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The ef fec ts  of solute  content,  t e m p e r a t u r e ,  and i r r a d i a t i o n  dose  on the void swel l ing  
c h a r a c t e r i s t i c s  of pure  n i cke l  and s e v e r a l  n icke l  ba se  so l id  so lu t ions  (Ni-A1 and N i - T i  
conta ining up to 8 a t .  pct  so lu te  and N i - C r  containing up to 16 pct  Cr) have been  inves t i -  
ga ted .  S amp le s  were  i r r a d i a t e d  in the t e m p e r a t u r e  r ange  400 to 650~ to a m a x i m u m  dose  
of 70 dpa us ing  3.5 MeV 5aNi§ 400 keV ~4N§ and 400 keV *4N§ ions .  The i r r a d i a t i o n  in-  
duced m i c r o s t r u c t u r e s  were  s tud ied  us ing  t r a n s m i s s i o n  e l e c t r o n  m i c r o s c o p y .  In gene ra l ,  
the addi t ion  of A1, Cr o r  T i  to Ni is  found to d e c r e a s e  the void swel l ing  and mean  void 
d i a m e t e r  and to i n c r e a s e  the d i s loca t ion  dens i ty .  The behav io r  of the void number  den-  
s i ty ,  N v ,  as  a function of solute  content  is  found to be dependent  upon the i r r a d i a t i o n  con- 
d i t ions  as  we l l  a s  the p a r t i c u l a r  so lu te  addi t ion .  N v p a s s e s  through a m a x i m u m  at app rox i -  
m a t e l y  2 pc t  solute  content for  Ni-A1 and N i - C r  a l loys  i r r a d i a t e d  at  550~ but through a 
min imum at 4 pct  for  N i - T i  a l loys  i r r a d i a t e d  at 550 and 600~ N v d e c r e a s e s  monotoni-  
ca l ly  a s  a function of A1 content  at  600 and 650~ The r e s u l t s  a r e  d i s c u s s e d  in t e r m s  of 
r e c e n t  t h e o r i e s  of void swel l ing  s u p p r e s s i o n  due to i m p u r i t y  o r  so lu te  addi t ions  and in 
l ight of s e v e r a l  c o r r e l a t i o n s  between void swe l l ing  and m a t e r i a l  p a r a m e t e r s .  The be-  
hav io r  of N v is  found to be b e s t  d e s c r i b e d  by  the ac t ions  of two compet ing  p r o c e s s e s .  
The f i r s t  enhances  void nuclea t ion ,  is  not s t r o n g l y  t e m p e r a t u r e  dependent  and is  dominant  
a t  low so lu te  contents .  The second  s u p p r e s s e s  void swel l ing ,  is  p robab ly  di f fus ion con- 
t r o l l e d  and domina t e s  in the m o r e  concen t r a t ed  a l l oys .  

THE d i s c o v e r y  that  Nimonic  P E - 1 6  is  highly r e -  
s i s t an t  to void swe l l ing  under  neutron i r r a d i a t i o n  at  
e l eva ted  t e m p e r a t u r e s  *'= has gene ra t ed  a g r e a t  dea l  
of i n t e r e s t  in the s tudy of n i c k e l - b a s e  a l loys  a s  candi -  
date  c ladding and s t r u c t u r a l  m a t e r i a l s  in the L M F B R .  
Due to the complex i ty  of the m a t e r i a l ,  the swe l l ing  r e -  
s i s t a n c e  of P E - 1 6  to heavy  ion as  wel l  a s  neut ron  i r -  
r a d i a t i o n  is not wel l  unders tood .  I t  is  t h e r e f o r e  de -  
s i r a b l e  to s tudy s i m p l e r  s y s t e m s  so that  the v a r i o u s  
m e c h a n i s m s  sugges t ed  to be r e s p o n s i b l e  for  s u p p r e s -  
s ion of void swe l l ing  in N i - b a s e  a l loys  can be eva lu -  
a ted .  Ni-A1, N i - T i  and N i - C r  so l id  so lu t ions  were  
chosen for  th is  s tudy b e c a u s e  of the r e l a t i v e l y  high 
so lub i l i ty  of the so lu tes  (about 10 at .  pct  for  A1 and T i  
and 20 at .  pct  for  Cr) and the l a rge  changes in the 
s t ack ing  fault  ene rgy  as  a function of so lu te  concen-  
t r a t i on  in t hese  s y s t e m s .  The t h r e e  so lu tes  a r e  a l so  
impor t an t  components  of c o m m e r c i a l  N i - b a s e  a l -  
loys .  Samp le s  of these  a l loys ,  a s  wel l  as  pure  n ickel ,  
were  i r r a d i a t e d  in the t e m p e r a t u r e  r ange  400 to 650~ 
using 3.5 MeV 58Ni+, 400 keV 14N+ and 400 keV *4N~z 
ions .  The  r e s u l t s  of these  s tud ies  a r e  p r e s e n t e d  and 
d i s c u s s e d  in t e r m s  of r e c e n t  c o r r e l a t i o n s  be tween 
void swel l ing  and the effect  of so lu te  addi t ions  on 
va r i ous  m a t e r i a l  p a r a m e t e r s .  
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M E T A L L U R G I C A L  TRANSACTIONS A 

EXPERIMENTAL PROCEDURES 

1. N icke l  Ion I r r a d i a t i o n s  

The p r e p a r a t i o n  of the s a m p l e s  for  the i r r a d i a t i o n s  
has  been  d e s c r i b e d  in p r e v i o u s  pub l ica t ions  .3,4 The  
i r r a d i a t i o n s  were  p e r f o r m e d  at the Argonne  Na t iona l  
L a b o r a t o r i e s '  Dua l - Ion  F a c i l i t y  us ing 3.5 MeV SBNi+ 
ions .  The i r r a d i a t i o n  condi t ions a r e  l i s t ed  in Tab le  I .  
The vacuum p r e s s u r e s  dur ing  the i r r a d i a t i o n s  were  
a lways  l e s s  than 10 -~ T o r r .  The t e m p e r a t u r e s  of the 
s a m p l e s  were  checked dur ing  the i r r a d i a t i o n s  using 
an i n f r a r e d  p y r o m e t e r  and were  within 20~ of the 
r e p o r t e d  va lues .  Inc ident  ion b e a m  c u r r e n t s  were  
found to be un i fo rm to within 20 pct  for  a l l  s a m p l e s  
i r r a d i a t e d  under  the s a m e  condi t ions .  

The damage  p ro f i l e  was ca l cu la t ed  us ing  the NRL 
E - D E P - 1  compu te r  code s which is expec ted  to be 
within 50 pct  of the c o r r e c t  va lue ,  s The peak  damage  
r a t e s  were  be tween  2.5 and 3.6 x 10 -3 d p a / s  and oc -  
c u r r e d  a p p r o x i m a t e l y  6000A f r o m  the i r r a d i a t e d  s u r -  
face .  F i g u r e  1 shows the damage  p r o f i l e s  v s  depth 
f rom the i r r a d i a t e d  su r f a c e  for  3.5 MeV Ni* ions inc i -  
dent  on Ni and Ni -8  a t .  pct  A1. The b igge s t  d i f f e rence  
o b s e r v e d  is n e a r  the peak  damage  r eg ion  and is only 
s e v e r a l  pe r  cent .  Th is  is the l a r g e s t  d i f f e rence  in the 
ca lcu la t ed  damage  r a t e  in any of the a l loys  s tudied,  
which ind ica tes  that  the effect  of a l loy ing  on the 
ene rgy  depos i t i on  in these  so l id  so lu t ions  is  quite 
s m a l l .  The d o s e s  fo r  s a m p l e s  examined  by t r a n s -  
m i s s i o n  e l e c t r o n  m i c r o s c o p y  (TEM) a r e  quoted for  
the peak  damage  reg ion .  

