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A PHYSICALLY BASED MODEL FOR 

HELIUM RELEASE FROM IRRADIATED BORON CARBIDE 
, 

C. E. Beyer 
G. W. Hollenberg . . 
S. A. Duran 

ABSTRACT 

The model i s  based on the nucleation of nonequilib~iwn 

helium bubbles under high pressures. m e  bubbles subscqucntZy 
. . 

act as traps and grow as the resul t  ofl,'gas.atom dif fusion.  Model 

p~edic t ions  are compared with bubble densities,  s izes,  and 

heliwn release characteristics of i r~ud ia t ed  boron carbide. 



. A '  PHYSICALLY BASED MODEL FOR HELIUM 
RELEASE FROM IRRADIATED BORON CARBIDE 

C: E .  Beyert 
G .. W .  Hol 1 enberg 
S. A .  Duran 

I .  INTRODUCTION 

Boron Carbide ( B 4 C )  i s  the international ly  accepted absorber material fo r  

control rods i n  f a s t  breeder reactors.  When boron carbide absorbs neutrons, 
lithium and helium are produced: 

The he1 ium apparently has insignif icant  so lubi l i ty  within the boron carbide 
matrix, .creating two potential problems in absorber pin design. Helium can 

diffuse to  a f r ee  surface and escape as a gas,:leading to  a buildup in pin 
plenum pressure ; or  the  h i  i um atoms can precipi ta te  as small bubbles within 
the matrix, leading to  boron carbide pe l l e t  swelling. Both helium release 

and pe l l e t  swelling l imi t  the l i fe t ime of absorber pins since e i the r  can 
lead to  excessive s t r e s s  in the cladding. 

The Hanford Engi neeri ng Devel opmen t Laboratory ( H E D L  ) has conducted extens i ve 
in-reactor o f  boron carbide in support of the f a s t  breeder 
reactor program. The data from these t e s t s  have been used to  develop 

empirical correlations fo r  both gas re1 ease(4)  and swell ing. ( 5 )  Typical 
... . gas release data as a function of b u r n u p  a t  various temperatures a re  shown 

in Figure 1.  The release data typical ly  shows t w o '  d i s t i n c t  regions of 
release,  a primary region with a high release r a t e  ear ly- in- l i fe ,  and a 
secondary release region a t  a much lower release r a t e  later-in-1.ife. Past 

o b ~ e r v a t i o n s ( ~ )  have shown tha t  B,C swelling i s  roughly proportional to  the 
gas retained in the i r radiated ~~ia.Ltrr.'ial; and consequently, inversely r~lated 

t o  he1 i urn re1 ease. .\ 





There have been.no previous attempts to develop a physically based model 

describing gas release or  swelling spec i f ica l ly  fo r  boron carbide. The 

purpose of t h i s  work has been to  u t i l i z e  simple diffusion theory and 

microstructural observations to  produce a re la t ive ly  simple physical 

alodel f o r  describing he1 i urn release from irradiated boron carbide. The 

model i s  not a fu l ly  comprehensive theoretical one, b u t  i s  a basis fo r  

fur ther  development. , 
. . 

Much e f f o r t  has been expended in descr ibing.gas.release from oxide fuel 

and th i s ,  vast  knowledge crf physical behavior provided a bas'e fo r  describing 

gas release from boron carbide. A schematic of the physical phenomena 

affecting gas release from oxide fue ls  i s  shown in Figure 2 .  There a re ,  

however, important differences in boron carbide versus oxide fuel gas 

release behavior. The main differences are  due to  the nonequilibrium nature 

of the bubbles and the i r  lack of mobility in boron carbide a t  normal operat- 

ing temperatures ( i  .e .  < 1250°C). . In 'contrast ,  the bubbles in oxide fuels  

are  ' i n  mechanical' equilibrium .with the matrix and somewhat mobile. Iner t  
gases in metals have also been studied with great  i n t e r e s t ,  particu1arl.y in 

f a s t  neutron reactors.  Hov;ever, in most cases these bubbles a r e . a l s o  in 

mechanical equilibrium with the i r  matrix, and tonsequently these models . . 

do not d i rec t ly  apply to  boron carbide. 

