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Abstract

The effect of alloy composition on radiation-induced segregation (RIS) was investigated in austenitic iron-base and
nickel-base alloys using proton irradiation. Specifically, RIS was studied by irradiation of Ni-18Cr, Ni-18Cr—9Fe, and
Fe—20Cr-9Ni over a dose range of 0 to 1.0 dpa and a temperature range of 200 to 500°C. Grain boundary composition was
measured using Auger electron spectroscopy and scanning transmission electron microscopy with energy dispersive X-ray
spectroscopy. Measurements from this study along with measurements from Fe—16Cr-24Ni, Fe—20Cr—24Ni, Fe-24Cr—24N;i,
and Fe-24Cr—19Ni alloys irradiated with protons confirm that RIS is strongly dependent on the alloy composition. Trends
in segregation behavior in Fe-base alloys are consistent with high temperature diffusion measurements, indicating that a
vacancy mechanism is the most likely primary driving force for RIS in austenitic steels. The migration energy for Cr is
shown to be larger than the migration energy of Fe. Segregation measurements in Ni-base alloys are not consistent with high
temperature diffusion measurements, indicating that ordering forces may be significant in the segregation process.
Comparison of model calculations to measured RIS data indicate that Fe, Cr, and Ni diffusivities are composition dependent.
This dependence on alloy composition limits the predictive ability of simple models because of the need for separate
diffusion parameters for every alloy composition.

1. Introduction

Because of the potential deleterious effects on nuclear
reactor structural materials, radiation-induced segregation
(RIS) in austenitic stainless steels has been studied for
quite some time [1]. Segregation has been measured using
both Auger electron spectroscopy (AES) [2] and scanning
transmission electron microscopy with energy dispersive
X-ray spectroscopy (STEM /EDS) [3] on materials irradi-
ated with neutrons [3,6], electrons [4], heavy ions [5] and
protons [2]. A review of RIS in binary and ternary alloys is
given in Ref. [7]. Since RIS occurs at low temperature
(200-600°C in proton irradiated stainless steels), segrega-
tion measurements provide information on low energy
kinetics that are not measurable at the high temperatures
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where diffusion coefficients are normally measured (greater
than 1000°C). By measuring the rates of segregation of Fe,
Cr, and Ni as a function of bulk alloy composition,
information about the interactions between atoms in the
alloy can be determined. Improving the understanding of
the basic interactions that drive the segregation process
will lead to an improved ability to predict segregation in a
range of austenitic alloys under a variety of irradiation
conditions.

1.1. Analyzing RIS in ternary alloys

Radiation-induced segregation occurs when a local point
defect flux causes a net flux of atoms toward or away from
the grain boundary. The atom flux depends on the diffusiv-
ity of each constituent (which describes the rate at which
an atom will interact with the point defect flux) and on the
local composition. For example, the flux of Cr atoms due
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to the vacancy flux is a function of the local Cr concentra-
tion C,, and the Cr diffusivity, d$":

IE=f(Cer. d7). (N

Therefore, if either the concentration or the diffusivity
changes, the flux (and therefore the amount of segregation)
will change. Concentration changes with no corresponding
change in diffusivity (random alloy effects) can still change
the amount of segregation. The diffusivity has two compo-
nents, a constant pre-exponential term d, and a migration
energy term ES':

Cr Cr _E‘(':r"—‘
dy =dj exp( T ) (2)
If either the pre-exponential term or the migration energy
changes as a function of bulk alloy composition, the
diffusivity will change and therefore cause changes in
segregation. The key to understanding the dependence of
segregation on bulk alloy concentration is to determine the
composition dependence of the diffusivities.

Studies have shown that major element composition
affects void swelling in Fe~Cr~Ni alloys [8,9]. Composi-
tion dependent diffusivities were suggested by Venker and
Erlich [10] as being important in determining the swelling
behavior of Fe—Cr—Ni alloys. A major goal in this study is
to determine the dependence of diffusivities on bulk com-
position. This can be accomplished by investigating the
rate at which Cr, Fe, and Ni deplete or enrich at the grain
boundary. Data can be plotted as the ratio of the magni-
tude of the change in Cr concentration (unirradiated grain
boundary Cr minus irradiated grain boundary Cr) to the
magnitude of the change in Ni concentration (unirradiated
grain boundary Ni minus irradiated grain boundary Ni)
(JACr/ANi|). This ratio indicates the fraction of grain
boundary sites occupied by Ni that were previously occu-
pied by Cr. A ratio of 1 indicates that every Cr that leaves
the boundary is replaced by a Ni (with Fe neither enriching
or depleting). A value of 0.5 indicates that for two Ni
atoms arriving at the boundary, one Cr leaves (and there-
fore one Fe leaves). The term ‘Cr—Ni replacement rate’
will be used to denote this ratio. The Cr—Ni replacement
rate is determined by the relative amounts of grain bound-
ary segregation. The segregation is determined by the
relative atomic fluxes. The relative fluxes are determined
by the diffusivities. Therefore, the Cr—Ni replacement rate
provides information on the relative diffusivities of each
constituent in the alloy.

The segregation could also be described using the
Fe—Ni replacement rate (JAFe /ANi}), which is related to
the Cr—Ni replacement rate since:

ACr AFe |
— + =-1.
ANt ANi S

The Cr—Ni replacement rate was chosen because Cr al-
ways depletes and Ni always enriches in Fe—Cr—Ni alloys.

Cr+Fe+Ni=1 or

Therefore, the major changes are captured using
|ACr/ANil.