Samples  were  p r e p a r e d  for  TEM study us ing a 
modi f ied  f o r m  of the X - r a y  a bso rp t i on  method e m -  
p loyed  by B r a g e r ,  et  al .  ~ I r r a d i a t e d  s a m p l e s  were  
je t  po l i shed  f r o m  the u n i r r a d i a t e d  s ide  to a t h i ckness  
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Table I. 3.5 MeV SSNi+ Irradiation Conditions 

Irradiated Samples 

Temperature, ~ Dose, dpa Ni Ni.A1 Ni-Cr Ni-Ti 

550 9 X X X X 
550 18 X X 
600 20 X X X 
650 12 X X X 

IA 

1.2 

~ 1 . 0  0 %AL 

r 0.8 

0.6 

~ 0.4 

0.2 

0 
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0 

DISTANCE FROM IRRADIATED SURFACE (~m) 
Fig. l--Energy deposition rate of 3.5 MeV 58Ni + ions incident 
on Ni and Ni-8 pct Alvs  distance from the irradiated surface 
of the sample. 

of ~10 ~tm, with per iodic  in te r rup t ions  for th ickness  
m e a s u r e m e n t s .  The pol ishing rate  for each sample  
was calculated and used to de te rmine  the pol ishing 
t ime needed to remove  5000,~ of m a t e r i a l  f rom the i r -  
radia ted  sur face .  Measu red  pol ishing r a t e s  were 
typical ly  3000 to 4000A/s.  The accuracy  of m e a s u r i n g  
the th ickness  of the m a t e r i a l  removed is es t imated  to 
be within • which could r e su l t  in a 20 pct de- 
c rease  in the damage ra te  as compared  to the peak 
damage ra te .  

2. Ni t rogen Ion I r r ad i a t i ons  

The n i t rogen  ion i r r ad i a t i ons  were pe r fo rmed  at 
the Cal i fornia  State Un ive r s i ty  at Los Angeles  
(CSULA) Van de Graaff Acce l e r a to r  Labora to ry  us-  
ing 400 keV 14N* or 14N~ ions.  The decis ion  to use ni -  
t rogen ion beams  was taken because  the CSULA fa- 
ci l i ty uses  an ton source  which can only ut i l ize ma-  
t e r i a l s  in the gas phase and n i t rogen  was the heavies t  
non ine r t  gas ava i lab le .  The ion energy  was se lec ted  
because  it is the lowest s table  energy  a t ta inable  at 
CSULA and a re la t ive ly  high max imum damage ra te  
nea r  the i r r ad i a t ed  surface  could be obtained under  
control led condit ions.  

The dose ra te  obtained us ing 400 keV N~z ions is 
about four t imes  l a rge r  than that of 400 keV N § for 
equal  incident  beam cu r ren t  dens i t i es .  The dose r a t e s  
in tegra ted  over  a depth of 2000/~ f rom the i r r ad i a t ed  
sur face  were about 7 • 10 4 and 3 • 10 -3 dpa / s  for the 
400 keV N* and ~ i r r ad ia t ions ,  respec t ive ly ,  for pure 
Ni, Ni-AI alloys and Ni-Ti alloys. In the Ni-Cr case, 

these ra tes  were somewhat  l a rge r ,  being 1.4 and 5.6 
• 10 -3 dpa / s .  The damage prof i les  were again calcu-  
lated using the E - D E P - 1  computer  code S and a re  
shown in Fig.  2. 

The i r r ad i a t i on  chamber  was main ta ined  at a vacuum 
of about 10 -~ T o r r  dur ing  the i r r ad ia t ion  expe r imen t s  
us ing  an oil diffusion pump and a liquid n i t rogen  
c ryot rap .  The spec imen  holders  were designed and 
const ructed  to be compatible with the appara tus  used 
at the Argonne Nat ional  Labora to r i e s .  Te s t s  were 
pe r fo rmed  f rom 200 to 650~ to de te rmine  the t em-  
pe ra tu r e  gradients  in the sample  holder .  It was found 
that the average  sample  t e m p e r a t u r e  was about 5~ 
below the control  t e m p e r a t u r e  at 200~ and inc rea sed  
to 20~ below the set  point at 600~ The t e m p e r a t u r e s  
at the var ious  sample  posi t ions were always within 
•176 of the average  sample  t e mpe r a t u r e  dur ing  these 
expe r imen t s .  Since the holder,  p rocedure  for loading 
the samples  for the i r r ad i a t i ons  and typical  energy 
deposi t ion ra tes  were al l  s i m i l a r  to those employed 
dur ing  the nickel  ion i r r ad ia t ions ,  the va r i a t ion  in 
t e m p e r a t u r e  of the samples  dur ing  the n i t rogen  ion 
i r r ad i a t i ons  is e s t ima ted  to be within 20~ of the r e -  
ported value.  

The i r r ad ia t ion  chamber  was e l ec t r i ca l ly  isolated,  
enabl ing  us to me a su r e  the total  beam c u r r e n t  by 
cormecting it to ground potent ia l  via  a nanoammete r .  
The beam size was defined by a c i r cu l a r  ape r tu re  
25.4 mm in d iam.  The uni formi ty  of the cu r r en t  
densi ty  was checked by m e a s u r i n g  the total  beam 
cu r ren t  us ing concen t r ic  ape r tu re s  12.70, 19.05 and 
25.4 mm in d iam to define the beam s ize .  The cu r r en t  
densi ty  was found to be un i fo rm to within 30 pct.  
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Fig .  2 - - E n e r g y  d e p o s i t i o n  r a t e s  of t4h~ ions  of s e v e r a l  e n e r -  
g i e s  i nc iden t  on Ni v s  d i s t a n c e  f r o m  the i r r a d i a t e d  s u r f a c e  
of the sample. 
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Alignment  of the beam was accompl ished  using a 
quar tz  plate at tached to a l inear  motion feed- through.  
The quartz  plate also acts  as a beam stop, which can 
be posi t ioned so that success ive  rows of the sample  
a r r a y  a re  exposed to the beam.  Dose effects can 
therefore  be studied without changing any of the i r -  
radiat ion,  vactmm or  t empe ra tu r e  condit ions.  

Ni, Ni-A1 and N i -Cr  samples  were i r r ad i a t ed  in 
bulk form and subsequent ly  jet polished to pe r fo ra -  
t ion f rom the un i r r ad ia t ed  side for  use in the TEM 
inves t iga t ions .  In addition, per fora ted  thin foils of 
Ni-AI were  i r r ad ia t ed  at 500~ to 10 dpa using 400 
keV N* and per fora ted  thin foils of N i -Cr  were i r r a -  
diated to 10 dpa using 400 keV N~ at 550~ All the 
n i t rogen ion i r r ad i a t i on  condit ions a re  s u m m a r i z e d  
in Table  II. 

