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ABSTRACT 

A t o t a l  of 26 commercial LWR f u e l  tests have been conducted a t  ORNL 
t o  i n v e s t i g a t e  f i s s i o n  product release and behavior under acc iden t  con- 
d i t i o n s .  About 30 supplementary tests have used f i s s i o n  product tracers 
t o  o b t a i n  a d d i t i o n a l  information. This r e p o r t  p re sen t s  t he  r e s u l t s  of 
two r ecen t  c o n t r o l  tests using r a d i o a c t i v e l y  tagged f i s s i o n  product 
species and compares these  r e s u l t s  w i th  t h e  behavior of t h e  same spec ie s  
i n  previous f u e l  tests. 

The purpose of t hese  c o n t r o l  tests w a s  t o  study the  behavior of C s I ,  
CsOH, and T e  metal i n  t h e  c o l l e c t i o n  system - a thermal g r a d i e n t  tube and 
a f i l t e r  package - used i n  c u r r e n t  f u e l  tests. The d e p o s i t i o n  p r o f i l e s  
of t hese  spec ie s  were obtained i n  both platinum and s t a i n l e s s  steel  tubes 
w i t h  thermal g r a d i e n t s  varying from 850°C at  the  i n l e t  t o  1 5 0 ° C  at t h e  
o u t l e t ;  t h e  test atmospheres w e r e  mixtures of helium, steam, and hydro- 
gen. In good agreement wi th  f u e l  tests, the CsI depos i t i on  peak occurred 
a t  -450OC i n  both tubes ,  and t h e r e  w a s  l i t t l e  evidence of decomposition. 
Cesium hydroxide was  observed t o  be very r e a c t i v e  wi th  the  Z r O 2  furnace 
l i n e r  i n  t h e  temperature range 800 t o  1000°C. Also, evidence of a 
CsOH/Te r e a c t i o n  t o  form CsTe w a s  found i n  t h e  platinum thermal g rad ien t  
tube. The materials t h a t  passed through the  thermal g rad ien t  tubes were 
c o l l e c t e d  on the  f i l t e r s .  

The tests of i r r a d i a t e d  f u e l  (Zircaloy-clad U02) were conducted a t  
temperatures of 500 t o  2000°C i n  t h r e e  d i f f e r e n t  atmospheres. I n  steam- 
helium tests, cesium and iod ine  behaved l i k e  CsOH and CsT; i n  dry afr ,  
l ike  Cs2O and 12; and i n  p u r i f i e d  helium, l i k e  Cs20 and C s I .  Most of t h e  
cesium i n  steam-helium (apparent ly  CsOH) w a s  highly r e a c t i v e  wi th  appara- 
t u s  materials: wi th  quartz  a t  <lOOO°C, with Z r O 2  a t  800 t o  1 2 0 0 " C ,  and 
wi th  s t a i n l e s s  steel  at 600 t o  9OO"C, I n  me recen t  t es t ,  a l a r g e  frac- 
t i o n  (-50%) of t h e  t e l l u r i u m  w a s  r e l eased ;  analyses  i n d i c a t e d  t h a t  it w a s  
c o l l e c t e d  as a t e l l u r i d e .  
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OBSERVED BEHAVIOR OF CESIUM, IODINE, AND TELLURIUM IN THE ORNL 
FISSION PRODUCT RELEASE PROGRAM 

J. L.  C o l l i n s  
M. F. Osborne 
R. A. Lorenz 

K. S. Norwood 
J. R. T rav i s  
C. S .  Webster 

1, EXECUTIVE S-Y 

The purpose of t h i s  r e p o r t  is  twofold,  t o  document and d i s c u s s  two 
c o n t r o l  tests (C-7 and C-8) t h a t  were conducted t o  examine t h e  c o l l e c t i o n  
behavior of CsOH, Csl, and Te ( c o l l e c t i v e l y )  i n  t h e  experimental  appara- 
t u s  and t o  compare, analyze,  and draw conclusions about t h e  behavior of 
cesium, i o d i n e ,  and t e l l u r i u m  t h a t  has been observed i n  p re sen t  and pas t  
f i s s i o n  product release tests a t  ORNL. A t o t a l  of 26 commercial LWR f u e l  
tests ( f u e l s  w i th  burnups ranging from 1- t o  4O-MMd/kg U) and about 30 
supplementary tests, which made use of simulated f i s s i o n  products  t h a t  
were t r a c e d ,  have been conducted. 

l n  c o n t r o l  test C-7, r epor t ed  i n  Sect. 5, t h e  t r a c e d  CsI, CsOH, and 
T e  spec ie s  were vaporized and t r a n s p o r t e d  by a steam-helium-hydrogen 
carrier gas through a z i r c o n i a  l i n e r  (maximum 800'C) t o  t h e  c o l l e c t i o n  
system. There w a s  l i t t l e  tendency f o r  t h e  C s I  t o  be decomposed; it w a s  
p r l m a r i l y  found i n  a peak depos i t  i n  t h e  platinum thermal g r a d i e n t  tube 
(TGT). 
charcoal .  A l a r g e  f r a c t i o n  (-80%) of t h e  t e l l u r i u m  reac ted  with CsOH i n  
t h e  gas phase and w a s  found i n  a peak depos i t  I n  t h e  TGT a t  700'C. The 
mol r a t i o  of cesium t o  t e l l u r i u m  i n  t h e  peak was 1 : l .  

Only -0.06% was  found as molecular i o d i n e  on the  impregnated 

T e s t  C-8 (Sect .  6 )  d i f f e r e d  i n  two ways: (1) a s t a i n l e s s  steel 
r a t h e r  than a platlnum TGT was used, and ( 2 )  t h e  hot zone i n  the  z i r c o n i a  
l i n e r  w a s  maintained a t  -1OOO'C r a t h e r  than -800°C. (A 5-em-long s e c t i o n  
of t he  TGT a t  t h e  i n l e t  end was a c t u a l l y  made of Inconel  600.) As i n  tes t  
C-7, t h e r e  was  l i t t l e  C s I  decomposition; only 0.003% of t h e  iod ine  asso- 
c i a t e d  wi th  the vaporized C s I  was found on t h e  charcoal  as mlecular 
iodine.  The l a r g e s t  p o r t i o n  of t he  CsOH r eac t ed  with and w a s  r e t a i n e d  by 
the  hot z i r c o n i a  l i n e r ,  probably as cesium z i r c o n a t e  (Cs2Zr03). Most of 
t h e  t e l l u r i u m  t h a t  t r a n s p o r t e d  t o  t h e  c o l l e c t i o n  t r a i n  was found t o  be 
r e t a i n e d  by the lnconel  a t  t h e  hot ( i n l e t )  end of t h e  TGT, probably as 
NiTe e 

The most important behav io ra l  r e s u l t s  i n  t h e s e  two tests were t h a t  
C s X  remained s t a b l e ,  t h a t  CsOH r eac t ed  with t e l l u r i u m  i n  the  gas phase t o  
form CsTe, and t h a t  CsOH r a p i d l y  r eac t ed  wi th  and w a s  r e t a i n e d  by z i r -  
conia  at temperatures >800"C. 

The conclusions discussed i n  Sect. 7 were based upon a l l  test 
results. 
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I n  the gap purge tes ts  of high-biirirup f u e l  i n  piarcifird helium, the  
cesium and t o d i n e  behaved as cesium oxide ( C s 2 O )  and C s T ,  rather 
than as the elements. 

In dry a i r  t e a t s  of similar f u e l  s e c t i o n s  heated aL 500 and 7OO"C,  
i od ine  and cesium were c o l l e c t e d  3s molecular iodil-te and Cs20. 

- 
In steam-helium tests w k r e  d g n i f i c a n t  masses of hudine were 
released 0 1 7  pg), t h e  i d i n s !  c o l l e c t i o n  behav-for was that of CsH. 
Collectively, where - 4 3  mg of iod lne  has b r c ~  released in a l l  the 
steam testa, only -0.38% of thfs  iod ine  was detrrl l l ined to be ~ O I E C U -  

l a r  iod ioe .  

In  t h e  steam tests, r e l eased  cesium behaved as CsOIL. It reacted 
V ~ ~ O P - O U S ~ ~  with and was retalned by q u a r t z  surfaces a t  temperatures 
<; lOOQ°C,  probably forming cesium s i l ica te .  It reacted with  and was 
retained by z i r c o n i a  ceramics at  temperatures  between 800 and 12OOOC. 
It a l s o  reacted wish oxidized s t ah le s s  s teel  a t  temperatures  ?GOO.  

Our results i n d i c a t e  t h a t  t e l l u r i u m  i s  retained by the Zi rcaJoy  
cladding.  S i g n i f i c a n t  t e l l u r i u m  release w a s  ifaeasured (by SSMS) i n  
on ly  one test .  In that  test, t d f h  Che other ~tea;l! tests, t h e  
c laddtng  was t o t a l l y  oxidized, and the €r;actj ona l  re1 ease of tcl  lu-  
rium w a s  es t imated  to have been similar t o  that of Kr, C s ,  and 1, 
Its c o l l e c t i o n  behavior was that of t e l l u r i d e  lather than e lementa l  
t e l lu r ium.  I n t e r e s t i n g l y ,  signdf i e a n t  quantities of t i n  ( a  compo- 
nent of t h e  Zircaloy c ladding)  were also found a s soc ia t ed  wLth t h e  
deposltcvl t e l l u r i u m  throughout t h e  collection system, poss ib ly  hav- 
i n g  transported t h e r e  as SraTe. 

The o b j e c t i v e s  of the current Fiss-lon Product  lklease from LWZ Fuel 
Project  a t  Oak Ridge Nat ional  Laboratory (OREilE,! are t o  measure 2nd 
c h a r a c t e r i z e  t h e  material r e l eased  from specimens of commerr;cial, h igh-  
burnup f u e l  under accident condi t ions .  S f x  t e s t s  of irradiated f u e l  have 
been conducted a t  temperatures  of lbQO t o  20OOcC, axid t h e  resul ts  have 
been repor ted  el  sewhere '-Ip In  a d d i t i o n ,  tests of simulated high-burimp 
I u e l  and of u n i r r a d i a t e d  fuel! ~ 5 t h  r a d i o a c t i v e l y  trcleed s t r u c t u r a l  m a t e -  
rial have been c a r r i e d  ou t  t o  provide supplementary release data, 

This r e p o r t  d i scusses  t h e  r e s u l t s  of two tests,  des igna ted  C - - 1  and 
C-8 ,  .&-lek 
tests; the deposition behavior o f  s p e c i f i c  f i s s i o n  product forms i n  t h e  
thermal g r a d f e n i  tube (TGT) was of parllcular I n t e r e s t .  T i h e ~ e f ~ r e ,  tests 
C-7 and C-8 wer(.~ designed t o  c l a r i f y  the depos i t i on  behavior of three 
known spcctes - CsH, @ S O H ,  and Te (e lementa l )  - i n  both platinum and 
s h i n l e s s  s teel  TGT l i n e r s .  The elemeastrw Cs,  I, and le are high--yiePd 
f i s s i o n  p ~ o d u c t s  of relatively hlgh v o l a t i l i f y  and other exper-liiwnts 

perforxed to aid in the i n t e r p r e t a t i o n  of d a t a  fnm f i l e 1  



3 

have i n d i c a t e d  t h a t  t h e  forms CsI, CsOH, and Te2  should predominate I n  
steam atmosphere of t h e  f i s s i o n  product r e l e a s e  tests wtth LWR f ~ e P . ~ - ~  
Because of i t s  chemical i n e r t n e s s ,  platinum has been used as t h e  TGT 
l i n e r  i n  most of t h e  release tests. S t a i n l e s s  steel ,  the  most cornon 
s u r f a c e  i n  LWR coolant  systems, has been used as t h e  TGT l-bner i n  a few 
tests t o  provide d a t a  f o r  t h i s  more t y p i c a l  (and more reactlwe) matesfal .  
As a s i m p l i f i c a t i o n ,  f u e l  specimens were not used i n  t h e s e  tests. 
I n s t e a d ,  pure CsI, GsOH, and metall ic t e l l u r i u m ,  a p p r o p r i a t e l y  t r aced  
wi th  1 3 k s ,  1 3 1 1 ,  137Cs, and 129mTe, were i n j e c t e d  by vapor i za t ion  i n t o  a 
flow steam-helium-hydrogen a t  the furnace i n l e t .  The resulrs of t hese  
two c o n t r o l  tests are presented independently.  These r e s u l t s ,  as w e l l  as 
r e s u l t s  obtained i n  p re sen t  and pas t  f i s s i o n  product release programs, 
w e r e  compared and analyzed and are descr ibed i n  Sect.  7 of t h i s  r epor t .  

3 .  SUMMARY AND CONCLUSIONS 

I n  each c o n t r o l  tes t ,  CsZ proved t o  he very s t a b l e ;  t h e r e  was l i t t l e  
evldence of decomposition. On the  o t h e r  hand, CsOH and Te w e r e  observed 
t o  be very r e a c t i v e  wfth regard t o  s u r f a c e s  i n  t h e  apparatus  and each 
o the r .  Cesium hydroxide w a s  found t o  react with z i r c o n i a  components i n  
t h e  furnace tube i n  t h e  temperature range 2800 and <lQQO"C,  probably 
forming cesium mekazirconate (Cs2%r03) .  I n  tes t  C-7, a f r a c t i o n  of t h e  
CsOH r eac t ed  with the  q u a r t z  furnace tube and t h e  q u a r t z  TCT housing tribe 
to form a compound t h a t  w a s  less v o l a t i l e 9  probably cesium sil icate.  
There was  a l s o  evidence in test  C-8 t h a t  some of t h e  CsOII r eac t ed  with 
the s u r f a c e  of t h e  s t a i n l e s s  steel TGT which was heated i n  t h e  tewpera- 
t u r e  range 700 t o  60Q°C, A l a r g e  f r a c t i o n  of t h e  t e l l u r i u m  i n  test C-7 
r e a c t e d  with CsOH i n  t h e  gas phase t o  form t h e  t e l l u r i d e ,  C s T e ,  which 
depos i t ed  by condensation a t  -700°C i n  t h e  platinum TGT. TelBuriam t h a t  
a i d  not  form t e l l u r i d e s  with cesium i n  each of t h e  tests was gettered by 
n i c k e l  and platinum s u r f a c e s  i n  the appa ra tus ,  probably farming n i c k e l  
and platinum t e l l u r i d e s .  