The segregation in an Fe—Cr—Ni system is determined
by the ratios of the diffusivities d<%,/d™, d* /d™ and
d<' /d . In irradiated Fe~Cr-Ni alloys, Cr always de-
pletes and Ni always enriches at grain boundaries. In most
alloys, Fe depletes at grain boundaries. Therefore, if the
segregation is driven by the vacancy flux, Cr must be the
fastest diffuser and Ni the slowest diffuser in the system:

dCl dSe
> >l )
dvm dvm

Fe will enrich or deplete depending on the Fe diffusivity
relative to the average diffusivity in the alloy. If the Fe
diffusivity is greater than the average diffusivity in the
alloy, Fe will deplete. If the Fe diffusivity is less than the
average diffusivity in the alloy, Fe will enrich. The Ni
enriched at the boundary occupies positions previously
occupied by either Cr or Fe. The amount of Cr and Fe
depletion is determined by the Cr/Fe diffusivity ratio
don/dus,

Fig. 1 demonstrates the effect of relative diffusivity on
grain boundary segregation. Predictions using the Perks
RIS model [11] for the grain boundary Cr concentration
are plotted versus model predicted grain boundary Ni
concentration. The model calculations are for an Fe-
20Cr-24Ni alloy irradiated at 400°C to various doses. As
the dose increases, the grain boundary Cr depletes and the
grain boundary Ni enriches. Five different calculations are
shown, each assuming a different ratio of the Cr-to-Fe
diffusivity (d<%/d™). As the Cr-to-Fe diffusivity in-
creases from 1.3 to 2.1, the change in grain boundary Cr
concentration (ACr) increases, and the change in grain
boundary Ni concentration {ANi) decreases. Therefore, the
Cr-Ni replacement rate (|ACr/ANil) increases as the Cr-
to-Fe diffusivity increases. The Cr—Ni replacement rate is
a measure of the relative diffusivities. Studying the Cr—Ni
replacement rate as a function of alloy composition can
provide information about the relative diffusivities as a
function of alloy composition.

To study segregation behavior as a function of bulk
alloy composition, a variable that relates segregation be-
havior to composition must be chosen. The sum of all
atomic concentrations in the alloy must equal one. There-
fore, the flux of Cr and Fe away from the boundary must
equal the flux of Ni to the boundary:

Jor tpe = — I (5)

The amount of Cr segregation is determined by the
fraction of Cr flux relative to the total flux away from the
boundary (flux of Cr plus Fe). This fraction can be ex-
pressed:

J, Cr CCr dCr
JCr + JFe - CCrdCr + CFe dFe '

(6)
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If the Cr and Fe diffusivities were equal then the flux ratio
in Eq. (6) equals the ratio of the concentrations:

JCr - CCr (7)
er + ‘]Fe CCr + CFe ’

If dS7 = d**, then at small C, /(C, + Cg,), the Cr-Ni
replacement rate would be small. At large Cc /(Cq +
Cg.), the Cr—Ni replacement rate would be large. If 47 #
d® ., then a plot of the Cr-Ni replacement rate as a
function of bulk Cg,/(C¢, + Cp,) will have curvature.
These relationships are shown in Fig. 2. The Cr-Ni re-
placement rate increases with Cp,/(Ce, + Cg.) if dS\ =
d¥e and has a curvature if dS%, = d'. The curvature is
specific to the relationship between d<°, and d<,. There-
fore, the ratio Cc,/(Cc, + Cg,) will be used throughout
this paper to designate different alloy compositions.

For Fe—Cr—Ni alloys, experimental high temperature
diffusion measurements indicate that Cr is the fastest
diffuser and Ni the slowest diffuser for Cr concentrations
from 0 to 30 wt% and with Ni concentrations from 19 to
87 wt% [12). High temperature diffusion occurs via a
vacancy mechanism. Therefore, if the primary driving
mechanism for RIS in ternary Fe—Cr—Ni alloys is a cou-
pling with the vacancy flux, we expect Cr to always
deplete and Ni to always enrich at grain boundaries. Fe
will either enrich or deplete depending on the segregation
kinetics for Fe (relative to Cr and Ni) and the amount of
Fe in the alloy. The diffusivities used to model RIS in
austenitic Fe—Cr-Ni alloys have not been directly mea-
sured and are typically inferred from high temperature
diffusion coefficient measurements. The diffusivity of Cr

(dSE) is related to the diffusion coefficient for Cr (D) by
the following expression:

Do, =dRC,, (8)

where C, is the equilibrium vacancy concentration. If the
measured segregation is consistent with model predictions
that use diffusivities derived from high temperature diffu-
sion measurements (which are driven only by vacancy
flux), then RIS can be assumed to be driven primarily by a
vacancy mechanism. If the measured segregation is incon-
sistent with model predictions that use diffusivities derived
from high temperature diffusion measurements, then either
the relative diffusivities of Cr, Ni, and Fe are different at
irradiation temperatures or a significant contribution to the
segregation comes from differences in solute coupling with
the interstitial flux.

1.2. Measurements of RIS in Fe—Cr—Ni systems

Few studies have examined the dependence of major
element RIS on bulk alloy composition in Fe—Cr—Ni
alloys. Dumbill [6] studied a series of Fe-base alloys with
constant Cr and varying Ni, irradiated with neutrons to low
dose. For a range of 15-30 wt% Ni with constant Cr of 18
wt%, the magnitude of the Cr depletion decreased with
increasing bulk Ni concentration. For these samples, the
sample preparation prior to the irradiation produced a
significant grain boundary Cr enrichment. After the low
dose irradiation, the Cr profiles were ‘W’ shaped with
enriched grain boundaries and depletion in the planes
adjacent to the grain boundary. Cr depletion was measured
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Fig. 1. Model calculations indicate how changing diffusivities alter the predicted segregation. Increasing the Cr-Fe diffusivity ratio