Since the irradicited boron carbide microstructure plays an important role  
i n  helium release i t  i s  appropriate to  review some past observations. The 

mic ros t ruc t~ re  of i r radiated samples has been character ized through the use of 

transmission electron microscopy (TEN). Small. plate-: i ke bubbles with large 

s t r a in  f i e lds  surrounding them on the {170) or  (1111 rhombohedra1 planes have 

been observed, Figure 3, by several i nvestigators . (6-12) The conclusion of 
these investigators has been tha t  the bubbles e x i s t  under extremely high 

pressures and thus are  n o t  in mechanical equ'l.ibrium with the matrix. Postirradia 

tion annealing of these samples reveals that  temperatures of 1400 to  1600gC a re  

needed to' re l ieve the s t r a i n  f i e l d s  and obtain an equi'librium bubble. Many of 

these investigators observed zones completely denuded of bubbles adjacent 

to  the grain boundaries. A typical example is'shown in Figure 4. 
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FIGURE 4. Denuded Grain Boundary in Irradiated Boron Carbide. 
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Bubble densities and diameters have been quantitatively characterized by 

Hol 1 enberg and Mas tel. (I3)  Their data was taken from samples with a wide 
range of irradiation temperatures. These microstructural data along wi t h  

gas re1 ease data wi 11 be compared against the model ' s predictions . 

I I. MODEL DESCRIPTION 

The model is divided into two parts which t rea t  the primary and secondary 
release regions as indicated by the release curves shown in Figure 1. The 

primary re1 ease, GR , takes i n to  account diffusional release early-i n-1 i fe  P 
before bubble nucleation has been ini t iated.  With the absence of bubbles 

to  trap the diffusing gas, the diffusional release i s  modeled by assuming 
the grains are equivalent t o  spherical particles, Figure 5a, a l l  of equal 
size: 

F r  2 + -n2n2DHe/r GRp(tp) = F t p  - , 5 ~ D  Eq. 1 
He 

where GR ( t  ) = primary gas release a t  time tp, cm3~e/cm3B,~ 
P P 

!P = time for prlmary release, sec. 
F = 1°6 reaction rate 
r = grain radius 

g 
= helium diffusion coefficient i n  boron carbide 

The grain boundaries are assumed t o  be free surfaces for release. Booth (14) 
was the f i r s t  to develop th i s  equivalent sphere model for gas release and i t  
has been used extensively as a simple model for  gas release from fuel. ( I5)  The 

activation energy for diffusion i n  th is  model was taken from Clayton, e t  al . ,  (16) 

who measured helium release from very l ightly irradiated boron carbide ( c  2x1020 
captures/cm" : 

where DHe = he1 i um diffusion coefficient, cm2/sec 

- Eq. 2 

R =gascons tan t ,  1.987~al/~K-mole 
T - temperature, O K  . 
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However, t h e  pre-exponent ia l  term was decreased by a  f a c t o r  o f . 4  t o  o b t a i n  

b e t t e r  agreement w i t h  the  observed gas re lease,  bubble. d e n s i t y  and bubble 

diameter .data.  

As the  i r r a d i a t i o n  proceeds bubble n u c l e a t i o n  i s  i n i t i a t e d ,  which i s  t h e  

t r a n s i  t i o n  p o i n t  t o  the  secondary reg ion  o f  c e l  ease (GRS) . The bubble;  a r e  
! 

assumed t o  be s t a t i o n a r y  becsuse t h e i r  nonequ i l i b r i um shape and h i g h  s t resses  
. . i n  t h e  immediate v i c i n i t y  o f  t h e  bubble make t h e i r  movemsnt e n e r g e t i c a l l y  ve ry  

d i f f i c u l t .  Consequently, the  bubbles a c t  as t r a p s  f o r  t h e  d i f f u s i n g  gas. 

A t  temperatures below 1100°C t h e  bubble d e n s i t y  i s  r e l a t i v e l y  h igh ,  1017 t o  l o 1 *  
bubbles/cm3, so t h a t  a l l  t he  gas produced w i t h i n  t h e  i n t e r i o r  o f  t h e  g r a i n  i s  

t rapped and o n l y  t h a t  gas produced i n  t h e  zone denuded o f  bubbles ad jacent  t o  

t h e  g r a i n  boundary i s  a v a i l a b l e  f o r  d i f f u s i o n a l  re lease,  F igu re  5b. The 

denuded zone w id th ,  de f i ned  here as 2a, i s  p r o p o r t i o n a l  t o  the  d i f f u s i o n  

d is tance between bubbles i n  t h e  g r a i n  m a t r i x .  