In each of t h e  tests, most of the  iod ine  (predominantly as @SI) t h a t  
en te red  the  TGT deposi ted by vapor condensation i n  t h e  temperature range 
600 t o  30QOC.  (This d e p o s i t i o n  behavior was  a l s o  c h a r a c t e r i s t i c  of 
j o d i n e  in t h e  TGT i n  t h e  r e c e n t l y  conducted H I  tests as w e l l  as i n  a l l  
t h e  p rev ious ly  conducted i r r a d i a t e d  f u e l  tests.) Cesium hydroxide w a s  
a l s o  found deposi ted i n  t h e  same gene ra l  region as t h e  C s I ,  between 550 
and 300'C. The species C s I  and CsOH*H20 were i d e n t i f i e d  by x-ray d i f -  
f r a c t i o n  as t he  only c o n s t i t u e n t s  p re sen t  i n  samples  taken from the peak 
depos i t s .  

In t h e  H I  test series and o t h e r  series of tests conducted with irra- 
di.ated f u e l  segments, t h e  i o d i n e  (1291) t h a t  w a s  released had t o  be quan- 
t i f i e d  by neutron a c t i v a t i o n  ana lyses  of l each  samples. I n  each of those 
tests, components were leached wi th  b a s i c  and a c i d  Peaches t o  remove t h e  
iod ine .  In t h i s  s tudy ,  s e c t i o n s  of t he  TGTs Erom tes t  C-7 and @-8 w e r e  
a l s o  leached i n  the s a m e  manner. The r e s u l t s  are given i n  t h e  tex t .  
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3 , l  COMPARISON WITH PREVIOUS RESULTS (SECTION 7) 

The chemical behavior of a f i s s i o n  product in LWR fuel. rods  under 
acc iden t  condi t ions  depends on i t s  c h e d c a l  form. The chemical. form 1 s  
important  because i t  d i c t a t e s  whether or  not  t h e  f i s s i o n  product w i l l  
i n t e r a c t  wi th  t h e  f u e l ,  c ladding ,  o the r  f i s s i o n  products ,  and materials 
o u t s i d e  the  f u e l  rods.  More impor tan t ly ,  i t  dictates  the  ex ten t  of t he  
release. In Sect .  7 a d e t a i l e d  d i scuss ion  i s  given of t h e  observed beha- 
v i o r  of Cs, I, and Te i n  t h e  f i s s i o n  product release tests conducted a t  
ORNX, The fol lowing conclusions were Ind ica t ed  by t h e  experimental  
r e s u l t s  : 

1. In the p u r i f i e d  helium tests,  iod ine  and cesium were r e l eased  from 
both  BWR and PWR f u e l  segments as cesium iod ide  and cesium oxide 
(probably Cs2O) .  
of 12OO0C, and t h e  releases were pr imar i ly  the pe l l e t - c l add ing  gap 
i n v e n t o r i e s  of cesium and iodine .  I n  the  BWR tes t ,  t he  "gap" 
releases were s i g n i f i c a n t  - -12% of t h e  total .  segment inven to r i e s .  

The segments w e r e  heated t o  a maximum temperature  

2.  I n  dry air atmosphere tests (maximum temperatiire was 700°C), cesium 
was r e l eased  as cesium oxide,  and tod ine  as molecu1a.p iod ine .  

3. I n  t h e  steaw-keliuea atmosphere t e s t s ,  i od ine  w a s  r e l eased  p r imar i ly  
as CsP i n  tests where t h e  mass r e l eased  was >17 pg. Considering a l l  
The tes t s  conducted i n  steam, only 0.38% of the  t o t a l  i od ine  
r e l eased  w a s  c o l l e c t e d  as molecular i od ine ,  This  included a t e s t  
where -53% of t h e  Euel rod segment inventory  of i od ine  was  re leased .  

4 ,  The release behavior  of cesium (excluding C s Y )  i n  steam w a s  t h a t  of 
CSOB. 

5. A s i g n i f i c a n t  release of t r? l I .ur ium w a s  measured i n  only one tes t  ( i n  
steam). Its c o l l e c t i o n  bekavlor was t h a t  of t e l l u r i d e .  Because of 
a pauc i ty  of d a t a ,  t h e  release form of t e l l u r i u m  i n  steam i s  not  
c e r t a i n .  

6. Tel.l.uriusP, l i k e  cesium and i o d i n e ,  i s  a very reactive elrnnent. Io 
t e s t  C-7, i t  r eac t ed  wi th  CsOR i n  t h e  gas phase ( a t  -d30OoC) and 
formed cesium ?:el.l.uride ( C s T e ) ,  I n  both c o n t r o l  tests C-7 and C-8, 
i t  was also observed t o  be very r e a c t i v e  with n i c k e l ,  platinum, 
Inconel-600, and 304-s ta in less  s teel  su r faces .  

7 .  Cesium r e l eased  from t h e  i r r a d i a t e d  f u e l  s i g n i f i c a n t l y  reac ted  wlrh 
z i r c o n i a  ceramlcs a t  temperatures  between 800 and 1200°C, probably 
forming cesium metaz i rconate  ( C s 2 Z r O J ) .  By comparfson, i n  cont ro l  
tes t  C-8, CsOII w a s  a l s o  observed t o  r a p i d l y  react w i t h  z i r c o n i a  a t  
temperatures  >800°C (maximum temperature  was 1000°C). 

8. In  steam tests where quar t z  furnace tube l i n e r s  w e r e  used, t h e  
r e i eased  cestum (excluding Csl) r eac t ed  quickly and v igorous ly  wi th  
the quar tz  surface a t  temperatures  < l O O O " C ,  ThPs behavior w a s  s i m i -  
l a r  t o  t h a t  observed f o r  t h e  CsOH qua r t z  r e a c t l o n  i n  c o n t r o l  tes ts ,  
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9. There w a s  no evidence of C s I  r e a c t i o n  i n  steam d t h  z i r c o n i a  i n  
c i t .her  i r r a d i a t e d  f u e l  or c o n t i o l  tests. Also, i n  t h e  control. tests, 
CsX remained s t a b l e  when exposed t o  Inconel-.TOO and 304-stainless  
steel. 

4 .  EXPERIMENTAL APPARATUS 

A schematic diagram of the  experimental  apparatus  t h a t  was used i n  
tests C-7 and C-8 i s  shown i n  Fig. 1. The apparatus  was  cornposed of a 
fu rnace  assembly and a c o l l e c t i o n  t r a i n .  

Two independently c o n t r o l l e d  r e s i s t a n c e  h e a t e r s  were usad t o  hea t  
t h e  furnace assembly, one t o  vaporize the simulant f i s s i o n  product s p e d - ,  
mens ( C s I ,  CsOH, and T e ) ,  and t h e  o t h e r  t o  provide a hot zone f o r  t h e  
gaseous spec ie s  t o  pass  through before  e n t e r i n g  the c o l l e c t i o n  t r a i n .  
Since C s I  and CsOH were known t o  react with q u a r t z ,  and Te with Pt and 
N i ,  they had t o  he i s o l a t e d  i n  t h e  vapor i za t ion  chamber. A s  I s  shown i n  
Fig,  1, the  CsOH and CsI spectmens were put i n t o  s e p a r a t e  platinum boa t s  
t h a t  were placed i n  a n i c k e l  tube,  and t h e  t e l l u r i u m  specimen w a s  put 
i n t o  a qua r t z  boat t h a t  w a s  placed i n s i d e  a z i r c o n i a  tube. These tubes 
were pos i t i oned  p a r a l l e l  to each o t h e r  w i th in  a z i r c o n i a  l i n e r  whleh was 
housed i n  a q u a r t z  furnace v e s s e l ,  To milnimize con tac t  of t h e  spec ie s  
wl th  the  qua r t z  furnace v e s s e l ,  a z i r c o n i a  "co3.limator"' w a s  used a t  the  
o u t l e t  end of the z i r c o n i a  l i n e r  t o  channel t h e  gaseous s p e c i e s  i n t o  t h e  
c o l l e c t i o n  t r a i n .  Nei ther  Zircaloy nor UO2 were used i n  t h e s e  tests. 

The c o l l e c t i o n  t r a i n  was  composed of a TGT and a f i l t e r  package. 
The TGT used i n  these  tests was  a c t u a l l y  a l i n e r  t h a t  w a s  placed i n  a 
q u a r t z  tube which w a s  connected t o  t h e  end of t h e  q u a r t z  vessel.. For 
the remainder of t h e  t e x t ,  t he  TGT l i n e r  W i l l  be r e f e r r e d  to as t h e  TGT. 
I n  tests C-7 and C-8, they were made of platinum and s t a i n l e s s  steel, 
r e s p e c t i v e l y ,  I n  t es t  6-7, t he  platinum TGT w a s  i n s e r t e d  into t he  c o l l i -  
mator opening. This could not be done with the s t a i n l e s s  s tee l  TGT i n  
test C-8 because t h e  diameter was too l a r g e .  (Thermal g r a d i e n t  tube 
dimensions are given i n  Sects.  4.1 and 5 * I e )  During a test ,  vaporized 
s p e c i e s  were t r anspor t ed  from t h e  furnace t o  t h e  TGT by a flowing carrier 
gas rnixture of steam and helium; the  helium contained 9.6% hydrogen. The 
TGT was heated t o  provide a t enpe ra tu re  g rad ien t  from -85O'C at t h e  i n j e t  
t o  -+150°C at the  o u t l e t .  
c a l i b r a t e d  chrome1 vs alumel thermocouples. A s p e c i e  e n t e r i n g  t h e  TGT 
e i t h e r  condensed ( i f  t h e  dew point  was 215OoC), r e a c t e d ,  o r  w a s  c a r r l e d  
on through t o  the f i l t e r  package. 

Temperature w a s  measured along t h e  TGT with 

The f i l t e r  package contained a glass wool p r e f i l t e r ,  two ?EPA 
f i l t e r s ,  and c a r t r i d g e s  con ta in ing  inpregnated cha rcoa l  t o  c o l l e c t  t h e  
more v o l a t i l e  and p e n e t r a t i n g  species ( e . % . ,  elemental  i o d i n e ,  methyl 
i o d i d e ,  and hydrogen i o d i d e ) .  

An ice-bath-cooled condenser and a dry-ice-cooled f r e e z e  t r a p  
( - 1 8 ' C ) ,  l oca t ed  f u r t h e r  downstream, w e r e  used to remove the  steam f o r  
measurement. 
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During a tes t ,  the radioactively tagged species that deposi ted i n  t h e  
TGT and f i l - ter  package were cont inuously m n i t o r e d  by NcaICTA] detectors 
which were connected t o  multichannel analy2ers.  A d a t a  aequi sition system 
w a s  used t o  record t h e  data a t  1 min i n t e r v a l s .  Several i n d i v i d u a l  c h a r t  
r e c o r d e r s  were used t o  contfnuously recard temperature and f l o w  rates. 

The q u a n t i t i e s  of Cs, T,  and Te used i n  tests C-7 and C-8 were s i m i -  
lar t o  t he  c a l c u l a t e d  i n v t ~ ~ t o r i e s  fo r  t h e s e  elements t h a t  w e r e  contained 
i n  segments of h igh ly  irradfated LWR fuel t a t  w e r e  used i n  the f i s s i o n  
product r e l e a s e  experiments I n  the H3. test s e r i e ~ . l - ~  These d a t a ,  along 
wi th  mass r a t i o s  of these dements and %he masses of the chemical f o r m  
used, are given f n  Table 1. 

Table 1. Data showing the masses of tes t  spechmens used i n  tests C-7 
and C-8 as compared wi th  fiss5.0~1 product equtvalents in the 

segment:s used i n  tests HI-1 and HI-4 

Mass a v a i l a b l e  

Element 
cs 225.5 
I 19.6 
Te 37.9 

Chemical form 
CSOW 231.2 
cs I 40.1 
Te 37.9 

Mass r a t i o  
CS/I 11.5 
Cs/Te 5.9 
Te/ I 1.9 

286.6 205.8 
21.3 20.0 
38.3 39 .o 

41.1 
38.3 

13.5 10.3 
7.5 5.3 
1.8 2.0 

252 e 5 
25.2 
50.9 

10.8 
5.0 
2.0 

aSegnent used i n  test HI-4 ( c a l c u l a t e d  i n v e n t o r i e s  e 

'Segment used i n  tes t  HI-1 ( c a l c u l a t e d  i n v e n t o r i e s )  e 

One o r  both of two methods were employed t o  r a d i o a c t i v e l y  tag t he  
test specimens: neutron a c t i v a t i o n  and r a d i o a c t i v e  i s o t o p e  add i t ion .  In 
t h e  p repa ra t ion  of t he  t e l l u r i u m  specimens, two metall ic samples t h a t  
were enriched t o  98.2% i n  the i s o t o p e  128Te w e r e  encapsulated i n  qua r t z  
ampuls and i r r a d i a t e d  i n  the Nigh Flux Tsotspe Reactor (HFIR), The 
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t e l l u r i u m  i so tope  129?aTe, which has a h a l f - l i f e  of 73.6 d ,  w m  produced. 
Upon being removed from t h e  reactor, i t  w a s  discovered t h a t  a large por- 
t i o n  of t he  tellurluum had fused t o  t h e  w a l l s  of each of t he  ampuls 
(apparent ly  by vapor depos i t i on  or  reac t i on ) .  Since t h e r e  was not  enough 
unaf fec ted  t e l l u r i u m  t o  do the tests, the ampails were broken i n t o  smaller 
pieces and a l s o  placed i n  the test boats .  