increases the Cr depletion and decreases the Ni enrichment.
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as the difference between bulk and the minimum Cr
concentration in the profile (which did not correspond to
the grain boundary). For those samples irradiated to higher
dose, no solution treatment Cr enrichment remained. For
these higher dose samples, the amount of Cr segregation
increased with Ni concentration in the range studied. Dum-
bill and Williams [3] found that Cr depletion in 15 wt% Ni
alloys irradiated with neutrons is independent of Cr con-
centration (in the range of 10-20 wt% Cr). The Cr segre-
gation in 35 wt% Ni alloys was smaller than in the 15 wt%
Ni alloys. Damcott et al. {2] irradiated a series of Fe—Cr—Ni
alloys with protons at 400°C. An Fe—xCr-24Ni (x = 16,
20, 24 at%) series irradiated to 1 dpa showed greater Cr
depletion and less Ni enrichment with increasing bulk Cr
content. Additionally, an Fe—20Cr-xNi {(x=19, 24 at%)
series and an Fe-24Cr—xNi (x = 19, 24 at%) series were
irradiated to 1 dpa. Both the Fe—20Cr-xNi (x=9, 24
at%) and the Fe-24Cr-xNi (x=19, 24 at%) showed
increasing Cr depletion and Ni enrichment with increasing
bulk Ni concentration. Attempts to model the segregation
behavior using the Perks model for RIS [11] indicated that
composition dependent diffusivities were required to accu-
rately model the trends of the data, most notably in the
Fe—xCr-24Ni series. Finally, Watanabe et al. [4] rradiated
an Fe~15Cr—xNi series (x =15, 20, 25, 30, 35, 40) with
electrons at 450°C to 7.2 dpa. Segregation measurements
showed a peak in Ni enrichment in the alloys with about
30 at% bulk Ni. Cr depletion increased slightly with

increasing bulk Ni concentration. Modeling calculations
using the inverse Kirkendall effect with constant diffusivi-
ties for all alloy compositions indicated a peak in Ni
segregation between 15-20 at% depending on irradiation
dose. No attempt was made to calculate the predicted
segregation using alloy dependent diffusivities.

The dependence of RIS on alloy composition for Fe-
base alloys is shown in Fig. 3. The fractional Ni change
((grain boundary Ni-bulk Ni)/bulk Ni) as a function of
bulk Cr/(Cr + Fe) ratio from the work of Damcott et al.
[2] (AES measurements), Dumbill and Williams [3]
(STEM/EDS measurements), and Watanabe et al. [4]
(STEM/EDS measurements) is plotted. With the excep-
tion of the Fe—xCr—35Ni material irradiated with neutrons
[3). Ni enrichment decreases with increasing bulk Cr/(Cr
+ Fe) ratio. The magnitude of Ni enrichment is clearly
influenced by alloy composition. This dependence of seg-
regation on alloy composition can be investigated to pro-
vide information on the relative diffusivities of Fe, Cr, and
Ni in Fe-Cr-Ni alloys. In this work, the dependence of
RIS on bulk alloy composition in austenitic Fe—Cr—Ni
alloys is studied. Ni—18Cr, Ni-18Cr-9Fe and Fe—20Cr—
ONi alloys have been irradiated with protons, and grain
boundary concentrations were measured using AES and
STEM/EDS. Segregation data from Fe-base alloys irradi-
ated with protons [2], electrons [4], and neutrons {3,6] are
also included in the analysis. Segregation data will be
analyzed to show that significant differences in diffusivi-
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Fig. 2. The effect of diffusivity on Cr—Ni replacement rate. If the Cr diffusivity equals the Fe diffusivity, the Cr—Ni replacement rate
increases with composition. If the Cr diffusivity does not equal the Fe diffusivity, the Cr—Ni replacement rate is a complicated function of

alloy composition.
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Fig. 3. Comparison of Ni segregation in proton (400°C, 1 dpa), electron (450°C, 7.2 dpa), and neutron irradiated (400°C, 12.7 dpa)
Fe-Cr-Ni alloys. Ni segregation is dependent on alloy composition.

ties as a function of alloy composition must exist to
explain the trends of the measured segregation data.

2. Experimental procedure

Irradiations of Ni—18Cr, Ni—18Cr—9Fe, and Fe—20Cr-
9Ni alloys were conducted using 3.2 MeV protons at an
ion flux of 6.25 X 10" ¢cm~? s~', resulting in a nearly
uniform damage rate of approximately 7 X 107° dpa/s
through the first 35 wm of the proton range (45 pm).
Table 1 gives the bulk compositions of these alloys as
measured using electron microprobe analysis. Details of
the sample preparation procedure, irradiation technique,
and grain boundary measurement techniques are given in

Ref. [13]. Grain boundary composition was measured in
the Ni-18Cr and the Ni-18Cr-9Fe alloys which were
irradiated at temperatures between 200 and 500°C at 100°C
intervals to a dose of 0.5 dpa and at 400°C to accumulated
damage levels of 0.1, 0.3, 0.5, and 1.0 dpa. Grain bound-
ary composition was also measured in the Fe—20Cr-9Ni
alloy which was irradiated at 400°C to final doses of 0.1
and 1.0 dpa. Unirradiated grain boundaries were character-
ized in the Ni-18Cr—9Fe, Ni—18Cr, and Fe-20Cr-9Ni
alloys to determine the grain boundary chemistry prior to
the irradiation.

Grain boundary microchemical analysis was performed
using AES in a Perkin-Elmer PHI 660 Scanning Auger
Microprobe and using STEM /EDS. The STEM /EDS was
performed on a Phillips EM400T /FEG at Oak Ridge

Table 1

Summary of bulk alloy compositions in atomic percent (second line gives normalized compositions for Fe + Cr + Ni = 100%)

