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The t r a c e r  diffusion of 6aNi in Fe-17 Cr -12  Nt by both volume and g ra in  boundary  t r a n s p o r t  
has  been s tudied f rom 600 ~ to 1250~ The use of an RF spu t t e r ing  technique for s e r i a l  s ec -  
t ioning allowed the de t e rmina t ion  of v e r y  sma l l  volume diffusion coeff icients  at the lower 
t e m p e r a t u r e s .  Volume diffusion of n ickel  in this a l loy was observed  to be much s lower  than 
in pure  i ron  or  aus ten i t i c  s t a in l e s s  s tee l  at comparab le  t e m p e r a t u r e s .  The volume diffusion 
coeff icient  is de sc r ibed  by D V = 8.8 exp ( -  60,O00/RT) cm2/s  and g ra in  boundary  diffusion is 
de sc r ibed  by 6Dg b = 3.7 • 10 -9 exp ( -  32,000/RT)  cmS/s .  

S E V E R A L  inves t iga t ions  '-~ have been  repor ted  which 
desc r ibe  the diffusion p a r a m e t e r s  of Fe,  Cr, and Ni 
t r a n s p o r t  in pure  i ron and va r ious  s t a in l e s s  s tee ls  by 
both volume and g ra in  boundary  diffusion m e c h a n i s m s .  
Resul ts  f rom prev ious  s tudies  *-4 on nickel  diffusion a r e  
s u m m a r i z e d  in Tables  I and II where  the p a r a m e t e r s  
pe r t a in  to the usual  Ar rhen ius - t ype  equat ion r e l a t ing  the 
diffusion coeff ic ient  to t e m p e r a t u r e ,  D = D o exp [Q/R T]. 
In an a t tempt  to obtain some bas ic  in fo rmat ion  about dif-  
fusion in F e - C r - N i  a l loys ,  the volume and g r a i n - b o u n d -  
a ry  se l f -d i f fus ion  of ~N1 in the t e r n a r y  al loy F e - I 7  wt 
pct Cr -12  wt pct Ni have been inves t iga ted  as pa r t  of 
an ove ra l l  s tudy to examine  se l f -d i f fus ion  for a l l  th ree  
cons t i tuents .  This  al loy and 316 s t a in l e s s  s tee l  a re  of 
s i m i l a r  compos i t ion ;  therefore ,  in addit ion to the bas ic  
i n t e r e s t  in diffusion in fcc i r o n - b a s e d  al loys,  the s tudy 
will  help cha rac t e r i ze  diffusion in 316 s t a in l e s s  s teel .  

Table I. Volume Diffusion of Nickel 

Activation 
Frequency Energy 

Solvent Factor, cm2/s kcal/mole Reference 

DO Qv 
v 

Fe 0.77 67.0 1 
Fe 1.25 67.7 2 
Fe-9 pet Ni Steal 5.6 X 10 "s 46.7 3 
Fc-17 Cr-t2 Ni 8.8 • 10 -3 60.O this study 
Fe-20 Cr-25 Ni/Nb steel 4.06 67.5 4 

Table II. Grain Boundary Diffusion of Nickel 

Activation 
Frequency Energy 

Solvent Factor, cma/s kcal/mole Reference 

Fe 2.5 X 10 -6 445 2 
Fe-9 pct Ni steel 1.8 X 10 .9 28.6 3 
Fe-17 Cr-12 Ni 3.7 X 10- 9 31.5 this study 
Fe-20 Cr-25 Ni/Nb steel 1.5 X 10- 7 47.9 4 

The data a re  of value in de t e r mi n i ng  the effects of 
ma jo r  and poss ib ly  minor  cons t i tuen ts  upon the a tomic  
motion of n ickel  in va r ious  aus ten i t ic  s tee l s .  A method 
has been used which al lows the de t e rmina t ion  of t rue  
volume se l f -d i f fus ion  coeff icients  down to 600~ where -  
as ,  mos t  inves t iga t ions  yield an upward deviat ion f rom 
the Ar rhen ius  plot at low t e m p e r a t u r e s  due to "enhanced  
d i f fus ion ."  These low t e m p e r a t u r e s  a re  in the range  of 
many p rac t i ca l  eng inee r ing  appl ica t ions  and will  aid in 
r e l a t ing  bas ic  t r a n s p o r t  phenomena to p rac t i ca l  p rob -  
l ems .  

