t ing  tha t  the  mole fraction UO, 
in the  cubic  phase  r i s e s  well above the  value 
0.25. 

The 1550°C h e a t  is of particular in te res t  be- 
c a u s e  i t  demonstrates t ha t  after s even  heat-grinds 
totaling 15 hr there is still evidence that the 
transit ion from U,O,-orthorhombic to the fluorite 
cubic structure for pure urania is s t i l l  not com- 
plete.  Th i s  temperature was  purposely chosen  
to b e  above the  transit ion temperature of 1525OC 
reported in t h e  l i t e ra ture4  for pure urania. Those  
hea t s  containing T h o ,  more rapidly approached a 
composition containing about 0.30 mole fraction 

UO, and finally exhibited no de tec tab le  U,O, 

T a b l e  15.1. 
Two-Phase T i e  L i n e s  XuoJ = a o  - a l X T h O 2  

Least-Squares Parameters for the 

= 0  a l  
Temperature Number of 

( O C )  Data Points 

1400 32 0.6469 1.2274 

0.6592 1.6163 1425 33 

Table  15.2. Least-Squares Porameters for the 

One-Phase Isobars Xuo = bo - b X 3 1 Tho2 

Linearity assumed 

b l  
Temperature Number of 

b0 
( O C )  Data Points 

0.3265 0.1593 1400 16 

1425 19 0.2711 0.0419 

phase. T h i s  lower va lue  compares with 0.40 mole 
% UO, reported l a s t  year as a preliminary value 
of the  l imi t ing  case for the  composition of the  s y s -  
tem as t h e  T h o ,  component approached zero. T h e  
s i tua t ion  is still unsatisfactory i n  that better tech- 
n iques  seem to yield lower va lues  for t he  e x c e s s  
oxygen, although not as  low as UO,.,,. There  is 
s t i l l  a n  unresolved question as to the role sur face  
oxidation p l ays  during the  quenching and handling 
a f te r  firing. Currently s t e p s  a r e  be ing  taken to 
reso lve  th i s  question experimentally. 

Additional ev idence  also suppor t ing  th i s  t h e s i s  
is gained from x-ray diffraction studies.  Pre-  
viously th i s  tool was u s e d  only to identify phases  
which were present. During th i s  period, unit  cell 
p a r a m e t e s  (a,) were determined, i n  addition, u s ing  
a bench diffractometer for t hose  cases where suf- 
f iciently we l l c rys t a l l i zed  f a c e c e n t e r e d  cub ic  
c rys ta l  patterns could b e  observed. T h i s  included 
all the  single-phase region, most of the  two-phase 
region, and exc ludes  only tha t  par t  of the  two- 
phase  region composed of greater than  95%. urania 
a t  the  higher temperatures. 

4C. A. Alexander and T. S. Shevlin, Uranium Oxide 
P r e s  sure-Tem era ture Compos  ition Rela  tionships from 
1000 to  2000 K, TID-7622, pp. 139-48 (October 1961). 8 
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The  reduced sys tem of UO,.,, and T h o ,  has  
been reported to  be monophasic so l id  solution ex- 
hibiting the  cubic structure t h r o ~ g h o u t . ~ * ~  The 
l a t t i ce  parameter obeys  Vegard's law to  a f i r s t  
approximation and c a n  b e  expressed  analytically 
by the linear equation 

a. = 5.473 + 0.123XTh0 . 
2 

Also well  e ~ t a b l i s h e d " ~  is the fact that when 
stoichiometric UO, adsorbs oxygen, the effect is 
to reduce the  unit cell size a t  l e a s t  up to  the 
value of $ atom oxygen per mole of UO,. Schaner's 
da ta  indicate that the  dependence is not linear. 
His  da t a  can be described by a quadratic, the 
parameters of which were ca lcu la ted  by the l ea s t -  
squares  method to yield 

a ,  = 5.473 - 0.096Xu0 - 0 .150Xt0  . (2) 
3 3 

If one  assumes  no interaction between the two 
effects these  express ions  c a n  be  combined to 
give 

a, = 5.473 + 0.123XT,, - 0.096Xu0 
2 3 

- o.150x:,o . 
3 

(3) 

Th i s  empirical  relation, based  on d a t a  obtained 
by chemical analysis,  permits the calculation of 
the  la t t ice  parameter of all our observed values, 
60 determinations, within k0.003 A and nearly 50 
of t h e s e  within kO.001 A. 

T h e  relation is obviously restricted to the con- 
dit ion tha t  no other phase,  such  as U30,, is 
present. If t h i s  limitation were not observed, the 
ana ly t ica l  resu l t s  would represent the sum for 
the mixture and would bear no unique relation to  
the cubic component. 

Anomalous behavior was d i sc losed  by some of 
the da t a  when applied to ca lcu la te  a, by the above 
relation. Compositions containing less than 0.20 
mole fraction T h o ,  consistently gave U03 mole 
fractions greater than 0.25 after equilibration in 

5W. A. Lambertson, M. H. Mueller, and F. H. Gunzel, 

6E. Sidwinski and N. Elliott,  J. Am. Chem. SOC. 72, 

'B. E. Schaner, J. Nucl. Mater. 2, 110-20 (1960). 

'P. Perio, Contribution to the Crystallography of the 
Uranium-Oxygen System, Doctoral Dissertation, Univer- 
s i ty  of Par is ,  1955, CEAD-363. 

Jr., J. Am. Ceram. SOC. 36, 397-99 (1953). 

4504-6 (1950). 

air a t  temperatures from 1400 to 1600OC. In no 
case could the presence of a second phase,  such  
as U,O,, be  detected in the diffraction patterns. 
In t h e s e  cases the correct la t t i ce  cons tan t  for 
t he  cubic  phase  was  obtained from Eq. (3) by us- 
ing  the  value X u o  = 0.25 regardless of the higher 

analytical  value. Several hypothetical  explana- 
t ions for th i s  apparent discrepancy can  be ad- 
vanced. T h e  most reasonable  seems to be that 
the cubic  phase  is truly limited to X u o  = 0.25 

and tha t  the  e x c e s s  oxygen found by chemical 
ana lys i s  is actually present in a su r face  f i l m  of 
another phase,  whose presence cannot  be detected 
by x-ray diffraction. Table  15.3 presents  the 
experimental data. 

Progress  toward equili  b r i m  during success ive  
hea t s  a t  a given temperature can  be followed by 
observing t h e  unit cell cons tan t  for the  cubic  
phase. Data for a ,  a t  155OoC are displayed in 
Fig. 15.4. P lo t t ing  a. v s  success ive  heating 
t imes demonstrates  a typical minimum in a. for 
each  composition. The  hea t s  up to a total  of 7 hr 
reflect  a contracting l a t t i ce  as solid-solution 
formation approaches completion and the  solution 
of e x c e s s  oxygen reaches  a maximum value. As 
the  firing period grows longer, some urania is 
l o s t  by volati l ization, so  that the composition 
of each  material  sh i f t s  toward a larger proportion 
of Tho, .  Since T h o ,  h a s  the la rges t  unit cell of 
any component of t he  system, the equilibrium solid 
solution re f lec ts  t h i s  fac t  i n  a progressively larger 
unit cell as urania is lost .  

3 

3 

ORNL-DWG 65-2597 
5 465 

- 
"QI 5460 
c 

i! 9 5455 
s 
J 

5450 

c_ z 
? 5445 
B 

5 440 

5 435 
0 2 4 6 8 10 I2 14 46 + E  

HEAT TIME (hr) 

Fig. 15.4. Time Dependence of Face-Centered Cubic 
Lattice Constant at 1 55OoC. 



242 

T a b l e  15.3. Compositions and L a t t i c e  Parameters for the Cubic Phase  

Temperature 

(OC) 
X T h O Z  

a. (A) 

Observed Calculated 

900 

900 

900 

900 

900 

900 

900 
900 

900 

1200 

1200 

1200 

1200 

1200 

1200 

1550 

1550 

1550 

1550 

1550 

1550 

1550 

1550 

1550 

1550 

1550 

1550 

1550 
1550 

1550 
1550 

1550 
1550 

1550 

1550 

1550 

1550 

1550 

1550 

1550 

1550 

1550 

1500 

1550 

1475 

1550 

0 
0 

0 

0 

0 

0 

0 

0 
0 

0 
0 
0 
0 
0 
0 

0.0007 

0.0267 

0.0279 

0.0283 

0.0286 

0.0300 

0.0301 

0.0559 

0.0580 

0.0597 

0.0599 

0.0599 

0.0604 
0.0669 
0.0695 
0.0722 

0.0740 
0.0745 

0.0754 

0.0764 

0.0766 

0.1015 

0.1019 

0.1019 

0.1028 

0.1032 

0.1036 

0.1036 

0.1059 
0.1422 

0.1518 

0 
0.008 

0.018 

0.02 0 

0.030 

0.040 

0.078 

0.146 
0.176 

0.208 

0.208 

0.229 

0.248 

0.248 

0.248 

0.3486 

0.3163 

0.3691 

0.3465 

0.3456 

0.2888 

0.3335 

0.2975 

0.2936 

0.3233 

0.3128 

0.3097 

0.3026 
0.3062 

0.2936 
0.3166 

0.3134 

0.3256 
0.3123 

0.3063 

0.2976 

0.3607 

0.2894 

0.2982 

0.3075 

0.3079 

0.3167 

0.2995 

0.2882 

0.3542 

0.3069 

5.473 

5.472 

5.474 

5.472 

5.470 

5.470 

5.466 

5.456 

5.450 

5.447 

5.454 

5.443 
5.437 

5.441 

5.441 

5.4371 

5.4396 

5.4412 

5.4405 

5.4402 

5.4407 

5.4403 

5.4468 

5.4480 
5.4472 

5.4468 

5.4464 

5.4458 
5.4464 

5.4485 

5.4495 
5.4481 

5.4483 

5.4483 

5.4480 

5.4483 

5.4487 

5.4532 

5.4534 

5.4532 

5.4523 

5.4523 

5.4530 

5.4530 

5.4567 

5.4590 

5.4730 

5.4722 

5.4712 

5.4710 

5.4700 

5.4689 

5.4646 

5.4558 

5.4515 

5.4465 

5.4465 

5.4431 

5.4400 
5.4400 

5.4400 

5.4397 

5.4429 

5.4430 

5.4431 

5.4431 

5.4433 

5.4433 

5.4470 

5.4467 

5.4469 

5.4470 

5.4470 

5.4470 
5.4478 
5.4481 

5.4485 

5.4487 
5.4488 

5.4489 

5.4490 

5.4490 

5.4521 

5.4521 

5.4521 

5.4522 

5.4523 

5.4523 

5.4523 

5.4526 

5.4571 

5.4583 

0 

- 0.0002 

+0.0028 
+0.0010 

0 

+0.0011 

+0.0014 
t 0.0002 

-0.0015 

+0.0005 

- 0.0011 

- 0.0001 

- 0.0030 
+ 0.0010 

+0.0010 
- 0.0026 

- 0.0033 

-0.0018 

- 0.0026 

- 0.0029 

- 0.0026 

- 0.0030 

- 0.0002 

+0.0013 

+ 0.0003 

- 0.0002 

- 0.0006 

- 0.0012 
- 0.0014 
+ 0.0004 

+0.0010 
- 0.0006 

- 0.0005 
- 0.0006 

- 0.0010 

- 0.0007 

- 0.0034 

+0.0011 

+0.0013 

+0.0011 

0 

0 
+0.0007 

,+0.0004 

- 0.0004 

+0.0007 
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Table 15.3 (continued) 

a. (A) 
XThO, X U 0 3  Observed Ca  Ic ula te d 4 3  

Temperature 

(OC) 

1475 
1550 
1550 
1500 
1550 
1550 
1550 
1550 
1475 
1450 
7 00 

1200 
1200 
1425 

0.1532 
0.1532 
0.1540 
0.1541 
0.1542 
0.1549 
0.1558 
0.1580 
0,1598 
0.2362 
0.3458 
0.3542 
0.5058 
0.5596 

0.3469 
0.2668 
0.3004 
0.3477 
0.3007 
0.3063 
0.3081 
0.2 8 7.3 
0.3444 

0.3192 
0.3051 
0.2738 
0.3012 
0.2220 

5.4574 
5.4600 
5.4590 
5.4588 
5.4593 
5.4594 

i 5.4605 
5.4590 
5.4595 
5.4658 
5.4825 
5.4834 
5.5002 
5.516 

5.4584 
5.4584 
5.4585 
5.4586 
5.4586 
5.4587 
5.4588 
5.4590 
5.4593 

5.4687 
5.4821 
5.4832 
5.5018 
5.5131 

- 0.0010 
+0.0016 
+0.0005 
+ 0.0002 
+0.0007 
+ 0.0007 
+ 0.001 7 

0 
+0.0002 

-0.0029 
+0.0004 
+ 0.0002 
- 0.0016 
+0.0029 

T h e  chemical ana lys i s  upon which t h i s  work is 
based  was  performed by Analytical Chemistry 
Division personnel with W. R. Laing  as supervisor. 

PHASE EQUILIBRIUM STUDIES IN THE 
U0,-ZrO, SYSTEM 

K. A. Romberger D. R. Sear s  H. H. Stone 
R. E. Thoma C. F. Baes 

In a previous reportg i t  was  s t a t e d  that precipi- 
t a t e s  of UO, and ZrO,, formed in  a fluoride melt 
a t  60OoC, showed no measurable solution e i ther  
of UO, in ZrO, or of ZrO, in UO,. Th i s  observa- 
t ion w a s  in sharp disagreement with published 
phase  diagrams"-' for the  U0,-Zr02 system, 

'J. E. Eorgan e t  at., Reactor Chem. Div .  Ann. Progr. 

"I. Cohen and B. E. Schaner, J. Nucl. Mater. 9, 

"W. A. Lambertson and M. H. Mueller, J. Am. Ceram. 

12G. M. Wolten, J. Am. Chem. SOC. 80, 472 (1958). 
13N. M. Voronov, E. A. Voitekhova, and A. S.  Damlin, 

Proc. U.N. Intern. Conf. Peacefu l  Uses  At. Energy, 
2nd, Geneva, 1958, 6, 221 (1958). 

Rept. Jan. 31, 1964, ORNL-3591, p. 45. 

18 (1963). 

SOC. 36, 365 (1953). 

which indicated appreciable solubili ty of both 
UO, in  ZrO, and ZrO, in UO,. Because i t  is 
necessary  to avoid precipitating uranium in any 
form in the  MSRE, and also because  of the  im- 
portance of U0,-ZrO, compacts for so l id  fuel 
elements,  an  investigation of t he  phase  equilibrium 
relationships in  t h i s  system w a s  initiated. '  

T h i s  s tudy  is being pursued by two different 
techniques,  In the  first ,  various mixtures of pow- 
dered UO,, ZrO,, their solid solutions,  and a 
molten flux composed of ltthium, beryllium, ura- 
nium, and zirconium fluorides a re  equilibrated, 
with agitation, under an inert, nonoxidizing at- 
mosphere. After equilibration, the so l id s  a re  
freed from m o s t  of t h e  fluoride melt  by filtration 
a t  temperature, cooled to room temperature, freed 
from any residual fluorides by an aqueous wash, 
and finally investigated by x-ray and petrographic 
techniques. In the second technique being used  
for study of t he  system, mixtures of appropriate 
so l id  compositions a r e  examined with an  x-ray 

14P. E. Evans, J. Am. Ceram. SOC. 43, 443 (1960). 

"T. R. Wright, D. E. Kizer, and D. L. Keller, Studies 
in the UOZ-ZrOZ System, BMI-1680 (Apr. 27, 1964). 

16The contributions of Prof. J. E. Ricci, consultant 
to the Reactor Chemistry Division from the Department 
of Chemistry, New York University, a re  gratefully 
acknowledged. 



244 

diffractometer equipped with a t tachments  per- 
mitting the  u s e  of controlled or  var iab le  high tem- 
peratures and  simultaneous protection of the  
sample in a vacuum. 

Equi l ibrat ion with Mol ten F luor ide  F luxes  

T h e  r e su l t s  obtained from 12 samples  equili- 
brated at 915 and 102OOC showed no  measurable 
ev idence  of solution of UO, in the  monoclinic 
ZrO, a t  e i ther  temperature. Also, at 915OC, there 
was  no ev idence  of any solution of ZrO, in  cubic  
UO,. With the  102OOC samples ,  a s l igh t  change 
in UO, l a t t i ce  cons tan t  w a s  observed indicating 
a small (several  mole %) zirconium solubility. 
Eight of t hese  twelve samples  contained tetragonal 
U0,-ZrO, so l id  so lu t ions  in  the  s t a r t i ng  mixtures. 
T h e  d isappearance  of these  so l id  so lu t ions  dur- 
ing the  equilibration is evidence  not only that 
reaction h a s  occurred, bu t  also tha t  t hese  so l id  
so lu t ions  a re  not s t a b l e  with respec t  to the  pure 
cubic  UO, and monoclinic ZrO, p h a s e s  a t  tem- 
peratures below 102OOC. 

Analys is  of the  liquid p h a s e  obtained from the 
high-temperature filtration provides a complemen- 
tary means for following any  changes occurring 
with t h e  so l id  phases ,  s i n c e  the  relative amounts 
of ZrF ,  and UF, in the  melt a re  fixed by the  
equilibrium: 

ZrF,(d) + UO,(s) F UF,(d) + ZrO,(s) . (4) 

Thus ,  any changes  in  the  relative ac t iv i t ies  of 
t he  so l id  phases ,  tha t  is, solid-solution formation 
o r  t he  d isappearance  of one of t hese  so l ids ,  will  
a f fec t  t h e  relative ZrF, and UF, concentrations.  

F o r  the melts equilibrated a t  915OC, the  mole 
ratio of ZrF,  to UF, was  1.513 5 0.265 to 1 for 
ZrF,  concentrations varying from 0.387 to 0.5l7 
mole per  kilogram of melt. Fo r  the  102OoC samples,  
th i s  ratio was  1.412 f 0.077 to  1 for a concentra- 
t ion range of 0.550 t o  0.893 mole per kilogram of 
melt. T h e  deviations from the mean followed no 
pattern excep t  tha t  ascr ibable  to the  variation of 
t h i s  ratio with ZrF,  concentration. These  resu l t s  
a r e  cons is ten t  both with t h e  x-ray and petrographic 
resu l t s  given above  and with previous investiga- 
t ions  of the  ZrF4-UF, equilibrium a t  500, 600, 
and 700°C.9e'7 

"(2. F. Baes,  Jr., J. H. Schaffer, and H. F. McDuffie, 
Trans. Am. Nucl .  SOC. 6, 393 (1963). 

X-Ray Dif fractometr ic Observation of 
Transformations 

In o n e  s e r i e s  of experiments,  a s ta r t ing  material 
of preformed pure tetragonal so l id  so lu t ion  of 
19% UO, + 81% ZrO, composition w a s  examined 
a t  temperatures from 25 to 1483OC. Par t ia l  trans- 
formation of the  tetragonal so l id  so lu t ion  to mono- 
c l in ic  ZrO, and cubic UO, w a s  observed a t  1045OC 
af te r  one day  a t  t h i s  temperature. No attempt was  
made to determine whether t h e  transformation 
would occur  a t  lower temperatures. Reversion to  
the  tetragonal phase  w a s  observed  af te r  2.5 hr a t  
1264OC. 

In o ther  experiments,  intimate mixtures of 40% 
cub ic  UO, and 60% monoclinic ZrO, were ob- 
se rved  in  the temperature range 25 to 1441°C. 
Crys ta l l i t e  growth of monoclinic phase  was  ob- 
se rved  a t  997OC; th i s  implies that  monoclinic 
ZrO, is a s t a b l e  phase  in the  presence  of cub ic  
UO, a t  t h i s  temperature. No ev idence  for d i s -  
solution of UO, in the monoclinic phase  was  s e e n  
in  th i s ,  o r  in any other, high-temperature experi-  
ment. The precision with which l a t t i ce  cons tan ts  
could be  measured in t h e  high-temperature dif- 
fractometer would not, however, permit s u c h  an 
observation un le s s  t he  l imits of so l id  solubili ty 
were qu i t e  high. With th i s  s a m e  composition, 
rapid reaction to form a tetragonal phase  was  ob- 
se rved  a t  1144OC but  not a t  1095OC. Because  
both the  cubic  and monoclinic diffraction pa t te rns  
were markedly diminished in in tens i ty  at 1144OC, 
i t  is believed tha t  t he  observed transit ion repre- 
sen ted ,  a t  l e a s t  i n  part, t he  formation of tetragonal 
so l id  solution, rather than  pure tetragonal ZrO,. 
The  reverse  transformation, tha t  is, the  decompo- 
s i t i on  of the so l id  solution, which h a s  been s t a t ed  
to  b e  s luggish ,  was  not effected by hea t ing  a 
sample for s eve ra l  hours a t  1009OC; never the less ,  
a f te r  cool ing  the  sample quickly to room tempera- 
ture and  examining it within 6 min, the  transforma- 
t ion  w a s  found to have  proceeded e s sen t i a l ly  to  
completion. 

Tenta t ive  Phase Diagram 

Although i t  would b e  clearly premature to publish 
a corrected phase  diagram for the  U0,-ZrO, sys tem,  
the  information ava i lab le  d o e s  appear  to support  
inferences which l ead  to a ten ta t ive  proposal, 
shown in  Fig. 15.5, which we a re  us ing  as a guide 



to further s tudy  of t h e  system. The  following 
points should be noted: 

1. At temperatures significantly below llOO°C 
(the temperature of the  monoclinic-tetragonal 
inversion of ZrO,) equilibrium phases  cons i s t  
only of t he  components. Between 800 and 
llOO°C there is some, but no t  conclusive,  
ev idence  of a s l i gh t  solubili ty of ZrO, in UO,. 
T h e  magnitude of the  solubili ty we find is of 
the  order of one-tenth tha t  reported by the most 
recent  report" of a study of th i s  region; the 
discrepancy is not resolved, but i t  could con- 
ceivably b e  due to the la rge  e f f ec t  on the UO, 
lattice parameter of very smal l  quantit ies of 
ex t ra  oxygen included i n  the  encapsula ted  
material u s e d  in  the so l id-s ta te  equilibration 
study. The  tetragonal Zr0,-UO, solid solution 
a t  low temperatures, whose presence  h a s  been 
reported or  accepted  by all previous investiga- 
tors, i s  rejected on the  b a s i s  of our abil i ty to 
achieve  equilibrium conditions in  the presence 
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of molten fluoride fluxes. Previous work in- 
volved only so l id-s ta te  equilibration attempts. 
At  temperatures of 1100 to 145OoC, face- 
centered UO, and tetragonal Z r 0 ,  sol;d solu- 
t ions  comprise the  equilibrium so l ids .  The  
solubili ty of UO, in ZrO, in th i s  ten,perature 
range is believed t o  be  less than 10 mole %. 
T h e  high-temperature da t a  reported by Cohen 
and Schaner ' a re  provisionally accepted. 
A high-temperature intermediate phase  of com- 
posit ion near UO, - 3 Z r 0 ,  is postulated,  al- 
though i t  h a s  not been found, i n  order to ration- 
alize the  discontinuity in  the solubili ty of 
UO, in  the  tetragonal ZrO, so l id  phase.  T h e  
a l te rna t ives  of either a eutectoidal relation- 
sh ip  of the  high-temperature intermediate phase  
or a continuous retrograde solubili ty of UO, in 
ZrO, seem less cons is ten t  with the  curvature 
of the  phase  boundaries a t  60 to  100 mole % 
ZrO, and 1700 to 230OOC. ' 

IRRADIATION OF SULFUR DIOXIDE WITH 
ALPHA PARTICLES 

P. S. Rudolph18 R. L. Bennett  

Recent  examinations'  of the performance char- 
ac t e r i s t i c s  of gas-cooled f a s t  reactor des igns  show 
that t he  u s e  of high-density, supercrit ical  SO, 
a l lows  a core s t ruc ture  sufficiently compact to 
compare favorably with sodium-cooled systems. 
In reactors us ing  oxide fuel, SO, as a coolant in 
the  range 1000 to 1500 ps i a  would give a slightly 
higher breeding potential  (due to less neutron 
energy degrading effect)  than would sodium. Al- 
though SO, h a s  a high thermal s tab i l i ty ,  knowledge 
of its radiation s tab i l i ty  is limited. 

According to  Rothschild, 2 o  who recently made 
a s tudy  of the  gamma irradiation of liquid SO, a t  
- 17OC, disproportionation occurred essent ia l ly  ac- 
cording to the  overall  equation: 3 S 0 ,  + 2S0, t S. 
Small amounts of oxygen were also found. Values 
of G (molecules per 100 e v  absorbed) found were 
1.31, 0.65, and 0.02 for the production of SO,, S, 

18Chemistry Division. 
' 9Gas-Cooled Reactor Project staff, Gas-Cooled F a s t  

'OW. G. Rothschild, J. Am. Chem. SOC. 86, 1306-9 
Reactor Concepts, ORNL-3642 (September 1964). 

(1964). 
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and 0,; the va lue  for decomposition of SO, w a s  
1.35. 

T h e  current investigation of the alpha-particle 
irradiation of SO, with radon and i t s  decay  prod- 
uc t s  a t  room temperature is the  f i r s t  reported" 
in t h e  gaseous  state.  A 3-liter Pyrex reaction 
sphere  containing SO, a t  755 torrs was  charged 
with a 150-mc sample  of radon. A very s t rong  
Tyndall  e f fec t  was  observed when, severa l  hours 
after addition of the  radon, a coll imated beam of 
l ight was  focused through the  reaction sphere ;  
it w a s  apparent tha t  reaction w a s  occurring in 
the  gas phase.  After about 24 hr very smal l  drop- 
l e t s  of brown v iscous  liquid were observed on the 
bottom of the  reactor flask.  These droplets,  how- 
ever, began to s lowly  diminish and had almost 
completely disappeared a f te r  two weeks. After 
one  week the  Tyndall  beam, while s t i l l  observable,  
was  greatly diminished. Measurement of the  f ina l  
p ressure  after e s sen t i a l ly  complete decay  of the  
radon showed no  change within experimental  error. 

Preliminary mass spectrometry ana lyses  of the 
init ial  g a s  (commerci,al anhydrous grade) and the 
irradiated gas indicate l i t t l e  ne t  change had oc- 
curred. Gas chromatographic a n a l y s e s  show the 
irradiated g a s  contained no de tec tab le  oxygen 
(less than 0.004%) and only a few hundredths of a 
percent of SO,. 

T h i s  evidence, combined with the disappearance 
of the v i sua l  evidence of change, s u g g e s t s  that  
under the  conditions of the  experiment, back re- 
action of the  init ially formed products occurred; 

NEUTRON FLUX SPECTRA IN THE 
EXPERIMENTAL FACILITIES OF 

THE OAK RIDGE RESEARCH 
REACTOR 

C. D. Baumann 

A compilation of the  neutron flux spec t r a  in the 
various experimental fac i l i t i es  (including the  

'lP. S. Rudolph and R. L. Bennett, Alpha Particle 
Irradiation o f  Gaseous Sulfur Dioxide, to be published 
a s  an ORNL-TM report (March 1965). 

horizontal  beam hole, poolside, and capsu le  ir- 
radiation fac i l i t i es )  h a s  been made.22 The  com- 
pilation inc ludes  both the  energy and the spa t ia l  
variations of t he  neutron flux, whenever d a t a  were 
available.  The  resu l t s  a r e  presented  in  both tabu- 
l a r  and graphical form. 

T h e  d a t a  were obtained mainly by personal com- 
munication with the  current u se r s  of the  fac i l i t i es  
i n  order to obtain up-to-date va lues  of the  neutron 
flux. The  va lues  presented a r e  to b e  considered 
nominal values,  for the  ac tua l  flux depends strongly 
upon (1) the current fue l  loading of the  reactor, 
(2) the posit ion of the  nea res t  shim and control 
rods, (3) the  amount and nature of heavy neutron 
absorbers in t h e  pertinent and nearby fac i l i t i es ,  
and  (4) the presence  of la rge  water gaps  (which 
c a u s e  thermal flux peaking). 

T h e  neutron flux va r i e s  a c r o s s  a facil i ty as wel l  
as axially. Usually the ax ia l  flux peaks  s l igh t ly  
(2 to 4 in.) below the  midplane of the  reactor at 
the s t a r t  of a reactor cyc le ,  with the  peak moving 
upwards dur ing  the  cour se  of a cyc le  as the shim 
and control rods a re  withdrawn. One would also 
expec t  a s l igh t  change in  the  flux distribution dur- 
i n g  t h e  course  of a reactor cyc le  due to the  un- 
e v e n  burnout of t h e  fuel elements.  

If the  flux a t  a particular facil i ty is not moni- 
tored continuously,  some  idea  of t h e  change  in 
flux from cyc le  to c y c l e  may be  obtained from the  
occas iona l  flux measurements made by the  Opera- 
t ions Division for purposes of burnup calculations.  
Pr ior  to t h e  s t a r t  of some fuel cyc le s ,  the Opera- 
t ions  Division obta ins  a flux map of the  co re  by 
irradiating, a t  low power (I,), flux monitor wires 
which have been posit ioned in e a c h  fuel element. 
Caution must be  exerc ised  in us ing  these  resu l t s  
because  the  wires cannot be  posit ioned in  a con- 
s i s t e n t  location within an element,  and there may 
b e  a la rge  radial flux gradient ac ross  the  element 
or facility. 

The neutron flux energy spectrum a s  a function 
of posit ion w a s  measured for capsu le  irradiation 
posit ion P-05 during the  last year." It is shown 
in Fig.  15.6 as a typical example of the  da t a  in 
the compilation. 

~~ 

"C.  D. Baumann. Neutron Flux Spectra in the Ex- 
perimental Faci l i t ies  of the Oak Ridge Research Re- 
actor, ORNL-3756 (1964). 



247 

I 5 

$,-Co 1 (0.040 -~-Q in. C d )  

2 

IO” 



f 



I' 

Part IV 

Nuclear Safety 





16. Experiments with the Containment Mockup Facility 

G. W. Parker 

C. J. Barton 
G. E. Creek 

J. G. Wilhelm’ 
W. J. Martin 

The  Containment Mockup Fac i l i t y  (CMF), de- 
scribed in previous reports, ,-‘ cons i s t s ,  in brief, 
of a 180-liter s t a i n l e s s  steel tank to which g a s e s  
bearing f i ss ion  products re leased  from fuel ele- 
ments c a n  be  added and from which samples  of the  
g a s  can  be  drawn (through s p e c i a l  filter and ab- 
sorber assembl ies ,  if desired) for ana lys i s .  Loca- 
tion of t h e  CMF in  a hot cell permits operation 
with relatively high l eve l s  of activity,  and the  com- 
plex manifold sys tem permits s tudy  of t he  effect  of 
various atmospheres upon f i ss ion  product behavior 
over a limited temperature range. 

The  CMF h a s  been modified during the  pas t  year 
t o  permit operation with a i r  or s t eam pressures  up  
to  30 psig. When the  facil i ty is operated with ap- 
preciable s t eam pressure,  however, t he  procedure 
is simplified by deferring sampling until  t h e  tem- 
perature of t h e  tank and its contents  h a s  dropped 
and most of t h e  steam h a s  condensed. Additions 
to the  facil i ty have  included (1) a more elaborate 
filter pack (May pack), (2) a condensation nuclei  
counter, (3) a heated ca ta ly t ic  converter to free 
iodine from organic iodides,  and (4) a commercial 
(Andersen) aerodynamic particle separator. 

‘Visiting scient is t  from Karlsruhe Center for Nuclear 
Research and Development, Karlsruhe, Germany. 

,G. W. Parker e t  at., Nucl. Safety Program Semiann. 
Progr. Rept. June 30, 1963, ORNL-3483, p. 33; Nucl. 
Safety Program Semiann. Progr. Rept. Dec. 31, 1963, 
ORNL-3547, p. 3. 

3W. B. Cottrell e t  al., “U.S. Experience on the Re- 
lease  and Transport of F iss ion  Products Within Contain- 
ment System Under Simulated and Actual Reactor Acci- 
dent Conditions,” paper presented a t  the Third Interna- 
tional Conference on Peaceful  U s e s  of Atomic Energy, 
Geneva, Switzerland, 1964. 
‘G. W. Parker e t  al., Nucl. Safety Program Semiann. 

Progr. Rept. June 30, 1964, ORNL-3691, p. 3. 

FISSION PRODUCT RELEASE FROM MELTING 
TRACE-LEVEL-IRRADIATED UO, 

Two experiments on melting trace-level-irradiated 
stainless-steel-clad UO, in t h e  CMF have  been 
completed. The  UO, w a s  melted over a period of 
severa l  minutes while a s t ream of a i r  flowing a t  
3 liters/min w a s  passed  over t h e  crucible to trans- 
port t he  smoke and volati le f i ss ion  products into 
t h e  s t a i n l e s s  steel confinement tank. T h e  two ex- 
periments differed only in  tha t  one  had a portion of 
unfiltered cell air, approximately 25% of the  tank 
volume, accidentally added to the  tank after melt- 
ing  of t h e  fuel was  completed. T h i s  difference in  
t h e  conditions of t h e  two experiments had a signif- 
i can t  effect  on t h e  chemical form of the  re leased  
radioiodine. T h e  proportion of penetrating forms 
(possibly organic iodine compounds) was  increased  
by a factor of approximately 10. T h i s  was  the  
ratio between the  amounts of iodine found to  pene- 
t ra te  a 1 ?!,-in. charcoal bed (ORR specifications) 
in these  t e s t s .  Data on iodine behavior, total  f is-  
s ion  product re lease  from the  UO,, and the  amount 
of each  fission product deposited during a 3-hr 
ag ing  period in the  confinement tank a re  summarized 
in Table  16.1. 

I t  is in te res t ing  that t he  rate of removal of radio- 
activity from the  aerosol  was  low in  these  experi- 
ments, which sugges t s  that  t he  par t ic les  remained 
too  small t o  depos i t  rapidly. Analyses  of t he  dif- 
fusion tube, of t h e  absolu te  filter, and of the  char- 
coal bed showed tha t  approximately equa l  par t s  of 
particulate and molecular iodine were present i n  
the  confinement tank at the  end of the  3-hr period. 
T h e  amount of iodine in  a penetrating (organic) 
form was  only a fraction of either form and varied 
between t h e  runs. 
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Table 16.1. Distribution o f  UO, Aerosol and F iss ion  Products from U O Z a  Melted i n  Air  

Distribution (So of inventory) 

Iodine Tellurium Cesium Plutonium 

A B C A B C A B C C 

Total  re lease a4 64 91 12 12 55 29 37 37 0.005 

Hot-zone deposition‘ 6.3 11 0.4 3.3 1.9 2.5 3.2 16 6.2 0.0005 

Total  in aerosol tank 47 24 25 3.1 3.4 46 20 9.3 14 0.004 

Activity remaining 31 30 62 3.3 6.5 6.2 5.7 13 16 0.0001 
airborne after 3 hr 

Amount of iodine in 3.7 0.4 0.3 
penetrating form 

Iodine l o s s  through 1.3 0.1 0.01 
1.5 in. of charcoal 

aRuns A and B were made with tracer-level-irradiated UO,. Run C was made with 20 g of stainless-steel-clad UO, 

bRun A was performed with filtered air diluted by -25% with unfiltered air. Runs B and C were performed with 

‘Temperature in the “hot zone” varied from an undetermined value close to that  of the fuel to  approximately room 

irradiated to 7000 Mwd/ton. 

air entirely filtered by absolute filters and a charcoal bed. 

temper at  ure. 

FISSION PRODUCT RELEASE FROM 
HIGHLY IRRADIATED UO, 

Comparison of Release Behavior from Trace-Level- 
Irradiated UO, with That from 

High-Burnup-Level Fuel 

T h e  in i t ia l  meltdown of highly irradiated (7000 
Mwd/ton) UO, was  performed in ambient a i r  i n  the  
CMF. Th i s  experiment was  of spec ia l  in te res t ,  
s i n c e  i t  provided t h e  first  opportunity to compare 
f i ss ion  product r e l ease  va lues  from fuel irradiated 
to  a rea l i s t ic  leve l  with the  r e su l t s  of trace-level 
experiments. Tota l  r e l ease  va lues ,  a s  expected, 
were not markedly different excep t  i n  the  case of 
tellurium, which increased from about 12  to 55%. 
The  to ta l  r e l ease  da t a  a r e  summarized for t h i s  ex- 
periment in Tab le  16.1, and more de ta i led  da t a  a re  
given in Tab le  16.2. ’ 

T h e  r e l ease  of plutonium was  in  good agreement 
with previous estimates tha t  i t s  volati l i ty would 
correspond to  tha t  of UO,. Under the  conditions 
of melting (20 g of s t a i n l e s s - s t e e l e l a d  UO, in  a 
zirconia crucible with a i r  flowing at 18 fpm), only 
5 x of both plutonium and  UO, vaporized; 
most of th i s  vaporized fraction deposited rapidly 
in the  confinement tank. 

