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SORPTION O F  T R I T I U M  BY N I C K E L  DURING P L A S T I C  DEFORMATION 

J a m e s  A. D o n o v a n  

S a v a n n a h  R i  v e r  L a b o r a t o r y  
E. I. du P o n t  de N e m o u r s  and Company  
A i  ken, S o u t h  C a r o l  i n a  29801 

ABSTR4CT- The e f f e c t  o f  p l a s t i c  deformation on t h e  amount o f  
t r i t i u m  absorbed, t h e  su r f ace  concent ra t ion ,  and t h e  apparent  
d i f f u s i v i t y  was determined by comparing e l a s t i c a l l y  and 
p l a s t i c a l l y  deformed s e c t i o n s  o f  n i c k e l  t e n s i l e  tubes  t h a t  were 
f i l l e d  wi th  t r i t i u m  during deformation. P l a s t i c  deformation 
increased  t h e  amount of  t r i t i u m  absorbed by t h e  metal and 
adsorbed on t h e  su r f ace ,  bu t  decreased t h e  apparent  d i f f u s i v i t y .  
These observed d a t a  f o r  n i c k e l  can be expla ined  by t h e  t r app ing  
theory  developed f o r  i r o n ;  where t h e  d i s l o c a t i o n s  c r ea t ed  dur ing  
deformation a r e  p o s t u l a t e d  t o  t r a p  t h e  t r i t i u m ,  thereby  producing 
h ighe r  va lues  f o r  i n t e r i o r  and su r f ace  tritium concent ra t ions ,  
and lower values f o r  t r i t i u m  d i f f u s i v i t y .  

INTRODUCTION 

Movement of 'hydrogen with d i s l o c a t i o n s  has been p o s t u l a t e d  

a s  being important  i n  t h e  mechanism o f  hydrogen embri t t lement  of  

metals .  ' P l a s t i c  deformation o f  specimens con ta in ing  hydrogen 

causes enhanced r e l e a s e  o f  hydrogen. This  r e l e a s e  has been 

i n t e r p r e t e d  a s  due t o  d i s l o c a t i o n s  dragging hydrogen wi th  them. 2 

Simi l a r ly ,  i f  a specimen i s  deformed i n  a hydrogen environment, 

d i s l o c a t i o n s  nuc lea ted  a t  t h e  s u r f a c e  might a l s o  drag hydrogen 

i n t o  t h e  specimen and cause a g r e a t e r  amount o f  hydrogen t o  be 

absorbed. Information about t h e  e f f e c t  of p l a s t i c  deformation 

i n  a hydrogen atmosphere would h e l p  t o  exp la in  t h e  mechanism o f  
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environmental hydrogen embri t t lement .  This  s tudy  shows t h a t  

p l a s t i c  deformation i n  a t r i t i u m  atmosphere l eads  t o  g r e a t e r  

t r i t i u m  so rp t ion ,  bu t  a decrease i n  t h e  apparent  d i f f u s i v i t y .  

These r e s u l t s  a r e  explained by t r app ing  theory ,  with d i s l o c a t i o n s  

being t h e  primary t r a p s .  

MATERIALS AND PROCEDURES 

Test  specimens were f a b r i c a t e d  from Mate r i a l s  Research 

Corporation V-P n i c k e l .  Tens i l e  tubes were machined a s  shown 

i n  Figure 1. A l l  bu t  one o f  t h e  tubes  were vacuum annealed a t  

8 7 3 ' ~  f o r  one hour,  and then  were f i l l e d  with a 96 vol  % t r i t i u m  

-4 vol  % deuterium mixture a t  27.6 MPa. F i l l i n g  r equ i r ed  two 

hours a t  room temperature (294OK). Immediately a f t e r  f i l l i n g ,  

some tubes were s t o r e d  a t  196OK u n t i l  t e s t e d .  The o t h e r s  were 

he ld  a t  room temperature f o r  var ious  t imes.  A l l  .tubes were 

t e s t e d  t o  f a i l u r e  a t  room temperature a t  t h e  s t r a i n  r a t e s  given 

i n  Table I .  Sec t ions  were removed from t h e  shoulder  and t h e  

gauge length  o f  each tube .  The t r i t i u m  concent ra t ion  a s  a 

func t ion  o f  depth i n t o  t h e  tube was determined by incremental  

chemical d i s s o l u t i o n  followed by l i q u i d  s c i n t i l l a t i o n  counting.  