The CsOH specimars were prepared by adding predetermined ammrnts of 
1 3 7 ~ ~ ~ 9  t o  s o l u t i o n s  containing known amounts of CSOM and evaporat ing 
them t o  dryiiess In  ylarinum boats .  Only about 3-ppm chlor-lne was i n t i s -  
diiced as a contaminant by tlrg 137CsCl add i t ion .  
react r ap id ly  w-lth CO2 t o  form cesium carholmate (Cs7603), t h e  prepara t ion  
w3-s done i n  a glove box under a flowing helium atmosphcre, 

Sinec CsOR i s  lenom t o  

Cesium Fodide specimens were f i r s t  tagged with 1 3 ' k s  by ceaitroa actL- 
va t ion  i n  t h e  Oak Ridge Research Reactor (ORR) ,  and subsequent ly  tagged 
with 1 3 1 1  by add€t ion  of Na1311, To ob ta in  good i s o t o p i c  nrLxing of t h e  
i o d i n e ,  each f7-radiated C s T  spei-lncn was d isso lved  and thoroughly m5 xed 
i n  a m a l l  volume of waLer t h a t  contained t h e  N E I ~ ~ ~ T . .  
s o l u t i o n s  were evaporated t o  dryness i n  p l a t i n u m  boats  e 

Afterward, the 

In each of the prepararfons, emphastes was given t o  minimizing i n t r o -  
dricti on of contaminant materials and ob ta i z ing  accu ra t e  s d - g h t s  and 
a c t i v i t y  measurements The ca lcu la t ed  s p e c i f f c  aet ivf t -1  es f o r  the d e -  
mental spec ie s  a re  given i n  Table 2. 

Table 2. Spec i f i c  a c t i v i t i e s  ca l cu la t ed  f o r  t h e  elements 
used i n  tests (2-7 and C.--8 

cs  134CS 2,06 y e81 5.44 5.50 
I 1311 8,04 d C s  4: 608.6 156.7 
CS 137cs 30.17 y CsOH 0.92 0.85 
're 129m73 33.6  a Te 1407.5 864.6 

aSeptenber 19, 1983, a t  8:OO am. 
'October 11, 1983, a t  8:OO a m a  

6. P GENERAL RESULTS AND TEST DESCRIPTION 

I n  t h i s  tes t ,  t he  specimens w e r e  heated as shown i n  Fig .  2. The 
vaportzed species were carrled to the c o l l e c t i o n  s 3 7 s t e m  by a flowing 
steam (0.156 TA/min a t  STP) and helium-~.6% hydrogen (0.147 L/min at STP) 
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Fig. 2. Col lec t ion  of cesium, iodine, and tellurium in the TGT in 
tes t  C-7 as functions of time and specimen temperatures. 



a tmsphera .  Before ecterlng t he  plat-inum TGT, the gaseous spec ie s  had t o  
pas s  through a h o t  zone Za the zjrcoraia l i n e r  t h a t  w a s  m i n t a i n c d  at 
-800°C du-eiag the  t e a t  (see Pig.  1). There were three reasons f o r  having 
t h e  hot  zone; (1) t o  keep t he  spec ies  from condensing, (2) to supply E 

preheated r e a c t i o n  zone f o r  the spetsies p r i o r  t o  t b e t r  e n t e r i n g  the TGT, 
and ( 3 )  t o  he lp  determine t h e  temperature range where CsOE reacts wtth 
zli-conia t o  form cesium nec,aeircoiiate ( C s 2 Z r O 3 ) .  The l a t t e r  C ~ R S O ~  i s  of 
interest because l a r g e  percentages of the released cesium (25-502) i n  the 
111 serles t e s t s  were r e t a i n e d ,  by the zj.rconia c s - r a ~ i c  cornponeil&s a t  the 
o u t l e t  end of t he  furllace,  wh%ch were heated 5n ihc temperafsire range 
-900 t o  -1800°C ( see  Sect. 6.1). 

Tablc 3 summarires the p o s t t e s c  distribution of Cs, 1, and Te as 
determined by g a m a  spcctromstry.  As shown, -9.4% of rhe cesium and 
-2-72 of the iod ine  bm-e found on t h e  su r faces  of t h e  z i r c o n i a  l i n e r  and 
collimator. ~ o s t  02 t he  iod ine  and an almost equal  amount of 1 3 ’ h ~ s  ( see  
masses) werrs found i n  the  cooler  upstream half  of the zjnrconPa J i k i e r ;  
t h i s  was probably condensed @SI. C O K I V ~ ~ S ~ ~ ,  tlrr largest p o r t i o n  of the 
cesium that was tagged with L37Cs (CsOB)  was found 0n the h o t t e r ,  down- 
s t ream half  0f the l i n e r  and fairly u n i f o r d y  deposPted. T h i s  suggests  
that them w a s  some t rndency f o r  the CsOB t o  react wJ. th  t h e  z i r c o n i a  
lineP- * 

- 
It can also be seen Pn Table 3 that a l l  the C s I  2nd 83% sf t he  G s O H  

w e r e  vaporized and t r anspor t ed  f rom the  nickel tube during the test ,  and 
that  94% of the t e l l u r i u m  escaped from the  smaller diameter zirconia tube.  

the t e l l u r i u m ,  and 47% of the cesium t h a t  was tagged with L 3 7 C s  (mostly 
CsOH)  were c a r r i e d  out  of the fkrnar-e t o  the  TGT and filter package. 

Of t he  fractions VapoKLzed, 88.2% Of the css: (based on 1 3 1 1  only)  , 88% of 

~esfartrn i o a i d e  and CSOM were i n i t t a l l y  tagged wzth 13% and 1 3 7 ~ s ~  
r e s p e c t i v e l y  ( see  Sect.  4 ) .  W?Lle being t r anspor t ed  i n  t h e  gaseous phase 
some i s o t o p i c  exchange occurred, but i t  ms not as extensive as w a s  
expected. For t h i s  reason, the results have been more meaningful. (In 
Sect. 5.2.4,  it i s  shown that Cs% remained a s t a b l e  spec ie  during the  
t e s t , )  Notice that  14.2 mg l o d i n e  and 9.6 mg cestum, which was tagged 
sich 134@s, deposited in the TGT, 
14.9 mg ezslum tagged ~ t h  1 3 4 ~ s  would have deposi ted i n  the TGT, 
course, i n  t h l s  case, t he  missing CsI cesium w a s  tagged wlth 137C:,. 
Therefore ,  i t  appears t h a t  -36% of t he  cesium s r i g i t i a l l y  associated with 
i e d i n e  as Csl exchanged d t h  the CsOH cesium drnrlng the  tes t .  

If no i s o t o p i c  exchange had occurred,  

The l a r g e s s  po r t ions  of t he  CsOH ( 1 3 7 C s  tagged) t h a t  remained in t he  
furnace assembly was found on s u r f a c e s  of the quar t z  fenrnace vessel  and 
quarcz TGT housing, ~ ~ ~ i ~ n l y  wEthPn -4 of the  TGT entrance. Most of th i  
i o d i n e  (8%) was found downstream i n  the  qua r t z  T U  houalng at a tempera- 
t u r e  <59OoC. The CsOH probably reacted with the quartz to form Cs2Si .63,  
and the iod ine  as G s l  passed down the gap between the platiinxxm TGT liner 
and the qua r t z  TGT unti 1 i t  condensed a t  a c h a r a c t e r i s t i c  temperature. 

Only a trace amount of t e l l u r i u m  was found i n  the f i l t e r  package. 
In c o n t r a s t  t o  t h l s ,  -1’9% of t h e  iod ine  deposi ted t h e r e ;  however, only a 



Table  3. Posttest  d i s t r i b u t i o n  of tellurium, cesium, and i o d i n e  in t e s t  C-7 

Amount and p e r c e n t a g e  of Te, Cs, and I found i n  each l o c a t i o n  

Furnace components 
Quartz f u r n a c e  v e s s e l  
Quar tz  spacer  
Quartz holder 
Zi rconia  f u r n a c e  t u b e  l iner  
Zirconia  o u t l e t  p lug  
Zi rconia  tube ( T e  specimen)" 
Nickel tube  (CsOH and CsI 

Platinum boat (CsOR) 
Platinum boat (CsI) 

specimens ) 

Tota l  

Theraal g r a d i e n t  tube  

F i l t e r  pack componenta 
Entrance tube 
E n t  rmce cone 
Glass wool p r e f i l t e r  
F i r s t  REPA f i l t e r  
Second KEPk f i l t e r  
F i r s t  c h a r c o a l  
Second c h a r c o a l  
Yisce l laneous  p a r t s  

Total  

Copdenset 

T o t a l  a l l  componentsd 

600-800 
600 

6 0 M O O  
600-800 

785 
600-755 

625-675 
-635 
-650 

9OCr150 

180 

0 

0.927 2.32 55.78 23.98 
0.072 0.18 0.02% 0.01 
0.003 0.01 5.37 2.31 
2.18 5.44 14.85 5.38 
0.053 0.13 7.46 3.21 
2.35 5.86 0.0 0.0 

1.20 3.00 27.bl  11.61 
0.036 0.09 13.52 5.81 
0.003 0.01 0,133 C.06 

6.624 17.04 124.15 53.37 

42-56 81.31 87.78 37.74 

0.07 
0.001 
0.586 

5 x 10-5 
0.002 
0.0 
0.0 
0.0 

0. i a  

i x 10-4 

0.002 
1.46 

0.005 
0.0 
0.0 
0.0 

1.30 
0.024 

l7 .46 
1.66 
0.0 
0.0 
0.0 
6.042 

0.56 
0.01 
7.51 
0.80 
0.0 
0.0 
0.0 
0.32 

0.66 1.65 20.69 8.89 

0.0 0.0 0.0 0.0 

40.04 100.0 232.62 100.0 

4.65 23.25 60.43 
'3.0 0.0 0.03 
0.757 3.79 6.13 
0.771 3.85 15.61 
0.561 2.91 8.04 
0.0 0.0 0.0 

0.130 0.65 27.14 
0.065 0.34 1 3 . 5 9  
0.004 0.02 0.14 

6.961 34.81 131.11 

9 . 6 3  4E.15 97.41 

0.186 
0.003 
2.873 
0.346 
0.0 
0.0 
0.0 
e.001 

0.93 
3,015 

14.37 
1.73 
0.0 
0.0 
0.0 
O.OC5 

1.49 
0.03 

20.33 
.,2.21 

0.0 
0.0 
3.0 
2.G4 

17.04 24.10 3.41 

3 . e 0.0 0.0 

20.00 lOG.6 252.62 

23.92 
0.01 
2.43 
6.18 
3.18 
0.0 

10.74 
5.38 
0.06 

51.90 

38.56 

0.59 
0.01 
8.05 
0.67 
0.0 
0.0 
o.O 
0.02 

9 .54  

0.0 

100.0 

1.61 8.06 
0.084 0.42 
0.001 0.005 
0.516 2.5% 
0.018 0.09 
0.0 0.0 

0.118 0.59 
0.0 0.0 
0.001 0.005 

2.35 11.76 P 
j--l 

f4.2C 71.12 

0.242 1.21 
0.031 0.16 
2.94 14.67 
0.199 1.00 

3.2 x 0.002 
0.015 0.07 
0.001 0.005 

1.2 10-4 0.001 

3.42 17.12 

0.0 0.0 

19.97 1eo.o 

'Sum of 137 t r a c e d  C s  and 134 t r a c e d  Cs. 

'percentage of t o t a l  mass found. 

'Tellurium sample was about  630 +. 5OoC.  

u, '-he i n i t i a l  spec inen  % e i g h t s  wsre 19.6 mg i o d i n e  (I3lI t a g g e d ) ,  37.9 n g  te l iur ,um (179mTe t a g g e d ) ,  205 ng cesium (13;'Cs t a g g e d ) ,  
arid 20.5 mg cesium (134C5 tagged). 
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small. f r a c t i o n  (0.07%) of tlic Lodin2 was de tec t ed  on the charcoal .  (As 
was pointed out p rev ious ly ,  only the  mort v o l a t i l e ,  or  p e n e t r a t i n g ,  forms 
o€ Podine, l i k e  12, CH31, and H I ,  shoaxld p e n e t r a t e  t he  f i l t e r s  and be 
found on the  charcoal . )  The largest f r a c t i o n  of i od ine  ( 1 4 2 )  i n  t h e  
f i l t e r  package w a s  on t h e  g l a s s   WOO^ p r e f i l t e r ,  I n t e r e s t i n g l y ,  the same 
amount of cesium t h a t  was tagged with 134@s vas a l s o  found the re .  About 
9.5W of the  t o t a l  cesium w a s  found i n  the f i l t e r  package. 

Table 3 g i v e s  the  i n i t i a l  masses of the specimens and t h e  post tese:  
va lues  f o r  mass balance c.onsideralions. The values  f o r  134Cs and I 3 l 1  
were wl th in  ?3W, and t h e  valixer; f o i  129nTe and 1 3 7 C ~  were high by 5.7 and 
13.4%. Considering t h e  u n c e r t a i n t i e s  i n  counting s ta t i s t ics  and i n  
a t t e n u a t i o n  f a c t o r s  i n  both p r e t e s t  and. p o e t t e s t  aoisasurements? we fee l  
t h a t  these values  r e p r e s e n t  good agree 

Posttest TGT depos i t i on  p r o f i l e s  f o r  Cs, I, and Te are shown in 
Flg ,  3. The behavior of each specimen i s  discussed i n  t h e  following sub-, 
s e c t i o n s .  

The f i r s e  two cent imeters  of the platinum TGT was pos i t i oned  i n  the  
z i r c o n i a  co l l ima to r  (Fig.  1) durtrng the tes t .  The TGT l i n e r  was 38 .3  cr~ 

long with an I D  of 0.38 cru. 

6.2,1 - LeachabLlity of Cesium, Iodine,  and Tellurium Deposi ts  i n  t he  

0 

Platinum Thermal Gradient Tube XLnes ---____ 
The primary objective of t h e  leaching study was t o  examine the l each  

hehiaVioK of known slmulant f f s s i o n  product species from platinum (test  
C-7) and s t a i n l e s s  s tee l  ( t e s t  C-8) TGT su r faces  i n  hopes of bet ter  under- 
s t and ing  the l each  behavior of the f i s s i o n  products t h a t  were c o l l e c t e d  
i n  simflar TGTs in t h e  HP tests. 

Sect ions 2,  4 ,  6 ,  and 8 were cut from the  four  rccaln peak regions 
( see  Fig. 4 )  of the platinum TGT used i n  test C-7 f o r  leachlng pnrposes. 
Adjoining s e c t i o n s  1, 3,  5, and 7 were also sampled f o r  analyses  ( S S M S ,  
SEM/'EDX, and x-ray d i f f r a c t i o n ) .  

