Tracer Diffusion of ¢3Ni in
Fe-17 wt pct Cr-12 wt pct Ni

R. A. PERKINS

The tracer diffusion of ®*Ni in Fe-17 Cr-12 Ni by both volume and grain boundary transport
has been studied from 600° to 1250°C. The use of an RF sputtering technique for serial sec-
tioning allowed the determination of very small volume diffusion coefficients at the lower
temperatures. Volume diffusion of nickel in this alloy was observed to be much slower than
in pure iron or austenitic stainless steel at comparable temperatures. The volume diffusion
coefficient is described by Dy = 8.8 exp (— 60,000/RT) ecm?/s and grain boundary diffusion is
described by 6D, = 3.7 x10°° exp (— 32,000/RT) cm®/s.

SEvERAL investigations'~® have been reported which
describe the diffusion parameters of Fe, Cr, and Ni
transport in pure iron and various stainless steels by
both volume and grain boundary diffusion mechanisms.
Results from previous studies!™ on nickel diffusion are
summarized in Tables I and I where the parameters
pertain to the usual Arrhenius-type equation relating the
diffusion coefficient to temperature, D = D, exp [Q/RT).
In an attempt to obtain some basic information about dif-
fusion in Fe-Cr-Ni alloys, the volume and grain-bound-
ary self-diffusion of ®*Ni in the ternary alloy Fe-17 wt
pet Cr-12 wt pct Ni have been investigated as part of

an overall study to examine self-diffusion for all three
constituents. This alloy and 316 stainless steel are of
similar composition; therefore, in addition to the basic
interest in diffusion in fcc iron-based alloys, the study
will help characterize diffusion in 316 stainless steel.

Table |. Volume Diffusion of Nickel

Activation
Frequency Energy
Solvent Factor, cm?/s keal/mole Reference
D} o
Fe 0.77 67.0 1
Fe 1.25 67.7 2
Fe-9 pct Ni Steel 56X 107 46.7 3
Fe-17 Cr-12 Ni 8.8X 1073 60.0 this study
Fe-20 Cr-25 Ni/Nb steel 4.06 67.5 4
Table 1. Grain Boundary Diffusion of Nicke!
Activation
Frequency Energy
Solvent Factor, cm®/s keal/mole Reference
5D;b ng
Fe 2.5X 1076 44.5 2
Fe-9 pet Ni steel 1.8% 107 28.6 3
Fe-17 Cr-12 Ni 3.7X10° 315 this study
Fe-20 Cr-25 Ni/Nb steel 1.5X 107 479 4
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The data are of value in determining the effects of
major and possibly minor constituents upon the atomic
motion of nickel in various austenitic steels. A method
has been used which allows the determination of true
volume self-diffusion coefficients down to 600°C; where-
as, most investigations yield an upward deviation from
the Arrhenius plot at low temperatures due to ‘‘enhanced
diffusion.’’ These low temperatures are in the range of
many practical engineering applications and will aid in
relating basic transport phenomena to practical prob-
lems.

EXPERIMENTAL PROCEDURE

The Fe-17 wt pct Cr-12 wt pct Ni alloy was prepared
from high-purity Fe, Cr, and Ni by arc melting under
an argon atmosphere. The alloy button was inverted
and remelted several times to obtain an even distribu-
tion of the constituents and swaged into a rod 1.27 cm
in diameter. The swaged rod was cut into pieces 7 cm
in length which were wrapped in tantalum foil and pre-
annealed at 1300°C for 96 h in a high-purity argon at-
mosphere. The composition of the alloy is given in
Table III. Specimens from the rod were analyzed at
three points along its length to check the homogeneity
of the alloy. The grain size was determined to be ap-
proximately ASTM No. 0, or 8 grains/mm?, Cylindrical
specimens 1.2 cm in diam and 0.3 em in length were
then cut from the alloy rods. One face of each speci-
men was polished through 4/0 emery paper. Those
specimens used for the low temperature anneals (600°
to 750°C) were further polished through 0.05 u alumina
powder and alternately etched and polished three times
to remove strained material. (A specimen prepared
each way was run at 1000°C, and no difference was ob-
served in either the diffusion coefficient obtained or
the resolution of the volume diffusion zone near the
surface.) The %*Ni isotope was then evaporated onto
the specimen from a tungsten filament under vacuum
or deposited dropwise onto the specimen with subse-
quent evaporation of the solution. The former technique
was used exclusively for specimens run at tempera-

Table t1l. Composition, wt pct, of Alloy

Fe Cr Ni Si Mn Al Nb Ta C

7045 1675 1205 0.1 0.003 <0.02 <0.03 <005 0.0058
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tures below 1100°C. Specimens were then wrapped in
tantalum foil and encapsulated in quartz ampoules along
with zirconium turnings to reduce the oxygen pressure
during the diffusion anneal. Each ampoule was sealed
with the appropriate argon pressure to create a pres-
sure of ~1 atm inside the ampoule at the diffusion an-
neal temperature. Diffusion anneals were run at ap-
proximately 50°C intervals from 600° to 1250°C with
the temperature controlled to + 2°C. Details of the an-
neals are listed in Table IV.

