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Abstract

Ž .The relative importance of the vacancy and interstitial contributions to radiation-induced segregation RIS in Fe–Cr–Ni
alloys is studied to better understand the mechanisms causing changes in grain boundary composition and to improve the
capability to predict RIS in austenitic Fe–Cr–Ni alloys. The primary driving mechanism for segregation in Fe–Cr–Ni alloys

Ž .is shown to be the inverse Kirkendall IK mechanism, specifically the coupling between alloying elements and the vacancy
flux. To study grain boundary segregation, seven alloys were irradiated with 3.2 MeV protons at temperatures from 2008C to
6008C and to doses from 0.1 to 3 dpa. Grain boundary compositions were measured using both Auger electron spectroscopy
Ž . Ž .AES and scanning transmission electron microscopy with energy dispersive X-ray spectroscopy STEMrEDS . Grain
boundary compositions were compared to model predictions that assume segregation was driven either by preferential
interaction of solute atoms with the vacancy flux alone or in combination with binding of undersized solutes to the
interstitial flux. Calculations that assume the segregation is caused by preferential interaction of solute atoms with the
vacancy flux generally followed the trends of the segregation measurements. However, the inclusion of interstitial binding to
the IK model causes poor agreement between model predictions and segregation measurements, resulting in severe
overprediction of Ni enrichment and Fe depletion. Comparisons of segregation models with RIS in alloys irradiated with
neutrons also show that preferential interaction of solutes with the vacancy flux sufficiently describes segregation in
Fe–Cr–Ni alloys. q 1998 Elsevier Science B.V. All rights reserved.

1. Introduction

Ž .Radiation-induced segregation RIS is non-equilibrium
segregation that occurs at point defect sinks during irradia-

Ž . w xtion of an alloy at high temperature T s0.3 to 0.5 1 .m

Radiation produces quantities of point defects far in excess
of equilibrium concentrations. At high temperatures, these
defects are mobile and travel to low energy sites such as
surfaces, grain boundaries, dislocations, and other defect
sinks. Segregation occurs when a given alloying compo-
nent has a preferential association with the defect flux.

) Corresponding author. Present address: Argonne National
Laboratory-West, P.O. Box 2528, Idaho Falls, ID 83403-2528,
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Enrichment or depletion of each element occurs according
to the relative interaction of each element with the defect
flux. In irradiated austenitic Fe–Cr–Ni alloys, RIS causes
Ni enrichment at grain boundaries and Cr depletion at
grain boundaries. Fe either enriches or depletes depending
on the bulk alloy composition. Because of the suspected
link between grain boundary chromium depletion and irra-

w xdiation-assisted stress corrosion cracking 2 , an effort to
better understand the mechanisms of RIS in Fe–Cr–Ni
alloys is necessary.

Two mechanisms have been proposed as being signifi-
cant contributors to RIS in Fe–Cr–Ni alloys. One is the
preferential exchange of an alloying element with the
vacancy flux resulting in a net solute flux toward or away

Žfrom the boundary the vacancy mechanism portion of the
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.inverse Kirkendall effect . Preferential exchange of a so-
lute with the vacancy flux as the sole contributor to RIS in

w xFe–Cr–Ni alloys was proposed by Marwick et al. 3 and
w xmodeled by Perks et al. 4 . The second mechanism is the

preferential association of undersized atoms with the inter-
Ž .stitial flux interstitial binding . This interstitial binding

w xmechanism was proposed by Wiedersich et al. 5 and
w xextended to Fe–Cr–Ni alloys by Lam et al. 6 . In the

interstitial binding model, both interstitial binding and
preferential association of solutes with the vacancy flux
contribute to the segregation.

Until recently, evidence identifying the primary driving
mechanism for RIS in Fe–Cr–Ni alloys did not exist. The
limited data on grain boundary segregation in irradiated
Fe–Cr–Ni alloys has been insufficient to fully test the
accuracy of the models. The dependence of RIS on irradia-
tion temperature, dose, and alloy composition provide
information about the segregation kinetics for a given alloy
which can then be used to understand the operative segre-

Ž .gation mechanism s . Very few studies have systematically
examined RIS in Fe–Cr–Ni alloys as a function of either

w x w x wtemperature 7–9 , dose 9–13 , or alloy composition 13–
x w x15 . Bruemmer 16 used Ni-ion irradiation to study the

dose and temperature dependence of RIS in alloys with a
w xcomposition near 304 stainless steel. Damcott et al. 17,18

have analyzed a consistent set of RIS measurements in
Fe-base alloys as a function of temperature, dose, and

w xalloy composition. Simonen et al. 19 showed that for an
Fe–21Cr–20Ni alloy, the segregation mechanism was
preferential exchange of atoms with the vacancy flux. To
determine if Simonen’s conclusions are valid for Fe–Cr–Ni
alloys in general, RIS measurements must be analyzed as a
function of irradiation temperature, dose and alloy compo-
sition and compared to model calculations that assume a
given segregation mechanism.

The focus of this study is the analysis and interpretation
of RIS measurements from seven different Fe–Cr–Ni al-

loys, irradiated with protons at temperatures ranging from
200–6008C and to doses from 0.1 to 3.0 dpa, to determine
the primary mechanism of segregation in austenitic Fe–
Cr–Ni alloys under irradiation. This segregation data, along
with segregation measurements from Fe–Cr–Ni alloys ir-
radiated with neutrons, is analyzed in terms of the possible
segregation mechanisms to determine if preferential associ-
ation of solutes with the vacancy flux satisfactorily de-
scribes RIS in the Fe–Cr–Ni alloys studied or if the
inclusion of interstitial binding is necessary to describe the
measured segregation.

2. Experimental procedure

Grain boundary compositions have been measured in
Ni–18Cr, Ni–18Cr–9Fe, Fe–20Cr–24Ni, and Fe–20Cr–
9Ni alloys irradiated with protons. Grain boundary compo-

w xsitions previously reported by Damcott et al. 17,18 for
Fe–16Cr–24Ni, Fe–20Cr–24Ni, Fe–24Cr–24Ni, and Fe–

w x24Ni–19Cr, and by Carter et al. 20 for Fe–20Cr–9Ni are
also included in this analysis. Table 1 gives the bulk
compositions of these alloys as measured using electron
microprobe analysis. Irradiations were conducted using 3.2
MeV protons at an ion flux of 6.25=1013 cmy2 sy1,
resulting in a nearly uniform damage rate of approximately
7=10y6 dpars through the first 35 mm of the proton

Ž .range 45 mm . Details of the sample preparation proce-
dure, irradiation technique, and grain boundary measure-

w xment techniques are given in Refs. 17,21 . A summary of
the alloy-irradiation conditions on which grain boundary
segregation measurements were made appears in Table 3.
Unirradiated grain boundaries were characterized in the
Ni–18Cr–9Fe, Ni–18Cr, and Fe–20Cr–9Ni alloys to de-
termine the grain boundary composition prior to irradia-
tion. The doses and dose rates reported throughout this

w xpaper are calculated using NRT 22 theory assuming a
displacement energy of 25 eV.