The leaching method used  w a s  the same as was; employed i n  t h e  HI tes t  
a e r i e s .  F i r s t ,  the  s e c t i o n s  were i n d i v i d u a l l y  leached two or t h r e e  tlrnes 
( 2  h each) with a b a s i c  s o l u t i o n  composed of concentrated NHbOH and 302 
H202 ( 2 :  1) 
t i o n ,  4 - M HN83 and 0.25 .- M HF, f o r  ha l f  an hour. 

and f i n a l l y ,  they were i n d i v i d u a l l y  leached wfth an acid solu- 

The l each  r e s u l t s  are t abu la t ed  i n  Table 4 .  These d a t a  show that 
a l l  the cesium and iod ine  (299%) were reumved from each of che s e c t i o n s  
by the  f i r s t  bas l c  leach. Analy t i ca l  results (see Sect. 6.2.2) suggested 
that the l i k e l y  spec ie s  of cesium and i s d i n e  t h a t  were c o l l e c t e d  i n  the 
TGT were C s O H e H 2 0 ,  C s I ,  CsTe ,  and C s 2 S i O 3  (see  Sect.  6.2.2), all. of which 
are known t o  be s o l u b l e  i n  aqueous s o l u t i o n s .  
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DISTANCE FROM ENTRANCE OF TGT (cmd 

TEMPERATURE ALONG TGT ( " C )  

Fig.  3. Cesium, i o d i n e ,  and t e l l u r i u m  p r o f i l e s  (mg/cm) along the 
platinum thermal g r a d i e n t  tube i n  test C-7, 
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Pig. 4 .  T R l s  figure shows the locations where sec t ions  w e r e  cut from 
the TGT used in test C-7 for analytical (1, 3 ,  5, and 7 )  and leaching (2, 
4 ,  6 ,  and 8) purposes. 
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cx 
Table 4 .  Effec t iveness  of basdc and ac fd i c  leaches in removing cesium, 

i o d i n e ,  and t e l l u r i u m  materials from s e l e c t e d  sec t lons  of t he  
thermal g r a d i e n t  tube l i n e r  used i n  tes t  @-7 

Cumulatl.ve percent  removed 
I n i t  i a1 
mass A f t e r  f i r s t  After second After b Tagged 

element (mg 1 b a s i c  leach basic l each  a c i d  l e a c h  

Section 2 (835 t o  8 0 0 ~ 1 ~  

1291.e 1.63 57.8 
1311 0.033 100 
1 3  4cs 0.381 100 
1 3 7 ~ ~  4.96 100 

59 
100 
100 
100 

3.20 
0.316 
0.380 
4.01 

0.118 
0.809 
0.697 
3.98 

Sect ion 4 (695 t o  650°C)’ 

91.8 

99.3 
99.1 

100 
9 4 , 6  
100 
100 
98,7 

Section 6 ( 4 6 8  to 405°C)’ 

83.6 

99.6 
99.5 

100 
8 6 - 3  
100 
100 
99. 

Sect ion 8 (355 t o  3oO”@)C 

59 
100 
100 
100 

95 
100 
100 
100 

87 
100 
100 
100 

12 %UTe 0.033 93.9 
1311 2.21 99.9 

137cs 3.05 99.7 
134cs 0.607 99.8 

94.5 
100 
100 
99.8 

95  
100 
10 
100 

The b a s i c  l each  s o l u t i o n  w a s  a 2:1 mixture of NN40H ( concen t r a t ed )  n 

and H202 (30%). The acid l each  w a s  a s o l u t i o n  o f  4 M HN03 and 0.25 M HF. 

Cesium iodide was  tagged wi th  13%s and l3lI; CsOB was tagged with 137Ct3, 
The. temperature of t h e  section during t h e  test ( s e e  Fig. 3). 

- - 
’The i n i t i a l  s t a r t i n g  materials were CsI, CsOH, and elemental Te. 

e 
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The leach  behavior f o r  t e l l u r i u m  w a s  d i f f e r e n t .  T a b l e  4 shows tha t  
-59% of the  t e l lu r ium on sec t ion  2 was w r y  s ~ l u b l e  i n  basic. leach. On 
t h e  other hand, t h e  unaf fec ted ,  remaining fraction could not  be removed 
by the  second b a s i c  leach  or  the  fol low up ac id  l each ,  i n d i c a t i n g  that i t  
w a s  probably d isso lved  i n  or reacted ~ 9 t h  t h e  platinum. 

Sec t ion  4 of the TGT contalned a po r t ion  of the CsTe depos i t  found 
a t  -700'C (see Sect.  6.2.2). The ~ W Q  Sasic. leaches removed 95% of the 
t e l lu r ium and all. t he  cesium; i n  f ac t ,  both were removed by the f i r s t  
basic leach.  The remaining 5% of the t e l l u r i r m  could not be removed by 
the ac id  leach. 

Tel lur ium depos i t s  on TG'S sections 6 and 8, where the  two ndnor 
downstream t e l l u r i u m  peaks occurred,  were e a s i l y  removed by the  f i rs t  
basic. leach so lu t ions .  Only 13 and 5%,  r e s p e c t i v e l y ,  could not be 
removed by the  ac id  leaches.  

Figure 5 compares t he  TGT concent ra t ion  p r o f i l e s  f o r  teklur ium 

t e l l u r i u m  tha t  deposi ted i n  the  TGT was disso lved  i n  or  reac ted  w l t h  the 
plat inum su r face  and t h a t  the surface concent ra t ion  of t h i s  tellurlum 
decreased exponent ia l ly  from the  i n l e t  rto the o u t l e t  end. T h i s  i s  the  
behavior t h a t  wou1.d be expected f o r  gaseous elemental  t e l lu r iu in  o r  @OS- 
sibly :9 t e ~ u r ~ u n l  spec ie  t h a t  w a s  less s t a ~ e  than ~ t ~ e . 8  '111 prevtorzs 
f i s s i o n  product release tests,  125Sb has been found deposfted i n  a simf- 
l a r  pa t t e rn .  

( ~ ~ / c D I )  before and a f t e r  Peaching. These dati l show that -142 of the  

6 . 2 . 2  Ana1ysi.s of the  Thermal Gradient Tube Deposits by SEM/EDX and SSMS 
--I -1..-1. 

' b o  of the a n a l y t i c a l  nethods employed i n  t h i s  r e sea rch  program t o  
i d e n t i f y  f i s s i o n  products  and cantami nant  elements have been scanning 
e l e c t r o n  lnicroscopy ~ 5 t h  an energy d i s p e r s i v e  x-ray system (SEM/EDX) and 
spark-source mass spectro- ie t ry  (SSMS) . The SSMS analyzes  the t o t a l  
c o l l e c t e d  sample wh81e EDX i s  e f f e c t i v e  i n  determining elkmental composi- 
t i o n s  to  a depth of 1 t o  5 pro, depending on sample dens i ty  and opera t ing  
condi t ion .  

Elements w l t h  atomic numbers less t h a n  11 (sodium) cannot be detected 
by EDX; however, none of these elements except oxygen sliould have been 
p resen t  i n  these  two tests, The SSMS, on t he  o the r  hand ,  i s  s e n s i t i v e  Eo 
a l l  elements except C,  N ,  0, B e ,  He, and 1-9, 

For tes t  C-7, pieces  of TGT t h a t  contained t y p i c a l  depos i t  malerials 
were taken from the  four peak reg ions  ( see  FPg. 4 ) .  T a b l e  5 g3ves  he 
elemental  compositions f o r  t h r e e  p a r t i c l e s  t h a t  were located on a small 
section of platinum TGT from ?he peak region 880 t o  8OO"C, and far a 
gene ra l  view of a l a r g e r  f r a c t i o n  of t he  depos i t ,  For comparison, i t  
a l s o  gives the results obtained hy SSMS fo r  a sample Laken from the same 
reg-lon. Cesium was assigned the value  100 atoms. Figure 5 is an SEM view 
( 7 2 8 0 ~ )  of an agglomerate of whdtish p a r t i c l e s  tha t  w a s  loca ted  i n  t he  
general vlew p i c t u r e  of Fig. 7. The major elements p r ~ s e n t  i n  two of 
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Fig. 5. Comparison of t e l l u r i u m  concent ra t ion  p r o f i l e s  i n  t h e  TGT 
l i n e r  before  and a f t e r  Peaching FR t es t  ‘2-7. 
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Table 5.  Elemental deiposft i-n TGT at 880 t o  800°C 
in test C-7 

........... I I _II__ ..-._ .............. _..- 
~ t o m  compo I; it ionU 

Sample cs TC? si %e 

A 

b B 

h c 

100 29 45 

100 5 1  7 1  

100 167 

8 

De 100 35 127 

100 5 36 0.3 d E 
_I_ .- - .............. 
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@ R N L  PHOTO 36136-84 

Fig, 6 .  AB1 SEM view ( 2 2 8 8 ~ )  of an agglomerate sf whltlisb particles 
that deposited in the 880 to 800°C temperature region in the TGT during 
test c-7. 
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ORNL PHOTO 3698-84 

F i g ,  7. General SEH view ( 2 2 8 ~ )  of a section s f  TGT slxrface deposit 
f r o m  the 880 to 800°C peak. region ( t e s t  C--7). 
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these p a r t i c l e s  ( A  Bb that were analyzed by EDX were Ce,  Te, and Si. 
A small amount of i r o n  was also detected i n  R ,  A st ray par t ic le  (C), not 
a s s o c i a t e d  ~ t t h  the ixgglomerate ~i(>l\t;~Pned t e l l ~ r _ f ~ r n ,  brtt contained 
more s i l i c o n ,  Far a large area of the sample surface. in the Fig. 7 view 
thaTc was also examined by EDX, the r a t i o  of Te:Cs atoms for t h i s  sample  
I s  s i m f l a r  to those obtained for particles A and H; how~puer, the Sl :Cs  
ratio I s  considerably higher. The values obta ined  by SSMS (see spceimen 
E i n  Table 5) f o r  a similar deposit sample show t h a t  the t~ l . l . u r - lm  con- 
t en t  w a s  lower. T h i s  was expected 'weause a Large fraction of the 
t e l l u r i u m  was a l l o y e d  t h  the platinum and could not be removed by the 
sampling method for SSMS. The s f l icaa  value,  on t h e  o t h e r  hand, was 
slmllar t o  the values obtained fo r  particles A and B. 

These data offer an exp lana t ion  for t he  cesium peaks neat t h e  hot 
i n l e t  end of the TGT liner ( see  Pig. 3 ) ;  apparent ly  small q t l a r t~  par- 
t ic les  from the  tellurium specllrnen tube were t r anspor t ed  t$:, the l i n e r  
(see  Sect. e i ) *  Cestum was probah1.y r e t a i n e d  in t h i s  Socatfan because 
CsOH reaets readily w i t h  quartz to form e ~ s i a m m  silicates, vkLch are 
s t a b l e  at higlmer temperatures (< 

Ar9alysis of the depos i t  011 the aectlon of l f n e r  Pocnted f n  the tern- 
peratme region 750 to 650°C (see Fig. 4 )  revealed a cesium to t e l l u r fum 
atom r a t i o  nf 1: 1. Table 6 g i v e s  both the EDX and the SSMS results. 

1 no 99 
108 96 
100 96 
100 115 
100 83 
100 95 1 6 

Traces o f  i od ine  and sli l ison were also detected by SSMS, These values 
also c~mpare we I lwifih the vakws  obtained by gama spectrometry fo r  the 
a t o m  composition (Cs = 100, "re = 104, I = 1 . 6 ) .  Since only a small frac- 
t j ~ n  of the teEBurium (5%) was reacted w l t b  the platinum In this s e c t i o n  
of IPner, and slvlce t h e r e  were? only trace amounts of contaminant materla1.a 
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present  i n  the  su r face  depos i t ,  it i s  l i k e l y  t h a t  t he  pr€msy deposi ted 
spec ie s  w a s  cesium t e l l u r i d e  ( C s T e ) .  

A s e c t i o n  of TGT t h a t  w a s  loca ted  i n  the temperature regdon 500 t o  
40OOC (see  Fig. 4 )  during the. test  had t w o  d i f f e r e n t  appearing depos i t s ,  
one wh i t i sh  and the  o the r  g ray i sh  colored.  Each was examined and ana- 
lyzed by SEM/EDX. Based on the  EDX r e s u l t s  shown i n  Table 7 ,  t h e r e  was 
no t  a s i g n i f i c a n t  d i f f e rence  i n  atma compnsitfoa of p a r t i c l e s  from the 
d e p o s i t s ,  No t e l l u r ium was de tec t ed  in par t jc le  samples E and F or s i l t -  
con i n  p a r t i c l e  samples A and D. The atom composition of a similar 
sample depos i t  was obtained by SSMS as i nd ica t ed  by sample 1,; i t  compares 
favorably  with the  results obtained by g a m a  spectrometry.  

Table 7. Elemental depos i t  Pn TGT at 500 t o  4OOOC 
in tes t  C-7 

Atom compositiona 
- 

s ampleC CS P Te si 

d 
Ad 
" d  
' d  
Dd 
Ed 
Fd 

"d 

J 

Ge 

I d  

Ke 
L f 

100 
100 
100 
100 
100 
100 
100 
100 
100 
100 
100 
100 

16 
22 
11 
89 
55 
39 
21 
18 
73 
55 
52 
9 

14 
17 
15 
10 

18 
19 
22 
31  
24 
1 

3 
3 

12 
4 @  
56 
19 
4 
5 

26 
5 

"Values normalized t o  100 cesium atoms. 

b d i n e  w a s  co r rec t ed  f o r  EDX s e n s i t i v i t y  d i f f e r e n c e s  based 
on EDX a n a l y s i s  of pure CsI samples, The iod ine  va lues  w e r e  
increased  by the  f a c t o r  1.22. 

cSamples A through H w e r e  sample examples of the wh1.Ciah 
d e p o s i t ;  samples I through J w e r e  sample examples of the  gray 
depos i t .  

d P a ~ ~ i ~ l e  analyzed by EDX. 

'Large surface area anal.yzed by EDX. 

$Sample analyzed by SSMS. 
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Samples were examined by x-ray d i f f r a c t i o n  and C S O H ~ ~ ~ ~ O  and Csl: were 
ideii t i .f ied as t h e  m j o r  spec ie s .  There were nl.so some weak u n i d e n t i f i e d  
l i n e s  t h a t  were not those  of C S ~ C O ~  or elemental  t e l l u r i u m ,  Since s i l i -  
con w a s  p re sen t ,  t hese  poss ib ly  could have been C s 2 S i 0 3  l i n e s .  