Only t h e  t ime a t  room temperature i s  shown i n  t h e  t a b l e  and 

considered i n  t h e  c a l c u l a t i o n s .  



Annealed p i n s  were i n s e r t e d  i n t o  two o f  t h e  annealed tubes  

t o  serve  a s  independent c o n t r o l s  f o r  determining t h e  t r i t i u m  

d i s t r i b u t i o n  i n  uns t ressed  n i c k e l .  

RESULTS' ' 

SORPTION 

P l a s t i c  deformation a f f e c t s  t h e  t o t a l  q u a n t i t y  o f  t r i t i u m  

absorbed i n t o  an annealed specimen a s  shown by t h e  d i f f e r ences  

i n  t h e  a r e a s  under t h e  two curves i n  Figure 2 .  The t o t a l  

q u a n t i t y  of  tritium absorbed (per  u n i t  su r f ace  a rea)  t o  a depth 

o f  2 x 1 0 - ~ m  i s  t a b u l a t e d  i n  Table I f o r  t h e  va r ious  specimens. 

For t h e  annealed tubes ,  7.5 t imes a s  much t r i t i u m  was absorbed 

i n  t h e  gauge l eng th  ( p l a s t i c a l l y  deformed) a s  was absorbed i n  

t h e  shoulder  ( e l a s t i c a l l y  deformed). Tr i t ium absorbed i n  e i t h e r  

s e c t i o n  o f  t h e  cold worked specinle~l (Figure 3) was about t h e  

same a s  t h e  amount absorbed i n  t h e  annealed p i n s  (Figure 4) and 

i n  t h e  shoulder  of  t h e  annealed specimens (Table I ) .  The shape 

o f  t h e  curves i n  Figure 3 a r e  i n d i c a t i o n s  of s h o r t  c i r c u i t  

d i f f u s i o n  pa ths ,  a s  d i scussed  i n  another  paper .  3 

The b e s t  va lue  f o r  t h e  t r i t i u m  su r face  concent ra t ion  was 

determined by assuming t h a t  t h e  concent ra t ion  p r o f i l e  would be 

due t o  Equation (1) f o r  d i f f u s i o n  i n t o  a s e m i - i n f i n i t e  s o l i d .  

The r e l a t i v e l y  s h o r t  d i f f u s i o n  t imes j u s t i f y  t h e  use o f  t h i s  

equat ion r a t h e r  than  t h e  more complicated s o l u t i o n  f o r  d i f f u s i o n  



i n t o  a  tube. The s o l u t i o n  f o r  t h e s e  condi t ions  i s  

where : 

C = t h e  concent ra t ion  a t  X p e n e t ~ a t i n g  t h e  
tube  wa l l ,  moles/m3 

Co = t h e  t r i t i u m  s u r f a c e  concent ra t ion ,  moles/m3 

D = t h e  d i f f u s i v i t y ,  m 2 / s  

t = t h e  d i f f u s i o n  t ime,  s 

The e r r o r  func t ion  complement, e r f c ,  i s  r e l a t e d ' t o  t h e  

p r o b a b i l i t y  func t ion .  I f  t h i s  r e l a t i o n s h i p  (Equation 1) i s  

obeyed, a  p l o t  of  t h e  concent ra t ion  on a  p r o b a b i l i t y  s c a l e  v s .  

d i s t ance  w i l l  be  l i n e a r  and w i l l  f a c i l i t a t e  t h e  e s t ima t ion  o f  

t h e  b e s t  va lues  f o r  Co and D. Such a  p l o t  i s  shown i n  Figure 5. 

C i s  t h e  va lue  found by e x t r a p o l a t i o n  t o  X = 0.  
0 

The shoulder  s e c t i o n s  o f  a l l  annealed tubes  had lower 

t r i t i u m  su r face  concent ra t ions  than  t h e  gauge l eng th  s e c t i o n s .  