Sectioning to analyze the volume diffusion zone at
small penetration values was accomplished by a radio-
frequency sputtering technique to be described fully in
a later paper.” Basically, a portion of the specimen
face was exposed to argon ion bombardment and a frac-
tion of the material removed from the surface was col-
lected on planchets under the specimen. A rim about
1 mm wide around the circumference of the specimen
face was shielded so surface diffusion down the side of
the specimen did not influence the results. The section
thickness was determined by weighing the specimen be-
fore and after the sputtering process and dividing the
loss into increments, the size of the increments being
determined by the length of time material was depos-
ited on each planchet. The activity of ®*Ni in the mate-
rial deposited on the planchets was measured using a
partially depleted surface barrier detector. For com-
parative purposes the volume diffusion coefficients
were determined by a conventional grinding technique
at two temperatures—1100° and 1250°C.

After the volume diffusion zone was sectioned, the
specimen diameter was reduced to remove the effects
of any surface diffusion of ®*Ni down the sides of the
specimen during the anneal. The concentration profile
in the grain boundary diffusion zone was then measured
by a surface decrease counting technique in which the
activity of the surface was measured after removing
successive layers. Because ®*Ni emits only low-energy
(0.063 MeV) B-radiation, the radiation is very strongly
absorbed in the alloy, and the activity at the surface is

Table 1V. Volume and Grain Boundary Diffusion
Coefficients for Nickel in Fe-17Cr-12Ni

Volume Diffusion

Zone Width,
Temp., °C Time, s 10% cm D,,cm?/s 8Dy, cm3/s
1253 1.152 X 10° 51.6* 4.078 X 107!
1250  1.082X 10* 7.5t 2.607X 101 1.091X 10"
1248 1.152% 10° 48.1* 5433 10" 7.822X 107"
1200  1.224X 10* 5.3t 1344X 101 6422X 10"
1149 1.476 X 10* 5.4t 4.166X 10" 7.004X 10°1
1099  5.184% 10° 35.0* 4659X 1012 2412X 10
1098  2.886X 10° 5.7t 1.216X 1012 5186 X 10
1051 1.782X 10° 441 1.350% 10" 1.908 X 107"
1002 2.376X 10° 3.6% 4403% 1013 2.183X 10
1000  3.456X 10° 6.11 3.333X 1013 2624X 100"
949  4.392X 10° 7.6t 2.240X 1013 8436X 107
898  5.184X 10° 4.0t 9.619X 10 4477X 10
851 1.728 X 108 4.6t 1.049X 10® 2588 X 1078
799 1.8144 X 10° 4.6t 7.984X 1075 7.688X 1071
748  2.8512X 106 1.7% 8.950X 10"  6.510X 107"
702 4.0716 X 10° 0.87+% 5.725X 1076 4.430X 107
650  3.9744 X 10° 046t 4.747X 10" 1.401X 1076
603  5.0112X 108 0.221 4416% 10V

7.081 X 1072

*Sectioned by hand grinding.
1Sectioned by rf sputtering.
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characteristic of only a very thin layer of the specimen.
From Gruzin’s method,'? if the radiation is strongly ab-
sorbed, the profile obtained from counting the decrease
in the surface activity is completely analogous to that
obtained from the residual activity counting technique.
Thig technique was used previously for 5*Ni diffusion

in Cu,** N1,? and Fe.'

DATA ANALYSIS

In the region of the specimen where volume diffusion
predominates, the tracer diffusion is described by the
¢thin film’’ solution to Fick’s Second Law for a semi-
infinite medium

Al 1) = = e (- ) (1]

where A (x, ¢) is the activity at a distance x into the
specimen at time ¢, M is the initial total activity per
unit area in the isotope layer and D is the volume dif-
fusion coefficient. Therefore, InA plotted vs x* should
yield a straight line with the slope equal to —1/(4Dt).
This straight line relation was observed near the sur-
face for all specimens; however, the activity deviated
from the linear plot at distances greater than approxi-
mately 2 (Dt)'/? as various short-circuiting effects be-
came important. Far from the surface and the volume
diffusion region, grain boundary diffusion predominates.
The grain-boundary diffusion equation has been solved
for a grain boundary perpendicular to the surface of a
semiinfinite medium for: 1) a constant surface concen-
tration,'®™ and 2) an instantaneous surface concen-
tration.'® Le Claire'® and Suzuoka'® have shown that
the grain-boundary diffusion coefficients obtained ex-
perimentally from serial sectioning are essentially the
same for both boundary conditions when analyzed ac-
cording to either Whipple’s solution or Suzuoka’s solu-
tion. Fisher’s solution yields a value of & to 4 the value
obtained from the other two solutions. Whipple’s solu-
tion for grain boundary self-diffusion can be written