Table 1
Ž .Summary of bulk alloy compositions in at.% second line gives normalized compositions for FeqCrqNis100%

Alloy Cr Ni Fe Mn Mo Si C N P S

Fe–16Cr–24Ni 15.80 22.83 59.93 1.30 -0.02 0.12 0.02 y -0.01 -0.01
16.03 23.16 60.81

Fe–20Cr–24Ni 20.07 23.24 55.49 1.16 0.02 -0.01 0.01 y -0.01 -0.009
20.31 23.52 56.17

Fe–24Cr–24Ni 25.62 22.18 50.65 1.40 0.001 0.12 0.02 0.004 0.01 -0.009
26.02 22.53 51.45

Fe–24Cr–19Ni 26.29 17.49 54.85 1.22 -0.01 0.02 0.03 0.004 0.01 -0.009
26.66 17.73 55.61

Fe–20Cr–9Ni 20.72 8.88 69.16 1.11 -0.01 0.09 0.021 0.012 0.01 -0.009
20.97 8.99 70.04

Ni–18Cr 18.24 81.74 0 0 0.002 0 0.005 y 0.006 0.004
18.24 81.76 0

Ni–18Cr–9Fe 18.26 72.36 9.32 0.010 0.002 0.027 0.014 y 0.007 0.004
18.26 72.40 9.33
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Grain boundary microchemical analysis was performed
using AES in a Perkin–Elmer PHI 660 Scanning Auger
Microprobe and using STEMrEDS in a Phillips
EM400TrFEG at Oak Ridge National Laboratory with an
incident probe width of 2 nm. Details of the measurement

w xtechniques are given in Ref. 20 .
Unless specifically noted in the text, model calculations

w xwere performed using the Perks et al. 4 model with the
material parameters in Table 2. Model calculations are
corrected for the fraction of point defects that escape the
collision cascade and are free to migrate through the lattice
w x29 . A value of 0.2 was used as the freely migrating defect
fraction for proton irradiations and a value of 0.02 for

Žneutron irradiations recognizing the fact that a greater
number of defects created by neutrons recombine follow-
ing cascade formation. One dpa of proton irradiation is

.equivalent to approximately 10 dpa of neutron irradiation .
To correctly compare model calculations with experimen-
tal data, model calculations must properly account for the

w xspatial resolution of the experimental measurement 20 .
For instance, when measuring the grain boundary composi-
tion using AES, the Auger electrons that leave the sample
and arrive at the detector originate not only from the grain
boundary itself but also from atom planes adjacent to the
grain boundary. Since the composition profile changes
rapidly near the boundary, the contributions from atom
planes adjacent to the grain boundary cause the AES
measurement to be an underprediction of the actual segre-
gation. Similarly, since the STEM electron probe has a

Ž .finite width about 2 nm entering the sample and the total
RIS profile width is on the order of 5–10 nm, STEMrEDS
measurements average over a rapidly changing composi-
tion profile and also underpredict the actual segregation.
To most accurately compare a model prediction with an
experimental measurement, the model calculation must
first be corrected for these analyzed volume effects.

To compare a model calculation with an AES measure-
ment, the model calculation must be convoluted with the
Auger electron escape depth. The escape depth describes
the probability that an Auger electron emitted within a
grain can escape the grain and reach the detector. Higher
energy Auger electrons have larger escape depths and a
greater probability of escape. The escape depth can be

w xcalculated from the empirical relationship 30

538 1r2
l s q0.41 aE , 1Ž . Ž .m 2E

where the escape depth l is expressed in monolayers. Em
Ž .is the energy in eV of the emitted Auger electron and a

Ž .is the thickness of a monolayer in nm . The monolayer
thickness is calculated as follows:

A
21as 10 , 2Ž .ž /rnN

Ž .where A is the atomic or molecular weight grmole , r is
Ž 3.the density grcm , n is the number of atoms in the

molecule, and N is Avagadro’s number. The escape depth
Ž .is used in a broadening function BF of the form

BFseyx r l m , 3Ž .

which describes the probability of escape based on the
depth x at which the Auger electron originated. The
convolution of the calculated profile with the Auger elec-
tron broadening function is performed as follows:

ÝC x eyx rlmŽ .
C s , 4Ž .conv yx rlmÝe

Ž .where C x is the atomic concentration as a function of
Ž .depth x in nm .

Table 2
Inputs to the Perks’ model

Input parameter Notation Value Reference
13 y1 w xVacancy jump frequency for Fe v 2.8=10 s 23Fev
13 y1 w xVacancy jump frequency for Cr v 5.0=10 s 23Crv
13 y1 w xVacancy jump frequency for Ni v 1.5=10 s 23Niv

w xFe-vacancy correlation factor f 0.785 23Fev
w xCr-vacancy correlation factor f 0.668 23Crv
w xNi-vacancy correlation factor f 0.872 23Niv

12 y1 w xInterstitial jump frequency v 1.5=10 s 24I
w xAtom-interstitial correlation factor f 0.44 25I

Fe w xVacancy migration energy for Fe E 1.3 eV 26vm
Cr w xVacancy migration energy for Cr E 1.3 eV 26vm
Ni w xVacancy migration energy for Ni E 1.3 eV 26vm

w xInterstitial migration energy E 0.9 eV 27Im
w xVacancy formation energy E 1.9 eV 6fv

14 2 w xDislocation density r 1=10 m 28
Recombination volume Z 12 FCC lattice

w xThermodynamic factor a 1 6
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For a model calculation to be compared with a
STEMrEDS measurement, the model calculation must be
convoluted with the X-ray generation profile associated
with the finite width electron beam. Typically, the beam is
assumed to have a Gaussian shape described by a standard

Ž .deviation s , and scattering beam broadening is usually
treated analytically or with a Monte Carlo simulation. The
convolution of the model calculation with the X-ray gener-
ation profile is performed as follows:

`
X X XCh x s C x h xyx d x 5Ž .Ž . Ž . Ž . Ž .H

y`

`

h x d xs1, 6Ž . Ž .H
y`

Ž . Ž .where C x is the model calculated profile, h x is the
Ž .Ž .X-ray generation function, and Ch x is the convolution.

This calculation is simplified by using the convolution
theorem:

˜ ˜ ˜Ch sC a h a , 7Ž . Ž . Ž .Ž .
which says that the Fourier transform of the convoluted

˜Ž .profile Ch is equal to the product of the Fourier trans-
˜Ž .form of the concentration profile, C a and the Fourier

˜Ž .transform of the X-ray generation function h a .
In all calculations, a constant sink density was used

Ž 14 y2 .1=10 m , consistent with the work of Perks et al.
w x4 . The sink density in unirradiated 304 L stainless steel is

13 y2 Žon the order of 10 m network dislocation density
13 y2 . w x1.6=10 m 28 . The sink density in 304 L stainless

steel irradiated with protons at 4008C to 1 dpa is on the
15 y2 Ž 14order of 10 m network dislocation density 2.2=10

my2, dislocation loop density 5.6=1021 my3, black dot
21 y3. w xdensity 6.7=10 m 28 . For sink densities as large

as 1015 my2, the calculated segregation at 4008C is rela-
Žtively insensitive to changes in the sink density the major-

.ity of point defects are lost due to mutual recombination .
Since the majority of the segregation measurements in this
study were taken on alloys irradiated to 1 dpa or less,
1=1014 my2 is a reasonable estimate for the average sink
density during the irradiation.