A  s teady-s ta te  nuc lea t i on  model f i r s t  propo'sed by Tu rnbu l l  ( I 7 )  and l a t e r  de r i ved  

and i n t e g r a t e d  by spe igh t "  8' was used t o  p r e d i c t  instantaneous fo rma t ion  o f  

bubbles. The dens i ty ,  N, o f  s t a t i o n a r y  bubbles f o r  temperatures below 1100°C 
( 1  8)  becomes : 

Eq. 3 

Where N bubblc dens i t y ,  bubhles/cm3 

a = bubbles c rea ted per  r e a c t i o n  

R, = . c r i t i c a l  rad ius  f o r  nuc lea t ion ,  'cm 

B = Van Der Wai ls '  Gas Constdnt 

C = concen t ra t i on  o f  s o l u t e  he l ium atoms, atom/cm3 

p = he l ium t rack ,  cm 

w i t h  t h e  remaining va r iab les  as de f i ned  f o r  Eqcration 1 .  



Bubble growth was t r e a t e d  us ing  a  d i f f e r e n t i a l  equat ion  developed by  reen en wood, 
Foreman, and ~ i m r n e r " ~ )  f o r  nonequi l  i br ium bubbles a t  h i g h  pressures.  

Eq. 4 

* .  

where R  =' bubble r a d i u s  

3n2 DyCv P/4nN 

2yn2 DvCv/KT ' 

t ime,  sec., 

Bo l  tzmann' s  Constant 

temperature, O K  

sur face  tens ion ,  1000 dyne/cm 

he1 i um a  tomi c  vo l  ume , 5.2~10-25 cm3 

vacancy d i  f fusZon c o e f f  i . c i e n t  

vacancy concen t ra t i on  

I n  t h e i r  s o l u t i o n  t h e  bubble pressure was assumed t o  b e  o n l y  s l i g h t l y  

g r e a t e r  than the  e q u i l i b r i u m  pressure.  However, bubbles w i t h i n  i r r a d i a t e d  B,C 

are expected t o  be a t  pressures s i g n i f i c a n t l y  g r e a t e r  than  t h e  e q u i l i b r i u m  

pressure. Hence, i t  was necessary t o  n u m e r i c a l l y  i n t e g r a t e  t h e  d i f f e r e n t i a l  

express ion o f  Greenwood, e t  a1 . .(I91 t u  o b t a i n  t he  bubble s i z e .  

Since t h e  denuded zone th ickness,  22, i s  much sma l l e r  than t h e  r a d i u s  o f  t he  

g ra in ,  t h e  s o l u t i o n  f o r  d i f f u s i o n  through a  f l a t  p l a t e  o f  th ickness  2a was used 

f o r  c a l c u l a t i n g  the  secondary re lease.  However, t h e  sphe r i ca l  geometry was r e t a i n e d  i n  
c a l c u l a t i n g  the  i n t e r n a l  su r face  area o f  t h e  g ra ins .  The re lease  was i n t e g r a t e d  = *- 



f r om t h e  end o f  t h e  p r ima ry  re lease ,  tp, t o  t h e  t o t a l  
i r r a d i a t i o n  t i m e  o f  i n t e r e s t ,  

where (ZS(tF) = secondary r e l e a s e  a t  tF, cm3/crn3 B4C 

R = h a l f  t h e  denuded zone t h i ckness  

B = DHe/4a2 

t~ = t o t a l  i r r a d i a t i o n  t ime  o f  i n t e r e s t ,  sec 

w i t h  t h e  re l t la in ing v a r i a b l e s  as d e f i n e d  f o r  p rev ious  equat ions .  

.'A summary o f  t h e  m a t e r i a l  parameters and t h e  va lues used i n  t h e  above models 

i s  presented i n  Tab1 e 1 . 

111. MODEL PREDICTIONS COMPARED TO DATA 

Three e x p e r i m e n t a l l y  measured parameters were compared a g a i n s t  t h e  models '. 
p r e d i c t i o n s .  They a r e  observed he1 ium re lease ,  bubb le  d e n s i t y  and bubb le  

d iameter .  