EXPERIMENTAL PROCEDURE 

The Fe-17 wt pet Cr -12  wt pct Ni a l loy was p r epa red  
f rom h igh-pur i ty  Fe, Cr, and Ni by a rc  mel t ing  under  
an a rgon  a tmosphere .  The al loy button was inver ted  
and r e m e l t e d  s e ve r a l  t imes  to obtain an even d i s t r i b u -  
t ion of the cons t i tuents  and swaged into a rod 1.27 cm 
in d i ame te r .  The swaged rod was cut into p ieces  7 cm 
in length which were wrapped in t an ta lum foil and p r e -  
annea led  at 1300~ for  96 h in a h igh-pur i ty  a rgon  a t -  
mosphere .  The composi t ion  of the al loy is given in 
Table III. Specimens f rom the rod were  analyzed at 
th ree  points  along i ts  length to check the homogenei ty  
of the al loy.  The g ra in  s ize  was de t e rmined  to be ap-  
p rox ima te ly  ASTM No. 0, o r  8 g r a i n s / m m  2. Cyl indr ica l  
spe c i me ns  1.2 cm in d iam and 0.3 cm in  length were  
then cut f rom the al loy rods .  One face of each spec i -  
men  was pol ished through 4 /0  e m e r y  paper .  Those 
spec imens  used for the low t e m p e r a t u r e  annea ls  (600 ~ 
to 7500C) were fu r the r  pol ished through 0.05 ~ a lumina  
powder and a l t e rna t e ly  etched and pol ished three  t imes  
to r emove  s t r a ined  ma te r i a l .  (A spec imen  p r e p a r e d  
each way was run  at 1000~ and no di f ference was ob-  
s e rved  in e i ther  the diffusion coefficient  obtained or  
the reso lu t ion  of the volume diffusion zone near  the 
sur face . )  The SaNi isotope was then evapora ted  onto 
the spec imen  f rom a tungs ten  f i l ament  under  vacuum 
or  deposi ted dropwise  onto the spec imen  with s u b s e -  
quent evapora t ion  of the solut ion.  The f o r m e r  technique 
was used exc lus ive ly  for spec imens  r un  at t e m p e r a -  

R. A. PERKINS, formerly Presidential Intern, Metals and Ceramics 
Division, Oak Ridge National Laboratory, Oak Ridge, Tenn. 37830, is 
now with Globe-Union Inc., Milwaukee, Wisc. 53201. 

Manuscript submitted December 4, 1972. 

Table II I .  Composition, wt pet. of Alloy 

Fe Cr Ni Si Mn Al Nb Ta C 

70.45 16.75 12.05 0.1 0.003 <0.02 <0.03 <0.05 0.0058 
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t u r e s  be low l l00~  Spec imens  we re  then wrapped  in 
t an t a lum foi l  and e n c a p s u l a t e d  in qua r t z  ampou le s  a long 
with z i r c o n i u m  tu rn ings  to r educe  the oxygen p r e s s u r e  
dur ing  the di f fus ion annea l .  Each ampoule  was s e a l e d  
with the a p p r o p r i a t e  a rgon  p r e s s u r e  to c r e a t e  a p r e s -  
s u r e  of ~ 1 a im  ins ide  the ampoule  at  the di f fus ion a n -  
nea l  t e m p e r a t u r e .  Diffusion annea l s  we re  run  at  a p ,  
p r o x i m a t e l y  50"C i n t e r v a l s  f rom 600* to 1250"C with 
the t e m p e r a t u r e  con t ro l l ed  to �9 20C. De ta i l s  of the a n -  
n e a l s  a r e  l i s t e d  in Table  IV. 

Sect ioning to ana lyze  the vo lume di f fus ion  zone at  
s m a l l  p e n e t r a t i o n  v a l u e s  was a c c o m p l i s h e d  by  a r a d i o -  
f r equency  spu t t e r i ng  technique to be d e s c r i b e d  ful ly  in 
a l a t e r  p a p e r ,  m Bas i ca l l y ,  a po r t i on  of the s p e c i m e n  
face  was exposed  to a rgon  ion b o m b a r d m e n t  and a f r a c -  
t ion of the m a t e r i a l  r e m o v e d  f r o m  the s u r f a c e  was co l -  
l ec t ed  on p l anche t s  under  the s p e c i m e n .  A r i m  about 
1 m m  wide a round  the c i r c u m f e r e n c e  of the s p e c i m e n  
face  was sh i e lded  so  s u r f a c e  di f fus ion down the s ide  of 
the s p e c i m e n  d id  not inf luence the r e s u l t s .  The sec t ion  
t h i cknes s  was d e t e r m i n e d  by  weighing the s p e c i m e n  b e -  
f o r e  and a f t e r  the s p u t t e r i n g  p r o c e s s  and d iv id ing  the 
l o s s  into i n c r e m e n t s ,  the s i ze  of the i n c r e m e n t s  be ing  
d e t e r m i n e d  by the length of t ime  m a t e r i a l  was d e p o s -  
i ted  on each  p lanche t .  The a c t i v i t y  of aSNl in the m a t e -  
r i a l  depos i t ed  on the p l anche t s  was m e a s u r e d  us ing a 
p a r t i a l l y  dep le t ed  s u r f a c e  b a r r i e r  d e t e c t o r .  F o r  c o m -  
p a r a t i v e  p u r p o s e s  the vo lume di f fus ion coef f i c ien t s  
we re  d e t e r m i n e d  by  a convent iona l  g r ind ing  technique 
at  two t e m p e r a t u r e s - - l l 0 0 *  and 1250~ 

