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HELIUM RELEASE FROM 8Pu03 MICROSPHERES 

Pe te r  Angelini  
R .  E .  McHenry 
J .  L. Sco t t  

W .  S .  E r n s t ,  Jr. 
J. W .  Prados 

ABSTRACT 

The r e l e a s e  of helium from plasma-melted 238Pu02 
microspheres w a s  i nves t iga t ed  under two experimental 
condi t ions:  isothermal s t eady- s t a t e  r e l e a s e  a t  100 
t o  130OOC and release during and following a t r a n s i e n t -  
temperature r i s e  from ambient t o  a constant  f i n a l  
value ranging from 900 t o  l g O O ° C ,  wi th  heatup t ime of 
2 t o  5 min. Release c h a r a c t e r i s t i c s  could be approxi- 
mately descr ibed by d i f f u s i o n  models; however, d i f f e r e n t  
c o r r e l a t i o n s  of d i f f u s i o n  parameters were r equ i r ed  f o r  
t h e  two types of experiments. 

The t r ans i en t -hea t ing  experiments y i e lded  two par- 
t i c u l a r l y  s i g n i f i c a n t  r e s u l t s :  helium r e l e a s e  w a s  
complete above 1300°C wi th in  1 0  min ( l e s s  a t  higher 
temperatures)  and mechanical degradation of t h e  
microspheres w a s  n e g l i g i b l e .  

A reasonable explanation of t h e  mechanism f o r  t h e  
s t eady- s t a t e  r e s u l t s  i s  proposed. The mechanism 
of helium r e l e a s e  under t r a n s i e n t  condi t ions i s  
unc lea r ,  but appears t o  d i f f e r  s i g n i f i c a n t l y  from 
t h a t  a t  s teady s t a t e .  

INTRODUCTION 

Several  isotopic-power fuels under development1 u t i l i z e  t h e  decay energy 
of one of t h e  alpha-emitting nucl ides  238Pu, 244Cm,  or 210Po. 
decay of t h e s e  substances continuously generates  helium i n  f u e l  bodies 
containing them. The design of s a f e  and e f f i c i e n t  isotopic-power f u e l s  
will r e q u i r e  a knowledge of t h e  c h a r a c t e r i s t i c s  of helium r e l e a s e  from 
such bodies . 

The alpha 

A t  present  l i t t l e  i s  known of t h e  motion of helium i n  a c t i n i d e  oxides .  
One might conjecture  t h a t  t h e  process i s  analogous t o  t h e  motion of 
f iss ion-product  xenon and krypton i n  r e a c t o r  m e l .  However, i n  s p i t e  
of i n t e n s i v e  r e sea rch  conducted on t h e  l a t t e r  problem over t h e  p a s t  
20 y e a r s ,  n e i t h e r  an accu ra t e  mathematical d e s c r i p t i o n  nor an accepted 
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explanation of the mechanism exists for the motion of fission-product 
gases in the most common of reactor fuels, U02. Detailed discussions 
of this problem have appeared in recent literature .2-6 

The present study was undertaken in an effort to provide helium-release 
information of use to designers of isotopic-power supplies using plasma- 
melted 238Pu02 microspheres as the heat source. Experimental measure- 
ments of helium release from such materials were for two situations: 
isothermal steady-state release of helium at 100 to 130OOC and release 
during and following a transient-temperature rise from ambient to a 
constant final value ranging from 900 to 1900°C with heatup times of 
2 to 5 min. The steady-state experiments represent the condition of 
isotopic fuels in storage or during normal operation of a power source; 
the rapid heatup experiments represent conditions that might be encoun- 
tered during atmospheric re-entry of a space vehicle or during a launch- 
pad fire. Experimental results were correlated in terms of diffusion 
models which allow prediction of' helium-release rates from plasma-melted 
238Pu02 microspheres under conditions approximating those of the experi- 
ments. Some conjectures on helium-release mechanisms were also proposed, 
based on the experimental release results and metallographic examination 
of the microspheres. 

MATHEMATICAL MODELS FOR REUASE 

As previously noted, no definitive information exists on the mechanism 
of release of helium or other inert gases from actinide oxides. In the 
light of experience with reactor fiels, it is unrealistic to assume that 
a classical diffusion mechanism will provide a full description of the 
observed release behavior. However, the mathematics of diffusion often 
permit the representation of rel.ease data in terms of relatively simple 
equations with a small number of arbitrary parameters. Hence a diffusion- 
model approach was employed in the present work, and mathematical relations 
describing the release were derived under the following assumptions: 

1. The basic helium-releasing unit is a sphere of effective 
radius, a. This radius will probably be significantly 
smaller than the actual microsphere radius because of 
open porosity, grain boundaries, etc. in the microspheres. 

2. The concentration'of helium at the external surface of 
each releasing unit is zero. This assumption is be- 
lieved to be justified by the extremely low solubility 
of inert gases in actinide oxides.' 

3.  The helium motion can be described by Fick's law, with 
an effective diffusior coefficient, D, within each 
releasing unit. This coefficient is independent of 
position (but can vary with time in the transient- 
heating experiments). 

Additional assumptions for specific experiments are noted. 
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Steady-State Experiments 

I n  t h e  s t eady- s t a t e  release experiments it w a s  assumed t h a t  generat ion 
of helium wi th in  t h e  mater ia l  occurred a t  a r a t e ,  P (cm3 of gas) / (cm3 
of s o l i d ) ( s e c ) ,  independent of time and p o s i t i o n .  A t  s teady state t h e  
release r a t e  of helium w i l l  equal t h e  generat ion ra te  and under t h e  
foregoing assumptions t h e  concentrat ion d i s t r i b u t i o n  of helium wi th in  
a r e l e a s i n g  s p h e r i c a l  u n i t  i s  given b y  

P 
6D c ( r )  = - (a2  - r 2 )  , 

where 
c ( r )  = concentrat ion of helium at r ad ius  r, cm3/cm3, 

a = e f f e c t i v e  r ad ius  of r e l e a s i n g  u n i t ,  cm, 
D = e f f e c t i v e  d i f f u s i o n  c o e f f i c i e n t  , cm2/sec. 

