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The volume and g r a i n - b o u n d a r y  diffusion of SgFe and 5~Cr have been  studied in an a us t e n -  
i t ic i ron  al loy containing 17 wt pct Cr and 12 wt pct Ni. The di f fus iv i t ies  in this  al loy of 
these  two t r a c e r s  and ~Ni a re  compared  with the i r  d i f fus ivi t ies  in pure  i ron  and in other  
aus ten i t ic  s t a in l e s s  s t ee l s .  For  volume diffusion at any pa r t i cu l a r  t e m p e r a t u r e  in the p r e s -  
ent al loy,  Cr is the most  rapid  while Ni is the s lowest ,  and all  th ree  t r a c e r s  diffuse s lower  
than that r epor t ed  for pure  i ron  or for other aus ten i t ic  s t a in l e s s  s t ee l s .  For  g r a i n - b o u n d -  
a ry  t r a n s p o r t ,  Fe diffuses mos t  rap id ly  above 850~ and Ni diffuses mos t  rap id ly  below 
that t e m p e r a t u r e .  The ac t iva t ion  ene rg i e s  for both volume and g r a i n - b o u n a r y  diffusion 
obey the re la t ionsh ip  QNi < Qcr  < QFe. 

T H E  atomic  t r a n s p o r t  of i ron,  ch romium,  and nickel  
in the aus ten i t ic  al loy Fe-17 wt pct Cr -12  wt pct Ni by 
both la t t ice  and g ra in -bounda ry  diffusion has been s tud-  
ied using rad ioac t ive  t r a c e r  techniques .  Resul ts  of the 
nickel  inves t iga t ion  have been p rev ious ly  repor ted .  1 
The r e su l t s  of the i ron  and ch romium inves t iga t ions  
a re  p r e sen t ed  here ,  and the r a t e s  of diffusion of the 
three  e l emen t s  a re  compared .  P a r a m e t e r s  f rom the 
A r r h e n i u s - t y p e  equation, D = D O exp [ - Q / R T  ], for vo l -  
ume and g r a i n - b o u n d a r y  diffusion of i ron  and ch romium 
in pure  gamma  i ron  and in aus ten i t ic  s t ee l s  obtained by 
s eve ra l  inves t iga to rs  a re  s u m m a r i z e d  in Table I. A 
s i m i l a r  s u m m a r y  for n ickel  was made e a r l i e r .  ~ The 
purpose  of this  inves t iga t ion  is to aid in the unde r s t and -  
ing of diffusion of ma jo r  cons t i tuents  in aus ten i t ic  s t a in -  
l e s s  s tee l s ,  in p a r t i c u l a r  in type 316 s t a i n l e s s  s teel .  

EXPERIMENTAL 

The spec imens  f rom the same  ba r  of m a t e r i a l  p r e -  
v ious ly  used were  p r e p a r e d  and pol ished in the m a n n e r  
prev ious ly  descr ibed .  1 The rad ioac t ive  SlCr and 59Fe 
t r a c e r s  were  deposi ted onto the spec imens  e i ther  d rop-  
wise or  by evapora t ion  under  a vacuum,  and the spec i -  
mens  were  sea led  in quar tz  ampoules  for the diffusion 
annea ls .  1 Anneals  for each isotope ranged  f rom 600 to 
1300~ at approx imate ly  50~ in t e rva l s .  Volume diffu- 
s ion of the rad ioac t ive  t r a c e r  was analyzed for spec i -  
mens  over  the en t i re  t e m p e r a t u r e  range ,  and g r a i n -  
boundary  diffusion was analyzed for spec imens  f rom 
600 to 1050~ After i ts  diffusion anneal ,  each spec i -  
men was s e r i a l  sec t ioned to analyze  the volume diffu- 
s ion prof i le  by lathe machin ing ,  hand gr inding  or sput -  
t e r ing  depending upon the width of the volume diffusion 
zone. 

The rad io f requency  spu t te r ing  technique which a l -  
lows the r emova l  of v e r y  thin sec t ions  has been  deve l -  
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Table I. Volume and Grain Boundary Diffusion Parameters for Fe-Sase Alloys 

Q D0 Ref. 