Data obtained by sampl ing  t h e  confined aerosol  
a t  intervals showed a rapid reduction from the  
ca lcu la ted  init ial  concentration of f i ss ion  products 
i n  the  tank  to tha t  i n  the  f i r s t  sample,  which w a s  
drawn 10 min after melting. Iodine concentration 
dropped from 91 to  10%; ces ium dropped from 35 to 
19%; and tellurium dropped from 53 to  7%. Evidence 
of probable deposit ion of all three f i ss ion  products 
in the  sampling tubes  w a s  observed. In addition, 
it w a s  found tha t  about  75% of the  iodine tha t  de- 
posited on t h e  wal l s  of t h e  confinement tank was  
desorbed by pass ing  1.5 tank volumes of argon 
(270 li ters) through t h e  tank. 
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Table 16.2. Distribution of  Fission Products Released from High-Burnup (7000 Mwd/ton) U02 (Run C )  
~~~ ~~ ~ 

Release a s  Percent of Total  in Sample 

Iodine Cesium Tellurium Ruthenium Plutonium Strontium Gross Gamma 
LOC a t i  on 

Furnace tube 0.4 6.2 2.5 0.0006 0.0006 0.001 0.03 

Aerosol tank 25.2 13.9 46.3 0.001 0.004 0.007 0.5 

Fil ter pack: 

Roughing filter 3.4 

Absolute filter 0.5 

Copper screens 52.7 

Charcoal paper 4.1 

1s t  charcoal 4.4 

2d charcoal 0.07 

3d charcoal 0.01 

4th charcoal 0.002 

5th charcoal 0.0005 

16.5 

0.04 

6.2 0.0008 0.0001 

0.008 0.00003 

0.002 0.004 

2d absolute 0.00003 

2d copper screens 0.000005 

Misc backup 0.002 

T o t a l  Nuc le i  Count in  the Aerosol 

A condensation nuc le i  counter (supplied by 
Gardner Instrument Co.), which is a light-scattering 
ion-chamber device  with a maximum scale reading 
of l o 7  nuclei/cm3, was  employed to follow the  
rapid change in the  total  nuc le i  concentration re- 
l ea sed  in  t h e  preceding tes t .  Agglomeration of 
small  par t ic les  is one of t h e  p rocesses  expected 
to influence the  deposit ion of ac t iv i ty  from the  
tank aerosol.  In Fig.  16.1, a comparison of the 
number of par t ic les  is given, as wel l  a s  the  rela- 
t ive  quantity of fi l terable ac t iv i ty  in the  aerosol. 
T h e  rapid agglomeration ra te  (which c a n  b e  ex- 
trapolated t o  approximately 10' ' nuclei/cm3 at 
r e l ease  time) dropped from about l o 7  to lo5 in 15 
min and then decreased  slowly t o  l o4  nuclei/cm3. 
The  total  amount of f i l terable ac t iv i ty  in the  gas 
samples  removed during th i s  period (with the  fan 
operating 1 min before e a c h  sample) did not change- 
appreciably over the  first  3-hr period. T h i s  sug- 
ges t s  tha t  while the nuclei  did increase  in  size, 
growth was  terminated by a reduction in  concentra- 
tion of particles,  so  that deposit ion was  not ap- 
preciably enhanced. 

ORNL-OWG 64-2634 
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Fig.  16.1. Comparison of Nuclei  Concentration and 

Part iculate Aerosol Activity from High-Burnup UOz. 
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Fission Products Remaining Airborne a s  a 
Function of Time 

Radiochemical da ta  obtained from samples  of t he  
aerosol  i n  t h e  confinement tank during the  preced- 
ing  t e s t  with the  7000-Mwd/ton UO, were supple- 
mented by da ta  a t  two addi t iona l  ca lcu la ted  points: 
activity a t  t h e  init ial  (zero) t ime and  activity a t  
final (300 min) time. T h e  in i t ia l  va lue  is based  on 
knowledge of t h e  to ta l  amount re leased  (all of which 
w a s  init ially airborne), and  the  final va lue  is based  
on knowledge of t h e  amount d isp laced  by the  argon 
gas sweep. Some unexplained variations a r e  noted 
in the  da t a  shown in Fig. 16.2, s u c h  as  a peak in 
t h e  iodine curve  a t  t he  third point and a n  apparent 
i nc rease  in  the  concentration of cesium and tel- 
lurium at t h e  ca lcu la ted  end  point. T h i s  latter 
condition is very l ikely due  to deposit ion,  of t he  
aerosol  ac t iv i t i e s  (cesium and  tellurium) in the  
sample l ines.  T h e  most p leas ing  a s p e c t  of the  
da t a  in Fig. 16.2 is t h e  very low re l ease  
of strontium, plutonium, and ruthenium. 

ORNL-DWG 64-30231 
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Fig. 16.2. Concentration of Airborne F iss ion Products 

as a Function of Time After Melting. 

FACTORS AFFECTING T H E  BEHAVIOR O F  
IODINE IN A CONTAINMENT SYSTEM 

Gas-P ha se Reactions 

Occurrence of organic iod ine  compounds i n  the  
aerosol  formed during simulated reactor experi- 
ments and experiments with other types  of iodine 
sou rces  is mentioned below and  e l sewhere  in  th i s  
report. The  mechanism by which t h e s e  compounds 
a r e  formed in  t h e s e  experiments is not c lear .  I t  is 
important t o  e s t ab l i sh  the  fac tors  controll ing the  
conversion of molecular iod ine  or hydriodic acid,  
which a r e  reac t ive  and e a s i l y  trapped by charcoa l  
beds,  t o  t he  more difficultly trapped organic com- 
pounds. Several  attempts to  produce methyl iodide 
by the  d i rec t  gas-phase reaction of e lementa l  iodine 
and  methane a t  temperatures from 200 to  800OC and 
pressures  up  to 150 psig,  i n  t h e  a b s e n c e  of radia- 
tion, fa i led  to produce more than t race  amounts of 
methyl iodide. Exposure of a n  au toc lave  contain- 
i n g  methane and iodine at 2OOOC for 1 2  hr to a 
10,000-curie cobal t  gamma source  l ikewise  re- 
su l ted  in  production of t race  amounts of methyl 
iodide, indicating tha t  t h e  gamma energy of f i ss ion  
products present  in reactor acc iden t s  would not 
significantly increase  the  ra te  of t h e  reaction of 
t hese  mater ia l s  i n  the  gas phase.  I t  appea r s  prob- 
able,  therefore, that  gas-phase reac t ions  d o  not 
contribute significantly to t h e  production of methyl 
iod ide  and  other organic compounds. 

Iodine History 

Two processes ,  thermal decomposition of PdI ,  i n  
a i r  and  deposit ion and  desorption of iodine from 
metal sur faces ,  have  been observed t o  lead  to 
partial  conversion of I ,  t o  organic iodides,  and t h e  
second process  (desorption from a mild-steel sur- 
face)  h a s  produced a subs t an t i a l  yield of t he  pene- 
trating forms. 

In a recent s e r i e s  of iodine r e l ease  t e s t s  i n  the  
CMF, part  of t he  iodine which w a s  introduced in to  
the  containment tank entirely in t h e  form of I ,  was  
converted to a mixture of other forms of which 
from 0.2 to  20% was  definitely a “penetrating” 
variety. “Penet ra t ing  iodine” is defined a s  any  
gaseous  form which is poorly adsorbed by charcoal,  
i n  cont ras t  t o  t he  reac t ive  forms, which a r e  readily 
adsorbed. An il lustration of t h e  adsorption r a t e s  
of iodine in  t h e  different forms is given i n  Fig. 
16.3. T h e  exponential  type of adsorption which is 
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Fig. 16.3. Comparison of the Ef fect  of Chemical State 

on the Distribution of Iodine in  Charcoal Cartridges. 

charac te r i s t ic  of reactive iodine is shown by curve 
A, while that  of iodine which was  a lmost  c o m -  
pletely of the  penetrating variety is represented by 
curve C. Curve B represents  a mixture of nearly 
equal  portions. 

The  curves  shown in Fig. 16.3 represent da t a  
obtained in runs 10-28 and  10-7 (Table 16.3), 
in which penetrating iodine (inventory) was  2 1  
and  7% respectively. T h e  nearly pure iodine 
(curve A) was  re leased  from molten uranium- 
aluminum alloy. T h e  difference in  amount of 
penetrating iodine in the  two t e s t s  (10-28 and 
10-7), both of which had gaseous  hydrocarbons 
added to the  containment atmosphere, may be  at-  

tributed e i ther  to the  different ag ing  times in the 
containment she l l  o r  t o  variations in the method of 
re lease  of t he  iodine. T h e  major difference between 
the  two t e s t s  was  tha t  a fue l  capsu le  containing 
UO, w a s  melted and partially vaporized along with 
the  iodine tracer in run 10-28. The  extra hea t ing  
t i m e  or the  presence of vaporized UO, or metallic 
oxide particles may possibly be  responsible for 
t h e  higher y ie lds  of penetrating iodine. 

E f f e c t  of Atmosphere and Concentration of Iodine 

Other factors affecting t h e  behavior of iodine in  
re lease  t e s t s  a r e  i l lustrated by the  da t a  in Table  
16.4. Trace-level-irradiated UO, was  melted in 
runs A and B, and t h e  retention of iodine in  the  
containment she l l ,  as  wel l  as t h e  amount airborne 
after an  ag ing  period of 3 hr, was  determined. In 
both these  runs a rather la rge  fraction of the  
iodine inventory (-30%) remained airborne at  the  
end of t he  ag ing  period. A higher iodine con- 
centration (2  mg/m3) was  used  in runs C and D. 
Highly irradiated UO, was  used  in run C and  simu- 
lated high-level irradiated fuel in run D. The  lower 
fraction of iodine deposit ion obtained in runs C 
and D sugges t s  that  some sur face  activity inter- 
ference was  provided by the  presence  of the  dry 
UO, aerosol.  In cont ras t  to t h e s e  experiments, run 
E, in which no  UO, aerosol  was  present,  showed a 
rapid rate of uptake by t h e  s t a i n l e s s  s t e e l  contain- 
ment s h e l l  wall .  Run 10-28 (Table 16.3), in which the 
released aerosol  was aged  in  s team and air, i l lus- 
t ra tes  two opposing ef fec ts .  The  wet metall ic sur- 
f ace  did not retain iodine as  wel l  as  a dry surface,  
but “washout” of iodine from the  tank atmosphere 
by s team condensation more  than compensated for 
the  reduced sur face  adsorption. Another, and pos- 
s ib ly  more important, conclusion concerns the  prev- 
a l ence  of t he  “penetrating” form of iodine in the  
run where the  tank contained steam a s  well  as  UO, 
aerosol. Since the  total  time in containment (9 hr) 
was  only sl ightly longer than in seve ra l  other runs 
las t ing  5 hr, t he  contribution due to  the  longer aging 
time was  considered to  be  small. It is necessary ,  
on the  b a s i s  of presently available information, t o  
conclude that t he  UO, aerosol  in the  presence of 
s team l eads  to a higher conversion of iodine to the  
penetrating varieties.  The  presence o f .  organic 
g a s e s  appears  also to be  a contributing factor, but 
neither the  ex ten t  nor t h e  mechanism c a n  b e  cited 
a t  present. 



Table 16.3. Iodine Deposition and Desorption in t h e  Containment Mockup Facil i ty 

Percent  of to ta l  iodine released 

Air Steam-Air Steam-Air and Organics 
f Run 6- l la  Run 6-25‘ Run 8-4c Run 7-16d Run 9-10e Run 10-7e Run 10-28 

Iodine held in containment tank 

Retained on tank walls 

Collected in steam condensate 

Total retention 

Iodine removed from tank 

By pressure release 

By argon displacement 

By air sweep 

Total removed, airborne 

Iodine removed on test samples 

Distribution of airborne iodine from tank 

Retained on filters 

Retained on silver/copper screens 

Retained on charcoal papers 

Retained in charcoal cartridges 

Penetration loss through .3/ in. charcoal 

Penetrating iodine (% of inventory) 

79.6 

79.6 

3.0 

7.4 

2.9 

13.3 

6.1 

4.1‘ 

5.3 

3.0 

0.3 

0.01 

0.3 

60.8 

34.9 

95.7 

1.1 

1.2 

0.3 

2.6 

1.7 

0.5 

0.8 

0.4 

0.6 

0.08 

0.5 

38.2 

54.0 

92.2 

2.4 

2.4 

1.7 

6.5 

1.4 

1.5 

2.3 

0.4 

2.0 

0.3 

1.2 

19.3 

52.9 

72.2 

12.9 

13.3 

0.5 

26.7 

.0.8 

0.1 

6.4 

2.0 

16.4 

3.8 

1.6 

20.9 

47.3 

68.2 

8.5 

15.9 

2.6 

27.0 

2.2 

0.3 

8.5 

15.8 

2.3 

0.17 

2.5 

24.4 

58.2 

82.6 

6.2 

7.2 

1.2 

14.6 

1.9 

0.03 

2.6 

1.7 

9.1 

0.8 

7 

18.3 

43.5 

61.8 

14.6 

15.7 

1.8 

32.1 

0.9 

0.01 

9.1 

16.3 

6.6 

0.5 

I 

21 

eIodine was released to the containment shell filled with filtered air only a t  30 psia (containment time at  full pressure, 4 hr). 
bIodine released in steam (20 psia) and air (20 psia) under conditions providing a larger amount of condensate (containment time at  full pressure, 4 

=Iodine released in steam (‘“21 psia) and air c 2 1  psia) and held in containment 18 hr. 
dAn undetermined amount of organic material, acetone, and solid COz was inadvertently included in the iodine tracer preparations. Release was with 

eIn 9-10 (steam-22 psia; air, “‘22 psia;containment time, 5 hr) and 10-7 (steam, “‘22 psia; air, “‘22 psia;containment time, 16 hr) 500 cm3 of mixed 

‘In 10-28. Uoz was melted above the iodine tracer which in turn was released when the molten UOz mixture heated a quartz ampul to its melting or 
The same amount of mixed hydrocarbons was present in the 

hr). 

steam (“‘20 psia) and air (‘“20 psia); held in containment 5 hr. 

hydrocarbons prepared by hydrolysis of UC-UCz were added. 

softening point. Released with steam (”’22 psia) and air (“‘22 psia); 9 hr containment time. 
tank atmosphere a s  in runs 9-10 and 10-7. 

‘One organic membrane filter which probably reacted with and retained some molecular iodine in addition to particulate iodine. 
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Table 16.4. Comparison of the Behavior of Iodine from U02 Fuel Meltdown Testsa with That of 
Tracer Iodine in  the Absence of Vaporized U02 

Percentage of Iodine Inventory 

Iodine Disposition Low Iodine Concentration High Iodine Concentration 

A B C D E 

Total release from fuel 83.8 63.8 90.9 91.6 100 

Amount deposited in furnace chimney 6.3 10.6 0.4 0.4 0 

Total on aerosol tank wall after 2-hr aging 46.5 23.8 25.2 34.2 86 
and 2.5-hr gas sweep period 

Amount airborne and desorbed from tank wall 31.0 29.6 60.4 57.0 13 
during 2.5-hr gas sweep period 

3.7 0.4 0.3 0.5 a3 b Amount in penetrating form 

Loss through 1.5-in. charcoal bedC 1.3 0.14 0.03 0.03 0.003 

aRun A - trace-irradiated UO, (approx 1 pg  I) with 20% unfiltered air ( -5  pg I per m3). 

Run B - trace-irradiated U02 (approx 1 pg I) with 100% filtered air (-5 pg I per m3). 

Run C - 7000-Mwd/ton UO, (20 g UO,, approx 400 pg I) with filtered air (-3 mg I per m3). 

Run D - tracer I 3 l I  simulation with approx 2OOpg I and with filtered air (-1.5 mgI  per m3). 

Run E - tracer 1 3 ’ 1  in filtered air without vaporized UO,. 

bDetermined from distribution of iodine activity in charcoal beds after removal of elemental iodine. 

‘This is a part of the penetrating iodine activity. 

DIFFERENTIATION OF IODINE FORMS BY USE 
OF COMPLEX FILTER PACKS 

Table 16.5. Characterization of Airborne Iodine in Run 
10-288 as  Determined by a Complex Filter Pack 

An illustration of the technique used in determin- 
ing  the presence of the two major gaseous  forms of 
iodine,  “reactive” and “penetrating,” is given by 
da ta  obtained in run 10-28 and shown in Table  
16.5. The  complex filter pack used to obtain these  
data  is shown in Fig.  16.4. 

The  effect iveness  of some of the  components of 
the  filter pack h a s  been found to be substant ia l ly  
reduced by s team, and i t  h a s  been found necessary 
to determine the operational efficiency of each 
s t a g e  by means of devices  such  a s  a tandem filter 
pack, as shown in Fig. 16.4, ut i l iz ing only a s m a l l  
s i d e  stream and a low gas flow ra te  for maximum 
performance. 

The gas  mixture in the containment tank and the 
iodine desorbed from the tank wal l s  were analyzed 
in  three s teps :  pressure letdown to atmospheric 
pressure,  displacement of gas  in  the. tank by two 
or more volumes of argon, and prolonged sweeping 
of the tank with air. Most of the  iodine was  trans- 
ported in  the f i rs t  two fractions, and only a small  

Distribution 
Percent of 

Released Iodine 
~~ ~~ ~ ~~ ~ 

Retained on absolute filter 0.01 

Retained on silver sc reens  9.1 

Retained on charcoal papers 16.3 

Retained in charcoal cartridges 6.6 

Iodine in  penetrating form (70 of 21.0 
gaseous iodine in  stream which 
is not reactive to silver) 

aAtmosphere contained approximately equal  parts of 
steam and air  a t  45 psia  and 0.15% by volume of mixed 
hydrocarbon gases. Iodine was  released by melting a 
quartz ampul by exposure to melted stainless-steel-clad 

UO,. The init ial  concentration of iodine was  about 2 
mg/m3. The distribution shown here was  determined a t  
the end of the 9j/z-hr aging period in  the s ta in less  steel 
CMF tank. 
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amount, with a decidedly higher proportion of free 
“reactive” iodine, was  in the  air-sweep fraction. 

A s i d e  stream was  diverted into a tandem filter 
pack from a sma l l  cav i ty  ahead of the charcoa l  
paper (position 3 in Fig. 16.4) t o  measure the 
distribution of iodine forms not sorbed by the  
s i lver  sc reens .  Comparison of the  iodine fractions 
on the  s i lver  with that on the  charcoa l  paper and  
on the  charcoal cartridges in the  tandem filter pack 
indicated that only about 13% of the  to ta l  iodine 
not sorbed by the  s i lver  s c r e e n s  of the  main fi l ter  
pack w a s  in a “reactive” form. T h e  efficiency of 
t he  e ight  s i lver  s c r e e n s  thus  appeared t o  be  about 
87% for the  removal of “reactive” iodine under the  
conditions of this experiment. 

T h e  resu l t s  outlined above  show tha t  in order t o  
obtain reliable characterization r e su l t s  from a 
fi l ter  pack under s team conditions,  t he  e f f ic ienc ies  
of t he  components must be  determined by addi- 
t ional means s u c h  as tandem filter packs  or com- 
posite diffusion tubes which accommodate only a 
smal l  fraction of the  gas s t ream to avoid sur face  
saturation effects.  

SIMULATION OF HIGH-BURNUP FUEL 

There  a r e  s t rong  incent ives  for u s ing  simulated 
f i ss ion  products in nuclear s a fe ty  experimentation 
ins tead  of obtaining them from high-burnup fuel. 
Simulation of f i ss ion  product iodine,  which is con- 
s idered  to  be  the  principal hazard in nuc lear  acci- 
dents ,  h a s  been accomplished in seve ra l  ways. 
Methods of simulating other f i ss ion  products have 
received very l i t t l e  experimental t e s t ing  to  date.  
One of t h e  most promising methods, which was  
used  in the  t e s t  described here,  is to  incorporate 
in  t h e  fuel material the amount of inac t ive  f i ss ion  
product element corresponding t o  t h e  des i red  burnup, 
together with j u s t  enough radioactive tracer to 
fac i l i t a te  ana lys i s .  

Two 10-g fuel pe l le t s  were fabricated conta in ing  
t h e  following concentration of f i ss ion  product ele- 
ments (in milligrams of element per 100 g of UO,, 
corresponding to equivalent concentrations for 
lO,OOO-Mwd/ton burnup): Te, 14; Ru, 49; I, 7.2; 
C s ,  27.5; Sr, 11.5; Mo, 60. A slurry of C s 2 C 0 ,  
and SrCO, w a s  prepared, and iodine w a s  added a s  
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HI, which was  neutralized by the  carbonate. Milli- 
curie amounts of '37CsC1, "SrCl,, and NaI3 ' I  
so lu t ions  were added to the  slurry, which was  
mixed with 100 g of fine-grain, depleted UO,. The  
quant i t ies  l i s ted  above  of ruthenium, tellurium, and 
molybdenum were added to the  UO, mixture as the 
powdered metal  after irradiating them for about 
three d a y s  at  a flux of 3 x 1014 and allowing a 
week or more for decay  of the  shorter-lived ac- 
tivit ies.  After tumbling th i s  mixture in  a ba l l  m i l l ,  
1-cm-diam pe l le t s  were formed by u s e  of a hy- 
draulic p r e s s  and  a maximum to ta l  pressure of 
15,000 lb. Two 10-g pe l le t s  were placed in  a 
s t a i n l e s s  s t e e l  c a n  and sea l ed  with a press-fit lid 
to make the  fuel specimen. T h i s  specimen w a s  
melted in  the CMF fuel melting furnace, and the  
result ing aerosol  was  transferred by a n  a i r  stream 
into the  s t a i n l e s s  steel containment tank fi l led 
with a steam-air mixture at a to ta l  pressure of 
27 psig. 

An experiment on re lease  and  transport of f is-  
s ion  products from high-burnup UO, fuel under the 
conditions used  in the  present simulation run h a s  
not ye t  been performed, and i t  is necessary  to  com- 
pare the  r e su l t s  of th i s  experiment (run 12-9) with 
those  obtained in  run 3-5, in  which UO, irradiated 
to  7000 Mwd/ton was  melted in  a i r  a t  atmospheric 
pressure,  even  if t he  conditions were not identical .  
In addition, there were differences in dens i ty  and 
in the  O/U ratio of t he  UO, specimens as we l l  as  
in the  uniformity of dispersion of f i ss ion  products 
in the  fuel,  and in their chemical form; but i n  both 
experiments t he  fuel melted in  air ,  making release 
conditions fairly comparable. I t  was  found that 
re lease  va lues  for four of the  most important f i s -  
s ion  products (iodine, cesium, strontium, and 
ruthenium) obtained i n  these  two experiments were 
in reasonable agreement, as shown in Tab le  16.6. 
Tellurium re l ease  was  apparently lower in  the 
simulation experiment by a factor of about  10. The  
higher O/U ratio i n  the  UO, fuel used  in  the  simu- 
lation experiment might be expected to favor vola- 
t i l ization of ruthenium, but there seems to b e  no 
obvious explanation for the  low tellurium release.  
Molybdenum re l ease  resu l t s  a r e  omitted from th is  
tabulation because  of questionable ana ly t ica l  re- 
su l t s .  T h e  distribution of re leased  iodine in the  
experimental a s sembl i e s  i n  the  two experiments 
was  not dras t ica l ly  different, except  for t he  reten- 
tion of iodine by the  condensa te  in the  simulation 
experiment. Meaningful comparisons of transport 
behavior of real  and simulated f i ss ion  products 

Table 16.6. Comparison of Fission Product Release 

from Highly Irradiated U02 with Release 

from Simulated High-Burnup F u e l  

Fiss ion Product Release (Yo) 

Element Run 3-Sa Run 12-gb 

Iodine 91 100 
37 63 Cesium 

Tellurium 55 8 
Ruthenium <0.1 0.5 
Strontium 0.01 0.05 

a7000 Mwd/ton. 
bSimulated fuel. 

must b e  deferred until  other experiments a r e  per- 
formed. 

T h e  Containment Research Insta l la t ion (CRI) 

A recent s e r i e s  of unpublished d i scuss ions  de- 
fined the  application of small-scale nuclear s a fe ty  
research da ta  on fission product r e l ease  to the  
ana lys i s  of t h e  proposed meltdown of a 50-Mw t e s t  
reactor i n  the  Loss-of-Fluid Test (LOFT) be ing  
conducted by Ph i l l i p s  Petroleum Company and 
indicated tha t  se r ious  def ic ienc ies  ex is ted  in  our 
knowledge of t h e  probable behavior of f i ss ion  
products i n  a n  overheated core  ves se l  as  well a s  
in a pressur ized  containment she l l .  

Demonstration of t h e  extent that  f i s s ion  products, 
and e spec ia l ly  iodine, a r e  retained on the  struc- 
tural  material  of the  s t a i n l e s s  s t e e l  pressure ves- 
sel and in  t h e  broken coolant l i ne  is of particular 
importance. There  appear to be  seve ra l  factors of 
particular importance to  the L O F T  which a r e  not 
readily s tud ied  in  ex is t ing  fac i l i t i es  such  a s  the  
Nuclear Safety P i lo t  P l a n t  or the CMF. The  
needed provisions which a r e  not ava i lab le  in t h e s e  
fac i l i t i es  are:  

1. a primary vesse l  that  can  b e  heated to  800OC; 

2. a large pressurized containment s h e l l  tha t  c a n  
, b e  supplied with different interior su r f aces  in- 

c luding  various paints; ' 

5T. R. Wilson, 0. M. Hauge, and G.  B. Matheny, 
Feasibi l i ty  and Conceptual Design for the Step Loss-of- 
Coolant Facility, IDO-16833 (Dec. 4, 1962). 
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3. a f i ss ion  product aerosol  generator capable  of 
melting, oxidizing, or controll ing high-tempera- 
ture heating of 100  g of UO, irradiated to  the 
20,000 Mwd/ton burnup level;  

4. a recycle fi l ter  t e s t  fac i l i ty  with demist ing or 
water-removal equipment for handl ing s t e a m a i r  
mixtures; 

5. provision for a l te rna te  simulation of top or bot- 
tom breaks in the primary vesse l .  

In the  i l lustration given in Fig. 16.5, a s c h e -  
matic diagram of the  CRI indica tes  the relative 

s i z e  of the meltdown furnace, the  primary simula- 
tor, and the  containment v e s s e l  and  a l s o  shows the  
location of some of the proposed instrumentation. 
In addition to the  induction-type hea t ing  equipment 
shown in  Fig.  16.5, a high-temperature res i s tance  
furnace will  b e  provided for u s e  during long heat-  
i ng  cyc les .  

The Primary Simulator. - The  primary h e a t  source  
will be inside the 30-gal stainless steel tank, and 
i t  will  be  shaped  l ike the  cylindrical  thermal 
sh i e lds  provided in the  core v e s s e l s  of pressurized- 
water  reactors.  Auxiliary heating and thermal in- 

ORNL-OWG 65-!331 

FILTER-PACK 
IOOO-gal 
CONTAINMENT 

Fig. 16.5. Schematic Diagram of Containment Research Installation. 
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sulation will  b e  provided externally. The  material 
of construction will  b e  type 304 s t a i n l e s s  steel, 
and t h e  tank dimensions a r e  roughly 12  by 36 in. 
A flanged head will  permit inspection of t he  in- 
terior of the  tank, and sample removal ports will  
also b e  provided. 

Transfer of t h e  fuel aerosol  wi l l  b e  mainly by 
diffusion, convection, and s team expansion result- 
i n g  from the  water h e e l  i n  t h e  bottom head. A 
small sample of the v e s s e l  aerosol  wi l l  b e  with- 
drawn for a s s a y  and for determination of t he  chemi- 
cal s t a t e  of f i ss ion  products. Material ba lance  will  
be  determined by complete decontamination of the  
v e s s e l  and radiochemical ana lys i s .  

The Containment Vessel. - This  v e s s e l  i s  t o  be  
constructed of heavy-gage s t a i n l e s s  steel with a 
polished interior surface.  Provision will  b e  made 
to  inser t  complete l iners  through a flanged head. 
T h e s e  may b e  painted or unpainted, as  desired,  or 
a s ing le  l iner may b e  of s eve ra l  different materials. 
In th i s  way some spec ia l  su r f aces  s u c h  a s  porce- 
lain-enameled steel or Teflon-plated s t e e l  may be 
t e s t ed  a f te r  factor fabrication. Steam and a i r  mix- 
tures will  comprise the  major part of the  atmos- 
pheres used  in t h e s e  tes t s .  

Interior sp rays  will  b e  used  for decontamination 
and  material  recovery. Because  of the  size of the  
tank, most of t h e  aerosol  will  b e  d isp laced  through 
a large d isposable  filter, and only a smal l  s i d e  
stream will  be  pas sed  through a fi l ter  pack for 
sampling. The  test fi l ter  will  be  used  to measure 
s u c h  ef fec ts  as organic iodine penetration of the  
charcoa l  beds  and  the  decontamination of a i r  by 
absolu te  fi  1 t e r s  . 

MELTING POINTS OF MIXTURES OF OXIDIZED 
FUEL CLADDING WITH UO, 

T h e  presence  of oxidized cladding in res idues  
from fuel melting experiments and  the  probable 
lowering of t he  UO, melting temperature have  been 
observed in many ins tances .6  The presence  of a 
single-phase res idue  following the  melting of zir- 

6W. E. Browning e t  a l . ,  Nucl.  Sa fe t y  Program Semiann. 
Progr. Rep t .  June 30, 1964, ORNL-3691, p. 30. 

conium-clad UO, in  a zirconium oxide c ruc ib le  h a s  
been reported,' although the melting point of t he  
product h a s  not been previously measured. 

Low melting points resu l t ing  from t h e  interaction 
of oxidized cladding material with UO, c a n  a f fec t  
t he  r e l ease  of f i ss ion  products from t h e  fuel and 
also drastically a f fec t  t h e  distribution of fission- 
a b l e  material  in the  reactor co re  in a loss -ofcoolant  
accident.  It is conceivable tha t  the  fuel could flow 
into a puddle in the  bottom of t h e  core  a t  much 
lower temperatures than have generally been as- 
sumed in hazards  ana lyses .  

In a recent  experiment to observe the  rate of 
oxidation and the  nature of the  result ing oxide, a 
s ing le  stainless-steel-clad UO, fuel pin was  
hea ted  slowly in a steam atmosphere to a sur face  
temperature of approximately 150OOC ( jus t  above 
the  s t a i n l e s s  steel melting temperature). T h e  
technique involved was  t h e  center-resistor method 
with a rhodium or graphite res i s tor  element i n  the  
center of t h e  cored fuel pin. T h e  rate of reaction 
of s t a i n l e s s  s t e e l  with s team was  quali tatively 
observed to  inc rease  rapidly a s  t h e  15OO0C tem- 
perature w a s  approached. In fact ,  i t  is probable 
that t h e  limiting factor was  the  ra te  of addition of 
steam t o  the  system. 

Closer  observation of t he  fue l  sur face  showed 
tha t  some of t he  UO, was  missing, espec ia l ly  from 
s m a l l ,  round, spalled-out a r eas  on the  sur face  of 
each  pellet. It was  specula ted  tha t  a low-melting 
eu tec t ic  w a s  being formed occasionally a t  a point 
of contact of UO, with the oxides  of s t a i n l e s s  
steel. T h i s  low-melting material then flowed 
away with the  major part of the  cladding. T h e s e  
observations and specula t ions  stimulated in te res t  
in preparing some definite mixtures of UO, powder 
and oxidized s t a i n l e s s  s t e e l  and  determining their  
melting points. In Tab les  16.7 and 16.8, some  
va lues  a r e  given that were obtained both in the  
presence  and in  the  absence  of air .  T h e  melting 
points observed in a i r  (on iridium foil) were a lways  
significantly lower than those  observed in vacuum 
(on tungsten foil). T h e  most obvious explanation 
involves the  presence  of U,O, ins tead  of UO, as 
the  melting phase.  

A s ing le  specimen of t h e  three-component Zr0,- 
Zr-UO, system was  also melted in a i r  and in  
vacuum. T h e  melting points a r e  given in T a b l e  
16.8. 

' 

'G. W .  Parker e t  a l . .  Nucl. Sa fe t y  Program Semiann. 
Progr. Rep t .  June 30, 1962, ORNL-3319, p. 27.  
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Two types  of s t a i n l e s s  steel oxide were tested.  in Tab le  16.8. Small differences were observed in 
One sample  was  prepared by oxidation in  a i r  at t h e  apparent melting point of t he  oxide, which 
1350 to 14OO0C, while t he  other was  made by re- presumably resulted from the  different atmospheres 
ac t ing  s t a i n l e s s  s t e e l  with s team a t  t he  same tern- in which oxidation occurred. 
perature and  cooling to 2OO0C i n  s team.  Resu l t s  A more ex tens ive  study of t he  nature of t h e s e  
of observations with t h e s e  materials a r e  also given low-melting forms and  of their  s ign i f icance  as a 

reactor hazard will  b e  pursued as time permits. 

Table 16.7. Observed Melt ing Points of U02-Ox id ized  

Stainless Steel Mixtures 

Melting Point  (OC) 

No. (wt 70) In Air In Vacuum 
uo2 Mixture 

1 .  76a 1435 1750 

2 86 1475 2250 

3 93 = 1650 2600 

aApproximate composition i f  a l l  the  s ta inless  s t e e l  
cladding in a given reactor core is oxidized and mixed 
homogeneously with a l l  the UO,. 

bMixture contains one-half the normal amount of oxi- 
dized s ta in less  steel that would be present in oxidized 
fuel elements. 

‘Mixture contains one-fourth the normal amount of oxi- 
dized s ta in less  s tee l  that wquld b e  present in oxidized 
fuel elements. 

Table  16.8. Observed Melt ing Points of Oxidized 

Stainless Steel and Zirconium Oxide Solid Solution 

Melting Point (OC) 

In Air In Vacuum 
Product 

Oxidized SS preparations 1650a 1500-l60Ob 

z rO -Zr-UO , ‘ 2150 2450 

aExact  melting point uncertain; softeningoccurred 100- 
150° lower than the temperature of complete melting. 

bDifferences in observed melting points of the two SS 
oxide preparations indicated that the air-oxidized form 
melted somewhat lower than the steam-oxidized form. 

‘Sample prepared by melting Zircaloy-clad U 0 2  fuel 
specimen in air by induction heating. 



17. Behavior of Fission Products Released During 

In-Pile Simulated Loss-of-Coolant Accidents 

W. E. Browning, Jr. R. P. Shields W. H. Montgomery 
C. E. Miller, Jr. B. F. Roberts 0. W. Thomas2 

J. G. Wilhelm' 

T h e  charac te r i s t ics  and behavior of f i ss ion  
products re leased  during simulated reactor acci- 
dents  a re  be ing  s tudied  in a continuing se r i e s  of 
experiments i n  which f i ss ion  products a r e  re leased  
by melting miniature UO, fuel e lements  i n  the ORR. 
T h e  e f f ec t s  of variation of the  maximum temperature 
of the  UO, and of the  effects of ra te  of sweep-gas 
flow were s tudied  i n  earlier  experiment^.^ T h e  
l a t e s t  experiments have  been performed to  s tudy  
the e f fec ts  of atmosphere and the  e f fec ts  of s u s -  
tained hea t ing  below the  melting point of UO,. 
In one experiment fuel having a burnup of 21,000 
Mwd/ton was  used  in  the  first  of a s e r i e s  t o  in- 
ves t iga te  the  e f f ec t s  of fue l  burnup. T h e  u s e  of 
high-burnup fue l  h a s  necess i ta ted  the  development 
of equipment for irradiating miniature fuel e lements  
and for hot-cell assembly of t he  fuel melting appa- 
ratus.  Detailed resu l t s  and conclus ions  of t hese  
experiments,  together with a d i scuss ion  of t he  
retention of f i ss ion  products by cool metal  su r f aces ,  
f i l ters,  and s t eam condensers ,  and a d i scuss ion  of 
the  behavior of iodine re leased  during simulated 
reactor acc ident  conditions have been reported 
e l sewhere4  and a r e  summarized here. 

'Visiting scientist  from the Karlsruhe Center for 
Nuclear Research and Development, Karlsruhe, West 
Germany. 

2General Engineering and Construction Division. 
3W. E. Browning, Jr., e t  at., Reactor Chem. Div.  

Ann. Progr. Repts. Jan. 31,  1961, ORNL-3127, pp. 149- 
52; Jan. 31, 1962, ORNL-3262, pp. 172-76; Jan. 31,  
1963, ORNL-3417, pp. 235-43; and Jan. 31, 1964, 

4W. E. Browning, Jr., e t  at.,  Nuct. Safety Program 
Serniann. Progr. Repts.  June 30,  1964, ORNL-3691, 
pp. 29-46; and Dec .  31,  1964, ORNL-3776. 

ORNL-3591. pp. 175-81. 

EFFECTS O F  ATMOSPHERE ON BEHAVIOR 
O F  RELEASED FISSION PRODUCTS 

T h e  behavior of released f i ss ion  products h a s  
been s tudied  in  atmospheres cons is t ing  of moist 
helium (experiment 12), moist air  (experiments 13, 
14, 18, and 20), dry a i r  (experiment 15), 87% 
steam-13% a i r  (experiment 16), and 87% steam- 
12% helium-1% hydrogen (experiments 17 and 19). 
Each  of t hese  atmospheres s imula tes  a poss ib le  
atmosphere in  a reactor a t  the  t i m e  of an  accident.  
Generally, experiments have been performed with 
t race  leve ls  of preirradiation. However, t he  fue l  
in experiment 19 had a burnup of 21,000 Mwd/ton. 
Experiment 20  was  performed in order t o  character- 
ize the  re leased  aerosol  by means of a fibrous 
filter analyzer '  and a composite diffusion tube. 

Physical Condition After Melting of Fuels 

Visual examination of experiments 12  to  20 in 
the  hot cell showed that the  fuel had melted com- 
pletely in all experiments except  experiment 12. 
The  fuel res idues  were black and g lassy  in appear- 
ance  and, i n  most cases, could not be removed 
from the  T h o ,  container. A significant variation 
in  the  environment of the  fuel resu l t s  from the  