Ni t r ide fo rmat ion  was observed  to occur  in the Ni- 
T i  and N i - C r  sys tems ,  but not in the Ni-A1 a l loys .  In 
the N i - T i  a l loys  n i t r ide  fo rmat ion  was so extensive  
that the expe r imen t s  were abandoned.  The r e su l t s  
obtained in the N i - C r  sys t em using n i t rogen ions a re  
qual i ta t ive ly  s i m i l a r  to those obtained using n ickel  
ions,  and indicate  that the p resence  of CrN does not 
s igni f icant ly  a l t e r  the t r ends  observed in the N i - C r  
sys t em.  No ni t r ide  pa r t i c l e s  were observed dur ing  
the TEM inves t iga t ion  of the N i - C r  a l loys ,  but ex t ra  
spots due to n i t r ide  format ion  did occur in the se lec ted  
a r ea  d i f f rac t ion  pa t t e rns .  

foil  th ickness ,  t, area ,  A,  and magnif icat ion,  M, were 
used as inputs to a F o r t r a n  code which ca lcula tes  the 
mean void size,  (d), s tandard  deviat ion of the mean  
void s ize,  the void number  densi ty,  Nv,  and the void 
volume fract ion,  S. The s ize d i s t r ibu t ion  is then 
plotted. The p rog ram cor rec t s  N v to account for the 
voids that i n t e r sec t  the foil sur faces  using the expres -  
s ion 

Nv( measured) 
Nv = 1 - (aV t  [1 j 

The void volume fraction is given by 

S = ,[~ Z da i f  1 
3 A t  1 -  (d) / t  [21 

where d i is the s ize  for the i - th  s ize  in te rva l .  
The void volume f rac t ion  was calculated a s suming  

that the voids a re  of oc tahedra l  morphology.  The cor-  
rec t ion  factor  of 4 2 / 3  was not used wherever  the voids 
were observed to be of cubic morphology.  The e r r o r s  
e s t ima ted  for the exper imen ta l ly  m e a s u r e d  p a r a m e -  
t e r s  a re :  t (+15 pet); (d) (:~20 pet); N v (+35 pct); S (• 
pct); Pd (• pct). In the case of the n i t rogen  ion i r -  
rad ia t ions ,  the effect of the free surface(s)  may have 
introduced addi t ional  e r r o r s  into the expe r imen ta l  
data, although these would be sys t ema t i c  for any 
s e r i e s  of s amples .  

3. TEM Examina t ions  

The m i c r o s t r u c t u r e s  induced by ion i r r ad ia t ion  
were examined  using a JEM-120 t r a n s m i s s i o n  e lec-  
t ron  microscope  operat ing at e i ther  100 or 120 kV. 
Foi l  th ickness  was de t e rmined  by counting th ickness  
f r inges ,  by using s tandard  s te reo  microscopy  methods 
or  by the method of Wolff.a The methods were found 
to agree  to within • pct. If none of these  methods 
could be applied, a value of 1500,~ was used for Ni, 
Ni-A1 and N i - T i  samples  or 1000,~ for the N i - C r  s am-  
p les .  

The methods used to de t e rmine  the na tu re  of d is -  
location loops were desc r ibed  prev ious ly .  ~ Dis loca-  
t ion dens i t ies ,  Pd, were calculated by the line in t e r -  
cept method. 9 

Data on the void s izes  and d i s t r ibu t ions  were obtained 
f rom mic rographs  us ing an e lec t ron ic  d ig i t izer  which 
conver ts  the exper imen ta l ly  obtained data d i rec t ly  
into a computer  card data set .  The void coordinates ,  

RESULTS 

The observa t ions  of faulted and mul t ip le - fau l ted  d i s -  
locations loops were  repor ted  prev ious ly  for n i t rogen  
ion i r r ad i a t i ons  .3 Since we have obtained s i m i l a r  
r e su l t s  for n i cke l - ion  i r r ad i a t i ons  (see Fig.  3), we 
conclude that the format ion  of m u l t i p l e - l a y e r  loops 
appears  to be a fa i r ly  genera l  phenomenon in these 
a l loys .  All  the faulted loops were identif ied to be of 
the i n t e r s t i t i a l  type. 

The overwhelming  major i ty  of voids in the Ni § i r -  
rad ia ted  pure n ickel  and n i cke l -base  al loys a re  
t runca ted  octahedra .  A sma l l  f rac t ion  of dendr i t ic  
voids have been observed  in pure  nickel ,  1~ Ni-2 pct 
A1, and in the Ni-2 pct Cr and Ni-4 pct Cr samples  
under  N~ and Ni § i r r ad ia t ion  (see Fig .  4). The voids 
shapes in the n i t rogen- ion  i r r ad i a t ed  samples  a re  both 
t runca ted  octahedra  and cuboids.  

Void o rde r ing  was observed in Ni-A1 al loys i r r a d i -  
ated by 14N~ to high doses (20 to 70 dpa) at 500~ This  
phenomenon is descr ibed  in detai l  e l sewhere ,  n 

Table II. 400 keV Nitrogen Ion Irradiation Conditions 

Irradiated Samples 

Temperature, Dose, 
~ dpa 

Ni Ni-A1 Ni-Cr 

Bulk Thin Foil Bulk Thin Foil Bulk Thin Foil 

~aN+Irradiation 

500 10 X 

14NjIr~diations 

400 20 X 
500 10 
500 20 X 
500 40 X 
500 70 X 
550 10 X 

X X X 

X 
X 
X 
X 
X 
X 

x x 

1. Nickel  Ion I r r ad i a t i ons  

The m e a s u r e m e n t s  of the mean void s ize,  d i s loca-  
t ion densi ty,  void n u m b e r  dens i ty  and swel l ing  r e su l t -  
ing f rom the Ni § i r r ad i a t i ons  a re  shown in F igs .  5, 6 
and 7. Represen ta t ive  mic rographs  of both the void 
and dis loca t ion  m i c r o s t r u c t u r e s  for a s e r i e s  of N i - C r  
al loys a re  shown in Fig.  8. These  m i c r o s t r u c t u r e s  
a re  ve ry  s i m i l a r  to those observed  in a lmos t  a l l  the 
the al loys i r r ad i a t ed  under  the var ious  i r r ad i a t i on  
condit ions employed.  The exceptions a re  the cases  of 
the 4 pct A1 al loys i r r ad i a t ed  to 20 dpa at 600~ and 12 
dpa at 650~ where very  he terogeneous  void d i s t r i bu -  
t ions were observed (Fig. 9). 

In genera l ,  (d) and S dec rea se  and Pd i n c r e a s e s  with 
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Fig. 3--Multiple layer loops (indicated by arrows) in: (a) Ni- 
6 pct AI irradiated to 20 dpa at 600~ and (b) Ni-6 pct Ti ir- 
radiated to 9 dpa at 550~ with 3.5 MeV Ni + ions. 

Fig. 4--A dendritic void (indicated by the arrow) in Ni-4 pet 
Cr irradiated with 3.5 MeV Ni + ions to 20 dpa at 550~ 
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loys ,  9 dpa .  
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i nc r ea s ing  solute content at a given dose and t e m p e r a -  
tu re .  The behavior  of N v cannot be desc r ibed  in such 
broad t e r m s ,  however,  because  this p a r a m e t e r  be-  
haves di f ferent ly  for  each al loy sys tem,  and evident ly  
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F ig .  7 - - (d ) ,  Pd' Nv  and S v s  A1 con ten t  fo r  s a m p l e s  i r r a d i -  
a ted  to 12 dpa at  650~ wi th  3.5 MeV Ni + i ons .  

changes as a function of the i r r ad i a t i on  condi t ions.  In  
the case of the Ni-A1 al loys ,  i r r ad i a t ed  to max imum 
doses of 9 and 18 dpa at 550~ N v in i t i a l ly  i n c r e a s e s  
as the A1 concent ra t ion  i n c r e a s e s  (Fig. 5(a)). A maxi -  
mum occurs  at approx imate ly  2 pct A1 af ter  which 
fu r the r  i n c r e a s e s  in the A1 content cause Nv to de- 
c rease .  However,  at higher i r r ad ia t ion  t e m p e r a t u r e s  
(600 and 650~ N v was observed  to dec rea se  mono- 
tonical ly  with i nc r ea s ing  A1 content,  as can be seen 
in F igs .  6 and 7. 

The values  of N v  in  the Ni-  Cr a l loys  i r r ad i a t ed  at 
550~ change in a s i m i l a r  fashion to those observed  
in the Ni-A1 sys t em (Fig. 5(b)), except that a min i -  
mum is observed at 6 pct Cr.  