Cr Vol dif 
Fe 69.7 10.8 3 
Fe-18 Cr-8 Ni 58.5 0.08 2 
Fe-17 Cr-12 Ni 63.1 0.13 This study 
Fe-20 Cr-25 Ni/Nb 58.8 0.19 4 
Cr gb dif 
Fe-17 Cr-12 Ni 36.4 3.5 • 10 "8 This study 
Fe-20 Cr-25 Ni/Nb 44.7 25 X 10 -7 4 
Fe Vol dif 
Fe 67.8 1.05 5 
Fe-18 Cr-8 Ni 67.1 0.58 6 
Fe-17 Cr-12 Ni 66.8 0.36 Tiffs study 
Fe-20 Cr-25 N1/Nb 67.9 1.74 4 
Fe gb dif 
Fe 40.0 1 X 10- 7 7 
Fe-17 Cr-12 Ni 42.4 5.3 X 10 "7 This study 
Fe-20 Cr-25 Ni/Nb 43.0 8 • 10 "7 4 

oped for s e r i a l  sec t ioning which will  p e r m i t  the study 
of la t t ice  diffusion at lower t e m p e r a t u r e s  and more  
shallow pene t ra t ions .  %a The major  components  of the 
spu t te r ing  sys t em a re  the sput te r ing  module, the power 
supply and the vacuum sys tem.  A Mater ia l s  Resea rch  
Corpora t ion  Sputter ing Module SM-8500 with a s t a in -  
l ess  s tee l  cathode a s s e m b l y  has been modified to accept 
a �89 in. d iam spec imen  as the t a rge t  cathode, and a r o -  
ta t ing tu rn tab le  with pos i t ions  for 18 planchets  was po-  
s i t ioned to col lect  the m a t e r i a l  r emoved  f rom the spec -  
imen.  In addition, the re  is a bleed valve to leak argon 
into the spu t te r ing  chamber  and a gas pur i f ica t ion  unit  
to c lean  the argon.  The power supply is  an MRC S-3005A 
1 kw rad iof requency  unit  with a tuning network. The fo r -  
ward power me t e r  on the power supply has been  modi -  
fied to indicate  the forward  c u r r e n t  in ~A ins tead  of fo r -  
ward power to allow more  p rec i se  power control .  

The spec imen  size sui table  for spu t te r ing  is �89 in. in 
diam and approx imate ly  3 mm thick. The spec imen  is 
p laced into a th readed  a luminum shield which will p r e -  
vent  r emova l  of m a t e r i a l  f rom the s ides  of the spec i -  
men  and define the a rea ,  approximate ly  a in. in diam, 
on the face of the spec imen  to be sput tered.  The shield 
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Fig. 1--Sputtering a r rangement  for se r i a l  sectioning of s p e c -  
imens.  

is then screwed onto a cathode post  causing the spec i -  
men and shield to be the ta rge t  during the sputter ing 
run. The planchets which col lec t  the sput tered ma te r i a l  
a re  ~ in. in diam and a re  about 2 in. f rom the specimen.  
The a r rangement  in the vacuum chamber is shown in 
Fig. 1. As the sput ter ing continues, the turntable is 
rota ted such that ma te r i a l  for up to eighteen t ime seg-  
ments can be col lected on individual planchets allowing 
up to eighteen sect ions to be s e r i a l  sect ioned during a 
sput ter ing run. Approximately  10 pct of the ma te r i a l  
removed from the specimen is col lected on the plan-  
chets.  The sect ion th icknesses  were determined by 
measur ing the spec imen weight change during the sput-  
ter ing run and determining the thickness of each s ec -  
tion by re la t ing the length of t ime mate r i a l  is col lected 
on each planchet to the total  weight removed.  The r e -  
sulting dis t r ibut ion of ma te r i a l  on the planchets p ro -  
vides an excellent  and uniform counting geometry  for 
measur ing the act ivi ty  of t r a c e r  atoms on the planchets  
which is e spec ia l ly  advantageous if ~ or/~ radia t ion is 
being measured  because attenuation in the res idua l  ma-  
t e r i a l  f rom sectioning is important .  