F igure  4 shows t h a t  the  major i o d i n e  peak i n  t h e  TGT occurred i n  t h e  
temperature  reg ion  400 t o  725OC. There w a s  a l s o  a major cesium peak 
a s soc ia t ed  with i t ,  which suggested a C s I  depos i t .  Samples of the white  
c r y s t a l l i n e  depos i t  were i d e n t i f i e d  by x-ray d i f f r a c t i o n  as C s I ,  hut  
t he re  were a l s o  some less I n t e n s e  l ines f o r  CsON-H20 and very f e i n t  l ines  
t h a t  appeared t o  be Cs2CO3. 

Figure 8 shows n t y p i c a l  §EM view ( 2 2 8 ~ )  of t h e  depos i t  on a sample 
s e c t i o n  of H n e r  from the r eg lone  S ix  p a r t i c l e s  were picked a t  random and 
analyzed by EDX; f i v e  of them had a mean atom composition of -100 iod ine  
atoms per 100 cesium atoms (see Tahle 8).  Sample par t ic le  F contained no 
I,  only Te and Si .  Analysis of a l a r g e r  area, whPch encompassed many 
p a r t i c l e s ,  showed 50 i o d i n e  atoms and 14 s i l i c o n  atoms per 100 cesium 
atoms. Analysis  of a depos i t  samplls by SSMS showed t h e  number of i od ine  
atoms as being similar t o  t h e  numbers determined by EDX. The SSfG analy- 
s is  also showed t h a t  t e l l u r i u m  and s i l i c o n  were present  e 

6.2.3 Te l lur ium Behavior 

Tel lur ium i s  thought t o  vapor ize  i n  a s teawhydrogen  atmosphere as 
t h e  dimer, T e 2 .  If i t  had remained i n  t h a t  form, i t  woald have r eac t ed  
i r r e v e r s i b l y  wi th  t h e  surface. of t h e  hot  platinum TGT, and the  p o s t t e s t  
s u r f a c e  concent ra t ion  p r o f i l e  would have decreased exponen t i a l ly  wi th  
d i s t a n c e  from t h e  i n l e t  t o  the o u t l e t . s  Obviously,  as can be seen i n  
Fig .  3,  t h a t  d id  not happen; t he  t e l l u r i u m  p r o f i l e  w a s  i r r e g u l a r ,  having 
f i v e  peak r eg ions  It w a s  determined by leaehing  ( see  Sect .  6.2. I ) ,  t.hat 
orr1.y -142 of the  t e l l u r i u m  i n  t h e  TGT was a l loyed  ( o r  r e a c t e d )  w i t h  t h e  
plat inum 

S i g n i f i c a n t  and almost: i d e n t i c a l  tellixrfurn and cesium peaks occurred 
a t  7OO0C,  Analyses of depos i ted  materlal by SSMS and SEM/E:DX showed t h a t  
C e ,  Te., and I were t h e  only  elements  p re sen t ,  and t h e  amount of I was  
n e g l i g i b l e ;  f i ir thermore,  as gamma spectrometry a l s o  ind ica t ed  t h e  atom 
r a t i o  of Cs:Te w a s  1:l.  The leach  s tudy  (Sec t .  6.2.1) showed t h a t  both 
the cesium and t h e  telluriixm were r e a d i l y  so lub le  i n  b a s i c  l each ;  a l k a l i  
t e l l u r i d e s  are s o l u b l e  i n  aqueous s o l u t i o n s .  Prom these d a t a ,  i t  appears  
t h a t  CsTe w a s  t he  depos i ted  spec ie .  

When t h e  TGT w a s  opened i n  t h e  p o s t t e s t  examination, a 4-cm-'hong 
b l ack  depos i t  w a s  observed a t  the C w T e  peak l o c a t i o n ;  the temperature  
range covered was  between 740 and 650°C ( see  Fig. 3). Closer  examination 
showed t h a t  t h e r e  w a s  white  c r y s t a l l i n e  material on t h e  sixface of t h e  
b lack  depos i t .  \+Then a s e c t i o n  of t he  depos i t  was d r i e d  f o r  2 h i n  a 
flowing helium atmosphere t h e  depos i ted  mat-erlal  appeared t o  be somc?what 
ye l lowish  green. 
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ORNL PHOTO 3697-84 

* General. SEH view (228x) of a surface deposit ow a sectiinn 
of TCT l i n e r  from the 400 to 300°C peak region (test: (2-7). 
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Table 8. Elemental depos i t  i n  TGT at 400 to 300°C 
i n  test C-7 

Atom compositiona 
- - 

Sample. cs ab Te si 

100 
100 
100 
100 
100 
100 
100 
100 

96 
98 

107 
84 

115 
18 65 

50 14 
74 1 11 

Values normalized t o  108 cesium atoms, a 

bIodine was co r rec t ed  f o r  EDX s e n s i t i v i t y  d i f f e r e n c e s  hased 
on EDX ana lyses  of pure CsI samples, The lod-he values  were 
i n c r e a s e d  by the va lues  1.22. 

"Particle analyzed by EDX. 

%arge s u r f a c e  area analyzed by EDX. 

"Sample analyzed by SSMS. 

Samples of deposi ted material from a l l  the  peak r eg ions  were exam- 
ined  by x-ray d i f f r a c t i o n .  There were no l i n e s  i n  t h e  f i l m  f o r  t e l l u r i u m  
s p e c i e s ;  appa ren t ly ,  t h e  c r y s t a l s  were too small f o r  f d e n t i f i c a t i a n .  

6 . 2 . 4  Iodine Behavior 

During the  t e s t ,  most of t he  C s I  specimen ( 9 9 , 4 % )  w a s  vaporized and 
t r a n s p o r t e d  from t h e  n i c k e l  tube ( see  Fig. 1). About 71% of the  C s E  was 
found i n  the  TGT (Table 3) ;  fur thermore,  most of t h a t  deposl ted Ln a peak 
t h a t  occurred i n  t h e  temperature range 400 t o  3OO"C, as seen i n  Fig. 1. 
Samples taken from t h i s  peak were analyzed by x-ray d i f f r a c t i o n .  Cesiun 
iod ide  and CsOHoH20 =!re i d e n t i f i e d  as t h e  major spec ie s .  Also, i n  the  
ad jacen t  peak r eg ion  between 500 and 4 O O 0 C ,  CsOH*H20 and C s L  were iden- 
t i f i e d  as t h e  major spec ie s  the re .  

I n  t h e  p o s t t e s t  examination of the  TGT, a w h i t i s h  depos i t  w a s  
observed i n  t h e  cesium-iodine peak region,  which was found t o  be very 
s o l u b l e  i n  aqueous leaches.  The color  and l e a c h  behavior c h a r a c t e r i s t i c s  
of both CsI and CsOH0H20. 

All t h e  evidence i n  t h i s  test i n d i c a t e s  t h a t  CsX remained a s t a b l e  
specie; t h e r e  w a s  l i t t l e  evidence of any d i s s o c i a t i o n .  Bnly 0.005% of 
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the  iod ine  was Sound on t h e  charcoa l  i-a the  f i l t e r  package. VnlaCile 
f o r m  of i od ine ,  l i k e  elemental  i od ine ,  methyl i od ide ,  and hydrogiCn 
iod ide  are t rapped and c o l l e c t e d  by the charcoal 

6.2.5 Cesi.iarn Eehavior 

C s i u n  w a s  i n i t i a l l y  present  as CsOH and C s l ;   here were 10 times 
m 0 r c  moles  of CsOM than C s i ,  Since the  behavior of C s l  vas d iscussed  i n  
the prcvioiis subsec t ion ,  only @SOH RPkvio r  i n  t h e  TGT w i l l  bc d iscussed  
here a 

During t h e  t e s t ,  - 8 X  of the CsOkB was ~ayo15zec-i and t r anspor t ed  out  
of the nickel  specimen tube.  Of i l lat,  only  56% ~ i i t ~ e ~ d  t h e  c o l l e c t i o n  
t r a i n .  The fiactrlt3ll t h a t  s tay& i n  Lhe furnace (1/%) was r e a ~ t e d  wi th  the  
qua r t z  furnace vessel and q~rartz TGT housing, m z t l y  on s ~ r f a c e s  near the  
inlet  end of the T G I ,  cvrn though very little quar t z  sur face  was exposed 
t o  t h e  f l o w i q  gas- Cesicim hydroxide reaczs r c a d i l y  wLth qua r t z  t o  form 
cesium s i  l i ca t e s ,  which are s tab1 e a t  temperz:iires < l O O O ° C .  l o  

About 81% of the CsOII that m s  found i n  the eollecicjon t r a i n  depos- 
i t e d  i n  the platinum TGT l i n e r .  The depos i t i on  p r o f i l e  foil cesium i n  
Fig.  3 i s  very complex, Yhe ces iu i~~  peak t h a t  occurred f n  the  temperature 
zone 850 t o  800°C durlrrg the ~ 3 s ; ~ :  1 . 3 ; ~ ~  apparent ly  caused by q u a r t z  par- 
t i c l e s  that t r anspor t ed  there from t h e  t ~ l l u s i u m  s p e c i m ~ ~ ~  tube. Stlicon 
was identiried by SEMIEDX and SSMS ana lyses  as being t h e  only contaminant 
I n  t h e  depos i t  samples and p r imar i ly  a t  this l o r a t i o n .  

A s  was discussed i n  Sect. 5.2.3, a s i g n i f i r a n t  f r a c t i o n  o f  the C s Q B  
apparent ly  reacted i n  the gas phase with t e l l u ~ - f ~ m  t o  form CsTe and depos- 
i t e d  af_ -700°C Jn the 'ET. The const4tuents i n  t h e  twn cesium peaks t h a t  
occurred i n  the temperature  range 500 t o  300°C were i d e n t i f i e d  by x- ray  
d i f  f Pac t ion  ana lyses  as  CsOH*I120 and C s T .  

6 . 3  COMPAKISON OF COLLECTED MATERTAL IN THE "Y'IIER?4AB, GRADIENT TUBE HY 
W E I G H I N G  ANI) BY ANALYTICAL EETPIODS 

One of t h e  techniques used i n  the IIT tes t  t o  hcl-p under- 
s t and  the& t r a n s p o r t  and chemical behavior of r e l eased  fisslon products  
Y ~ S  t o  compare t h e  mass va lue  obtained by m i g h i n g  Lhe TGT wi th  &he value 
obta ined  by making use of g a m a  spectrometry,  SSMS, and neut ron  act iva-  
t i o n  data .  Considering t h e  masses that  w r e  involved (< I90  q), t h e  
va lues  were i n  good agreement. For example, i n  & e s t  H I - 4  t h e  mss by 
wejghlng was  35 rig compared t o  -40 ng by analytical ana lyses .  

T h i s  type of comparison was a l s o  done fo r  tes t  C-7. After the TGT 
l i n e r  w a s  counted and scanned by g a m a  spec t romet ry ,  i t  w a s  d r i ed  i n  a 
tube furnace  a t  -150°C f o r  2 h i n  a f lowlng helium atmosphere and subse- 
quent ly  cooled and weighed. (This  proredure had LO be done because CsOH 
i s  hygroscop-n'c and can react with thc GO2 in a i r  to form Cs2C03.) 
weight gain dur ing  the tes t  w a s  166 m g .  

The 
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A value of 159 mg was obtained a n a l y t i c a l l y  (with some judgment). 
To o b t a i n  t h i s  va lue ,  c e r t a i n  assumptions had t o  be made based on s e v e r a l  
a n a l y t i c a l  methods - g a m a  s p e c t r o n e t r y ,  SSMS, SEM/EDX, and x-ray d i f f r a c -  
t i o n .  The masses f o r  C s ,  I, and Te were determined by gamma spectrometry; 
t h e  t o t a l  w a s  144 mg* Contaminant m a t e r i a l  was i d e n t i f i e d  and semiquan- 
t i f i e d  by e x a d n i n g  samples of deposit.$ taken a t  key l o c a t i o n s  along t h e  
TGT by SSMS and SEM/EDX. S i l i c o n  w a s  t he  only s i g n i f i c a n t  contaminant 
i d e n t i f i e d .  Some of t he  chemical spec ie s  in the peak d e p o s i t s  were iden- 
t i f i e d  by x-ray d i f f r a c t i o n ;  o t h e r s  w e r e  i n f e r r e d  by r e s u l t s  from t h e  
l e a c h  s tudy ( s e e  Sect. 6.2.1) and a n a l y t i c a l  evidence ( s e e  Sects .  6.2.2 
and 4.2). Table 9 g ives  the est imated weights of t h e  d i f f e r e n t  deposi ted 
species 

Table 9. Mass of f i s s i o n  product elements i n  t h e  platinum 
TGT l i n e r  a f t e r  test C-7 

Element. Chemical form Mass 
(mg 1 

T e  Alloyed with platinum 4.5 

Te Surface depos i t  (CsTe) 57.3 

I CSI  29.1 

CS cs caw 1K2 0 29.9 

CS cs 2SiO3  38.1 

T o t a l  158.9 

7. TEST C-8 

7.1 GENERAL RESULTS AND TEST DESCRIPTION 

Unlike i n  tes t  C-7, which w a s  run f o r  a long per iod of t i m e ,  t h e  
specimens i n  t h i s  tes t  were heated at 715°C f o r  26.3 min (see Fig.  9) i n  
a flowing steam (0.136 L/min a t  STP) and helium--9.6% hydrogen (0.147 L/min 
a t  STP) atmosphere. (During t h e  heatup and moldown pe r iods ,  they were 
a l s o  a t  temperatures above 650°C f o r  29 min.) Figure 9 i l l u s t r a t e s  t h e  
c o l l e c t i o n  behavior of Cs, I, and Te as a f u n c t i o n  of t i m e  and specimen 
temperature.  Compared wi th  tes t  C-7, t h e r e  were two experimental  
v a r i a n t s ;  a s t a i n l e s s  s teel  r a t h e r  than a plattnum TGT was used, and the  
ho t  zone in t h e  z i r c o n i a  l i n e r  was maintained at -1000 r a t h e r  than -8OOOC 
( s e e  Fig. 1). 
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a_& ?.A- 
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TEST TIME ( m i n )  
Fig. 9. Collection of cesium, i od ine ,  and tell.uriun in the  TGT in 

t e s t  C-8 as funct j -ons of t l t n l e  and specimen temperatures, 
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The TGT w a s  38.3 ern long and made of t h r e e  i n t e r l o c k i n g  s e c t i o n s .  
The firs: s e c t i o n ,  t h e  one a t  the  i n l e t  end, was made of Xnceanel-600. E t  
was 5.1 cm long  ~ 5 t h  an I D  of 0.457 cm;  rhe w a l l  t h i ckness  was  0.089 cm. 
The o the r  two tube s e c t l n n s  w e r e  each 16.6 cm long and made 0f 384-1, 
s t a i n l e s s  s teel  wi th  the same I D  and w a l l  th ickness .  Table 18 g ives  the  
chemical composition of the txo materials Inconel.-60 was used a t  t h e  
h o t  en t r ance  end (925-800'C) because of u n c e r t a i n t y  about t h e  rate of 
ox ida t ion  of s t a i n l e s s  s teel  a t  those temperatures.  There was concern 
that t h e  expansion caused by ox ida t ion  when coupled with thermal expan- 
s h n  might cause the qua r t z  tube i n  which the  TGT w a s  housed t o  break. 