3. Results

Grain boundary composition measurements have been
measured on seven different austenitic Fe–Cr–Ni alloys,
irradiated at temperatures ranging from 200–6008C and to
doses between 0.1 and 3.0 dpa. Over 1100 grain boundary
measurements have been taken. Table 3 lists the average
grain boundary compositions, along with the number of
boundaries and samples analyzed, for each irradiation con-
dition. The grain boundary composition measurements in
Table 3 are as measured, with no attempt to deconvolute
the measurements for beam effects. The values listed are
normalized to FeqCrqNis1.

The trends in the segregation measurements for a spe-
cific alloy as a function of dose and temperature are
similar for both the AES and STEMrEDS measurements.
The difference between the STEMrEDS and AES grain
boundary measurements is between 2–3 at.% for Cr and
between 1–5 at.% for Ni, which is expected and consistent
with grain boundary concentrations measured in irradiated
austenitic stainless steels using AES and STEMrEDS
w x12,20 . The consistency between the two independent
measurements provides confidence that the measured trends
are correct. In the following sections, the emphasis will be
on a comparison between model calculations and AES
measurements, but since the same trends are seen in the
STEMrEDS measurements, the conclusions will hold for
either type of measurement.

4. Determining the primary segregation mechanism

The segregation data can be analyzed to determine the
primary RIS mechanism in Fe–Cr–Ni alloys. First, the
relationships between diffusivities and self-diffusion coef-
ficients, and migration energies and self-diffusion energies

Žwill be discussed. The direction of segregation enrichment
.or depletion of Fe, Cr, and Ni in each of the alloys is

shown to be consistent with a vacancy mechanism. Next, a
new variable that will be used to analyze the segregation,
the ‘Cr–Ni replacement rate,’ is introduced. Then segrega-
tion measurements as a function of composition and tem-
perature will be compared to model predictions that as-
sume a vacancy mechanism to show that the segregation is
consistent with an inverse Kirkendall mechanism-specifi-
cally a preferential association of solutes with the vacancy
flux. The segregation in different alloys irradiated at 4008C
to 1 dpa is analyzed to show that diffusivities do change
with alloy composition and that the changes in diffusivity
are consistent with changes in self-diffusion coefficients.
Next, the segregation in alloys irradiated to 0.5 dpa at
varying temperatures is analyzed to show that the variation
in migration energy is also consistent with the variation in
self-diffusion energy as composition changes. In every
case, segregation is consistent with a vacancy mechanism.
Segregation measurements are then compared to model
predictions that assume an interstitial binding mechanism
to show that the interstitial binding model poorly repro-
duces the measured segregation behavior. Finally, the
unique segregation behavior of Fe in Fe–20Cr–9Ni is
shown to be predicted by a vacancy mechanism but not by
the interstitial binding mechanism.

4.1. Relationship between diffusiÕities and self-diffusion
coefficients

Radiation-induced segregation occurs when a local point
defect flux causes a net flux of atoms toward or away from
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Table 3
Ž Ž .Summary of segregation measurements uncertainty given by the standard deviation of the mean sr6N

Ž . Ž . Ž . Ž . Ž .Alloy Temp. 8C Dose dpa Fe at.% Cr at.% Ni at.% Measurements Samples Irradiations

AES
Ni–18Cr 200 0.5 y 14.6"0.2 85.4"0.2 28 2 1
Ni–18Cr 300 0.5 y 11.5"0.2 88.5"0.2 33 2 1
Ni–18Cr 400 0.5 y 10.1"0.2 89.9"0.2 62 5 3
Ni–18Cr 500 0.5 y 12.9"0.5 87.1"0.5 23 2 1
Ni–18Cr–9Fe 200 0.5 6.7"0.5 15.7"0.2 77.6"0.5 16 1 1
Ni–18Cr–9Fe 300 0.5 5.4"0.5 13.8"0.3 80.8"0.6 14 1 1
Ni–18Cr–9Fe 400 0.5 5.8"0.3 13.5"0.2 80.7"0.5 27 2 1
Ni–18Cr–9Fe 500 0.5 6.5"0.3 15.7"0.2 77.8"0.5 30 2 1
Ni–18Cr y 0.0 y 17.1"0.2 82.9"0.2 12 1 NA
Ni–18Cr 400 0.1 y 13.4"0.3 86.6"0.3 33 2 1
Ni–18Cr 400 0.3 y 11.8"0.2 88.2"0.2 32 2 1
Ni–18Cr 400 1.0 y 10.6"0.3 89.4"0.3 36 2 2
Ni–18Cr–9Fe y 0.0 9.4"0.3 18.0"0.4 72.6"0.5 12 2 y
Ni–18Cr–9Fe 400 0.1 5.2"0.2 13.9"0.2 80.9"0.3 23 2 1
Ni–18Cr–9Fe 400 0.3 4.9"0.3 13.9"0.4 81.1"0.4 23 2 1
Ni–18Cr–9Fe 400 1.0 5.5"0.3 13.8"0.3 80.7"0.6 27 2 2
Fe–20Cr–9Ni y 0.0 68.7"0.3 23.2"0.4 8.1"0.1 12 1 y
Fe–20Cr–9Ni 400 0.1 69.4"0.2 21.4"0.3 9.2"0.2 25 3 1
Fe–20Cr–9Ni 400 1.0 70.3"0.2 17.0"0.2 12.7"0.2 65 5 3
Fe–20Cr–9Ni 400 3.0 66.4"0.4 9.0"0.4 24.6"0.6 24 2 1
Fe–20Cr–24Ni 200 1.0 53.5"0.8 20.8"0.6 25.8"0.8 11 1 1
Fe–20Cr–24Ni 300 0.5 53.7"0.6 19.3"0.7 27.0"0.4 33 3 1
Fe–20Cr–24Ni 400 0.5 52.0"1.0 13.6"0.3 34.5"1.0 21 2 1
Fe–20Cr–24Ni 500 0.5 48.4"1.2 13.0"0.9 38.6"0.5 36 3 1
Fe–20Cr–24Ni 600 0.5 55.2"0.4 17.9"0.3 26.8"0.5 27 2 1
Fe–20Cr–24Ni 400 0.1 55.2"0.3 18.0"0.2 26.9"0.3 35 2 1
Fe–20Cr–24Ni 400 1.0 51.9"0.7 12.1"0.4 36.0"0.8 38 3 2
Fe–20Cr–24Ni 400 3.0 47.6"0.9 14.1"0.6 38.4"1.1 39 3 1
Fe–16Cr–24Ni 400 1.0 50.5"0.7 10.7"0.4 38.9"1.0 27 3 2
Fe–24Cr–24Ni 400 1.0 49.8"0.5 14.7"0.5 35.4"0.7 36 3 2
Fe–24Cr–19Ni 400 1.0 57.1"0.4 17.2"0.7 25.7"0.4 23 2 1