The N i - T i  a l loys i r r ad i a t ed  by Ni* to doses of 9 dpa 
at 550~ and 20 dpa at 600~ (Figs .  5(c) and 6, r e spec -  
t ively) behave somewhat  di f ferent ly  f rom the other  two 
alloy s e r i e s .  The number  dens i ty  dec rea se s ,  pass ing  
through a m i n i m u m  at 4 pct T i .  It should be noted, 
however,  that the in i t ia l  va r i a t i on  of N v with i n c r e a s -  
hag T i  concent ra t ion  is not known s ince  no al loys with 
less  than 4 pct T i  were i r r ad ia t ed .  As can be seen in 
the f igures ,  Ni-6  pct Ti  swel ls  more  than Ni-4  pct T i  
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Fig. 8--Typical void (right) and dislocation (leit) microstruc- 
tures observed in Ni and Ni-Cr alloys irradiated at 550~ to 
9 dpa with 3.5 MeV Ni* ions. A few multiple layer loops are 
indicated with arrows. The alloy content is indicated by the 
number between the figures. 

for both irradiation conditions. The Ni-Ti alloys did 
not swell at all at 650~ 

The absence of void swelling in Ni-Ti alloys ir- 
radiated at 650~ seems to be consistent with the find- 
ing of Potter, et a112 that 1 pct Ti added to nickel is ef- 
fective in supp re s s ing  swel l ing  dur ing  Ni § i r r ad i a t i on  at 
t e m p e r a t u r e s  s l ightly above the peak swel l ing  t empera -  
tu re  for n ickel  (close to 625~ (Ref. 13)). The swel l ing 
behavior  of Ni-6  pct T i  compared  to Ni-4  pct T i  at 
550~ and 600~ is somewhat  puzzling,  s ince one would 

- - -  

Fig. 9--Heterogeneous void distributions in Ni-4 pct A1 sam- 
ples irradiated with 3.5 MeV Ni § ions: (a) 20 dpa at 600~ 
and (b) 12 dpa at 650~ 

expect a monotonic  re la t ionsh ip  between void swell ing 
and solute content.  However,  the expe r imen ta l  condi- 
t ions dur ing  i r r ad ia t ion  of the N i - T i  a l loys to 9 dpa by 
Ni § at 550~ were somewhat unce r t a in  owing to exper i -  
menta l  diff icul t ies  encountered  dur ing  that run.  

While the d is locat ion  densi ty  genera l ly  i n c r e a s e s  
with i nc r ea s ing  solute content, it does not neces -  
s a r i l y  do so monotonical ly ,  as impl ied by the curves  
drawn in F igs .  5 to 7. In some cases  (specif ical ly Ni- 
A1 at 550~ 18 dpa; Ni-A1 at 600~ 20 dpa; Ni-A1 at 
650~ 12 dpa; N i - T i  600~ 20 dpa) Pd appears  to go 
through a max imum,  although the expe r imen ta l  unce r -  
ta in t ies  a re  such that the maxima  observed  may be 
apparent  r a the r  than rea l .  

A compar i son  of the data on the Ni-A1, N i -Cr  and 
N i - T i  a l loys  i r r ad i a t ed  by Ni § to 9 dpa at 550~ is 
shown in Fig.  10(a). T i  addit ions a re  observed  to be 
the most  eff icient  and Cr the least  efficient in sup- 
p r e s s i n g  void swel l ing at al loy concent ra t ions  <4 pct. 
The r e su l t s  a re  ambiguous for the l a rge r  solute con- 
cen t ra t ions ,  poss ib ly  due to the large expe r imen ta l  
unce r t a in t i e s  in the swel l ing m e a s u r e m e n t s  for va lues  
less  than 0.1 pct. 

F igure  10(b) shows a compar i son  of the data on the 
Ni-A1 and N i - C r  al loys i r r ad ia t ed  to 18 dpa at 550~ 
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A1 additions are  observed  to reduce both N v and S 
more  than Cr does  for a l l  the a l loys .  

In the case  of the a l loys  irradiated to 20 dpa at 
600~ N i - 4  pct Ti  s w e l l s  l e s s  than Ni -4  pct A1, but 
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Fig. 10--Comparison of the data on the alloy ser ies  for s a m -  
ples  irradiated with 3.5 MeV Ni* at 550~ (a) Ni, Ni-Cr,  
Ni-A1 and Ni -Ti  alloys irradiated to 9 dpa and (b) Ni-Cr and 
Ni-A1 alloys irradiated to 18 dpa. 

the  6 and 8 pet  T i  a l l o y s  s w e l l  m o r e  than the  6 and 8 
pct A1 a l loys  (Fig.  6(a)). 

The temperature  dependence of void swe l l ing  in Ni 
and N i - 6  pet A1 irradiated by Ni* is  shown in Fig .  11. 
The suppres s ion  of void swe l l ing  by solute  additions 
is  s l ight ly  more  ef fect ive  at 550~ The peak swe l l ing  
t emperatures ,  Tp, probably vary somewhat  with al loy 
content.  As  can be seen  in Fig .  11, a l l  the exper i -  
ments  reported in this  paper were performed below 
Tp, thus d i f ferences  in Tp due to a l loy ing  cannot be 
as  ce rtained.  

2. N i t r o g e n  Ion I r r a d i a t i o n s  

The only a l loys  irradiated to the same  dose at the 
same  irradiat ion temperature  us ing both 1~ and N; 
were the Ni-A1 a l loys .  The resu l t s  of that exper iment  
are shown in Fig .  12. The d is locat ion  densi ty  is  s een  
to be independent of the type of ni trogen ion used, al-  
though larger  va lues  of N v and S, but s m a l l e r  va lues  
of (d), resu l t  when N; is  used to irradiate  the s a m p l e s .  
This  behavior  is cons is tent  with the higher dose  rates  
in the  N~2 i r r a d i a t i o n s .  

The d i f ferences  in the irradiat ion damage response  
that a r i s e  when irradiat ing  thin fo i l s  as compared to 
bulk s a m p l e s  can be seen  from Fig .  13. In the Ni-A1 
s y s t e m ,  irradiated using 400 keV N* at 500~ (Fig. 
13(a)), the voids  observed in the thin fo i l s  are s m a l l e r ,  
but N v is  much larger .  The thin fo i l s  were observed  
to swe l l  l e s s  than the bulk s a m p l e s .  Dramat i c  differ-  
ences  in the behavior  of thin fo i l s  and bulk sample s  
were not observed  in the case  of the N i - C r  a l loys .  
The void s i z e  in the bulk s a m p l e s  was s l ight ly  s m a l l e r  
than in the thin fo i l s  (Fig. 13(b)), opposite to the be-  
havior observed  in the Ni-A1 case ,  but no d i f ferences  
were  observed  in N v or S, both d e c r e a s i n g  monotoni-  
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cally with i n c r e a s i n g  solute concent ra t ion .  It should 
be noted that the N i - C r  al loys were i r r ad i a t ed  using 
N~ ions, which could account for the different  r e l a -  
t ive behavior  between the thin foils and bulk samples  
compared  to the Ni-A1 a l loys .  In the Ni-A1 al loys i r -  
radia ted  to 20, 40 and 70 dpa by N~ at 500~ S,  N v and 
<d> did not va ry  much as functions of solute concen t ra -  
tion, concomitant  with the format ion  of void la t t ices  
in these solid so lu t ions .n  

The r e s u l t s  obtained for the Ni-A1 al loys  i r r ad i a t ed  
to 10 dpa at 550~ are  shown in Fig .  14. No swel l ing 
was observed in the 6 or 8 pct A1 a l loys .  The Ni-A1 
al loys were also i r r ad i a t ed  to 20 dpa at 400~ using 
N~, but no voids were observed in any of the samples .  