effects of t h e  atmosphere on  the  s t a i n l e s s  steel 
cladding. Similar changes in  the  chemical s t a t e  

'111. D. Silverman and W .  E .  Browning, Jr., Sc ience  
143, 572 (1964). 

6W. E. Browning, Jr., R.  D. Ackley, and R. E. Adams, 
Reactor Chem. Div. Ann. Progr. Rept. Jan. 31,  1964, 
ORNL-3591, pp. 185-86. 
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of the  released f i ss ion  products may result  from 
chemical reaction with the  components of t he  
atmosphere. In experiments i n  which a helium 
atmosphere was  used ,  the s t a i n l e s s  s t e e l  remained 
in the  metallic form. In experiments i n  which 
moist helium was  used, there  was  partial oxidation 
of the  s t e e l ,  and i n  the  f i r s t  experiment u s ing  a 
steam-helium-hydrogen atmosphere there was  nearly 
complete oxidation of t he  steel. Complete oxida- 
tion of the  s t e e l  occurred i n  all experiments in 
which a i r  was  a component of the atmosphere. 

Distr ibut ion of F i s s i o n  Products and Uranium 

Radiochemical ana lyses  of the  components of 
experiments 1 2  to  18 have been completed. T h e  
resu l t s  from these  ana lyses  have  been expressed  
as material re leased  from the  fuel zone  and as 
material re leased  from the  high-temperature zone. 
R e l e a s e s  from the  fuel zone  a re  somewhat arbitrary 
in the  la te r  experiments because of difficult ies i n  
defining t h e  boundary of t h i s  zone. In t h e  early 
experiments, for example, experiment 9, the  fuel 

zone  was  defined to include t h e  fuel holder and 
the fuel residue in t h e  holder. In la te r  experiments 
the  fuel holder h a s  been held tight i n  the  T h o ,  
cylinder and could b e  removed only by breaking the  
T h o ,  cylinder and holder,  Graphical techniques  
are be ing  developed to interpret t h e  distribution 
of f i ss ion  products throughout the  experimental  
assembly as a function of the  distribution of the 
fuel rather than with reference t o  an  arbitrary 
boundary. 

T h e  interpretation of the  r e l ease  from a high- 
temperature zone  having a minimum temperature 
of 1000°C is not complicated by sampling s i n c e  
the  zone  is wel l  defined and remains the  same  for 
a l l  experiments. Tab le  17.1 g ives  the quantity 
of f i ss ion  products found outs ide  the  high-tempera- 
ture zone  expressed  as t h e  percent of the  to ta l  
amount found. 

T h e  r e l ease  of iodine,  tellurium, and cesium was  
high in experiment 12 s i n c e  the  fue l  was  only 
20% melted. T h e  da ta  from experiments 13 and 
18, which were performed in  a moist a i r  atmosphere, 
show that iodine was  re leased  from the  high- 
temperature zone  i n  greater than usual amounts. 

T a b l e  17.1. Mater ial  Released from the High-Temperature Zone of the Furnace in UOg Melt ing Experiments 

Gas Velocity Experiment UO, Melted Material Releaseda 
Atmosphere at 285OoC 

I Te Cs Ru Sr-Ba Zr-Ce UO, No. (%) 
(fpm) 

4, 5, gb 

12 

13 

14‘ 

15 

16 

17 

18 

100 

0-2 0 

100 

100 

100 

100 

100 

100 

Dry helium 

Moist helium 

Moist air 

M,oist air 

Dry air 

87% steam, 
13% air 

87% steam, 
12% helium, 
1% hydrogen 

Moist .air 

60 

60 

40 

60 

6 

60 

60 

60 

86 

86 

95 

49 

68 

67 

73 

94 

86 

63 

95 

42 

60 

92 

87 

82 

71 

71 

92 

49 

53 

42 

30 

74 

4 

0.21 

22 

45 

0.21 

0.79 

1.2 

11 

1.4 0.4 

0.79 0.24 

1.4 0.75 

21 3.8 

1.6 0.11 

0.83 0.13 

3.6 0.47 

1.4 0.46 

0.09 

0.18 

1.1 

5.0 

0.006 

0.17 

1.3 

0.80 

aExpressed a s  percent of total found for each material. 
bPreviously reported data included for comparison. 
‘No preirradiation; irradiated for 105 min. Effects  are those of precursors. 
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The  distribution of iodine was  unusual i n  t h e s e  
experiments i n  tha t  a large amount penetrated all 
f i l ters and appeared in  the  first  layer of charcoal.  
T h e  r e l ease  of zirconium-cerium activity and UO, 
was  also greater than usual in both experiments; 
no explanation for t hese  high r e l eases  h a s  been 
found. T h e s e  same experiments also show a 
s u b s t a n t i i l  increase  in  t h e  r e l ease  of ruthenium. 
Th i s  is probably due to  the  formation of the  volati le 
RuO., but i t  is not c l ea r  why th is  volati le oxide 

to ava i lab le  d a t a  for mixtures with ZrO which is 
similar t o  UO, in  many respec ts .  F igure  17.1 
i l lus t ra tes  th i s  similari ty for A1,0,, for which 
da ta  a re  ava i lab le7  on  both the  UO, and the  ZrO, 
sys tems.  Aluminum oxide is a l s o  similar to Fe,O,,  
which is of principal in te res t  here. F igure  17.2 
shows t h e  l iquidus curves  for mixtures of ZrO, 
with the  oxides  of iron, chromium, and nickel,  the  
consti tuents of s t a i n l e s s  steel. F igure  17.2 

2.' 

4 

7E. M. Levin, F. H. McMurdie, and F. P. Hall, Phase  was not formed in experiments 15 and 16, which 
also contained a i r  i n  the  s w e e p  gas.  Compared Diagrams for Ceramists, Part  I (1956), Figs .  121 and 
with experiments performed in dry helium, the data 149, American Ceramic Society, Columbus, Ohio, 1956. 

Part  I (1956), Figs .  148 and 149, and pt. I1 for experiment 15, which was  performed in a very (1959), Fig. 1035. 
low flow of dry air ,  show a reduction i n  the  amount 

' lbid. ,  

of volati le f i ss ion  products; t h i s  reduction probably 
resu l t s  from the  reduced sweep-gas flow rate. 
Fo r  all experiments,  t he  iodine behavior is com- 
plex; i t  is d i scussed  in more de t a i l  in a la te r  
section. The  r e l ease  of tellurium generally does  
not appear t o  be affected by the  composition of 
t h e  atmosphere. The  re lease  of cesium appears  
to be affected more by the  presence  of steam than 
by the  air  or hydrogen i n  the  s w e e p  gas ,  s i n c e  the  
re lease  is significantly less i n  both experiments 
(16 and 17) which used s team than in  experiments 
performed i n  dry helium. T h e  r e l eases  of the  
nonvolatile f i ss ion  products Sr, Ba ,  Zr ,  and C e  
a re  much lower than for t he  vola t i le  f ission products 
and do  not appear to be  greatly affected by the  
composition of the  sweep  gas.  
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EFFECTS OF SUSTAINED OVERHEATING 
OF REACTOR FUELS 

Experiment 1 4  w a s  performed to  s tudy  the  effect 
of long irradiation at high temperature on  the  
behavior and re lease  of f i s s ion  products. The  
fue l  i n  th i s  experiment was  not preirradiated; it 
was  held a t  a temperature above  the  melting point 
of the s t a i n l e s s  s t e e l  c ladding  but below t h e  
melting point of UO, for 105 min. T h e  sweep  gas  
was  moist air. Visua l  examination showed that 
the  fuel appeared to have  melted, contrary t o  all 
indications that the  fuel temperature was  below 
the melting point of UO,. A poss ib le  explanation 
can  be  developed by cons ider ing  the  liquidus 
curves  for mixtures of UO, and oxides of the 
metal components of s t a i n l e s s  s t ee l .  T h e s e  curves  
are not available directly from the  literature, but 
their general nature may be  inferred by reference 

Fig. 17.1. Comparison of Liquidus Curves of the 

Systems A1,03-U0, and AI2O3-Zr0, to  Justify the Use 

of Z r 0 ,  as a Stand-In for U02 in Phase Diagrams. 
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also shows  a s ingle  point which h a s  been reported 
for t he  system UO,-Fe,O,.’ T h e  fuel residue 
may c o n s i s t  of a relatively low-melting flux of 
U0,-Fe,O, with the  undissolved e x c e s s  of UO, 
d ispersed  as fine grains. T h i s  material would be 
expected t o  have a s lushy  cons is tency  and may 
not flow rapidly from the  overheated part of a 
reactor core;  however, i t  could r e l ease  f i ss ion  
products readily. Since there were no aged f i ss ion  
products present  i n  the fuel of experiment 14, the  
r e l ease  r e su l t s  depend upon the  precursor‘form of 
the  f i ss ion  product rather than  the  analyzed form. 
T h e  r e l ease  of iodine and tellurium from the  fue l  
i tself  was  reduced. T h e s e  e lements  have non- 
volati le precursors (tin and antimony). The  r e l ease  
of cesium, strontium, and barium occurred as 
volati le precursors (xenon and krypton). Other 
f i ss ion  products, s u c h  as zirconium and cerium, 
and t h e  transported fue l  were re leased  to the  
smal l  degree  expected. 

T h e  re lease  of f i ss ion  products from the  high- 
temperature zone  (Table 17.1) aga in  ind ica tes  t he  
effects of precursors and the  long time period. 
T h e  high r e l ease  of zirconium, cerium, and UO, is 
believed to  b e  due to  t h e  long  t i m e  period of 
sweeping. T h e  apparent melting of the  fuel (experi- 
ment 14) i n  moist a i r  at a temperature well  below 
the  melting point of UO, is of potential  s ign i f icance  
in  predicting the  movement of fuel in reactor 
accidents.  

FISSION PRODUCTS RETAINED BY COOL 
METAL SURFACES, BY FILTERS, 

AND BY STEAM CONDENSERS 

To es t imate  e f fec t iveness  of s e l ec t ed  components 
of a simulated reactor sa feguards  sys tem,  retention 
of f i ss ion  products and uranium by se l ec t ed  com- 
ponents of the  off-gas sys t em of the in-pile fuel 
meltdown assembly have  been determined for t h e  
seve ra l  experiments. Important components for 
such  a study a r e  a “high-efficiency” filter and the  

.relatively cool metal su r f aces  of the  furnace cham- 
ber (250 to  4OO0C), t he  diffusion tube, and s team 
condenser,  which s imula te  the  reactor v e s s e l  and 
the p ipes  lead ing  to  the  containment v e s s e l  of 
an  ac tua l  reactor. 

‘S. G. Tresvyatskii and V. I. Kushakovskii, A t .  Energ. 
(USSR) 8, 56 (1960). 

T h e  resu l t s  of th i s  s tudy  emphasize the  f ac t  
that  much iodine depos i t s  on the  cool metal sur face  
of t h e  reactor furnace,  and cons iderable  iodine, 
tellurium, and cesium depos i t  i n  t he  diffusion 
tube. However, i n  experiments 13 and 18 iodine 
was  not deposited on the  metal  sur faces .  Although 
there is wide variation, generally less _than half 
of the  material re leased  from the  high-temperature 
zone  of the  furnace is found downstream of the 
diffusion tube. Only very small fractions of the  
total inventory of nonvolati le e lements  (ruthenium, 
strontium, barium, zirconium, and cerium) and 
only s l igh t ly  larger amounts of volati le e lements  
(iodine, tellurium, and ces ium)  a r e  found down- 
s t ream of a high-efficiency filter. T h e  large 
amounts of iodine shown for experiments 13 and 
18 a r e  probably due  to i t s  oxidation to  the  ele- 
mental form by the  moist  air  atmosphere. In t h i s  
form t h e  iodine w a s  depos i ted  to a l e s se r  extent 
prior t o  t h e  charcoa l ,  but only 0.7% penetrated the  
first  2 in. of charcoal.  

In the  in-pile melting experiments,  it h a s  been 
generally observed tha t  the  efficiency of a “high- 
efficiency filter” is much lower than  the  expec ted  
value.  T h e s e  low ef f ic ienc ies  could poss ib ly  b e  
due to leakage  around the  fi l ter;  a redesigned 
filter unit ,  which permits in-place t e s t ing  after 
assembly ,  h a s  been used  for t he  most recent  
experiments. T h e  efficiency of the  high-efficiency 
filter of experiment 18 (the first  experiment for 
which reliable test da ta  were obtained) is s t i l l  
low for most i so topes ;  f i l ter  efficiency is similar 
t o  t h e  efficiency of t he  old-style fi l ter  of the  
dupl ica te  experiment 13. T h e  low ef f ic ienc ies  
may possibly be  due  t o  penetration by short-lived 
gaseous  precursors. Another possibil i ty is con- 
tamination of cer ta in  components of t he  experi-  
mental assembly by material from other components, 
desp i te  t he  cons iderable  precautions which a r e  
taken t o  prevent s u c h  contamination. T h i s  con- 
tamination e f fec t  is being investigated,  and find- 
i ngs  will  b e  reported at a la te r  da te .  

One purpose of. adding s t eam as a component 
of the  s w e e p  gas  i n  cer ta in  experiments was  to  
inves t iga te  the  removal of f i ss ion  products from 
the  gas  s t ream by condens ing  s team.  T h e  modifi- 
ca t ions  of the  experimental  assembly to permit t he  
u s e  of s t eam a re  descr ibed  i n  a la te r  s ec t ion  of 
th i s  report. 

T h e  steam condenser may affect  t h e  behavior of 
fission products in t h e  gas s t ream in  three  ways: 
(1) it condenses  s t eam and may thereby remove 
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f i ss ion  products, (2) it provides additional metallic 
sur face  area for f i ss ion  product deposit ion,  and 
(3) i t  reduces the  sweep-gas velocity by providing 
additional volume to  the  sys tem and increas ing  
the t ime  ava i lab le  for deposition. T h e  latter two 
ef fec ts  are both due  to  the  physical presence of 
the condenser  and are not dist inguished separately 
here. The  conclusions reached from th is  study are: 

1. Generally less than half of the  material released 
from the  high-temperature zone of the  furnace 
is found downstream of the  diffusion tube. 

2. Although the efficiency of high-efficiency 
filters is generally lower than expected, only 
a very small fraction of the nonvolatile f i ss ion  
products (ruthenium, strontium, barium, and 
cerium) and slightly larger amounts of the  
volati le e lements  (iodine, tellurium, and cesium) 
are  found downstream of the  filter. 

3. Fis s ion  products investigated (except ruthenium) 
appear to  be removed significantly from the  gas  
s t ream by condensing steam. 

4. Retention of the  f i ss ion  products studied (except 
ruthenium) due to the physical effects of the  
condenser  (surface area,  deposit ion time) are 
s m a l l  compared to  tha t  due to  condensing steam. 

5. The  retention of f i ss ion  products by condensed 
water c a n  be expected t o  b e  a significant 
factor in reactor acc idents  where steam is 
formed. 

IODINE BEHAVIOR IN IN-PILE UO, 
MELTING EXPERIMENTS 

A large bulk of da t a  on the  distribution and 
behavior of f i ss ion  product iodine h a s  been obtained 
from UO, fuel melting experiments descr ibed in  
th i s  report. In th i s  section, the methods of obtain- 
ing  iodine da ta ,  assumptions concerning the  da ta ,  
supplemental iodine adsorption experiments per- 
formed out-of-pile, and conclusions based on in- 
terpretations of iodine da t a  a re  d i scussed .  

Iodine Analyses 

Samples obtained from the experimental assembly 
are analyzed for eight isotopes:  iodine, tellurium, 
cesium, ruthenium, strontium, barium, zirconium, 
and cerium. While the  usua l  practice in f i ss ion  
product release experiments is to  measure the  

amounts of i so topes  in the  sys tem and report the 
da ta  a s  percent of the  to ta l  found, it h a s  been the  
practice in t h i s  in-pile work to  ca lcu la te  the  number 
of f i ss ions  occurring by measuring neutron flux, 
position, time, and 235U content.  The  recovered 
isotopes a re  converted t o  numbers of equivalent 
f i s s ions  and checked aga ins t  the calculated number 
of f i ss ions  to ensure  a f i ss ion  product balance.  
In a l l  c a s e s  except  iodine, such  a balance is 
usually obtained. In the  c a s e  of iodine, a ba lance  
is seldom obtained, and, i n  general, less than 50% 
of the  iodine produced is found. Desorption of 
iodine from the  apparatus during disassembly in  
the hot cells h a s  been observed in one  experiment, 
but such  desorption accounted for only about 1% 
of the total  iodine. Iodine l o s s  from s tanding  
solutions h a s  a l s o  been observed. Future  investi-  
gations a re  planned both to  measure and control 
t hese  l o s s e s  and to de tec t  other losses. 

Comparison of iodine da t a  expressed a s  percent 
found with da t a  of other volati le i so topes ,  in which 
a balance is generally obtained, ind ica tes  tha t  the 
da ta  a re  cons is ten t  and l eads  to  the assumption 
that t he  iodine lo s s  from each  sample is propor- 
tional to the amount of iodine in the sample. Thus ,  
the iodine da ta  a re  accepted a s  a valid expression 
of iodine distribution, but continual efforts a r e  
being made t o  obtain a complete inventory balance. 

A s  much as 30% of the iodine is sometimes found 
in the hot zone, where the  temperature during fuel 
melting is greater than 1000°C. Since iodine h a s  
been observed t o  desorb  from the  experimental 
apparatus during disassembly in the hot cell, th i s  
iodine may have  deposited in the  hot zone after 
desorbing from some other a rea  during the cooling 
period. T o  better understand the  adsorption and 
desorption of iodine in the  hot zone, supplemental 
out-of-pile experiments a re  being performed. In the  
f i r s t  two of these ,  the e f fec ts  of s t a in l e s s  steel 
oxide on the  adsorption of iodine from air  and 
steam-helium atmosphere, respectively,  have been 
investigated.  T h e  s t a i n l e s s  s t e e l  oxides were 
prepared by oxidizing s t a i n l e s s  steel in the  t e s t  
atmosphere. 

From t h e s e  experiments, it is concluded that: 
(1) none of t he  materials will trap significant 
quantit ies of iodine in a temperature region between 
1300 and 14OOOC; (2) the s t a i n l e s s  steel oxide 
showed a much greater volatility in steam than in 
air; (3) a considerable amount of iodine plated out 
together with oxides  of s t a i n l e s s  s t e e l  or on metal- 
lic oxides from the  s t a i n l e s s  steel below 13OOOC; 
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and (4) the plate-out of iodine on ceramic materials 
a t  temperatures above 5OOOC will  i nc rease  when 
metall ic ox ides  from s t a i n l e s s  s t e e l  a r e  present.  
Thus ,  i t  appears  poss ib l e  tha t  t he  iodine found in  
the  high-temperature zone  of t h e  in-pile UO, 
melting experiments resu l t s  from desorption and 
readsorption as t h e  zone  cools. T h e  possibil i ty 
of iodine redistribution is to  be  studied in  future 
in-pile experiments. 

Behavior of Iodine Released 
from the High-Temperature Zone 

T h e  distribution of iodine re leased  from the  high- 
temperature zone  h a s  been studied. Some important 
charac te r i s t ics  of iodine behavior which c a n  be 
observed from th is  s tudy  are: (1) A major fraction 
of t h e  iodine s tops  on metal  su r f aces ,  but t h i s  
deposit ion is inhibited by moisture in  the  atmos- 
phere. (2) In most experiments iodine which 
reaches  the  f i l t e rs  s t o p s  on the  fi l ters.  (3) Less 
than 0.5% of the  to ta l  iodine found penetrates t h e  
f i r s t  layer of charcoal.  (4) In experiments i n  which 
a refrigerated charcoa l  trap outs ide  the  reactor 
was  ava i lab le ,  t h e  maximum amount of iodine 
which penetrated the  fi l ter  system, in-pile charcoa l  
trap, and out le t  tubing was  'only 0.0001% in three 
experiments and  0.11% i n  one  experiment. (5) In 
experiments i n  which s t eam atmosphere was  u s e d  
and a s t eam condenser  was present ,  as much as 
50% of t h e  iodine which entered the  condenser  w a s  
s topped  i n  t h e  condenser.  (6) Moist a i r  atmos- 
pheres a r e  the  most l ikely t o  produce forms of 
iodine which penetrate particulate fi l ters;  t h e s e  
forms a r e  readily retained by charcoal.  

MAJOR MODIFICATIONS AND ADDITIONS 
TO EXPERIMENTAL EQUIPMENT 

Miniature fue l  e lements  with high burnup a r e  
required for t he  s tudy  of e f f ec t s  of higher burnups 
on  t h e  charac te r i s t ics  and  behavior of f i ss ion  
products re leased  during simulated acc idents .  
A sepa ra t e  facil i ty i n  t h e  ORR was  prepared and 
is being used  to  irradiate t h e s e  UO, specimens.  
Seven capsu le s  c a n  b e  irradiated simultaneously 

to provide a n  adequate  supply of high-burnup 
specimens for future experiments.  Most of t h e  
irradiated specimens a r e  c l a d  with 347  s t a i n l e s s  
s t e e l ,  but some  a re  c l ad  with Zircaloy-2. Power 
dens i t i e s  a t ta ined  in  the  facil i ty wi l l  provide 
irradiated specimens with approximately 21,000 
Mwd/ton burnup in  a 10.24% enriched UO, specimen 
in  approximately s i x  months. 

Radioactivity from a c a p s u l e  whose fuel h a s  
been so irradiated requires tha t  the  f ina l  construc- 
tion of a n  experimental assembly be  done i n  a hot 
cell. T h e  furnace end of the  experimental assembly 
is fas tened  i n  a welding machine which is u s e d  in 
the  hot cell over t h e  ORR pool (Fig. 17.3). T h e  
top of t he  assembly ex tends  through the  top of 
t he  hot cell and r e s t s  on a framework des igned  
to  hold t h e  weight of t h e  experiment and give it 
rotational freedom. In th i s  posit ion the  high-burnup 
fuel is inserted,  and f ina l  construction of t h e  
assembly ,  including remote welding, is performed. 
After t he  f ina l  weld, t h e  experiment is removed 
from the  welding machine and lowered through a 
hole in the  bottom of the  cell into the  pool water. 
From here i t  c a n  b e  moved, with the  radioactive 
part  a lways  under water, t o  t h e  facil i ty,  where the  
meltdown experiment is performed in the  usua l  way. 

In order to perform UO, melting experiments i n  
a s t eam atmosphere, major modifications of t h e  
experimental assembly were necessary.  T h e s e  
modifications were designed to provide controlled 
s t eam injection, t o  prevent premature condensation, 
and finally to condense the  steam. T h e  problem 
of supplying t h e  s t eam at a controlled ra te  w a s  
so lved  by des igning  an  injector which will  supply 
water a t  a controlled rate.  T h e  water is changed 
to s t e a m  upon entering t h e  hot furnace chamber. 
If a mixed g a s  atmosphere is desired,  t he  second 
gas enters  t h e  chamber through a sepa ra t e  l ine  
and mixes with the  s team ins ide  the  chamber. 
To prevent t h e  condensation of s team before it 
r eaches  the  condenser,  t he  gas e x i t  t ube  leading  
from the  furnace t o  t h e  fi l ter  and condenser  s ec t ion  
of t h e  assembly is surrounded by a s team jacke t .  
At t he  top of t he  s t eam jacke t ,  the  gas  ex i t  tube 
turns downward, l eaves  the s t eam jacke t ,  and 
empt ies  into a s t eam condenser  i n  the  s h a p e  of 
a n  annular can .  Any uncondensable gas  flows 
from the  condenser  t o  the  f i l t e rs  and charcoa l  
adsor ber . 

Changes i n  t h e  construction of the  fi l ter  and 
charcoa l  adsorbers  have  also been made. T h e  



69Z 



270 

new des ign  provides an increased fi l ter  a r ea  ment have been obtained by recent modifications 
and eas i e r  handling in the  hot cell. Most impor- t o  permit (1) monitoring of t he  radioactivity of 
tantly, however, i t  permits in-place t e s t ing  with the  gas  during operation, (2) col lect ion of rare 
a t e s t  aerosol  of each  filter; so  the integrity and gases in a refrigerated charcoal  trap, (3) transfer 
leak-tightness of e a c h  fi l ter  is assured af ter  the of the  col lected g a s e s  into an ' evacua ted  tank by 
f i l ter  unit is assembled. Final ly ,  greater useful- heat ing the  charcoal trap,  and (4) col lect ion of 
n e s s  and flexibil i ty of t he  off-gas ana lys i s  equip- gaseous samples  in biological serum bottles.  

. .  . 



18. Release of Fission Products During Melting of 

Fuels Under Reactor Transient Conditions 
G. W. Pa rke r  R. A. Lorenz J. G. Wilhelm’ 

Miniature fuel e lements  a r e  melted i n  a spec ia l  
assembly in the  TREAT reactor facil i ty t o  study 
the  r e l ease  of radioactive material when the  fuel 
c ladding  and t h e  fuel a r e  melted or vaporized 
rapidly, as i n  a nuclear acc ident  result ing from a 
reactor transient.  T h e  program attempts to.  measure 
and interpret  t h e  e f fec t  upon f i ss ion  product re- 
lease of fuel type,  cladding, atmosphere during t h e  
transient,  inventory of f i ss ion  products, and 
charac te r i s t ics  of t he  transient.  The  extent of re- 
action of the  c ladding  and of the  UO, fuel with the  
covering atmosphere is also determined. Tab le  
18.1 g ives  a brief summary of progress toward t h e  
objectives.  

1 . . .  Visi tmg sc ien t i s t  from Karlsruhe Center for Nuclear 
Research and Development, Karlsruhe, West Germany. 

BEHAVIOR ON MELTING IN MOIST AIR 

T h e  init ial  experiments, designated 1 and 2 and 
described in some de ta i l  along with t h e  experi- 
mental assembly and procedures in previous 
publications,  employed unirradiated UO,; t h e  
only f i ss ion  products ava i lab le  for r e l ease  were 
those  formed during t h e  reactor transient. Nearly 
25% of t h e  gaseous  and highly volati le f i s s ion  
product i so topes  (which l a t e r  decayed to and were 
de tec ted  as  ”Sr and 137Cs) were released in 

’G. W. Parker e t  al . ,  Nucl. Safety Program Semiann. 
Progr. Rept. Dec. 31, 1963. ORNL-3547. p. 25; G. W. 
Parker e t  al., Reactor Chem. Div. Ann. Progr. Rept. 
Jan. 31, 1964, ORNL-3591, p. 182; G. W. Parker e t  al., 
Nucl. Safety Program Semiann. Progr. Rept. June 30, 
1964, ORNL-3691. pp. 16-28. 

T a b l e  18.1. Summary of TREAT Experiments 

In i t i a l  F u e l  
Atmosphere Around F u e l  Temperature F u e l  Condi t ions During Experiment  Experiment  C ladd ing  Burnup 

Trans i en t  
(OC) 

NO. S t a tus  (Mwdhon) During Trans i en t  

6 

7 

Completed 

Completed 

Completed 

Completed 

Completed 

Completed 

Under  cons t ruc t ion  

347 ss 

347 ss 

347 ss 

347 ss 

347 ss 

Zircaloy-2 

347 ss 

0 

0 

0.3 

0.3 

50 

50 

5 0  

Ar 

Ar 

Air  + 3 mole % H 0. 4 0  p s i a  

Air  + 30 mole % HZO. 4 5  p s i a  

1000 ps i a  s t e a m  

1000 ps i a  s t eam 

Under  water; low-pressure 
s t e a m  

Under water ;  high-pressure 
s t e a m  

800 

800 

800 

800 

4 0 0  

4 0 0  

‘“100 

‘“27OO0C maximum temperature  

65% melted 

75% melted 

75% melted 

UO hea ted  to approximately 
melt ing point  

UO and  c l add ing  fragmented 

Complete  melting, ‘“50% 
vaporizat ion 

Complete  melting, ‘“50% 
vaporizat ion 

8 Under cons t ruc t ion  347  ss 50 ”’285 
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experiment 1 even though l i t t l e ,  i f  any, of t h e  UO, 
melted; from experiment 2, i n  which about 65% of 
the  UO, melted, about 50% of these  vola t i le  
materials were released. 

Two of t h e  experiments (designated 3 and 4) 
conducted during t h e  p a s t  year  employed previously 
irradiated UO, c l ad  in  s t a i n l e s s  steel. T h e  
condi t ions  under which the  meltings were per- 
formed in  T R E A T  a r e  shown in Tab le  18.2. 
Reactor t rans ien ts  sufficed to melt  t h e  c ladding  i n  
both c a s e s ;  t he  s t a i n l e s s  steel flowed to form, in 
each  case, a c l ean  puddle in  the  bottom of the  
heater.  T h e  fuel appears  t o  h a v e  been hot te r  i n  
experiment 3 than in experiment 4. About 50% of 
the  UO, flowed, leaving an outer fuel she l l ,  in 
experiment 3; only about 30% of t h e  UO, flowed i n  
experiment 4. T h e  bulk density of t he  flowed and 
frozen material was  about one-half tha t  of t h e  
original pellet .  Neither experiment yielded 
ev idence  of fracturing or shattering of the  fuel or  
cladding during t h e  transient.  F igure  18.1 shows  
t h e  appearance  of fuel specimen and  hea ter  a f te r  
d i sassembly  of experiment 4. 

T h e  steam-air  atmosphere produced no d ras t i c  
oxidation of t h e  fuel or cladding, but subsequent  
ana lys i s  revealed tha t  about 75% of t h e  oxygen had 
been consumed. Mass spectrometric determinations 
showed tha t  38 c m 3  of oxygen (STP) w a s  con- 
sumed in each  experiment and that 11 c m 3  of  CO, 
and  0.4 cm3 of hydrogen were produced. T h e  CO, 
may h a v e  been formed by oxidation of organic 
material introduced when t h e  irradiated fuel spec i -  
men w a s  installed.  T h e  amount of hydrogen 
formed in  the  sys tem cannot b e  u s e d  a s  a measure 
of metal-water reaction, s i n c e  the  reaction of H ,  
with 0, to form H,O c a n  occur  at t h e  high-tem- 
perature conditions in t h e s e  experiments. T h e  
size distribution of par t ic les  on  t h e  first  f i l t e rs  of 
each  experiment w a s  identical .  

T h e  amounts of eight f i s s ion  products and  
uranium in all pa r t s  of the  apparatus exposed to  
r e l eased  aerosol  were determined, and a complete 
f i ss ion  product ba l ance  w a s  obtained. T h e  pre- 
t rans ien t  irradiation for f i ss ion  product buildup 
was  only 0.3 Mwd/ton; transient-formed f i ss ion  
products,  therefore, contributed significantly to t h e  

Table  18.2. Summary of Operoting Conditions for Melt ing of Preirrad.iated U02 in Moist Air 

Experiment 3 Experiment 4 

Reactor integrated power, Mwsec 378 363 

Reactor period, msec 74 77 

800 to  mp 

800 to  mp 

Estimated UO, temperature range, OC 

Stainless  s t e e l  cladding temperature, OC 

Alumina heater temperature, OC 710 to  1020 780 to  1140 

Autoclave wall temperature, OC 108 t o  138 162 to 195 

Fiss ion  energy input, cal  per g of UO 291 280 

Initial fuel autoclave f i l l :  

800 to mp 

800 to  mp 

2 

Air a t  25OC. psia  
Water, g 
Volume percent steam (assuming 

complete vaporization) 

F u e l  autoclave pressure at s tar t  of transient: 

Total  pressure, psia  
Air partial pressure, ps i  
Water partial pressure, psia 

2 5  25 
0.05 0.21 
3 5 0  

43 53-58 
42 4 8  

1.2 5-1 0 

aCalculated using a value of 0.77 c a l  per gram of UO per megawatt-second determined from experiments 1 and 2. 
2 
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Fig. 18.1. Melted Fue l  Assembly and Heater After In-Pi le  Melt ing in a Steam-Air Atmosphere Under Transient 

Reactor Conditions (Experiment 4)- 

t o t a l  inventory. As f iss ioning occurred, the 
transient-formed f iss ion products ex is ted  as short- 
half-life precursors of the particular i so topes  
se lec ted  for radiochemical analysis .  A correction 
w a s  made for the  transient-formed f i ss ion  products 
based  on  release and distribution d a t a  obtained in  
experiment 2. Tab le  18.3 shows t h e  distribution 
of f iss ion products in  experiments 3 and 4 after 
t h i s  correction was  made. T h e  correction w a s  
greatest  (and individual da ta  points must b e  con- 
s idered less reliable) for ’Sr and * ‘Ba, because  
their  precursors a re  g a s e s  and other  volat i le  
isotopes,  whose re lease  behavior is greatly 
different from the  daughter i so tope  of interest .  
Cross  comparisons between s imilar  experiments 

and i so topes  with s imi la r  volatilities (I, Te, Cs, 
for example) a re  necessary in  order to determine 
t h e  reproducibility and reliability of the data.  

In t h e s e  experiments, the re lease  of aged f i ss ion  
products from UO, w a s  less than the re lease  of 
f iss ion products formed during the  t ransient  
(experiments 1 and 2); t h i s  difference is due  
primarily to the  fact tha t  the “young” transient-  
born f i ss ion  products are  more volat i le  than their  
daughters. Aged f iss ion products did not e s c a p e  
so readily in t h e s e  t ransient  meltings as did aged 
f i ss ion  products i n  UO, melted by slower methods. 
R e l e a s e  of the  “nonvolati le” f iss ion products Sr, 
Ba, Zr, and C e  were of the same magnitude, in  
general ,  as re lease  of uranium i n  both types  of 
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Table  18.3. Distribution of Mater ial  Released from Transient-Heated U02 with Transient-Formed 

Precursors Removed (%) 

1 3 7 ~ ~  1 0 6 ~ ~  898, 140Ba 952, 1 4 4 ~ e  U O ~  Release  Zone 1 3 1 1  129Te 

Total  re lease from UO fuel 

Release from high-temperature 

2 

b zone 

Transported release‘ 

Total  re lease from UO fuel 

Re lease from high-tempera ture 

2 

b zone 

Transported release‘ 

45 

7.0 

1.2 

41 

8.2 

1.4 

32 

0.88 

0.10 

28 

0.70 

0.25 

Experiment 3 

38 8 2” 3” 4 3 3 

1.2” 1.5 0“ 0.7” 1.0 0.92 0.86 

0.22” 0.0007a 0“ 0.7 0.0006 0.0003a 0.0008 

Experiment 4 

31 1.2 1.6” 3” 0.6 0. 2a 0.7 

1.6” 0.031 0.56” 1.2” 0.003a 0.002a 0.006 

1.2a 0.026 0.56” 1.2 0.002 0.002 0.001 

”These numbers required more than a factor of 2 adjustment for transient-formed f iss ion products. 
bThe high-temperature zone includes the fuel, cladding, heater, and autoclave liner. 
‘Transported release includes a l l  material swept  out of the fuel autoclave by a 47-cm3/min flow of gas. N o  cor- 

rection was  made for the fact  that only approximately 60% of the transient-generated aerosol left the fuel autoclave and 
entered the gas  transport zone. 

T a b l e  18.4. Summary of Operating Conditions i n  Experiments 5 and 6 

Experiment 5 Experiment 6 

Reactor integrated power, Mwsec 

Reactor period, msec 

Estimated UO temperature range, O C  

Estimated cladding temperature range, O C  

Alumina heater temperature, O C  

Autoclave wall temperature, O C  

Pressure range, psia 

2 

F u e l  autoclave system fi l l :  

Water, g 

\ Argon purge system fill: 

3 72 

77 

310-2800 

310 to  mp 

31 0-630 

270+ 

1000-50 

30.0 

366 

78 

3 50-2 800 

350 to  mp 

350-420 

270-316 

1000-1360 

30.0 

Ar, l i ters  (STP) 9.0 9.0 
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experiments. Approximately one-third of t he  
vola t i le  f i s s ion  products I ,  Te, and C s  were re- 
l e a s e d  from the  fuel i n  the  transient r e l ease  ex- 
periments; only about 1% of t h e s e  were re leased  
from the  fuel autoclave.  

BEHAVIOR ON MELTING IN  STEAM 

Two experiments, des igna ted  5 and 6, were per- 
formed us ing  atmospheres of high-pressure steam 
(1000 ps i a  at the  ca lcu la ted  fuel au toc lave  
temperature). T h e  operating conditions for t h e s e  
experiments were chosen to resemble those  ex- 
pec ted  to prevail  during an ac tua l  reactor t rans ien t  
acc ident  i n  a water-cooled o r  water-moderated 
reactor. Such an  accident is most l ike ly  to begin 
while t he  reactor is shu t  down and the  temperature 
and pressure  a r e  below those  of normal operating 
conditions. T h e  fuel temperature during s u c h  an  
acc ident  should r i s e  quickly, and the  environment 
near t he  fuel should a t ta in  temperature and pressure  
conditions similar t o  t h e  s ta r t ing  conditions (see 
Tab le  18.4) used  i n  experiments 5 and 6. 

A schemat ic  diagram of the  appara tus  used  in 
experiments 5 and 6 is shown in  Fig. 18.2. T h e  
specimen and au toc lave  were e lec t r ica l ly  hea ted  
to the  des i red  operating conditions before the  
transient w a s  initiated. Immediately after t h e  
reactor transient,  explos ive  va lve  No. 1 w a s  
opened; t he  result ing aerosol  rapidly transferred 
from t h e  fuel au toc lave  to  t h e  condenser,  and 
e x c e s s  water in t h e  fue l  au toc lave  vaporized to  
flush out t h e  autoclave.  T h e  condensa te ,  co l lec ted  