I n - r e a c t o r  he l i um r e l e a s e  has been mon i to red  i n s i t u  b y t w o  EBR-I! i ns t rumen ted  

t e s t s ,  BICM-I'~' arid BICM-z,(~) w i t h  p ressure  sensors.  F i gu res  6 th rough 9 

compare model p r e d i c t i o n s  t o  t h e  measured re l eases  as a f u n c t i o n  o f  burnup f o r  

1l1e range o f  tempcratures covered b y .  these  two exper iments .  These f i g u r e s  a l s o  

show the  he l i um gene ra t i on  r a t e s .  I n  these f i g u r e s ,  he l i um r e l e a s e  i s  i n  un i . is  

of cm3 o f  he1 ium p e r  cm3 o f  boron c a r b i d e  and burnup i s  1°B neu t ron  cap tu res  

p e r  cm3 o f  boron car.bide. Release a t  t he  l o w e s t  i r r a d . i a t i o n  temperature of  

700°C (B,C cen te r1  i n e )  , F i g u r e  6, shows t h a t  the, model s l  i g h t l y  unde rp red i c t s  

t h e  p r ima ry  r e l e a s e  and agrees v e r y  w e l l  w i t h  t h e  secondary r e g i o n .  A t  81Z°C, 



TABLE 1 

MATERIAL PARAMETERS REQUIRED FOR 

BORON CARSIDE'GAS RELEASE MOGEL 

Parameters Val ue Reference 

R,, c r i t i c a l  r a d i u s  f o r  
n u c l e a t i o n  

y, su r face  t e n s i o n  f o r  1000 'dyne/crn 2 1 
B4C 

n, he l ium atomic volume 5 . 2 ~ 1 0 - ~ ~  cm3 2 2 

a bubbles c rea ted  per  5 20 
I r e a c t i o n  

8, Van ~ e r  W a l l s '  Gas 3 . 8 8 5 ~ 1  0-23 23 
cons tan t  f o r  he1 i urn 

p, he1 i urn t r a c k  d i  stance 4 . 7 2 ~ 1  ~ - ~ c r n  . 24 

, he l ium a c t i v a t i o n  29,000 cal /mole 16 
'lie energy f o r  d i f f u s i o n  

0 

Do, pre-exponent, ia l  term 4.4x.10-~ * 
f o r  he1 i um d i  f f u -  
s i o n  c o e f f i c i e n t  
equat ion.  

* $ e l e c t e d  t o  o b t a i n  agreernent.between t h e  p r e d i c t i o n s  and t h e  data.  
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Figure  7, t h e  model a l s o  s l i g h t l y  underpred ic ts  re lease i n  the:primar.y reg ion  b u t  

agrees very  we1 1  ' f o r  t he  secondary re lease.  A t  877OC, F igure  8, t h e  model 

agrees very  w e l l  f o r  t h e  pr imary  reg ion  b u t  ove rp red i c t s  the  re lease  r a t e  

s l i g h t l y  f o r  t he  secondary reg ion .  The h ighes t  i r r a d i a t i o n  temperature of 

952"C, F igure  9, shows good agreement f o r  t h e  pr imary  reg ion  and a  ve ry  s l i g h t  

overpredi  c t i o n  i n  re1  ease r a t e  f o r  t h e  secondary reg ion .  

The model p r e d i c t s .  t h e  shape o f  t he  he l ium re lease f rom boron carb ide  q u i t e  

w e l l .  O f  p a r t i c u l a r  i n t e r e s t  i n  F igures 6 and 8 i s  t h e  cu rva tu re  a t  very  low 

burnups (i:e., < 3x1020 captures/cm3) which i s  i n  agreement w i t h  t h e  d i f f u s i o n a l  

re lease f rom an i n d i v i d u a l  g ra in .  ' The model 's t r a n s i t i o n  f rom long-range 

d i f f u s i o n  of  he l ium o u t  o f  a  g r a i n  t o  d i f f u s i o n  l i m i t e d  by t rapp ing ,  i . e . ,  

t h e  change from pr imary  t o  secondary i s  very  abrupt .  The ac tua l  data, however, 
show a more gradual t r a n s i t i o n  between t h e  two re lease regions,  perhaps 

r e f l e c t i n g  the  s t a t i s t i c a l  charac ter  o f  t he  n u c l e a t i o n  process. 

The agreement o f  re lease r a t e s  i n  t he  secondary r e g i o n  i s  q u i t e  good between 

the  model and the  ac tua l  data.  A t  h ighe r  burnup l e v e l s  ( >  50x1020 captures/cm3) 

m a t r i x  damage (such as mic rocrack ing)  due. t o  i r r a d i a t i o n  i s  expected t o  l i m i t  

t he  e x t r a p o l a t i o n  o f  t h i s  model. M ic rocrack ing  may be ex tens i ve  enough t o  

a f f e c t .  t he  amount o f  f r e e  sur face f o r  re lease.  