After  the vo lume di f fus ion zone was sec t ioned ,  the 
s p e c i m e n  d i a m e t e r  was r e d u c e d  to r e m o v e  the e f fec t s  
of any s u r f a c e  d i f fus ion of m~Ni down the s i d e s  of the 
s p e c i m e n  dur ing  the annea l .  The concen t r a t i on  p ro f i l e  
in the  g r a i n  bounda ry  d i f fus ion zone was then m e a s u r e d  
by  a s u r f a c e  d e c r e a s e  counting technique in which the 
ac t i v i t y  of the s u r f a c e  was m e a s u r e d  a f t e r  r e m o v i n g  
s u c c e s s i v e  l a y e r s .  Because  a~Ni e m i t s  only  l o w - e n e r g y  
(0.063 MeV) /3 - rad ia t ion ,  the r a d i a t i o n  i s  v e r y  s t r o n g l y  
a b s o r b e d  in the a l loy ,  and the ac t i v i t y  at  the  s u r f a c e  i s  

Table IV. Volume and Grain Boundary Diffusion 
Coefficients for Nickel in Fe-17Cr-12Ni 

Volume Diffusion 
Zone Width, 

Temp., ~ Time, s ! 0 .4 cm D v, cmZ/s ~Dg b, em~/s 

1253 1.152X l0 s 51.6" 4.078 X lff  1' 
1250 1.082 X l 0  t 7.5I" 2.607 X I0 "it 1.091 X 10 "ta 
1248 1.152X 10 s 48.1" 5.433X 10 "n 7.822X 10 "14 
1200 1.224X 104 5.3t 1.344X 10 "tt 6.422X lif  14 
1149 1.476X 104 5.4t 4.166X l i f  12 7.004X 10 "14 
1099 5.184X lO s 35.0* 4.659X 10 "12 2.412X l i f  t* 
1098 2.886X I04 5.7"1" 1.216X 10 "2 5.186X l i f  t* 
1051 1.782X lO s 4.4"I" 1.350X 10 "12 1.908X lff  14 
1002 2.376X lOS 3.6~ 4.403X l i f  is 2.183X lff  vt 
1000 3.456X los 6.1"1" 3.333X 10 "~ 2.624X 10 q* 
949 4.392X los 7.6"{" 2.240X 10 "ta 8.436X l i f  ts 
898 5.184X los 4.Or 9.619X 10 "v~ 4.477X lif  ts 
851 1.728X 10 ~ 4.6f 1.049X lff  t'~ 2.588X Iff is 
799 1.8144X 10 's 4.6"I" 7.984X l i f  ts 7.688X 10 "~ 
748 2.8512X I0 ~ 1.7"1" 8.950X 10 "t~ 6.510X I0 "~s 
702 4.0716X 106 0.87~ 5.725X Iff t6 4.430X 10 "16 
650 3.9744 X I0 ~ 0.46"1" 4.747 X l i f  17 1.401 X lff t~ 
603 5.0112X 10 ~ 0.22~" 7.081 X l i f  ts 4.416X Iff ~7 

*Sectioned by hand grinding. 
tSectioned by rf sputtering. 

c h a r a c t e r i s t i c  of only  a v e r y  thin l a y e r  of the s p e c i m e n .  
F r o m  G r u z i n ' s  method,  ~2 if the r a d i a t i o n  i s  s t r o n g l y  a b -  
so rbe d ,  the p ro f i l e  ob ta ined  f rom counting the d e c r e a s e  
In the s u r f a c e  ac t iv i ty  i s  c o m p l e t e l y  ana logous  to that  
ob ta ined  f r o m  the r e s i d u a l  a c t i v i t y  counting technique.  
This  technique was used  p r e v i o u s l y  for  ~ d i f fus ion 
in Cu, u N i , "  and Fe .  ~ 