i n  two water traps,  should contain par t ic les  and  
d isso lved  g a s e s  s i m i l a r  t o  t hose  which would be  
trapped by condensing steam i n  a n  ac tua l  reactor 
accident.  Hydrogen formed as  a result  of metal- 
water reaction would p a s s  through t h e  condenser,  
water t raps ,  f i l ters,  and charcoal beds  into t h e  
gas-collection autoclave.  After t he  s team re l ease  
was  completed, t h e  second explos ive  va lve  w a s  
opened, and argon g a s  was  p a s s e d  slowly through 
t h e  fue l  au toc lave  to  sweep  g a s e s  and vapors 
through the  condenser,  water t raps ,  f i l ters,  and 
charcoal bed. 

Experiment 5 attempted to melt  a s t a in l e s s -  
s tee l -c lad  UO, fuel specimen i n  steam a t  1000 
psia.  Both va lves  functioned properly to permit 
f lushing of re leased  mater ia l s  to sampling devices .  

ORNL-DWG 65-1337 

GAS-COLLECTION AUTOCLAVE 
( INITIALLY EVACUATED) 

5 MEMBRANE FILTERS 

27 CHARCOAL-FILLED 
FILTERS 

FLOW RESTRICTOR ‘t 
MAIN WATER TRAP 

PRESSURE CELL 

THERMOCOUPLE AND HEATER 
WIRE SEALING GLANDS 

EXPLOSIVE VALVE 

FUEL AUTOCLAVE 

PURGE TANK 

Fig. 18.2. F low Diagram for Melt ing F u e l  Under 

Transient Melt ing Conditions in 1000 psia Steam 

(Experiments 5 and 6). 

T h e  s t a i n l e s s  steel cladding melted and oxidized 
heavily,  but it adhered strongly to t h e  UO, pellets.  
T h e  UO, did not melt; it  appeared to be very 
nearly in  its original condition. 

A Zircaloy-2-clad UO, fuel specimen was  used  
i n  experiment 6 with in i t ia l  conditions and reactor 
t rans ien t  very similar to those  of experiment 5. 
The  explos ive  va lve  fa i led  to function in  t h i s  ex- 
periment. T h e  steam and aerosol  remained in the  
fuel autoclave,  and no  external s team sampling or 
argon purge w a s  possible.  T h e  fuel and cladding 
were, therefore, exposed to  a to t a l  s team and 
hydrogen pressure  above  1000 p s i a  for 23  min 
following t h e  reactor transient. Figure 18.3 s h o w s  
t h e  fragmented cladding and fuel which resulted.  

. 
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T h e  difference in  degree of fuel and cladding c a u s e s  of t h e  different fuel behavior observed in 
dispersion between experiments 5 and 6 could t h e s e  experiments. 
have  an important effect  on f i ss ion  product r e l e a s e  Analysis  of  s amples  obtained from t h e s e  experi- 
and on possible  metal-water reactions.  Further ments  is progressing, but  no conclusions a r e  ye t  
s t u d i e s  a r e  in progress  to determine the c a u s e  or available.  

Fig. 18.3. Zircaloy-2-Clod U02 Fue l  Specimen Heated Under Transient Reactor Conditions in 1000 psia Steam, 

Showing Fragmented Cladding and U02 (Experiment 6). 



19. Behavior of Radioiodine 

IDENTIFICATION AND BEHAVIOR OF 
RADIOIODINE VAPORS 

Elemental  iodine, iodine compounds, and iodine 
adsorbed on, or  combined with, particulate matter 
will  all b e  present  i n  the  g a s e s  result ing from a 
nuclear  accident.  The behavior of iodine (i ts  
retention by charcoa l  adsorbers,  for example) 
depends markedly upon the  form in  which i t  is 
present.  It is necessary ,  therefore, if adequate 
decontamination and gas-cleanup sys t ems  are to 
be  provided, to ascer ta in  the  identity, occurrence,  
and behavior of t h e s e  poss ib le  forms of radio- 
iodine. 

By Solubility Behavior 

W. E. Browning, Jr. R. E. Adams 
J. G. Wilhelm’ 

Radioiodine, when produced as I by decomposi- 
tion of palladium iodide or by ac t ion  of dichromate 
on a lka l i  iodides,  frequently conta ins  chemically 
combined iodine in small quantit ies.  T h i s  chemi- 
cally combined fraction is of in te res t  because  of 
i t s  similari ty to forms of iodine which occur in  
simulated reactor acc idents  and is more difficult  
to t rap  in “standard” absorber sys tems.  At least 
one  of these  forms c a n  be  considerably concen- 
trated by volati l ization at -78OC. In th i s  study 
the  fraction volati le a t  -78OC from radioiodine 
prepared from palladium iodide was  equilibrated 
with the  two-phase system: water and nonradio- 

‘Visiting scientist  from Karlsruhe Center for Nuclear 
Research and Development, Karlsruhe, Germany. 

’W. E. Browning, Jr., R. D. Ackfey, and R. E. Adams, 
Reactor Chem. Div. Ann. Progr. Rept. Jan. 31, 1964, 
ORNL-3591, pp. 185-86. 

ac t ive  methyl iodide. T h e  radioactive compound 
concentrated (partition coefficient about 55) in the  
methyl iodide phase.  Similar equilibration of a 
s tandard  (methyl iodide tagged, with radioiodine) 
yielded 46 for t h e  partition coefficient. T h e s e  
resu l t s  sugges t  tha t  t h e  volati le fraction inc ludes  
methyl iodide or  an  iodine compound of qu i te  
similar solubili ty.  

By Knudsen Effusion Cell 

W. E. Browning, Jr. R. E. Adams 
D. I. Ford4  

T h e  classical Knudsen effusion method was  
adapted to s tudy  the  radioiodine s p e c i e s  volati le 
at -78OC from an  elemental  iodine source.  The  
appara tus  w a s  standardized with 85Kr and 13’Xe 
to determine t h e  effective ra t io  of orifice a rea  
to chamber volume before application of the  method 
to the  radioiodine spec ies .  T h e  molecular weight 
of t h e  volati le fraction w a s  shown to b e  145; 
methyl iod ide  h a s  a molecular weight of 142 to 
146, depending upon which i so tope  of iodine is 
involved. Resu l t s  ind ica te  that the volati le frac- 
tion c o n s i s t s  almost exclusively of methyl iodide. 

Work is under way to apply th i s  technique to 
other forms of radioiodine and to iodine vapors 
from simulated accidents.  Limitations of the 
method i n  t h i s  application include the  requirement 
tha t  t h e  to ta l  p ressure  of the  gas  sample b e  low 
o r  t ha t  t h e  g a s  of in te res t  be the major component 
of the  gas  mixture. 

3W. E. Browning, Jr., R. E. Adams, and J. G. Wilhelm, 
Nucl. Safety Program Semiann. Progr. Rept. June 30, 
1964, ORNL3691, pp. 66-69. 

4 0 R ~ S  temporary student employee, 1964. 

’W. E. Browning, Jr., R. E. Adams, and D. I. Ford, 
Nucl. Safety Program Semiann. Progr. Rept. Dec. 31, 
1964, ORNL-3776. 
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B y  G a s  Chromatographic Ident i f icat ion 

W. E. Browning, Jr. R. E. A d a m  
J. E. Attril16 

G a s  chromatography h a s  been u s e d  to identify 
some  of the  volati le (-78OC) iodine compounds 
which a r e  formed when e lementa l  iodine is pro- 
duced. T h i s  technique h a s  also been used  to 
t race  t h e  behavior of known vapors in  composite 
diffusion tubes  and to ca l ibra te  t h e s e  character-  
ization devices .  Init ial  work is being conducted 
with nonradioactive iodine sources .  Equipment 
is be ing  assembled which will  permit a parallel  
s tudy  u s i n g  radioactive iodine sources .  

Samples of nonradioactive elemental  iodine,  
pmduced by both the  palladium iodide and the  
dichromate method, were processed  through the  
chromatograph. Two to s i x  chromatographic peaks  
appeared; t h e  number depended upon the history 
of the iodine source  be ing  studied.7 The volati le 
fraction (at - 78OC) from the  various iodine sou rces  
h a s  been  shown to include methyl iodide, propyl 
iodide, and hydrogen iodide in  addition to the  
noniodine materials,  water,  air ,  and methyl chlo- 
ride. 

T h e  response  of composite diffusion tubes  w a s  
s tudied  with known vapors of e lementa l  iod ine  and 
methyl iodide. Several  s amples  of elemental  
iodine were pas sed  through either g l a s s  tubing o r  
si lver-l ined copper tubing maintained at room tem- 
perature. T h e  iodine vapor p a s s e d  through the  
glass tubing without change, but all the  iodine 
w a s  reta ined by t h e  s i lve r  sur face .  NO compounds 
of iodine  were observed i n  the effluent from e i ther  
tube. T h e  effluent g a s  obtained by p a s s i n g  sma l l  
s i m p l e s  of methyl iodide (0.1 pl of liquid) through 
glass o r  silver-lined tubes  was  shown by gas 
chromatography to be  methyl iodide, unchanged 
and unadsorbed by the  tubes. -When a charcoal-  
l ined  tube  w a s  used, both iodine and  methyl iodide 
were completely adsorbed. T h i s  behavior is con- 
s i s t e n t  with interpretations previously reported 
of resu l t s  obtained with radioactive iodine sources.  

6Analytical Chemistry Division. 

'W. E. Browning, Jr., R. E. Adams, and J. E. Attrill, 
Nucl. Safety Program Semiann. Progr. Rept. Dec.  31, 
1964, ORNL-3776. 

B y  Fract ional  Sublimation ond 
Mass  Spectrometry 

W. E. Browning, Jr. M. E. Davis  

Samples of 1 2 7 1  l abe led  with I 3 ' I  were prepared 
from palladium iodide and were fractionally sub-  
limed at temperatures of -78, -66, -58, -7, and 
+lO°C. T h e  re la t ive  in t ens i t i e s  of the  mass 
peaks  observed  in  the  various fractions were com- 
pared with t h o s e  in methyl iodide and hydrogen 
iodide s t a n d a r d s 8  In all s amples  the prominent 
peaks  could  b e  accounted for by iodine, methyl 
iodide, and hydrogen iodide. T h e  higher re la t ive  
in tens i t ies  of peaks  corresponding to methyl iodide 
were found in  the  sample sublimed a t  - 78OC. 

B y  Composite Di f fus ion Tubes  

W. E. Browning, Jr. R. D. Ackley 
A. F. Roemer, Jr.6 

Investigation of t h e  nature and  behavior of vola- 
t i l e  radioiodine by diffusiona! deposit ion h a s  been 
continued us ing  the previously descr ibed  compos- 
i t e  diffusion tubes.2 T h e s e  tubes,  developed to 
d is t inguish  and measure various vapor s p e c i e s  
of iodine, h a v e  consecut ive  inner wa l l s  of s i lver ,  
rubber, and finely divided ac t iva ted  carbon. Silver 
is employed for t h e  deposit ion of e lementa l  iodine; 
rubber, for a s p e c i e s  as y e t  unidentified but which 
y ie lds  a fairly charac te r i s t ic  deposit ion profile; 
and ac t iva ted  carbon lining, for methyl iod ide  and 
for o ther  s p e c i e s  penetrating t h e  s i l ve r  and rubber 
sec t ions .  T h i s  work on vapor forms of iodine is 
described in de ta i l  elsewhere.  9 n 1  

An experiment was  performed to examine in  
greater de t a i l  cer ta in  previously observed a s p e c t s  
of iodine behavior i n  composite diffusion tubes. 
Iodine was  volati l ized from a melt of Na13'I, 
K1271, and K 2 C r 2 0 7 ,  co l lec ted  in a cooled  U-tube, 
and introduced into the  experimental appara tus  by 
a smal l  a i r  s t ream flowing into a diluent a i r  stream. 

'W. E. Browning, Jr., and M. E. Davis, Nucl. Safety 
Program Semiann. Progr. Rept. Dec .  31 ,  1964, ORNL- 
3776, and ORNL-TM-1009 (Nov. 30, 1964). 

9W. E. Browning, Jr., and R. D. Ackley, Nucl. Safety 
Program Semiann. Progr. Rept. June 30, 1964, ORNL- 

'OW. E. Browning, Jr., R. D. Ackley, and A. F. 
Roemer, Jr., Nucl. Safety Program Semiann. Progr. Rept. 
Dec.  31,  1964, ORNL-3776. 

3691, pp. 58-65. 
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Fig.  19.1. Deposit ion of Airborne Radioiodine Species 

in  Composite Diffusion Tubes. 

garded as apparent a r e  denoted by D'. The  da ta  
show tha t  t h e  only significant change as t h e  g a s e s  
flowed through t h e  Teflon header between the 
sampling s t a t ions  was  in  the concentration of that 
iodine s p e c i e s  which depos i t s  on a rubber surface. 

Information from t h e s e  and from modified dif- 
fusion tubes  and from related experiments in which 
the  temperature of the iodine source  and the  diam- 
e t e r  of t h e  diffusion tube were varied lead to the  
following observations concerning airborne iodine 
prepared by t h e  dichromate method: The  vapor 
conta ins  a t  least two d is t inc t  s p e c i e s  bes ides  
I,; one of these  is probably methyl iodide. T h e  
other s p e c i e s ,  which appears  somewhat unstable,  
h a s  not as y e t  been identified; i t  o r  its decomposi- 
tion product(s) tends  to depos i t  on a rubber sur- 
face. I t  exhib i t s  a complex deposition behavior 
which is not so l e ly  diffusion controlled, and i t  
may c o n s i s t  of more than one  compound. At O°C, 
the  bulk of t h i s  s p e c i e s  h a s  an indicated vapor 
pressure  -1% that of I,. T h i s  or a similarly be- 
having s p e c i e s  h a s  recently been observed in 
iodine vapor experiments performed i n  the Nuclear 
Safety P i lo t  Plant.  Efforts to determine i t s  nature 
and identity 'more explicity will receive emphasis  
i n  future work. 

Ident i f icat ion and Determination of Radioiodine 
Species in  Steam 

W. E. Browning, Jr. R. E. Adams 

Since s t e a m  would probably be  released in  a 
reactor accident,  it is necessary  to be  ab le  to 
measure t h e  amounts of the various forms of radio- 
iodine occurring in s team atmospheres. In the 
planned Loss of F lu id  T e s t  (LOFT), i t  will  be 
necessary  to make such  measurements i n  the  con- 
tainment vesse l .  

Composite diffusion tubes  have been demon- 
s t ra ted  to se rve  these  purposes a t  room tempera- 
ture and under dry conditions, but relative humid- 
i ty l eve l s  ranging from 30 to 80% produced some 
interference with t h e  deposit ion of the organic 
iodide (Ch 31) on the  activatedcharcoal-l ined por- 
tion of t he  diffusion tube assembly.'  T h i s  effect 
probably resu l t s  from water interfering with re- 
tention of t h e  iodine compound on the  charcoal 
sur face  rather than i t s  reacting to form a new, 
less - reac t ive  compound of iodine. The  moisture 
h a s  less ef fec t  on the  silver-lined portion of the  
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diffusion tube assembly. Composite diffusion 
tubes  a t  100°C yield reliable information (though 
the  deposit ion profile w a s  a l te red  slightly) when 
dry a i r  is t h e  t e s t  medium.' Development of con- 
d i t ions  under which composite diffusion tubes  
could s e r v e  in a steam-air environment seemed 
possible.  

Experiments were conducted in which a diffusion 
tube assembly was  hea ted  to temperatures above 
100°C to minimize condensation of steam on  the 
su r faces  and, hopefully, to keep the interference 
of water  on the adsorption of organic iod ides  to a 
negligible level. A modified diffusion tube as- 
sembly containing only a silver-lined tube fol- 
lowed by a charcoal-lined tube  was  s tudied  ini- 
tially. T h e  tubes  were hea ted  by a s team jacke t  
to temperatures ranging from about 110 to 13OoC, 
and air-steam mixtures, 60 to 80% saturated,  con- 
ta in ing  iodine vapors were used. Iodine sou rces  
were fractionated into the  organic iodides,  vola- 
t i l e  a t  -78OC, and less volati le,  primarily ele- 
mental I , ;  t he  behavior of both fractions was  
studied in s team environments. Deposit ion pro- 
f i l e s  from t h e  volati le fractions were affected in  
much the s a m e  manner as those profiles obtained 
a t  room temperature with moist  air. Deposit ion 
of iod ine  vapor from the  less -vola t i le  fraction was  
not as badly affected. T h e  diffusion tube response  
was  n o t  a s  helpful as w a s  hoped; however, with 
temperature control of s team condensation and 
adsorption, i t  was  sufficiently discriminative to  
ind ica te  t h e  presence  o r  absence  of compounds of 
iodine in a steam environment. 

Preliminary attempts to adsorb  the water vapor 
se lec t ive ly  h a v e  been unsuccessfu l .  Type 3A 
molecular s i e v e s  trapped both H,O and t h e  organic 
iodide(s). Further t e s t s  with se l ec t ive  adsorbents  
will  b e  made. 

CHEMICAL BEHAVIOR OF RADIOIODINE 
VAPORS 

Iodine Sorption by Filter Materials in a 
Particulate-Free Atmosphere 

G. W. Pa rke r  Albert0 Fer re l i '  

F i l t e r s  have  been used  in May packs  to sepa ra t e  
par t ic les  carrying iodine from other forms of iodine 

"Visiting scientist  from Euratom, Ispra. Italy. 

and from other  f i ss ion  products. There  have  been 
ind ica t ions  tha t  molecular iodine reacted with, 
and w a s  thus  retained by, some filter materials,  
giving e r roneous  indications of the amount of 
particle-borne iodine present  in the sample  g a s  
stream. Apparently, there  h a s  been no sys t ema t i c  
investigation of iodine retention by fi l ter  materials. 

T h e  iod ine  adsorption behavior of s i x  different 
f i l t e rs  in a particulate-free atmosphere w a s  in- 
vestigated.  T h e  f i l t e rs  t e s t ed  were: 

1. Whatman No 40 (cellulose);  
2. AEC high-efficiency fi l ter  ( a sbes tos  and fiber 

glass);  
3. Millipore Microfiber g l a s s ,  t ype  AP-20, high- 

efficiency f i l t e r  (g lass  f ibers  with acry l ic  
binder); 

4. Millipore Microweb membrane, type WH, 0.45-p 
pore size (cellulose e s t e r ,  nylon reinforced); 

5. Gelman Polypore  membrane, t ype  GM-3, 1.2-p 
pore size (cellulose acetate);  

6. Gelman Acropore, type  VNW 450, 0.45-p pore 
size (polyvinyl chloride, nylon reinforced). 

T h e  t e s t  equipment (see Fig.  19.2) cons i s t ed  of 
a n  iod ine  in jec t ion  sys tem,  a sample sec t ion ,  a 
bypass  l ine,  and a vacuum source  (building vacuum). 
Stable iodine tagged with 1 3 ' 1  re leased  by heat-  
i n g  sodium iodide with potassium dichromate in a 
U-tube w a s  introduced into the  sys t em by p a s s i n g  
room a i r  through t h e  heated U-tube. F i l t e r  con- 
tainers,  e a c h  with two AEC fil ters,  were loca ted  
upstream and downstream of the  U-tube to provide 
a particulate-free atmosphere in the  sample section. 

The  sample  sec t ion  cons i s t ed  of s i x  fi l ter  con- 
tainers,  connected in parallel ,  e a c h  followed by a 
%-in.-deep ac t iva t edcha rcoa l  cartridge. T h e  
flow ra te  through each  1-in.-diam fil ter was  meas- 
ured by a rotameter, and kept  at a cons t an t  value 
of about  200 cm3/min in  all tes t s .  T h e  corre- 
sponding  l inear  velocity w a s  about 88 cm/min. 

The  percent  of the  iodine adsorbed o n  e a c h  fil- 
ter, referred to all t h e  iod ine  that p a s s e d  through 
it, w a s  measured. T h e  resu l t s ,  with the  ave rages  
and  the  probable errors, shown in  T a b l e  19.1, 
ind ica te  tha t  t he  ce l lu lose  fi l ter  (Whatman No. 40) 
adsorbed t h e  smallest amount of iodine and  tha t  
polyvinyl chloride and ce l lu lose  ace t a t e  f i l t e rs  
had the  h ighes t  adsorption capac i ty  under the  t e s t  
conditions employed. T h e  Millipore microweb 
fi l ter  adsorbed t h e  least iodine among the  mem- 
brane-type f i l t e rs  tested.  



281 

ORNL-DWG 65-1309 

GLASS TUBE 

Fig. 19.2. F i l t e r  T e s t  Assembly. 

Tab le  19.1. Percent of the Iodine Adsorbed on Various F i l te r  Mater ials 

Referred to All the Iodine Passed 

Millipore Millipore Gelman Gelman 
Run Filter Whatman Microfiber Microweb Polypore Acropore 

No. Positiona No. 40 Membrane, Membrane, Membrane, Glass ,  AEC 

Type AP-20 Type WH Type GM-3 Type VNW-450 

1 a 2.5 2.2 6.0 31 

2 a 0.55 1.6 3.5 4.0 27 49 

2 b 0.70 2.0 2.7 4.5 29 42 

3 a 2.1 7.1 27 33 

3 b 2 .0  7.1 37 25 

3 C 0.97 2.3 7.0 30 23 

3 d 0.74 3.3 6.9 22 33 

Average (F) 1.2 2.3 2.7 6.1 29 36 

Probable error ( E )  0.5 0.5 0.4 0.9 3 

E + €  1.2 f0 .5  2.3 L0.5. 2.7 f 0 . 4  6.1 f 0 . 9  29 1 3  36 k 6  

'Positions expressed sequentially, starting upstream. 
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T h e  iodine concentration d id  not s eem to have 
an  important effect  on the retention of iodine by 
fi l ters i n  t h e  range explored ( 1  to 10  mg/m3). 
Other a s p e c t s  of t he  fi l ter  absorption phenomenon, 
such  a s  l inear  velocity dependence and desorp- 
tion, will  b e  explored in future experiments. 

React ion of Radio iodine Vapors with 
Organic Vapors 

W. E. Browning, Jr. R. E. Adams 

Reaction between elemental  iodine and organic 
vapors in a reactor containment v e s s e l  following 
an acc iden t  could produce radioiodine compounds 
which a r e  more difficult to trap than the  original 
iodine. To assess th is  possibil i ty,  composite 
diffusion tubes  have been u s e d  to measure radio- 
iodine in  various vapor forms in a n  a i r  s t ream up- 
stream and downstream from the  point of introduc- 
tion of a i r  contaminated with organic vapors. T h e  
in i t ia l  experiments have been made in  a dry a i r  
atmosphere a t  24OC, with contac t  time between the 
organic vapors and vapors  of iodine or iodine com- 
pounds ranging from 12 to 15 sec. Two heated 
sources  of organic vapors h-ave been used; one  was  
a mixture of i t ems  commonly found in  reactor con- 
tainment zones  (lubricating oil, p las t ic  and rubber 
insulation material, and paint sc rap ings)  and the 
o ther  was  dioctyl phthalate (DOP), an  organic used  
for in-place t e s t ing  of particulate f i l t e rs  in off-gas 
sys tems.  Very little or no e f f ec t s  by organic vapors 
from e i ther  organic sou rce  were noted on the  vola- 
t i l e  cons t i tuent  (mainly CH31) separa ted  from an 
iodine source.  I t  appears  from these  init ial  ex- 
periments, however, t ha t  some of the I ,  vapor did 
reac t  with t h e  organic vapors and was  changed 
into iod ine  forms which presented a different 
deposit ion profile in the  downstream diffusion 
tube. 

In t h e  f i r s t  experiments it was  not apparent 
whether t he  altered deposit ion profile was  produced 
by a n  organic iodine compound or  by interference 
by adsorbed organic vapors with deposit ion of 
iodine o n  the  inner sur face  of the  diffusion tube. 
A third diffusion tube, pretreated with the appro- 
priate organic vapor(s), w a s  ins ta l led  ad jacent  to 
and in parallel  with t h e  tube upstream of the  point 
where t h e  organic vapor(s) was  added. Diffusion 
tube deposit ion profiles for t h e  three tubes  in an 
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F ig .  19.3. Ef fect  of Diocty l  Phthalate (DOP)  Vapor 

on Forms of Radioiodine. 

experiment with DOP vapors a r e  shown in  Fig.  
19.3. I t  appears  tha t  there is no s igni f icant  dif- 
ference i n  the  deposit ion profiles i n  the  two up- 
stream diffusion tubes,  while there  is a signifi-  
c a n t  difference produced i n  the  profile of the  
downstream tube. The depos i t s  on  both s i l ve r  and 
rubber h a v e  changed, while the  depos i t  on char- 
coal remains t h e  s a m e .  T h e s e  da t a  s u g g e s t  that  
10% of t h e  I, reacted with the  organic vapor to 
produce an  iodine compound which depos i t s  on 
s i lver  and on  rubber surfaces.  

Th i s  s tudy  of t h e  influence by organic vapors on 
the  behavior of elemental  iodine is be ing  con- 
tinued under varying conditions of temperature and 
contac t  time between the  vapors. 

Deposi t ion of Radio iodine on Heated  Steels 

G. W. Parker  G. E. Creek 

A s tudy  was  made of the  deposit ion of iodine 
from flowing gas s t reams on heated mild s t e e l  and 
s t a i n l e s s  s t e e l  surfaces.  Two-foot-long tubes  of 
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Table  19.2. Deposition of Iodine an Heated Metal  Surfaces Exposed to F lawing  Gas Streams 

Temperature 
Trial at peak of Atmosphere, Condensate Tubing Percent of I, Percent of I ,  Percent Total Not 

Of I ,  in Deposited No. Distribution 600 cm3/min of Tested Deposited in  (ml) 
Curve (oc) carrier gas  in Tube Condensate Charcoal 

400 

550 

150 

400 

300 

550 

250 

460 

Hes team 

He-steam 

Air-steam 

Air-steam 

H2-steam 

H ,-steam 

He-steam 

He-steam 

2 

2 

12 

8 

5 

5 

8 

4 

Stainless  

Mild s tee l  

Stainless  

Mild s t e e l  

Stainless  

Mild s tee1 

Stainless  

Mild s t e e l  

95.8 

99.7 

14.6 

74.0 

94.1 

96.5 

69.2 

94.5 

1.9 

0.08 

76.1 

15.1 

3.9 

2.4 

17.4 

4.5 

2.4 4.3 

0.3 0.4 

9.3 85.4 

0.9 26.0 

2.0 5.9 

1.1 3.5 

3.4 30.8 

1.0 5.5 

these  meta ls  were placed in a furnace with a tem- 
perature gradient of about 30°/in., and the distri-  
bution of iodine in  the tubes  was  determined a s  a 
function of wall temperature after exposure to an 
iodine concentration of approximately 30  mg/m3 
in s t reams of different carrier gases  including 
helium-steam, hydrogen-steam, and air-steam 
mixtures. Data  obtained in eight experiments are 
given in Table  19.2. Mild steel tubes retained 95 
to 98% of the  gas-borne iodine when air was  ab- 
s e n t  as compared with 70 to 95% for s t a in l e s s  
s t ee l  tubes. In the presence  of air, the retention 
on mild s t e e l  w a s  7576, while s t a in l e s s  steel re- 
tained only 15%. A wide variation in the  tempera- 
ture a t  t h e  peak of the iodine distribution curves 
was  noted. The  da ta  confirm observations by 
other investigators tha t  heated mild s t e e l  retains 
iodine rather efficiently in  reducing, neutral, or 
oxidizing atmospheres, while very l i t t l e  iodine 
s t a y s  on s t a i n l e s s  steel in oxidizing atmospheres 
a t  temperatures above 250 or 300OC. 

Sorption of Radioiodine and 
Radi  ocesi  um by Meta  I s 

W. E. Browning, Jr. M. E. Davis  

sys t ems  and to ascertain,  in the event of nuclear 
acc idents ,  the  ex ten t  tha t  structural  sur faces  may 
a c t  as traps for re leased  f i ss ion  products. The  
sorption of iodine, tagged with 1311, and of ce- 
sium, tagged with 134Cs ,  formed by neutron ina- 
diations,  is studied on metal sur faces  (generally 
s t a in l e s s  s t e e l  tubing) under vacuum. Previous 
information' showed tha t  sorption of I, by s t a in -  
less steel apparently changes the  surface,  and 
reproducible sorption isotherms cannot  be ob- 
tained. React ion of I, with s t a in l e s s  s t e e l  sur- 
faces seems to follow a logarithmic rate law; th i s  
surface reaction is slower the  more highly oxi- 
dized the  s t e e l  surface. l 3  Sorption of cesium by 
s t a i n l e s s  s t ee l ,  under investigation us ing  s i m i l a r  
techniques,  occurs  much more slowly, but sur face  
coverages a re  much higher than those  observed 
with iodine.I3 Analysis  of da t a  from experiments 
with ces ium on s t a i n l e s s  steel with differing sur -  
face oxidation is in progress. 

The  number of cur ies  of f i ss ion  product tel- 
lurium, iodine, and cesium tha t  would be  deposited 
in the  duc t s  of gas-cooled reactors h a s  been e s t i -  
mated, assuming tha t  a monolayer of each  element  
could be sorbed by t h e  duc t  surface.13 After 

Studies of the sorption of gas-borne f i ss ion  
products by s t a in l e s s  steel are  being continued 
to provide information on su r face  contamination 
that may be  expected in gas-cooled-reactor coolant 

"W. E. Browfflng, Jr., and M. E. Davis, Reactor 
Chem. Div. Ann. Progr. Rept. Jan.  31 ,  1964, ORNL- 

13W. E. Browning, Jr.. and M. E. Davis, GCR Program 
Serniann. Progr. Rept. Oct. 31 ,  1964, ORNL-3731, p. 
145. 

3591, pp. 186-88. 
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three years ’  operation t h e  l a rges t  depos i t s  a r e  
22 mc/cm2 for 1331, 5.2 mc/cm2 for 129mTe, and 
0.94 mc/cm2 for 1311.* 

F i s s i o n  products depos i ted  on  structural  sur- 
f a c e s  may subsequent ly  deso rb  as a different 
chemical s p e c i e s  with a l te red  behavior toward 
adsorption sys tems.  Estimation of the  predominat- 
i ng  desorbed s p e c i e s  for cer ta in  fission-product- 
metal in te rac t ions  h a s  been undertaken us ing  
thermochemical information. Preliminary ca lcu la-  
t ions ind ica te  that over the range 100 to 1000°C, 
iodine would desorb  from s i lver  and  iron su r faces  
as  AgI and Fe I ,  respectively. Experimental work 
is being ex tended  to include sur face  and trans- 
port conditions tha t  s imula te  reactor acc ident  
s i tua t ions ,  to obta in  fundamental k ine t ic  and  
thermodynamic information on sorption in such  
sys tems.  Theoretical  ca lcu la t ions  will  b e  ex- 
tended to inc lude  var ious  f i ss ion  product com- 
pounds tha t  would b e  important i n  f i ss ion  product 
transport and  deposition. 

Iodine Behavior in May Packs 

W. E. Browning, Jr. R. D. Ackley 

The  iodine samplers referred to as  May packs  l 4  

have  been  ex tens ive ly  employed by Br i t i sh  and, 
more recently,  by American workers i n  s tudying  
t h e  na ture  and  behavior of the  various forms of 
gas-borne radioiodine. They a re  currently em- 
ployed in  the  Nuclear Safety P i l o t  P l an t  (NSPP), 
and a r e  be ing  considered for u s e  in  the  Contain- 
ment Systems Experiment (CSE) and in the Loss- 
of-Fluid T e s t  (LOFT) a t  Arco, Idaho. In view of 
th i s  widespread application of May packs ,  investi-  
gation of their  capabi l i ty  for discriminating be- 
tween t h e  different forms of iodine encountered i n  
g a s e s  became  desirable.  Composite diffusion 
tubes  h a v e  been used  in  th i s  study. 

Two experiments,  descr ibed  in  cons iderable  
de ta i l  e l sewhere ,  s 1  have been performed. In 
both, iodine,  prepared by t h e  dichromate method, 
was  introduced into an  a i r  stream which flowed 
through a May pack equipped with diffusion tubes  
between t h e  various parts. In the  first  experi-  
ment, t h e  re la t ive  humidity of t h e  a i r  was  about 
2%, whi l e  i n  the  second,  it was  approximately 

60%. T h e  appara tus  used  for the  high-relative- 
humidity t e s t  is shown in Fig. 19.4. The  com- 
ponent par t s  of the  May pack and their functions 
a re  a s  follows: (1) copper gauze to remove I,, 
(2) a membrane fi l ter  to remove iodine a s soc ia t ed  
with par t icu la tes ,  (3) carbon-loaded fi l ter  papers  
to remove readily adsorbed iod ine  compounds, and 
(4) granular ac t iva ted  carbon to remove less 
readily adsorbed iodine compounds. T h e  diffusion 
tube  h e a t e d  to 100°C w a s  included to augment 
t h e  d a t a  corresponding to diffusion tube applica- 
t ion at higher temperatures. The May pack and 
the  o ther  five diffusion tubes  were at 25OC. 

The  depos i t ions  for t h e  diffusion tubes  of the  
60% re la t ive  humidity t e s t  were resolved by sta- 
tistical a n a l y s i s  into various components, as 
i l lus t ra ted  for one  of t he  tubes  in Fig. 19.5. 
There ,  t h e  depos i t ions  on s i lver ,  rubber, and 
activated-carbon l in ing  a re  regarded as  the  mani- 
f e s t a t ions  of two, three, and one  iodine s p e c i e s  
respectively.  P rocess ing  of the  diffusion tube 
da ta  w a s  fac i l i t a ted  by u s e  of a digital  computer 
and  a machine curve plotter. 

T h e  behavior of vo la t i le  iodine in  the  two May 
packs ,  o n e  operated with fairly dry a i r  and one 
operated with moderately mois t  air, w a s  observed 
to b e  generally cons i s t en t  with t h e  des igned  
functions of t he  May pack components. However, 
for t he  case o f  fairly dry air, t he  May pack  did 
appear  to identify about 1% of the  elemental  
iodine as be ing  in a nonelemental form. Such a 
discrepancy, even  though small, could be  of con- 
s iderable  s ign i f icance  i n  t h e  des ign  of iodine- 
removal s y s t e m s  of high efficiency. On the other 
hand, t h i s  apparent mis labe l ing  of e lementa l  
iodine (not observed when moist  a i r  was  used)  
may have been the r e su l t  of t h e  p re sence  of an 
uns tab le  iodine compound which produced I , ,  or  a 
similarly behaving subs tance ,  as it traversed the  
May pack. T h i s  a spec t  is to  be  inves t iga ted  
further. 

14W. J. Megaw and F. G. May, J. Nucl. Energy: Pt. 
A & B [Reactor Sci. Technol.] 16, 427-36 (1962). 

I5W. E. Browning, Jr., and R. D. Ackley, Nucl. 
Safety Program Semiann. Progr. Rept .  June 30,  1964, 

I6W. E. Browning, Jr., and R. D. Ackley, Nucl. 
Safety Program Semiann. Progr. Rept. Dec. 31,  1964, 
ORNL-3776. 

ORNL-3691, pp. 52-58. 
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MAY PACK, ID=2 in. 

4 LAYERS Cu GAUZE (0.009-inrDIAM WIRE, 
40 PER in. x 50 PER in.) 

MEMBRANE FILTER (MILLIPORE, MF TYPE PH, 
0.30-p PORE SIZE 

Fig. 19.4. Experimental Setup for Investigation of Iodine Behavior in a May Pack, Under Moderately Moist 

Conditions, by Means of Diffusion Tubes. 

~ ~ I L V E R , ~ ; U B B E R ~ ~  CARBON- LINING , 
DEPOSITION IS FROM AIR AT 25OC 
AND 740 mm Hg. 
R.H. OF AIR IS APPROX 60 %. 
AIR FLOW RATE IS 97.4 ml/min. 

I I I I 1 I I 

DISTANCE FROM DIFFUSION TUBE ENTRANCE (cm) 

Fig. 19.5. Composite Diffusion Tube Dato Resolved 

into Various Radioiodine Species (Tube corresponds 

to DTA-2 of Fig.  19.4). 
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REMOVAL OF IODINE AND VOLATILE IODINE 
COMPOUNDS FROM AIR SYSTEMS BY 

ACTIVATED CHARCOAL 

W. E. Browning, Jr. R. E. Adams 

From Dry and Moist Air 

T h e  e f f ec t iveness  of ac t iva t edcha rcoa l  ad- 
sorbers  aga ins t  t h e  various forms of iodine must 
b e  determined so tha t  their  reliabil i ty as an  engi- 
neered safeguard  c a n  b e  eva lua ted  for containing 
radioiodine re leased  in  a reactor accident.  

It h a s  been noted that an  iodine vapor source  
can  b e  divided into two par t s  which have  different 
vo la t i l i t i es  and  which behave differently in  a 
charcoa l  adsorber. I t  h a s  been shown tha t  the  
fraction vola t i le  a t  - 78OC is composed of organic 
iodides,  mainly methyl iodide, and the  less vola- 
tile material  is almost entirely elemental  I , .  The  
behavior of t h e s e  fractions of an  iodine source  
toward four types  of ac t iva ted  charcoal under 
varying degrees  of temperature and humidity h a s  
been investigated.  T h e  ac t iva ted  charcoa ls  
s tud ied  were se l ec t ed  to represent  four types  of 
th i s  material: bituminous coke  (Pittsburgh BPL), 
petroleum b a s e  (Columbia GC), coconut s h e l l  
(Pit tsburgh PCB), and a charcoal containing metal- 
lic impregnants (Whetlerite, BPL charcoal im- 
pregnated with s i lver ,  copper, and chromium). 
(Equivalent ac t iva ted  charcoa ls  produced by o ther  
manufacturers will  probably produce comparable 
results.) T h e  volati le fraction (primarily methyl 
iodide) is t h e  more difficult  to remove from gases 
under humid conditions at room temperature; under 
humid conditions,  t h e  coconut type (PCB) seems 
to b e  t h e  most  e f fec t ive  for removing th i s  fraction. 
Under dry conditions (relative humidity less than 
3%) and at room temperature, all t h e  charcoa l  
t ypes  s e e m  to  b e  e f fec t ive  aga ins t  the  volati le 
fraction. The  less -vola t i le  fraction (primarily 
elemental  iodine) is removed effectively by any  
of the  four charcoal types,  but aga in  the coconut 
type  s e e m s  to b e  somewhat more efficient. In 
similar experiments at 100 and 15OoC, both iodine 

fractions under various degrees  of humidity a re  
removed efficiently by all four charcoa l  types. 

Two experiments were performed us ing  an acti- 
vated charcoa l  (207B) obtained from Sutcliffe, 
Speakman, and Company, Ltd., England. Brit ish 
workers have  reported t h i s  particular type of char- 
coal t o  b e  super ior  to o ther  charcoa ls  ava i lab le  
in England for adsorption or  removal of methyl 
iodide at room temperature from C0,-CO mix- 
tures.17 T h e  moisture conten t  of t h e  C0,-CO 