STEM
Ni–18Cr y 0.0 y 18.8"0.2 81.2"0.2 15 1 y
Ni–18Cr 400 0.1 y 15.7"0.2 84.3"0.2 22 2 2
Ni–18Cr 400 0.3 y 14.3"0.3 85.7"0.3 34 2 1
Ni–18Cr 400 0.5 y 13.0"0.3 87.0"0.3 33 2 2
Ni–18Cr 400 1.0 y 13.6"0.3 86.4"0.3 15 1 1
Ni–18Cr–9Fe y 0.0 9.2"0.1 17.9"0.2 72.8"0.2 17 1 y
Ni–18Cr–9Fe 400 0.1 6.6"0.1 16.0"0.2 77.4"0.3 22 2 1
Ni–18Cr–9Fe 400 0.3 5.8"0.1 15.4"0.2 78.7"0.2 18 1 1
Ni–18Cr–9Fe 400 0.5 5.4"0.1 14.4"0.2 80.2"0.3 45 2 1
Ni–18Cr–9Fe 400 1.0 5.8"0.2 15.3"0.2 78.7"0.3 20 1 1
Fe–20Cr–9Ni y 0.0 69.5"0.1 21.3"0.1 9.2"0.0 23 1 y
Fe–20Cr–9Ni 400 0.1 70.4"0.1 20.0"0.1 9.6"0.1 23 1 1
Fe–20Cr–9Ni 400 0.5 70.6"0.2 19.1"0.2 10.3"0.2 29 1 1
Fe–20Cr–9Ni 400 1.0 71.8"0.1 17.2"0.2 11.0"0.2 26 1 1
Fe–20Cr–9Ni 400 3.0 70.6"0.8 13.9"0.3 15.5"0.8 16 1 1
Fe–20Cr–24Ni y 0.0 56.1"0.1 20.3"0.1 23.6"0.1 20 1 y
Fe–20Cr–24Ni 400 0.5 52.9"0.5 14.2"0.3 32.9"0.7 10 1 1
Fe–20Cr–24Ni 400 1.0 50.7"0.5 14.0"0.2 35.3"0.7 50 2 2
Fe–20Cr–24Ni 400 3.0 51.9"0.3 14.6"0.1 33.5"0.4 30 2 1
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the grain boundary. Segregation can be caused by preferen-
tial interactions of atoms with the vacancy flux. This atom

Žflux depends on the diffusivity of each constituent which
describes the rate at which an atom will interact with the

.point defect flux and on the local composition. For exam-
ple, the flux of Cr atoms due to interaction with the
vacancy flux is a function of the local Cr concentration,
C , and the Cr vacancy diffusivity, d :Cr Crv

J v Crs f C ,d . 8Ž .Ž .j Cr Crv

Therefore, if either the concentration or the diffusivity
changes, the flux, and therefore the amount of segregation,
will change. As shown below, vacancy diffusivities are
directly related to self-diffusion coefficients which are
measured in high temperature diffusion experiments where
the diffusion is driven strictly by vacancy motion. Conse-
quently, changes in diffusivity as a function of alloy
composition can be compared to changes in self-diffusion
coefficients as a function of alloy composition to provide
evidence that segregation in Fe–Cr–Ni alloys is driven by
a vacancy mechanism.

The relationship between the diffusivity and the self-
diffusion coefficient is given by

yECr yECr
vm vsdCr Cr CrD sC d sC d exp sD exp ,vsd v Crv v 0 0ž / ž /kT kT

9Ž .

where DCr is the self-diffusion coefficient, C is thevsd v

vacancy concentration, and d is the Cr-vacancy ex-Crv

change diffusivity. The diffusivity is a material property
and is described with two components, a temperature
independent pre-exponential term dCr and a migration0

energy term ECr :vm

yECr
vmCrd sd exp . 10Ž .Crv 0 ž /kT

The self-diffusion coefficient also consists of a pre-ex-
ponential factor DCr and a self-diffusion energy term ECr.0 sd

The ratio of the atom-vacancy diffusivities, d rd , isAv B

equal to the ratio of the self-diffusion coefficients
DA rDB . The relationship between self-diffusion energyvsd vsd

and migration energy is given by

E sE qE , 11Ž .sd vm vf

where E is the vacancy formation energy which deter-vf

mines the vacancy concentration. The vacancy concentra-
tion in unirradiated materials increases with temperature.
Therefore, as temperature increases, the self-diffusion co-
efficient increases because the diffusivity increases and the
concentration of vacancies increases. In irradiated alloys,
at the temperatures at which RIS occurs, the majority of
the vacancies are created by displacement damage and
thermally generated vacancies are a negligible contribution
to the total vacancy concentration. Any changes in the

diffusiÕity due to changes in material properties are re-
flected in the self-diffusion coefficient.

If a change in alloy composition causes the diffusivity
pre-exponential factor to increase, the self-diffusion coeffi-
cient pre-exponential factor will also increase. If change in
alloy composition causes the migration energy to increase,
the self-diffusion energy will also increase. Therefore, if
the variations of diffusivity and migration energy with
changing composition follow the variation of the self-dif-
fusion coefficient and self-diffusion energy with changing
composition, the segregation is consistent with a vacancy
mechanism.

Diffusivities also describe the motion of interstitials in
irradiated alloys. The interstitial diffusivities describe the
rate of interaction of atoms with the interstitial flux and are
of the form

yECr
imCr Cr,id sd exp . 12Ž .i 0 ž /kT

Unlike vacancies, the diffusivities of interstitials cannot be
measured in a thermal diffusion experiment. The formation
energy of interstitials is large so the concentration of
thermally generated interstitials is negligible.

4.2. Direction of segregation and the relationship to a
Õacancy mechanism

The equations describing RIS have been solved by
w xWiedersich et al. 5 to describe the relationship between

an atom gradient and the vacancy gradient at steady-state
for a binary alloy. The ratio of these two gradients has

Ž .been termed the determinant M by Watanabe and Taka-
w xhashi 31 . For a binary alloy, the determinant for atom A

is

= C C C d d d dA A B Ai Bi Av Bv
M s s y .A ž /= C a d C D qd C D d dŽ .v Bi B A Ai A B Ai Bi

13Ž .