During the sput ter ing run the gas p r e s s u r e  and the 
forward cur ren t  must  be monitored.  A dynamic gas 
p r e s s u r e  is  maintained by leaking argon through the 
bleed valve and adjusting the gate to the diffusion pump 
until the des i r ed  p r e s s u r e  is maintained in the sys tem.  
For the sput ter ing of quartz in a s i m i l a r  MRC appara -  
tus,  Blanco 1~ has r epor ted  that the ra te  of deposit ion is 
independent of the gas p r e s s u r e  for argon a tmospheres  
from 10 to 15 p of m e r c u r y .  The same p r e s s u r e  
range was used in the p resen t  s tudies,  and no depen- 
dence of the sput ter ing ra te  upon the gas p r e s s u r e  was 
observed.  However, the importance of having a pure 
argon cover  obtained by using the gas purif icat ion unit 
to clean the incoming gas was observed.  If the argon 
was not cleaned, the ini t ial  sput ter ing ra te  was ve ry  
rap id  and gradual ly  dec reased  until a s teady ra te  was 
obtained. The forward  cur ren t  could be maintained 
within + 1/~A which was sui table p rec i s ion  to avoid 
sca t t e r  in the r e su l t s  f rom power var ia t ions .  

In the p resen t  invest igat ion forward cur ren ts  from 
20 to 35/IA were used. The l inear  dependence of the 
sput ter ing ra te  upon the forward  cur ren t  is  shown in 
Fig. 2. The ra te  va r i ed  f rom 0.005/1 per  min at 20/~A 
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Fig. 2--Dependence of the r a t e  of removal  of mater ia l  by sput -  
ter ing as a function of the forward cur ren t  set t ing applied in 
the sys tem.  
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Fig. 3--Volume diffusion profi le  for 6aNi diffusing into Fe-17 
Cr-12 Ni at 750~ obtained by se r ia l  sect ioning using the 
sput ter ing technique. 

to 0.02/~ per  min at 35 ~A. The sput ter ing ra te  at a 
pa r t i cu la r  cur ren t  sett ing was fa i r ly  reproducible  to 
within ~25 pct. When the argon is cleaned, a f a i r ly  
constant sputter ing ra te  was obtained as can be seen 
in Fig. 3 which is the ~Ni concentrat ion prof i le  for la t -  
t ice diffusion in the iron al loy at 750~ obtained by sput-  
ter ing.  The diffusion coefficients calculated f rom p ro -  
f i les  obtained by sputter ing a re  comparable  with r e -  
sults from prof i les  f rom se r i a l  sectioning by grinding. 
Excellent r e su l t s  have been obtained for diffusion zones 
as shallow as 0.17 ix by sputtering with sect ion thick- 
nesses  as  thin as 0.015/~ yielding diffusion coefficients 
on the o rde r  of 10 -18 sq cm per  s. After sput ter ing runs 
at the higher cur ren t  set t ings (_> 35 pA) for ve ry  long 
t imes  (> 12 h) etching at the grain boundaries  was ob- 
served.  Therefore  this  technique would seem bes t  
suited for single c rys t a l  studies if penetra t ions  g r ea t e r  
than approximate ly  6/1 a re  des i red .  Some etching of the 
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g r a i n  b o u n d a r i e s  would not be d e t r i m e n t a l  to the m e a -  
s u r e m e n t  of vo lume di f fus ion  s ince  the g r a i n  b o u n d a r i e s  
a r e  concen t ra t ion  s inks  and for  l a r g e  g r a i n s  the e tching  
would not g r e a t l y  affect  the  t r a c e r  concen t r a t i on  m e a -  
s u r e d  on the p l anche t s .  Obviously ,  th is  technique could 
not be used  to s tudy  g r a i n  bounda ry  diffusion.  

Spec imens  annea led  at  t e m p e r a t u r e s  above 1105~ 
were  s ec t ioned  by  la the  techniques ,  s p e c i m e n s  annea led  
f rom 700 to 1105~ by hand gr ind ing  o r  spu t t e r i ng  d e -  
pending upon the length of the anneal  and s p e c i m e n s  an -  
nea led  be low 700~ by spu t t e r ing .  If the s p e c i m e n  was 
to be s ec t i oned  on the la the  o r  by  hand gr inding ,  the 
s ides  of the s p e c i m e n  were  tu rned  down on the la the  to 
r e m o v e  any edge e f fec t s .  Each s p e c i m e n  sec t ioned  by  
spu t t e r ing  had a p p r o x i m a t e l y  2 mm r i m  of the s p e c i m e n  
face  sh ie lded .  Af t e r  spu t t e r i ng  and p r i o r  to sec t ion ing  
by hand gr ind ing  for  the g r a i n - b o u n d a r y  diffusion an-  
a l y s i s ,  the d i a m e t e r  was  reduced .  Af te r  the vo lume 
diffusion zone was  ana lysed ,  f u r t h e r  s ec t ion ing  of the 
s p e c i m e n s  annea led  at 1050~ o r  l ower  by gr ind ing  
was cont inued to ana lyze  the g r a i n - b o u n d a r y  diffusion.  
The a c t i v i t y  of 5*Cr or  SgFe in the m a t e r i a l  r e m o v e d  by 
sec t ion ing  was m e a s u r e d  using e i t he r  a f la t  o r  wel l  
type 3 by 3 in. NaI(T1) c r y s t a l  in conjunct ion  with a 
mul t i channe l  a n a l y z e r .  