mixture is not  known. Our experiments ind ica te  
tha t  th i s  charcoa l  (207B) is equiva len t  to the  
o ther  cha rcoa l s  of the  same  type  tes ted  for remov- 
i n g  t h e  methyl iodide fraction from a i r  a t  room 
temperature; and l ike  them i t  is ser ious ly  reduced 
in efficiency under humid conditions.  

From Steam-Air Mixtures 

T h e  s tudy  w a s  also extended  to cover  condi- 
t ions where the  iodine vapor and  iodine compounds 
a re  conta ined  in  steam-air mixtures a t  e leva ted  
temperatures. As before, t he  iodine sou rces  were 
fractionated into the  vola t i le  and nonvolati le 
parts,  and charcoal e f f ic ienc ies  were determined 
for e a c h  fraction. None of t h e  charcoa ls  tes ted  
had a suf f ic ien t  efficiency for the  adsorption of 
the  vola t i le  fraction from mixtures conta in ing  con- 
s iderable  steam. T h i s  is not surpr i s ing  i n  the  
l igh t  of t h e  inf luence  of moisture noted in  the  
s t u d i e s  reported above. T h e  less -vola t i le  fraction 
is removed with a somewhat lower efficiency than 
was  noted a t  looo with smal le r  quant i t ies  of water 
present. T h i s  somewhat reduced ef f ic iency  for 
elemental  iod ine  under s t eam conditions h a s  been 
noted previously. Rela ted  s tud ie s  a r e  con- 
tinuing, with emphasis  on  th i s  influence of moisture 
on the  adsorption of methyl iodide. 

I7R. D. Collins and A. E. J. EggIeton, "Control of 
Gas-Borne Activity Arising from Reactor Faults,'' 
paper presented a t  the  Third United Nations Interna- 
tional Conference on Peaceful Uses of Atomic Energy, 
Geneva, Paper  A/Conf. 28/P/186. 



20. Behavior 

SIMULATION OF DISPERSIONS 

of Radioactive Aerosols 

Properly engineered safeguards,  including mas- 
s i v e  containment v e s s e l s  and g a s  c leaning  sys t ems  
with suitable f i l t e rs  and adsorbent beds,  should, 
by ensuring confinement and posit ive control of 
f i s s ion  products re leased  from t h e  fuel in (unlikely) 
reactor acc idents ,  permit large nuclear reactors to 
b e  built  near centers  of population. Ideally, t h e s e  
safeguards should be  tes ted ,  after installation, 
with radioactive fission products similar to  those  
expected in an accident. Such tests would 
themselves  prove dangerous to perform. Ac- 
cordingly, attempts a re  being made to  develop 
less hazardous preparations whose behavior toward 
g a s  cleaning sys tems is similar t o  tha t  of released 
fission products. Such “simulants”  should include 

‘molecular d i spers ions  of appropriate e lements  and 
their compounds, and par t ic les  of s i z e s  which are 
expected to carry radioactive s p e c i e s  following a 
nuclear accident.  

T e s t s  of Iodine Removal  Systems 

W. E. Browning, Jr. R. E. A d a m  

Since radioiodine is generally considered to  be  
the  most significant of the  vola t i le  f ission products 
from a hazards  standpoint, t he  behavior of radio- 
iodine in gas  c leaning  sys t ems  h a s  been given 
f i r s t  consideration. A procedure has  been de-  
veloped and applied for t e s t ing  the  efficiency for 
iodine removal of full-scale operating charcoal 
adsorber sys t ems  in  the  NS “Savannah”’ and in 
the  ORR. Th i s  procedure u s e s  elemental  iodine 
vapor. When laboratory s tud ie s  of the  behavior of 

~~ ~ ~~~ ~ 

‘R. E. Adams and W. E. Browning, Jr., Iodine Vapor 
Studies for the Nuclear Ship SAVANNAH Project, 
ORNL-3726 (February 1965). 

t h e  organic iodides found in  iodine sou rces  a re  
sufficiently complete, the  more significant of the 
iodides will b e  applied in full-scale tests 
simulating iodine behavior. The  application of 
g a s  chromatography for detecting nonradioactive 
organic iodides in very small  concentrations is 
being studied. 

Simulation of Par t iculate  Dispersions 

W. E. Browning, Jr. R. E. Adams 

In addition to charcoal adsorbers for iodine 
control, off-gas sys t ems  also contain high- 
efficiency particle f i l t e rs  for control of radio- 
ac t ive  particles of very small  s ize .  A quality 
control technique h a s  been  sca led  up by other 
workers and widely applied at many locations in 
the in-place tes t ing  of full-scale fi l ters.  An 
organic liquid (dioctyl phthalate) is vaporized, 
condensed (producing a fog with particle s i z e s  
ranging from 0.2 to  0.8 p), and passed  in to  the  
filter bank. Excess ive  penetration by t h e  organic 
droplets ind ica tes  damage to the  fi l ter  medium o r  
improper installation of the  units. While th i s  
tes t ing  technique h a s  been invaluable i n  the  ex- 
amination of high-quality filter units,  it cannot  be  
considered an adequate  simulant for f i ss ion  product 
particles.  Such a simulant should b e  produced 
from materials c lose ly  resembling t h e  fuel ma- 
t e r ia l s ,  and i t s  particle-size distribution and be- 
havior should correspond to those  observed in  fuel 
meltdown experiments. T h e  aerosol generation 
techniques be ing  developed for the fi l ter  evaluation 
program show promise of fulfilling th i s  need. T h i s  
method u s e s  an electric a r c  t o  hea t  fuel and 
cladding materials to melting temperatures. T h e  
portability of the equipment for a rc  production and 
the  c l o s e  correspondence of the aerosols  with 
those  produced i n  the  Nuclear Safety P i lo t  P l an t  
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and i n  the in-pile fuel meltdown t e s t s  a r e  en- 
couraging. Aerosol sampling i n  t h e  f i l ter  system 
ducts  can be accomplished by us ing  the  fibrous 
filter techniques to  observe different size groups 
independently, as reported elsewhere in  th i s  
sect ion.  Thus,  in-place tests could b e  conducted 
with aerosols  which real is t ical ly  s imulate  those  
expected in reactor accidents .  

FILTRATION OF DISPERSIONS OF REACTOR 
MATERIALS 

W. E. Browning, Jr. R. E. A d a m  
G. L. Kochanny, Jr.' 

Filtration of par t iculate  dispers ions is being 
studied by us ing  simulant aerosols  produced by 
high-intensity a r c s  powered by a commercial 
welding machine and s t ruck between e lec t rodes  
consis t ing of reactor fuel mater ia ls  (Fig. 20.1). 
T h e  aerosol  produced by th i s  a r c  h a s  been ex- 
amined by electron microscopy, e lectron dif- 
fraction, and by a technique which measures  depth 

of penetration in  a deep  Dacron filter pack,3 and 
h a s  been found to simulate c losely the  aerosol  
produced by the in-pile melting of reactor fuels. 
The filtration eff ic iency of one  commercial f i l ter  
(Flanders  700 absolute  filter), which w a s  exposed 
to an  arc-generated U308 aerosol a t  a flow rate of 
a i r  of 1400 cc/min, was  found to be ,99.9916% 
and >99.914% for t h e  two par t ic le  size ranges 
which comprise the aerosol.  

Work is continuing on the  evaluation of com- 
mercial  f i l ters  in  removing t h e s e  aerosols  from the  
g a s  s t reams,  as well  as on t h e  development of a 
technique for generation of U,08 and UO, aerosols  
with and without s t a i n l e s s  steel from t h e  cladding, 
and on  t h e  character izat ion of aerosols  produced 
under various condi t ions (flow rate, atmosphere, 
etc.). The techniques for generation and charac- 
terization of the  simulated aerosols ,  and for the 
interpretation of t h e  f i l ter  evaluation s tudies ,  
have  been reported in  de ta i l  elsewhere.  

MEASUREMENTS 0 F THE CHARACTERISTICS 
OF RADIOACTIVE AEROSOLS BY USE 

OF FIBROUS FILTERS 

W. E. Browning, Jr. M. D. Silverman 
L. F. Franzen'  

Development of the method for characterization 
of radioactive aerosols  by t h e  u s e  of fibrous 
f i l ters  h a s  been reported elsewhere.  3#6*7 The  
distribution of radioactive par t ic les  in a s e r i e s  of 
uniform fiber f i l ters  is interpreted i n  terms of 
three main filtration mechanisms, denoted as 
diffusion, interception, and inertial impaction. 
Several  experiments were performed in  order to  
compare filters of 72 and 94% porosity. Streams of 
air flowing at linear veloci t ies  from 0.4 to  88 fpm, 

Fig. 20.1. Aerosol Generator Which Simulates a 

Reactor Accident by Arc-Heating Electrodes of Uranium 

Oxide and Stainless Steel Packed with U02. 

'Analytical Chemistry Division. 

3M. D. Silverman and W. E. Browning, Jr., Science 
143, 572 (1964). 

4W. E. Browning, Jr., R. E. Adams. and G. L. 
Kochanny, Jr., Nucl. Safety Program Semiann. Progr. 
Rept. Dec. 31, 1964, ORNL-3776. 

'Visiting scientist ,  Technischer Uberwachungs- 
Verein Essen  e.V. 

6W. E. Browning, Jr., M. D. Silverman, and L. F. 
Franzen, Nucl. Safety Program Semiann. Progr. Rept. 
June 30, 1964, ORNL-3691, pp. 72-74. 

7W. E. Brownine. 3.. M. D. Silverman. and L. F. 
Franzen, Nucl. S z e t ;  Program Semiann. Progr. Rept. 
Dec. 31, 1964, ORNL-3776. 
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and carrying par t ic les  (labeled with 65Zn)  ranging 
in diameter from 20 to 300 A, were p a s s e d  through 
s u c c e s s i v e  layers  of identical  f i l ters.  The 
filtration cu rves  obtained were resolved in to  th ree  
straight l i nes  indicating three different par t ic le  
size groups. T h e  resu l t s  showed tha t  dec reas ing  
the  filter porosity reduced the  amount of penetra- 
tion. Decreas ing  t h e  porosity improves fi l ter  
efficiency, particularly a t  intermediate flow ra t e s  
(40 fpm), less so  at lower (10 fpm) and higher 
(80 fpm) velocit ies,  and negligibly so at very low 
flow ra tes  (2.5 fpm). T h e  resu l t s  obtained are  now 
be ing  used  to  t e s t  the  l a t e s t  theor ies  of filtration. 
When the  t e s t s  a r e  completed they should provide 
a useful b a s i s  for t he  interpretation of high- 
velocity filter deposit ion distributions in  terms of 
t he  charac te r i s t ics  of aerosols.  

T h e  experimental assembly h a s  undergone a 
number of improvements: (1) photoetched s t a i n l e s s  
steel s c r e e n s  with very uniform and  smooth sur -  
faces have  been introduced to better define t h e  
filter boundaries, and (2) t h e  ae roso l s  a r e  now 
generated under g a s  flow conditions tha t  a r e  
cons tan t  and independent of parametric flow 
changes through the  filters. Pressure-drop ex- 
periments were conducted with t h e  improved 
arrangement, and reproducible da ta  have been ob- 
tained to determine t h e  e f f ec t s  of a ( so l ids  
fraction) on  pressure drop a c r o s s  the  filters. A 
computer program is presently under development 
in order to handle larger outputs of da ta ,  toimprove 
the  b a s i s  for comparison, and to  s a v e  cons iderable  
time and effort in evaluating t h e  various filtration 
theories.  
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21. Chemical Support for Saline Water Program' 

SOLUBILITY OF CaSO, IN AQUEOUS 
SOLUTIONS OF NaNO, AT TEMPERATURES 

OF 125 TO 350°C 

W. L. Marshall Ruth Slusher 

In previous solubili ty s tud ie s  of CaSO, in 
aqueous NaCl solutions,  t he  logarithm of the 
solubili ty quotient ( K  ) of CaSO, a t  tempera- 
tures to  2OOOC was shown t o  vary linearly with a 
function g/(l + 1.5 v'T), where I = ionic strength; 
from extrapolation to zero  ion ic  strength, 
the  (thermodynamic) solubili ty product, K : p ,  was 
obtained. Similar da ta  for another electrolyte 
(NaNO,) both a t  temperatures below and above 
200°C (above 2OOOC ,some corrosion difficulty 
with NaCl so lu t ions  was experienced) were ob- 
tained t o  permit (1) the  comparison of the solu- 
bility behavior of CaSO, in different electrolytes,  
(2) a tes t  of whether the  da t a  continued t o  adhere 
to a modified Debye-Huckel relationship,  (3) 
hopefully, a prec ise  extrapolation of the solu- 
b i l i t i es  of CaSO, to  zero ionic strength, and (4) 
a test of the reliability of presently available 
values for the  solubili ty of CaSO, in H,O a t  
temperatures above 200°C.3 

The  experimentally determined solubili t ies of 
anhydrous CaSO, a t  temperatures of 125, 150, 
200, 250, 300, and 350°C in NaNO,-H,O solu- 
t ions,  in good agreement with the analogous 
so lubi l i t i es  in NaC1-H,O at 125, 150, and 200°C, 
are plotted in Fig.  21.1 a s  the  logarithm of the 

S P  
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'Research sponsored by the Office of Saline Water, 
U.S. Department of Interior, under Union Carbide 
Corporation's contract with the U.S. Atomic Energy 
Commission. 

'W. L. Marshall, E. V. Jones, and Ruth Slusher, J. 
Chem. Eng. Data 9 ,  187 (1964). 

3H. S. Booth and R. W. Bidwell, J. Am. Chem. SOC. 
72, 2567 (1950); F. G. Straub, Ind. Eng.  Chem. 24, 
914 (1932). 

molal solubili ty vs  fl/(l + 1.5 fl), where 1 = 
ionic strength = 4 m CaSO, + m NaNO,. The  
parameter 1.5 was  se lec ted  s ince  th i s  value gave 
the bes t  l inear fit t o  the  so lubi l i t i es  in NaC1- 
H ,O solutions. For  comparison, the  theoretical  
Debye-Huckel limiting s l o p e s  a t  the  various 
temperatures are a l s o  shown. There appears to  
be  a general significance in t h e  divergency 
between the limiting (theoretical) and the ex- 
perimental s lopes  a t  temperatures above 250°C. 
T h i s  divergency, to  nearly the same extent at 
each  temperature, h a s  been observed above 
25OOC in plots of the so lubi l i t i es  of CaSO, both 
in NaC1-H20 and H,SO,-H,O solutions,  and a l s o  
in exploratory so lubi l i t i es  with some other 
electrolytes.  
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Fig. 21.1. The Solubility of CaS04 in NaN03-H20 
Solutions, 125-35OoC, vs  a Function of the Ionic 
Strength I .  
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At temperatures above 2OO0C, it is evident that  
the literature values (included in F ig .  21.1) for 
the solubili ty of CaSO, in H,O are considerably 
higher than the va lues  from t h i s  study, which.are  
cons is ten t  with the overall  variation in solubili ty 
with ionic strength.  Accordingly, we believe the 
l i terature values at temperatures above 2OOOC 
t o  b e  substantially in  error. 

CALCULATION OF ALLOWABLE CONCENTRA- 
TION LIMITS OF SALINE WATERS BEFORE 

PRECIPITATION OF CaSO, 

W. L. Marshall 

Solubili t ies of CaS0,  and i t s  hydrates have 
been determined previously a t  temperatures from 
40 t o  200°C in NaCl-H,O so lu t ions  from 0 to  4 
m.' T h e s e  so lubi l i t i es  were shown to fit an ex- 
tended Debye-Huckel equation, 

log  K s p  = log  K : p  + 8Sfl(1 + 1.5n 

[where I is the  ionic strength', S is the  Debye- 
Hiickel limiting s lope  for a 1-1 electrolyte,  K 
is the  solubili ty quotient, and KO is the  (thermo- 
dynamic) solubili ty product at I = 01, to  about 
2 m NaCl and a t  l ea s t  t o  4 m NaCl a t  temperatures 
near and above 100°C. Values  for K:p were 
determined. 

In disti l lat ion technology, the  concentration of 
brine a t  which CaSO, or one of i t s  hydrates 
precipitates needs  t o  be  known as a function of 
temperature. By making use  of previously deter- 
mined and additional da t a  to 35OOC and the above 
relationships,  with the  assumption that any 
s a l i n e  water containing predominantly a 1-1 
electrolyte salt would behave similarly to NaC1- 
CaS0,-H,O solutions,  a computer program was  
written t o  evaluate s a l i n e  wa te r s  with respec t  to 
concentration limits before precipitation of cal- 
cium sulfate.  T h e  ionic strength I ,  of the normal 
(unconcentrated) s a l ine  water, the molal concen- 
tration of calcium, in  th i s  water, the molal ratio 
R = (SO, ")/(CaZt), the  limiting Debye-Huckel 
s lopes ,  and the  (thermodynamic) solubili ty prod- 
uc t s  were used to i te ra te  the following two equa- 
t ions until  success ive  va lues  of the concentration 

S P  

S P  

factor, I / I ,  (initially approximated to  be  unity), 
differed by less than 0.001: 

K s p  = K : p  e x p  [2.303(8 .Sf l / ( l  + 1.5fl) 

I = l o ~ K s p / R m 2  
c a 2 + '  

T h e  t e rm BIZ, where B is an ad jus tab le  param- 
eter with temperature, was  included in Eq. (1) 
to  account  for deviations a t  concentrations of 
NaCl over 2 m.  The  va lues  of KO for anhydrous 
CaSO, were interpolated from the  previous s tudy? 
Those  used  for the hemihydrate were read froman 
extended curve of log KO v s  l /T°K through the 
two va lues  at 100 and 'fi5OC given previously, 
T h e  curve nearly para l le l s  an analogous plot for 
anhydrous CaSO,. The  va lues  of K:p  for the  
dihydrate, given previously to 6OoC, were ex- 
trapolated to  l l O o  in an analogous manner. In 
Fig.  21.2 the  ca lcu la ted  concentration l i m i t s  for 
normal seawater  as a function of temperature are 
shown. Thus  at 100°C seawater  c a n  be  concen- 
trated by a factor of 1.5 before precipitation of 
s t ab le  anhydrous CaSO, occurs. In practice,  
however, a t  t h i s  temperature there seems t o  be  a 
moderately long induction period for precipitation 
of t h i s  s t ab le  phase,  and a concentration factor 

S P  
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Fig. 21.2. Concentration L imi ts  of Seawater Before 

Derived from doto in  J .  Chern. Precipi tat ion of CaSO,. 

En& Data 9, 187 (1964). 
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of 3.8 (Fig. 21.2) for the metastable  C a S 0 4  portant; precipitation in normal (unconcentrated) 
f/2H20 may be the more important. However, at seawater  occurs at 116OC. 
temperatures somewhat above 100°C the induc- In T a b l e s  21.1 and 21.2 some calculated limits 
tion period d e c r e a s e s  markedly, and therefore the for other s a l i n e  waters a r e  given, with ini t ia l  
curve for anhydrous CaSO, becomes more im-  ionic  s t rengths ,  molali t ies of calcium, and R 

Table  21.1. Representative Saline Waters: Temperature L imi ts  for Precipitation of C a S 0 4  and I ts  Hydrates 

Temperature e C )  
Rb 

10 a rn C a  2 t  CaSO, CaSO, f / 2 ~ ~ 0  CaSO; 2H,O 
Location 

Seawater 

Caspian Sea 

Miller, S.D. 

Webster, S.D. (A) 

Webster, S.D. (B) 

Buckeye, Ariz. 

Grandfalls, Tex. 

Roswell, N.M. 

0.7078 

0.34 1 

0.0500 

0.0358 

0.0426 

0.0971 

0.2 195 

0.4295 

0.01034 

0.0134 

0.00511 

0.00513 

0.005 50 

0.01 150 

0.01856 

0.02335 

2.762 

3.78 

2.461 

1.411 

1.622 

0.959 

1.649 

1.426 

116 

57 

92 

105 

95 

85 

50 

62 

153 

101 

125 

131 

129 

119 

95 

105 

> 160 

120 

160 

170 

160 

155 

80 

140 

= initial ionic strength = \X(rnz2), molal units. 
0 

b~ = molality S042-/molality c a 2 + .  

Table 21.2. Representative Saline Waters: Concentration L imi ts  (at 50 and 9 p C )  
for Precipitation of Gypsum 

Concentration Factor for 
R b  Gypsum (CaS04 * 2H20) 

2 t  rn 
I O a  C a  

Location 

T = 5OoC T =  90°C 

Seawater 0.7078 0.01034 2.762 3.3 3.6 

Caspian Sea 0.34 1 0.0134 3.78 1.2 1.1 

Miller, S.D. , 0.0500 0.00511 2.461 2.3 2.2 

Webster, S.D. (A) 0.0358 0.00513 1.411 2.9 2.7 

Webster S.D. (B) 0.0426 0.00550 1.622 2.7 2.4 

Buckeye, Ariz. 0.0971 0.01 150 0.959 2.1 1.9 

Grandfalls, Tex. 0.2195 0.01856 1.649 1.3 1.2 

Roswell, N.M. 0.4234 0.02335 1.426 1.1 1.2 

2 * I  = initial ionic strength = 1/G(rnz 1, molal units. 

b~ = molality S042-/molality Ca2+. 
0 2 
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va lues  specified., T h e  Caspian  Sea water is 
included s ince  Russ i a  presently is constructing a 
desalination plant on th i s  Sea. It is of in te res t  
to note that,  although the  Caspian  Sea’s in i t ia l  
ionic strength is about half tha t  of ocean water, 
the concentration of C a Z t  and the molal ratio 
S0,*’/CaZt a re  higher. As a consequence,  
CaSO, and i t s  hemihydrate and dihydrate precipi- 
t a te  a t  lower temperatures and lower concentra- 
tion factors. Of more general in te res t  is the  
observation from the  ca lcu la t ions  that severa l  
representative sa l ine  waters  [locations: (1) 
Caspian  Sea ,  (2) deep  well - Roswell ,  New 
Mexico, (3) P e c o s  River - Grandfalls,  Texas]  
appear  to b e  saturated or j u s t  saturated with 
gypsum a t  low temperatures, although the ionic 
s t rengths  vary from 0.07 to  0.42 rn and the molal 
ratios,  (S0,2-)/(Ca2+>, from 1.4 t o  3.8. In con- 
t ras t  to t hese  waters,  seawater  is considerably 
undersaturated with respec t  t o  gypsum, the solid 
phase  that usually precipitates upon concentrating 
s a l i n e  waters  a t  temperatures below 100OC. 

CORROSION OF ALUMINUM ALLOYS IN 
SALT SOLUTIONS 

E. G. Bohlmann F. A. ~ o s e y ’  
J. F. Winesette 

As described in  the previous annual report,6 
the so-called “replacement or area effect” ob- 
se rved  in  s tud ie s  of aluminum corrosion in high-  
purity water i s  also a significant charac te r i s t ic  
of its behavior i n  sodium chloride solutions.  
T h i s  is the designation given to  the  observation 

,Values calculated from representative analyses 
included in (1) K. S. Spiegler, S a l t  Water Purification, 
Wiley, New York, 1962; (2) OSW Report PB-181680, 
R and D Report 101 (March 1964); (3) W. L. Badger and 
Associates,  Report No. 438  (Dec. 27, 1957); (4) OSW 
Report PB-161375, A Standardized Procedure for 
Estimating Costs  of Saline Water Conversion (March 
1956). 

’ORNL Chemistry Division. 

6E. G. Bohlmann, Reactor Chem. Div. Ann. Progr. 
Rept. Jan. 31, 1964, ORNL-3591, pp. 208-12. 

tha t  the in i t ia l  and continuing corrosion of 
aluminum in dynamic sys t ems  is subs tan t ia l ly  
affected by the area,  location, and corroded 
state of the  exposed aluminum as wel l  as t h e  
loop volume, refreshment rate, and other vari- 
ab les .  T h e  dynamic loop s tud ie s  have shown 
that t h i s  effect  i s  most pronounced during the 
in i t ia l  film formation period (<lo0 hr) and pro- 
foundly a f fec ts  the continuing corrosion of 
aluminum a l loys  in salt solutions.  In order to be 
ab le  t o  study film growth and charac te r i s t ics  as a 
function of various parameters during th i s  period, 
a small titanium loop h a s  been adapted for elec- 
trochemical corrosion s tud ie s  under flowing con- 
dit ions.  T h e  loop is shown diagrammatically in 
Fig. 21.3. Three  e lec t r ica l ly  i so la ted  tubular 
electrodes,  through which the  loop flow p a s s e s ,  
are provided for electrochemical measurements; 
the  reference electrode is a sa tura ted  calomel  
electrode connected t o  the loop by an a sbes tos  
wick bridge similar t o  tha t  described by 
Bacarella.’ T h e  loop itself h a s  been  used as 
the  polarizing electrode. The  loop can  b e  
operated t o  temperatures of 2OOOC and flow 
ra tes  to -30 fps;  pulse pumps for pH control and 
continuous refreshment a re  a l so  provided. Equip- 
ment is available for measuring and recording 
electrode potentials and polarizing currents for 
both potentiostatic and ga lvanos ta t ic  modes of 
operation. Corrosion ra tes  a r e  ca lcu la ted  from 
measurements of the polarization res i s tance  a s  
described by Stern.* 

Init ial  experiments showed tha t  measurements 
of polarization res i s tance  with th i s  experimental 
configuration are feas ib le  and that the variation 
of corrosion rate with time ca lcu la ted  from these  
measurements is cons i s t en t  with the  da t a  obtained 
from weight-loss measurements in the dynamic 
loops. Polarization da ta  have  a l s o  been  obtained 
us ing  the  conventional ga lvanos ta t ic  method; 
however, ana lys i s  of the  experimental curves  was  
complicated considerably by the  presence  of IR 
drops in the solution phase.  T h e  electrode assem- 
bly h a s  been modified to  minimize such  IR drops. 

7A. L. Bacarella, Reactor Chem. Div. Ann. Progr. 
Rept. Jan.131, 1963, ORNL-3417, p. 75. 

*M. Stern, Corrosion 14, 440t (1958). 
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Fig. 21.3. Titoniurn Loop Dynamic Electrochemical Corrosion Fac i l i ty .  

TITANIUM CORROSION IN SALINE WATER 

E. G. Bohlmann J. C. Gr iess  

Observotions In Loop Tests 

Titanium is usua l ly  reported t o  be  immune to 
a t tack  in brine  environment^;^"^ consequently 
observations of seve re  corrosion a t t ack  in 
connection with the  s t u d i e s  of aluminum cor- 
rosion in salt  water were significant.  T h e  
a t tack  w a s  init ially observed on the  titanium 
bands used in the  assembly of loop  specimen 

N. D. Greene and G. Judd, Corrosion 21, 15-18 9 

( 1965). 

‘ O F .  R. LaQue and H. R. Copson, Corrosion Re-  
s is tance of Metals and  Al loys ,  2d ed., pp. 654-56, 
Reinhold, New York, 1963. 

“L. L. Shreir, ed., Corrosion, Vol. I ,  Corrosion of 
Metals and Alloys, p. 5.35, Wiley, New York, 1963. 

holders. Open and assembled holders a r e  shown 
in  Fig. 21.4; note the  three bands holding the  
ha lves  of the  holder together and t h e  Teflon 
s l e e v e s  used to insu la te  the  pin specimens from 
the  titanium holder. T h e  assembled specimen 
holders a re  sl ipped into 1 \-in. titanium pipe 
sec t ions  flanged into the  loops  and equipped with 
fi t t ings which direct  the  fluid flow through the  
channel i n  the holder. T h u s  the  bands  a re  in  a 
semistagnant annulus (- 1/32 in. thick) between 
the  holder and pipe wall. Strips of Teflon a re  
also often used  to  cover the  e n d s  of the  p ins  to 
eliminate t h e  possibil i ty of inadvertent contac t  
between the  bands  and pins. In the early obser- 
vations,  a strong correlation between the  a rea  of 
a t tack  and contac t  with Teflon sugges ted  that the  
a t tack  might b e  init iated by fluoride ions  re leased  
by the  Teflon. Investigations of t h i s  possibil i ty 
demonstrated that very smal l  amounts of fluoride 
a r e  leached  from the Teflon used ,  but further ob- 
se rva t ions  and autoclave t e s t s  showed the  a t tack  
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Fig. 21.4. Titanium Specimen Holder. 

occurred in the  absence  of Teflon. However, 
contact  with Teflon clear ly  promotes the  at tack;  
t h i s  h a s  also been observed in  wet chlorine 
service.”  T h e  at tack h a s  also been observed 
in  our s tud ies  in  a reas  of contact  with a s i l icone  
rubber containing no  fluoride and h a s  been re- 
ported for t h e  contact  area in  the  hole  of a rubber 
stopper.  

Figure 21.5 shows  a number of clamping bands 
(made from 0.008-in. A55 titanium shee t )  after ex- 
posure to pH 6.4 2 M sodium chloride at 15OOC for 
192 hr. Seven of t h e  twenty bands show gross  
a t tack,  but the  remaining thirteen show none (the 
s m a l l  ho les  in  and near  the  welds  were produced 
in  fabrication). Similar a t tack  h a s  been observed 

I2L. W. Gleekman, Chem. En& 70(23), 223-24 (1963). 

under t h e  Teflon insulation on pin specimens and 
on bolted plate  crevice specimens (see “Observa- 
t ions in Autoclave Tests,” below). The  at tack,  
however, is qui te  incons is ten t  as shown in  Fig. 
21.5 and in T a b l e s  21.3 and 21.4. T h i s  incon- 
s i s t e n c y  h a s  made quant i ta t ive evaluation of the 
effects  of various parameters difficult, but some 
t rends have  been indicated by the accumulated 
observations.  

Existence of a Crevice. - Crevices  s e e m  to 
promote ini t ia t ion of the at tack;  however, it  is 
c lear  that  crevice condi t ions a re  not required for 
it to continue. A s  shown in Fig. 21.5, the at tack 
cont inues in  t h e  semistagnant  annulus  between 
t h e  specimen holder and the  pipe after t h e  crevice 
is eliminated by perforation of the band. Also, 
s tudies  at 2OOOC have  shown that the a t tack  
was  ini t ia ted on the  outs ide of the  bands as  well  



299 

inside. No ins tance  of at tack on the  increases  in  frequency with r is ing temperature. 
I the  flow channel  h a s  been observed, At 15OOC it begins  at a point and spreads  l ike  a 
tack which had been ini t ia ted under a grass  fire, consuming the  en t i re  band th ickness  
we  penetrated into tha t  area.  a long a sharply defined front. At 20 
ure. - T h e  effect of temperature on the the at tack is more general, sprea 
If a t tack  is shown in  T a b l e  21.3. T h e  surface on which it in i t ia tes  rather 

a t tack  h a s  been observed only once at 100°C, but i n g  t h e  band thickness .  Also, th 

ORNL 

pH - 6.4 192 hr 

Fig. 21.5. Corrosion of Specimen Holder Assembly Bands. 

Table  21.3. Effect  of Temperature on Titanium Attack 

1 M NaC1, pH 6-7 Conditions: 

4 

Bands Pins 
Temperature ec, Number Exposed Percent Attacked Number Exposed Perc ,ent Attacked 

100 202 (14)a 

150 120 (6) 

200 98 (3) 

0 

11 -50 

48-83 

0-13 

100 

62-95 

aNumber in parentheses = number of runs. 
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in i t ia tes  i n  the  absence  of macro c rev ices  (on 
outside of band), presumably a t  sur face  imperfec- 
t ions or inclusions.  

pH. - T h e  effect  of pH is shown in Tab le  21.4. 
T h e  a t tack  is inversely dependent on pH and was  
only observed a t  t he  higher pH’s (>7) in contac t  
with Teflon. Similar resu l t s  were obtained in  
autoclave experiments (see sec t ion  on “Observa- 
t ions  in Autoclave Tes ts”) .  

Time and Concentration. - T h e  incons is ten t  
resu l t s  make an evaluation difficult, but indica- 
t ions  a re  that t he  frequency of a t tack  inc reases  
with time and concentration (1-5 M). 

Alloy Composit ion. - T a b l e  21.5 shows the  
composition of a number of a l loys  which have 
been tested.  Only the  ti tanium-palladium alloy 
h a s  res i s ted  the  a t tack ,  26 p ins  having shown no 
a t tack  in  a s e r i e s  of s tud ie s  in which 87% of 
48 pins  of the other compositions were attacked. 
A total of 134 p ins  of the  compositions o ther  than 
the  titanium-palladium alloy have been tes ted  
under various conditions with no distinguishable 
difference in beh,avior. 

In sp i t e  of the sever i ty  of the a t tack  on the  
bands and pins, l i t t l e  difficulty h a s  been exper- 
ienced  with the  titanium loops and equipment in 

Table  21.4. Ef fect  of pH on Titanium Attack 

Conditions: 150°C, 1 M NaCl 

Bands P ins  

Number Exposed Percent Attacked Number Exposed Percent Attacked 
pH Range 

aNumber in parentheses = number of runs. 

Toble  21.5. Titanium Al loy  Compositions Tested 

Composition (%) 

A1 Cr Mn V Zr Cb Ta Fe Pd 
Alloy 

A-45 (Commercial purity - >99.2% T i )  

A-55 

Al-Cr 3.5 4.9 

A1-Mn 4.2 4.6 

(Commercial purity - >90.09, Ti)  

0.2 

0.3 

A1-V 6.4 4.2 0.2 

82 1 7.4 

881 8.2 

2.0 1.1 0.2 

8.5 0.7 0.5 

Ti-Pda 0.2 

aThe Ti-Pd alloy was the only composition not attacked. 
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thousands of hours of operation. 
may account for this:  

1. Prior t o  u s e  in  this program, the  loops were 
used in s tud ies  with strongly oxidizing solu- 
t ions to temperatures as high as 300OC. 
Consequently the  su r faces  a re  generally 
coated with heavy oxide films; s tud ie s  with 
anodized p ins  indicate  oxide f i lms  inhibit the 
attack. 

2. Crevices  were minimized by design and welded 
construction. 

3. Most sur faces  a re  exposed t o  rapidly flowing 
solution. 

Several factors 

Observations in Autoclave T e s t s  

In view of the  observat ions made in  the  loop 
t e s t s ,  a series of autoclave t e s t s  w a s  conducted 
in  sodium chloride solution us ing  titanium crevice 
specimens.  T h e  specimens were prepared from 
two rectangular f la t  p ieces  of titanium bolted to- 
gether near one end with titanium nu t s  and boIts. 
Before tightening the nut, a s m a l l  p iece  of %mil- 
thick titanium was  placed near  the  opposi te  end 
of the  specimen t o  form a crev ice  of variable 
thickness  (see Fig. 21.6). T h u s  on the endnearer  
the  bolt, the  titanium p ieces  were in direct con- 
tac t ,  and the  crevice a t  t he  opposi te  end was 
somewhat greater  than 8 mils .  One or more such  
specimens and a s ingle  control coupon were 
exposed to 600 m l  of solution in a 1-liter titanium 
autoclave, All t e s t s  were conducted in 1 M NaCl 

a t  150OC. In some cases the  pH of the solution 
was adjusted to 3.0 with HCl, and in the other 
t e s t s  t he  solution was used  directly as  prepared 
from reagent-grade sodium chloride. In those  
t e s t s  conducted in the absence  of oxygen, the  
solution was  placed in the  autoclave, sparged 
with helium, frozen, evacuated, thawed, refrozen, 
and evacuated again before use.  

In addition to  the te s t  conducted with com- 
mercially pure titanium, three separa te  t e s t s  were 
conducted with a titanium-0.2% palladium alloy, 
and three t e s t s  were made with commercially 
pure titanium crevice  specimens to which a s m a l l  
p iece  of titanium was  electrically connected to 
the  outs ide of the  specimen. Also, in two other  
t e s t s  all par ts  of the crevice specimen were 
anodized at  30 v in  5% H,SO, solution before 
assembly. 

T h e  conditions and resu l t s  of the  t e s t s  are 
shown in T a b l e  21.6. In a l l  cases, essent ia l ly  
no at tack was  found on the  control coupons except  
occasional ly  there was slight a t tack at  the point 
where the coupon was  in contact  with the  titanium 
hook from which i t  w a s  suspended. The  de- 
scr ipt ion of the crevice at tack used  in the tab le  
is as follows: none - no evidence of a t tack  under 
30x magnification; very slight - at tack not 
v i s ib le  to the  naked eye,  but observable  a t  30x 
(or l e s s )  magnification; sl ight - visible  to the 
naked eye ,  but both a reas  affected and depth 
of penetration small; moderate - area affected 
fairly large, but depth of a t tack and corrosion 
product accumulation small; heavy - area and 
depth relatively large, with large accumulation of 
corrosion products in c rev ice  region. 

Fig. 21.6. The Appearance of a Titanium Crevice-Corrosion Specimen After Exposure to Air-Saturated 1 M 
N a C l  Solution with a pH of 3.0 a t  15OoC. 
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Table 21.6. The Results of Tests with Titanium 
Crevice Specimens in 1 M NaCl at 15OoC 

Solution Time 
Air Crevice Attack 

PH Olr) 

6.5 233 

6.6 209 

6.8 308 

3.0 234 

3.0 190 

3.0 215 

3.0 215 

3.0 185 

3.0 163 

3.0 234 

3.0 262 

3.0 262 

3.0a 262 

3.0a 262 

3.0b 262 

3.0b 257 

3.0b 231 

3.0' 262 

3.0' 185 

3.0' 234 

No 

Yes  

Yes  

Yes  

Yes  

No 

No 

Yes  

Yes  

Yes  

Yes  

Yes  

Yes  

Y e s  

Yes  

Yes  

Yes 

Yes  

Yes  

Yes  

Very s l ight  

Moderate 

None 

Heavy 

Heavy 

Slight 

Very slight 

Heavy 

None 

Heavy 

Heavy 

Very slight 

None 

Heavy 

None 

None 

None 

None 

None 

None 

a t tack  was either s l igh t  or  very slight.  With the  
two anodized specimens,  one  w a s  unattacked and 
the  other was  heavily damaged. None of the  
specimens prepared from the  titanium-palladium 
alloy and none of the  specimens to which platinum 
w a s  coupled were a t tacked  in  t h e  tes t s .  In sum- 
mary, t h e  t e s t s  generally indicated that titanium 
crevice  attack was  more seve re  in 1 M NaCl a t  a 
pH of 3 than i n  neutral solution and in so lu t ions  
containing air  than in  degassed solutions.  Either 
palladium alloyed with the titanium or platinum 
electrically connected t o  i t  appeared to prevent 