The average concentrat ion wi th in  t h e  sphere,  Cavy may then be calcu- 
l a t e d  as a 

P c = -  
av 15D” 

where D’ = D / a 2  
Experimentally, t h e  sample i s  maintained a t  t h e  required temperature i n  
vacuum u n t i l  t h e  measured helium-release r a t e  equals t h e  known genera- 
t i o n  ra te .  The average helium concentrat ion i s  then determined by 
melting and degassing t h e  sample, and an e f f e c t i v e  d i f f u s i o n  parameter,  
D ’ ,  can be ca l cu la t ed  d i r e c t l y  from Eq. ( 2 ) .  

t h e  e f f e c t i v e  d i f fus ion - re l ease  parameter,  sec-l . 

Transient-Heating Experiments 

The following a d d i t i o n a l  assumptions were invoked i n  developing r e l a t i o n s  
t o  desc r ibe  t h e  t r ans i en t -hea t ing  experiments: 

1. No r e l e a s e  of helium occurs up t o  some time, to,  measured 
from t h e  s t a r t  of t h e  heatup pe r iod ;  t hen  r e l e a s e  obeys 
t h e  usual  d i f f u s i o n  l a w s .  

2 .  The concentrat ion of d i f f u s i n g  species  i s  uniform a t  t ime 
t . 
concen t r a t ion  p r o f i l e  were nonuniform bu t  known.) 

(The method could be appl ied as w e l l  i f  t h e  i n i t i a l  
0 

3. The experimental du ra t ion  i s  s h o r t  enough and i n i t i a l  
helium inven to r i e s  high enough tha t  t h e  s m a l l  continuous 
i n t e r n a l  generat ion of helium may be neglected.  

Under t h e s e  assumptions t h e  t h e o r e t i c a l  f r a c t i o n  of helium r e l e a s e d ,  
f (amount re leased)/(amount  i n i t i a l l y  p r e s e n t ) ,  a t  any t i m e ,  t ,  i s  
given by 

. 



4 

f = O  t 5 to 

f = l - -  6 = 1  c - exp(-n 2 2  rl T )  + n= 1 n2 

where T i s  def ined by 

t 

T = [ D' d t .  
cI t, 

t 2 to 

(4) 

1 0  For values of f below 0.77 ( T  5 O.l5), it can be shown t h a t  

w h i l e  f o r  f above 0.77 (7 2 0.15), 

f " l  

The use  of  t h e s e  equations i n  d a t a  a n a l y s i s  i s  discussed i n  a l a t e r  s e c t i o n .  

EXPERIMENTAL 

M a t  e r  i a1 

The 238Fu02 microspheres t h a t  were examined i n  t h e s e  s t u d i e s  were 
prepared from Mound Laboratory by a plasma-melting technique and were 
s e l e c t e d  from t y p i c a l  m a t e r i a l  used t o  fuel  r a d i o i s o t o p i c  heat  sources .  
Two samples of 238Pu02 microspheres i n  t w o  s i z e  ranges were suppl ied.  
The two samples were designated ~N370/376 and D a r t  I ,  and t h e i r  compo- 
s i t i o n s  and d e n s i t i e s  were given as 80.25 w t  % 238Fu02 and 10 .45  g/cm3 
and 80.38 w t  % 238Pu02 and 1 0 . 0 0  g/cm3, r e s p e c t i v e l y .  
for both samples was January 1967. 
177- t o  210-um diameter and 74- t o  88-um diameter.  

The a n a l y s i s  d a t e  
The s i z e  ranges for t h e  samples were 

The SN370/376 f u e l  w a s  processed i n  January 1967 and then subjected i n t e r -  
m i t t e n t l y  t o  temperatures of up t o  800Oc be fo re  t h e  helium inventory w a s  
measured at ORNL on A p r i l  1 0 ,  1968. 
January 1967 and then subjected i n t e r m i t t e n t l y  t o  temperatures of up t o  
12OO0C u n t i l  May 4, 1967, when it w a s  subjected t o  temperatures of 12OOOC 
u n t i l  A p r i l  4 ,  1968. On A p r i l  4 ,  1968, t h e  temperatures were changed t o  
ambient. The helium inventory w a s  measured a t  ORNL on June 6 ,  1968. 

D a r t  I fue l  w a s  a l s o  processed i n  

. 
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Apparatus 

Rapid-Heat Furnace 

The furnace i n  which t h e  microspheres 
were heated r a p i d l y  i s  shown i n  
Fig.  1. This furnace,  which can 
be operated at -20OO0C i n d e f i n i t e l y ,  
i s  a water-cooled vacuum type with 
a tantalum res i s t ance -hea t ing  element. 
A molybdenum sample tube contains  
t h e  capsule  i n  which t h e  microspheres 
a r e  loaded and p r o j e c t s  downward 
i n t o  t h e  hot zone of t h e  furnace 
through a water-cooled s e a l .  Windows 
and black-body holes a r e  provided 
f o r  temperature measurements. The 
furnace bonnet i s  a t tached t o  t h e  
furnace base with a vacuum s e a l ,  
permit t ing easy access f o r  furnace 
maintenance. A mechanical pump 
maintains t h e  furnace vacuum, and 
power f o r  t h e  furnace i s  suppl ied 
by a v a r i a b l e  vo l t age  ( 0  t o  42 V, 
dc)  600-~mp capac i ty  r e c t i f i e r .  
The power supply w a s  motorized t o  
program t h e  r equ i r ed  ra te  of tempera- 
t u r e  r i s e .  

Steady-State Furnace 

-OR N L-DWG-69-5927 , TO M A I S  I P r E T l O M l T l l  

~ 

Fig .  1. Vacuum Furnace. 

The furnace used f o r  measurement of t h e  helium-release r a t e s  under 
s t eady- s t a t e  condi t ions had a platinum-wire-wound r e s i s t a n c e  element. 
Power w a s  suppl ied by a v a r i a b l e  ac t ransformer.  The furnace,  which 
w a s  usable  up t o  16oo0c, could be operated with e i t h e r  an argon or  a 
vacuum atmosphere i n  con tac t  w i th  t h e  238Pu02. 

H e l i u m  Detector 

The helium-release rates from 238Pu02 were measured wi th  a National 
Research Corporation Nodel 925 mass-spectrometer l e a k  d e t e c t o r .  The 
s e n s i t i v i t y  range of t h e  m a s s  spectrometer i s  2 x t o  6 x 
em3 of helium pe r  second. 
s e t  of adjustments (and c a l i b r a t i o n )  i s  approximately four  decades. The 
l e a k  d e t e c t o r  w a s  c a l i b r a t e d  by using helium l eaks  s tandardized by t h e  
Y - 1 2  P l a n t .  The s i g n a l  from t h e  l e a k  de tec to r  w a s  p l o t t e d  by a s u i t a b l e  
recorder .  