RESULTS 

The method of analysis of the SiCr and S~ concen- 
tration p r o f i l e s  ob ta ined  f r o m  sec t ion ing  and counting 
was iden t i ca l  to that  p r e v i o u s l y  r e p o r t e d .  1 The vo lume 
di f fus ion coef f i c ien t s  we re  eva lua ted  f r o m  the s lope  of 
the l o g a r i t h m  of the t r a c e r  concen t ra t ion  p lo t ted  vs  the 
squa re  of the  p e n e t r a t i o n  d i s t ance  at  the n e a r - s u r f a c e  
r eg ion .  The g r a i n  bounda ry  d i f fus ion coe f f i c i en t s  we re  
eva lua ted  fu r t he r  into the s a m p l e  f rom the s lope  of the 
l o g a r i t h m  of the  t r a c e r  concen t ra t ion  p lo t ted  vs  the 
p e n e t r a t i o n  d i s t ance  r a i s e d  to the -~ power  using the 
Whipple solu t ion ,  n The p r e s e n t  r e s u l t s  a r e  l i s t e d  in 
Tab les  II and III. The A r r h e n i u s  a n a l y s i s  for  the vo l -  
ume di f fus ion y i e lded  the fol lowing f i t  to the da ta :  

Do Fe = (0.37 • 0.08) exp [ -  (66,800 • 2800)/RT] cm2/ s  

[1] 
and 

Dv Cr = (0.13 • 0.04) exp [-(63,100 • 3000)/RT] cm2/s .  

[2] 
The A r r h e n i u s  a n a l y s i s  for  the g r a i n  bounda ry  r e s u l t s  
y i e lded  

5Dff~ = (5.3 • 1.4) • 10 -7 exp [ -  (42,400 • 4100)/RT] 
cmVs [3] 

and 

5DCg[ = (3.5 • 0.5) • 10 -s exp [-- (36,000 • 2300)/RT] 

cmS/s  [4] 

F o r  c o m p l e t e n e s s  and to a id  in c o m p a r i n g  the d i f fus iv i -  
t i e s  of the  t h r e e  i so topes ,  the r e s u l t s  of the ~Ni s tudy ~ 
a r e  inc luded:  

Dv Ni = (8.8 • 1.7) • 10 -a exp [ -  (60,000 • 2600)/RT] 

c m 2 / s  [5] 

Table II. Volume and Grain Boundary Diffusion for SgFe in Fe-17 
wt pct Cr-12 wt pct Ni 

Temperature 
(~ Time (s) D v (cm 2/s) 5Dtr b (cm 3/s) 

1297 1.728 X lO s 1.57 X 10 q~ 
1251 2.592 X lO s 8.87 X 10 "n 
1198 6.048 X l0 s 3.39X 10 "n 
1120 7.776 X l0 s 1.56 X 10 "n 
1033 4.176 X IO s 1.69 X 10 "12 2.230X 10 "14 
1006 2.880X 104 1.692 X 10- n 
1000 2.700X 104 1.731 X 10- TM 1.521 X 10 .2̀ * 
948 1.728 X l0 s 4.051 X 10 "13 1.620 • 10 "14 
948 6.840X l0 s 2.138 X 10 "14 
902 3.456 X IO s 7.661 X 10 "is 
900 5.184X l0 s 1.304 X 10 "la 1.152 X 10 -24 
848 1.1052 X 106 2.747 X 10 "xs 
800 1.3824 X 106 2.179 X 10-14 6.348 • 10 q6 
760 2.0736 X 106 1.148 X 10 "Is 
701 4.2336 X 106 2.100 X 10 "16 
701 2.9376 • 106 1.534 X 10 "16 2.135 X 10- 26 
661 2.3076 X 106 6.691 X 10- 27 
600 4.6656 X 106 9.169 X 10 "is 1.322 X 10 "17 
597 4.9248 X 106 5.683 X 10 "18 