attack. 
' In aerated pH 3 solutions,  t h e  extent of cor- 

rosion was  usually so  great that  the  corrosion 
products formed in the  tight c rev ice  were suffi- 
c i en t  to deform the  specimen and in two cases to  
actually break the bolt holding the  specimen to- 
gether. Figure 21.6 i s  a photograph of a speci-  
men showing how t h e  corrosion products have  
forced the  end of t he  specimen c loses t  t o  t he  
bolt apart. T h e s e  metal sur faces  were i n  contac t  
a t  t h e  s t a r t  of t h e  test .  It is interesting to  note 
that at the  other end, where t h e  c rev ice  was  wider, 
corrosion is absent.  All t e s t s  have indicated tha t  
t h e  c rev ice  must b e  very s m a l l  before a t tack  is 
observed. Figure 21.7 i s  a photomicrograph of a 
c ross  sec t ion  through a heavily corroded area,  
showing the  nature of the attack and of the  
corrosion product (Ti0 2). 

E lec troc hem ica I Stud ies 

aSpecimen parts anodized prior to test. 
b .  

'Platinum electrically connected to outside of 
Titanium-O.2% palladium alloy. 

specimen. 

Although only three t e s t s  were conducted in the  
e s sen t i a l ly  neutral sodium chloride solution, t h e  
a t tack  w a s  either nonexistent or sl ight in all 
cases. Of the  seven  t e s t s  conducted with the pH 
adjusted to  3.0 and in the presence  of air, f ive 
specimens showed heavy attack, one  showed very 
s l igh t  attack, and o n e  showed no ev idence  of 
attack. The one  showing no atta'ck was  d is -  
assembled and repolished. In a subsequent  t e s t  
under t h e  same conditions,  i t  underwent heavy 
attack. Only two t e s t s  were conducted a t  a pH of 
3.0 in  the  absence  of air, and in  both cases the 

To gain some  ins ight  i n to  the  electrochemical 
reactions occurring during the corrosion process,  
t he  cathodic polarization of commercially pure 
titanium w a s  studied. T h e s e  t e s t s  were carried 
out in a n  e lec t r ica l ly  heated titanium autoclave,  
through the  head of which was  introduced an 
e lec t r ica l ly  insu la ted  titanium wire and a salt 
bridge to a sa tura ted  calomel electrode located 
outs ide  of the  autoclave.  F igure  21.8 shows how 
temperature influences the  polarization of titanium 
in 1 M NaCl when the  autoclave contained a i r  a t  
t he  time of closing. Since both the volume of gas  
and i t s  solubili ty change with temperature, t he  
concentration of oxygen in the  solution was differ- 
e n t  a t  t he  different temperatures. The  ca lcu la ted  
concentrations a re  shown on the  graph. F igure  
21.9 shows  t h e  e f fec t  of oxygen on ca thodic  
polarization a t  15OoC, and Fig.  21.10 shows how 
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pH influenced t h e  ca thodic  process.  Also shown 
on Fig. 21.10 is the  ca thodic  polarization curve 
for platinum obtained in the solution with the 
pH of 3. 

Anodic polarization of titanium h a s  not been 
examined in  as much de ta i l  as h a s  t h e  ca thodic  
polarization, but in all cases titanium polarized 
eas i ly ,  with anodic currents in t h e  range of a 
microampere per square  centimeter being sufficient 
t o  ra i se  the  potential t o  that  of oxygen evolution. 
Fo r  titanium t o  corrode a t  the  r a t e s  observed in  
c rev ices ,  it appears  tha t  t he  pH of the  solution in 
those  regions must become subs tan t ia l ly  lower 
than tha t  in t h e  bulk of t h e  solution. 

Although the  mechanism of the  titanium crevice  
corrosion is not fully understood, t he  da t a  pre- 
sen ted  above may qualitatively explain some of 
the  observed results.  As  shown in  Fig.  21.9, the  
potential  difference between titanium exposed to 
so lu t ions  containing oxygen and titanium exposed 
to solutions without oxygen is greater than 0.5 v. 
Thus  t h e  loss of oxygen from the very smal l  
volume of solution in  the  c rev ice  could c rea t e  a, 
differential aeration cell of appreciable driving 
force, If such  a cell ex is ted ,  t he  cathodic 
current dens i ty  would b e  greater (or a given 
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ca thode  area  could support  more corrosion current) 
the greater t h e  oxygen concentration or t he  lower 
t h e  pH of the  electrolyte.  T h e  da ta  presented i n  
Fig. 21.8 also show that t h e  overvoltage for t h e  
reduction of oxygen on titanium i s  less the  higher 
the  temperature. T h u s  in t h e  presence  of oxygen, 
greater c rev ice  corrosion is observed at a pH of 3 
than i n  neutral  solutions,  and corrosion h a s  only 
rarely been observed at less than 150OC. 

T h e  fac t  tha t  no  c rev ice  a t t ack  h a s  been ob- 
served  on the  titanium-palladium alloy or with 
titanium e lec t r ica l ly  coupled t o  platinum is 
probably related to the fac t  that  the  overvoltage 
for t h e  reduction of oxygen (or hydrogen dis- 
charge) on the platinum metals is s o  low that t he  
ca thodic  reaction polarizes the c rev ice  in to  the  
pas s ive  region. As shown by Stern,13 titanium 
p o s s e s s e s  an active-passive behavior similar to 
that of t h e  aus ten i t ic  s t a i n l e s s  steels i n  sulfuric 
acid,  and  if t he  titanium potential  is raised above 
some cr i t ica l  value (undetermined for t h i s  sys -  
tem), i t  becomes pass ive .  

13M. Stern and H. Wissenberg, J .  Electrochem. SOC. 
106, 755 (1959). 



22. Solvents for the Fluorine Volatility Process 

R. E. Thoma B. J. Sturm 

In the  ORNL version of t he  Fluoride Volatility 
P rocess ,  uranium is recovered a s  volati le UF,  
by fluorination from molten fluoride mixtures in  
which so l id  fuel e lements  from nuclear  reactors 
have  been d isso lved  by hydrofluorination. T h e  
process  h a s  been notably success fu l  with 
zirconium-uranium alloy fue ls  and in  preliminary 
tests with fue l s  of aluminum-uranium alloy. '-' 
T h e  fluoride so lven t  for t h i s  p rocess  must d i s so lve  
high concentrations of t h e  major fue l  consti tuent 
a t  temperatures (generally 6OOOC or below) a t  
which corrosion by the melt is not a problem. 
Favorable  phase  behavior of t h e  sys t em is, there- 
fore, a necessary  qualification of a n  acceptab le  
solvent.  

v i sua l  detection of a precipitate which generally 
clouded t h e  melt. Sublimation of t h e  ZrF ,  and  
AlF,  under inert  atmospheres and  d is t i l l a t ion  
of K F  from a melt containing 2.3 mole % UF, 
(ref. 4) were used  t o  prepare material  of purity 
sufficient for t h e s e  s tud ie s .  Such treatment 
virtually eliminated oxide,  which when present,  
subs tan t ia l ly  r a i s e s  t h e  l iqu idus  temperatures in 
t h e  KF-ZrF,-A1F3 sys tem.  T h e  ef fec t  of ox ide  
is most marked i n  compositions near  tha t  of 
KF-ZrF,,  where t h e  l iqu idus  is ra i sed  about 
5OC for every 0.01 mole % oxygen. T h e  550 a n d  
6OO0C isotherms of t h e  p h a s e  diagram a r e  now 
well  defined and  show tha t  t h e  idea l  process  
path is tha t  shown by l i ne  A B  on t h e  diagram 
(Fig. 22.1). T h e  prec ise  location of point A w a s  

THE SYSTEM KF-ZrF,-AIF, 

T h e  KF-ZrF,-AlF, sys t em appeared from pre- 
liminary s tudies '  to b e  t h e  b e s t  ava i lab le  medium 
for process ing  aluminum-uranium a l loy  fuels.  
T h i s  sys t em h a s  been examined in some de ta i l  
to e s t ab l i sh  prec ise ly  t h e  600 and  55OOC iso- 
therms, t he  in i t ia l  a n d  f ina l  temperatures for t h e  
d isso lu t ion  process.  

Most of t he  d a t a  were taken  by a v i sua l  proce- 
d ~ r e , ~ , ~  tha t  is, by location of t h e  l iquidus by 

'Chem. Technol. Div.  Ann. Progr. Rept .  May 31, 

'B. J. Sturm e t  al . ,  Reactor  Chem. Div .  Ann. Progr. 
Rept .  Jan.  31, 1964, ORNL-3591, pp. 214-17. 

3R. L. Boles  and R. E. Thoma, Volat i l i ty  Process  
Phase  Studies - A Survey of Molten Fluoride Solvent 
Mixtures Suitable for Dissolution of A1F3, ORNL-TM- 
400 (Oct .  22, 1962). 

,R. E. Thoma, B. J. Sturm, and E. H. Guinn, Molten- ZrF, 
Salt Solvents for Fluoride Volat i l i ty  Processing of 
Aluminum-Matrix Nuclear Fuel Elements, ORNL-3594 
(1964). Fig .  22.1. Diagram of the System K F - Z r F 4 - A I F ,  

'Chem. Technol. Div.  Ann. Progr. Rept .  May 31, Showing 550 and 6OO0C Isotherms and a Proposed 
1964. ORNL-3627, p. 40. Process Composition Path AB. 

ORNL-DWG 65- 260f 

1963, ORNL-3452, p. 26. 

KF 
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important, because  with increas ing  K F  concen- the  process ing  so lven t s  contain somewhat less 
tration the  l iquidus temperature r i s e s  very s teeply  
to t h e  K3ZrF7-K3A1F, join. B e c a u s e  of the  
resemblance of s t ruc tures  of cub ic  K,AlF, [iso- 

than 2 5  mole % ZrF,. 

structural  with (NH,),AlF,] and  K3ZrF7- [iso- 
structural  with (NH,),ZrF,],6 there is consid- 
e rab le  so l id  solution a long  t h i s  join. 

SOLVENTS APPLICABLE TO STAINLESS 
STEEL MATRIX FUELS 

ZIRCONIUM-MATRIX FUELS OF HIGH 
URANIUM CONTENT 

Application of t h e  F luor ide  Volatility P r o c e s s  
h a s  heretofore been restricted to high-enrichment 
fue ls  i n  which t h e  concentration of d i sso lved  
uranium is so low tha t  i t  h a s  little or no effect  
on phase  behavior of t h e  mixture. Recently,  in- 
vestigations of t he  feas ib i l i ty  of adapting the  
process  to low-enrichment fue l s  were begun. 
Adaptability to fue ls  of t h e  Dresden type,  in 
which UO, is c l ad  in Zircaloy-2, will  require 
so lvents  capable  of hand!ing approximately equi- 
molar mixtures of ZrF ,  and UF,  produced in t h e  
dissolution s tep .  Init ial  solubili ty measurements 
were obtained with KF-ZrF, and  LiF-NaF-ZrF, 
mixtures. Equimolar increments of UF, and 
ZrF ,  were added t o  a KF-ZrF, (64-36 mole %) 
melt and  an  LiF-NaF-ZrF, (37.5-37.5-25 .O mole %) 
melt t o  simulate approximately t h e  progressive 
change in so lvent  composition during dissolution 
of such  a fuel element of high uranium content. 
Liquidus curves  sugges t  that  t he  maximum UF,  
concentrations in t h e s e  sys t ems  a t  6OOOC a r e  11 
and 15 mole 76 respectively.  Fo r  the  LiF-NaF- 
ZrF,-UF, sys tem,  l iquidus curves  ind ica te  tha t  
even higher UF,  solubili ty may b e  obtainable i f  

,R. W. G. Wyckoff, Crystal Structures, p. 31, vol. 11. 
Interscience, New York, 1951. 

Preliminary consideration was  given t o  so lvents  
for reprocessing s t a i n l e s s  s t e e l  fue l  elements.  
All th ree  of t h e  major cons t i tuents  of t h e  s ta in-  
less steel, iron, chromium, and niobium, would 
form fluorides during t h e  process.  Furthermore, 
t he  iron and chromium a r e  expected to have dif- 
ferent va lence  s t a t e s  during dissolution by H F  
than they have after fluorination. T h e  presence  
of all t h e s e  components produces complex phase  
relationships in  t h e  solvent.  Much s tudy  would 
b e  required to provide suf f ic ien t  information to 
permit the  process ing  of s t a i n l e s s  steel elements.  

Potassium fluoride-zirconium tetrafluoride and  
KF-LiF  mixtures were considered as poss ib le  
reprocessing solvents.  The  LiF-FeF, sys tem 
w a s  found to have a eu tec t i c  a t  38 mole % FeF, 
melting a t  620OC. In t h e  LiF-NiF,-FeF, system, 
FeF, and NiF,  were found t o  b e  approximately 
equivalent in effect  on t h e  liquidus. I t  is pos- 
s i b l e  tha t  t he  KF-LiF  eu tec t ic  melting a t  492OC 
could d isso lve  suf f ic ien t  FeF,, NiF,, and  CrF, 
t o  permit i t s  u s e  a s  a process ing  solvent. 

Because  of t h e  ex tens ive  study required for 
such  a complex sys t em to  permit i t s  u s e  in  proc- 
e s s i n g  s t a in l e s s  s t e e l  materials,  and  t h e  indi- 
cation tha t  fluidized-bed fluorination can  avoid 
t h i s  problem, further s tudy  of t h e s e  so lven t s  h a s  
been postponed until  t he  alternative process  h a s  
been tested.  

7R. L. Jarry et. al.,  Laboratory Investigations in 
Support of Fluid-Bed Fluoride Volatility Processes ,  
ANL-6742 (September 1963). 
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SNAP-8 CHEMISTRY STUDIES: THE CHEMISTRY 
OF HYDROGEN IN LIQUID ALKALI 

METAL MIXTURES 

E. L. Compere H .  C. Savage 
J. E. Savolainen T. H. Mauney 

The  fa te  of the  hydrogen en ter ing  the  c i rcu la t ing  
liquid-metal primary coolant (NaK-78) of the  
SNAP-8 and similar reactors from zirconium- 
uranium hydride fuel e lements  is believed’.’ to  
depend on  diffusion of the hydrogen through the  
system wal l s  and on fac tors  governing the 
solubili ty of the  hydrogen in the liquid alkali  
metal mixture. 

The  l o s s  of hydrogen by diffusion from the 
primary system should lead t o  a s teady  s t a t e  at a 
comparatively low partial  p ressure  of hydrogen. 
Th i s  partial  pressure was  es t imatedle  to be  ap- 
proximately 2 x lo-’ a tm,  i f  the  walls of the  
sys tem are oxide free, and t h e  presence  of NaK 
d o e s  not affect  t he  permeation of hydrogen through 
sys tem walls. The  hydrogen is expected t o  diffuse 
through t h e  wa l l s  of t he  primary coolant circuit  
into space ,  or more importantly into the mercury 
boiler sys tem,  where i t  may accumulate  and affect  
system operation. Prac t ica l  means  of lowering the  
hydrogen activity in the liquid alkali  metal sys t em 
are  thereby of interest .  

Two types  of s tud ie s  a re  reported. In the 
hydrogen permeation s tud ie s  given below, t h e  

‘H. W. Savage, E. L. Compere, W. R. Huntley, and A. 
Taboada, SNAP-8 Corrosion Program Quart. Progr. Repts. 
(a) Aug. 31, 1963, ORNL-3538, pp. 28-40; (b) Nov. 30,  
1963, ORNL-3604. pp. 29-45; (c) Feb. 29, 1964, ORNL- 
3618, pp. 28-33; ( d )  May 31, 1964, ORNL-3671, pp. 
26-33; (e)  Aug. 31, 1964, ORNL-3730, pp. 32-64; 

‘E. L. Compere, J. E. Savolainen, H. C. Savage, and 
T. H. Mauney, “SNAP-8 Chemistry Studies: The 
Chemistry of Hydrogen-NaK Systems,” Reactor Chem. 
Div.  Ann. Progr. Rept. Jan. 31, 1964, ORNL-3591, 

( f )  NOV. 30, 1964, ORNL-3784, pp. 35-59. 

pp. 217-22. 
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permeation of hydrogen through metals relevant to 
the SNAP-8 program was  studied i n  the  absence ,  
and in one c a s e ,  i n  the  presence  of NaK. 

In a second type of study, t he  solubili ty of 
hydrogen in  NaK-78 was studied a s  a function of 
hydrogen pressure,  including concentrations and 
temperatures which involved the precipitation of a 
solid hydride phase.  

The  possibil i ty of reducing t h e  partial  p ressure  
of hydrogen in NaK solution by adding subs t ances  
of greater hydrogen affinity was  recognized. 
Init ial  phases  of a study examining the  character-  
istics of the  u s e  of added metall ic lithium for th i s  
purpose a r e  described. 

Hydrogen Permeation Studies 

The  permeation of hydrogen through metals in 
which hydrogen atoms are  the diffusing s p e c i e s  
depends  on the  difference in  the  square  root of 
upstream and downstream pressures.  T h i s  
relationship may b e  expressed  by t h e  equation 

d(H ) k A  

dT d 
L = - ( C - < ) ,  

where d(H,)/dT is hydrogen permeation rate (std 
cm3/hr), A is area (cm’), d is th i ckness  (mm) of 
metal through which diffusion occurs ,  P1 and P z  
a re  upstream and downstream hydrogen pressures  
(atm), and k is the  hydrogen permeability coef- 
f icient for the metal a t  t he  given temperature, 
expressed  i n  s td  c m 3  ( H , )  mm cm-’ hr-’ a tm-’I2.  
Thus  the  permeation charac te r i s t ics  of a metal  a t  
a given temperature may be  expressed  i n  terms of 
its permeation coefficient,  as is done in the  
s tud ie s  reported below. 

3R. M. Barrer, Diffusion In and Through Solids, 
Cambridge University Press, Cambridge, Mass., 1951. 
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The  permeation apparatus is described i n  detai l  
elsewhere.  l b  However, a modified permeation cell 
was developedle  to rel ieve diff icul t ies  d u e  to  high 
NaK vapor pressure  encountered when operating at 
elevated temperatures with NaK in the upstream 
region of the cell. 

The  improved model of the permeation cell is 
shown in Fig. 23.1 in component form. The cell 
h a s  an  Armco iron barrier in  the  form of a thimble 
of la rge  area-to-thickness ratio, providing for 
ready diffusion of hydrogen into t h e  high-pressure 
s i d e  of the cell, while preventing the transport  of 
NaK vapor into the  hydrogen feed line. Thus,  u s e  
of the  measured upstream hydrogen pressure,  
rather than t h e  interior pressure,  d o e s  not c a u s e  
errors in t h e  calculated permeability of more than 
4%, in  t h e  most extreme case (1300°F, unoxidized 
cell outer walls)  based on permeability d a t a  of 
Flint. 

Permeabi l i ty  of Type  316 Stainless Stl 

Hydrogen in the Absence and Presence of N 
Hydrogen permeation s tudies  using a type 316 
s t a i n l e s s  steel cell of t h e  above des ign  have been 
made at temperatures of 1300, 1100, and 1000°F, 
in the  absence  and in  the  presence of NaK on the 
high-pressure s i d e  of the diaphragm. Upstream 
hydrogen pressures  from a few mill imeters to 1 a tm 
were used. T h e  downstream s i d e  w a s  evacuated, 
and the g a s e s  were col lected by a Toepler pump. 

R e s u l t s  obtained in  t h e  absence  of NaK in  the  
cell are  plotted i n  Fig. 23.2,in which the logarithm 
of permeation rate  is plotted against  the  logarithm 
of upstream pressure.  T h e  data  exhibit  the 
theoretical  s lope  of t/2 except  at low pressures.  
The  permeability coefficient appears  to drop off 

4P. S. Flint, The Diffusion o f  Hydrogen Through 
MateriaZs o f  Construction, KAPL-659 (Dec.  14. 1951). 

- -_-- 
PHOTO 71261 

Fig. 23.1. Components of Permeation Cel l  with Internal Iron Thimble. 
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Fig. 23.2. Permeability of Type 316 Stainless Steel to Hydrogen in the Absence and Presence of NaK at  Various 

Pressures and Temperatures. 

with decreasing pressure a t  the  lower temperatures. 
The da ta  agree  almost exactly with the  va lues  for 
type 316 s t a in l e s s  steel reported by F l in t4  and 
are higher than those  for type 304 s t a i n l e s s  steel 
reported by Fl in t  and by Steigerwald.' 

After concluding the determinations in the  
absence  of NaK, a charge of 2.6 c m 3  of NaK was  
loaded into the chamber between the  thimble and 
the  upstream s ide  of t he  diaphragm. Subsequent  
hydrogen permeability measurements were made a t  
p ressures  from 1 atm to 42 mm a t  1300OF and to 
below 1 mm a t  llOO'F in two se r i e s ,  described 
below, and a t  1 a t m  a t  1000'F. T h e  resu l t s  are 
a l s o  plotted in Fig. 23.2. 

In the  first  s e r i e s  of determinations after NaK 
w a s  present a t  llOO°F, the  permeation rate was  

'E. A. Steigerwald, The Permeability of Hydrogen 
Through Materials for the Sunflower System, NASA 
CR-54005 (May 1964). 

slightly higher than in t h e  absence  of NaK. T h i s  
was  attributed to  t h e  poss ib le  removal of sl ight 
oxide f i l m s  from the  sur faces  contacted by the  
NaK. Feed-gas ana lyses  indicated slight a i r  
contamination. Consequently, t he  system was 
charged with hydrogen a t  1300'F and the feed-gas 
region evacuated, thereby reversing the hydrogen 
flow for a t ime,  with the intent of reducing any 
surface oxides  and removing the assoc ia ted  
moisture. When measurements were again made a t  
l l O O ° F ,  following those a t  1300 and 1000°F, t he  
rate appeared to b e  about one-third higher than the 
original measurements. 

The re 'was  no particular effect of time (aging) on 
the  permeability coefficient indicated by the da ta ,  
although it is not e a s y  to separa te  such  ef fec ts  
from others acting concurrently. Certainly any 
such  effect is not great. 

T h e s e  resu l t s  indicate that the presence of NaK 
h a s  no adverse effect  on the  permeation of 

, 
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hydrogen through type 316 s t a i n l e s s  steel a t  
SNAP-8 temperatures. Indeed permeation r a t e s  
may b e  moderately increased in  the  presence  of 
NaK, as a resu l t  of the reduction of res i s tance  to 
hydrogen p a s s a g e  at the  NaK-metal interface. 
Th i s  may be  largely due  to dissolution of s l igh t  
oxide f i l m s .  It could a l s o  be affected by e a s i e r  
entry into the  structural  metal of hydrogen atoms 
from the  liquid metal a s  compared with hydrogen 
from molecules  of the  g a s  phase. 

Croloy 9M Cells Without NaK. - A permeation 
ce l l  with an Armco iron entrance thimble s i m i l a r  
t o  t h e  s t a i n l e s s  s t e e l  cell but with a Croloy 9M 
diaphragm was  operated in t h e  absence  of NaK to  
determine the charac te r i s t ics  of the  cell. The  

da ta  were obtained after extended hydrogen 
permeation to obtain a s teady  s t a t e  ac ross  the 
cell for each  temperature and pressure condition. 
Tab le  23.1 presents  t he  results in  the  sequence  in  
which they were obtained, along with comparative 
da t a  from determinationld on another cell of the  
same material  without the internal iron thimble. 

The  paired va lues  obtained agree fairly well with 
each other. Repl ica te  determinations at 1300'F a t  
t h e  end of t he  series gave  higher va lues  at 1 atm 
and 196 mm than were obtained at the  start of the 
se r i e s ,  indicating that the  continued permeation of 
hydrogen over the  period of th ree  weeks  may have  
resulted in a moderate increase  in  permeability. 
The  permeabili t ies at 1 atm obtained at 1100 and  

Table 23.1. Permeability to Hydrogen of Croloy 9M in the Absence of  NoK 

Values given i n  the sequence obtained 

Permeation Coefficient 
(std cm3 mm hr-' cm-' atm-''2) 

IOOO'F 11 OO'F 1300°F 

760 
760 

199 
196 

28.5 
23 

760 
760 

137 
112 

39  
36.5 

760 
760 

760 

760 

196 

760 
760 

Cell  with Internal Thimble 

0.590 
0.588 

0.359 
0.342 

0.3 74 
0.374 

0.263 
0.263 

0.225 

0.226 

0.170 
0.166 

0.178 
0.180 

0.656 
0.664 

0.612 

Results for Croloy 9M Cel l  Without Internal Thimble 

0.29 
0.27 

0.53 
0.57 
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1300°F agree  fairly well with da t a  from t h e  previous 
Croloy 9M cell. 

At lower pressures  t h e  permeation coef f ic ien ts  
were lower, both at 1100 and 130O0F. Surface 
r e s i s t ances  such  a s  oxide  films, which affect 
permeation i n  proportion to t h e  first  power of the  
pressure ,  a r e  believed to b e  t h e  c a u s e  of t h i s  
behavior. 

Solution Chemistry of Hydrogen i n  L i q u i d  A l k a l i  
M e t a l  Mixtures 

A s  d i scussed  in  the  prior report, '  very l i t t l e  
information is available on  t h e  solution chemistry 
of hydrogen in mixtures of liquid a lka l i  metals, 
and only a limited amount for t he  hydrogen-single- 
alkali-metal system. 

At low concentrations of hydrogen, hydrogen 
d i s so lves  in  t h e  liquid metal t o  form unsaturated 
so lu t ions  obeying Sieverts '  l aw,  wherein t h e  con- 
centration of d isso lved  hydrogen is proportional to 
t h e  square  root of t h e  hydrogen pressure.  As  t h e  
concentration of d i sso lved  hydrogen is increased ,  
it may become great enough to exceed t h e  solubili ty 
of so l id  metal  hydride i n  t h e  sys tem,  and th i s  s a l t  
will  begin to  precipitate. In accord with the 
phase  rule,  i n  t h e  presence  of two condensed 
p h a s e s  at a given temperature the  pressure  is 
invariant, excep t  as  the  composition of t h e  metal  
mixture changes.  T h u s  t h e  pressure  does  not a l te r  
appreciably with t h e  addition of more hydrogen, 
which only r e su l t s  i n  more hydride precipitation. 

Three  charac te r i s t ic  parameters,  two of which 
a re  independent, may be  extracted from pressure- 
hydrogen-uptake data. T h e s e  parameters a r e  the  
S iever t s  solubili ty coefficient for unsaturated 
solutions,  t h e  decomposition-precipitation p la teau  
pressure  when solution and so l id  hydride p h a s e s  
a re  present  (in particular when pJecipitation h a s  
j u s t  begun, and only a very small amount of so l id  
phase  ex is t s ) ,  and t h e  terminal hydrogen (or 
hydride) solubili ty value,  at which precipitation 
j u s t  begins.  Each  coefficient is expec ted  to vary 
exponentially with inverse  absolu te  temperature. 
T h e s e  coefficients a r e  adequate to descr ibe  the  
behavior of sys t ems  involving hydrogen and a 
s ing le  metal, o r  a metal mixture of fixed compo- 
sition. T h i s  is the  case treated in the  hydrogen 
solubili ty s t u d i e s  with NaK-78. In the  case of the  
hydrogen solubili ty s tud ie s  with d i lu te  so lu t ions  

of lithium i n  NaK-78, t h e  proportions of lithium 
were varied in different experiments. Also,  in 
some c a s e s ,  i t  w a s  poss ib l e  to  add enough hydrogen 
t o  exceed  t h e  stoichiometric equivalent of all t he  
lithium. T h u s  it became poss ib l e  to  ex t rac t  from 
t h e  d a t a  a n  equilibrium constant,  similar to a 
solubili ty product, which charac te r ized  t h e  re la t ive  
affinity of lithium for hydrbgen d isso lved  in  the  
liquid-metal solution. Although t h e s e  measurements 
a r e  ava i lab le  a t  only one  temperature, they provide 
t h e  b a s i s  for a concept  of t h e  chemistry of hydrogen 
in  liquid-metal mixtures. 

Techniques.  - Careful observa t ions  of t h e  
p re s su re  and amount of hydrogen taken  up by t h e  
liqliid metal  as increments of hydrogen a r e  added 
or removed permit t he  evaluation of t h e  above  
parameters. Such measurements have been made 
for t h e  NaK-78 sys tem at p res su res  from about  
5 mm t o  1 atm, and at  temperatures ranging ap- 
proximately between 300 and 70OoC. A number of 
experiments were also conducted a t  593OC (1100'F) 
i n  which t h e  NaK contained 1 to  4 at. '% lithium, 
in order to determine t h e  e f fec t  of th i s  subs t ance  
on hydrogen solubili ty.  

T h e  NaK w a s  contained'  in thin-walled Armco 
iron capsu le s ,  which were loaded and  s e a l e d  by 
electric-arc welding in  a helium-filled g love  box. 
T h e  capsu le  was  p laced  into a quartz envelope  
which w a s  inserted in to  a furnace. T h e  envelope  
was  connec ted  to a gas-feed system which con- 
s i s t e d  of a manometer, two g a s  burets,  and  a 
vacuum system. 

Previous  preparatory measurements enabled  the  
hydrogen lo s t  by permeation through t h e  quartz 
walls of t h e  envelope t o  b e  es t imated  and a cor rec t  
inventory to b e  maintained. T h e  distribution of 
t h e  hydrogen inventory in t h e  envelope  w a s  
ca lcu la ted  from the  pressure  and temperature 
information for each  point. T h e  distribution ac- 
counted for t he  hydrogen i n  the  envelope dead 
s p a c e  at t h e  furnace temperature and t h e  portion 
at room temperature, t h e  hydrogen d isso lved  i n  t h e  
iron of t he  capsule ,  and tha t  i n  the  vapor s p a c e  of 
t h e  capsule.  T h e  residual hydrogen was  assumed 
t o  b e  d isso lved  i n  t h e  NaK. 

In t h e  temperature range at 400'C and above, t he  
ra te  a t  which hydrogen permeated the  c a p s u l e  wall  
w a s  sufficiently rapid for t h e  sys tem t o  approach a 
s teady  o r  equilibrium pressure  in  a few hours or 
less. At 330 and 3OO0C, seve ra l  d a y s  were re- 
quired for each  equilibrium point. T h e  equilibrium 
p res su res  were verified by increas ing  t h e  amount 



of hydrogen i n  t h e  sys tem and then  decreas ing  the  
amount and obtaining the  equilibrium va lue  at each  
step.  T h e  uptake  da ta  were further verified by 
direct  hydrogen determination. When the  equili- 
brations were complete,  t h e  envelope was  c losed  
off and quenched to room temperature by removing 
i t  from the  furnace. The  gas from the  envelope 
dead s p a c e  and the  capsu le  vapor s p a c e  was  re- 
covered, measured, and analyzed, and the  NaK was  
recovered for analysis.  The  to t a l  hydrogen re- 
covered in t h e  ana lyses  and i t s  distribution in the  
NaK were ca lcu la ted  for t h e  terminal condition of 
the  experiment, and compared with t h e  addition- 
removal inventory data. 

Phase  Equi l ibr ia  in the H-Na-K System. - T h e  
solubility of hydrogen in NaK-78 w a s  measured 
over  a temperature range from 300 to  704OC and 
from 5 mm H g  to atmospheric pressure. T h e  
saturation concentration of hydrogen in  NaK and 
the  hydrogen pressure  at  which precipitation w a s  
indicated to have begun were determined a t  300, 
330, and 40OoC. 

Pressure-hydrogen-uptake da ta  for t h e  severa l  
experiments a re  shown in Fig. 23.3, in which the  
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logarithm of hydrogen uptake of the  NaK is plotted 
v s  t h e  logarithm of pressure.  T h e  sloping l i nes ,  
which have  been given the arbitrary Sieverts s lope  
of ‘4, fit t h e  da t a  of t h e  respec t ive  experiments 
well. P o i n t s  for which t h e  g a s  was  entering t h e  
capsu le  a re  i n  most cases cons is ten t  with those  i n  
which g a s  was  removed, indicating tha t  an adequate  
approach to equilibrium had been achieved. T h e  
final uptake based  o n  chemical ana lys i s  is also 
indicated for four of t he  experiments i n  which such  
da ta  were available. 

In t h e  experiments a t  400, 330, and 3OO0C, 
precipitation occurred below 1 atm, and hydrogen 
uptake continued without appreciable pressure  
changes.  Vertical l i nes  for t h e s e  experiments 
charac te r ize  the  precipitation-decomposition pres- 
sure ,  and t h e  intersection with t h e  S iever t s  l i ne  
f ixes  the  va lue  of the  terminal solubility. 

In t h e  experiments a t  3OO0C, and to a l e s s e r  
extent at 33OoC, t h e  rate of equilibration was  very 
s low,  because  of t h e  lower hydrogen p res su res  and 
t h e  lower capsu le  permeabilities. Equilibration 
t imes  of more than  a week were required. In some 
poin ts  shown in  Fig. 23.3 it appears  certain tha t  

ORNL-DWG 65-2602 
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Fig.  23.3. Solubility of Hydrogen in  NaK-78 as a Function of Pressure at  Various Temperatures. 

. 



314 

equilibrium was  not attained, and t h e  points a r e  
useful only in showing that the equilibrium lies on 
a given s i d e  of t he  point. 

Values  of Sieverts’ coefficient,  terminal solu- 
bil i ty,  and precipitation-decomposition pressure  
a re  given for temperatures of 300, 330, and 4OO0C 
in Table  23.2. Values of Sieverts’ coefficient for 
temperatures of ,543,593, and 704OC are a l s o  given. 
I t  will b e  s e e n  tha t  only s l igh t  changes  occurred 
in Sieverts’ coefficient over the en t i re  range. 

The  precipitation-decomposition pressure  was  
compared with va lues  for the KH system and t h e  
NaH sys tem reported by Herold.6 T h e  variation 
with temperature exhibited on the usua l  plot of t h e  
logarithm of pressure  vs  the  inverse  of absolu te  
temperature is entirely parallel. Values  for NaK-78 
were higher than those  for potassium or sodium 
respectively.  For example, a t  4OO0C, we observed 
a value of 517 mm for hydride precipitation from 
NaK, while for KH, a value of 327 mm and for 
NaH a value  of 395 mm is obtained from Herold’s 
data. Since e a c h  of t he  consti tuent metals  in 
NaK-78 is necessar i ly  at a mole fraction less than 
1, the principle of m a s s  action requires tha t  a 
higher hydride precipitation pressure  should b e  
anticipated.  

Values  for t he  terminal solubili ty of hydrogen in 
NaK-78 have  been  comparedle  with da ta7*’  for 

6A. 

7V. 

Herold, “Contribution a L’Etude d e s  Hydrures 
Alkalins,” Ann. Chim. (Par is)  6, 536-81 (1951). 

M. Sinclair, R. A. H. Pool, and A. E. Ross, 
“Impurities i n  a Liquid Metal Coolant and Their Effect  
on the  F u e l  Element Canning Materials Niobium and 
Vanadium,” Nucl. Reactor Chem., 2 d  Conf., Gatlinburg, 
Tenn., Oct. 10-12, 1961, TID-7622, pp. 35-56. 

‘A. Thorley and C. Tyzack, “The Embrittlement of 
Niobium by Hydrogen-Contaminated NaK,” Thermodyn. 
Nucl. Mater., Proc. Symp., Vienna, 1962, pp. 365-97. 

NaK-30, reported i n  connection with the Br i t i sh  
Dounreay Reactor  Project,  and are reasonably 
cons is ten t  with i t .  Data for t he  single-metal  
system H-Na, reported by Williams et af.,’ how- 
ever,  are in disagreement,  particularly with regard 
to  the  temperature coefficient,  which they find to 
be  much higher. For  example, they report a 
terminal solubili ty of approximately 0.2 s td  c m 3  of 
H, per gram of Na at 3OO0C and 7 s t d  c m 3  of H, 
per gram of Na at 400OC. Thus  i n  the range 300 to 
4OO0C they report a thirty-five-fold variation in 
solubili ty,  whereas  we find (Table  23.2) about a 
sixfold variation. It is doubtful tha t  the  NaK 
sys tem is actually so different from the  pure sodium 
system. It  is des i rab le  that the  indicated dif- 
fe rences  be  resolved. Prac t ica l  a s p e c t s  of t h i s  
discrepancy a re  important, with respec t  to esti- 
mating the  possibil i ty of hydrogen precipitation a t  
lower temperatures, e i ther  i n  undesired loca t ions  
or a s  desired i n  cold traps. 

Phase  Equi l ibr ia  in the H - N o - K - L i  System. - 
Consideration of the relatively low decomposition 
pressures  reported’ for lithium hydride sugges ted  
tha t  addition of moderate quant i t ies  of t h i s  
subs t ance  to  NaK sys t ems  might b e  capable  of 
appreciably lowering the activity of d i sso lved  
hydrogen by preferentially combining with it and 
possibly precipitating i t .  

In examining t h i s  possibil i ty,  i t  is des i rab le  t o  
s tudy  t h e  hydrogen uptake a s  a function of pres- 
sure,  lithium concentration, and temperature. Ex- 
periments a t  constant temperature descr ibed below 

‘D. D. Williams, J. A. Grand, and R. R.  M i l l e r ,  “The 
Solubility of Sodium Hydride in Sodium.” J. Phys. 
Chem. 61, 379-81 (1957). 
‘OF. K. Heumann and 0. N. Salmon, The Lithium 

Hydride, Deuteride, and  Tritide Systems. KAPL-1667 
(Dec. 1, 1956). 

Table  23.2. Hydrogen Solubil i ty Characteristics of NoK-78 

Temperature, OC 3 00 330 400 543 593 704 

Precipitation-decomposition pressure, mm Hg 13 46 52 0 

Terminal solubility, s t d  c m 3  H,/g NaK 0.42 0.76 2.6 

Sieverts ’ c oe f f icient, 

3.2 3.1 3.1 2.6 2.3 2.3 
s t d  cm3 H,/g NaK 

(Patrn) ’ 

. 
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permit consideration of t h e  way i n  which lithium 
af fec ts  t he  activity of hydrogen i n  NaK solution, 
and sugges t  some generalizations regarding the  
chemistry of hydrogen in  l iquid a lka l i  metal 
mixtures. 

Experiments were conducted a t  llOO°F, deter- 
mining the  hydrogen solubili ty relationships for 
NaK containing different quant i t ies  of lithium 
(approximately 4.4, 2.2, and 1.2 at. % Li in NaK 
respectively). T h e s e  experiments were conducted 
in the fashion similar to those  used  in determining 