Alloy Cr Ni Fe Mn Mo Si C N P S

Ni-18Cr 18.24 81.74 0 0 0.002 0 0.005 0.006 0.004
18.24 81.76 0

Ni-18Cr—9Fe 18.26 72.36 9.32 0.010 0.002 0.027 0014 0.007 0.004
18.26 72.40 9.33

Fe—-20Cr-9Ni 20.72 8.88 69.16 1.11 < 0.0t 0.09 0.021 0.012 0.01 < 0.009
20.97 8.99 70.04
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Table 2
Inputs to the Perks Model
Input parameter Notation Value Reference
Vacancy jump frequency for Fe Opey 28X 10 57! [15]
Vacancy jump frequency for Cr Ocyy 50%x 104! [15]
Vacancy jump frequency for Ni Wiy 1.5x 10" 57! [15]
Fe-vacancy correlation factor Srev 0.785 [15]
Cr-vacancy correlation factor Jer 0.668 [15]
Ni-vacancy correlation factor SFriv 0.872 [15]
Interstitial jump frequency w; 1.5x 102 57! [11]
Atom-interstitial correlation factor f 0.44 [16]
Vacancy migration energy for Fe EFe 13eV [t7]
Vacancy migration for Cr ES 1.3eV [17]
Vacancy migration energy for Ni EN 13eV (171
Interstitial migration energy Ein 09eV [18]
Vacancy formation energy E, 1.9eV [19]
Dislocation density P 1% 10" m? [20]
Recombination volume V4 12 FCC lattice
Thermodynamic factor a 1 [19]
Table 3
Summary of AES segregation measurements
Alloy Temp. °C) Dose (dpa) Iron (at%) Chromium (at%) Nickel (at%) Measurements Samples lrradiations
Ni-18Cr 200 0.5 — 146 +1.3 854+ 13 28 2 1
Ni-18Cr 300 0.5 — 11.5+14 8§85+ 14 33 2 1
Ni-18Cr 400 0.5 - 10.1+ 1.6 899+ 1.6 62 5 3
Ni-18Cr 500 0.5 — 129+23 87.1+23 23 2 I
Ni~18Cr-9Fe 200 0.5 6.7+20 157106 776 +£2.0 16 1 1
Ni-18Cr-9Fe 300 0.5 S4+17 138410 80.8 £ 2.1 14 1 1
Ni-18Cr-9Fe 400 0.5 58+1.6 135+12 80.7+24 27 2 1
Ni-18Cr-9Fe 500 0.5 65+19 157+ 1.1 778 £2.9 30 2 1
Ni-18Cr — 0.0 — 17.1+£0.7 82.9+0.7 12 1 NA
Ni-18Cr 400 0.1 — 134+ 1.7 86.6 + 1.7 33 2 1
Ni-18Cr 400 0.3 — 11.8+14 88.2+ 1.4 32 2 1
Ni-18Cr 400 1.0 — 106 £ 1.9 89.4+109 36 2 2
Ni-18Cr-9Fe — 0.0 93+10 179413 728+ 1.6 12 2 —
Ni-18Cr-9Fe 400 0.1 5.1+1.0 141411 80.8 £ 1.2 23 2 1
Ni-18Cr-9Fe 400 0.3 49+12 139+ 1.7 81.1£19 23 2 1
Ni~18Cr-9Fe 400 1.0 55+1.8 138416 80.7 £3.0 29 2 2
Fe—20Cr—9Ni — 0.0 68.7+12 232415 81+05 12 1 —
Fe-20Cr-9Ni 400 0.1 69.4+10 214414 92+08 25 2 1
Fe—-20Cr-9Ni 400 1.0 703+ 13 17.0+1.7 127+ 1.3 65 5 3
Table 4
Summary of STEM-EDS segregation measurements
Alloy Temp. (°C) Dose (dpa) Iron(at%) Chromium (at%) Nickel (at%) Measurements Samples Irradiations
Ni-18Cr — 0.0 —_— 18.8 £ 0.6 81.2+06 15 1 —
Ni-18Cr 400 0.1 — 157+ 1.0 843+ 1.0 22 2 2
Ni-18Cr 400 03 — 143+ 15 857+ 15 34 2 1
Ni-18Cr 400 0.5 — 13.0+ 1.6 87.0+ 1.6 33 2 2
Ni-18Cr 400 1.0 — 13.6 + 1.0 86.4 + 1.0 15 1 1
Ni—18Cr—9Fe — 0.0 92+02 179407 728 +£0.8 17 1 —
Ni-18Cr-9Fe 400 0.1 66+06 160+09 774+ 14 22 2 1
Ni—18Cr-9Fe 400 0.3 58105 154407 787+ 1.0 18 1 1
Ni—-18Cr-9Fe 400 0.5 54+10 144413 802422 45 2 1
Ni-18Cr-9Fe 400 1.0 58+07 153408 787+1.2 20 1 1




284

National Laboratory with an incident probe width of 2 nm.
The experimental doses and dose rates reported throughout
this paper are calculated using NRT [14] theory assuming a
displacement energy of 25 eV. Model calculations were
performed using the Perks model [11]. Unless specifically
stated otherwise, the input parameters used in the Perks
model are given in Table 2. Model calculations are cor-
rected for the fraction of point defects that escape the
collision cascade and are free to migrate through the lattice
[21]. A value of 0.2 was used as the freely migrating defect

T.R. Allen et al. / Journal of Nuclear Materials 244 (1997) 278-294

fraction for proton irradiations. Additionally, when com-
paring model calculations to Auger data, the model calcu-
lations are convoluted with the Auger escape depth so that
the model calculation can be directly compared to the
Auger measurement.

3. Results

The grain boundary segregation measurements for each
temperature and dose combination are summarized in Table

25

@
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Fig. 4. (a) Grain boundary Cr measurements as a function of dose for alloys irradiated with 3.2 MeV protons at 400°C. (b) Grain boundary
Cr measurements as a function of temperature for alloys irradiated with 3.2 MeV protons to 0.5 dpa.
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3 (AES measurements) and Table 4 (STEM/EDS mea-
surements). The uncertainty listed for each average is the
standard deviation of all the measurements for the given
experimental temperature and dose. Cr depletes and Ni
enriches at the grain boundary in all three alloys. Fe
depletes in the Ni—-18Cr—-9Fe and enriches slightly in the
Fe—-20Cr-9Ni alloy. Good agreement exists between the

285

segregation measured using both AES and STEM /EDS in
both Ni--18Cr and Ni-18Cr-9Fe. AES measurements typ-
ically indicate a grain boundary Cr concentration about
1-2 at% less than STEM/EDS measurements. This is
consistent with Carter et al. [22] who measured RIS in
proton irradiated stainless steels and Walmsley et al. [23]
who measured RIS in neutron irradiated stainless steels
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Fig. 5. (a) Grain boundary Cr measurements as a function of composition for alloys irradiated with 3.2 MeV protons at 400°C to varying
dose. (b) Grain boundary Cr measurements (AES) as a function of composition for alloys irradiated with 3.2 MeV protons to 0.5 dpa at

varying temperatures.
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and found a similar difference between AES and
STEM /EDS measurements.