The average va lue  was 0 .9  moles/m3. The two uns t r e s sed ,  annealed 

p9ns had an average su r f ace  concent ra t ion  o f  1:l moles/m3. Thus, 

t h e  values f o r  tritium s u r f a c e  concent ra t ion  o f  t h e  undeformed 

ma te r i a l  are about t h e  same. A value  of about 1 , O  moles/m3 i s  

considered t o  be  t h e  equ i l i b r ium su r face  concent ra t ion  f o r  2 9 4 ' ~  

and 27.6 MPa t r i t i u m  gas ,  i n  good agreement with o t h e r  d a t a .  3 ' 4  



In t h e  annealed specimens, t h e  t r i t i u m  s u r f a c e  concent ra t ions  

i n  t h e  gauge length  s e c t i o n s  (heavi ly  deformed) were a t  l e a s t  t e n  

t imes h ighe r  than  t h e  equiva len t  concent ra t ions  i n  t h e  shoulder  

s e c t i o n s  (Table I ) .  The average value o f  15.0 moles ~ 2 / m ~  was 

15 t imes a s  g r e a t  a s  t h e  average su r f ace  concent ra t ion  i n  t h e  

undeformed region.  The gauge l eng th  o f  t h e  co ld  worked specimen 

had a  t r i t i u m  su r face  concent ra t ion  about twice t h a t  of  t h e  

shoulder  s e c t i o n .  

DI FFUSIVITY 

The marked e f f e c t  of  p l a s t i c  deformation on d i f f u s i v i t y  can 

be seen  from t h e  shape o f  t h e  concen t r a t ion  p ro . f i l e s  i n  F igure  

2 versus  those  i n  Figure 4 .  The e f f e c t i v e  d i f f u s i v i t y  caused by 

p l a s t i c  deformation was determined by so lv ing  Equation (1) f o r  

d i f f u s i o n  i n t o  a s e m i - i n f i n i t e  s o l i d .  The time f o r  d i f f u s i o n  was 

taken a s  t h e  t o t a l  t ime a t  room temperature f o r  t h e  uns t r a ined  

s e c t i o n s  o f  t h e  tubes,  and t h e  time during deformation f o r  t h e  

s t r a i n e d  reg ion .  

The in f luence  o f  deformation on t h e  concent ra t ion  p r o f i l e  

was determined by s u b t r a c t i n g  t h e  p r o f i l e  i n  t h e  shoulder  from 

t h a t  i n  t h e  gauge length .  The change i n  shape increased  t h e  

c a l c u l a t e d  d i f f u s i v i t y  by l e s s  than  10% and was t h e r e f o r e  ignored.  



Procedures s imi1ar . to  those - . fo r  obta in ing the  surface  concen- 

t r a t i o n  were used t o  determine the  bes t  value o f  d i f f u s i v i t y  (D). 

C/Co us.  X was p l o t t e d  on- p robab i l i ty  paper, and D ca lcula ted  

from t h e  slope.  Concentration p r o f i l e s  p l o t t e d  i n  t h i s  fashion 

a r e  shown i n  Figure 6 and values of D a r e  l i s t e d  i n  Table I .  

For the  annealed tubes,  t h e  undeformed sec t ions  and p ins  

had an average d i f f u s i v i t y  of  5.6 x lo- '  m 2 / s .  The e f f e c t i v e  

d i f f u s i v i t y  i n  t h e  deformed regions had an average value o f  

8 x 10- l4  . m 2 / s ,  about 10% t h a t  of  t h e  undeformed sec t ions  o f  the  

tubes and t h e  p ins .  D i f f u s i v i t i e s  i n  both sec t ions  o f  t h e  cold 

worked tubes were about the  same and s i m i l a r  t o . t h o s e  i n  t h e  

gauge length o f  the  o the r  specimens. 

The d i f f u s i v i t y  obtained from outgassing experiments of 

annealed n ickel  a t  294OK was ( 5  t o  7) x 1 0 - l 3  rn2/s, i n  exce l l en t  

agreement with the  values from t h e  concentrat ion p r o f i l e s  o f  t h e  

undeformed, annealed sec t ions .  