The span range of t h e  instrument f o r  a given 

Pyrometers 

The temperature of t h e  rapid-heat furnace w a s  obtained with a micro- 
o p t i c a l  pyrometer manufactured by Pyrometer Instrument Company. 
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Glove Box 

The furnaces  i n  which t h e  238Pu02 microspheres were heated were contained 
i n s i d e  c l e a r  p l a s t i c  glove boxes. T h e  exhaust from t h e  glove boxes w a s  
connected t o  t h e  bu i ld ing  exhaust system through abso lu te  f i l t e r s  and t h e  
exhaust system maintained t h e  atmosphere of t h e  glove boxes a t  a negat ive 
p re s su re  of 0.5-in. w a t e r  ( gage ) .  

The l i n e s  from t h e  furnaces  t o  t h e  vacuum pumps and/or helium d e t e c t o r  
which were o u t s i d e  t h e  glove boxes contained f i l t e r s  t o  prevent p o s s i b l e  
flow of r a d i o a c t i v e  m a t e r i a l .  Sa fe ty  devices were provided t o  remove 
power from t h e  furnaces  i n  t h e  event cool ing water w a s  l o s t  o r  water 
l i n e s  were ruptured i n  t h e  glove boxes. 

Procedure 

Temperature Measurement 
ORNL D I G  69-b253 

During t h e  rapid-heat ex eriments 

spheres could not be observed d i r e c t l y .  
Temperature measurements of t h e  sample 
tube recorded during t h e  runs were 
known t o  con ta in  e r r o r s  due t o  l a c k  
of black-body cond i t ions ,  l a g  of t h e  
sample con ta ine r  temperature behind 
t h a t  of t h e  sample tube because of 
heat  t r a n s f e r  during heatup, and ab- 
s o r p t i o n  of energy by windows. C a l i -  
b r a t i o n  runs w e r e  made f o r  each tem- 
p e r a t u r e  ramp employed, and t h e  tem- 
p e r a t u r e  of a black-body ho le  i n  t h e  
sample con ta ine r  w a s  measured simul- 
taneously w i t h  t h a t  of t h e  sample tube 
During the  c a l i b r a t i o n  runs a ho le  
w a s  p re sen t  i n  a dummy sample ( s e e  
Fig.  2 ) .  Correct ions were made, where 
r equ i r ed ,  by c a l i b r a t i n g  t h e  pyrometer 

t h e  temperature of t h e  ! 8pU02 micro- 

w i t h  pure  material  of known melt ing 

p e r a t u r e  of t he  furnace used i n  t h e  
s t eady- s t a t e  determinat ions w a s  meas--- F i g .  2.  238Pu02 Sample Temperature 
ured with Pt-PtRh thermocouples. Measurement. 

p o i n t s  (go ld ,  A l 2 O 3 ,  e t c . ) .  The t e m -  LOCATIONS OF TEMPERATURE MEASUREMENTS 

Transient-Heating Experiments 

4 

P r i o r  t o  a t r ans i en t -hea t ing  experiment t h e  power supply c o n t r o l s  were 
ad jus t ed  t o  program t h e  furnace t o  t h e  r equ i r ed  temperature i n  t h e  r e -  
quired t ime,  and t h e  furnace w a s  degassed at 1800 t o  20OO0C. T h e  q u a n t i t y  
of 238Pu02 f o r  each experiment w a s  chosen t o  produce helium-release rates 
near t h e  upper l i m i t s  of t h e  s e n s i t i v i t y  of t h e  d e t e c t o r  ( e . g . ,  50 mg of 
238Pu02 a t  900°C and 5 mg of 238Pu02 a t  l g O O ° C ) .  

I 
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The microsphere sample w a 5  glaced i n  t h e  sample con ta ine r ,  designed t o  
minimize any t r a n s f e r  of 2 3  PuO2 from t h e  container  e i t h e r  mechanically 
o r  by vapor i za t ion ,  and t h e  container  w a s  i n s e r t e d  i n t o  t h e  sample tube 
of t h e  furnace,  which w a s  connected t o  t h e  helium d e t e c t o r .  The assembled 
apparatus w a s  thoroughly degassed by pumping, t h e  l e a k  d e t e c t o r  w a s  c a l i -  
b ra t ed ,  and power t o  t h e  furnace w a s  turned on. 

The temperature w a s  recorded p e r i o d i c a l l y  and t h e  helium-release r a t e  
continuously u n t i l  t h e  release r a t e  decreased t o  t h e  lower s e n s i t i v i t y  
l i m i t s  of t h e  d e t e c t o r .  The t o t a l  helium r e l e a s e  as a func t ion  of t ime 
w a s  obtained by i n t e g r a t i o n  of t h e  r e l e a s e - r a t e  curve.  

Steady-State Experiments 

The quan t i ty  of 238Pu02 samples used during a determination of t h e  
d i f f u s i o n  parameter a t  s teady s t a t e  w a s  such t h a t  t h e  s t eady- s t a t e  
helium concentrat ion i n  t h e  sample w a s  w e l l  wi thin t h e  s e n s i t i v i t y  of 
t h e  d e t e c t o r .  The helium-release rates a t  s teady s t a t e  w e r e ,  of course,  
equal t o  t h e  production ra te  f o r  t h e  sample s i z e  used. 
production ra te  w a s  1 .65  x of Pu02) .  
The sample s i z e  w a s  u sua l ly  200 t o  300 mg. T h e  sample of '38Pu02 w a s  
brought t o  temperature i n  t h e  furnace previously descr ibed and kept a t  
a s teady temperature i n  e i t h e r  a vacuum or an argon atmosphere u n t i l  
t h e  helium-release ra te  c l o s e l y  approached t h e  generat ion r a t e .  The 
release ra te  w a s  monitored p e r i o d i c a l l y .  When t h e  sample reached s teady 
s ta te ,  it w a s  quickly t r a n s f e r r e d  t o  t h e  rapid-heat furnace and t h e  
helium inventory i n  t h e  sample w a s  determined. 