the  phase  equilibria i n  the  H-Na-K system. 

Data from t h e s e  experiments have  been brought 
t o  a se l f -cons is ten t  b a s i s  by a s imple  mass-  
ac t ion  model. According to  t h i s  model, hydrogen 
d isso lv ing  in  the  NaK solution combined to some 
extent with t h e  lithium, forming a n  undissociated 
lithium hydride molecule. T h e  concentration of 
hydrogen and lithium bound in th i s  way, and the  
free or  unbound concentrations of each ,  could b e  
determined by s imple  stoichiometry for each  g a s  
addition by us ing  t h e  Sieverts solubili ty coefficient 
for NaK, obtained from the  d a t a  reported above. 
T h e  total  undissociated LiH included both d is -  
so lved  and precipitated material. 

It w a s  thus  poss ib le  to ca lcu la te  3 free-atom 
product (similar to a solubili ty product) which 
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should b e  independent of t he  total  undissociated 
LiH as long  as precipitated LiH w a s  present. 
When no  precipitate was  present,  however, t he  
free-atom product should b e  proportional to the  
to ta l  undissoc ia ted  LiH. 

The  da ta  from t h e  three lithium experiments a r e  
shown in Fig. 23.4, i n  which the  logarithm of the  
free-atom product is plotted aga ins t  t he  logarithm 
of the  to ta l  LiH. T h e  behavior anticipated o n  the  
b a s i s  of the above model is indeed exhibited. 

Furthermore, t h e  stoichiometric calculations 
ind ica te  that in t h e  solution containing 1 at. % 
lithium, 20% of t h e  d isso lved  hydrogen ex is ted  as 
undissociated L iH molecules. 

T h e s e  findings ind ica te  tha t  lithium d o e s  indeed  
a c t  t o  l imit  the  hydrogen activity,  partially by 
competing with the  other a lka l i  metals of the 
mixture for t he  hydrogen, but largely by means of 
the  precipitation of lithium hydride as its so lu -  
bility l imi t s  a r e  exceeded. 

Experiments to determine the effect  of tempera- 
ture on t h e s e  phenomena are  in  progress. 

Discussion.  - The  form in  which the  hydrogen 
d isso lved  in liquid alkali  meta ls  e x i s t s  is not 
identified i n  the  ava i lab le  literature. Ultimate 
precipitation as the a lka l i  metal hydride sugges t s  
that  hydride i o n s  or undissociated molecules could 

ORNL-DWG 65-4286 
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TOTAL UNDISSOCIATED LiH IN PRECIPITATE AND IN SOLUTION (9-moles/kg of NaK) 

Fig. 23.4. Solubil i ty Relationships at  1 100°F in the H-Li-No-K System. 
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b e  involved. The  fact tha t  the solubili ty is 
proportional t o  the  square  root of the  pressure  
implies that t he  hydrogen could e x i s t  a s  free 
atoms, a s  d i sso lved  undissociated metal hydride, 
or perhaps other monohydrogen forms. However, 
t he  ex i s t ence  of a negatively charged hydride ion 
in  significant quant i t ies  would require equal  
quant i t ies  of posit ive metal ions, and would 
appear  to  require that the solubili ty b e  proportional 
t o  the  fourth root of hydrogen pressure,  in 
contradiction of the  ev idence  of Fig. 23.3. 

In the  1 mole % lithium so lu t iondiscussed  above, 
i n  the absence  of precipitation a relatively cons tan t  
proportion of about 20% of the  d isso lved  hydrogen 
was  indicated as being in the  form of undis- 
soc ia ted  lithium hydride. I t  seems strongly implied 
that the  remaining hydrogen similarly e x i s t s  sub- 
s tan t ia l ly  in  the form of undissoc ia ted  hydrides of 
sodium and potassium. T h e  proportions of t h e s e  
would b e  cons tan t  for a fixed metal ratio a t  a 
given temperature. Sieverts’  coef f ic ien ts  reported 
in Table  23.2 for the NaK-78 are thus  character-  
istics of tha t  particular mixture, Resolut ion of the  
solubility phenomena in terms of the  properties of 
t h e  component e lements  will require da ta  from 
liquid-metal mixtures of suitably altered compo- 
s i t ions .  

It is sugges ted  that,  in liquid a lka l i  metal 
mixtures, dissolved hydrogen e x i s t s  in the  
form of largely undissociated metal hydride 
molecules, with the  different meta ls  combining 
with different proportions of hydrogen dependent  on 
their  proportions and their  affinity for hydrogen. 

SPACE MATERIALS PROPERTIES 
INFORMATION CENTER 

R. L. Bennett C. H. Secoy 

ORNL h a s  agreed to provide personnel and 
se rv ices  to es tab l i sh  da t a  for t he  Sandia Corpora- 
tion on t h e  physical and chemical  properties 

pertinent to  the  operational sa fe ty  of aerospace  
nuclear sys tems.  The  Sandia Corporation, which is 
responsible for the  development of sa fe ty  des ign  
and ana lyses  for t he  SNAP Program, h a s  se lec ted  
properties and materials which a re  to  be  descr ibed 
in handbook form. T h e  properties being investi-  
gated by personnel from Reactor  Chemistry, 
Reactor, Metals and Ceramics, and Iso topes  
Divisions a r e  l i s t ed  in Table  23.3. Reactor  
Chemistry Division is primarily responsible for the  
chemical  and thermodynamic (equilibrium) proper- 
t ies.  Certain a s p e c t s  of t he  project a r e  c lass i f ied .  

T h e  objec t ive  of the  ORNL project is t o  (1) 
collect ava i lab le  information and da ta  on  the  
thermophysical, e lec t r ica l ,  mechanical, and chemi- 
cal properties of power source  and capsu le  con- 
tainer materials;  (2) cri t ically eva lua te  and esti- 
mate l imits of confidence of t he  data;  (3) eva lua te  
the  capabi l i t i es  of ORNL and other organizations 
t o  obtain any particular da ta ;  and (4) forecas t  da ta  
which may b e  forthcoming for current or projected 
programs of other organizations.  

T h e  work is be ing  done by l i terature search ,  
contac t  with other organizations,  and other 
appropriate means. 

Preliminary da ta  s h e e t s  have  been prepared and 
are being s e n t  to Sandia as the da t a  are collected.  
T h e s e  preliminary co l lec t ions  will be  evaluated 
and are sub jec t  to  correction. Emphasis  is placed 
on t h e  experimenter and experimental procedure in 
trying t o  eva lua te  the resu l t s  and probable errors.  
Theoretical  considerations a re  used ,  when poss ib le ,  
to  es tab l i sh  trends and magnitudes in the  experi-  
mental data. When adequate  theoretical  grounds 
a re  available,  t h e s e  will b e  used  to  predict 
property va lues  where no experimental da t a  ex is t .  

In order to  avoid duplication and encourage 
cooperation with other data-collecting groups, t h i s  
program h a s  been registered with the  ORNL 
Coordinator of Information Centers  and h a s  been 
ass igned  the t i t l e  “Space Materials Proper t ies  
Information Center.” A c c e s s  to t h e  information of 
the  Center  is restricted t o  persons  or organizations 
approved by t h e  Sandia Corporation. 

’ 
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Table  23.3. Space Materials Properties for Sandia Program 

A. Composition 

1. Isotopic content 
2. 

3. Decay scheme 
4. Impurities and effects 

Chemical composition and phase diagram 

B. Thermophysical properties 

1. 
2.  
3. 
4. 
5. 
6 .  
7. 
a. 
9. 
10. 
11. 
12. 

Density 
Thermal expansion; volumetric changes due to  changes of phase 
Specific heat and enthalpy 
Temperatures of phase change (see a l so  A.2) 

Latent heats  of phase change 
Vapor pressure 
Therma 1 conductivity 
Thermal diffusivity 
Viscosity 
Surface tension 
Total  hemispherical emittance 
Spectral emissivity 

C. Electr ical  properties 

1. 
2. Thermoelectric properties 

Electr ical  resistivity, temperature coefficient of resistivity 

D. Mechanical properties 

1. 
2. Hardness 
3. 
4. 
5. Creep behavior 
6 .  Elongation, brittle-to-ductile transition temperature 

Crystallography (see  a l so  A.2 and B.3) 

Ultimate strength, tensi le  yield strength, tensi le  compressive strength 
Poisson’s ratio, Young’s modulus, shear  modulus, bulk modulus 

E. Chemical properties 

1. 
2. 
3. 

Solubilities (water, seawater, liquid metals, other) 
Standard free energies, entropies, enthalpies 
Chemical reactions and reaction rates  (oxygen, nitrogen, water, steam, hydrogen, 

liquid metals, other) 
4. Diffusion rates  
5. Compatibility 



24. Effect of Radiation 

W. W. Parkinson 

EFFECT OF RADIATION ON POLYSTYRENE 

R. M. Keyser R. A. Weeks' 

Earlier work demonstrated tha t  fast neutrons, 
which have a l inear energy transfer (LET) rate 
of -3 ev/A, were more efficient in producing c r o s s  
l inks  in polystyrene than gamma radiation (LET 
* 0.02 ev/A). 2 * 3  For  neutrons the  yield is G(c1) = 

0.096 c r o s s  l ink  per 100 ev ,  and for ,OCo gamma 
radiation, G(c1) = 0.034. T h e  ratio of molecular 
s c i s s ion  to formation of c r o s s  l inks  is 0.28 in both 
cases. T h e  y ie lds  of vola t i le  decomposition 
products (H2, C,H,, and  CH,) show an  even 
greater dependence on  LET. T h i s  dependence of 
yield on LET can  show the  relative importance 
of first-order and higher-order reactions.  

In the  present  study we have attempted to de- 
termine whether the  LET ef fec ts  i n  final products 
result  from a radical p rocess  or from reactions of 
precursors of t h e  radicals. T h e  concentrations of 
long-lived ' f r ee  rad ica ls  were measured approxi- 
mately by e lec t ron  s p i n  resonance  (ESR). The 
techniques for exposure of evacuated  polystyrene 
samples  to t h e  mixed neutron-gamma field of the  
ORNL Graphite Reac tor  and  to ,OCo gamma radia- 
tion have  been previously described. '. Sample 
temperatures during irradiation were about 25OC 
in both cases, so tha t  only f ree  rad ica ls  s t a b l e  
at these temperatures were observed. After re- 
moval from t h e  radiation source,  t he  samples  were 
maintained a t  - 196OC to prevent radical decay ,  
and the  ESR measurements were also made a t  t h i s  
temperature. 

'Solid State Division. 
'W. W. Parkinson e t  al . ,  J .  Phys .  Chem. 69, 828 

3R. M. Keyser  e t  al . ,  Reactor Chem. Div. Ann. Progr. 

(1965). 

Rept. Jan. 3 1 ,  1963, ORNL-3591, p. 224. 

on Organic 

0. Sisman 

Materials 

T h e  spectrum shown in  Fig. 24.1, i n  which the  
f i r s t  der iva t ive  of the resonance curve is plotted 
aga ins t  magnetic field strength,  w a s  charac te r i s t ic  
of all t h e  gamma-irradiated specimens.  T h e  spec -  
trum c o n s i s t s  of two s e t s  of peaks,  l abe led  A and 
B,  in the  cent ra l  portion of the  curve  with separa-  
t ions  of 19 and  40 g a u s s  respectively.  Both sets 
of peaks  a re  about equal  i n  intensity.  A third set 
of peaks,  l abe led  C and of much lower intensity,  
is evident  i n  the  outer  regions of the  curve. The  
separa t ion  of t h i s  s e t  is 113 gauss.  The  spec t ra  
of the  reactor-irradiated samples  cons i s t ed  of 
a similar distribution of peaks ,  but the  in tens i ty  
of t h e  A peaks  w a s  s l igh t ly  greater than that of 
the  B peaks.  

It w a s  not poss ib l e  to a s s ign  the  observed spec -  
trum to a definite radical s p e c i e s  because  of the 
unresolved nature of the  peaks.  However, Florin 
et al.4*5 have concluded from an  ESR study of 
f ree  rad ica ls  in irradiated normal and deuterated 
polystyrenes tha t  t he  spectrum resu l t s  from a 
cyclohexadienyl-type radical. Florin 's  spec t r a  
cons i s t  of two s e t s  of peaks  having relative inten- 
sities and separa t ions  similar to those  of A and C 
in Fig. 24.1. The main difference between Florin 's  
spec t ra  and ou r s  is the  occurrence of the  B peaks ,  
ind ica t ing  tha t  our  spec t r a  may a r i s e  from two 
radical spec ie s ,  one  poss ib ly  being the  cyclo- 
hexadienyl-type radical. 

T h e  concentration of f ree  rad ica ls  was  deter-  
mined by a comparison technique in  which the  a rea  
under the  resonance  curve  of the  sample  is com- 
pared with the  a rea  of a s tandard  containing a 
known number of unpaired sp ins .  T h e  standard 

4R. E. Florin, L. A. Wall, and D. W. Brown, Trans. 
Faraday S O C .  56. 1305 (1960). 

'R. E. Florin, L. A. Wall, and D. W. Brown, J .  Polymer 
Sci. A l ,  1521 (1963). 
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A 

k t 9  gauss 

k- 40 gauss -4 
r-ff3 gauss -1 

Fig.  24.1. Typ ica l  Electron Spin Resonance Spectrum of Gamma-Irradiated Polystyrene. 

cons is ted  of  C r 3 +  ions  in  a s ingle  crystal  of 
Mg0.6 The  number of C r 3 +  ions in the crystal ,  
measured by neutron activation techniques, was 
(4 5 2) x 10". Areas were determined by double 
integration of sample and standard spectra,  us ing  
numerical methods.8 

Free-radical concentration as a function of d o s e  
is plotted in Fig. 24.2 for three series of irradia- 
tions. Curve A shows radical yields from fast- 
neutron bombardment (solid tr iangles) and from 
6oCo gamma irradiation (open triangles). The  fas t -  
neutron y ie lds  were determined from the observed 
reactor y ie lds  by subt rac t ing  the contribution from 
the  gamma component of the reactor field. It i s  
apparent that  the  y ie lds  of radicals for both gamma 
and fast-neutron irradiation are the same  within 
+lo%, at l e a s t  in the d o s e  range (1-3) x IO2' 

Curves C and D are radical y ie lds  from spec i -  
mens subjec ted  to  6oCo radiation. In the low- 
dose  region the s l o p e  of curve C is similar to that 

ev/g. 

6R. A. Weeks and T. Purcell, to be published in the 
Journal of Chemical Phys ics .  

7Analysis performed by the Neutron Activation Analy- 
sis Group. 

'A double integration is required, s ince  i t  is the 
first derivative of the resonance curve that is recorded. 

of A ,  whereas  that of D is somewhat greater. 
Curve C a l s o  shows  that free-radical concentration 
is not a l inear  function of d o s e  above 8 x 10'' 
ev/g  and tha t  i t  eventually reaches  a limiting 
concentration where further increase  in radiation 
dose  resu l t s  in no increase  in radical concentration. 

The  va lues  of  G (radicals), calculated from the  
s lopes  of t he  l i nes  in the d o s e  range (1-7) x 10'' 

ORNL-DWG 65-2604 

A FAST NEUTRONS (SERIES A) 
A GAMMA RADIATION (SERIES A) 
0 GAMMA RADIATION (SERIES C )  
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F ig .  24.2. F,ree Radical  Concentration in Irradiated 

Polystyrene. 
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e v / g  a r e  0.086, 0.10, and  0.16 rad ica ls  per 100 e v  
for s e r i e s  A,  C, and D respectively.  T h e  dif- 
fe rences  in  t h e  G values  a re  ascr ibed  to different 
pos i t ions  of t h e  s tandard  in  the  cavity of the  
spectrometer s u c h  tha t  t h e  standard is in  a micro- 
wave field of s l igh t ly  different intensity for each  
of the  three s e r i e s  of experiments. Differences 
in the  in tens i ty  of the  microwave field s e e n  by the  
standard will  appear as differences in  a rea  under 
the  resonance  peak and ultimately in  the  radical 
concentrations.  T h e s e  difficult ies do not, how- 
ever, vit iate t he  conclusion that G (radicals) is 
the  same  for both fast-neutron and gamma irradia- 
tion, because  the  s tandard  is not  moved during 
any given se r i e s .  A further difficulty in  obtain- 
i ng  an  absolu te  measure of G (radicals) is the fact 
that t h e  number of  sp ins  in the  standard is known 
only to about 50%. T h e  bes t  es t imate  then for G 
(radicals) is 0.12 * 0.08. 

T h e  equivalence of t he  radical yield for both 
fast-neutron and  gamma radiation is surprising in  
view of t h e  cons iderable  differences found ear l ie r  
for cross-linking, s c i s s ion ,  and low-molecular- 
weight decomposition products. If t hese  LET 
ef fec ts  were t h e  resu l t  of second-order radical 
recombination reac t ions ,  more rad ica ls  would be  
expected to recombine in  the  overlapping spur s  
produced by f a s t  neutrons than  in  the  i so la ted  
spurs  from gamma photons. Thus,  the  constancy 
of t h e  radical y ie lds  at different LET values  
ind ica tes  that  t h e  rad ica ls  observed a r e  not the  
major intermediates involved in  the production of 
c r o s s  l i nks  and volati le products. S ince  the  con- 
centration of rad ica ls  reaches  a s t eady  s t a t e  a t  
a relatively moderate d o s e  of gamma radiation 
(Fig. 24.2, curve  C), a comparison of the  l imiting 
va lue  for gamma radiation with that for neutron 
bombardment would b e  another way of comparing 
LET effects.  T h i s  h a s  not ye t  been done. 

' CHEMONUCLEAR STUDIES 

Radiation-InduLed React ions of Hydrocarbons 

W. W. Parkinson R. M. Keyser  
W. K. Kirkland 

A b a s i c  program h a s  been init iated to study the 
radiation-induced reac t ions  of hydrocarbons simu- 
la t ing  two processes :  t he  hydrogenation of coa l  
and the  introduction of nitrogen into hydrocarbons, 

T h e s e  s tud ie s  will  b e  s t a r t ed  us ing  gamma radia- 
tion from a 6 0 ~ o  source.  L inear  energy transfer 
effects, us ing  heavy-particle radiation and fis- 
s ion  fragments, will  follow. 

For  t h e  hydrogenation s t u d i e s  we will  s t a r t  
with a n  investigation of the  radiolysis of so lu t ions  
of naphthalene in  hexane. Apparatus is be ing  
assembled for handling samples  and for vapor 
chromatographic ana lys i s  of hydrogen and l igh t  
hydrocarbon products. T h e  ex ten t  of alkylation 
of t h e  naphthalene will  b e  measured by infrared 
spec t r a  of CC14 and CS, so lu t ions  of the  nonvola- 
tile fraction of t he  irradiated mixtures. Chromato- 
graphic methods will b e  required for identification 
of individual products. T h e  reac t ions  to b e  ex- 
pec ted  a r e  numerous, but the  predominant reac t ions  
should  b e  those  shown in Fig. 24.3. 

T h e  ammonia-hydrocarbon system is another one  
in  which radiation-induced reactions have been 
l i t t l e  studied. S ince  irradiation of aqueous hydro- 
carbon mixtures h a s  resu l ted  in the formation of 
a lcohols  and o ther  oxygenated products, one 
might expect,  i n  view of t h e  similari ty between 
many of the  properties of ammonia and water, 
t ha t  amines may b e  formed when hydrocarbons 
a re  irradiated in  the presence  of ammonia. 

The  hydrocarbons chosen  for t he  init ial  experi-  
ments a r e  hexane, 1-hexene, and benzene. Appara- 
t u s  h a s  been constructed for ammonia purification 
and sample  preparation. Amine rad io lys i s  products 
will b e  sepa ra t ed  from the  irradiated mixture by 
extraction with d i lu te  ac id  followed by neutraliza- 
t ion and a second  extraction, us ing  an organic 
phase.  Product identification and determination 
of yield will  b e  accomplished by us ing  infrared 
spectrometry and  vapor p h a s e  chromatography of 
t h e  ex t rac ted  material. Chromatography will  also 
b e  employed to study t h e  e f f ec t  o f  ammonia on the  
y ie lds  of hydrogen and l igh t  hydrocarbons from 
the  parent hydrocarbon. 

Radiat ion Flux Measurements i n  the 
Gamma-Irradiation F a c i l i t y  

R. M. Keyser  W. K. Kirkland 

An irradiation facil i ty h a s  been constructed 
with adequate  s p a c e  for t he  irradiation of spec i -  
mens undergoing mechanical t e s t ing  over a range 

'W. T. Spinks and R. J. Woods, A n  Introduction to 
Radiation Chemistry, pp. 299-300, Wiley, New York, 
1964. 
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Fig. 24.3. Radiolysis Reactions of Hexane and Naphthalene. 

of temperatures. T h e  facil i ty comprises a shielded 
compartment 7 x 10 x 7 f t  high with a 6oCo source  
which c a n  b e  retracted into the  floor for s torage  
or  for manipulation of specimens.  T h e  source  
assembly is a ver t ica l  cylinder 11'5 in. high with 
a n  in s ide  diameter of 12 in. when contracted and 
3% in. when expanded. The upper 7% in. of t he  
source  assembly conta ins  cobalt  pe l l e t s  (18,900 
cur ies  were loaded) in  double-walled capsules.  

T h e  gamma-radiation intensity in  and around the  
source  was  measured so  tha t  d o s e s  to specimens 
may b e  ca lcu la ted .  We used  the  conventional 
cer ic  su l f a t e  procedure, i n  which the reduction of 

C e 4 +  is followed spectrometrically. Three 
solutions,  4 x 4 x and 4 x M in 
C e 4 +  ion and 0.4 M in  H2S0, ,  were prepared to 

cover  the  d o s e  range 10l6 to 10'' ev/g. The 
cerous  ion yield for the  three so lu t ions  was de-  
termined by measuring the dec rease  of Ce4+ con- 
centration i n  a 6oCo gamma source  in  which the  
d o s e  r a t e  had been accurately es tab l i shed  by 
means of the  Fr icke  dosimeter. Irradiations were 
made i n  Pyrex  weighing bottles; exposure t imes  

. 

~ 

'OS. I. Taimuty, L. H. Towle, and D. L. Peterson, 
Nucleonics 17(8), 103 (1959). 
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were chosen  such  that 20 to 80% of the C e 4 +  was  
reduced. Even though a i r  cooling was  employed 
during t h e  irradiations in the calibrating source ,  
the  temperature rose  gradually to a s teady  s t a t e  
of 34OC over a period of 4 5  min. The  exposure 
times of the more concentrated solutions were 
long  enough for t h e  yield to b e  reduced by the 
elevated temperature, and  the variation of G(Ce 3 
with temperature reported by Taimuty e t  al. was  
applied to convert  all r e su l t s  to y ie lds  a t  27OC. 
T h e  observed yield was  G ( C e 3 3  = 2.45 5 0.03. 

Radiation intensity profiles were measured both 
ins ide  and ou t s ide  the source  assembly and with 
the  source  in the contracted and the expanded 
condition. T h e  profile a long the vertical l ine  
through the  center  of t h e  source  assembly ‘(con- 
tracted) is shown in Fig. 24.4. Within this cylinder, 
very high and uniform (+2.5%) d o s e s  are ava i lab le  
over  a d i s t ance  of 8+ cm. Radiation in tens i t ies  
ava i lab le  outs ide  the  source  are typified by Fig. 
24.5, which shows those  ava i lab le  in the horizon- 
t a l  cen te r  plane of the  source  along a l ine  due 
north f r o m  the center;  in tens i t ies  ca lcu la ted  from 
the reciprocal-square law and a point source  are 
also shown in th i s  figure. The  intensity distribu- 
tion along the  south  bearing was found to dupl ica te  
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Fig.  24.4. Radiation Dose Rate Along Vertical Center 

L i n e  of Source (Contracted Configuration). 

the north distribution within experimental error, 
but t he  distribution in t h e  e a s t  and wes t  directions 
was  s l igh t ly  lower and followed the  reciprocal- 
square  law more c lose ly .  

With the source  in the  expanded configuration 
the  intensity distribution was  found to be  less 
uniform, and the  distribution outs ide  the source  
deviated more from the  inverse-square law for a 
point source.  In the  center  of the  source  the 
dose  r a t e  was  found to be  uniform within +2.5% 
over  a ver t ica l  d i s t ance  of only 5.3 c m ,  compared 
with a uniform region of 8.2 c m  in the contracted 
configuration. 

T h e s e  measurements of the radiation intensity 
in and around the source  assembly are now con- 
sidered sufficient to enable  the doses  to irradiated 
specimens to b e  ca lcu la ted  and to permit planning 
of exposure periods for various types of specimens.  

2 

10’6 

ORNL-DWG 65-2607 

1 2 5 to 20 50 100 

DISTANCE NORTH OF CENTER (in.) 

Fig. 24.5. Rodiation Dose Rate  Along North Bearing 

Outside Source (Contracted Configuration). 



25. Preparation 

PREPARATION OF SINGLE-CRYSTAL LITHIUM 
FLUORIDE 

R. E. Thoma 

G. D. Brunton 
H. L. Hemphill 

R. G. R o s s  
A. J. Singh'  

Standardized techniques for preparing lithium 
fluoride s ingle  c rys t a l s  by a modified Stockbarger 
method developed a t  ORNL' were employed for 
growing three  large (approximately 350 g each)  
s ing le  c rys t a l s  of LiF. T h e  i so topic  compositions 
of t h e s e  c rys t a l s  were 50.77, 79.24, and  87.60 
at.  '% 7LiF. T h e  ORNL-produced c rys t a l s  were all  
made ava i lab le  for u s e  a t  the  Materials Sc ience  
Center of Cornell  University as  part  of a n  AEC 
Pure  Materials Program. At Cornell, t he  c rys ta l s  
were first  c leaved  to obtain fresh specimens of t he  
des i red  dimensions. Then low-temperature thermal 
conductivity was  measured for each  specimen, and 
the e f fec t  of isotopic composition upon phonon 
sca t te r ing  w a s  inferred from the  resu l t s  of t hese  
measurements. 

By refinement of t he  de ta i l s  of our previously 
published procedures' and improvements i n  han- 
dling techniques,  c rys ta l s  were produced th i s  year  
for which activation ana lys i s  indicated that t h e  
metall ic impurity concentration did not exceed 30 
ppb. T h e  last c rys ta l  (87.60 7LiF) was  vacuum 
annealed throughout t h e  usua l  10-day cooling and 
annea l ing  period t o  minimize the possibil i ty that  
minor contaminants in the  helium cover blanket 
atmosphere, usually used  to protect t he  c rys t a l  
during t h i s  s tep ,  would diffuse into the  crystal .  
All subsequent  handling s t e p s  were performed in  

'International Atomic Energy Agency Fellow from 
Atomic Energy Establishment, Trombay, Bombay, India. 

'C. F. Weaver et  al . ,  The Production of L i F  Single 
Crystals with Selected Isotopic Ratios of Lithium, 
ORNL-3341 (March 1964). 

of Pure Materials 

vacuum or inert  atmosphere so  that thermal con- 
ductivity measurements at Cornell could b e  made 
with the  a s su rance  that atmospheric contamination 

Several  theor ies  concerning phonon sca t t e r ing  i n  
LiF c rys t a l s  a r e  currently being developed. All 
a r e  ten ta t ive  and  subjec t  t o  modification as in- 
c r eas ing  numbers of experimental thermal conduc- 
tivity da ta  a r e  obtained. The  maximum values  of 
thermal conductivity of LiF of various i so topic  

' had not previously occurred. 
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contents  expected by a current theory being de- 
veloped by J. A. Krumhansl of Cornel1 University 
are shown in the  banded region of Fig. 25.1. The  
maximum values  of the thermal conductivity of LiF 
crys ta l s  ORNL-4 to  ORNL-9, measured3 a t  the  
Cornell Materials Science Center, a r e  a l s o  shown 
in Fig. 25.1. I t  is strikingly evident from these  
data tha t  the  thermal conductivity is extremely 
sens i t i ve  to minor variations in isotopic composi- 
tion and purity a t  high ’LiF concentrations.  The  
high thermal conductivit ies of the ORNL crys ta l s  
produced th i s  year a l s o  reflect the  utility of con- 
t inual refinement of experimental methods for pro- 
ducing high-purity crystals.  

PURIFICATION OF LiF BY VACUUM 
SU B L IMA TI ON 

A. J. Singh R. G. R o s s  R. E .  Thoma 

In their attempts t o  grow LiF s ing le  c rys t a l s  a t  
torr, Weaver and co-workers, found 

tha t  the  m e l t  dist i l led and condensed as a poly- 
c rys ta l l ine  mass a t  t he  top of the  capsule.  Even 
a t  much higher pressures,  LiF tended to  vaporize 
in thermal gradients to  depos i t  a s  c rys ta l s  of LiF 
a t  sur faces  where the temperature was  s l igh t ly  
below the  melting point of LiF (848OC). T o  ex- 
amine fractional dist i l lat ion as a means of obtain- 
ing extremely pure L i F ,  w e  s tudied  the  high- 
temperature disti l lat ion of L i F  doped with NaF,  
CaF, ,  MgF,, and MnF,. Under the  experimental 
conditions used ,4  more than 95% of the  LiF charge 
was  transferred t o  the  cold region of t he  apparatus 
(Fig. 25.2). Distribution of impurity ions  in the  
LiF condensate  is shown by the  ana lyses  l i s ted  in 

and 

3R. 0. Pohl  and P. D. Thacher, unpublished work, 
1964. 

4Experimental detai ls  of these experiments are  in- 
cluded in the paper “Vacuum Distillation of LiF,*’ by 
A. J. Singh, R. G. Ross, and R. E. Thoma, J .  Appf. 
Phys.  (in press). 

Table  25.1. T h e s e  resu l t s  show, as expected, tha t  
the contaminants in the  deposited LiF dec rease  
with decreas ing  vapor pressure. Prac t ica l ly  all of 
the  C a F ,  and most of t he  MgF, were found in the 
residue. 

Table  25.1. Spectrographic Analysis of  

LiF Depositsa 

Concentration of Impurity (ppm) Sample 
Posi t ionb Na Ca Mg Mn 

1 
2 

4 
5 

6 

7 
9 
10 
1 l e  

12‘ 

1 

2 

3 

4 

5 
6 

7 
8 

9 

10  
I l e  
12‘ 

Experiment 1 ’ 
d d 

d d 

d d 

d d 

d d 

d d 

d d 

d 53 0 

-200,000 -90.000 

92 0 460 

580 

100 

3 00 
100 

d 

d 

d 

d 

2 00 

960 

Experiment 2 

540 d d 1700 

2 00 d d 710 

d d d d 

d d d 350 

d d d d 

d d d d 

d d d d 

d d d d 

d d d d 

210 d d d ’ .  

Sample insufficient for ana lys i s  
450 42 0 220 420 

eA rapid photoelectric analysis  technique was  em- 
ployed. Detection limits (in ppm) were: Na, 20; Ca, 50; 
Mg, 50; and Mn, 50. 

bAs marked in Fig. 25.1. 

‘Starting material not doped with NaF. 

dNot detected. 

eResidue. 
‘Starting material. 



325 

ORNL-DWG 64-3537fi 

3 2 1  

4 

5 

6 

7 

8 

9 

10 

THERMOCOUPLE WELL 1 
TO VACUUM 

GAUGE 

4490c 

5440c 

621'C 

6900c 

754°C 

815°C 

864°C 

8910c 

921°C 

9460c 

964°C 

974% 

9820c 

987DC 

9940c 

TEMPERATURE PROFILE 
OF THE LINER AND 
SAMPLE POSITIONS 

WATER -0 

COOLING 
WATER 

1 

COOLING 
WATER z- 

II R 1 NEOPRENE O-RING 

-COLD FINGER 

-in.-OD NICKEL LINER 

ICKEL VESSEL 

,005-in. NICKEL FOIL 

OWER FURNACE 

Fig. 25.2. Schematic Drawing of Apparatus for Vacuum Dist i l la t ion of L i F  and Temperature Profile. 



326 

PURIFICATION OF L i F  BY ZONE REFINING terial .  New methods of purification must, there- 
fore, be developed i f  significant improvement in  
the purity of t he  material is to  be attained. 

Spectroscopic ana lyses  of L i F  s ingle  c rys t a l s  
reveal that  a s  LiF is grown by the Stockbarger 
method, ca t ion ic  impurities such  as Na', Ca2', 
Mg", and Mn2' accumulate  in tha t  region of the  
c rys ta l  which f reezes  last . ,  In an  effort t o  in- 
ves t iga te  the  uti l i ty of such  methods, we conducted 
zone-melting experiments with commercial L i F  
doped with NaF, CaF, ,  MgF,, and MnF,. Proce-  
dures and experimental de t a i l s  a r e  given else- 

A. J. Singh R. G. Ross R.  E. Thoma 

The  extreme sensit ivity of thermal conductivity 
of pure L i F  s ingle  c rys ta l s  to  i so topic  composi- 
tion and impurity leve l  is described in a previous 
sec t ion  of th i s  report. The  inequal i t ies  between 
measured and theoretically expected va lues  for 
the  low-temperature thermal conductivity of pure 
( l e s s  than 1 ppm metallic impurities) LiF a re  in- 
d ica t ive  of t h e  need for even higher purity ma- 

l 
Table  25.2. Spectrographic Analysis of Horizontal Zone-Refined LiFa 

Sample Distance from Zone Entry (in.) Number of Traverse Rate  Charge 
Zone P a s s e s  (cm/hr) Material 0 1 4 7 10 11 12 

N O +  Concentration (ppm) 

1 540 30 60 480 640 880 4700 8,800 
1 510 b b 20 b 320 1600 1.800 
2 450 b b b b 100 550 23,000 
4 680 b b b b 420 3000 25,000 

1 800 b b b b 110 510 39,000 

1 

3 

3 

3 

12 

~ a 2 +  Concentration (ppm) 

700 b b b 

840 b b b 

450 300 320 328 
820 b b b 

1100 b b b 

1 
3 

3 

3 
12 

450 
b 

390 
b 
b 

360 
b 

380 

70  
b 

3100 

800 

440 

1600 
70 

4,500 

10,000 

630 

11,000 
32,000 

~ g 2 +  Concentration (ppm) 

460 310 310 360 
500 280 330 350 
450 300 320 328 

55Q 330 350 400 

1000 200 250 260 

1 

3 
3 

3 

12 

370% 

340 

390 
400 

350 

360 

42 0 
380 

520 

480 

4400 
440 

440 

550 

640 

3,300 

740 
630 

92 0 
1,600 

Mn2' Concentration (ppm) 

1000 90 160 500 
1100 b 65 60 

1070 240 b b 

910 b 100 60 
1000 b b b 

1 

3 

3 

3 

12 

850 

110 

160 

100 
b 

490 

240 

130 

540 

150 

1600 

740 

680 

1000 

270 

4,000 

7,800 

13,000 

6,900 

11,000 

aZone length, 3 cm; ingot length, 30.5 cm. 
b Not detected. Detection limits for Na, Ca, and Mn are  estimated to be 20, 50, and 50 ppm respectively. 
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. 

where.5 Resul t s  of f ive experiments in  which the Hamming's method. The following va lues  of k, 
molten zones  were pas sed  horizontally a long the the  distribution coefficient ( the ratio of the  con- 
charge a r e  given in Tab le  25.2. Figure 25.3 shows  centration of the  impurity in  the freezing sol id  to 
the distribution curves after 12 p a s s e s .  Resul t s  that  in  the liquid a t  equilibrium), were obtained: 
of the  horizontal  zone purification experiments a re  Ca2+, 0.1; Na', 0.1; Mg2', 0.7 to  0.8; Mn2', 0.2 
in good agreement with the  values  of the  distribu- to 0.3. The  lower k values  for Na' and C a 2 '  sug- 
tion coeff ic ients  computed by P fann6  using ges t  that  eff ic ient  removal of these  impurit ies from 

LiF by zone-melting techniques is possible  (see 
Fig.  25.4). 

J. Sin'&, R. G. Ross,  and R. E. Thoma, Zone 
Melting of Inorganic Fluorides, ORNL-3658 (in prepa- 
ration). size of ions of impurities c a n  be made from the 
6W. G.  Pfann, Zone Melting, Wifey, New York, 1958. 

An interesting correlation between k and the 

following data:  
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Cation 

CaZt 

Na 

MllZ+ 

Lit 

M g Z +  

t 

Size (A)  

0.99 

0.94 

0.80 

0.68 

0.67 

Difference (A)  Experimental k T h e s e  data  sugges t  tha t  the  greater the dispar i ty  
between the  size of an impurity cat ion and Li', 
the  smaller wil l  be the  distribution coefficient.  0.31 <0.1 

0.26 <0.1 An interest ing feature in ver t ical  zone melting 
0.12 of LiF may be the s ignif icant  role played by gravity 

and convect ional  factors in  bringing about  the 
segregat ion of Na', C a z + ,  Mg2+, and MnZ+ in L i F .  

0.01 0.7-0.8 The  resu l t s  in  Tab le  25.3 show that  whenever a 
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Table  25.3. Spectrographic Analysis of Vertical Zone-Melted LiFe 

Impurity Concentration (ppm) 

Zone P a s s e s  Direction Length (in.) Bottom of Ingot (in.) Na Ca Mg Mn 
No. of Zone Movement Ingot Sample Distance from 

1 Upward 19 

2 
1 

1 
1 

2 

Upward 
Downward 

Upward 
Downward 

Upward 

16 

11 

10 

eZone length, 3.5 cm; traverse rate, 1 cm/hr. 
bStarting material. 
'Not detected. 

downward p a s s  was  made, accumulation of irn- 
purit ies at the  bottom of the capsu le  took place to 
s u c h  a n  extent t ha t  even two subsequent  upward 
p a s s e s  did not restore the  original concentration 
distribution of impurities. Fo r  example, i n  the  
first  experiment with a s ingle  upward p a s s ,  as ex- 
pected, Na', CaZ+ ,  Mg2+, and MnZt a re  swep t  
along with the  molten zone, but i n  the  next expeti-  
ment, where one downward p a s s  was  followed by 
two upward passes ,  t h e s e  impurities remained a t  
t he  bottom. T h i s  behavior is explained on the  
bas i s  tha t  higher density of impurities and con- 
vectional st irring of t he  melt (which is present  
only when t h e  molten zone  t rave ls  downward) en- 
hance  the  segregation to a n  appreciable extent.  
Differences in  the  dens i t ies  of t he  fluorides also 
become evident  i n  vertical  zone  purification. 

b 

0 
2 
4 
8 

b 

0 