DATA ANALYSIS 

In the r e g i o n  of the s p e c i m e n  where  vo lume dif fus ion 
p r e d o m i n a t e s ,  the t r a c e r  di f fus ion is  d e s c r i b e d  by the 
"thin f i l m "  so lu t ion  to F i c k ' s  Second Law for  a s e m i -  
inf ini te  med ium 

M / x a \ 
A (x, t) [1] exp 

where  A (x, t) i s  the ac t i v i t y  at  a d i s t a n c e  x into the 
s p e c i m e n  a t  t ime  t, M is  the in i t i a l  to ta l  a c t i v i t y  p e r  
unit  a r e a  in the  i so tope  l a y e r  and D is  the vo lume d i f -  
fus ion coef f ic ien t .  T h e r e f o r e ,  l n A  p lo t t ed  vs  x z should 
y ie ld  a s t r a i g h t  l ine with the s lope  equal  to - 1/(4Dt). 
This  s t r a i g h t  l ine r e l a t i o n  was o b s e r v e d  nea r  the s u r -  
face  for  a l l  s p e c i m e n s ;  however ,  the ac t i v i t y  dev ia t ed  
f r o m  the l i n e a r  plot  at  d i s t a n c e s  g r e a t e r  than a p p r o x i -  
m a t e l y  2 (Dt) t/z as  v a r i o u s  s h o r t - c i r c u i t i n g  e f fec t s  b e -  
c ame  impor t an t .  F a r  f rom the s u r f a c e  and the vo lume 
di f fus ion r eg ion ,  g r a i n  bounda ry  d i f fus ion p r e d o m i n a t e s .  
The g r a i n - b o u n d a r y  d i f fus ion equat ion h a s  been  so lved  
fo r  a g r a i n  bounda ry  p e r p e n d i c u l a r  to the s u r f a c e  of a 
s emi in f ln i t e  med ium fo r :  1) a cons tan t  su r f a ce  concen -  
t r a t i on ,  tz'x4 and 2) an Ins tan taneous  s u r f a c e  concen -  
t r a t i on ,  t6 Le C l a i r e  xs and Suzuoka x* have shown that  
the g r a i n - b o u n d a r y  dif fus ion coef f i c ien t s  obta ined  e x -  
p e r i m e n t a l l y  f r o m  s e r i a l  s ec t ion ing  a r e  e s s e n t i a l l y  the 
s a m e  for  both bounda ry  condi t ions  when ana lyzed  a c -  
co rd ing  to e i t he r  Whipp le ' s  so lu t ion  o r  Suzuoka ' s  s o l u -  
t ion.  F t s h e r ' s  so lu t ion  y i e ld s  a va lue  of { to -~ the va lue  
ob ta ined  f r o m  the o the r  two so lu t ions .  Whipp le ' s  s o l u -  
t ion for  g r a i n  bounda ry  s e l f -d i f fu s ion  can be wr i t t en  
in the f o r m  ~ 

( a l n A  ~-5/S(4Dv~l/2 ( 01nA )5/s 
~Dgb = ~ a - ~ -  / ~--T-/ ~ o(n/3-1/~)~/5 [~'] 