in the form®

3ln A\ /4D, \'"? dlnA \*
= 2
ax8/5 ) t ) <a(778-172)675) [ ]

where Dy 1s the grain boundary diffusion coefficient,
6 is the grain boundary width, 7 is the dimensionless
distance parameter x/(Dt)'/?, and 8 is the ratio of Dgy
and D,, in the form: 8 = (Dgp/Dy, — 1)5/2(Dt)*%. To ap-
ply this solution to multicomponent systems, 6Dgp
must be replaced by abDgp"" where a is the equilibrium
ratio of the grain-boundary tracer concentration to the
lattice concentration and allows for the grain boundary
segregation of the diffusing species. From a consider-
ation of the similar ionic radii of Ni, Fe, and Cr, «a is
assumed to be unity for each constituent in the present
system.'® For grain boundary diffusion, the logarithm
of the activity plotted va ¥*”® should yield the best
straight line fit.'®*® Furthermore, from numerical
analysis LeClaire'® has shown that the slope of In A
vs (78 Y2)%" ig nearly independent of 78"/ such that
(3lnA/3(nB7'/3)*/®) is approximately 0.74 over the
penetration range commonly used experimentally. The
value of 31nA/3(nB %)%/ is also essentially indepen-
dent of 8 when B > 10. Such was observed in the pres-
ent work for those specimens annealed at 1150°C and

ﬁng =
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lower. Therefore, the grain boundary diffusion coeffi-
cient was calculated from a linear least squares fit of
the data plotted as In A vs x®/° at large distances into

the specimen using Eq. [2].

RESULTS AND DISCUSSION

The concentration profile obtained for the specimen
annealed at 603°C is plotted as the logarithm of the ac-
tivity vs x? in Fig. 1. The volume diffusion zone is con-
tained within the first 0.22 y from the surface, and the
grain boundary diffusion zone extends from 30 u in-
ward. Because different sectioning and counting tech-
niques were used to analyze the two zones, the activity
from the two sets of data were related empirically to
yield the complete curve. The volume diffusion zone
is plotted on an expanded x® scale in Fig. 2 yielding the
straight line relationship expected from the *‘thin
film’’ solution of Fick’s Second Law. The grain bound-
ary diffusion zone is plotted as In A vs x%/% in Fig. 3
indicating the type of linear plot from which 8D, is
calculated.

Table III contains the volume and grain boundary dif-
fusion coefficients measured experimentally in this re-
search. Included in the table is the width of the volume
diffusion zone which exhibited a typical Gaussian rela-
tion between the activity of ®*Ni and the penetration
distance squared. Therefore very fine sectioning tech-
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Fig. 1—Diffusion of #3Ni in Fe-17 Cr-12 Ni at 603°C for
5.0112 x 108 s.
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Fig. 2—Volume diffusion of ®Ni in Fe-17 Cr-12 Ni at 603°C
for 5.0112 x 10° s.
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Fig. 3—Grain-boundary diffusion of ®*Ni in Fe-17 Cr-12 Ni
at 603°C for 5,0112 x 108 s,

niques were required to analyze this zone and obtain

a true volume diffusion coefficient below 800°C instead
of observing ‘‘enhanced diffusion’’*® due to short cir-
cuiting mechanisms. The sputtering technique which
had been developed provided a method of removing
very thin sections easily and rapidly. As indicated in -
-Table IV, at 1100° and 1250°C specimens were annealed
for a short time and sectioned by sputtering, and also
specimens were annealed for a long time and sectioned
by grinding in order to determine the correlation of
the results of the sputtering technique with the results
of more conventional sectioning techniques. The diffu-
sion coefficient obtained from grinding is approximately
a factor of two higher than that obtained from sputter-
ing. This slight difference is to be expected since the
diffusion zone necessary for grinding is much wider,
and therefore, short-circuiting effects will contribute
to a greater degree to the region attributed to volume
diffusion.

The results of the volume diffusion analysis listed
in Table III are shown on an Arrhenius plot in Fig. 4.
The results from the specimens sectioned by grinding
are shown in Fig. 4 but were not included in the least
squares fit from which the diffusion parameters were
calculated. Obviously, there is no evidence of ‘‘en-
hanced diffusion’’ resulting from the contribution of
short-circuiting mechanisms down to 600°C. The tem-
perature dependence of the volume diffusion is:

D, = (8.8+1.7) x10™ exp [—(60,000 + 2600)/RT] cm?/s
(3]

The error limits indicate a ninety percent confidence
in the calculated values using standard Student ¢ sta-
tistics.