The dependence of segregation on bulk alloy composi-
tion as a function of temperature and dose is shown in
Figs. 4 and 5. Included on the figures are grain boundary
Cr concentrations from an Fe-20Cr-24Ni alloy as mea-
sured by Damcott et al. [2]. Fig. 4a and b plot the grain
boundary Cr concentration as a function of dose and
temperature, respectively. Each alloy approaches steady-
state at a different rate and each alloy has a minimum Cr
concentration at a different temperature. In Fig. 5a, the Cr
concentration as a function of bulk C¢, /(C¢, + Cg.) ratio
is plotted for various doses with each data symbol repre-
senting an irradiation dose. Each bulk alloy has a unique
segregation behavior. For example, the Cr concentration at
1.0 dpa in the Fe—20Cr—24Ni alloy is lower than in the
Fe—20Cr-9Ni alloy. The grain boundary Cr concentration
in the Ni—18Cr alloy irradiated to 1.0 dpa is around 3 at%
less than the grain boundary Cr concentration in the Ni—
18Cr-9Fe alloy irradiated to 1.0 dpa. In Ni-18Cr—9Fe, Fe
depletes, reducing the amount of Cr depletion at the grain
boundary relative to the Ni-18Cr alloy. The dependence of
segregation on bulk alloy composition for several irradia-
tion temperatures is also shown in Fig. 5b. Once again,
each bulk alloy has a unique segregation behavior, with the
minimum Cr concentration occurring at different tempera-
tures. Therefore, measurements from alloys irradiated with
protons clearly indicate that grain boundary segregation
depends on bulk composition, in agreement with RIS
studies from materials irradiated with neutrons and elec-
trons.

4. Discussion

The RIS measurements from this study and from the
works outlined in the introduction clearly indicate that RIS
is composition dependent. Having shown that grain bound-
ary segregation depends on composition, the following
questions remain: (1) Does the irradiating particle type
have an effect on the segregation kinetics? (2) Can differ-
ences in composition (with fixed values of diffusivities
regardless of alloy composition) explain the trends in the
segregation data or must the diffusivities be a function of
composition to explain the measured segregation data?
Additionally, if the diffusivities are composition depen-
dent, are diffusivities inferred from the RIS measurements
consistent with diffusivities inferred from high temperature
diffusion measurements? (3) Can information about migra-
tion energies be determined from the temperature depen-
dence of the segregation? (4) Finally, if the diffusivities
inferred from RIS measurements are not consistent with
those measured in high temperature diffusion measure-
ments, what alters the driving force for segregation? Each
of these questions will be answered in the following
sections.

4.1. Relationship between segregation kinetics and irradi-
ating particle type

The type of irradiating particle is not expected to affect
the trends in segregation as a function of alloy composi-
tion. The changes in RIS should be consistent regardless of
irradiating species. This assumption can be tested by com-
paring Cr—Ni replacement rates as a function of alloy
composition from different experiments (irradiating parti-
cle, temperature, and dose). Segregation measurements on
a series of constant Cr, varying Ni, alloys have been
performed by Dumbill [6] (Fe—18Cr-xNi-0.58i-2.5Mo
and Fe-18Cr—xNi-0.5Si, where x=15 to 30 at%),
Watanabe et al. [4] (Fe—15Cr-xNi where x =15 to 40
at%), and Damcott et al. [2] (Fe-20Cr—xNi, where x=9,
24 at%). The Ni~18Cr-9Fe and Fe—20Cr-9Ni alloys in
this work, along with the Fe—20Cr-24Ni alloy from Dam-
cott, gives a series of alloys with constant Cr concentration
near 20 at% and Ni concentration varying from 9 to 72
at%. The Cr-Ni replacement rate for these constant Cr,
varying Ni alloys (irradiated at temperatures from 400-
450°C) is plotted in Fig. 6. For bulk Cc /(Cc, + Cg,)
ratios less than about 0.3 (all the Fe-base alloys), the
Cr—Ni replacement rates measured in the alloys irradiated
with protons and neutrons decrease as the bulk Ce,/(Ce,
+ Cp,) ratio increases. The Cr—Ni replacement rates mea-
sured in the alloys irradiated with electrons increase as the
bulk C.,/(Ce, + Cg,) ratio increases. The Cr-Ni replace-
ment decreases slightly in going from Fe-20Cr-24Ni to
Ni—18Cr-9Fe alloys irradiated with protons. The RIS
measurements for constant Cr, varying Ni alloys indicate
that Cr—Ni replacement rates for the temperature range of
400-450°C are alloy specific and that trends in Cr—Ni
replacement rates with changing alloy composition are, in
general, consistent for alloys irradiated with neutrons and
protons. Therefore, the segregation kinetics are similar in
both proton and neutron irradiations.

Segregation measurements on a series of constant Ni,
varying Cr, alloys have been performed by Dumbill and
Williams [3] (Fe—xCr~15Ni and Fe—xCr—35Ni, where
x =10 to0 20 at%) and by Damcott et al. [2] (Fe—xCr-24Ni,
where x =16, 20, 24). The Cr-Ni replacement rate for
these constant Cr, varying Ni alloys (for a temperature
range of 400-450°C) is plotted in Fig. 7. Cr—Ni replace-
ment rate data from the spinodal decomposition of an
Fe—7.5Cr—35Ni irradiated with neutrons (450°C, 12.5 dpa)
[24] is also included on the figure. As bulk Cg,/(Ce, +
Cg.) ratios increase, the Cr—Ni replacement rate increases
for all the segregation data. The RIS measurements for
constant Ni, varying Cr alloys indicate Cr—Ni replacement
rates are alloy specific. Trends in Cr—Ni replacement rates
with changing alloy composition are, in general, consistent
across all of the irradiation conditions analyzed, and there-
fore, using either protons or neutrons do not affect the
segregation kinetics. The segregation is determined by the
bulk composition and /or the relative diffusivities of Fe,
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ments and therefore the primary driving force for segrega-
tion is most likely the vacancy flux. Diffusivities in Ni-
18Cr-9Fe are not consistent with high temperature diffu-
sion measurements. Therefore, the driving force for segre-
gation in Ni-18Cr-9Fe is more complex, indicating that
the driving force for segregation is more complicated than
simple inverse Kirkendall behavior.