ŽŽ . Ž ..If the term d rd y d rd is positive, the gradi-Av Ai Bv Bi

ent of atom A is in the same direction as the vacancy
gradient and atom A would deplete. Watanabe and Taka-

w xhashi 31 derived an expression for the determinant in a
ternary alloy. The determinant for atom j is

d C d Cd C d Cjv j ji jki k kv k
yÝ Ý

D D D D= C j k j kk/ j k/jj
M s s .j d C= C ki kv

aÝ
Dkk

14Ž .

If the determinant for the jth atom is positive, then the jth
atom depletes during irradiation.

Ž .Table 4 a shows the Cr, Fe, and Ni determinants
calculated for all seven alloys assuming that preferential
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Table 4
Ž .a Segregation behavior in Ni–18Cr, Ni–18Cr–9Fe, Fe–20Cr–9Ni, Fe–16Cr–24Ni, Fe–20Cr–24Ni, Fe–24Cr–24Ni, and Fe–24Cr–19Ni

Ž . Ž .compared to inverse Kirkendall predictions. Determinants M calculated using Eq. 14

Alloy M M M Cr Fe Ni Analysis methodCr Fe Ni

Ni–18Cr 3.9 y y3.9 Depletes y Enriches AES
Ni–18Cr 3.9 y y3.9 Depletes y Enriches STEMrEDS
Ni–18Cr–9Fe 5.0 0.4 y5.4 Depletes Depletes Enriches AES
Ni–18Cr–9Fe 5.0 0.4 y5.4 Depletes Depletes Enriches STEMrEDS
Fe–20Cr–9Ni 5.0 y3.0 y2.0 Depletes Enriches Enriches AES
Fe–20Cr–9Ni 5.0 y3.0 y2.0 Depletes Enriches Enriches STEMrEDS
Fe–16Cr–24Ni 4.0 3.6 y7.6 Depletes Depletes Enriches AES
Fe–20Cr–24Ni 5.0 2.4 y7.4 Depletes Depletes Enriches AES
Fe–20Cr–24Ni 5.0 2.4 y7.4 Depletes Depletes Enriches STEMrEDS
Fe–24Cr–24Ni 6.0 0.6 y6.6 Depletes Depletes Enriches AES
Fe–24Cr–19Ni 6.5 y1.8 y4.7 Depletes Enriches Enriches AES

Ž . Ž . Ž .b Diffusivity ratios used to calculate determinants M in a
Cr Fe NiAlloy d d d Ref.vm vm vm

w xNi–18Cr 1.65 y 1.00 32
w xNi–18Cr–9Fe 2.00 1.20 1.00 33
w xFe–16Cr–24Ni 2.55 1.69 1.00 23
w xFe–20Cr–24Ni 2.48 1.61 1.00 23
w xFe–24Cr–24Ni 2.39 1.47 1.00 23
w xFe–24Cr–19Ni 2.33 1.35 1.00 23
w xFe–20Cr–9Ni 2.31 1.28 1.00 23

coupling with the Õacancy flux causes the segregation. The
determinants were calculated using the vacancy diffusivi-

Ž .ties in Table 4 b . The interstitial diffusivities were as-
sumed equal for Cr, Fe, and Ni. The segregation trends
Ž .enriching or depleting at the grain boundary for Cr, Fe,
and Ni that were seen in the RIS measurements are also
listed. For each alloy where the Cr determinant is positive
Cr depletes, where the Ni determinant is negative Ni
enriches, where the Fe determinant is positive Fe depletes,
and where the Fe determinant is negative Fe enriches. The
experimental segregation measurements are all consistent
with a vacancy mechanism.

4.3. Measuring segregation: Cr–Ni replacement rate

To study segregation as a function of alloy composi-
tion, a variable is introduced to relate the amount of
segregation to the relative diffusivities of Fe, Cr, and Ni
w x34 . This variable is the ratio of the magnitude of the

Žchange in Cr concentration unirradiated grain boundary
.Cr minus irradiated grain boundary Cr to the magnitude
Žof the change in Ni concentration unirradiated grain

.boundary Ni minus irradiated grain boundary Ni
Ž < <.DCrrDNi and is termed the ‘Cr–Ni replacement rate,’
designated as RCr™ Ni. This ratio gives the fraction of
grain boundary sites occupied by Ni that were previously
occupied by Cr. A ratio of 1 indicates that every Cr that

Žleaves the boundary is replaced by a Ni with Fe neither
.enriching or depleting . A value of 0.5 indicates that for

Žtwo Ni atoms arriving at the boundary, one Cr leaves and
.therefore one Fe leaves to conserve matter. The segrega-

tion could also be described using the ‘Fe-Ni replacement
Ž < <.rate’ DFerDNi , which is related to the Cr–Ni replace-

ment rate by

DCr DFe
CrqFeqNis1 or q sy1. 15Ž .

DNi DNi

However, the Cr–Ni replacement rate was chosen to ana-
lyze segregation data because Cr always depletes and Ni
always enriches in Fe–Cr–Ni alloys. Additionally, the
changes in concentration from bulk to grain boundary are
greatest for Cr and Ni and therefore the largest changes are

< <captured using DCrrDNi .
The Cr–Ni replacement rate is determined by the rela-

tive amounts of grain boundary segregation. The kinetics
of segregation in an Fe–Cr–Ni system are determined by
the ratios of the diffusivities dCr rdNi , dFe rdNi , andvm vm vm vm

dCr rdFe . Therefore, if the segregation is driven by thevm vm

vacancy flux, Cr must be the fastest diffuser and Ni the
slowest diffuser in the system

dCr dFe
vm vm

) )1 16Ž .Ni Nid dvm vm

Fe will enrich or deplete depending on the Fe diffusiv-
ity 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
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enriched at the boundary occupies positions previously
occupied by either Cr or Fe. The amount of Cr and Fe
depletion is therefore determined by the CrrFe diffusivity
ratio dCr rdFe .vm vm

Fig. 1 demonstrates the effect of relative diffusivity on
grain boundary segregation. Perks model predictions for
the grain boundary Cr concentration are plotted against
model-predicted grain boundary Ni concentration for an
Fe–20Cr–24Ni alloy irradiated at 4008C 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

Ž Cr Fe .diffusivity d rd . As the Cr to Fe diffusivity in-vm vm

creases from 1.3 to 2.1, the change in grain boundary Cr
Ž .concentration DCr increases and the change in grain

Ž .boundary Ni concentration DNi decreases. Therefore, the
Ž Cr™ Ni < <.Cr–Ni replacement rate R s DCrrDNi increases

as the Cr to Fe diffusivity increases. The Cr–Ni replace-
ment rate is thus a measure of the relative diffusivities.

w xSimonen et al. 19 have previously used the terms
‘diffusion path’ and ‘kinetic opportunity’ to describe the
segregation process in ternary alloys. The diffusion path is

Ž .determined by relative diffusivities the paths in Fig. 1 .
The kinetic opportunity determines how far along the
diffusion path the compositions change and is determined

Žby the dose, temperature, and the position distance from
.the grain boundary at which the segregation is measured.