Table III. Volume and Grain Boundary Diffusion for SZCr in Fe-17 
wt pct Cr-12 wt pct Ni 

Temperature 
(~ Time (s) O v (cm2/s) ,SDg b (cma/s) 

1295 1.728 X lO s 2.38 • 10 "l~ 
1253 3.204 • l0 s 1.50 X 10-1~ 
1205 6.048 X l0 s 5.34 • 10 "11 
1147 6.192X l0 s 2.34X 10 "11 
1104 5.796 X 10 s 8.72 X 10 "12 
1050 9.360X 104 7.246X 10 "12 2.771 X 10-14 
992 8.640 X l0 s 1.22 X 10- n 2.049 X 10 q4 
950 4.320X 10 s 5.030 • 10 "13 8.247 X 10 "15 
902 1.296 X 106 6.432 X 10 "Is 
902 4.320 X l0 s 4.010 • 10 "13 5.424X 10 "is 
850 1.1844X 106 4.682 X 10 q4 3.346• 10 "Is 
806 1.7280• 106 1.518X 10 qs 
800 2.4192 • 106 3.085 X 10 "14 1.871 X 10 qs 
749 3.0240 X 106 1.270 X 10 "14 6.126 X 10-16 
701 2.9376X 106 3.018X 10-16 2.836X 10 "16 
699 2.5596 X 106 2.365 • 10 "16 
652 3.6252 X 106 7.848 X 10-17 6.482 • 10 "17 
637 1.6986 X 106 1.59 X 10 "16 1.242 X 10 "16 
603 4.3200 X 106 1.050 X 10-17 1.375 • 10 "17 
576 1.7280 X 106 1.776 • 10-17 1.651 • 10-17 

and 

6Dffg~ = (3.7 • 0.5) • 10 -~ exp [ -  (32,000 • 1900)/RT] 

cm3/ s  [6] 

The width of the  g r a i n  bounda r i e s ,  6, is  inc luded with 
the g r a i n  bounda ry  d i f fus iv i t i e s .  The e r r o r  l i m i t s  ind i -  
ca te  an 80 pc t  conf idence  in the ca l cu l a t ed  va lues  us ing  
Student t s t a t i s t i c s .  The ac t iva t ion  e n e r g i e s  for  vo lume 
di f fus ion i n c r e a s e  by  i n c r e m e n t s  of a p p r o x i m a t e l y  3000 
ca l  p e r  mole  f r o m  n icke l  to c h r o m i u m  to i ron .  The e r -  
r o r  l i m i t s  for  the ac t iva t ion  e n e r g i e s  ove r l a p  due to the 
c l o s e n e s s  of the  r e s u l t s .  The ac t iva t ion  e n e r g i e s  for  
g r a i n  bounda ry  d i f fus ion  v a r y  by 4000 to 6000 ca l  p e r  
mole  in the s a m e  o r d e r ;  again ,  the e r r o r  l i m i t s  ove r l ap .  

The A r r h e n i u s  p lo t s  for  i ron  vo lume and g r a i n -  
bounda ry  d i f fus ion a r e  shown in F igs .  4 and 5 and a r e  
c o m p a r e d  with the r e s u l t s  obta ined  for  i ron  in s i m i l a r  
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Z 

12 

T(~ 
t200 1000 800 600 

t0-8 

f0-9 

t0 -t~ 

tO-~a 

10-t5 

t0-~6 

40-,7~_. ,: - -~ , -  i ~ 
6 7 40 H t2 

t~176176176 (~ 
Fig. 6--Volume diffusion of ~lCr. 

i0-~3 

40 -14 

40-45 

10 -47 

10-48 
6 

- - I  

7- (~ 
t200 1000 800 

I I I 1 r I 
600 

~X o 
- 

o 

Z 

Fe LACOMBE e/ o/. 
- F e - 2 0 C r - 2 5  Ni /Nb SMITH 

AND GIBBS 
F e - t 7 C r - t 2  Ni THIS STUDY 

7 8 9 t0 11 
t o , o o o / r  (OK) 

Fig. 5---Grain-boundary diffusion of 59Fe. 
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s y s t e m s .  In Fig.  4 the scat terband for the r e s u l t s  f r o m  
the many s tudies  of iron v o l u m e  se l f -d i f fus ion  in g a m m a  
iron is  shown along with the r e s u l t s  f rom two austeni t ic  
s t e e l s .  The rate  of iron diffusion in the present  s y s t e m  
is  shown to be s o m e w h a t  s m a l l e r  than in the two s t e e l s  
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while  the act ivat ion e n e r g i e s  are  near ly  equal.  In Fig.  
5 the grain-boundary diffusion r e s u l t s  for pure iron 
w e r e  obtained according  to the F i sher  ana lys i s  1~ while  
the other two inves t igat ions  used the Whipple ana lys i s ,  n 
Therefore  the r e s u l t s  for pure iron would be higher by 
a factor of 2 to 3 if analyzed  by the Whipple ana lys i s  
and would agree  we l l  with the other r e s u l t s  shown. 