A summary O f  the posttest d i s t r i b u t i o n  of C S ,  I, .!mi! Te I S  given i n  
Table 11, These d a t a  show t h a t  all. o f  the Csf w a s  vaporized from t h e  
platinum boat and t h a t  91% of t h e  iod ine  was  found i n  the TGT and 5.1% in 
t h e  f i l t e r  package. Furthermore, only 0.003"L of the iod ine  pene t r a t ed  
the c o l l e c t i o n  system to t h e  a c t i v a t e d  cha rcoa l ,  This sugges t s ,  as w a s  
also t h e  case tn t e s t  C-7, t h a r  t h e r e  was l i t t l e  tendency f o r  CsI t o  
decompose under t h e  test cond i t ions .  (There had been p r e t e s t  concerns 
t h a t  Cs9 r e a c t i o n  wi th  s t a i n l e s s  s tee l  d g h t  Eree elemental  iodine.)  

Table 11 shows t h a t  -90% of t h e  t e l l u r i u m  specimen was vaporized and 
t r a n s p o r t e d  from the z i r c ~ o P a  cube. About 47% of the t o t a l  t e l l u r i u m  
passed through the furnace t o  the  c o l l e c t i o n  t r a i n  and rleposited mainly 
i n  the  Inconel  s e c t i o n  of the TGT. McsC of t h e  t e l l u r i u m  t h a t  remained 
i n  t h e  furnace was found r eac t ed  with t h e  nickel tube and the platinum 
boats ,  For t h i s  to haye happened, a l i m i t e d  f l o w  r e s t r i c t i o n  had t o  have 
occurred i n  the  z i r c o n i a  tube causing vapor  to d i f f u s e  out t h e  i n l e t  end. 
It probably was caused by p ieces  of broken q u a r t z  ampul t h a t  w e r e  placed 
i n  t h e  tube along with t h e  t e l l u r i u m  specimen (see Sect .  5). Figure 10 
i l l u s t r a t e s  t h e  d e p o s i t i o n  behavfcror of t e l l u r i u m  on t h e  nickel tube. The 
concen t r a t ion  i s  shown t o  decrease exponen t i a l ly  along the tube,  Thls 
suggests that t e l l u r i u m  r a p i d l y  r eac t ed  with the n i c k e l .  The tube was 
a t  a temperature ~ 7 0 0 ° C  during t h e  test .  

I n t e r p r e t a t i o n  of the  cesium deposi ted i n  the TGT w a s  complicated 
by i s o t o p i c  exchange t h a t  apparent ly  occurred as t h e  gaseous specks 
were t r anspor t ed  through t h e  hot  zone of t h e  furnace.  The C s I  and CsOH 
were i n i t i a l l y  tagged with 1 3 i t C s  and 1 3 7 C s ,  r e s p e c t i v e l y .  "%e best evi- 
dence of i s o t o p i c  exchange is  seen i n  examining t h e  behavior of CsI i n  
t h e  TGT. F i r s t ,  it must be pointed a u t  t h a t  91% of the  i o d i n e  deposi ted 
i n  t h e  TGT, t h a t  a l l  t h e  a n a l y t i c a l  r e s u l t s  ( i nc lud ing  x-ray d i f f r a c t i o n )  
suggested t h a t  i od ine  deposi ted t h e r e  as C s I  (see Sect .  6.2.21, and t h a t  
p o s t t e s t  values  i n  Table 11 w e r e  determined by using the p r e t e s t  s p e c i f i c  
ac t iv l t i e s  fo r  the individual.  elements. Notice that t h e r e  w a s  22.3 mg 
i o d i n e  compared with only 15.9 
the  TGT. If no i s o t o p i c  exchange had occurred,  t he  134Cs-tagged cesium 
mass would have kern -23.4 rag. T%is m a n s  t h a t  -32% (o r  7,5 mg) of the  
c e s i u m  i n  the C s l  was associated d t h  137Cs instead. 
i s o t o p i c  exchange had l i t t l e  In f luence  on t h e  In t e rp re t aCion  of CsOH 
behavior because t h e r e  w a s  12 t i m e s  more cesium a s s o c l a t e d  wi th  CsOH than 
wi th  C s I .  

cesium, which w a s  tagged wlch 134Cs i n  

On the other hand, 
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T a b l e  11. P o s t t + s t  d i s t r i b u : i o n  of t e l l u r i u m ,  cesium, and  iod ine  i n  t e s t  C-8 

Amount and p e r c e n t a g e  of Te,  C s ,  and I found i n  each location" 
- - __~.. 

131  t r a c e d  I 134 t r a c e d  b !29m t raccd  137 t r a c e d  
T e  cs cs cs  

- _I____ ___ - Temperature  
Location ( " C )  (mg) (mp) ( X I  (mg) ( X )  (mg) ( % )  (mg) ( 4 )  

______-_~~-~-I__-___~_ 

Furnace componegts 
Quartz furnace tube 
Ouartz spacer 
Quar tz  holder 
Zi rconia  furnace tube l i n e r  
Zi rconia  o u t l e t  plug 
Zi rconia  tube (Te specimen) 
Nickel tube ( C s O H  and C s I  

Platinum boat (CsOkI) 
Platinum boat (CsI) 

specimens) 

503-1000 
600 

hOGi000 
60u-1000 

980 
6 3 >850d 

635-750 
-715 
-715 

0.037 
0.001 
0.035 
0.655 
0.035 
4.09 

4.9 
0.042 

11.35 

0.09 3.579 

0.C9 0.0 
1.65 171 
0.09 10.01 

10.31 0.378 

3 x 10-1 0.012 

12.34 0.0 

28.60 0.0 
9.11 0.367 

1.50 
0.005 
0.9 

71.73 
4.20 
0.16 

0.0 
0.15 
0.0 

0.332 
0.00! 
0.C 
2.49 
I .99 
0.0 

0.0 
0.008 
0.0 

1.56 3.9! I . 51  
0.005 0.013 5 x IO-' 
0.0 0.0 . 0 

11.67 !7?.45 66.82 
9.32 i2 .0  4 . 6 2  
0.0 0.378 0.15 

0.0 c .o 0.0 
O.Oh 0.375 0.14 
0.0 0.0 0.0 

0.020 
G.0 
0 . 0 
0.661 
S.OC1 
0.0 

0.001 
0 .0  

0.OY 
0 . 0  
D . O  
3.85 
0.O04 
0.0 

0.004 
0.0 

Tota l  21.15 53.26 185.34 77.75 4.82 22.58 190.16 73.22 0.883 3.95 W 
P 

Thermal grad ien t  tube 950-150 18.45 46.46 50.97 21.38 15.91 74.57 66.88 25.75 23.33 90.95 

F i l t e r  pack components 
Entrance tube 
Entrance con2 
Glass wool p r e f i l t e r  
F i r s t  HEPA f i l t e r  
Second HEPA f i l t e r  
F i r s t  charcoal  
Second charcoal  
Miscel laneous p h r t s  

145 
0.004 0.01 
0.002 0.005 
0.059 0.25 
0.003 0.008 
0.0 0.0 

(4.5 x 10-5) (1.0 x 10-4) 
0.0 0.0 
0.001 3 x 10-3 

0.040 
0,009 
1.90 
0.103 
0.026 
0.0 
0.0 
0.0 

0.02 
0.004 
0.80 
0.04 
0.01 
0.0 
0.0 
0.0 

0.011 
0.002 
0.559 
0.034 
0.001 
0.0 
0.0 
0.0 

0.35 
0.Oi 
2.62 
0.16 
0.005 
C.0  
0.0 
0.0 

0.051 
0.011 
2.45 
0. i37 
0 .027 
3.0 
0.0 
0.0 

0.10 
0.01 
4 . 7 7  
0.22 

0.02 0.023 

0.95 1.065 
0.05 0.048 

0.0 (6 .6  x 0.003 

4 1 0 - ~  0.002 

0.01 (4 .6  10-5)  (2.0 x 

2.0 (4.9 10-6) ( 2 . 0  io-5) 
0.0 ( 6 . 0  10-4) 0.001 

T o t a l  0.109 0.28 2.08 0.87 0.607 2.84 2.68 1.03 1.139 5.10 

Condenser 0 0.0 0.0 0.0 0.0 0.0 0.0 9.0 c.0 0.0 0.0 

T o t a l  a l l  cornponentse 39.70 100.0 238.38 100.0 21.34 100.C 259.72 100.0 22.35 iOO.0 

PI chese v a l u e s  were based on t h e  i n i t l a l  s p e c i f i c  a c t i v i t i e s .  

ercentage of t o t a l  mass found. 2 e l lur ium sample was a t  -715°C. 
"The i n i t i a l  specimen weights  were 38.3 rcg t e l l u r i u m  (129mTe tagged) ,  21.3 mg i o d i n e  (1311 t agged) ,  264.3 ng cesium (l3 'Cs tagged) .  and 

Sum of 137 t r a c e d  Cs and 134 t r a c e d  C s .  

22.3 mg cesium ('34Cs t agged) .  
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Like C s I ,  e s s e n t i a l l y  a l l  of t he  CsQH was  vaporized from t h e  n i c k e l  
tube;  however, u n l i k e  C s I ,  only 22% was t r anspor t ed  t o  the  c o l l e c t i o n  
t r a i n .  Most of t h e  CsQH t h a t  w a s  r e t a i n e d  i n  t h e  furnace was  found i n  
t h e  z i r c o n i a  furnace tube l i n e r  and t h e  z i r c o n i a  co l l ima to r .  Figure 11 
i l l u s t r a t e s  how the  cesium (mostly 37Cs tagged) was d i s t r i b u t e d  along 
t h e  z i r c o n i a  l i n e r ,  
included.)  The l a r g e s t  concen t r a t ion  occurred between 800 and 9OO"C,  
immediately downstream from t h e  o u t l e t  end of the  n i c k e l  tube. These 
d a t a  show t h a t  CsOH r e a c t e d  with z i r c o n i a  t o  form B less volatile com- 
pound, probably cesium metazirconate  (Cs2Zr83). Based on t h e  
r e s u l t s  i n  t h e s e  tests and t h e  r e s u l t s  i n  t h e  HI t es t  series, z i r c o n i a  
can react wi th  o r  g e t t e r  cesium, e s p e c i a l l y  CsQH, i n  t h e  temperature 
range 800 t o  1200°C. 

(The d e p o s i t  i n  t he  Z r 0 2  co l l ima to r  is also 

Table 11 g ives  the i n i t i a l  and p o s t t e s t  values  €or  t h e  tagged s p e c i -  
mens, The mass balances f o r  each were f a i r l y  good. A l l  were wi th in  + 5 % ,  
except f o r  t h e  137Cs tagged cesium, which w a s  10% low. 

7.2 THERMAL GRADIENT TUBE RESULTS 

Figure 1 2  g ives  t h e  p o s t t e s t  depos i t i on  p r o f i l e s  f o r  C s ,  I, and Te 
i n  the  TGT l i n e r  used i n  test C-8, as determined by gama spectrometry.  
During the test ,  91.0% of the I, 46.5% of t h e  Te, and 25.843 of the  Ca 
deposi ted i n  t h e  TGT l i n e r .  Figure 9 g ives  the c o l l e c t i o n  rate i n  t h e  
TGT l i n e r  as func t ions  of t i m e  and specimen temperature ( i n  boa t s ) .  

7.2.1 L e a c h a b i l i t y  of Cesium, Iodine,  and Tellurtum Deposits i n  t h e  
Inco ne 1-S t a i  n l e  s s S t e e 1 The ma 1 Gradient Tube 

One of t he  main o b j e c t i v e s  i n  t h e  F i s s ion  Product Release Program I s  
t o  quan t i fy  and c h a r a c t e r i z e  iod ine  release. P r i o r  t o  conducting test 
HI-6 ,  only platinum and gold TGTs had been used. Control test C-8 was  
conducted us ing  a s t a i n l e s s  steel TGT t o  see i f  i od ine  might behave d i f -  
f e r e n t l y ,  and t o  see if it was l eachab le  by the s t anda rd  Leaching method 
(see Sect. 6.2). This information was  needed because of t h e  indilrect  
method (neutron a c t i v a t i o n  a n a l y s i s )  f o r  measuring i o d i n e  i n  t h e  tests 
wi th  i r r a d i a t e d  f u e l .  T e s t  C-8 showed t h a t  t h e r e  was no tendency for CsI 
t o  react wi th  t h e  s t a i n l e s s  s tee l  or Inconel su r f aces .  Furthermore, t he  
i o d i n e ,  as CsI, was  e a s i l y  removed from t h e  s u r f a c e s  by the  s tandard 
l each ing  method. I n  f a c t ,  most of i t  was removed by only one b a s i c  l each ,  
thereby f a c i l i t a t i n g  mass balance determinat ions.  