DISCUSSION 

One of the goals of this study was to determine 
whether nitrogen ions could be used in a meaningful 
way in simulation studies of void swelling. A few re- 
marks concerning the differences between nickel and 
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ni t rogen ion i r r ad i a t i ons  a re  thus in o rder  before 
d i scuss ing  the t r ends  observed  as a function of al loy 
content.  Although the al loys were not i r r ad ia t ed  
under  duplicate condit ions,  in general ,  it is poss ib le  
to a r r i v e  at some conclus ions  f rom the r e su l t s  of the 
expe r imen t s  done at the lower i r r ad ia t ion  t e m p e r a -  
ture  ( c f .  the r e su l t s  in Fig .  5 with those in F igs .  12, 
13, and 14). By and large the same t r ends  a re  v is ib le ,  
for example,  the maxima  in N v at about 2 pct solute 
and the de c r e a se s  in <~ and S with i nc r ea s ing  solute 
content.  The most  notable d i s c r epanc i e s  a re  the ab- 
sence of a swel l ing m i n i m u m  at 6 pct Cr in the N~ i r -  
rad ia ted  al loys and the nea r ly  constant  void size and 
monotonical ly  dec reas ing  void concent ra t ion  in the N~2 
i r r a d m t e d  bulk  N i - C r  samples .  These  except ions not- 
withstanding,  we bel ieve  that the n i t rogen  ion i r r a d i a -  
t ions can be used to s imula te  se l f - ion  i r r ad i a t i on  
damage provided that n i t r ide  format ion  is not ex- 
t ens ive .  This  conclusion is pa r t i a l ly  suppprted by our 
obse rva t ions  of s i m i l a r  types of defects,  such as mul -  
t iple layer  loops 3 and dendr i t i c  voids 4,z~ in these al loys 
under  both types of i r r ad i a t i ons .  

The different  swel l ing  behavior  of the thin foils and 
bulk samples  dur ing  n i t rogen  ion i r r ad i a t i on  is puzzl-  
ing. The s m a l l e r  void d i a me t e r s  observed  in the thin 
foils of the Ni-AI alloys (Fig. 13(a)) is consistent with 
slower void growth rates in these samples due to 
vacancy losses at the free surfaces. However, this ex- 
planation is inconsistent with the results on the Ni-Cr 
alloys with regard to swelling (Fig. 13(b)) in which 
case the effect of the free surfaces is small. In addi- 
tion, the larger values of N v observed in the Ni-A1 
thin foils imply a higher vacancy supersaturation, 
which is not consistent with vacancy escape at the free 
surfaces. We are unable to provide a convincing ex- 
planation for these observations as of this writing. 

Solute additions in nickel have been found by other 
investigators to produce major changes in the ir- 
radiation-induced void swelling behavior. Our re- 
sults also demonstrate that solutes can significantly 
affect all the void swelling parameters. The applica- 
bility of several correlations proposed by other re- 
searchers has been investigated in an attempt to 
rationalize the observed behavior. 

The correlations used by Jones and Atteridge 2~ 
and Watkin 2t are based on the use of the electronic 
structures of an alloy's constituents to predict the 
thermodynamically stable phases of the system. The 
matrix electron vacancy number, 22 E v, used by Wafkin 
varies from 2 to 3 in the commercial alloys he con- 
sidered. He observed that low swelling occurred 
when E v was less than 2.58, which is close to the 
value of 2.52 der ived  by Woodyatt, e t  a123 for the 
appearance  of the a -phase  in high nickel  a l loys .  The 
values  of E v for the ma t r ix  of the Ni-A1, N i -Cr  and 
N i - T i  a l loys invest igated here  vary  f rom 0.6 to 1.4 
and a re  thus well  beyond the range of Watk in ' s  cor-  
re la t ion .  The E n g e l - B r e w e r  co r re l a t ion  (EBC), 24 
as modified by Jones  and Atter idge,  however,  is ap- 
pl icable  to any alloy sys t em.  We used the calcula t ions  
employed by those authors  to cons t ruc t  Fig.  15, which 
shows how the void swel l ing va r i e s  as a function of 
the number  of bonding d e l ec t rons  for our al loys and 
also the al loys of s e ve r a l  other inves t iga to rs .  The 
swel l ing  values  in Fig.  15 a re  no rma l i zed  to the value,  
S(0), obtained for pure Ni under  ident ical  i r r ad i a t i on  
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Fig.  1 3 - - C o m p a r i s o n s  of (d), 
N v and S fo r  alloys irradiated 
in thin foil  and bulk sample 
f o r m .  (a) Ni-A1 alloys irradi-  
ated at 500~ to 10 dpa with 0.4 
MeV N + ions. (b) N i - C r  alloys 
irradiated to 18 dpa at 500~ 
with 0.4 MeV N~z ions. 
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condit ions,  as was done by Jones  and Atter idge .  It i s  
in teres t ing  to note that a l l  of the data fit fa ir ly  we l l  
on a smooth curve except for the data of Hudson, et 
a114 on Ni-A1 a l l o y s .  Jones  and Atter idge  imply  that 
this  d i screpancy  is  due to an uncertainty in knowing 
how the empty d - s h e l l  of a nontransi t ion metal  inter-  
acts  with the bonding d e l e c t r o n s .  It s e e m s  more  
l ike ly  that the va lues  of SIS(O) are ar t i f i ca l ly  high due 
to the swe l l ing  saturation effects  in pure Ni  observed 
by Hudson, et al at the high doses  (100 dpa) used in 
their  exper iment .  The s e  points as ide ,  it is  tempting 
to use the resu l t s  of F ig .  15 as a good demonstrat ion  
of a corre la t ion  between void swe l l ing  and e l ec t ron ic  
s tructure .  There  is  a major shortcoming  in the 
methodology,  however .  Jones  and Atteridge arbi trar-  
i ly  a s s i g n  integral  va lues  to the number of bonding d 
e l e c t r o n s ,  Ed,  for a l l  pure meta l s .  Any al loy then, 
must  have a nonintegral  value  of E d ass igned  to it .  
T h e s w e l l i n g  max ima  which occur at E d values  of 2, 3 
and 5 in this  s c h e m e  correspond to pure Cu, Ni  and 
Fe,  r e s p e c t i v e l y .  The lower values  of SIS(O) between 
these  max ima  is  just another way of saying  that the 
addition of so lute  to these  meta l s  genera l ly  s u p p r e s s e s  
void swe l l ing .  For this corre lat ion  to be useful  in 
understanding the bas i c  causes  of void swe l l ing  sup- 
pres s ion  by solute  additions,  it is  n e c e s s a r y  that an 
al loy with E d = 2, 3 or 5 be irradiated and found to 
s w e l l  more  than other a l loys  of the same  components  
with nonintegral  E d v a l ue s .  
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Gittus and Watkin 2s have proposed that in aus ten i t ic  
a l loys ,  g rea te r  the rmodynamic  s tabi l i ty  of the fcc 
phase compared  to the bcc phase would pred ic t  a 
s m a l l e r  amount  of void swel l ing under  i r r ad ia t ion .  
The i r  ca lcula t ions  were applied to our N i - C r  al loys,  
but a poor co r re l a t ion  was found. The t he rmo dyna mi -  
cally stable phase of Cr is bcc, thus Cr addit ions to 
fcc Ni should lower the the rmodynamic  s tab i l i ty  of the 
fcc solid solut ions .  If the co r re l a t ions  were appl i -  
cable,  swel l ing  of the N i -Cr  al loys should i nc r ea se  
with i nc reas ing  Cr content,  opposite to what is ob- 
se rved  exper imen ta l ly .  