In Fig. 4 the results of the present investigation are
compared to nickel volume diffusion in pure iron and
two alloys. Nickel diffusion in the present alloy is ap-
preciably slower than in pure iron or Fe-20 Cr-25
Ni/Nb steel, but is about the same as ina 9 pet N
steel. In nickel steels, Dj, and @, for nickel volume
self-diffusion have been observed to decrease with in-
creasing nickel content from 2.5 to 9 pct Ni.* I sev-
eral austenitic stainless steels, Dj has been observed
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Fig. 4—Volume diffusion of 83Ni.

to increase while @, decreased with increasing nickel
content for chromium volume self-diffusion.?* Studies
of the effect of nickel content upon the volume self dif-
fusion of iron in Fe-Ni alloys have been made, indicat-
ing that although varying trends on Dj, were observed,
Q, always decreased with increasing nickel content.*
For iron volume diffusion in austenite, chromium ad-
ditions have been observed to increase D3 and Q,.***
These observations have led to the conclusions that the
atomic bond strength in the austenitic lattice decreases
as the nickel content increases® and increases as the
chromium content increases.®® The variation in @, for
the alloys listed in Table I is opposite the trend ex-
pected based upon the nickel content. The @, decreases
for the 9 pct Ni steel but for the other alloys the chro-
mium effect predominates as @, increases with (Cr

+ Ni) content. The frequency factor, D,, also increases
rapidly with (Cr + Ni) content; an increase to which
both elements may be contributing. Due to the gross
differences in concentration between the alloys, the
effects of minor constituents cannot be estimated.

The Arrhenius plot for the grain boundary diffusion
coefficients listed in Table III is shown in Fig. 5. In
order to calculate 5Dgp from Eq. [2], the value of D,
at a particular temperature was calculated from Eq.
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Fig. 5—Grain-boundary diffusion of 83Ni.

[3] to use in Eq. [2]. The temperature dependence of
0Dy is given by

6Dgp = (3.7 4 0.5) x 10™° exp[~(32,000 + 1900)/RT]cm’/s
(4]

The values obtained for 6Dgp compare well with the re-
sults obtained for nickel diffusion in the nickel and
stainless steels previously mentioned as shown in Fig.
5. However, the diffusion parameters, 6Dgp and @gp
which are compared in Table I, vary greatly. Smith and
Gibbs® used the Whipple analysis for the Fe-20 Cr-25
Ni/Nb steel and Mori and Nagashima* used the Suzuoka
analysis for the 9 pct Ni steel but this would not cause
differences of the magnitude observed when comparing
the results. The activation energy and frequency factor
increase with increasing (Ni + Cr) content; the same
trend observed for volume diffusion. The nickel con-
tent had been previously observed to have no consistent
effect upon 6Dgp and Qg for grain-boundary diffusion
in nickel steels of 2.5 to 9 pct Ni.* The grain boundary
diffusion coefficients in the three alloys are of the same
general magnitude while the results for pure iron are
much higher. I the results of the two steels were ex-
panded over a wider temperature range, larger differ-
ences in the diffusion coefficients might appear since
the results for pure iron coincide well with an extrap-
olation of results of Smith and Gibbs. Therefore, this
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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'® has derived a grain boundary
parameter n = b/(Df)"/? where, assuming cubic grains,
b is one hulf the length of an edge of a grain. Then
from a knowledge of » and B for a particular specimen,
the error in D, 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°C specimen to
essentially 0 for the 600°C specimen. Suzuoka'® has
also determined an ‘‘observable range’’ from which
6Dgp can be calculated such that the volume diffusion
from the surface contributes less than 1 pct to the ac-
tivity measured from serial sectioning. The minimum
of the ‘‘observable range’’ varied from approximately
33 i for the 1250°C specimen to less than 0.4 u for the
600°C 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 results from a combination of volume
diffusion, grain boundary diffusion and diffusion along
high-diffusivity dislocation pipes. The limit of the ob-
servable range is dependent upon the ratio of 6Dgp to
D,. 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 8Dgy t0 Dephanced Which is
much smaller than 6Dgp to D,,. 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,. Fi-
nally, Suzuoka'® 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 Dgp 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-
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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.

CONCLUSIONS

1) The radiofrequency 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 ®Nl in Fe-17 Cr-12 Ni have been determined
from 600° to 1250°C and are represented by Egs. [3]
and [4], respectively.

3) The activation energies and frequency factors of
volume and grain boundary diffusion of ®*Ni 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 varies very
little with alloy composition.
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