where  Dg b i s  the g r a i n  bounda ry  dif fus ion coef f ic ien t ,  
6 is  the g r a i n  bounda ry  width,  7/ i s  the d i m e n s i o n l e s s  
d i s t ance  p a r a m e t e r  x/(Dt) ~/2, and/3 is  the r a t i o  of D~b 
and 9 v in the fo rm: /3  = (Dgb/Dv - 1)6/2(Dt) ~/2. To a~p - 
p ly  th is  so lu t ion  to mul t i componen t  s y s t e m s ,  5Dgb 
mus t  be r e p l a c e d  by  eSDgb IT where  c~ i s  the e q u i l i b r i u m  
r a t i o  of the g r a i n - b o u n d a r y  t r a c e r  concen t ra t ion  to the 
l a t t i ce  concen t ra t ion  and a l lows  for  the  g r a i n  boundary  
s e g r e g a t i o n  of the d i f fus ing  s p e c i e s .  F r o m  a c o n s i d e r -  
a t ion  of the s i m i l a r  ionic  r a d i i  of Ni, Fe ,  and Cr ,  e i s  
a s s u m e d  to be  uni ty for  each  cons t i tuen t  in the p r e s e n t  
s y s t e m ,  ta Fo r  g r a i n  bounda ry  diffusion,  the l o g a r i t h m  
of the a c t i v i t y  p lo t ted  vs  x */~ should y ie ld  the b e s t  
s t r a i g h t  l ine f i t .  ~~176 F u r t h e r m o r e ,  f r o m  n u m e r i c a l  
a n a l y s i s  L e C l a i r e  x5 has  shown that  the s lope  of In A 
vs  (~7/3-XlZ) els i s  n e a r l y  independent  of ~ - x / z  such that  
(a ln A/a  (~/3-~/a)8/5) is  a p p r o x i m a t e l y  0.74 ove r  the 
p e n e t r a t i o n  r ange  c o m m o n l y  used  e x p e r i m e n t a l l y .  The 
va lue  of a In A/a  (7713 -~/2 )6/~ i s  a l so  e s s e n t i a l l y  indepen-  
dent  of/3 when/3 > 10. Such was o b s e r v e d  in the p r e s -  
ent"work for  those  s p e c i m e n s  annea led  at  l l 5 0 o c  and 
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lower .  T h e r e f o r e ,  the g r a i n  bounda ry  d i f fus ion coef f i -  
c i en t  was ca l cu l a t ed  f r o m  a l i n e a r  l e a s t  s q u a r e s  f i t  of 
the  da ta  p lo t ted  a s  In A vs  x 6/5 at  l a r g e  d i s t a n c e s  into 
the  s p e c i m e n  using Eq. [2]. 

RESULTS AND DISCUSSION 

The concen t r a t i on  p ro f i l e  obta ined  for  the s p e c i m e n  
annea led  at  603~ i s  p lo t t ed  as  the l o g a r i t h m  of the a c -  
t i v i ty  vs  x a in F ig .  1. The vo lume di f fus ion  zone is  con-  
t a ined  w i t h i n t h e  f i r s t  0.22 ~ f r o m  the s u r f a c e ,  and the 
g r a i n  bounda ry  d i f fus ion  zone ex tends  f r o m  30 ~ in -  
w a r d .  Because  d i f f e ren t  sec t ion ing  and counting t e c h -  
n iques  we re  used  to ana lyze  the two zones ,  the ac t i v i t y  
f r o m  the two s e t s  of da ta  we re  r e l a t e d  e m p i r i c a l l y  to 
y ie ld  the c o m p l e t e  cu rve .  The vo lume di f fus ion  zone 
i s  p lo t t ed  on an expanded x ~ s c a l e  in Fig .  2 y ie ld ing  the 
s t r a i g h t  l ine  r e l a t i o n s h i p  expec ted  f r o m  the " t h i n  
f i l m "  so lu t ion  of F i c k ' s  Second Law. The g r a i n  bound-  
a r y  d i f fus ion zone i s  p lo t t ed  as  In A v s  x 6/5 in Fig.  3 
ind ica t ing  the type  of l i n e a r  p lo t  f r o m  which 5Dgb i s  
ca l cu l a t ed .  

Table  HI con ta ins  the vo lume  and g r a i n  bounda ry  d i f -  
fus ion  coef f i c ien t s  m e a s u r e d  e x p e r i m e n t a l l y  in th is  r e -  
s e a r c h .  Included in the t ab le  i s  the width of the vo lume 
di f fus ion zone which exh ib i t ed  a t yp i ca l  Gauss i an  r e l a -  
t ion be tween  the ac t i v i t y  of eaNi and the p e n e t r a t i o n  
d i s t a n c e  squa red .  T h e r e f o r e  v e r y  f ine sec t ion ing  t e c h -  
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Fig .  1- -Dif fus ion of 63Ni in Fe -17  C r - 1 2  Ni at  603~ fo r  
5.0112 x 10 s s .  
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Fig, 2--Volume diffusion of a3Ni in Fe-17 Cr-12 Ni at 603~ 
for 5.0112 x 106 s. 
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Fig.  3 - - G r a i n - b o u n d a r y  diffusion of 6aNi in Fe -17  Cr -12  Ni 
at 603~ for  5.0112 x 10 s s .  