The Arrhenius  plot for c h r o m i u m  v o l u m e  diffusion is  
shown in Fig. 6. F r o m  c o m p a r i s o n  with r e s u l t s  f r o m  
other s tudies ,  the rate  of c h r o m i u m  v o l u m e  diffusion 
in the present  a l loy  is near ly  an order  of magnitude 
less than in pure iron or Fe-20 Cr-25 Ni/Nb. Also the 
activation energy varies a great deal for the three sys- 
tems. The results for the grain-boundary diffusion of 
chromium are shown in Fig. 7 where the present data 
agree fairly well with the results for grain-boundary 
diffusion of chromium in Fe-20 Cr-25 Ni/Nb although 
the activation energies are quite different. 

In Figs. 8 and 9 the results for iron, chromium and 
nickel are shown for volume diffusion and grain-bound- 
ary diffusion, respectively, in the present system. The 
volume diffusion rate of chromium is the fastest, while 
that of nickel is the slowest in the temperature range 
studied. The activation energy of nickel is the lowest 
and of iron the highest .  The ra te s  of grain-boundary 
diffusion for the three  e l e m e n t s  are  near ly  the s a m e  
over  m o s t  of the t empera ture  range although the dif-  
f e r e n c e s  b e c o m e  greater  at the highest  and lowes t  t e m -  
pera tures .  At approx imate ly  850~ the d i f fus iv i t ies  of 
al l  three  e l e m e n t s  along grain boundaries  are  equal 
whi le  above 850~ iron dif fuses  m o s t  rapidly and be low 
850~ nicke l  d i f fuses  m o s t  rapidly.  The act ivat ion en-  
ergy  i n c r e a s e s  f rom the grain-boundary diffusion of 
n icke l  to c h r o m i u m  to iron as was  o b s e r v e d  for v o l u m e  
diffusion. 
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DISC USSION 

The v o l u m e  diffusion of iron,  c h r o m i u m ,  and n icke l  1 
in the p r e s e n t  s y s t e m  is  cons i s t en t ly  lower  than in pure 
iron or  in austeni t ic  s t a i n l e s s  s t e e l s  although the iron 
r e s u l t s  are  m o r e  compat ib le  with other s tudies  than the 
other two e l e m e n t s .  F r o m  Table I the diffusion p a r a m -  
e t e r s  f r o m  the r e s u l t s  of Linnenbom e t  a l .  6 for the dif-  
fus ion of iron in 18-8 s t a i n l e s s  s t e e l  are  near ly  the 
s a m e  as  for iron in the presen t  a l loy,  and the a c t i -  
vation e n e r g i e s  in all  four m a t e r i a l s  are  near ly  ident i -  
cal .  Smith and Gibbs 4,m have conducted an invest igat ion 
analogous to the present  study in F e - 2 0  Cr-25  Ni /Nb 
austeni t ic  s t a i n l e s s  s t e e l  over  a narrower  t empera ture  
range.  Their r e s u l t s  indicated that the v o l u m e  di f fus iv-  
i t i e s  of c h r o m i u m  and n icke l  are  apprec iably  greater  
than that of iron and that the grain-boundary d i f fus iv i -  
t i e s  of the three  e l e m e n t s  are  near ly  ident ical .  Although 
there  are  large  compos i t iona l  d i f f erences  be tween  
their  s y s t e m  and the a l loy  used in the presen t  i n v e s -  
t igation,  the m o s t  s ignif icant  d i f ference  is the change 
in the n icke l  content.  The addition of n icke l  to the 
austeni t ic  iron lat t ice  has been concluded to d e c r e a s e  
the in teratomic  bond strength of the la t t ice .  14 This de-  
c r e a s e  in bond strength would cause  an i n c r e a s e  in the 
di f fus iv i ty  of s p e c i e s  in the la t t ice .  There fore ,  v o l u m e  
diffusion in the p r e s e n t  s y s t e m  might be expected  to be 
s l o w e r  than in F e - 2 0  Cr-25  Ni /Nb  s t e e l .  However ,  if 
the re la t ion  be tween  the "average  group number"  of 
an a l loy  and the bond strength in the a l loy  as indicated 
by Smith and Gibbs ~ w e r e  extended to include the p r e s -  
ent s y s t e m ,  no d i f ference  be tween  the dif fusivi ty  in 
pure iron,  this  a l loy  or the s t a i n l e s s  s t e e l s  would be 
predic ted .  The addition of c h r o m i u m  to the iron lat t ice  
has  been  concluded to i n c r e a s e  the in tera tomic  bond 
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s t r eng th  in the aus ten i t i c  la t t ice ,  ~5 which would d e c r e a s e  
the r a t e  of diffusion.  This  d e c r e a s e  might  account  for  
the fact  that  vo lume  diffusion in the p r e s e n t  s y s t e m  is  
lower  than in pure  i ron while fu r the r  nickel  addit ions 
s e e m  to i n c r e a s e  the r a t e .  The data for  the diffusion 
of c h r o m i u m  in 18-8 s t a in l e s s  s t ee l  z would oppose this  
t rend .  However ,  the l a t t e r  data  w e r e  obtained ind i r ec t l y  
and might  not be as r e l i a b l e  as d i r e c t  m e a s u r e m e n t s  
over  the s a m e  t e m p e r a t u r e  range  as that  study. 