Venker  and Ehr l i ch  28 have developed a model  which 
re l a t e s  the swel l ing behavior  of al loys to the i n t r i n s i c  
diffusion coefficients of the i r  components .  This  model  
cannot be fully tes ted  here ,  s ince there  a re  no data on 
the diffusion of A1, Cr, and T i  in Ni a l loys as a function 
of solute content .  In these sys tems ,  the ac t iva t ion  
ene rg ie s  and diffusion constants  of the components  
have s i m i l a r  values ,  so that no s t rong  effects on the 
void swel l ing a re  expected.  A1 diffuses fas te r  than 
Cr in Ni 27 and the Ni-A1 al loys a re  observed to swell  
less  than the N i - C r  a l loys ,  cons is tent  with Venker  
and E h r l i c h ' s  model.  The swell ing r e su l t s  of the Ni- 
T i  aUoys, however,  lead to ambiguous r e su l t s .  T i  
diffuses fas te r  in Ni than A1 does 27 and thus would be 
expected to be more  eff icient  in supp re s s ing  swel l ing  
than AI. At both 550 and 600~ the 4 pct Ti alloy 
swel ls  l e s s  than the 4 pct A1 alloy, although at higher 
solute contents  the r e v e r s e  is t rue  (Figs. 6 and 10a). 
This  behavior  indica tes  that the co r r e l a t i on  holds at 
the lower solute  contents  where  the diffusion data  a re  
valid. This  is  supported by the data of Pot ter  e t  a112 
who have observed that Ni-1 pct Ti swel ls  much l e s s  
than Ni-1 pct A1 in the t e m p e r a t u r e  range  invest igated 
in our  study. It may be concluded that this co r re l a t ion  
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leads to the p roper  o rder  of void suppres s ion  in dilute 
al loys,  but that the i n t r i n s i c  diffusion constants  mus t  
be de te rmined  as a function of alloy content  before 
the co r re l a t ion  can be applied to an en t i re  alloy s y s -  
tem. 

The genera l  t r ends  of our data a lso co r re l a t e  well 
with the fact that the s tacking fault energy dec rease s  
with i nc r ea s ing  solute content in the Ni-A1, N i -Cr  
and N i - T i  al loy systems.28 It is espec ia l ly  noteworthy 
that the s tacking fault energy  de c r e a se s  more  rapidly 
as a function of solute content in N i -T i  a l loys than in 
Ni-A1 al loys,  and that the Ni-A1 al loys s eem to be 
less  swel l ing  r e s i s t a n t  at low solute concent ra t ions .  
The addit ion of Cr is  leas t  effective in lowering the 
s tacking fault energy and the N i - C r  a l loys  always 
swell  more  than the cor responding  Ni-A1 a l loys .  
Other mechan i sms  must  be invoked to account for the 
swel l ing of the 6 pct T i  a l loys s ince they swell  more  
than the 6 pct A1 a l loys .  Moreover ,  Ni-6 pct T i  swel ls  
more  than Ni-4 pct Ti ,  although the s tacking fault 
ene rgy  de c r e a se s  monotonical ly  with i nc r ea s ing  Ti  
content .  

It is obvious that changes in one ma te r i a l  p a r a m e -  
t e r  alone cannot explain the swel l ing behavior  of these 
al loy sys tems  in deta i l  because  the void concen t ra -  
t ions  do not va ry  monotonical ly  with al loy content at 
the lower i r r ad i a t i on  t e m p e r a t u r e s .  If we neglect  the 
m i n i m u m  at 6 pct Cr, N v  passes  through a max imum 
at approximate ly  2 pct solute content and t h e n d e c r e a s e s  
rapidly  with solute content at 550~ (Figs .  5, 12, 13 
and 14). This  behavior  impl ies  that in  addit ion to the 
large number  of mechan i sms  that have been  proposed 
to explain the suppres s ion  of void swel l ing by solute 
addit ions,  there  is at leas t  one mechan i sm that en-  
hances void nuclea t ion  in these al loys at low solute 
concent ra t ions .  

It is c lear  that these effects in N v a re  not a s soc ia -  
ted with pecu l i a r i t i e s  in Pd since Pd i n c r e a s e s  mono- 
tonical ly  and rapidly with alloy content in the dilute 
al loys at a l l  i r r ad ia t ion  t e m p e r a t u r e s .  Even in those 
few cases  where Pd goes through an apparent  maxi -  
mum in the more  concent ra ted  al loys,  there  is no cor-  
responding  effect on N v (or S or (d}, for  that mat ter ) .  

Any process  that s tab i l izes  void embryos  should 
cause N v to i nc r e a se .  The computer  expe r imen t s  of 
Bee le r  and Beeler  29 have shown that over s i zed  solute 
a toms can s tab i l ize  c lus te r s  containing up to th i r t een  
vacanc ies .  A1, Cr and Ti  a l l  have a tomic s izes  l a rge r  
than that of Ni. Thus a l l  the solutes  could enhance 
void nuclea t ion  on the bas i s  of the Bee le r  model .  It 
is  likely that vacancy-so lu te  atom binding occurs ,  
which can s ignif icant ly  affect the nuclea t ion  ra te ,  as 
shown by Russe l l  and Hall .  3~ However,  such vacancy 
t rapping also de c r e a se s  the vacancy supe r sa tu ra t ion ,  
as was pointed out by Smidt and Sprague.31 The r e l a -  
t ive impor tance  of these two effects cannot be as-  
sessed .  

Nucleat ion theory shows that the c r i t i ca l  void 
nucleus  size is a s t rong function of the surface  energy  
of the ma te r i a l .  The nuclea t ion  ra te  may be i nc r ea sed  
by s e ve r a l  o rde r s  of magnitude by only a s m a l l  
change in (~. In  the al loys studied in this paper,  s u r -  
face energy data a re  avai lable  only for pure Ni and 
for a Ni-20 pct Cr al loy.  32 The Cr addit ion lowers a 
f rom 2280 m J / m  2 to 2160 m J / m  2 at 1060~ More-  
over ,  (~ is observed to dec rease  with al loy content 
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Fig. 16--(a) Correlation between surface free energy, a, and 
stacking fault energy, YSF, for the fcc transition metals  The 
a values for Ir and Pd were derived from the correlation 
shown in Fig. 16(b) which illustrates that a and the liquid- 
vapor interfacial energy, Y L V ,  of these metals are linearly 
related. 

for many other  al loy sys t ems .  32 F igure  16 shows a co r -  
r e la t ion  between s tacking fault energy,  ~SF, and (~ for 
the fcc t r ans i t i on  meta l s  for which data a re  ava i lab le .  
The e r r o r  b a r s  indicate the range of va lues  repor ted  
in the l i t e r a tu re .  As can be seen  f rom Fig.  16, there  
is  a genera l  tendency for the sur face  f ree  energy  to 
dec rea se  as the s tacking fault  energy  d e c r e a s e s .  (Pt 
is the one e lement  that does not follow the t rend,  
which may be due to the large uncer ta in ty  in Y S F  ex- 
pected when the s tacking fault  energy  is large) .  F r o m  
the above d i scuss ion ,  it is thus r easonab le  to a s sume  
that A1, Cr and Ti  addit ions lower the sur face  energy  
of b ina ry  n ickel  al loys s ince they a l l  lower ~/SF as the 
solute content is i nc reased .  Void nucleat ion would 
then be enhanced by the addit ion of a l l  three  solutes .  

The subsequent  dec rea se  of N v at the higher al loy 
contents  (>2 pct) can be unders tood by using models  of 
solute a tom-defec t  t rapping for e i ther  vacanc ies  31 or 
i n t e r s t i t i a l s .  3~ These  models predic t  a dec rease  in 
void swel l ing due to the enhancement  of the point de- 
fect r ecombina t ion  ra te .  It is also probable  that d i s -  
location poisoning by solute a toms,  proposed by 
Nor r i s ,  34 occurs  in these al loys and cont r ibutes  to the 
void swel l ing suppress ion .  Both of these mechan i sms  
lower the void concent ra t ion  by dec reas ing  the vacancy 
supe r sa tu ra t ion .  