(The helium 
cm3 of helium pe r  sec pe r  

Helium Inventory Determination 

The helium concentrat ion i n  t he  238Pu02 tha t  w a s  r a p i d l y  heated t o  high 
temperature w a s  determined i n  t h e  rapid-heat furnace,  which w a s  a l s o  
used t o  determine t h e  concentrat ion of helium i n  samples t h a t  had been 
brought t o  s teady state.  The temperature of t h e  sample i n  t h e  furnace 
w a s  increased a t  t h e  highest  r a t e  t h a t  would allow t h e  r e l e a s e  r a t e  t o  
remain on t h e  s c a l e  of t h e  d e t e c t o r .  The temperature w a s  increased t o  
1900OC. Experiments on melt ing samples of Pu02 as a e u t e c t i c  (133 mg 
of Al2O3, 162 mg of BeO, 350 mg of PuO2) i n d i c a t e d  t h a t  t h e  helium 
r e l e a s e  w a s  e s s e n t i a l l y  complete a t  1900Oc. 

RESULTS 

S t  eady-St at e Diffusion Parameters 

E f f e c t i v e  d i f f u s i o n  parameters,  D' , determined from 14 s t eady- s t a t e  
r e l e a s e  experiments a t  100 t o  130OOC a r e  shown i n  Table 1. Two de- 
terminat ions were made i n  an argon atmosphere. The d i f f u s i o n  parameters 
were c a l c u l a t e d  from t h e  helium production r a t e ,  P,  and t h e  average 
helium concentrat ion,  C,, us ing Eq. ( 2 ) .  The ca l cu la t ed  d i f f u s i o n  
parameters d i d  not depend s i g n i f i c a n t l y  on microsphere r a d i u s ,  i nd i -  
c a t i n g  t h a t  t h e  e f f e c t i v e  helium-releasing u n i t s  were considerably 
smaller than t h e  microspheres themselves. 



Table 1. Apparent H e l i u m  Diffusion Parameters Based on Determina t ions  
Under Steady-State  H e l i u m  Release Conditions 

Temperature 
“C 1/T,  “K 

Atmospheric 
Composition D‘, sec-’ TimeU a t  

Temp, hr 

800 
1000 
1300 

800 
1000 
1100 
1100 
lyx  
1320 

1500 
1560 

1400 

1000 
1000 

9.3 

6.35 
7.85 x 

9.3 
7.85 
7.3 
7.3 10-4 

6.28 
5.98 10-4 
5.65 
5.45 10-4 

6.35 x 

7.05 
7.85 x 

SNj70/376 Fuel  (177 to 210 Pm) 

Vacuum 1136 

vacuum 145 
Vacuum 480 

Dart I Fuel (177 t o  210 wim) 

Vacuum 1136 
Vacuum 600 
Va c urn 552 

Vacuum 52 
Va c urn 20 
Va c uum 19 
Vacuum 21  
Vacuum 6 

Argon’ 552 

Dart I Fuel (74 t o  88 pm) 
Argon‘ 1776 
Vacuum 1776 

4.78 x lo-’ 
1.51 x 10-8 
6.31 10‘~ 

3 .2  x lo-’ 
1.72 x 10-8 
2.52 x 

5 .91  10-7 
4.03 x 

7.05 
3.9 x 10-6 
1.02 
3.57 

2.17 x 
3.65 x 

a N o t  t i m e  t o  steady s ta te ,  which i s  l e s s  than  these va lues  

b0.2 a t m .  

‘1 a t m .  

The d a t a  i n  Table 1 are shown as an Arrhenius p l o t  i n  Fig.  3. The 
curve as drawn could be explained by t h e  simultaneous and independent 
r e l e a s e  processes  wi th  a c t i v a t i o n  energies  o f  77.1 and 17 .9  kcal/mole,  
r e s p e c t i v e l y .  

G R N L - D W G  70-590 

I 

c 0 - 
L s 10-7 - 
D 

10-8 

10-9 
5 6 7 8 9 10 

R E C I P R O C A L  ABSOLUTE TEMPERATURE, 1 0 , O O O / T ( o ~ )  

Fig .  3. Cor re l a t ion  of Diffusion Parameter,  D ’  , with 
Temperature f o r  Steady-State Experiments. 
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H e l i u m  Inventory i n  Samples 

The helium concentrat ions i n  t h e  238Pu02 microspheres , determined soon 
a f t e r  r e c e i p t  a t  ORNL and again a t  a l a t e r  d a t e ,  a r e  given i n  Table 2.  
During t h e  i n t e r v a l  between determinat ions,  t h e  SN370/376 (177 t o  210 urn) 
f u e l  r e t a i n e d  65% of t h e  helium generated,  w h i l e  D a r t  I f u e l  r e t a i n e d  
64%. 

Table 2. Helium Inventory i n  SN370/376 and Dart I 238Pu02 Fuels 

Fuel  He Inventory, 
Date Designation Size,  wn cm"/g OE fue l  

4-1-68 
4 -10-68 

6-6-68 
10-15 -68 
10 - 17 -68 
10-15-68 
10 - 18 -68 

6-6-68 

177-210 
74-88 
74 -88 
177-210 
177-210 
177-210 
177-210 
177-210 

0.228 
0.238 
0.127 
0.101 
0.44 
0.39 
0.24 
0.20 

Transient-Heating Experiments 

Twenty runs were c a r r i e d  out i n  which 238Pu02 microspheres were heated 
a t  a r a t e  of -5.5'C/sec from ambient t o  a f i n a l  temperature i n  t h e  range 
of 900 t o  1900'C and held a t  t h i s  temperature u n t i l  helium release f e l l  
below t h e  l i m i t  of d e t e c t i o n  of t h e  apparatus .  Typical  curves of temp- 
e r a t u r e ,  release r a t e ,  and r e l e a s e  f r a c t i o n  as f lmct ions of t ime a r e  
shown i n  Fig.  4 ( f i n a l  temperature 1100'C) and Fig.  5 ( f i n a l  temperature 
1 7 O O O C ) .  

0.0006 

- 
E 
g 0.0004 

- 
1 
2 0.0003 - 
" 5 
c" 0.0002 
2 ~ 

W 

Q W 

0.0001 
LT 

0 
0 200 400 600 800 1000 1200 (400 

TIME FROM START OF HEATING ( s e c i  

Results of Helium Release Run No. 25. 