Figure 13 shows t h a t  t he re  were t h r e e  major peak regions where t h e  
t es t  specimens deposi ted i n  t h e  TGT during the  test .  The p r i n c i p a l  
t e l l u r i u m  peak occurred i n  t h e  Inconel 600 s e c t i o n  i n  t h e  925 t o  80Q°C 
temperatxre zone. The o t h e r  two peaks occurred i n  t h e  s t a i n l e s s  steel  
s e c t i o n s .  One peak formed between 700 t o  625°C with ceslum and t e l l u r i u m  
being the principal  c o n s t i t u e n t s ;  the other formed between 500 to 450°C 
with cesium and i o d i n e  as t h e  major components. 
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Pig 12 e Distrlbutlon prof i l e s  for cesium, Iodine and tel lurium in 
the TGT l i ne r  used I n  t e s t  c-8. 



36 

4 8 12 16 

9663 660 

TEMPERATURE ALONG TGT ( T I  
F ig .  13. This figure shovs the locations in the  TGT l i n e s  where 

sections were cut for analytical (1: 3, and 5 )  and leaching (2, 4 ,  and 
plPrposes. 
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Figure 13 also shows how t h e  TGT w a s  cut  t o  o b t a i n  s e c t i o n s  fer t h e  
l e a c h  stridy and f o r  analyses  by SSMS, SEH/EDX, and x-ray d i f f r a c t i o n .  
Sect ions 2 ,  4 ,  and 6 were leached. 

The l each ing  r e s u l t s  are given i n  T l e  12. Iodine w a s  e f f e c t i v e l y  
removed from each o f  t h e  sect ions by the f i r s t  hasic leach, with >98.5% 
being removed. However, t h e  l each ing  behavior observed for t e l l u r i u m  was 
d i f f e r e n t  with approximately h a l f  of t h e  telluritam being removed from 
each of t h e  s e c t i o n s  by t h e  f i r s t  basic leach,  Very l i t t l e  o f  the 

a Table 12. Effec t iveness  of basic and ac id ic  leaches i n  removing 
cesium, i o d i n e ,  and tellulriusa from selected se~tions 

of t h e  TGT l i n e r  i n  test C-8 

Cumulative percent  removed 
Il-litial 

Tagged mass Af te r  f i r s t  After second After t h l r d  After 
e Lement (mE: ) b a s i c  leach basic l each  basic l each  ac id  l each  

6.33 
0.011 
0.172 
1.26 

1.11 
0.266 
1.42 
6.57 

52.8 85.5 96.5 

92.0 92.9 95.4 
88.0 88.0 90.8 

100 100 100 

d Sect ion 4e (780 t o  750°C) 

54.2 55.5 
98.5 98.7 

96.7 97.8 
97.7 98.4- 

a Sect ion 6” ( 4  

100 
100 
l0Q 
100 

100 
100 
100 
103 

1 2 9 m ~ ~  0.042 47.5 53.4 
1311 3.56 99.7 100 
134cs 2.49 99.6 99.9 
137cs 6.26 99.5 99.8 

97.9 
100 
100 
a 00 

aThe basic l each  s o l u t i o n  w a s  a 2 : l  mixture of E.TN4OW (concen t r a t ed )  
and H202 ( 3 0 % ) .  The ac id  l each  w a s  a s o l u t i o n  of 4 EI HNO3 and 0.25 M HF. 

bThe i n i t i a l  s t a r t i n g  materials were G s X ,  CsOH, and elemental  Te. 
Cesium i o d i d e  was  tagged wi th  1 3 k s  and 1311; CsOH w a s  tagged with 137Cs. 

‘Section was  made of Incanel  600 (73.6% Ni, 16% Cr, and 7 , ~  ~ e ) .  

dGives the  temperature of the s e c t i o n  during t h e  test (see Ffg. 131, 
‘Sections w e r e  made of s t a i n l e s s  s teel  304-2. 

- - 



remaining t e l l u r i u m  on s t a i n l e s s  steel s e c t i o n s  4 and 6 wzs removed b y  
the second basic  l each  but was completely ~euzoved by the  subsequent ae:d 
leach .  On the other  h a d ,  the sprond and .third babic leaches rcmoved 
n m s t  of the remaining te l Iur iurn from sect l 'on 2 ,  the Tnconcl s e c t t o n ,  

7.2.2 Telluri11m Behavior .-......- -111 

I n  the p o s t t e s t  exawlnation of the I n c o n e l  cec t fon ,  the i n n e r  sur- 
face appcared t o  be black and sp r ink led  with s i l v e r y  microspecks wtiela a 
l i g h t  w a s  shone through ic. 

7.2 .. 3 IoRi ne Behavd or  

The largest  fractton of The iodine i n  t h e  TGI  vas found i n  a peak 
regj-on t h a t  occurred in a temperatiire range 500 t o  450°C during The test 
( see  Pfg. 12) .  A s  can be seen, a c=stum peak also o c c u r r ~ d  tlwre. Sam- 

7.2 - 4  C c s i n m  Behavior 

CsI and 
was 
TGT ; 

A s  i s  shown i n  Table 11 and vas discussed i u  Spct. 7.1, only -27X o f  
t h e  cesium passed thromgh the furnace t o  the c o l l e c t i o n  train. Xoet  of 
th3s 27% d e p o s i t e d  i n  the TGT liner in t w o  peak regrlons - cnc a t  -675°C 
and t h ~  o the r  at -480°C. 
the  x-ray diFfractFnu FlEm f o r  samples taken from t b t z  480^C peak reg lon.  
For samples taken from the  675°C peak r eg ion ,  only F e g 0 ~  l i n e s  wet̂ ? 

h i y  @SI a d  C s O H * H 7 3  Lfnes  were de tec t ed  on 

detected. Most of thc e~qjum t ha t  deposited l<:inpcrat~~-es above 6OOOC 
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As was discussed  Ln S e c t s ,  5.1  arid 7.1, t h e r e  was l i t t l e  r e a c t i o n  
( t 6 X )  i n  tes t  C-7 between CsOB and z i r c o n i a  components Pm t h e  furnace  
v e s s e l ,  which were heated a t  temperatures  up t o  a max imum of 800°@, Or, 
the other hand$ W ~ K I  the z i r c o n i a  components were heated at temperatares 

w i t h  the bulk of i t  depos i t i ng  i l l  t h e  temperature range ROO 60 900OC. 

wov1d have been must r a p i d  a t  temperature  >8OO0C 

up to iooooc in teS1r c-8, -78% of tile cestulll (mo..;tiy C ~ O I I )  retained, 

These r e s u l t s  i f id ica te  that  1 f  C S ~ Z ~ O ~  indeed formed, i t s  formation 

Resailts obtalned i n  the  TIT tests a l s o  helped d e f i n e  t h i s  reactloin 
behavior.  Ira each of those tests,  two z i r c o n i a  "collirnaLors" (tkick- 
walled c y l i n d e r s  d-th an 0.5-cm ID) weye pos i t ioned  w i t h i n  and a t  the 
end of the z f rconta  l l n e r .  F igure  14 shows the  estimated temperature 
g r a d i e n t s  along the co l l ima to r s  during the t e s t s :  v h i l e  Table 13 g ives  
the  mass o f  137Cs  Eoiind on t h e  i n d i v i d u a l  co l l ima to r s  and the composite 
percentages of the r e l eased  137Cs found QII the  coll imatrzrs i n  the tests, 
O f  the 137Cs found nil the  co l l ima to r s  In tes t  HI-1 ,  t he  Ja-cgest f - raet ion,  
882, was found on t h e  upstrearn colli~a",or (No. l ) ,  which W R S  a t  a teoa- 
peratme between 1250 and 113OOC.  Equal ly  infonaat;ve,  i n  t t a w t  111-4 -932 
of' the  13'Cs on co l l ima to r  I1 wzs found on the downstream half, which had 
a tw.pera t~re  g r a d i e n t  of 1200 to 9OOOC.  When the temperature of the 
z1rcon-D A co l l ima to r s  was >12OO0C, t h e r e  was minimal r e t e n t t o n  of t h e  
cesium. Taps$ than 6% of  t h e  137Cs on t h e  c o l l i m a t o r s  was found on the 
u p s ~ r ~ m  eollimatots i n  tests H I  .2, HI-5 ,  and BI-6,  whei-e t h ~  temperature 

temperatures  the r e a c t i o n  product ,  probably Cs2Zrf.33, was not  sEable, 
TReraodynamic c a l c u l a t i o n s  1 2  i n t i c a t e  t h a t  a minimum temperature of 1463 K 
(119GOC) i s  needcd t o  cause decomposition as i n d i c a t e d  i n  the foPPowPng 
equat ion.  The AG for  the reac t ion  

exceedd  1200°C (SW Table 13 and Fig. l 4 l e  This XIICSHIS that at the h igher  

@s2Zr03 + Cs20 f Z r 0 2  

a t  1473 K ( 1 2 0 0 O C )  i s  -655 cal /mol* %le calculated p r e d i c t J o n  i s  in good 
agreement wlth the  ohserved behavior  e 

The percentage o f  137Cs  released from thc f u e l  s e g ~ i i t  that  wcs 
E-etaint,d by the z i r c o n i a  C Q l l i r n a t O r S  i n  each t e s t  I s  given I n  Table 13; 
t hese  values are s i g n i f i c a n t ,  The largest r e t e n t i o n  ( 4 2 % )  oeeur-ied i n  
test HI-l *ere t h e  fue l  speeimen was hea'red f o r  30 min at 14OO0C, and 
the temperature gradient along t h e  collim&Ors W;PS 1225 to 900°C, The 
smallest r e t e n t i o n  (13%) occurred i n  t es t  HI-2, where t h e  f u e l  specimen 
w a s  heated f o r  20 min at 1700OC. 

One f a c t o r  that posslbly could have a-ffected the retention w a s  the 
ra te  of carrier gas (stxarrsHc or  hr) flow, In tests Bi-3, 4 ,  and 5,  t h e  
rate was -0.6 L/nrin; in tests Hi-1 and 2,  -1.5 L/Kaipi; m d  in test 141-6, 
-3.6 Llwin .  Kigher r a t e s  would  be expected t o  cause lower r e t en t ion .  
T h i s  i s  not ev ident  i n  Table 13. 

The percentage r e t e n t i o n  data suggest t h a t  o t h e r  f a c t o r s  m y  have 
been involved. The most obvious one would be the chemical form of the 
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A -  TESTS H I - 3  
6-TESTS H I - 4  

H I -  1 

1. 

II - ZrQ2 C O L  

ND H I -  

A - 5  

-- 
0 1 2 3 4 5 6 7  

MCE ALONG Z l R C  s\llA CQLLl 

Fig. 1.4. 
"cohlimators" which were positioned within and at the end of the zirconia 
furnace tube liners In the HI t e s t  series. 

Estimated temperature gradients along the zirconia 



...................... -. ..... ................... .................... ..... -II-̂  

1 3 7 c s  (mg> 
___ ............. . .... .~, .... .. .... .F .......... .- .......- 

T e s t  

I 1 .I53 0.71 b b 0.12 0.72 

11 0.21 15.67 2i. 52 7.71" 5.30 10.21 
- Tota l  1 - 8 4  15.39 2 i . 5 2  / . 7 1  8.42 10.93 
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Fig .  16. Deposition p r o f i l e s  f o r  iiodine and cesi.um i n  the TGT i n  
Cont ro l  T e s t  10. 
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TEMPERATURE r ' " @ >  
Fig. 18. Deposition profiles f o r  iod ine  and cesium in the TGT 9n 

t e s t  HT-2. 
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Fig. 19. Deposition p r o f i l e s  fo r  i o d i n e  and cesium i n  t h e  TGT i n  
test Hl-5. 
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cesium yc:aks €11 th;. mass s p c c t r d  occurred &en t h e  temperature  of each of 
tlic ,dxtures  reached -9523°C. In t h e  gap purge t z s t s , 5 , 7  9. B .  Robinson 
and Peach hot t ( 9 m  f u e l  sectisas K Z P ~  h ~ z t ~ ? .  i n  im-renLmtal t enpe ra tu re  
s t ~ p s  from 500 to -1700°C. Purcf ied  helium p r c s o u r c  w a s  appl ied  t o  the 
i n l e t  ends of t h e  sccthoiis t o  purge the  v o l a t i l e  f i s s i e n  products  out  a t  
the outli*t:  cads and d i r e c t l y  i n t o  platinum TGT l i n e r s ,  The icsu7tS slndi- 
csted t ha t  c e s i z l m  depnqiltid a s  an o d d e  of cesium (probably Cs20) and as 
C s I  railleu than as t h ~  x r e  v o l a t i l e  rlewrntd speries; almost co iod ine  
WF forintl on the charcoa l  (Tab1 I' 14). 



53 



54 

Table 16. Suamary showing the  percentages of the released cesium 
that retained by the quartz liners and found in the 

collection trains 

Amount of cesium lajroesunt 
Mass of found reacted with found i n  

T e s t  cesium r e l eased  the quartz l i n e r  collection t r a l n  
No 0 (XI (21 

MT- 1 a 523 
HT-2" 22,023 
HT-3" 51,311 
RT-4" 14,191 

7,146 
6,922 

B W -  1 
BW.- z 

TT-4C 2,320 

b 
b 

IT-11' 1,240 

279 
112 
131 

92.0 
94.6 
96.8 
98 .4  

95.3 
85.5 

95.0 
97.7. 

88.3 
95.5 
86.9 

8.0 
5.4 
3.2 
1.6 

4.7 
14.5 

5.0 
2.8 

11.7 
3.5 

13-0 

small hole was drilled in fuel segment to cause the defect. 
R. A. Lorenz, J. L, Collins, A. P. h l i n a u s k a s ,  M. I?. Osborne, and R. L. 
Towns, Fission Product Release from Highly Irradiated LWR Fuel Heated t o  
13OC-1600°C in Steam, NeTREG/CR-1386 (ORNL/NUREG/TM-346), November 1980. 

Fuel- segments were pressurized ruptured  t o  cause the defect. 
R. A. h r e n z ,  J. L. Collins, A. P. Halinauskas, 0. L. Kirkland, and R. 1,. 

b 

T o m s  Fission Product Release from Highly Irradiated LWR Finel, NUREG/CR- 
0722 (ORNL/NUREG/TM--287/R2), February 1980. 

R. A. LQrenz, J, L. Collins, M. F. Osborne, K. Id, TQWIIS, and A. P. 
Malinauskas, Fission I'roduct Release from BWR I Fuel Under LBGh ConditPons, 

e 

NUREG/CR-1773 (OnWr,/NUIIEG/TM*--388>, J W ~ Y  1981. 