niques  Were r e q u i r e d  to ana lyze  th is  zone and obta in  
a t r u e  vo lume  di f fus ion  coef f ic ien t  be low 800~ i n s t ead  
of o b s e r v i n g  "enhanced  di f fus ion ' 'za due to s h o r t  c i r -  
cui t ing m e c h a n i s m s .  The spu t t e r ing  technique  which 
had been  deve loped  p r o v i d e d  a method  of r e m o v i n g  
v e r y  thin s e c t i o n s  e a s i l y  and r a p i d l y .  As ind ica t ed  in 
.Table  IV, a t  1100 ~ and 1250~ s p e c i m e n s  we re  annea l ed  
fo r  a s h o r t  t i m e  and s ec t i oned  by  spu t t e r ing ,  and a l so  
s p e c i m e n s  we re  annea led  for  a long t i m e  and sec t ioned  
by  g r ind ing  in o r d e r  to d e t e r m i n e  the c o r r e l a t i o n  of 
the r e s u l t s  of the spu t t e r i ng  technique with the r e s u l t s  
of m o r e  convent iona l  sec t ion ing  t echn iques .  The di f fu-  
s ion  coe f f i c i en t  ob ta ined  f r o m  gr ind ing  i s  a p p r o x i m a t e l y  
a f ac to r  of two h ighe r  than that  ob ta ined  f r o m  s p u t t e r -  
ing. This  s l igh t  d i f f e r ence  i s  to be expec ted  s ince  the 
di f fus ion zone n e c e s s a r y  for  g r ind ing  is  much wider ,  
and t h e r e f o r e ,  s h o r t - c i r c u i t i n g  e f fec t s  wi l l  con t r ibu te  
to a g r e a t e r  d e g r e e  to the r e g i o n  a t t r i b u t e d  to vo lume 
dif fus ion.  

The r e s u l t s  of the vo lume di f fus ion a n a l y s i s  l i s t e d  
in Table  HI a r e  shown on an A r r h e n i u s  p lo t  in Fig .  4. 
The r e s u l t s  f r o m  the s p e c i m e n s  s ec t i oned  by  gr ind ing  
a r e  shown in Fig .  4 but  were  not inc luded in the l e a s t  
s q u a r e s  f i t  f r o m  which the d i f fus ion p a r a m e t e r s  we re  
c a l c u l a t e d .  Obvious ly ,  t h e r e  i s  no ev idence  of " e n -  
hanced  d i f fu s ion"  r e s u l t i n g  f r o m  the con t r ibu t ion  of 
s h o r t - c i r c u i t i n g  m e c h a n i s m s  down to 600~ The t e m -  
p e r a t u r e  dependence  of  the vo lume di f fus ion i s :  

D v = (8.8 • 1.7) • 10 -s exp [-(60,000 • 2600) /RT]  c m a / s  

[3] 
The e r r o r  l i m i t s  ind ica te  a n ine ty  p e r c e n t  conf idence  
in the  c a l c u l a t e d  v a l u e s  us ing s t a n d a r d  Student t s t a -  
t i s t i c s .  

In F ig .  4 the r e s u l t s  of the p r e s e n t  inves t iga t ion  a r e  
c o m p a r e d  to n i cke l  vo lume  di f fus ion i n  p u r e  i r on  and 
two a l l oys .  Nickel  d i f fus ion in the  p r e s e n t  a l l oy  i s  a p -  
p r e c i a b l y  s l o w e r  than in pu re  i r on  o r  F e - 2 0  C r - 2 5  
Ni /Nb s t e e l ,  but  i s  about  the s a m e  as  in a 9 pc t  Nt 
s t e e l .  In n i cke l  s t e e l s ,  D~ and Qv for  n i cke l  vo lume 
se i f -d i f fu s ion  have been  o b s e r v e d  to d e c r e a s e  with in -  
c r e a s i n g  n icke l  content  f r o m  2.5 to  9 pc t  Ni.* In s e v -  
e r a l  aus t en i t i c  s t a i n l e s s  s t e e l s ,  D~ has  been  o b s e r v e d  

METALLURGICAL TRANSACTIONS VOLUME 4, JULY 1973-1667 



~ . . i 0  -13 

Eo 

I0- ~4 

T (~ 
:1200 1000 800 600 

1 0 - 9  ~ :  ' I l I J I : ' 

'~ ge HIRANO, e/OL 
- ",,'\ Fe KRISHTAL, e / o L -  

\ Fe-9 Ni MORI AND 
t0-t0 k ~ \  NAGASHIMA 

~ ,  \ -----F~-ZO C,- Z~ NVNd 
- \ ~  ~ ,  SMITH AND GIBBS : 

} , \  F e i t 7 C r - t 2  Ni - 
- \ \ ~ 1 % \  THIS STUDY , - 

- \ . \  ! 
- \ - 

= ~ 

z 

t0 - t 5  ~ _-- 

_ l , ^ - t6  o SPUTTERING 
;u 

~, GRINDING 
I 

10-~7 

6 7 8 9 10 

Io, ooo/T (OK) 

Fig.  4- -Volume diffusion of 63Ni. 