The method for analyzing the composition dependence
of the diffusivities is to compare model calculations which
assume constant diffusivity (regardless of bulk composi-
tion) to segregation measurements to determine if diffusiv-
ities depend on alloy composition. If the measured Cr—Ni
replacement rates follow the trends of model predictions
(using constant diffusivities), then the diffusivities are
independent of alloy composition. If the measured Cr—Ni
replacement rates do not follow the trends of model predic-
tions (using constant diffusivities), then the diffusivities
are alloy specific. If diffusivities are shown to be alloy
specific, we can then compare diffusivities inferred from
the RIS measurements to those inferred from high temper-
ature diffusion coefficient measurements. If the measured
Cr-Ni replacement rates are consistent with model predic-
tions which use diffusivities derived from high temperature
diffusion coefficient measurements (which are driven only
by vacancy flux), then RIS can be assumed to be driven
primarily by a vacancy mechanism. If the measured segre-
gation is inconsistent with model predictions that use
diffusivities derived from high temperature diffusion mea-
surements, then either the relative diffusivities of Cr, Ni,
and Fe are different at irradiation temperatures, or a signif-
icant contribution to the segregation comes from differ-
ences in solute coupling with the interstitial flux.

Cr—Ni replacement rates calculated from segregation
data are compared to Cr—Ni replacement rates calculated
from model predictions for both constant Cr, varying Ni,
and constant Ni, varying Cr, alloys. Model calculations are
performed using the Perks model [11], which assumes that
only the vacancy flux contributes to the grain boundary
segregation (no differences in interstitial jump rates). Un-
less otherwise specified, migration energies are assumed
equal for Fe, Cr, and Ni and differences in diffusivities are
assumed to occur as differences in pre-exponential factors.
Constant diffusivity ratios of d<7 /dN =255, df¢ /a%i
=1.67, and dS./dFs, =1.53 are used for the constant
diffusivity calculations for all alloys. These diffusivity
ratios are based on the diffusion coefficient ratios mea-
sured by Rothman et al. [15] for an Fe—15Cr—20Ni alloy
and have traditionally been used in RIS calculations for
stainless steels.

The most comprehensive set of alloy-dependent segre-
gation measurements are those of Damcott et al. [2], who
measured the grain boundary concentrations using AES in
Fe-base alloys irradiated with protons at 400°C for a
variety of alloy compositions. One series was a constant
Ni, varying Cr (Fe—xCr-24Ni, with x = 16, 20, and 24
at%), alloys. A second series was constant Cr, varying Ni

(Fe-24Cr—xNi, with x =24 and 19 at%). The final series
was another constant Cr, varying Ni (Fe-20Cr-xNi, with
x =9 and 24 at%). The Ni—18Cr—9Fe and Ni—18Cr alloys
irradiated in this work extend the final series to give four
alloys with Cr near 20 at% and Ni of 9, 24, 72 and 82 at%.
A comparison of model predicted and measured Cr—Ni
replacement rates from the Fe-xCr—24Ni (x = 16, 20, 24
at%) series are plotted in Fig. 8. Constant diffusivity
model calculations indicate that with increasing Cr concen-
tration, the rate of Cr—Ni replacement at the boundary will
increase slightly just due to composition differences. The
data show a steeper increase in Cr—Ni replacement rate
with increasing Cr concentration than do the constant
diffusivity calculations. Therefore, the ratio of Cr-to-Fe
diffusivity must increase with increasing Cr concentration.
This increase in Cr-to-Fe diffusivity is consistent with the
high temperature diffusion coefficients of Rothman who
showed that for a constant Ni system, the Cr-to-Fe diffu-
sion coefficient ratio increases with increasing Cr concen-
tration. Alloy specific diffusivities, inferred from diffusion
coefficients (D, /Dr.) from Rothman et al. {15] are listed
on Fig. 8 for reference. For two of the three alloys, the
calculations using the diffusivities based on the high tem-
perature diffusion measurements of Rothman more accu-
rately predict the measured segregation than the constant
diffusivity calculations.

The alloy dependence of the segregation is also shown
in Fig. 9 which plots the Cr—Ni replacement rates from
constant diffusivity model calculations against AES data
for the Fe—24Cr—xNi (x =19, 24 at%) alloy series. The
constant diffusivity model calculations predict a small
decrease in the Cr—-Ni replacement rates with increasing Ni
concentration. As with the varying Cr system, the AES
data shows a larger change in Cr—Ni replacement rate than
the constant diffusivity model calculations. This behavior
is consistent with Rothman’s high temperature diffusion
data which shows a decreasing Cr-to-Fe diffusion coeffi-
cient ratio with increasing Ni and constant Cr. Model
calculations using alloy specific diffusivity ratios based on
Rothman’s data follow the trends of the data much better
than do those using constant diffusivity ratios.