ORNL-DWG 68-12935 
0.6 

0.5 

n 

0 4  9 
J W 

01 Q 

0.3 " 
8 
5 

0.2 2 
F " 
u- 

0.1 

0 

4200 

1000 

800 - 
u 
I 

w a 3 

600 2 
W 

z 
W c 

400 

200 

0 

Fig .  4. Experimental Resu l t s  for Transient  
Heating t o  1100°C i n  -200 s e e .  
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0.003 
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w 
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0 

0.4 5 ~ 

+ " 
E 

0.2 - 

0 - 

4600 

.-. 
4400 ' 
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fii 
4200 k! 

4000 

800 

4800 

Fig .  5 .  Experimental R e s u l t s  on Transient  
Heating t o  l7OO"C i n  -250 s e e .  

The procedure employed i n  analyzing t h e  experimental values  of t h e  
release f r a c t i o n ,  f ,  as a func t ion  of t ime ,  t ,  i s  o u t l i n e d  i n  t h e  
following s t e p s  : 

1. From E q . ' s  ( 3 ) ,  ( 5 ) ,  o r  ( 6 )  c a l c u l a t e  the va lue  of T 
corresponding t o  each experimentally determined f .  

2. From experimental  d a t a  and s t e p  1 f i n d  t h e  va lue  of T 

corresponding t o  each t i m e ,  t .  

3. P l o t  a curve of T v s  t ;  the  s lope a t  any t i m e  i s  t h e  
va lue  of t h e  d i f f u s i o n  parameter,  D ' ,  a t  t h a t  t i m e ,  
s i n c e  from Eq. (4) 

For most of t h e  t r ans i en t -hea t ing  experiments,  t h e  p l o t  of T v s  t 
l i e s  along t h e  a b c i s s a  out t o  some given t ime ,  t hen  r i s e s  almost 
l i n e a r l y  u n t i l  w e l l  over 90% of t h e  helium has been r e l eased .  The 
s lope  of t h e  l i n e a r  p o r t i o n  i s  taken as D', w h i l e  t h e  i n t e r c e p t  of 
a l i n e  of t h i s  s lope  w i t h  t h e  abc i s sas  i s  taken as to. It w a s  found 
i n  t h e  p re sen t  experiments t h a t  to i s  w e l l  approximated by t h e  t i m e  
a t  which 2% of t h e  helium is  r e l e a s e d  ( f  = 0 . 0 2 ) .  

Such a p l o t  i s  shown i n  Fig.  6 f o r  t h e  run i l l u s t r a t e d  i n  Fig.  5.  From 
t h e  s lope  of t h e  l i n e a r  p o r t i o n  of t h e  p l o t  a D' va lue  of 3.0 x sec-' 
w a s  es t imated,  while  t h e  h o r i z o n t a l  i n t e r c e p t  of t h i s  l i n e  gave a t o  va lue  
of 220 sec .  I n  Fig.  7 a curve of release f r a c t i o n  vs t i m e  c a l c u l a t e d  from 
t h i s  p a i r  of D' and to values  is  compared wi th  t h e  experimental  r e s u l t s .  
The r e s u l t s  of all 20 runs ,  including t h e  D '  and t o  values  c a l c u l a t e d  i n  
t h i s  manner, are summarized i n  Table 3. It i s  s i g n i f i c a n t  t o  no te  t h a t  
f o r  f i n a l  temperatures of 130OoC and above, all helium w a s  r e l eased  from 
t h e  sample i n  a few minutes.  Times t o  release 90% of t h e  gas were some- 
what e r r a t i c  a t  13OO0C, bu t  a t  higher temperatures they were s i g n i f i c a n t l y  
less than  1 0  min. 

4 
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The D' and to values from all transient-heating experiments were corre- 
lated as functions of temperature. Arrhenius plots were constructed as 
shown in Figs. 8 and 9 ,  and least-squares straight lines through the 
points yielded the following correlating equations: 

- -  1 - 0.0717 exp( - 10 AT 200 sec-' 
to 

) sec-' 41 800 iT D' = 198 exp( - 

where T is the final temperature, OK; 900 5 T  51900°K. Although these 
correlations are not as precise as one might wish, they do provide a 
means of estimating helium-release characteristics from 238Pu02 micro- 
spheres under rapid transient-heating conditions. 

Table 3. Summary of Results for Helium Release from 238Pu02 
Microspheres i n  Transient-Heating Experiments 

Time t o  Time t o  
Attain Effectivea Release 90% 

R u n  T y p . ,  Temp., for Run,  to, Release Fraction, 
No. C sec sec- l  see Fract ion sec 

F ina l  F ina l  D' E f  f ectivea F ina l  of F ina l  

31 
25 
26 
9 

17 
24 
7 

16 

19 
2 1  
22 

38 
37 
36 
30 

46 
52 
40 
44 
45 

9 00 
1100 
1100 
1300 
1500 
1500 
1700 
1900 

1300 
1500 
1700 

1100 
1300 
1500 
1700 

900 
1100 
1300 
1500 
1700 

770 Fuel (177 t o  210 U r n )  

4.4 x 10-8 
5.8 io+ 
2.5 
9.0 
1.5 
3.0 
3 .0  
4.8 10-3 

960 
625 
825 
315 
210 
235 
220 
165 

0.012 
0.572 
0.349 

1.025 

0.928 

1.087 

0.872 
0.940 

370 Fuel (74 to 88 i i m )  

2.8 3 00 0. 988 

2.3 200 1.098 
1.1 270 0. 484b 

Dart Fuel (177 t o  210 m) 

7.8 10-5 625 0.543 
5.0 375 1.096 
2.0 10-3 1-95 1.078 
2.3 x 230 O.82lb 

Dart Fuel (74 t o  88 i i m l  

8.2 10-7 1030 0.125 
3.0 x 750 0.763 
1.1 325 0. 649b 
1.6 x loq3 265 0. 6 g b  
5.2 18 0 0. 60eb 

3210 
1240 
1200 

525 
335 
295 

205 
280 

1200 
375 
270 

870 
1040 
290 
310 

3000 
29 5 
475 
395 
215 

%slues give good representation of data up t o  about 9O$ of f i n a l  re lease  

%slues believed t o  be 1.0 _+ 0.1; instrument ca l ibra t ion  changed during 

fract ion.  

experiment. 
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Fig. 6. Plot of T vs Time for 
Experimental Results Shown in Fig. 4. 