Replacement rate is a comparison of the diffusion paths of
Ždifferent alloys with the same kinetic opportunity same

.dose, temperature and measurement location . Since the
diffusion path is determined by relative diffusivities, com-

parison of replacement rates allows a comparison of diffu-
sivities between different alloys.

4.4. Composition dependence of RIS and its relationship to
a Õacancy mechanism

In a previous work, ratios of diffusivities inferred from
RIS measurements have been compared to ratios of high
temperature diffusion coefficients to show that RIS is

w xconsistent with a vacancy mechanism 34 . In this section,
a summary of that work is presented. RIS measurements
from Fe-base alloys irradiated at 4008C to 1 dpa are
compared to model calculations. Two sets of model calcu-
lations are performed. One set uses ratios of diffusivities
calculated from ratios of high temperature diffusion coeffi-
cients. These ratios vary with alloy composition. The
second set of model calculations serves as a reference and
assumes that the diffusivities for Fe, Cr, and Ni do not

Žchange with alloy composition the diffusivities for Fe–
.15Cr–20Ni are used . For each alloy, the Cr–Ni replace-

ment rate is calculated from measurements and model
calculations. If the measured Cr–Ni replacement rates are
consistent with model predictions which use ratios of
diffusivities calculated from high temperature diffusion

Ž .coefficients which are driven only by vacancy flux , then
RIS is driven primarily by a vacancy mechanism. If the
measured segregation is inconsistent with model predic-
tions that use diffusivities calculated from high tempera-
ture diffusion measurements, then either the relative diffu-
sivities of Cr, Ni, and Fe are different at irradiation
temperatures, or a significant contribution to the segrega-

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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Fig. 2. Comparison of model predicted and measured segregation.
Calculations using diffusivities based on self-diffusion coefficients
predict the trends of the segregation.

tion comes from differences in solute coupling with the
interstitial flux.

Fig. 2 shows the results of this comparison. Cr–Ni
replacement rates calculated from segregation data are
compared to Cr–Ni replacement rates calculated from

w xmodel predictions using the Perks model 4 , which as-
sumes that only the vacancy flux contributes to the grain

Žboundary segregation no differences in interstitial jump
. Cr Nirates . Constant diffusivity ratios of d rd s2.55,vm vm

dFe rdNi s1.67 and dCr rdFe s1.53 are used for thevm vm vm vm
Žconstant diffusivity calculations for all alloys other inputs

.are given in Table 2 . These diffusivity ratios are based on
the diffusion coefficient ratios measured by Rothman et al.
w x23 for an Fe–15Cr–20Ni alloy and have traditionally
been used in RIS calculations for stainless steels. Alloy

Žspecific diffusivities, interpolated Fe–16Cr–24Cr, Fe–
.20Cr–24Ni, Fe–24Cr–24Ni, and Fe–24Cr–19Ni and ex-

Ž .trapolated Fe–20Cr–9Ni from diffusion coefficients
Ž . w xD rD from Rothman et al. 23 are used for theCr Fe

variable diffusivity calculations and are listed in Fig. 2 for
reference. As shown, the trends of the segregation mea-
surements are better predicted from the calculations using
the alloy specific diffusivities. Since the observed diffusiv-
ities in the Fe-base alloys are consistent with high tempera-
ture diffusion coefficient measurements, the primary driv-
ing force for segregation is a coupling with the vacancy
flux.

4.5. Temperature dependence of RIS and its relationship to
a Õacancy mechanism

The temperature dependence of RIS is alloy specific
and has previously been shown to be consistent with a

w xvacancy mechanism 34 . The temperature dependence of
the segregation is determined by the migration energies,
which can be determined for each alloy. If segregation is
measured in two alloys with different Cr-vacancy migra-

tion energies, the alloy with the smaller migration energy
will have its maximum segregation at a lower temperature.
These migration energies can then be compared to self-dif-
fusion energies to show that segregation is consistent with
a vacancy mechanism.

The segregation behavior as a function of temperature
is plotted for Ni–18Cr, Ni–18Cr–9Fe, and Fe–20Cr–24Ni
in Fig. 3. The minimum grain boundary Cr concentration
occurs at the highest temperature in the Fe–20Cr–24Ni
alloy and at the lowest temperature in the Ni–18Cr–9Fe
alloy. From the RIS data, we would expect the migration
energy to be largest in Fe–20Cr–24Ni and smallest in the
Ni–18Cr–9Fe. Since self-diffusion energies are the sum of
the vacancy migration energy and the bulk vacancy forma-

Ž .tion energy E sE qE , self-diffusion energies cansd vm vf

be used as a guide in determining vacancy migration
energies.

Ž Cr.The measured self-diffusion energies E for Cr forsd

each alloy are compared in Fig. 3. The Fe–20Cr–24Ni
w xdata is interpolated from the data of Rothman et al. 23

and the Ni-base data is interpolated from the data of
w x w xMillion et al. 33 , and Ruzickova and Million 32 . Data

are used from three different experiments because the
ranges of alloy composition measured are non-overlapping.
Rothman’s measurements cover 15–22 wt% Cr and 20–45
wt% Ni. Million’s data covers 0–30.4 wt% Cr and 15.5–
78.7 wt% Ni. The measurements only overlap at one data

Ž .point approximately 20Cr–45Ni where both give similar
Ž .self-diffusion energies for Cr 3.04 eV . Ruzickova and

Million measured self-diffusion in binary Ni–Cr alloys. As
shown, the self-diffusion of Cr is largest in the alloys with
the higher temperature of minimum segregation. For the
alloys used in this segregation study, the smallest vacancy
migration energy and thus the fastest segregation is ex-
pected in the Ni–18Cr–9Fe alloy. Since the segregation
behavior is consistent with trends predicted by self-diffu-

Fig. 3. Trends in minimum Cr segregation temperature correspond
with trends in self-diffusion energy. The segregation is consistent
with the segregation being driven by preferential association of
solutes with the vacancy flux.
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Ž .sion energy a function of interactions with vacancies , the
temperature dependence of RIS is consistent with a va-
cancy effect.

4.6. Comparison of interstitial binding predictions to mea-
sured segregation

Although considerable evidence has been presented that
indicates preferential interaction with the vacancy flux is
the primary mechanism of RIS in Fe–Cr–Ni alloys, a
more direct test of interstitial binding is required. Lam et

w xal. 6,35 proposed that interstitial binding was an impor-
tant factor in describing RIS in Fe–Cr–Ni alloys. Specifi-
cally, Ni, as an undersized element should interact prefer-
entially with the interstitial flux. To link Ni atoms to the
interstitial flux, a binding energy in the interstitial diffusiv-
ities was included to represent the non-random occupation
of interstitials by a given element:

H b
Ni ,i

C expNi ž /kTiC sCNi i b b bH H HNi ,i Fe ,i Cr ,i
C exp qC exp qC expNi Fe Crž / ž / ž /kT kT kT

17Ž .