1 
2 
10 
12 
14 

b 

0 
5 

11 

b 
0 
1 
2 
3 
7 
8.5 
10 

540 
5 
10 
30 
50 

C 

C 

C 

C 

C 

C 

C 

5 
50 

5 
<5  

5 

<5  

<5  
< 5  
<5  

5 

5 
<5 

700 
< 100 
<loo 
100 
1000 

700 
1400 
1300 
1250 
1650 
760 
60 

100 
500 
20 
10 

100 
20 
10 
10 
10 
40 
60 
100. 

460 
1000 
970 
1200 
1000 

460 
1100 
930 
930 
920 
81 0 
690 

C 

C 

C 

C 

C 

C 

C 

C 

C 

C 

C 

C 

1000 
50 
50 

3300 
2200 

1000 
5000 
2600 
64 0 

<loo 
360 

< 100 
C 

C 

C 

C 

C 

C 

C 

C 

C 

C 

C 

C 

Densi t ies  of the  s a l t s  LiF, NaF,  MgF,, CaF, ,  
and MnF, a r e  2.64, 2.78, 3.15, 3.18, and 3.98 
g/cm3 respectively.  T h e  effect  of density differ- 
e n c e s  is so marked that t he  most dense  fluoride, 
MnF,, was  routinely accumulated to the  grea tes t  
ex ten t  when the molten zone  was  passed  down- 
ward through LiF. 

PREPARATION OF PURE TERBIUM METAL 
CRYSTALS 

R. E. Thoma R. G. Ross 

In a research  program of the  ORNL Solid S ta te  
Division, measurements of c rys ta l  dynamics re- 
quire large ("5 cm x 1 cm') s ing le  c rys t a l s  of 
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pure terbium. T h e  inaccessibi l i ty  of s u c h  crys ta l s  
and the adaptabili ty of our techniques for their 
production led us to attempt to produce s i n g l e  
c rys ta l s  of pure terbium. A 175-g ingot ("8.0 
c m  x 1.83 c m  OD) of terbium was  produced from 
chips  of high-purity metal.' T h e  ingot was  subse-  
quently frozen at a rate of 1 cm/hr in  a Stockbarger 
furnace in a n  attempt to produce s i n g l e  crystals .  
The  capsule  container was formed from recrystal-  
lized alumina within which was placed a conical-  
tipped tantalum liner. An atmosphere of pres- 
sur ized  helium w a s  maintained in  contac t  with the  
metal during the  freezing process.  Although the  
frozen ingot was not wholly s ing le  crystal ,  it did 
contain o n e  grain (3.8 x 1.3 x 0.6 cm)  tha t  was  
somewhat larger than previously avai lable .  The  
concentrat ions of tantalum and oxygen impurit ies 
in t h e  final product (0.2% each)  were not  signifi- 

'Obtained from the Research Chemicals, Phoenix, 
A r k .  

cant ly  lower than those  of t h e  s ta r t ing  material. 
Innovations in  growth methods a re  currently being 
made as part of our continuing efforts to improve 
purity as wel l  a s  c rys ta l  size. 

PURIFICATION OF ZIRCONIUM 
TETRAFLUORIDE 

L. B. Yeat ts ,  Jr. W. T. Rainey, Jr. 

Relatively small quant i t ies  of pure zirconium 
tetrafluoride were desired to  determine s tab i l i ty  
of t h i s  material  to bombarding x rays.  Commercial 
preparations of t h i s  salt contained carbon, water, 
and iron and zirconium oxides as t h e  major impuri- 
ties. All  of t h e s e  react with fluorine l iberated by 
the  x irradiation of zirconium tetrafluoride and 
obscure the radiation s tabi l i ty  of the  salt itself. 

. ... 

4' Fig.  25.5. Evacuat ing and Heat ing System for the Sublimation of ZrF 
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Vacuum sublimation techniques were tried in  a n  
effort t o  markedly improve the sample purity. 

Apparatus for single-stage sublimation s t u d i e s  
consis ted essent ia l ly  of nickel  baffles, a nickel  
boat to contain the  charge,  and a n icke l  v e s s e l  
11.5 in. long made from 3-in. I P S  pipe. The  equip- 
ment, containing about 50 g of commercial-grade 
Z r F 4 ,  was  evacuated at room temperature to 100 p. 
A Marshall furnace was used to provide h e a t  for 
the sublimation process  (see Fig.  25.5). Product  
ZrF,  was  obtained by dismantling the sublimation 
equipment in  a dry helium atmosphere within a 
glove box. 

The temperature of sublimation was  varied by 
changing the controls on the Marshall furnace from 
one experiment to the  next. Analyses  indicated no 
s ignif icant  difference in  the impurity leve l  of the 
products produced over the temperature range of 

700 to 80OoC. A similar lack of s ignif icant  effects  
was  obtained upon varying the rate  of condensa- 
tion of sublimate by us ing  (1) a water-cooled con- 
densing surface,  (2) a forced-air cooling condensing 
surface,  and (3) a condensing surface with a n  ap- 
preciable  temperature gradient. In e a c h  of t h e s e  
experiments,  the  concentration of iron was reduced 
from 550 ppm in the  s tar t ing material  t o  80 ppm in 
the  product; oxygen was  reduced from 7000 to 
1400 ppm. Resublimation had l i t t l e  effect  upon 
the  iron content,  but it did reduce t h e  oxygen leve l  
to 750 ppm; a third sublimation failed to improve 
the quali ty of the product. The  u s e  of s i x  baffles, 
with %-in. spac ing  between s u c c e s s i v e  baffles, 
was,  however, sufficiently efficient to reduce the 
oxygen leve l  in  a s ingle  sublimation from 7000 ppm 
in the s ta r t ing  material  to 480 ppm in the  product. 
T h i s  baffle system was used in the subsequent  
experiments (see Fig.  25.6). 

~~ 

Fig. 25.6. Container and Baff le  System for the Sublimation of ZrF4. 
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Pretreatment of commercial Z rF ,  with fluorine, 
hydrogen fluoride, or ammonium bifluoride was  
t e s t ed  in  an  effort t o  convert metall ic ox ides  in  
the  s ta r t ing  material  t o  fluorides. Sublimation of 
t h e  material pretreated with ammonium bifluoride 
produced by far t h e  purest  ZrF,;  the  product had 
260 ppm oxygen. A s ing le  experiment w a s  done in  
which commercial-grade ZrF ,  w a s  vapor-zone re- 
fined.* A nearly so l id  plug of Z rF ,  was  formed 
ins ide  an  evacuated n icke l  tube by pass ing  the  
tube at a slow, s teady  rate through a 1-in.-long 
furnace. T h e  location of th i s  so l id  plug in the 
tube is shown in the x-ray photograph, F ig .  25.7, 
as  sec t ion  B of t h e  first  two photographs in t h e  
left; t he  tube was  rotated 90' to obtain these  two 
views, which show the  symmetrical form of the  
s ta r t ing  ingot. Sections A, C, and  E represent 

'E. F. G. Herrington, Zone Melting of Organic Com- 
pounds, p. 130, Blackwell Scientific Publications, 
Oxford, 1963. 

voids in the  tube init ially,  while sec t ion  D is un- 
sublimed s ta r t ing  material. T h e  roman numerals 
under t h e  photographs represent t he  number of 
p a s s e s  through the  furnace experienced by the  
tube. T h e  tube was  moved downward through the  
hot zone  a t  a r a t e  of 1.2 in./hr. T h e  progression 
of t h e  ingot toward t h e  bottom of t h e  tube  a f te r  
each  p a s s  can  be  s e e n  in Fig.  25.7. Following 
the  fourth pas s ,  t he  tube  w a s  cu t  into the  sec t ions  
shown, and samples  of Z rF ,  were taken  for analy- 
sis of oxygen, iron, nickel,  and  chromium. Oxygen, 
a s  Z r 0 2 ,  was  found to  have concentrated in  sample  
sec t ion  e, while the iron, nickel,  and chromium 
impurities appeared to concentrate about  equally 
in  sec t ions  B and e. T h e  impurity leve l  was  
lowest in the  Z r F ,  from sec t ion  c, where t h e  iron, 
nickel,  and chromium content were each  less than 
100 ppm and  t h e  oxygen content was  700 ppm. 
T h e s e  resu l t s  ind ica te  t h e  desirabil i ty of investi-  
ga t ing  more fully th i s  multistage procedure for t h e  
purification of volati le materials. 



26. Chemical Support for the Controlled 

400 cm 

Thermonuclear Program 

_ _  SHORT PATH, 60 cm 33.5 cm 

R. A. Strehlow D. M. Richardson 

T h e  program of chemical research  in support  
of t h e  ORNL controlled thermonuclear effort in- 
c ludes  short-range s t u d i e s  related to improve- 
ments i n  vacuum technology and  longer-range 
consideration of t h e  chemical a s p e c t s  of t h e  
des ign  of thermonuclear reactors. T h e  vacuum 
s t u d i e s  conducted during t h e  p a s t  year  have been 
described in  Thermonuclear Division reports'  
and a r e  summarized here. A s tudy  of t h e  antic- 
ipated tritium cyc le  chemistry for a tritium- 
burning device  was  made and  is d i s c u s s e d  in  
greater detail .  

Thennonuclear Div .  Semiann. Progr. Rept .  April 30, 
1964, ORNL-3652, and Thennonuclear Div. Semiann. 
Progr. Rept .  Oct .  31, 1964, ORNL-3760. 

VACUUM STUD1 ES 

O i l  Behavior in Vacuum Systems 

Since  the  ORNL plasma research  involves  the  
u s e  of vacuum techniques  which introduce oil 
in to  t h e  experimental chambers,  s t u d i e s  of oil 
behavior were continued. A bakeable  apparatus 
w a s  constructed in  which oil was  allowed t o  
flow from a source  through two para l le l  branches 
of a tub ing  assembly a s  shown in  Fig.  26.1. 
Between a pair  of nude gages  in one  branch there  
w a s  a t 6 - i n .  circumferential gap and  a n  envelope  
of larger tubing, while in t h e  o ther  branch there  
w a s  no  gap. T h i s  resulted in c reep  pa ths  between 
gages  of 140  cm for one  branch and  60 c m  for t h e  
other (a ra t io  of 2.3). T h e  var iab les  observed 

Fig. 26.1. Surface Creep Study Apparatus and Tubulation Detail .  
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experimentally were t h e  t i m e  delay for response 
of gage  No. 2 a f te r  gage  No. 1 responded and the  
t i m e  delay for response of gage  No. 4 after gage 
No. 3 responded. T h e  experiment was  conducted 
a t  50 f 1OC. The  ratio of delay time for gage 
No. 4 to tha t  for gage No. 2 was  found to  be  
2.3 f 0.7. Th i s  experiment d id  not dist inguish 
between various poss ib le  mechanisms for sur face  
diffusion of oil, but verified the  assumption tha t  
hydrocarbon diffusion pump o i l  contamination 
(detectable with nude gages)  occurred by sur face  
transport and not by vapor transport. 

An additional diagnostic technique for t he  pres- 
ence  of o i l  in very smal l  amounts w a s  developed 
us ing  electron bombardment of a sur face  t o  produce 
neutral molecules, which were then analyzed in  a 
mass  spectrometer  after they had left  t he  test sur- 
face. A block diagram for t h i s  technique is shown 
in Fig.  26.2. Electron bombardment of oil adsorbed 
on t h e  test sur face  resulted in the  formation of 
numerous gaseous  s p e c i e s  and  caused  a pressure 
increase  during bombardment. T h i s  increase  of 
partial pressures of the  various neutral  gas  
spec ie s  w a s  analyzed by the  mass spectrometer. 
T h e  o i l  used for t h e s e  electron bombardment 
s tud ie s  was bis-2-ethylhexyl phthalate,  which h a s  
a well-characterized m a s s  spectrum. Hydrogen 
was  observed t o  b e  the  dominant spec ie s .  Other 
gases  observed t o  be  produced by the  bombard- 
ment were methane, ethane, ethylene,  butanal, 
butenes,  and some carbon dioxide. Methane w a s  
identified on the  b a s i s  of the  16:15 ratio 
(CH,':CH, ') and appeared to b e  the  second most 
abundant product of t he  bombardment. Ethane 
and  butanal were identified on the  b a s i s  of 
d i s t inc t ive  m a s s  peaks a t  30 and  72 u respec- 
tively. The  other s p e c i e s  were identified on the  
b a s i s  of the various peak height ratios.  

Electron bombardment of a mixed saturated hy- 
drocarbon oil  on the  grid of a contaminated ioni- 
zation gage produced methane, e thane ,  and, of 

ORNL-DWG 65-2609 

VACUUM PUMP 
ELECTRON BOMBARDMENT OF 

TEST SURFACE (CONTAMINATED) 

Fig.  26.2. Method for Diagnosis of Surface Contamina- 

tion Showing F l o w  of Product Gas. 

course,  hydrogen. T h e  amount of hydrogen pro- 
duced w a s  found t o  vary l inearly with electron 
flow to  the grid, although some hydrogen was  
produced even a t  very low electron emiss ions  
(presumably by filament pyrolysis). 

Synthesis and Decomposition of Methane 
in  Vacuum Systems 

T h e  origin of methane in vacuum sys t ems  a t  
ORNL h a s  been  of concern s i n c e  it w a s  rec- 
ognized tha t  methane and carbon dioxide were 
desorbed in significant amounts in the  DCX-1 
experiment and appeared t o  a f fec t  adversely 
the  pumping speed  of vapor-deposited titanium. 
In addition t o  the  electron bombardment synthes is  
of methane, d i scussed  above, some s tud ie s  were 
made of g a s  evolution from freshly sputtered 
titanium plate in a commercial ion pump. T h e  
dominant gases  found to evolve when the  pump 
was  turned off were hydrogen, methane, carbon 
monoxide, and ethane. T h e  first three of these  
were evolved a t  comparable r a t e s  when the  water 
partial  pressure was  about  2 x lo-'. Hydrogen 
and carbon monoxide evolution ra tes  were found 
t o  b e  a d i rec t  function of water partial  pressure.  
A t  water  pressures  of about 3 x lo-' torr, t he  
evolution ra tes  of hydrogen and carbon monoxide 
were about two orders of magnitude lower than 
the  methane evolution rate, which was  approxi- 
mately constant a t  both water  pressures.  T h e  
conclusion based  on t h e s e  da t a  was  tha t  water 
probably reac ts  with the  c lean  carbon-containing 
titanium surface to  form hydrogen and  carbon 
monoxide. Ionically pumped and  occluded hy- 
drogen in the  titanium presumably can  react with 
carbon atoms on the  titanium sur face  yielding the  
hydrocarbons, which desorb as they a r e  formed. 
When t h e  pump is turned off, t h e  hydrocarbons 
a r e  not ionically pumped and contribute to  a 
pressure  rise.  Since methane w a s  found t o  b e  
pumped a t  a speed  of 0.29 l i t e r / s ec  by a tubu- 
la ted  ionization gage, gage reactions yielding 
CO, CO,, and H, were avoided by not us ing  
ionization gages during the  experiments. 

Analysis  of m a s s  spec t ra l  da ta  from the  DCX-2 
experiment h a s  recently verified that,  during 
injection of t he  molecular hydrogen ion beam, 
methane, ethane, and higher hydrocarbons a r e  
indeed produced. The  region of t he  machine in 
which t h i s  synthes is  occurred h a s  not been 
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es tab l i shed ,  but hydrogen atom reac t ions  with some of t h e  operational parameters which h e  de- 
oil-contaminated su r faces  in  t h e  plasma region rived. Tab le  26.2 shows  the  es t imated  approxi- 
or  electron reactions a t  t he  e n d s  of t h e  machine mate volumes of various blanket-assembly ma- 
seem to b e  likely. Although methane and  e thane  
were produced only in  sma l l  amounts, the i r  ap- 
pearance  indicated a degree  of sur face  contami- 
nation tha t  was  not beneficial  t o  t h e  experiment. 

t e r ia l s  required for such  a reactor. 

Sou rc e Processing 

THE CHEMISTRY OF TRITIUM IN 
CONTROLLED-FUSION DEVICES 

R. A. Strehlow 

If tritium is used  in controlled-fusion devices ,  
efficient recovery will  b e  e s sen t i a l .  T h e  chem- 
i s t ry  of tritium must b e  carefully examined to 
determine if s u c h  recovery will  b e  possible.  An 
in i t ia l  survey of fac tors  a f fec t ing  chemical be- 
havior of tritium in  a conceptual power reactor 
was  made. A breeder reactor w a s  chosen  for 
consideration because  th i s  concept  appeared to 
present  t he  most promising route to  t h e  control 
of fusion energy. * 1 3  Expected chemical a s p e c t s  
of t h e  fue l  c y c l e  were developed us ing  published 
information for hydrogen. Problems in  es t imat ing  
tritium inventories were found and  a r e  d iscussed .  

A generalized tritium flow path inc ludes  tritium 
flow to  and from three  functional regions (source, 
plasma, and blanket) a s  shown i n  Fig. 26.1. In 
the  assumed reactor, tritium is in jec ted  in to  a 
plasma, where a portion burns. P a r t  of t h e  un- 
burned portion may flow to t h e  vacuum process ing  
region, t he  ba l ance  in to  t h e  blanket. Tritium in 
the  blanket wi l l  b e  lo s t  by decay  (which is not 
s e r ious  if helium is recoverable a n d  burnable), 
permeation, and process ing  inefficiencies.  S ince  
t h e  atom density of tritium wi l l  probably 
b e  about 10" in  t h e  source,  10" in t h e  vacuum 
sys tem,  and  .possibly 10' in t h e  blanket region, 
s epa ra t e  process ing  methods for t h e s e  regions 
appea r  to b e  desirable.  To provide a b a s i s  of 
cost estimation, one  of t h e  reac tor  concepts  of 
Homeyer4 h a s  been  examined. T a b l e  26.1 shows  

'D. J. Rose and M. Clark, Plasma and  Controlled 
Fusion, p. 294, MIT Press, Cambridge, and Wiley. 
New York, 1961. 

3W. R. Al l i s  (ed.), Nuclear Fusion, p. 20, Van 
Nostrand, Princeton, 1960. 

4W. G. Homeyer, Ph.D. thesis ,  MIT, December 1962. 

Un-ionized tritium e f fuses  from t h e  ionizing 
region of a n  ion source  t o  t h e  vacuum volume of 
t h e  sou rce  acce lera t ing  region, where i t  must 
b e  removed rapidly t o  maintain low pressure.  
T h i s  gas could  b e  immediately recycled by re- 
compression t o  a higher partial  pressure.  T h i s  
may b e  accomplished by mechanical molecular 
pumping or  diffusion pumping with mercury as  
t h e  pump fluid (to avoid exchange  of tritium with 
diffusion pump oil). 

T h e  inventory of tritium in a sou rce  s t ruc ture  
may b e  estimated for a n  a s sumed  50-lb m a s s  of 
steel per source.  Inasmuch as atomic or ion ic  
hydrogen f luxes  on meta ls  resu l t  in t h e  formation 

Table  26.1. Assumed Parameters for a Mirror-Field 

Reactor with Ion-Injection Feed  

Thermal power 

Fuel  burnup rate 

Fractional burnup 

Injected current per source 

Number of sources 

Length of reactor 

Diameter (wall to wall) 

Capital c o s t  

1000 Mw 

8 x l o 5  atm cm3/day 

0.1 of the injected tritium 

5 amp - 200 

130 m 

2 m  

$600 per kwhr (electrical) 
($1,.5 x 108) 

T a b l e  26.2. Volume of Mater ials in  Blanket  

Material Volume (cm3) 

Mo (first wall) 2 x107 ' 

Coolant (Li  BeF4)  lo9 

Graph it  e 2 x lo8 
P b  3 x lo8 

2 

INOR-8 (Hastelloy-N) 6 X l o7  
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of “surcharged” hydrogen a l loys  containing many 
t i m e s  the  equilibrium amounts of hydrogen, ’ 
prec ise  estimation of the  hydrogen content is 
difficult. Literature data for nickel exposed t o  
high-pressure gaseous  hydrogen indica te  that 
Sieverts’  relation (solubility is proportional t o  
the  square  root of the  pressure) begins  t o  fail a t  
about 120 atm; the  solubili ty approaches a va lue  
a t  200 atm which is not a function of pressure.6 
T h i s  corresponds to  a solubili ty of about 10  c m 3 -  
atrn/cm3 for nickel a t  room temperature (atom 
ratio of 2 x With electrochemically dis- 
charged f luxes  of hydrogen ions  on iron up to  
2.4 x 1017 sec-’ cm-*,  no  solubili ty limit h a s  
been observed t o  concentrations of 0.5 cm3-  
a t m / c m 3  (ref. 7) (much higher than the equilibrium 
value a t  1 atm and room temperature of 0.05 atm 
cm3/cm3).  Es t imates  l o 5  t imes  the  equilibrium 
solubili ty have  been made for t h e  extent of 
occlusion of electrochemically discharged hy- 
drogen in copper, based  on t h e  relation derived 
by Tafel’ [log Patm = 34 (0.8 + 0.1 log Zc amp/ 
cm)]. Since electrochemically derived es t imates  
include electrophoretic effects and  involve a 
liquid-solid interface, t he  appropriateness of t he  
direct  application of t h e  Tafel relation t o  the  
plasma-wall hydrogen flux is questionable.  How- 
ever, t h e  data for nickel6 sugges t  tha t  a factor 
of 1 0  to 15 in e x c e s s  of t h e  equilibrium value a t  
1 atm (1 atom per l o 3  metal atoms) may be  used  
to  g ive  a minimum hydrogen content. Conse- 
quently, a s ing le  50-lb source  assembly might 
contain IO’ a t m  cm3;  for the  assumed reactor 
design with 200 such  sources ,  between l o 7  and 
10’ atm c m 3  seems a reasonable  lower boundary 
to t h e  inventory. If the permeation loss rate is 
as much a s  1% per day, processing of t he  gas  
surrounding t h e  exterior sur faces  of t he  sources  
will  be  needed. If subsur face  voids ex i s t  or form 
in t h e  sou rce  housing, t h e  hydrogen pressure  in 
them might exceed  the  100-atm level.  T h i s  would 
increase  the  tritium inventory and  lead  t o  struc- 
tural problems. 

’See, for example, D. P. Smith, Hydrogen on Metals, 
pp. 145-55. 276-79, Univ. of Chicago Press ,  Chicago, 
1948. 

%e A. Sieverts, 2. Metallk. 21, 37-44 (1929) for 
a review. 

7G. Borelius and S. Lhdblom, Ann. Physik. 82, 
201 (1927). 

‘J. Tafel, 2. Physik. Chem. 50, 641 (1905); 34, 187 
(1900). 

Vacuum System Processing 

The  nature of the  vacuum sys tem processing will  
be  dictated primarily by the  fuel-element charac- 
teristics: volume, fractional burnup, feed rate,  and 
the  fraction of tritium which en ters  the blanket as- 
sembly. A minimum tritium atom flux t o  the  wall 
of lo’* cm-2  sec-’ (0.1% of t h e  injected tritium) 
is expected. For any of t he  injected tritium which 
s t r ikes  the wal l s  a s  ions or atoms, the  fraction re- 
leased  from the  sur face  will depend on the  k ine t ics  
of transport through the  wall  (and ultimate removal) 
relative to tha t  of desorption. In th i s  sec t ion  we 
will  arbitrarily assume tha t  equal amounts a re  de- 
sorbed and otherwise removed and tha t  any de- 
sorbed tritium reaching the  plasma region does  not 
yield an  additional atom or ion impact with the 
wal l  (e.g., desorbed tritium which is ionized by 
e lec t rons  can  escape the  plasma region in a flow 
along a magnetic l ine  of force). In th i s  c a s e ,  half 
of the  unburned fraction must be  reprocessed. For 
a fractional bumup of 0.1 and us ing  the  standard 
source  of Homeyer for comparison (Table  26.1), 
t h e  vacuum system processing rate would have  to 
b e  3 x l o 6  atm cm3/day. At a lower fractional 
bumup of 0.02, perhaps 1.5 x l o 7  atm cm3/day 
would have to  be  processed. T h e  processing 
ra tes  given for tritium must be  multiplied by the  
atomic ratio (D + T + H)/T, a factor equal here to 
a t  least 2. The  inefficiency of t he  source  process- 
i ng  should increase  th i s  load by no more than a 
factor of 2 (estimating effusive flow at 200 
l i t e r s / sec  from each  source  a t  a pressure of lo-’ 
torr). Mercury diffusion pumps or turbomolecular 
mechanical  compressors (with appropriate lubri- 
can t s )  might be used in possible recovery processes  
for the  vacuum system; palladium membranes might 
s e rve  to separa te  the  tritium from helium. 

Thermal cycling of exothermic absorbers would 
require the  d issoc ia t ion  energy plus a spec i f ic  
hea t  energy for t h e  absorber and could be  accom- 
plished with the  expenditure of about l o6  cal/g- 
mole. At l o 3  moles per day, about 2 Mwhr per day 
would be the  result ing power c o s t  for th i s  process.  

Cryogenic trapping offers one possibil i ty of 
separa t ing  the  various hydrogen isotopes from each  
other as well  a s  from helium. An es t imateg  for 
the  helium cost of 3 kwhr/liter, with a hydrogen 
adsorption energy of 3 kcal/mole and AHy of 

’R. B. Scott, Cryogenic Engineering, p. 68, McGraw- 
Hill,  New York, 1959. 



helium = 5 x l o 3  joules/l i ter ,  l eads  t o  t h e  need 
for 10 kwhr per mole of T,. T h i s  [multiplied by 
the  atom ratio (D + T + H)/T] is about 10 Mwhr/day 
for t he  hypothetical  reactor. T h e  power required 
for temperature cyc le s  to 8OK would require per- 
h a p s  a n  equa l  amount of energy for t h e  spec i f i c  
h e a t  of t he  adsorber material. T h e  to t a l  cryogenic 
trapping process  would u s e  some  1 to 2% of t h e  
to ta l  e lec t r ica l  power output. A liquid-helium 
plant of about  200 to  400 li ters/hr (0.5 Mw in- 
s t a l l ed  power for liquefaction) would be  needed 
for t h i s  process .  

A more se r ious  consideration in  the vacuum 
process  des ign ,  however, is t h e  possibil i ty tha t  
intermittent dumping of t h e  en t i re  fuel volume might 
be  required i n  order t o  purge t h e  plasma of ac- 
cumulated helium. If we follow R o s e  and  Clark2  
and a s sume  that introduction of nonadiabatic 
regions wi l l  a l low continuous purging, we, of 
course,  have assumed nonexistence of t he  problem. 
W e  will,  nonethe less ,  consider th i s  poss ib le  
process  requirement, and, if  it is necessa ry  t o  
dump after 0.05 of t h e  tritium is burned, then our 
fractional burnup is decreased  by a factor of 20; 
if  w e  a s sume  tha t  dumping is required on a n  
hourly schedule ,  an  additional l o5  atm cm3/hr 
would have  to be  processed, presumably a t  a much 
higher than  s teady-s ta te  rate,  i n  order t o  reprepare 
the  plasma region for another startup. T h e  mercury 
pump compression process  mentioned above  ap- 
pea r s  t o  offer t h e  s imples t  means for accomplish- 
i n g  t h e  needed task .  Some t e n  or so  50,000- 
l i t e r / sec  pumps and a foreline surge  volume of 
probably less than 10, m3 should  be  adequate  for 
this method. Res ta r t ing  in  a system having  a n  
e leva ted  wal l  temperature might present  s eve ra l  
more se r ious  problems because  of the  high neutral  
flux from the wal l  as compared with that a t  f irst  
startup. Coupled with t h e  power cos t ,  problems 
such  as t h e s e  would add heavily to process  costs. 

S ince  unburned fuel leaving the  plasma wi l l  be  
ion ized ,  t h e  surcharging effect  might be  uti l ized 
to allow i so tope  separation and recovery of t he  
hydrogen i so topes .  P r o c e s s e s  similar t o  those  
descr ibed  below for blanket process ing  may b e  
applied to  vacuum processing. 

Blanket Assembly Processing 

To th is  point no se r ious  impediments have ap- 
peared regarding fuel cyc le  costs or feasibil i ty 

based  upon ex is t ing  technology. However, with 
the  expec ted  flux of tritium a toms t o  the  blanket 
wall  of lo ' ,  sec-' (0.1% of t h e  fue l  feed), 
crude application of the  Ta fe l  relation mentioned 
above  l e a d s  to a poss ib le  equivalent pressure  of 
some l o 5  atm. Therefore, in t h e  a b s e n c e  of effec- 
t ive  s inks  for the  tritium contained in t h e  metal  
wal l  and blanket assembly, t h e  blanket inventory 
may fa l l  i n  the range of 1 to  10 atmospheric c m 3  
per c m 3 .  T h i s  corresponds t o  a s teady-s ta te  in- 
ventory of from 5 x i o 7  to 5 x 10' atm c m 3  to ta l  
(10, to l o 3  days  supply) i n  the  wall. Moreover, 
this inventory would be  located in  close proximity 
to the  plasma and consequently would b e  im- 
portant i n  s tab i l i ty  considerations for any  tritium- 
burning fusion device. 

A different method of es t imat ing  t h e  inventory 
may b e  descr ibed  which, never the less ,  l e a d s  t o  a 
similar result. Fo r  t h e  endothermic hydrides (Mo, 
W,  Fe, Ni, etc.), co l l i s ion  statistics on the  sur- 
f ace  facing the  vacuum will  determine t h e  emiss ion  
rate. A tritium-metal atom ratio of perhaps 5 x lo-' 
(0.2 atm cm3/cm3) with a tritium jump frequency of 
lo-' sec (based on a 20,000 cal/mole ac t iva t ion  
energy and a sec frequency factor) y ie lds  
a n  expec ted  emitted molecular flux of about  lo ' ,  
sec-' (equal to the  loading  flux). With t h i s  
es t imate  one  would expec t  t h e  to ta l  inventory for 
the  blanket assembly to  be  more than l o 7  atm cm3. 

To the  ex ten t  that  t h e s e  e s t ima tes  a r e  valid, a 
p rocess  is needed in which tritium is removed 
efficiently from a wall  containing only low con- 
cent ra t ions  a t  the  surface.  Three  poss ib l e  meth- 
o d s  for accomplishing th i s  removal are: 

1. those  which inc rease  the  frequence of T-T 
col l i s ions  a t  t h e  solid-vacuum interface lead- 
i n g  to T, desorption; 

2. t h o s e  which form a s ink  for tritium i n  the  blan- 
k e t  by so l id-s ta te  reactions;  and 

3. t hose  which permit removal of individual a toms 
of tritium rather than molecules.  

Thermal cyc l ing  of t he  blanket assembly or  in- 
c lus ion  of a palladium region in  the  b lanket  as- 
sembly, for example, would b e  of t h e  f i r s t  type, 
but because  of thermal s t r e s s ,  nuclear, and de- 
s ign  problems, they do  not s eem presently attrac- 
tive. 

Inclusion of masses of zirconium, a n  example 
of the  second  type l i s t ed  above, would pose  numer- 
ous problems because  of t h e  need for periodic 

. 
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disassembly. Mechanical separation and thermal 
process ing  might be  advantageous to the  neutron 
economy of t h e  reactor and might. not prove too 
'costly if t h e  accumulation periods were of t he  
order of s i x  months or more. Vapor deposit ion of 
titanium, cerium, zirconium, or yttrium in  a region 
of t h e  vacuum system on a sur face  contiguous 
with the  blanket assembly volume would allow the  
recovery of t h e  tritium by a vacuum sys tem proc- 
ess. All of t h e s e  approaches require ex tens ive  
study to e s t ab l i sh  their  technological feasibil i ty.  

The  grea tes t  dec rease  of the inventory, however, 
appears  to b e  afforded by p rocesses  of the  third 
class l i s ted  above. T h i s  type inc ludes  oxidation 
and reduction of contained tritium atoms, removal 
a s  individual atoms or  i ons  to a vacuum, i so topic  
dilution with hydrogen or  deuterium, or  removal as 
a covalen t  compound (e.g., as tritomethane or 
tritoethane, from carbon-containing titanium which 
h a s  been freshly sputtered i n  the  absence  of 
water). l o  Inasmuch a s  t h e  molybdenum wi l l  prob- 
ably have  a la rge  carbon content, e i ther  due  to the  
presence  of graphite or as  in i t ia l  impurity, i t  is 
poss ib le  tha t  similar p rocesses  will  occur a t  the  
plasma wall  interface. We have not ye t  observed 
th i s  reaction except  with titanium. 

A chemical reduction of occluded tritium to  
tr i t ide ion presumably would b e  accomplished if 
liquid lithium were used  a s  coolant.  Work by 
members of the  ORNL Reactor  Chemistry Di- 
vision'  t on permeation of n icke l  by hydrogen 
h a s  shown tha t  t he  permeation r a t e  and  (therefore 
presumably) t he  charging k ine t ics  a r e  independent 
of t h e  presence of a layer  of l iquid sodium- 
potassium alloy between t h e  gaseous  hydrogen 
and  t h e  metal surface.  T h e  u s e  of lithium there- 
fore a s  a breeder-coolant fluid offers a process  
possibil i ty for t he  plasma exhaus t  to the  vacuum 
system (where magnetohydrodynamic problems of 
lithium pumping need not b e  severe).  

Oxidative processes  for t h e  removal of tritium 
atoms from the  surcharged metal  appear  to b e  
poss ib le  for LiF-BeF,,  previously d i scussed  a s  
a breeder coolant. Since t h e  breeding process  
is oxidizing,13 i f  LiF-BeF, is used ,  with or 
without an  added chemical oxidant, i t  s e e m s  
likely that t he  surcharged tritium will  b e  effi- 

lo  Thermonuclear Di v. Semiann. Progr. Rept .  Oct .  31, 

"Reactor Chem. Div .  Ann. Progr. Rept .  Jan.  31, 

1964, ORNL-3760. 

1964, ORNL-3591, pp. 217-22. 

ciently removed as  H F  without danger tha t  deposi-  
t ion of metal  may occur. (This  may even  eliminate 
the  need for addition of reducing agen t s  to the  
coolant for the  purpose of minimizing corrosion.) 

Removal of individual tritium ions  by field 
emission, for example, o r  some  controlled sput- 
tering process  seems t o  offer a remote possi-  
bility. Preliminary experiments with molybdenum 
have  been conducted yielding a hydrogen ion to 
neutral  ratio of about lo-' at red hea t  with an  
impressed gradient of 200 v/cm. Detailed s tud ie s  
have  not been conducted, s i n c e  t h e  need for t h i s  
type of process  is presently undemonstrated. 

One of t h e  additional complications regarding 
the  blanket inventory and o ther  losses is that, 
if removal of tritium atoms is not poss ib le ,  per- 
meation of hydrogen to voids  in  t h e  blanket 
assembly will  result  i n  hydrogen pressures  of 
perhaps hundreds of atmospheres o r  more. T h e  
structural  integrity of the  blanket assembly under 
surcharging conditions must b e  examined. T h e  
flux of tritium through t h e  en t i re  assembly c a n  
also result  in a to ta l  l eak  of perhaps seve ra l  
percent per day  to  t h e  gaseous  region surrounding 
the  reactor. Even in t h e  bes t  case, with an  
efficient s ink  for tritium in t h e  blanket assembly, 
a to ta l  l eakage  to  the  ambient g a s  of perhaps 
lo4 atm cm3/day may ex is t .  

To summarize the  blanket process ing  outlook, 
intolerable steady-state inventories may occur. 
F u e l  c y c l e  s tud ie s  regarding hydrogen transport 
in and removal from blanket materials a r e  re- 
quired; surcharging p rocesses  must spec i f ica l ly  
b e  investigated.  

Coolant Processing 

T h e  s imples t  assumption regarding t h e  coolant 
is that t he  tritium is contained as  lithium tri t ide 
or as  tritium fluoride (for t h e  two coolants  con- 
s idered  here). In th i s  case the  e s t ima tes  of 
Homeyer will  hold approximately, and  no  par- 
t icular problem should b e  expected. If there  is 
an  appreciable quantity of tritium g a s  in  t h e  
coolant s a l t ,  however, from whatever source,  
tritium l eakage  to  the  hea t  exchangers,  piping, 

"C. J. Barton and R. A .  Strehlow, Blankets for 
Thermonuclear Reactors,  ORNL-3258 (June 27, 1962). 

13Mark Robinson, On the Chemistry o f  Thermonu- 
clear Reactor Breeder Blankets,  ORNL-CF-57-12-39 
( rev .  Feb. 8, 1958). 
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etc., could require process ing  of t h e  g a s  sur- 
rounding th i s  a l l ied  equipment. T h i s  possibil i ty 
would presumably not i nc rease  t h e  to ta l  in- 
ventory by more than perhaps l o4  or  so atm cm3. 

Tr i t ium Inventory 

T h e  es t imated  amounts of tritium in  t h e  various 
par t s  of t h e  proposed reactor a r e  l i s t ed  in Tab le  
26.3. 

3 Table  26.3. Estimated Inventory of Tritium (atm cm ) 

Sources lo6 to io7 
lo7 to lo9 without processing 
lo5 to lo8 with processing 

Blanket, structure 

Blanket and coolant lo7 

Total 2 x lo7 to 1.1 x lo9 

Startup Processing 

An additional problem regarding t h e  nature of 
reactor s ta r tup  should be  cons idered  here. If w e  
a s s u m e  a n  in i t ia l  protium content  i n  the  blanket 
components equal  t o  an  atom ratio of there  
will  b e  in t h e  reactor perhaps  10" atmospheric 
cm'. I so tope  separa t ion  would ultimately b e  
required to remove th i s  protium. Cyrogenic sepa-  
ration techniques,  considered above, might be  
used. T h e  i so tope  e f fec t  (espec ia l ly  pronounced 
for temperatures less than 4OO0C, where 'H 
tunneling dominates) during a surcharg ing  process  
to  load the  metal  could l e a d  to a promising re- 
covery and i so tope  separa t ion  scheme.  . G a s  
chromatographic separa t ion  offers a third proc- 
e s s i n g  possibil i ty.  At t h i s  point i t  should  b e  
noted tha t  t h e  diffusion r a t e s  of protium and  of 
tritium will  differ bu t  t ha t  s i n c e  t h e  doubling time 
of t h i s  reactor concept  is qu i t e  a complex problem, 
only t h e  e s t ima tes  of s t eady- s t a t e  tritium in- 
ventory have  been considered. 
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