Due to the s i m i l a r  ionic r ad i i  of i ron,  ch romium,  and 
nickel ,  c h r o m i u m  and nickel  wil l  occupy s i t e s  on the 
f a c e - c e n t e r e d  cubic i ron  la t t ice ,  and al l  t h ree  e l e m e n t s  
wi l l  diffuse v ia  vacanc i e s .  Because  al l  t h ree  e l emen t s  
a r e  p r e s e n t  in l a rge  amounts ,  bonding e n e r g i e s  be tween  
the individual  a toms  and v a c a n c i e s  a r e  expected  to be 
negl ig ible .  TM However ,  if the v a r i o u s  spec i e s  have dif -  
f e ren t  jump f r equenc i e s ,  c o r r e l a t i o n  e f fec ts  can become  
s ignif icant .  In th is  ca se  the vo lume  dif fus ivi ty  of a p a r -  
t i cu l a r  spec ies ,  i, is g iven by 

D v = f i a o T i  e x p  "R- 
-- A H f  -- ~r tm ,  i ] 

e x p  L R T  j 
[7] 

where  a o is  the l a t t i ce  constant ,  f i  is the c o r r e l a t i o n  
fac to r  of the spec i e s  i, 7i is  the v ib ra t iona l  f r equency  
of the spec i e s  i ,  A S f  and AHf a re  the en t ropy  and ent -  
halpy of vacancy  f o r m a t i o n  and lXSm, i and A H m ,  i a re  the 
en t ropy  and enthalpy of a v a c a n c y / - a t o m  exchange.  The 
p a r a m e t e r s  which a r e  capable  of changing for  each s p e -  
c ies  a r e  f i ,  A S m , i  and laH m i;  Yi is a s s u m e d  to be e s -  
sen t ia l ly  the s a m e  for  a l l  tl~ree e l emen t s .  Zener  la has 
shown that  the en t ropy  of diffusion should be d i r e c t l y  
p ropor t iona l  to the enthalpy,  this r e l a t ionsh ip  has been 
subs tan t ia ted  for  fcc  s y s t e m s ,  x9 The f requency  fac to r  

D o : fia~oy e x p  . R [81 

should, t h e r e f o r e ,  i n c r e a s e  as the ac t iva t ion  ene rgy  
i n c r e a s e s  if f t  is constant .  