A positive binding energy for Ni causes Ni to preferen-
tially interact with the interstitial flux. In Lam’s model, the
input parameters are similar to those in Table 2, with the
exception that Lam used 0.3 eV for the interstitial migra-
tion energy for Fe and Cr, 0.9 eV for the interstitial
migration energy of Ni, and 1.0 eV for the interstitial
binding energy for Ni. The interstitial migration energy of
0.3 eV used for Fe and Cr corresponds to the migration

w xenergy of self-interstitials in Fe 36 . The interstitial migra-
tion energy of 0.9 eV for Ni corresponds to the experimen-
tal value of the interstitial migration energy in Fe–16Cr–

w x25Ni 37 . The interstitial binding energy of 1.0 eV for Ni
w xis typical for di-interstitials in an fcc lattice 38 . The

interstitial binding for Cr and Fe were assumed to be
negligible and were set to zero. Lam’s formulation for RIS
has been used to calculate the expected segregation in
Fe–20Cr–24Ni. Model calculations are compared to the
segregation measurements from Fe–20Cr–24Ni as a func-
tion of temperature in Fig. 4. Because the interstitial
binding term affects the Ni-interstitial concentration expo-
nentially with temperature, the segregation behavior as a
function of temperature provides the best test of the inter-
stitial binding theory. In addition to the predictions using

ŽLam’s model, predictions from the Perks model vacancy
.mechanism only are included in the figure for compari-

son. Fig. 4 clearly shows that the interstitial binding model
severely overpredicts the measured segregation. The over-
prediction is especially evident for the Ni segregation
where the interstitial binding model predicts segregation of

Fig. 4. Grain boundary Cr and Ni concentration in Fe–20Cr–24Ni,
measured using AES and plotted as a function of temperature.
Measurements are compared to model calculations using the Perks
model and to the interstitial binding model. Perks model calcula-
tions use the inputs from Table 2. For the interstitial binding
model calculations, the interstitial migration and binding energies
are listed.

up to 80 at.% Ni for a 6008C irradiation. The segregation
measurements do not approach these values.

While the interstitial binding model does not work for
this set of input parameters, a more thorough test of the
model over a range of reasonable migration and binding
energies is required. The input parameters used in Fig. 4
assumed that Fe and Cr migrated as self-interstitials with a
low migration energy of 0.3 eV, while Ni preferentially
migrated with Fe as an Fe–Ni dumbbell with a larger
migration energy of 0.9 eV. As a first test of the sensitivity
of the model to the binding energy, a set of calculations is
performed which assumes equal migration energies for Fe,
Cr, and Ni interstitials. The migration energy of intersti-

Žtials is set to 0.9 eV corresponding to the measured value
in Fe–16Cr–25Ni during annealing following neutron irra-

.diation . The binding energy of Ni-interstitials is varied
Žfrom 0.1 eV a value much lower than measured for

. Ždi-interstitials in FCC alloys to 1.0 eV a value typical for
.di-interstitials in FCC alloys . The results of the calcula-

tions are shown in Fig. 5.
For binding energies as small as 0.1 eV, the interstitial

binding model overpredicts the segregation to a much
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Fig. 5. Grain boundary Cr and Ni concentration in Fe–20Cr–24Ni,
measured using AES and plotted as a function of temperature.
Measurements are compared to model calculations using the Perks
model and to the interstitial binding model. Perks model calcula-
tions use the inputs from Table 2. For the interstitial binding
model calculations, the interstitial migration and binding energies
are listed.

greater extent than does the Perks model. ‘Since the Perks
Ž .vacancy effects only model overpredicts the Ni enrich-
ment, any binding of Ni to the interstitial flux will make
the overprediction greater’. At binding energies of 0.5 eV
and higher, the interstitial binding model calculation is
insensitive to the binding energy and greatly overpredicts
the segregation. This observation is similar to that of Lam
who found that in calculating the segregation in proton
irradiated Fe–Cr–Ni alloys, the segregation is insensitive

w xto binding energies within the range of 0.9–1.5 eV 35 .
Ž .Eq. 17 can be analyzed to show that the interstitial

binding model should indeed be insensitive to binding
energies in this range. For Ni-interstitial binding energies
of 0.5 eV, the concentration of interstitials that are Ni
atoms at 4008C, C i , is 99 at.%. Larger values of theNi

Ni-interstitial binding energy cannot significantly increase
the concentration of interstitials that are Ni. This set of
calculations indicate that the introduction of interstitial
binding as a significant factor in the segregation process
causes the model to predict much greater segregation than
occurs.

A final check of the interstitial binding model returns to
the condition used in the calculations for Fig. 4 in which

Fe and Cr self-interstitials migrate at a much lower energy
than do Ni dumbbells. As dumbbells, the Ni interstitials
must rotate prior to diffusing, and therefore migrate at a
higher energy. This higher migration energy could com-
pensate for the preferential association of Ni to interstitials,
reducing the Ni flux to the grain boundary, resulting in
model predictions closer to experimental data. It has al-
ready been shown that if the Fe and Cr migration energy is
0.3 eV, the Ni migration energy is 0.9 eV, and the
Ni-interstitial binding energy is 1.0 eV, the interstitial
binding model severely overpredicts the segregation. In
addition, it has been shown that the interstitial binding
model is insensitive to binding energies greater than 0.5
eV. The final test was to set the Ni-interstitial binding
energy to 1.0 eV, the Fe and Cr interstitial migration
energies to 0.3 eV and increase the Ni-interstitial migration
energy above 0.9 eV until a reasonable match with the
experimental data was found. Then, the best fit Ni-intersti-
tial migration energy can be compared to the experimental
uncertainty in the measured interstitial migration energy in

w xFe–16Cr–25Ni, which is 0.89"0.06 eV 37 .

Fig. 6. Grain boundary Cr Ni concentration in Fe–20Cr–24Ni
measured using AES and plotted as a function of temperature.
Measurements are compared to model calculations using the Perks
model and to the interstitial binding model. Perks model calcula-
tions use the inputs from Table 2. For the interstitial binding
model calculations, the interstitial migration and binding energies
are listed.
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Fig. 6 shows the results of these calculations. At a
Ni-interstitial migration energy of 1.0 eV, the interstitial
binding model still severely overpredicts the segregation.
At a Ni-interstitial migration energy of 1.2 eV, the intersti-
tial binding model and the Perks model predict the mea-
sured segregation with similar accuracy. At 1.5 eV, the
interstitial binding model predicts little segregation at all.
The ‘best fit’ occurs with a Ni-interstitial migration energy
of around 1.2 eV. However, this energy is well outside the
range of the measured interstitial migration energy for a

Ž .similar alloy 0.83–0.95 eV . Even allowing only Ni atoms
Žto migrate at the higher migration energy and keeping Fe

.and Cr interstitials at a small migration energy , the inter-
stitial binding model cannot accurately predict the mea-
sured segregation unless unrealistic input parameters are
used.