The composition dependence of diffusivities is also
confirmed by analyzing a constant Cr, varying Ni system.
The segregation data from the Fe—20Cr—24Ni alloy irradi-
ated by Damcott et al. [2] combined with the data from
Fe~20Cr-9Ni and Ni-18Cr-9Fe from this work is in-
cluded in the analysis to give a series of alloys with Cr
near 20 at% and Ni ranging from 9 to 72 at%. The Cr-Ni
replacement rates from model calculations and AES mea-
surements are shown in Fig. 10. The constant diffusivity
model predictions indicate a minimum Cr—Ni replacement
rate at a bulk Cg,/(C¢, + Cg.) ratio near 0.3 and increas-
ing Cr—Ni replacement rates at high and low Ni concentra-
tions. As with the Fe—24Cr—xNi series, the measurements
from the two Fe-base alloys show a larger decrease in
Cr—Ni replacement rate with increasing Ni concentration
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When comparing the Fe—20Cr-24Ni and the Ni—18Cr-9Fe
alloys, constant diffusivity calculations indicate that the
Cr—Ni replacement rate should increase with increasing Ni
concentration, but the Cr—Ni replacement rate calculated
from the AES data actually decreases. The trends from the
model predictions and from the data move in opposite
directions. Model calculations using alloy specific diffusiv-
ities are plotted for each alloy and show better agreement
with the Fe-base data but worse agreement with the Ni—
18Cr—9Fe data. High temperature diffusion coefficient data
indicates that the Cr-to-Fe diffusion coefficient ratio (and
therefore the diffusivity ratio) is larger in the Ni—18Cr—9Fe
alloy (1.64) [12] than in the Fe—20Cr-24Ni alloy (1.55)
[15], shifting the Cr—Ni replacement rate predicted by the
model farther from the rate determined from the data.
Thus, the Ni—18Cr-9Fe segregation data is not consistent
with the high temperature diffusion data. In irradiated
Ni-18Cr-—-9Fe, Cr diffuses slower and Fe diffuses faster
than expected from high temperature diffusion coefficient
measurements. The comparison of model calculations and
AES data for the 20Cr—xNi series confirms that alloy
specific diffusivities are required to accurately predict
measured segregation. Segregation in Fe-base alloys is
consistent with the predictions of the high temperature
diffusion data, while segregation in the Ni-base alloy is not
consistent with high temperature diffusion data.
In summary, the analysis of RIS data from Fe—Cr—Ni
alloys clearly shows that to properly describe the segrega-
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tion behavior, alloy specific diffusivities must be used.
Measured segregation data indicates that for Fe-base al-
loys, increasing Cr concentration at constant Ni causes the
Cr-to-Fe diffusivity ratio to increase. For alloys with con-
stant Cr, increasing the Ni concentration causes the Cr-to-
Fe diffusivity ratio to decrease. Segregation trends in the
Fe-base alloys are consistent with trends in high tempera-
ture diffusion measurements, indicating that the segrega-
tion is most likely driven by vacancy (inverse Kirkendall)
effects. Segregation trends in the Ni—18Cr--9Fe alloy are
not consistent with trends in high temperature diffusion
measurements, indicating a difference in diffusivity be-
tween high and low temperature. The segregation in the
Ni-18Cr-9Fe alloy will be discussed in more detail later
in the discussion.

4.3. Temperature dependence of segregation shows Fe, Cr,
Ni migration energies unequal

The temperature dependence of RIS in Fe—20Cr~24Ni
and Ni-18Cr-9Fe provides information concerning the
migration energies. Relative diffusivities will be shown to
be a function of temperature, and therefore migration
energies for Fe, Cr, and Ni are not equal. Information
about the migration energies of Cr and Fe can be deduced
from the Cr—Ni replacement rate at the grain boundaries as
a function of temperature. Fig. 11 plots the Cr—Ni replace-
ment rate calculated from measured data for the Fe—20Cr—
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Fig. 10. Cr-Ni replacement rate at grain boundaries for a series of constant Cr, varying Ni alloys (Fe—20Cr—xNi, x=09, 24, 72 at%).
irradiated with protons at 400°C to 1.0 dpa. Calculations using alloy specific diffusivities (from Ref. [15,12]) more accurately follow the
trends of the AES measurements for Fe-base alloys, but not for the Ni-base alloy.
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24Ni and Ni-18Cr-9Fe alloys irradiated to 0.5 dpa (the
AES measurement for the Fe-20Cr—24Ni alloy at 200°C
was irradiated to 1 dpa) as a function of irradiation temper-
ature. Also plotted are the Cr—Ni replacement rates calcu-
lated from model predictions which assume equal migra-
tion energies (1.30 eV) for each element in the alloy. The
calculations are for a 0.5 dpa irradiation to correspond to
each of the data points (the calculation for the Fe—-20Cr—
24Ni alloy irradiated at 200°C is for 1 dpa).

With increasing temperature, the model predicted Cr—Ni
replacement rates decrease slightly for both alloys, oppo-
site those determined from measurements. At higher tem-
peratures, measurements show that Cr is more likely to
exchange with Ni at the grain boundary. Since the temper-
ature dependence of the migration rates is determined by
the migration energies, the Cr-vacancy migration energy
must be larger than the Fe-vacancy migration energy in the
Fe-20Cr-24Ni alloy. This is consistent with earlier work
[25] that showed that RIS modeling of the Fe—20Cr-24Ni
alloy is more accurate if the Cr migration energy is slightly
larger than that of Fe. The Cr—Ni replacement rate derived
from the AES measurements in the Ni—18Cr—9Fe is fairly
constant. Therefore, Cr is exchanging more rapidly with Ni
than the model calculations indicate. The Cr-vacancy mi-
gration energy must be larger than the Fe migration energy
in the Ni-18Cr—9Fe alloy. Based on the smaller difference
between model calculation and measurements, the migra-
tion energies of Fe and Cr appear to be closer in the
Ni-18Cr-9Fe alloy. Comparison of the temperature de-
pendence of the Cr—Ni replacement rate calculated from
model predictions and from grain boundary measurements

indicate that the migration energies of Fe and Cr are not
equal in either Fe~20Cr—24Ni or Ni-18Cr-9Fe. The Cr
migration energy is larger than the Fe migration energy
(EST > EFe) with the difference being larger in Fe-

m

20Cr-24Ni.

4.4. Short range ordering effects on segregation in Ni—
18Cr—9Fe

Segregation in the Ni-18Cr-9Fe alloy was the only
case investigated where the segregation was not consistent
with high temperature diffusion measurements. Addition-
ally, the approach to steady-state is very rapid, much faster
than in other alloys studied. Fig. 4a plotted the segregation
as a function of dose for four different alloys, clearly
showing the rapid approach to steady-state in the Ni-
18Cr-9Fe alloy. In this section, the rate of Cr segregation
will be shown to be much smaller than expected from high
temperature diffusion measurements. Analysis of this be-
havior shows that segregation may be affected by short
range ordering forces.