It is conceivable that d issolved gas atom ( e . g . ,  0 or 
N)-solute  a tom complexes a re  r e spons ib le  for the ob- 
se rved  behavior  of N v .  It has been well  documented 
that i sola ted non ine r t  gas a toms,  such as oxygen, have 
a pronounced effect on void nuclea t ion  in pure 
meta l s .  ~s'~6 It is a lso wel l -known that A1, Ti,  and Cr 
a re  s t rong oxide and n i t r ide  f o r m e r s ,  so that chemi-  
cal  a s soc ia t ion  between these  solutes  and O and N 
would be expected.  If void nuclea t ion  is favored by 
the in te rac t ion  of vacanc ies  with some fo rm of gas-  
solute a tom complexes,  it follows that void nuclea t ion  
will  become e a s i e r  with the addition of sma l l  amounts  
of solute unt i l  a l l  the gas a toms are  sa tu ra ted  with 
solute a toms.  Beyond this concent ra t ion  the excess  
solute wil l  play its evidently n o r m a l  role  of making 
void nuclea t ion  more  diff icult .  The idea of the for-  
mat ion of such complexes seems  reasonab le  in light 
of the computer  exper imen t s  of Bee le r  and Bee le r ,  29 
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which demons t r a t e  :that impur i t i e s  can s tabi l ize  void 
embryos .  It is a lso  cons is tent  with the theory of void 
nuclea t ion  of Katz and Weiders ich ,  extended to include 
gas c lus t e r s .  37 In the i r  ca lcula t ions ,  Katz and Weider -  
s ich  found only modest  i n c r e a s e s  in the nuclea t ion  
ra te  due to single gas a toms,  but subs tan t i a l  in-  
c r eases  in the ra te  due to c lus te r  format ion .  

The re  a re  many diff icul t ies ,  however,  with the above 
suggest ion.  We do not know the d issolved gas content 
of the i r r ad i a t ed  samples ,  but it is r easonab le  to con- 
clude that it was far  s m a l l e r  than the solute content, 
even in the most  dilute (2 pct) a l loys .  While it is pos-  
s ible  that the max imum in N v actual ly  occurs  at less  
than 2 pct solute,  we have evidence to suggest  that 
the max imum l ies  between 1 and 2 pct in N i - C r  al-  
loys.  ~ Why then does the max imum occur  at solute 
concent ra t ions  s igni f icant ly  g rea te r  than the likely 
gas content ? It is conceivable that large number s  of 
solute a toms par t ic ipa te  in the proposed complex, but 
while this is not imposs ib le ,  it s eems  unl ikely.  A r e -  
lated problem is the absence of a max imum in N v at 
i r r ad ia t ion  t e m p e r a t u r e s  of 600~ and above. It  could 
be that the max imum occurs  in al loys containing be-  
tween 0 and 2 pct solute,  or  that the complexes a re  
less  s table at higher t e m p e r a t u r e s  (which would be 
expected). Another  difficulty with this suggest ion is 
that the maxima  in N v are  observed at a round 2 pct 
solute in the Ni § i r r ad i a t ed  samples  as well  as the N~ 
i r r ad i a t ed  samples .  Since the N~ i r r ad i a t ed  samples  
n e c e s s a r i l y  contain cons iderably  more  ni t rogen,  the 
max imum in N v should be pushed to higher solute 
contents in these samples .  That  such is not the case 
indicates  e i the r  that the proposed complexes a re  
unrea l i s t i c ,  or that n i t rogen  is ineffective in this r e -  
gard.  

The s m a l l e r  va lues  of (d) and S observed  in the 2 
pct a l loys compared to pure Ni imply that the i nc r ea se  
in the nuc lea t ion  ra te  is not due to a higher vacancy 
supersa tu ra t ion ,  s ince this  would tend to acce le ra t e  
void growth, as well  as nuclea t ion .  It is therefore  
c lear  that the enhanced void nucleat ion in the 2 pct 
a l loys is assoc ia ted  with the s tab i l iza t ion  of void 
nucle i .  This  observa t ion  is compatible with al l  of the 
models  desc r ibed  above. 

The behavior  of N v as a function of solute concen-  
t r a t ion  can thus be explained in t e r m s  of two compet-  
ing effects.  The f i r s t  p romotes  void nuclea t ion  through 
the s tab i l iza t ion  of void embryos  and the second 
lowers  N v by dec reas ing  the vacancy supe r sa tu ra t i on .  
The fac tors  affect ing void nuclea t ion  a re  predic ted  to 
be only weakly t e m p e r a t u r e  dependent  but the void 
swel l ing  suppress ion  mechan i sms  re ly  on a tomic  
t r a n s p o r t  p r oc e s se s  and a re  diffusion control led.  The 
la t te r  effects should thus become inc reas ing ly  im-  
portant  as the i r r ad ia t ion  t empera tu re  is r a i sed .  Our 
data ref lec t  this;  maxima  in N v do not occur  in the a l -  
loys i r r ad i a t ed  at 600 and 650~ Addit ional  evidence 
of a diffusion control led void supp re s s ion  mechan i sm  
is the obse rva t ion  that the re la t ive  swelling,  S /S (O) ,  

of the 2 pct A1 alloy de c r e a se s  as the i r r a d i a t i on  tem-  
pe ra tu r e  i n c r e a s e s  (from 0.19 at 550~ to 0.055 at 
650~ 

As is apparen t  f rom the above d i scuss ion ,  there  a re  
s e v e r a l  mechan i sms  which can be used to explain the 
reduct ion in void swel l ing due to solute addi t ions.  At 
the p re sen t  t ime it is not poss ib le  to unambiguously  
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d e t e r m i n e  which  a r e  r e s p o n s i b l e  f o r  the  o b s e r v e d  b e -  
h a v i o r  b e c a u s e  of  a l ack  of da t a  on m a t e r i a l  c o n s t a n t s  
such  as  the s u r f a c e  f r e e  e n e r g y ,  s t a c k i n g  fau l t  e n e r g y  
and d i f fus ion  c o e f f i c i e n t s  as  a func t ion  of so lu te  con-  
c e n t r a t i o n .  When  s w e l l i n g  is the on ly  p a r a m e t e r  
m e a s u r e d  ( e .g . ,  by i m m e r s i o n  d e n s i t y  o r  p r o f i l o m e t r y ) ,  
i t  is  t e m p t i n g  to exp l a in  the  da ta  by invok ing  one  o r  
m o r e  of the  f a c t o r s  c i t ed  e a r l i e r  wi thout  r e g a r d  to how 
those  f a c t o r s  i n f luence  N v and <d) s e p a r a t e l y .  F o r  e x -  
a m p l e ,  wi th in  e x p e r i m e n t a l  e r r o r ,  the s w e l l i n g  d e -  
c r e a s e s  m o n o t o n i c a l l y  wi th  i n c r e a s i n g  so lu te  con ten t  
u n d e r  a l l  o u r  i r r a d i a t i o n  cond i t ions ,  and f o r  a l l  the  
a l l o y s ,  T h i s  b e h a v i o r  could  be  due to s t a c k i n g  fau l t  
e n e r g y ,  t h r o u g h  i ts  i n f luence  on the  b i a s  f a c t o r .  E i t h e r  
of t h e s e  e f f e c t s ,  o r  bo th  a c t i n g  in c o n c e r t ,  would,  wi th  
the  a id  of our  m e a s u r e d  v a l u e s  of Pd, enab le  us to ap -  
ply an  e x i s t i n g  s w e l l i n g  t h e o r y ,  s u c h  a s  the  B r a i l s -  
f o r d - B u l l o u g h  39 t h e o r y  of vo id  growth ,  to our  da t a  wi th  
a c o n s i d e r a b l e  m e a s u r e  of  s u c c e s s .  The  m a x i m a  ob-  
s e r v e d  in N v c l e a r l y  obv i a t e  th is  p r o c e d u r e .  