TIME ( s e d  

Fig. 7. Comparison of Measured 
and Calculated Release Fractions 
for Experimental Results Shown 
in Fig. 4. 
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Fig .  9. Cor re l a t ion  of Diffusion Param- 
e t e r ,  D ' ,  with Temperature f o r  Transient-  
Heating Experiments. 

A q u a l i t a t i v e ,  but highly s i g n i f i c a n t ,  observat ion during t h e  t r a n s i e n t -  
heat ing experiments w a s  t h e  almost complete absence of p a r t i c l e  fragmenta- 
t i o n  or degradation, i n  s p i t e  of t h e  r a p i d  thermal t r a n s i e n t s  and gas 
r e l e a s e .  

METALLOGRAPHY OF FUELS 

Metallographic examination of microspheres composed of 238Pu02 showed 
t h a t  nothing ca t a s t roph ic  occurs as a r e s u l t  of r a p i d l y  hea t ing  them i n  
vacuum. I n  t h e  higher temperature experiments t h e r e  i s  some evidence 
t h a t  a s m a l l  f r a c t i o n  of t h e  microspheres blow a p a r t .  Quan t i t a t ive  
metallography w a s  not p o s s i b l e  because of t h e  l i m i t e d  number of samples 
and t h e  d i f f i c u l t y  i n  mounting t h e  p a r t i c l e s .  

I n  t h e  rapid-heat experiments only about 5 mg of microspheres could be 
heated because of t h e  s e n s i t i v i t y  of t h e  gas d e t e c t o r .  For metallography 
about four t i m e s  t h i s  amount w a s  needed and n e c e s s i t a t e d  sepa ra t e  heat  
t reatments  of t h e  l a r g e r  amounts. I n  preparing t h e  metallographic 
specimens, t h e  hea t ing  schedules were i d e n t i c a l  t o  those  obtained during 
t h e  rapid-heat experiments. During t h e s e  p repa ra to ry  runs it w a s  not 
poss ib l e  t o  monitor t h e  a c t u a l  gas r e l eased ;  t h e r e f o r e ,  it i s  necessary 
t o  assume t h a t  t h e  l a r g e r  samples used f o r  metallography behaved s i m i l a r l y  
t o  t h e  s m a l l e r  samples used t o  o b t a i n  q u a n t i t a t i v e  r e l e a s e  d a t a .  
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The major problem i n  making t h e  metal lographic  mounts was t h a t  t h e  epoxy 
mounting ma te r i a l  would only p a r t i a l l y  adhere t o  t h e  238Pu02. 
during gr inding and po l i sh ing  of t h e  mounted specimens, a number of t h e  
p a r t i c l e s  f e l l  out of t h e  mount. The mounts a l s o  d e t e r i o r a t e d  with age 
because gas accumulated i n  t h e  boundary between t h e  p a r t i c l e  and epoxy. 
I n  s p i t e  of t h e s e  d i f f i c u l t i e s ,  t h e  metal lographic  evidence i s  apparent 
and supports  t h e  view t h a t  nothing se r ious  r e s u l t s  from rap id  hea t ing  
of t h e  microspheres. 

Therefore , 

The metal lographic  evidence c o n s i s t s  of a s e r i e s  of photographs taken 
of t h e  f u e l  before  and after heat t r e a t i n g  a t  s eve ra l  temperatures .  
Cross sec t ions  of t y p i c a l  SN370/376 and D a r t  I f u e l s  i n  t h e  as-received 
condi t ion  a r e  shown i n  F igs .  10-14. I n  F igs .  1 0  and 11 t h e  l a r g e  c e n t r a l  
void i s  t y p i c a l  of both t h e  ~ ~ 3 7 0 / 3 7 6  and t h e  D a r t  I fuels. 
shows a p a r t i c l e  having a r e l a t i v e l y  high bulk dens i ty .  
t h i s  kind probably made up <lo% of t h e  t o t a l .  
charac te r ized  by l a r g e r  voids  and second-phase inc lus ions .  
t r i b u t e d  voids of t h e  type  shown i n  Fig.  1 5  were common i n  t h e  D a r t  I 
f u e l .  Gas bubbles were not evident i n  these  cold specimens. 

Figure 1 2  
P a r t i c l e s  of 

Figures  13 and 14  are 
Lasge dis- 
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Fig. 11. A Large, Single Central Void Also Was Characteristic 
.of a Significant Fraction of the As-Received Dart I Fuel. 

-20 

-40 

-60 

VI 
0 

-9 

-100 

-120 

-140 

Fig. 12. Cross Section of As-Received Microsphere of SN370/376 
Fuel. Particles with bulk densities higher than this were rare. 
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Fig. 14. Cross Section of As-Received Dart I Fuel, Typical 
of a L a r g e  Fraction. Note the second-phase inclusions and the 
weak grain boundaries. 
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Fig.  1 5 .  A Larg, 
D i s t r i b u t i o n  of L a r ,  

e F rac t ion  of t h e  As-Received D a r t  I Fuel Showing 
ge Spher ica l  Voids. 

, 

I n  t h e  SN370/376 fuel  ut: iurmaLion 01 gas DuDDies is not ev iaent  u n t i l  
t h e  microspheres are heated t o  a t  l e a s t  l l O O ° C  (see Fig.  1 6 ) .  
bubbles are predominantly found i n  t h e  g ra in  boundary and a r e  ba re ly  
d i s c e r n i b l e  wi th in  a g r a i n .  
found at any temperature .  
t h a t  t h i s  w a s  due t o  t h e  D a r t  I f u e l  being more porous than  t h e  SN370/376 
f u e l .  
wi th in  g ra ins  and i n  t h e  g r a i n  boundaries,  bu t  d id  not appear i n  regions 
surrounded by large voids .  
became very evident  i n  SN370/376 me1 and were found wi th in  t h e  g r a i n  
boundaries as wel l  ( s e e  Fig.  1 7 ) .  