11 12 

to i n c r e a s e  while Qv d e c r e a s e d  with i n c r e a s i n g  n icke l  
content  for  c h r o m i u m  vo lume se l f -d i f fus ion .  ~1 Studies  
of the ef fec t  of n i cke l  content  upon the vo lume se l f  d i f -  
fus ion  of i ron  in F e - N i  a l l oys  have been  made ,  i n d i c a t -  
ing tha t  a l though v a r y i n g  t r e n d s  on D~ were  o b s e r v e d ,  
Qv a lways  d e c r e a s e d  with i n c r e a s i n g  n icke l  content .  ~z 
F o r  i r on  vo lume di f fus ion in aus ten i t e ,  c h r o m i u m  a d -  
d i t ions  have been  o b s e r v e d  to i n c r e a s e  D~ and Qv. 2%~s 
These  o b s e r v a t i o n s  have l ed  to the conc lus ions  that  the 
a t o m i c  bond s t r e n g t h  in the aus t en l t i c  l a t t i c e  d e c r e a s e s  
a s  the n icke l  content  i n c r e a s e s  2 and i n c r e a s e s  a s  the  
c h r o m i u m  content  i n c r e a s e s .  ~ The v a r i a t i o n  in Qv for  
the a l l oys  l i s t e d  in Table  I is  oppos i te  the t r e n d  e x -  
pec t ed  b a s e d  upon the n i cke l  content .  The Qv d e c r e a s e s  
fo r  the 9 pc t  Ni s t e e l  but  for  the o the r  a l l oys  the c h r o -  
mium effect  p r e d o m i n a t e s  a s  Qv i n c r e a s e s  with (Cr  
+ Ni) content .  The f r equency  f ac to r ,  Do, a l so  i n c r e a s e s  
r a p i d l y  with (Cr + Ni) content ;  an i n c r e a s e  to which 
both e l e m e n t s  m a y  be cont r ibu t ing .  Due to the g r o s s  
d i f f e r e n c e s  in concen t r a t i on  be tween  the a l l oys ,  the 
e f fec t s  of m i n o r  cons t i tuen t s  cannot  be  e s t i m a t e d .  

The A r r h e n i u s  plot  for  the g r a i n  bounda ry  dif fus ion 
coef f i c ien t s  l i s t e d  in Table  HI is  shown in Fig .  5. In 
o r d e r  to ca l cu l a t e  5Dg b f r o m  Eq. [2], the va lue  of D v 
at  a p a r t i c u l a r  t e m p e r a t u r e  was c a l c u l a t e d  f r o m  Eq. 
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[3] to use  in Eq. [2]. The t e m p e r a t u r e  dependence  of 
5Dgb is  given by  

5Dg b : (3.7 + 0.5) x 10 -~ exp[-(32,000 • 1900)/RT] c m 3 / s  

[4] 
The va lues  ob ta ined  for  5Dgb c o m p a r e  wel l  with the r e -  
su l t s  ob ta ined  for  n i cke l  d i f fus ion  in the  n i cke l  and 
s t a i n l e s s  s t e e l s  p r e v i o u s l y  ment ioned  as  shown in Fig .  
5. However ,  the di f fus ion p a r a m e t e r s ,  6D~b a n d  Qgb 
which a r e  c o m p a r e d  in Table  I, v a r y  g r e a t l y .  Smith and 
Gibbs 3 used  the Whipple a n a l y s i s  for  the F e - 2 0  Cr -25  
Ni /Nb s t e e l  and Mor i  and N a g a s h i m a  4 used  the Suzuoka 
a n a l y s i s  fo r  the  9 pc t  Ni s t e e l  but  th is  would not cause  
d i f f e r e n c e s  of the  magni tude  o b s e r v e d  when c o m p a r i n g  
the r e s u l t s .  The ac t iva t ion  e n e r g y  and f r equency  f ac to r  
i n c r e a s e  with i n c r e a s i n g  (Ni + Cr)  content ;  the s a m e  
t r e n d  o b s e r v e d  for  vo lume dif fus ion.  The n icke l  con-  
ten t  had been  p r e v i o u s l y  o b s e r v e d  to have no cons i s t en t  
ef fec t  upon 5D~b a n d  Qgb for  g r a i n - b o u n d a r y  d i f fus ion 
in n icke l  s t e e l s  of 2.5 to 9 pc t  Ni. 4 The g r a i n  bounda ry  
d i f fus ion  coef f i c ien t s  in the t h r e e  a l loys  a r e  of the s a m e  
g e n e r a l  magni tude  while  the r e s u l t s  for  pu re  i r on  a r e  
much h ighe r .  If the r e s u l t s  of the two s t e e l s  we re  e x -  
panded  ove r  a wide r  t e m p e r a t u r e  r ange ,  l a r g e r  d i f f e r -  
ences  in the di f fus ion coef f i c ien t s  might  a p p e a r  s ince  
the r e s u l t s  for  pu re  i ron  co inc ide  wel l  with an e x t r a p -  
o la t ion  of r e s u l t s  of Smith and Gibbs.  T h e r e f o r e ,  th is  
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indicates that the differences are not necessarily due 
to the narrower temperature ranges of the previous 
studies. 