Simulant fuel tests,  R. A. X~~renz, J. L. Collins, and S. W. 
Manning, Fis s ion  Product Release from Simulated LWR Fuel, WREG/CR-O274 
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specimen was heated a t  1200°C f o r  -27 min i n  a flowing steam-helium 
atmosphere. The fue l  specimen w a s  heated by a r e s i s t a n c e  tube furnace 
which a l s o  heated the  q u a r t z  l i n e r  t o  the  same temperature. 

The CsOH-quartz r e a c t i o n  r e s u l t s  i n  the  formation of cesium sili- 
c a t e ~ . ~ ~  
temperature range 125 t o  950°C when Cs20 w a s  exposed t o  a flowing s t e a e  
helium atmosphere Cesium s i l f c a t e  w a s  r e a d i l y  formed a t  temperatures up 
t o  800°C; a t  temperatures >8OO0C but C950°C, it  formed but not as r e a d i l y ;  
and at  1 2 0 0 O C  i t  did not form. Cesium silicates are known to decompose 
a t  temperatures >IOOO"C. 1 0  

In  c o n t r o l  tests,21 t h e  r e a c t i o n  w a s  observed to occur i n  t h e  

The cesium-quartz r e a c t i o n  i n  steam is i n t e r e s t i n g ,  but again,  qua r t z  
i s  not  a material found i n  l i g h t  water r e a c t o r s .  The essence of t he  above 
background information i s  t o  po in t  out t h a t  CsOH was  t h e  major spec ie s  of 
cesium that was formed a f t e r  release i n  a steam-helirum atmosphere from 
t h e  i r r a d i a t e d  f u e l  specimens as Cs20.  

The behavior of CsOH i n  tests C-7 and C-8 was d i scussed  i n  Sects. 
6.2.5 and 7.2.4. Samples of TGT peak d e p o s i t s  from t h e  same region as 
where the  i o d i n e  deposi ted were determined by x-ray d i f f r a c t i o n  t o  con- 
t a i n  CsQH as w e l l  as C s I .  The r e a c t i v e  na tu re  of CsOH was also demon- 
s t r a t e d ;  i t  reac t ed  wi th  t e l l u r i u m  i n  t h e  gas phase i n  test C-7, forming 
CsTe; i t  r eac t ed  with the  z i r c o n i a  l i n e r  i n  test C-8, forming C s 2 Z r 0 3 ;  it 
r e a c t e d  k i t h  Si02 ( q u a r t z  fu rnace )  i n  test C-7, forming cesium sil icates;  
and Z t  r e a c t e d  with the s t a i n l e s s  steel TGT i n  test C-8, probably forming 
CsFeQ2. 

The r e a c t i v e  n a t u r e  of CsOH was  a l s o  c l e a r l y  demonstrated i n  t h e  H I  
a e r i e s  of tests. The TGT p r o f i l e s  €or cesium i n  s e v e r a l  of t hese  tests, 
l i k e  t h a t  shown i n  Fig. 21 f o r  test HI-2, w e r e  very complex. The SSMS 
d a t a  showed t h a t  s t r u c t u r a l  materials, l i k e  W, C,  Si, and Z r ,  and ceramic 
i m p u r i t i e s ,  like S and C 1 , w e r e  deposi ted in the TGT a5 w e l l  as f i s s l o n  
products.  Cesium hydroxide can react with most of t h e s e  elements 
( e s p e c i a l l y  if they were i n  t h e  oxide form) t o  form compounds with vary- 
ing degrees of v o l a t i l i t y  and s t a b i l i t y .  For example, t h e s e  compounds 
could have p o s s i b l y  farmed: Cs2W04? Cs2MoO4, C s ~ C 0 3 ,  C s 2 S i Q 3 ,  C s $ Z r O 3 ,  
cS2so4, C S ~ S ,  and CsCB. 

8.5 TELLURIUM BEHAVIOR 

For every 100 atoms of cesium i n  a h igh  burnup LWR f u e l  rod,  t hese  
are -10 atoms of i o d i n e  and -19 atoms of t e l lu r ium.  Like Ce and I, Te  
a l s o  has a high p o t e n t i a l  f o r  being a r a d i o l o g i c a l  hazard i n  a seve re  
acc iden t .  Because of c u r r e n t  i n t e r e s t  i n  t e l l u r i u m ,  an inc reased  e f f o r t  
i a  being made t o  understand i ts  behavior.  

It is g e n e r a l l y  thought t h a t  t e l l u r i u m  is present in the pellet- 
c ladd ing  gap as Te and Cs2Te when not r e a c t e d  wi th  the cladding as a 
t e l l u r i d e . 2 1 s 2 3  
p e r a t u r e s  as low as 400°C.24 The c a l c u l a t e d  T e 2  vapor p re s su re  over 
<ZrTe> was determined t o  be 7.3 x 

The r e a c t i o n  wi th  the cladding can t a k e  p l a c e  a t  tem- 

MPa (0,55 t o r r )  a t  170Q°C.13 
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Under acc iden t  c0nd.l t t o n s  the  cladding becomes oxidized by t h e  steam 
atmosphere with the  rate being temperature dependent, Before the elad- 
d i n g  is t o t a l l y  oxidized,  t h e  t e l l u r i u m  t h a t  f i n d s  i t s  way t o  t h e  gap can 
reacc with the  a v a i l a b l e  unoxidized zirconium t o  f o r m  r e l a t i v e l y  s t a b l e  
t e l l u r i d e s ,  However, once most of the zirconium i s  converted t o  Z r O 2  , 
t h e  tellurjtum i s  l i b e r a t e d .  
cate t h a t ,  a t  1227"C, oxygen would r ep lace  t e l l u r i u m  i n  ZrTe2 at oxygen 
p o t e n t i a l s  more p o s i t i v e  than -17 1 kcal/mol 02. l 3  

Thermodynamic d a t a  f o r  Z.sTe2 and Z r O 2  ind i -  

In tes t  C-7, 88% of the  metallic tel.Zuriusn t h a t  was  vaporized w a s  
t r anspor t ed  t o  the c o l l e c t i o n  t r a i n .  Of t h a t ,  9 df?pQs$ted fn t h e  
platinum TGT. Only 14% of the  t e l l u r i u m  i n  the T reacted with or d i s -  
solved i n  t h e  platinum. The most si  i f f c a n t  mount was found 3n a sur- 
f a c e  depos i t  t h a t  peaked a t  700°C. e r a t i o  of t e l l u r f u m  to  cesium far 
t h e  d e p o s i t  w a s  1 t o  1, and the depos i t  was very s o l u b l e  in basPC l each ,  
( A l k a l i  t e l l u r - ldes  are s o l u b l e  i n  aqueous s o l u t i o n ;  e lemental  t e l l u r i u m  
and platinum t e l l u r i d e s  are not ) 

The above d a t a  f a r  t e l l u r i u m  suggest t h a t  p r i o r  t o  e n t e r i n g  the  
plathnum TGT and while  passing through t h e  ho t  zone (-800"63, t h e r e  w a s  
cons ide rab le  gas phase r e a c t i o n  of t e l l u r i u m  with CsOH t o  form cesium 
t e l l u r i d e  (CsTe). Had t h i s  not happened, mst of t h e  t e l l u r i u m  would 
have reacted with the hot  platinum l i n e r ,  Furthermore, the shape of t h e  
Cs-Te peaks a t  700°C ( s e e  Fig. 3) a l s o  suggests  condensation on the TGT 
surface. 

Add i t iona l  evidence t h a t  lends c r e d i b i l i t y  t o  t h e  i d e a  of CsTe k e b g  
a p o s s i b l e  gas phase s p e c i e s  was obtained i n  mass spectrometer  experi-  
ments t h a t  w e r e  conducted a t  Arganne Nat ional  Laboratory (m). 25 Cesium 
t e l l u r i d e  (CsTe) w a s  i d e n t i f i e d  i n  t h e  mass s p e c t r a  when a small simu- 
l a t e d  p i ece  of f u e l  rod w a s  heated t o  1000OC. The Z i rca loy  c l ad  specimen 
contained U02 p e l l e t s  with simulated f i s s l o n  praduets .  

I n  test C-8, -525"; of t he  metallic te2.lurium t h a t  was vaporized was  
c a r r i e d  t o  t h e  collectron t r a i n .  O f  t h a t ,  99,4X depos i ted  i n  t h e  TGT. 
The Inconel-600 s e c t i o n  a t  t h e  i n l e t  end of the  l i n e r ,  which had a t e m -  
p e r a t u r e  g r a d i e n t  between 925 and 800ac, g e t t e r e d  -70% of t h e  te l lur ium. 
ConsFdering t h e  h igh  n i c k e l  (-74%) and chromium (-16%) con ten t s  of t he  
Inconel ,  and t h e  r e l a t i v e l y  low amount of cesium and lodFne found t h e r e ,  
i t  i s  l i k e l y  t h a t  t h e  t e l l u r i u m  r e a c t e d  t o  form t h e  s t a b l e  nickel  and 
chromium t e l l u r i d e s  (NiTe and CrTe) e l J t 3  l5 mere was also a tellurlium 
peak t h a t  occurred a t  700°C i n  t h e  s t a i n l e s s  steel p o r t l o n  of t h e  TGT, 
which was  the same l o c a t i o n  where the  main Cs-Te peak occurred i n  t es t  
c-7 D 

In t h e  tests with high-burnup f u e l ,  t h e  d e t e e t i o a  o f  t e l l u r i u m  was  
complicated because there were no measurable g a m a  photons f o r  t e l lu r ium.  
Samples of s u r f a c e  d e p o s i t s  for SSMS a n a l y s i s  were taken at key l o c a t i o n s  
along the  TGT i n  each of t h e  HI t e s t s  and a l s o  from d e p o s i t  material on 
the g l a s s  wool p r e f i l t e r .  Although t h i s  a n a l y t i c a l  method was semiquan- 
t i t a t i v e  and only considered t e l l u r i u m  i n  t h e  surface depos i t a  ( t e l l u r i u m  
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d isso lved  i n  o r  r eac t ed  wi th  t h e  Platinum could not be s tud ied  by t h i s  
sampling technique) ,  i t  d i d  o f f e r  some i n s i g h t  i n t o  the behavior of 
t e l lu r ium,  

The only tes t  i n  t h e  IIY series of t es t s  where cons iderable  t e l l u r i u m  
w a s  m a s u r r d  (SSMS) i n  the c o l l e c t i o n  syseem w a s  H I - - 2 .  I n  t h a t  t e s t ,  
u n l i k e  the  o the r  HH t e s t s ,  the Zirca loy  cladding was t o t d l y  oxid ized ,  
Thts  i m p l i e s  that  steam oxida t ion  of the c ladding  played an important  
role  i n  tellur-lum release. This may be true, but t o  v e r i f y  i t ,  the p l a t -  
inum TGT l i n e r s  w 5 l P  have t o  be a n a l y z d  f a r  tellurfiinn t h a t  m-ight have 
disso lved  i n  or reac ted  with the platinilim. To do t h i s ,  a nethod has been 
developed fo r  i s o l a t i n g  t e l l u r i u m  and trrIx~d flssion p r o d u c t s  i n  a a d  table 
farm f o r  neutron a c t i v a t i o n  analysis (. * T F , ~  t e l l u r i u m  release behavior i n  
t h e  HB series F a i l l  be b e t t e r  understood when t h i s  work has been p e r f o r w s d .  

The ana lyses  by SSMS have been used s ; t r l c t l y  f o r  the de termina t ion  of 
s u r f a c e  depos l t  materials. Based upon these  data €or test H I - 2 ,  i t  was 
est lmted that 50 to 1001 of the t e l l u r i u m  i n  t h e  f u e l  specimen was 
released an amount equlva len t  t o  the  airiounts of cesium ( 5  1%) and i odine 
( 5 4 % )  released. Some of the SSMS d a t a  were based upon samples taken of 
t h e  basic  l each  s o l u t i o n s ,  The fact tha t  t h e  t e l l u r i u m  was both 
smoarable and l eachab le  sugges ts  t h a t  i t  probably depos i ted  as te l lnr- ide.  
I n t e r e s t i n g l y ,  s i g n l f i c a n t  quant3 t ies of t i n  were a l s o  found associated 
w l t h  t he  depos i ted  tellurium throughout the coPlestioa system. This  
i n d i c a t e s  t h a t  t h e  t e l l u r i u m  may have t ranspor ted  tlwre as SnTe; tin i s  a 
c ladding  component. 
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"swo c o n t r o l  tests were conducted to  s tudy the behavior of C s T ,  C s O t I ,  and Te i n  
t h e  experimental  appa ra tus  used t o  conduct f i s s i o n  product release tests with h igh ly  
i r r a d i a t e d  LWR f u e l  a t  ORNL. I n  t h i s  r e p o r t  t he  c o n t r o l  tests are desc r ibed ,  and 
t h e  r e s u l t s  are compared with those obtained f o r  cesium, i o d i n e ,  and t e l l u r i u m  i n  26 
tests of i r r a d a t e d  f u e l  and o t h e r  tests using tracers. 

In good agreement wi th  the  LWR f u e l  tests,  the  CsI behavior i n  t h e  c o n t r o l  
tests w a s  similar t o  t h a t  observed f o r  i o d i n e  i n  t h e  f u e l  tests; iod ine  w a s  r e l eased  
p r i m a r i l y  as C s I  r a t h e r  than h igh ly  v o l a t i l e  molecular i od ine .  Cesium (not asso- 
c i a t e d  with CsI) behaved l i k e  CsOH i n  t h e  LWR f u e l  tests. In both LWR f u e l  t e s t s  
and the c o n t r o l  tests,  cesium hydroxide w a s  observed t o  react with and be r e t a i n e d  
by z l r c o n i a  ceramic s u r f a c e s  i n  t he  temperature range 800 t o  1200"C, probably form- 
ing  cesium metazirconate  (Cs2Zr03). In  one of the c o n t r o l  tests, cesium hydroxide 
r e a c t e d  wi th  t e l l u r i u m  i n  t he  gas phase and w a s  c o l l e c t e d  as CsTe. Although the  
r e s u l t s  are l i m i t e d  a t  t h i s  t i m e ,  t h e  i n d i c a t e d  c o l l e c t i o n  behavior of t e l l u r i u m  i n  
t h e  LWR fuel. tests has been t h a t  of a t e l l u r i d e .  
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