H o l l  enberg and Mas t e l  ( I 3 )  have q u a n t i l a t i v e l y  cha rac te r i zed  bubble d e n s i t i e s  

and diameters from boron carb ide  samples i r r a d i a t e d  over  a  wide range o f  

temperatures (540°C t o  1  820°C). A  comparison o f  t h e i r  measured values w i t h  

those p red i  c ted  by the  model i s  shown i n  F igures 10 and 11 . The   nod el agrees 

favo rab l y  w i t h  the  d e n s i t y  data, F igure  10, below 1000°C w i t h  a  s l i g h t  

underpred ic t ion .  . However, t he  underp red i c t i on  i s  w i t h i n  t h e  est imated 

s c a t t e r  i n  t h e  data.  A  s i g n i f i c a n t  o v e r p r e d i c t i o n  by t h e  model i s  observed 

f o r  t he  two h igh  tenlperadture samplcs o f  1600 .and 1850°C. Th i s  may be the  

r e s u l t  of hubbl e coalescence and/or m i g r a t i o n  t a k i n g  p lace a t  these tempera-, 

t u res .  These phenomena a re  n o t  t r e a t e d  by  t h e  c u r r e n t  model. Hol lenberg  

and Mastel have a l s o  noted t h a t  t he  bubbles a t  these h igh  temperatures appear 

t o  be i n  mechanical e q u i l i b r i u m  ( i  .e., no s t r a i n  f i e l d s  and .equiaxed i n  shape) 
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and heterogeneously d i s t r i b u t e d  i n  t h e  m a t r i x .  From t h i s  they  concluded 

t h a t  t he  bubbles may be heterogeneously nuc lea ted  a t  s t rong  t r a p p i n g  s i t e s  

such as g r a i n  boundaries, d i s l o c a t i o n s  and t w i n  boundaries: another  

p o t e n t i a l  exp lana t i on  o f  t he  l a c k  of ,agreement  a t  h i g h  temperatures. 

A comparison o f  t he  model p r e d i c t i o n s  w i t h  t h e  measured bubble diameter,  

F igu re  11, below 1100°C shows good agreement. As w i t h  the  dens i t y ,  a  

s i g n i f i c a n t  underp red i c t i on  i s  seen a t  h igh  temperatures, 1600°C. Th i s  

underp red i c t i on  i s  most l i k e l y  r e l a t e d  t o  the  problems discussed above 

f o r  t h e  d i f ferences i n  measured and p r e d i c t e d  d e n s i t i e s  f o r  these samples. 

I V .  CONCLUSIONS 

Overa l l ,  the  model adequately p r e d i c t s  he l ium re lease  i n  the.. temperature 

and burnup ranges o f  500 t o  l l O O ° C  and 0 t o  5 0 x 1 0 ~ ~  captures/cm3, r e s p e c t i v e l y .  

I n  p a r t i c u l a r ,  i t  i n d i c a t e s  t h a t  ' the model ing o f  re lease  f rom i n d i v i d u a l  g r a i n s  

exp la ins  the  pr imary re lease,  and t h a t  re lease f rom the  denuded zones ad jacent  

t o  t he  g r a i n  boundaries adequately e x p l a i n s  secondary re1  ease. P r e d i c t i o n s  o f  

t h e  model a l so  agree w i t h  measured bubble d e n s i t y  and diameter below 1 1 0 0 % ~  

b u t  bo th  a re  s u b s t a n t i a l  l y  underpredic ted above t h i s  temperature range. 

The areas i n  which l i m i t a t i o n s  o f  t he  model e x i s t  and a d d i t i o n a l  work t h a t  

may improve the  model are:  

L imi  t a t i e n s  A d d i t i o n a l  Work 

M a t e r i a l  parameters used i n  the  " A d d i t i o n a l  da ta  i s  needed t o  be t te i -  
model . d e f i n e  these parameters. 

Bubble nuc lea t i on  and growth Bubble m ig ra t i on ,  coa l  esceiice and 
models a t  teniperatures i 100°C. and heterogeneous n u c l e a t i o n  a t  

s t rong  t r a p p i n g  s' i tes r~eed t o  be 
t rea ted .  

' Release a t  burnups > 5 0 ~ 1 0 ~ ~  Examine re lease and m i c r o s t r u c t u r e  
captures/cm3. ' a t  h i g h  burnups t o  determine i.f 

damage in f1uences. the  re lease.  

' T r a n s i t i o n  p o i n t  between @ Closev examinat ion o f  bo th  re lease  and 
pr imary  and secondary re lease.  m i c r o s t r u c t u r e  may g i v e  c lues  t o  how 

t h i s  may be p h y s i c a l l y  modeled. 
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