Because both volume and grain boundary diffusion 
measurements were obtained from each specimen, the 
interrelation between the two processes must be con- 
sidered to determine what degree of error is inherent 
in the results. Suzuoka *e has derived a grain boundary 
parameter n = b/(Dt) ~/2 where, assuming cubic grains, 
b is one h'~if the length of an edge of a grain. Then 
from a knowledge of n and ~ for a particular specimen, 
the error in D v caused by the grain boundary diffusion 
can be estimated.* The error was determined to range 

*Fig. 9, Ref. 16. 

from approximately +4 pct for the 1250~ specimen to 
essentially 0 for the 600~ specimen. Suzuoka .9 has 
also determined an "observable range" from which 

5Dgb can be calculated such that the volume diffusion 
from the surface contributes less than 1 pct to the ac- 
tivity measured from sertal sectioning. The minimum 
of the "observable range" varied from approximately 
33 ~ for the 1250~ specimen to less than 0.4 ~ for the 
600~ specimen. As can be seen in Fig. 1, the portion 
of the concentration profile attributed to grain bound- 
ary diffusion is well beyond the minimum limit of the 
"observable range." This indicates a large interme- 
diate range which resuRs from a combination of volume 
diffusion, grain boundary diffusion and diffusion along 
hlgh-diffusivlty dislocation pipes. The limit of the ob- 
servable range is dependent upon the ratio of 6Dgb to 
D v. At low temperatures "enhanced diffusion" along 
dislocation pipes becomes predominant over volume 
diffusion, and only if very fine sectioning techniques 
are used can the volume diffusion be observed. In an 
analogous manner, to avoid the contributions of "en- 
hanced diffusion" down dislocation pipes to the grain 
boundary diffusion range, the minimum limit would be 
dependent upon the ratio of 5Dgb to Denhanced which is 
much smaller than 5Dg b to D v. Therefore, the mini- 
mum limit would be much larger to avoid contributions 
from enhanced diffusion to the grain boundary region. 
As the temperature of the diffusion anneal increased, 
the grain boundary diffusion range more nearly ap- 
proached the minimum limit calculated from D v. Fi- 
nally, Suzuoka *s has indicated that as the grain size in- 
creases the assumption concerning the concentration 
at the edges of the grain boundary slab is better ful- 
filled. In accord with this effect, the apparent Dgb has 
been observed to decrease with grain size *%~ or as 
the range of penetration increases relative to the grain 
size. To avoid this effect, the grain size should be 
much greater than the range of penetration. This situ- 
ation was not maintained in the present study nor in the 
other alloys to which reference has been made. How- 

ever, for the diffusion in pure iron the ratio of grain 
size to penetration distance was much larger  and could 
partially account for the much higher results  which 
were obtained. 

C ONC LU SIONS 

I) The radlofrequency sputtering technique has been 
observed to be a useful and reliable method of serial 
sectioning specimens with very shallow volume diffu- 
sion zones. 

2) The volume and grain boundary diffusion coeffi- 
cients of 6aNl in Fe-17 Cr-12 Ni have been determined 
from 600 ~ to 1250~ and are  represented by Eqs. [3] 
and [4], respectively.  

3) The activation energies and frequency factors  of 
volume and grain boundary diffusion of SaN! are  ob- 
served to drop from pure iron to 9 pct Ni steel and 
then increase with (Cr + Ni) content in three austenitic 
iron alloys. 

4) The rate of volume diffusion of nickel varies  
greatly for the three iron alloys discussed while the 
rate of grain boundary diffusion of nickel var ies  very 
little with alloy composition. 
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