Because  the jump f r equency  is given by 

AGm, i  
wi  = y e x p  ( -  R T  ) [9] 

the jump f r equency  for  each spec i e s  wil l  i n c r e a s e  as 
the ac t iva t ion  ene rgy  d e c r e a s e s  because  A G f  is con-  
s tant ;  t h e r e f o r e ,  WNi > WCr > WFe. For  a l loys  which 
contain 10 pct  a tom f r ac t ion  or  m o r e  of impur i ty ,  
Manning has p roposed  that al l  s i t e s  in the c r y s t a l  have 
the s a m e  vacancy  binding energy .  An ave rage  jump 
f r equency  is then defined as ~7 

W : Y l w  , + Naw2 + Y3w 3. . . Nnw n [10] 

where  N n and Wn a re  the mole  f rac t ion  and jump f r e -  
quency of the n- th  spec i e s  in the la t t ice ,  r e s p e c t i v e l y .  
The c o r r e l a t i o n  fac to r  for  each spec i e s  is then given 
by 17 

f i  = 7.151W/(2wi + 7.151W) [11] 

for  an fcc la t t i ce .  T h e r e f o r e ,  because  w i i n c r e a s e s  as 
the ac t iva t ion  e n e r g y  d e c r e a s e s ,  the c o r r e l a t i o n  fac tor  
wil l  d e c r e a s e  as the ac t iva t ion  ene rgy  d e c r e a s e s .  This 
y ie lds  fNi  < f C r  < f F e ,  thus caus ing  D o to d e c r e a s e  
as Q d e c r e a s e s  even beyond the change caused  by AS. 
Approx imate  va lues  for  f i  a r e  ca lcu la ted  to be:  fNi  

~ 0.5; f C r  ~ 0.7; and fFe  ~ 1.0. T h e r e f o r e ,  the c o r -  
r e l a t ion  ef fec t  could contr ibute  to the low dif fus ivi ty  
o b s e r v e d  fo r  n ickel .  

The ac t iva t ion  ene rg i e s  for  g r a in -bounda ry  diffusion 
of the t h r ee  e l e m e n t s  fol low the s a m e  t r end  as for  the 
vo lume  diffusion. Because  the g ra in -bounda ry  diffusion 
is r e l a t ed  to the vo lume diffusion, this  t r end  is not un- 
expected .  The g ra in -boundary  d i f fus iv i t i es  of the t h r ee  
e l emen t s  a r e  nea r ly  equal  at 850~ Above 850~ i ron  
diffuses  mos t  rap id ly  and nickel  is the s lowes t  while 
below 850~ the r e l a t i v e  r a t e s  a r e  r e v e r s e d .  The r e -  
sul ts  for  i ron  a g r e e  wel l  with r e s u l t s  f r o m  other  s y s -  
t e m s  while r a t h e r  l a rge  d i f f e r ences  a r e  o b s e r v e d  for  
c h r o m i u m  and nickel .  The g ra in -bounda ry  diffusion 
ana lys i s  is  compounded by the poss ib i l i t y  of i m p u r i t i e s  
and minor  cons t i tuents  s eg rega t i ng  to the g ra in  bounda-  
r i e s  and by ca rb ide  fo rmat ion .  These  ef fec ts  could 
g r ea t l y  affect  the r a t e  of diffusion down the gra in  bound- 
a r i e s .  Large  d i f f e r ences  w e r e  o b s e r v e d  for  ac t iva t ion  
e n e r g i e s  for  c h r o m i u m  and nickel  g ra in -bounda ry  dif -  
fusion in the va r i ous  s y s t e m s  cons ide red ,  which might  
be a t t r ibu tab le  to the impur i ty  and a l loying e l emen t s  
p r e sen t .  The va r ious  e f fec t s  which need to be cons id -  
e r e d  when de t e rmin ing  the vo lume and g ra in -bounda ry  
diffusion coef f ic ien ts  f r o m  the same  s p e c i m e n  have 
been p r ev ious ly  d i scussed .  I 

C ONC LUSIONS 

1) The vo lume  diffusion coef f ic ien t s  for  S~ and ~ICr 
in Fe-17  Cr -12  Ni have been  d e t e r m i n e d  f r o m  600 to 
1300~ and a r e  r e p r e s e n t e d  by Eqs.  [1] and [2], r e -  
spec t ive ly .  

2) The g ra in -boundary  diffusion coef f ic ien ts  for  SgFe 
and 51Cr in Fe-17  Cr -12  Ni have been  d e t e r m i n e d  to be 
r e p r e s e n t e d  by Eqs.  [3] and [4], r e s p e c t i v e l y .  

3) The ac t iva t ion  e n e r g i e s  for  both vo lume  and g r a i n -  
boundary diffusion have been o b s e r v e d  to i n c r e a s e  f r o m  
nickel  to c h r o m i u m  to i ron.  

4) C o r r e l a t i o n  ef fec ts  might  help account  for  the low 
dif fus ivi ty  of nickel  in the p r e s e n t  sy s t em .  
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