DISCUSSION 

The experimental r e s u l t s  c l e a r l y  show t h a t  p l a s t i c  deformation 

during hydrogen exposure of  annealed n ickel  enhances t h e  uptake o f  

hydrogen and a f f c c t s  i t s  d i s t r i b u t i o n ,  but  t h a t  deformation o f  

cold worked material  i n  a hydrogen atmosphere has l i t t l e  inf luence  

on t h e  q u m t k t y  o r  d i s t r i b u t i o n  o f  absorbed hydrogen. The r e s u l t s  

can be explained by t h e  theory of  t rapping developed p r imar i ly  t o  



explain t h e  anomalous behavior of hydrogen i n  i ron , '  where low 

temperature s o l u b i l i t y  and d i f f u s i v i t y  d i f f e r  from values ob- 

t a ined  by ext rapola t ions  o f  high t e G e r a t u r e  data.  The t r a p s  

a r e  defec ts  i n  the  metal l a t t i c e  t h a t  contain higher concen- 

t r a t i o n s  of  hydrogen than t h e ' . l a t t i c e .  In.genera1,  t rapping 

increases  t h e  apparent s o l u b i l i t y  and decreases the  apparent 

d i f f u s i v i t y  of  hydrogen i n  i ron .  P l a s t i c  deformation of  n icke l  

i n  ,a tritium atmosphere produces t h e  same e f f e c t s .  

0 r i a n i 5  derived a t h e o r e t i c a l  equation t o  r e l a t e  the  apparent 

d i f f u s i v i t y  influenced by t r a p s  (Dx) t o  the  t r u e  l a t t i c e  d i f -  

f u s i v i t y  (DL) when trapping occurs with loca l  equilibrium: 

where : 

CL = t h e  norn~al l a t t i c e  s o l u b i l i t y  

Cx = t he  trapped hydrogen 

Ox = t h e  f r a c t i o n  o f  t rapped s i t e s  occupied 

when Ox << 1, the  equation can be reduced t o :  



The'primary e f f e c t  of p l a s t i c  deformation on t rapping s i t e s  

should be the  increase i n  t h e  densi ty  o f  d is locat ions .  The 

average d i s loca t ion  densi ty of a  heavily cold-'worked metal would 

be -10 '~ trapping s i t e s  p e r  cubic meter. A t  t h i s  d is locat ion 

densi ty,  and considering only the  d i s loca t ion  core, l o2 '  t rapping 
. .. 

s i t e s  p e r  cubic meter would be present  i n  t h e  deformed sect ion.  

The t o t a l  concentration, C + ' C  i n  t h e  gauge length sec t ion  i s  L x' 

15 moles o r  9 x atoms o f  tritium p e r  cubic meter of 

n ickel .  The normal l a t t i c e  s o l u b i l i t y  is  1:O m d e s  ~ 2 / m ~  o r  
. . .. ' 

6.0 x lo2 '  atoms o f  t r i t i u m  per  cubic meter o f  n icke l .  These 

values can be used t o  ca lcu la te  Qx, which equals  (CT-CL)/Nx = 
. . 

8.4 x 10*'/10~',  where Nx is  equal t o  t h e  t h e o r e t i c a l  number of  

t r a p p i n g ' s i t e s  i n  t h e  d i s loca t ion  core.  Therefore, Equation 3 

,should be a .  v a l i d  descr ip t ion o f  the  data.. This i s  p a r t i c u l a r l y  
;, .. 

'warranted a s  t h i s  ca lcula t ion underestimates Nx, because o the r  

t rapping s i t e s  than simply t h e  d i s loca t ion  core a r e  i n . t h e  s t r e s s  

f i e l d  around t h e , d i s l o c a t i o n .  

Taking DL t o  be tha t  ca lcula ted  from the  data  i n  the  un- 

s t r a i n e d  region of t h e  tubes and p ins ,  and t h e  l a t t i c e  s o l u b i l i t y  

t o  be surface  concentration from these  same regions,  then the  

apparent d i f f u s i v i t y  would be: 



The average measured value f o r '  d i f f u s i v i t y  i n  the  . gauge . l eng th '  was 

8 x  10- l4  m 2 / s ,  which i s  i n  good agreement with the  value c a l -  

cula ted  above according t o  the  t rapping . , model. This a l s o  agrees 

with t h e  d i f f u s i v i t y  ca lcu la ted  i n  t h e  cold-worked .specimens, 

5 x  10-14 m2/s., where t h e  same type of  d i s loca t ion  t r a p s  should 

be opera t ive .  