S U M M A R Y  AND CONCLUSIONS 

1) T h e  i r r a d i a t i o n  induced  m i c r o s t r u c t u r e s  of N i -  
A1, N i - C r  and N i - T i  so l i d  so lu t i ons  a r e  s i g n i f i c a n t l y  
d i f f e r e n t  f r o m  t h o s e  induced  in p u r e  n i c k e l  i r r a d i a t e d  
unde r  the  s a m e  c o n d i t i o n s ,  

2) In g e n e r a l ,  the  vo id  s w e l l i n g  v a l u e s  and m e a n  v o i d  
d i a m e t e r s  d e c r e a s e  and the d i s l o c a t i o n  d e n s i t i e s  i n -  
c r e a s e  a s  a func t ion  of so lu t e  c o n c e n t r a t i o n  fo r  A1, C r  
o r  T i  add i t i ons  to p u r e  Ni  i r r a d i a t e d  to m a x i m u m  
d o s e s  of 20 dpa  in the  t e m p e r a t u r e  r a n g e  of 400 to 
700 ~ C. 

3) The behavior of the void concentration as a func- 
tion of solute content depends upon the irradiation 
conditions used as well as the particular solute addi- 
tion. N v passes through a maximum at 2 pct solute 
content for Ni-AI and Ni-Cr alloys irradiated at 
550~ but decreases monotonically as the solute 
content increases for Ni-AI alloys irradiated at 600 
and 650~ For Ni-Ti alloys irradiated at 550 and 
600~ N v passes through a minimum at ~4 pct Ti, 
but Ni-Ti alloys do not swell at all when irradiated 
at  650~ to a m a x i m u m  d o s e  of 12 dpa .  

4) I~N* o r  14N~2 ion i r r a d i a t i o n s  can  be  u s e d  to s i m u -  
la te  58Ni+ ion s e l f - i o n  i r r a d i a t i o n s  in the  400 to 700~ 
t e m p e r a t u r e  r a n g e  to t o t a l  d o s e s  of 20 dpa  p r o v i d e d  
that  n i t r i d e  f o r m a t i o n  is  not  e x t e n s i v e .  T h i s  con-  
c lus ion  is  b a s e d  on the o b s e r v a t i o n  that  a l l  of the v o i d  
s w e l l i n g  p a r a m e t e r s  fo l low the s a m e  t r e n d s  as  a f unc -  
t ion  of s o l u t e  content ,  r e g a r d l e s s  of the  i nc iden t  ion 
u s e d .  A d d i t i o n a l l y ,  the s a m e  m i c r o s t r u c t u r a l  f e a t u r e s ,  
such  as  m u l t i p l e  l a y e r  loops  and d e n d r i t i c  v o i d s ,  a r e  
o b s e r v e d  to o c c u r .  

5) T h e  da t a  c o m p i l e d  f r o m  e x p e r i m e n t s  in wh ich  
th in  fo i l s  and bu lk  s a m p l e s  w e r e  i r r a d i a t e d  unde r  
d u p l i c a t e  cond i t ions  have  led to a m b i g u o u s  r e s u l t s .  
T h e  t r e n d s  in the  da t a  ob ta ined  fo r  the  Ni -A1  s y s t e m  
a r e  oppos i t e  to t h o s e  ob t a ined  f o r  the N i - C r  a l l o y s .  

6) T h e  J o n e s  and A t t e r i d g e  c o r r e l a t i o n  b e t w e e n  v o i d  
s w e l l i n g  and e l e c t r o n i c  s t r u c t u r e  d o e s  not  a id  in 
u n d e r s t a n d i n g  the  m e c h a n i s m  of v o i d  s w e l l i n g  sup-  
p r e s s i o n  due to so lu t e  add i t i ons ,  b e c a u s e  it  on ly  
p r e d i c t s  tha t  the  a l l o y s  used  in th i s  s tudy  s w e l l  l e s s  
than  p u r e  Ni  and d o e s  not  t r e a t  the  v a r i o u s  vo id  s w e l l -  
i ng  p a r a m e t e r s  ( such  a s  <d> and N v )  i n d e p e n d e n t l y .  

7) T h e  h y p o t h e s i s  of Gi t tus  and Watkin ,  that  the 
m o r e  t h e r m o d y n a m i c a l l y  s t a b l e  the f cc  p h a s e  of an  
a l loy  is  a s  c o m p a r e d  to the  b c c  phase  the l e s s  it  w i l l  
s w e l l ,  does  no t  hold h e r e  as  a l l  the  N i - C r  a l l o y s  s w e l l  
l e s s  than  p u r e  Ni .  

8) V e n k e r  and E h r l i c h ' s  m o d e l  of vo id  s w e l l i n g  s u p -  
p r e s s i o n  due to d i f f e r e n c e s  in the  i n t r i n s i c  d i f fus ion  
c o e f f i c i e n t s  can  e x p l a i n  the  o r d e r  of vo id  s w e l l i n g  sup-  
p r e s s i o n  e f f i c i e n c y  at  the  low so lu t e  c o n t e n t s .  T i  is  
m o s t  e f f e c t i v e  and Cr  l e a s t  e f f e c t i v e  in l o w e r i n g  vo id  
s w e l l i n g  and T i  d i f f u s e s  the f a s t e s t ,  C r  the  s l o w e s t  in 
Nio 

9) T h e  i n i t i a l  b e h a v i o r  of N v as  a func t ion  of so lu te  
c o n c e n t r a t i o n  and t e m p e r a t u r e  s u g g e s t s  tha t  t h e r e  a r e  
two c o m p e t i n g  m e c h a n i s m s  a f f e c t i n g  N v.  T h e  f i r s t  
e n h a n c e s  vo id  nuc l ea t i on ,  i s  not  s t r o n g l y  t e m p e r a t u r e  
dependen t ,  and d o m i n a t e s  at  low so lu t e  con ten t s .  Void  
e m b r y o  s t a b i l i z a t i o n  due to o v e r s i z e d  so lu te  a t o m s ,  
a l o w e r i n g  of the s u r f a c e  f r e e  e n e r g y  wi th  so lu t e  
con ten t  o r  gas  a t o m - s o l u t e  a t o m  c o m p l e x  f o r m a t i o n  
a r e  a l l  p o s s i b l e  e x p l a n a t i o n s  f o r  th i s  b e h a v i o r .  The  
s e c o n d  m e c h a n i s m  l o w e r s  the  v a c a n c y  s u p e r s a t u r a -  
t ion ,  is  p r o b a b l y  d i f fus ion  c o n t r o l l e d  and d o m i n a t e s  
the  b e h a v i o r  of N v in the  m o r e  c o n c e n t r a t e d  a l l o y s .  
T h i s  s u p p r e s s i o n  of N v m a y  be due to  a change  in the 
d i s l o c a t i o n  b i a s  f a c t o r  as  a r e s u l t  of d i s l o c a t i o n  
p o i s o n i n g  by so lu t e  a t o m s ,  o r  to de fec t  t r a p p i n g  at  
so lu te  a t o m s ,  e i t h e r  of which  wi l l  l ead  to an e n h a n c e d  
v a c a n c y -  i n t e r s t i t i a l  r e c o m b i n a t i o n  r a t e .  

10) Whi le  o u r  s w e l l i n g  da t a  can be  m a d e  to f i t  v a r i -  
ous v o i d  s w e l l i n g  t h e o r i e s  by p r o p e r  cho ice  of the  ad-  
j u s t a b l e  a r b i t r a r y  p a r a m e t e r s ,  the r e s u l t s  i nd i ca t e  
tha t  the  v a r i a t i o n s  in (d> and N v m u s t  be t r e a t e d  
s e p a r a t e l y  in o r d e r  to fu l ly  u n d e r s t a n d  the  m e c h a -  
n i s m s  of vo id  s w e l l i n g  s u p p r e s s i o n  due to so lu t e  ad-  
d i t i o n s .  
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