These gas 

I n  t h e  D a r t  I f u e l ,  gas bubbles were not 
An examination of photomicrographs suggests  

I n  some ins t ances  i n  t h e  SN370/376 f u e l ,  gas bubbles were found 

A t  130OoC gas bubbles wi th in  t h e  g ra ins  

For SN370/376 f u e l  heated t o  e i t h e r  1500 o r  1 7 O O 0 C ,  t h e r e  w a s  no evidence 
of gas bubbles.  Apparently t h e  t ime of t h e  experiment w a s  s u f f i c i e n t  f o r  
all t h e  gas bubbles t o  be swept out  of t h e  p a r t i c l e s .  
t y p i c a l  c ros s  s e c t i o n  of a microsphere heated t o  170OoC i n  which t h e r e  i s  
some i n d i c a t i o n  t h a t  a r a p i d  temperature  excursion can cause fragmenta- 
t i o n .  Typical  c ros s  sec t ions  of some fYagmented p a r t i c l e s  are shown i n  
Figs .  19 and 20. 
remained i i  

F igure 18 shows a 

Some fragmentat ion occurred. bu t  most of t h e  microspheres 
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Fig.  16. Cross Sec t ion  of SN370/376 Fuel (177- t o  
210-1.1 d i a )  Heat-Treated t o  l l O O ° C .  
bubbles exis t  i n  t h e  g r a i n  boundaries.  
less than  l l O O ° C  gas  bubbles are not r e a d i l y  d i s c e r n i b l e .  
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Fig.  17. sN370/376 Fuel  Heat-Treated a t  130OOC i n  
Which G a s  Bubbles Are W e l l  Defined i n  Both t h e  Grain 
Boundary and Within t h e  Grain. 
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Fig. 19. Cross Section of Dart I Fuel Microsphere Heated 
Some fragmentation has occurred, but most of the to 1700°C. 

microspheres remain intact. 
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Fig.  20. Another m o s s  sec7;ion of  P a r t i c l e  Heated t o  1700°C. 
mentation i s  a l s o  ev iden t ,  bu t  most remain i n  

Frag- 

DISCUSSION 

Release Parameters f o r  Steady-State Experiments 

s made t o  ca l  . ~~ 

urve.  This  sh 
an t  and i s  ind 
lar e f f e c t s  ha 

l e f f i c i e n t s  of helium i n  
us of t h e  microsphere E 
bff ic ien ts  t hus  c a l c u l a t  
t h e  microsphere at con: -. - 1 - 3  _ _ _ _ _ _ _  7 - L -  - 

An attempt w a  . c u l a t e  d i f f u s i o n  co 1 

238Pu02 microspneres us ing  t h e  geometric r a d i  1s 
t h e  e f f e c t i v e  r ad ius .  However, d i f f u s i o n  coe ; ed 
were found t o  be a func t ion  of t h e  r ad ius  of 
temperature;  t h e  va lues  of d i f fus ion  parameter J J .  = u/aL correiabe well  

itant 

ows t h a t  t h e  e f f e c t i v e  s i z e  of a r e l e a s i n g  
ependent of t h e  s i z e  of t h e  238Pu02 micro- 
sre been observed i n  UO, ( r e f .  11) and Cm,O, 

es. This  conclusion i s  f u r t h e r  supported by t h e  
10-20) showing ex tens ive  pores which apparent ly  

3n parameter r e s u l t s  p l o t t e d  i n  Fig.  3 suggest  
urn d i f f u s e s  i n  238Pu02 by two simultaneous 
i t t e d  by t h e  equat ion 

1.9 x exp (-17,90O/RT) (10) 
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which i s  predominant below l l O O ° C ,  and t h e  o t h e r  process  f i t t e d  by t h e  
equat ion 

(11) D / r 2  = 5.76 x 10’ exp (-86,800/~~) 

which i s  predominant above l l O O ° C .  

Matzke5 observed t h a t  radon d i f f u s e s  i n  a-A1203 s i m i l a r l y  by two processes  
having a c t i v a t i o n  energ ies  of 2 1  and 80 t o  85 kcal/mole as compared wi th  
1 7 . 9  and 77 kcal/mole f o r  helium i n  238Pu02. H e  compares t h e  a c t i v a t i o n  
energy f o r  t h e  high-temperature process  (80  t o  85 kcal /mole)  wi th  t h e  
a c t i v a t i o n  energy f o r  t h e  s e l f - d i f f u s i o n  of A1 i n  A1203 (-85 kcal /mole)  
and concludes t h a t  t h e  high-temperature process  i s  by volume d i f f u s i o n .  
He suggests  t h a t  t h e  s e l f - d i f f u s i o n  of A1 i n  A1203 i s  c o n t r o l l i n g .  

The migra t ion  of helium i n  U02 has been s tud ied  by Gulden6 by observa- 
t i o n  of bubbles us ing  an e l e c t r o n  microscope. She concludes t h a t  at 
temperatures ( i so the rma l )  of 1400 t o  15OO0C t h e  helium migrates  randomly 
as bubbles by a volume d i f f u s i o n  process  con t ro l l ed  by t h e  d i f f u s i o n  of 
uranium i n  t h e  U02. 
25 kcal/mole.  
gases d i f f u s e  i n  i o n i c  m e t a l  oxides by d i f f u s i o n  of po in t  de fec t s  which 
a r e  occupied by t h e  rare gas .  

Helium, due t o  i t s  exceedingly low s ~ l u b i l i t y , ~ ~  i s  be l ieved  t o  e x i s t  i n  
238Pu02 i n  po in t  d e f e c t s  whose concent ra t ion  and mob i l i t y  would determine 
t h e  d i f f u s i o n  of helium; consequently those  f a c t o r s  which would determine 
t h e  concent ra t ion  of po in t  d e f e c t s  are of i n t e r e s t .  
t h e  enhanced low-temperature d i f f u s i o n  ( e x t r i n s i c )  and t h e  high-temperature 
d i f f u s i o n  ( i n t r i n s i c )  and g ives  examples of s eve ra l  i on ic  s o l i d s  which 
e x h i b i t  a knee i n  t h e  p l o t  of d i f f u s i o n  c o e f f i c i e n t  as a func t ion  of 
temperature .  I n  a l l  cases  he a t t r i b u t e s  t h e  e x t r i n s i c  d i f f u s i o n  t o  t h e  
presence of temperature-independent c a t i o n i c  o r  an ionic  vacancies .  Temp- 
erature-independent vacancies  are produced by d iva len t  ions  i n  t r i-  or 
t e t r a v a l e n t  compounds ( c a t i o n  vacancies )  o r  anion vacancies  i n  t h e  case  
of Zr02 t o  which C a O  has been added. The a c t i v a t i o n  energ ies  repor ted  
f o r  e x t r i n s i c  d i f f u s i o n  are low (25 t o  35 kca l /mole) ,  s i n c e  only t h e  
energy t o  mobi l ize ,  i n s t ead  of t h e  energy t o  c r e a t e ,  a vacancy i s  
requi red .  