The e f f e c t  o f  s t r a i n  r a t e  on t h e  so rp t ion  o f  t r i t i u m  i s  not  

c l e a r  from t h e  r e s u l t s .  For example, the  specimen t e s t e d  a t  t h e  

highest  s t r a i n  r a t e  (4.2 x  m2/s) has a  h igher  apparent D i n  t h e  

gauge than i n  t h e  shoulder  ind ica t ing  the  e f f e c t  of p l a s t i c  de- 

formation on the  sorpt ion  of  tritium may be decreasing a t  h igher  

s t r a i n  r a t e s .  However, da ta  a r e  i n s u f f i c i e n t  t o  e s t a b l i s h  t h e  

re la t ionship '  between s t r a i n  r a t e  and the  so rp t ion  processes during 

deformation i n  a  hydrogen atmosphere. .. . 

CONCLUSION 

The data  c l e a r l y  show t h a t  p l a s t i c  deformation o f  annealed 

n ickel  i n  a  tritium environment inf luences  t h e  absorption and t h e  

apparent d i f f u s i v i t y  of tritium. The r e s u l t s  can be explained by 

the  t rapping model, with t h e  d i s loca t ions  generated during de- 

formation being the  primary t r aps .  These r e s u l t s  a r e  d i f f e r e n t  

from those  obtained by Fricke, Stiiwe, and vibr&ns6 on t h e  e f f e c t  



. . 

of p l a s t i c  deformation. o f  i ron  i n  a  hydrogen environment. They 

concluded t h a t  p l a s t i c  deformation c r e a t e s  f r e sh  surfaces  where 
. . 

t h e  hydrogen i s  ab le  . t o  e n t e r  t h e  metal more e a s i l y .  This e f f e c t  

may be opera t ive  these  experiments, but  the  - e f f e c t  o f  p l a s t i c  

deformation on the  apparent  d i f f u s i v i t y  and t h e  h igher  su r face  
. . 

c o n c e n t r a t i o n s i n  cold  worked specimens suggest . . t h a t  t h i s  i s . n o t  
. . 

t h e  only e f f e c t .  Th'e . . present  work , ~ ' ~ ~ o r t s  t h e  hypothesis  t h a t '  
. . 

di i ' loca t ions  a r e  t r a p s  f o r  hydi-dgen , i n  n ickel  and' t h e i r .  movement 
. . . . 

influences :the k i n e t i c s  of the  absorption .process. . ' 

. . . , . . 

. .  . 
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TABLE I. Sorption o f  T r i t i u m  by Nickel  During . . P l a s t i c  Deformation . 
. . 

Surface 
. . Time During 

Time F i l l e d  Deformation, 
w i t h  T i ,  103sec 103sec . 

Annealed 

T2 Absorbed, Concentration, .Di f f u s i  v i  t y  , 
.- .10-~m01 es/.m2' mol es/m3 

S t r a i n  Rate, 
10 - I  3m2/sec 

1 O-"/sec gauge shoulder gauge shoulder gauge shoulder 

7.2a (pin 2) 1 . 3  0.9 5.4 

7. 2a . . 
Cold Worked 0.4 0.8 2.5 1 . 3  6 3.0 . 0.5 0.6 

a. Time a t  196°K not included. 
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Figure 2 ,  T r i  t i  urn Penetration i'n Annealed N i  ckel 
Tensile Tubes af ter  -/.2 x 103s a t  294°K 





Penetration, U 5 r n  

Figure 4. ~ r i  ti urn Penetrat ion.  i n t o  unstressed Nickel 
Pins a f t e r .  7.2 x 103s a t  294°K 

' 

. . 



penetration, l ~ - ~ r n  , . . 

Figure 5. P robab i l i t y  P l o t  of T r i t i u m  D i s t r i b u t i o n  , 

t o  Estimate Surface Concentration 



- 5 ,  Penetration, 10 m 

Figure 6. Probabi 1 i ty  Plot of Tri t i  urn Penetration 