The anomalous segregation of Cr and Fe in the Ni-
18Cr-9Fe alloy is apparent by comparing the dose-depen-
dent behavior of segregation with that of Fe—20Cr—24Ni.
Fig. 12a shows the magnitude of the rate at which Cr is
replaced by Ni at the grain boundary (JdCr/dNi|) as a
function of dose for Fe—20Cr—24Ni irradiated with protons
at 400°C. |[dCr/dNil is calculated both from model predic-
tions and from AES data. Model calculations were per-
formed using the Perks model and assume that only the
vacancy flux contributes to the grain boundary segregation
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(no differences in interstitial jump rates). From the model
predictions in Fig. 12a, as dose increases, Cr is replaced by
Ni at a smaller rate. The dashed line at |[dCr/dNi| = 0.5
indicates the point where half the Ni arriving at the
boundary are filling positions previously occupied by Cr
(the other positions being previously occupied by Fe).
Above the line, the majority of atoms leaving the boundary

are Cr. At low dose, Cr leaves the boundary at a high rate.
At higher doses, when the Cr at the boundary is suffi-
ciently depleted, Cr is no longer dominant in exchanging
with Ni. The |[dCr/dNi| caiculated from model predictions,
for which the Fe—20Cr—24Ni alloy is equal to 0.5 (equal
Cr and Fe replacement rates with Ni), occurs at a dose just
larger than 0.2 dpa. The |dCr/dNi| calculated from AES
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data, for which the Fe-20Cr-24Ni alloy is equal to 0.5
(equal Cr and Fe replacement rates with Ni), occurs at a
dose just about 0.2 dpa. The measured replacement rates of
Cr with Ni in the Fe—20Cr—24Ni alloy are consistent with
the model calculations.

In contrast, the Cr-Ni replacement rate for the Ni-
18Cr-9Fe alloy is not consistent with model predictions,
as shown in Fig. 12b. The |dCr/dNi| calculated from
model predictions never reaches 0.5. Comparing the Fe-
20Cr-24Ni and Ni-18Cr—9Fe calculations in Fig. 12a and
b, which assume the diffusivities for Fe—20Cr—24Ni and
Ni-18Cr-9Fe are equal, Cr—Ni replacements are always
expected to be dominant in the Ni-base alloy, which has a
larger bulk Cr-to-Fe ratio (2:1) than the Fe-20Cr—24Ni
alloy (1:3). In contrast to the model predictions, |dCr/dNil
calculated from AES and STEM data moves in the oppo-
site direction of |dCr/dNi| calculated from model predic-
tions. The RIS data indicates that early in the irradiation,
Cr is replaced by Ni at a much smaller rate than expected
from calculation (indicating that Fe is replaced by Ni at a
much higher rate than expected). At later stages in the
irradiation, Cr and Fe are replaced with Ni at nearly equal
rates. The measurements indicate that Fe diffuses at about
the same rate as Cr in the Ni—18Cr-9Fe alloy, contrary to
high temperature diffusion measurements [12] which show
Cr to be the faster diffuser.

A possible explanation for the anomalous segregation
behavior in the Ni—18Cr-9Fe alloy is strong short range
ordering forces which may accelerate the segregation pro-
cess in the Ni—18Cr—9Fe alloy. Many measurements have
shown ordering to occur in Fe-Cr-Ni alloys, with strong
ordering around the Ni-18Cr-9Fe composition. Cenedese
et al. [26], using neutron diffuse scattering, observed a
tendency to form short range Ni—Cr pairs in an Fe-23Cr-
21Ni alloy. Marwick et al. [27], using both electron mi-
croscopy and Mossbauer spectroscopy, studied the effect
of adding Cr to an ordered Ni,Fe lattice. This study of
(Ni,Fe),_ Cr, alloys determined that Cr additions rapidly
reduce the long range order of Ni,Fe. The long range
order is replaced by a state of short range order. The Cr
tends to occupy iron sites in an ordered Ni,Fe lattice, with
Cr atoms surrounded by a Ni-rich shell and the formation
of separate Fe-rich regions. The formation of Ni—Cr pairs
was more likely than the formation of Ni-Fe pairs.
Marucco [28] studied variations in lattice parameter, elec-
trical resistivity, and microhardness in a series of ternary
Fe-Cr-Ni alloys (30-67 at% Ni, 17-32 at% Cr, 1-51
at% Fe) and found that short range ordering increases with
increasing Ni and decreasing Fe. Dimitrov et al. [29]
studied the isochronal annealing of excess resistivity tfol-
lowing electron irradiation of various Fe—16Cr-xNi alloys
and found that the excess resistivity associated with short
range order due to vacancy motion increased significantly
with increasing Ni concentration. The tendency to form
Ni-Cr pairs may slow down the Cr segregation relative to
the Fe. In the Ni—18Cr-9Fe alloy, this tendency to order

would not be seen in high temperature diffusion measure-
ments as the small ordering forces would not be significant
at high temperature. Short range ordering forces that tend
to form Ni-Cr pairs may explain the anomalous segrega-
tion behavior seen in the Ni—-18Cr—9Fe alloy.

5. Conclusions

Radiation-induced segregation in Fe—Cr—Ni alloys has
been shown to be dependent on alloy composition. The
data indicates that the diffusivities for Fe, Cr, and Ni
change with alloy composition. The segregation in Fe-base
alloys follows the trends predicted by high temperature
diffusion measurements and thus indicates that the atom-
vacancy exchange is the most likely driving mechanism
for segregation. The migration energy of Cr is shown to be
larger than the migration energy of Fe. Segregation in a
Ni-base ternary alloy does not follow the predictions of
high temperature diffusion measurements. The diffusion
may be influenced by short range ordering forces known to
exist in high Ni content Fe—Cr—Ni alloys. The dependence
of the diffusivity on alloy composition limits the predictive
ability of simple models because of the need for separate
diffusion parameters for every alloy composition. Future
modeling efforts of RIS in Fe—Cr—Ni alloys need to
account for the variation in relative diffusivity to correctly
model grain boundary segregation behavior.
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