The a c t i v a t i o n  energy f o r  bubble migra t ion  w a s  130 k 
GuldenY6 MatzkeY5 and o thers2y3 conclude t h a t  t h e  r a r e  

Kingery14 d i scusses  

Two o the r  means by which po in t  d e f e c t s  may be c rea t ed  i n  238Pu02 a r e  
an ionic  vacancies  caused by a s l i g h t  reduct ion  of t h e  238Pu02 and 
radiation-produced Fenkel d e f e c t s ;  P U O ~ - ~  r e t a i n s  i t s  f l u o r i t e  s t r u c t u r e  
down t o  PUol. 6 1 .  l5 
by r a d i a t i o n  damage. 

Wechsler16 has d iscussed  t h e  enhancement of d i f f u s i o n  

Although a t  p re sen t  s u f f i c i e n t  information has not been presented  t o  
e s t a b l i s h  conclus ive ly  t h e  processes  c o n t r o l l i n g  t h e  d i f f u s i o n  of helium 
i n  Pu02 a t  s teady  s ta te ,  t h e  information a v a i l a b l e  sugges ts  t h a t ,  a t  high 
temperature ,  helium d i f f u s e s  as bubbles by a vacancy d i f f u s i o n  process  
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con t ro l l ed  by t h e  d i f f u s i o n  of Pu ion i n  Pu02. A t  low temperatures ,  t h e  
presence of vacancies not c r e a t e d  by thermal a c t i v a t i o n  allows a low 
a c t i v a t i o n  energy process  t o  predominate i n  t h e  helium migrat ion.  No 
choice among t h e  p o s s i b l e  mechanisms which would produce t h e  vacancies 
can be made a t  t h i s  t i m e .  

Transient-Heating Experiments 

The r e s u l t s  of t h e  t r ans i en t -hea t ing  experiments cannot be r econc i l ed  
with a c l a s s i c a l  d i f f u s i o n  mechanism i n  s p i t e  of t h e  use fu lness  of t h e  
d i f f u s i o n  equat ions i n  d a t a  c o r r e l a t i o n .  Three major d i f f i c u l t i e s  are 
evident : 

1. A t  t h e  f i n a l  temperatures below 13OO0C, t h e r e  i s  a s i g n i f i c a n t  
delay between t h e  t i m e  t h a t  t h e  peak temperature i s  a t t a i n e d  and 
t h e  t i m e  a t  which t h e  peak r e l e a s e  ra te  occurs (see Fig.  4 and 
Table 3 ) .  

2.  The e f f e c t i v e  D' values  c a l c u l a t e d  from t h e  t r ans i en t -hea t ing  
experimental  r e s u l t s  are 2 t o  3 o rde r s  of magnitude above t h o s e  
obtained i n  t h e  s t eady- s t a t e  experiments a t  t h e  same temperature .  

3. D' values  appear t o  be  s e n s i t i v e  t o  hea t ing  ra te  (see Table 3 ) .  

One may p o s t u l a t e  t h a t  t h e s e  e f f e c t s  ar ise  due t o  t h e  r o l e  of bubbles 
i n  helium r e l e a s e  during t r a n s i e n t  heat ing.  The bubbles may nuc lea t e  
a t  a temperature-dependent ra te ,  which is s i g n i f i c a n t l y  slower than  t h e  
heatup r a t e  below 13OOOC. Subsequent bubble motion could be inf luenced 
by temperature g rad ien t s  a r i s i n g  during hea t ing ,  as we l l  as by t h e  s i z e  
of bubbles a t t a i n e d .  These e f f e c t s  could be completely d i f f e r e n t  fl-om 
those  obtained during s t eady- s t a t e  release. It i s  also p o s s i b l e  t h a t  
t h e  enhanced release rates under t r a n s i e n t  condi t ions r e s u l t  from a 
high number of radiation-induced e f f e c t s  which are p resen t  a t  ambient 
temperatures a t  t h e  start of t h e  experiments, and might not  be annealed 
during the  s h o r t  t i m e  a t  e l eva ted  temperatures .  

CONCLUSIONS 

Experimental s t u d i e s  of helium r e l e a s e  from plasma-melted 238Pu02 micro- 
spheres revealed t h e  following c h a r a c t e r i s t i c s .  

H e l i u m  r e l e a s e  under s t eady- s t a t e  condi t ions over t h e  range 100 t o  1300°C 
can be c o r r e l a t e d  i n  terms of a d i f f u s i o n  model with a temperature- 
dependent d i f f u s i o n  r e l e a s e  parameter,  D ' ,  which w a s  independent of 
microsphere s i z e .  A reasonable  mechanistic model can be pos tu l a t ed  t o  
explain t h e  observed behavior.  

With t r a n s i e n t  hea t ing  from ambient t o  a constant  f i n a l  temperature  
ranging from 900 t o  lgOO°C, wi th  heatup t imes of 2 t o  5 min: 
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1. H e l i u m  release appears t o  be complete at f i n a l  temperatures of 
130OOC and above. 
10 t o  20 min at 13OO0C t o  less than  2 min at  1900°C. 

The t i m e  f o r  complete r e l e a s e  decreases  from 

2. Helium release can be c o r r e l a t e d  i n  terms of a d i f f u s i o n  model 
w i th  two temperature-dependent parameters,  an incubat ion t i m e  
to, and a r e l e a s e  parameter D ' .  These parameters a r e  probably 
dependent on heat ing r a t e ,  bu t  t h e  p re sen t  experiments were 
unable t o  d e f i n e  t h i s  dependence. They are independent of 
microsphere s i z e .  

3. A t  t h e  heat ing ra tes ,  f i n a l  temperatures,  and i n i t i a l  helium 
inven to r i e s  encountered i n  t h i s  s tudy,  t h e r e  w a s  n e g l i g i b l e  
mechanical degradation of t h e  microspheres during t h e  release 
process.  

4. The mechanism of helium r e l e a s e  under t r a n s i e n t  condi t ions i s  
unclear  , but appears t o  d i f f e r  s i g n i f i c a n t l y  from t h a t  a t  
s teady s ta te .  

. 
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