Fig. 7 plots the model predicted grain boundary Ni
concentration vs. the measured Ni concentration for the
five different Fe-base alloys in this study using both the

Ž .Perks inverse Kirkendall preferential vacancy effects and
Žthe interstitial binding models. While the Perks vacancy

.effects model tends to follow the trends of the measured
segregation, the interstitial binding model overpredicts the
measured compositions by a large margin. The temperature

Ž Ž ..dependent interstitial binding model Eq. 17 severely
overpredicts the segregation and is unlikely to occur in
Fe–Cr–Ni alloys. These calculations do not rule out a
different, not yet proposed, interstitial mechanism con-
tributing to segregation in Fe–Cr–Ni alloys. Since the
segregation predicted by vacancy effects alone tends to
slightly overpredict the Ni-enrichment and Cr-depletion,
any new proposed interstitial mechanism must bring Cr to
the boundary faster than Ni.

Fig. 7. Comparison of model predicted vs. measured grain bound-
ary Ni concentration in Fe-base alloys. Open circles are Perks
model predictions using inputs from Table 2. Open triangles are
interstitial binding model calculations. For the interstitial binding
model calculations, the interstitial migration and binding energies
are listed.

Fig. 8. Grain boundary Fe concentration in Fe–20Cr–9Ni irradi-
Žated at 4008C as a function of dose. Fe enriches at low 0 to 1.0

. Ž .dpa dose and depletes at high doses )3.0 dpa . The segregation
Ž .measurements are compared to model calculations using a the

Ž . Ž .Perks inverse Kirkendall model and b the interstitial binding
model. Only the Perks model predicts the enrichment followed by
depletion.

4.7. Comparison of the segregation of Fe in Fe–20Cr–9Ni
to model predictions

The segregation of Fe in Fe–20Cr–9Ni is unique. From
0 to 1.0 dpa, Fe enriches at the grain boundary. From 1.0
to 3.0 dpa, Fe depletes at the boundary. At small doses, Fe
diffuses slower than the alloy average and therefore en-
riches. At higher doses, the change in composition near the
boundary result in Fe being a faster diffuser than the local
average, causing Fe to deplete. This segregation behavior
can be compared to both the Perks and the interstitial
binding models.

Fig. 8 plots Fe segregation as a function of dose for
Fe–20Cr–9Ni irradiated at 4008C, along with Perks model
calculations using inputs from Table 2. The Perks model
predicts an increase in the grain boundary Fe concentration
at low dose followed by a depletion at higher dose. The
dose dependence predicted by the Perks model does not

Žexactly follow the dose dependence of the data the model
.predicts a maximum Fe concentration at a lower dose , but

enrichment followed by depletion is predicted as dose
increases.

A comparison between the predictions of the interstitial
binding model and the measured Fe segregation is shown
in Fig. 8. The input parameters are the same as those used

Žin Fig. 4 specifically the input parameters from Table 2,
with the exception of 0.3 eV for the interstitial migration
energy for Fe and Cr, 0.9 eV for the interstitial migration
energy of Ni, and 1.0 eV for the interstitial binding energy

.for Ni . The interstitial binding model does not predict any
Fe enrichment. For all doses, the predicted Fe concentra-
tion is smaller than bulk values. Comparisons of the
segregation behavior of Fe in irradiated Fe–20Cr–9Ni to
both the Perks and the interstitial binding models again
support vacancy transport as the primary segregation
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mechanism in irradiated austenitic Fe–Cr–Ni alloys. The
Perks model correctly predicts the trends in the segregation
behavior of Fe, whereas the interstitial binding model does
not.

In the previous sections, RIS data was analyzed in
terms of segregation mechanisms. Specifically, the segre-
gation data from proton-irradiated Fe–Cr–Ni alloys was
analyzed with respect to both the Perks and the interstitial
binding mechanisms. Segregation measurements as a func-
tion of composition and of temperature were analyzed and
found to be consistent with a vacancy mechanism. How-
ever model predictions using the interstitial binding model
resulted in poor agreement with the segregation measure-
ments in the Fe-base alloys of this study. Predictions of the
interstitial binding model agree with the RIS measure-
ments only if unrealistic input parameters are used. Simi-
larly, model predictions using a vacancy mechanism cor-
rectly predicted the change in Fe segregation in Fe–20Cr–
9Ni, while the interstitial binding model did not. This
detailed analysis of the segregation in proton irradiated
Fe–Cr–Ni alloys indicates that RIS in these Fe–Cr–Ni
alloys is sufficiently described using only a vacancy mech-
anism.

5. Segregation in neutron irradiated alloys

While a vacancy mechanism has been shown to be
sufficient in describing the segregation in Fe–Cr–Ni alloys
irradiated with protons, the mechanism should also de-
scribe the segregation in alloys irradiated with neutrons. In
this section, the Perks and interstitial binding model calcu-
lations are compared to experimental results for alloys
irradiated with neutrons to show the segregation is de-
scribed adequately by a vacancy mechanism and that the
interstitial binding model overpredicts the measured segre-
gation.

Model predictions from the Perks and interstitial bind-
ing models can be compared to the segregation measure-
ments from material irradiated with neutrons. Only a few
studies of neutron irradiated material have examined the
dependence of RIS in Fe–Cr–Ni alloys as a function of
temperature and dose. The existing studies were summa-

w x w xrized by Damcott et al. 17 and Allen and Was 34 . An
examination of these studies indicate that the magnitude of
the segregation is comparable in alloys with similar bulk
composition irradiated with protons and neutrons. The
magnitude of the segregation in 304 and 316 stainless steel
alloys tends to be smaller than that in alloys with higher Ni
concentration regardless of the irradiating particle. For
example, the Ni segregation measurements of Norris et al.
w x9 from an Fe–20Cr–25Ni alloy irradiated at temperatures
near 4008C are plotted as a function of dose in Fig. 9. The
dose rate was not reported, so a dose rate of 5=10y8

dpars and an efficiency for producing freely migrating
w xdefects of 0.02 were used for model calculations 29 . For

Fig. 9. Change in grain boundary Ni concentration in Fe–20Cr–
w x25Ni 9 , irradiated at 4008C with neutrons as a function of dose.

Measurements are compared to model calculations using the Perks
model and to the interstitial binding model. Perks model calcula-
tions use the inputs from Table 2. For the interstitial binding
model calculations, the interstitial migration and binding energies
are listed.

the Perks model calculations, the input parameters are
those of Table 2. For the interstitial binding calculations,
the input parameters are those of Table 2, except the
interstitial binding energy is 1.0 eV for Ni and the intersti-
tial migration energies are 0.3 eV for Fe and Cr. The
Ni-interstitial migration energy is varied using three differ-
ent values. As with the alloys irradiated with protons, the

Ž .figure clearly shows that the Perks vacancy effects model
is a much more accurate predictor of the measured segre-
gation. The interstitial binding model predicts much greater
segregation than measured, even using 1.2 eV for the
Ni-interstitial binding energy, a value well outside the

w xmeasured value of 0.89"0.06 eV in Fe–16Cr–25Ni 37 .
Several authors have measured segregation in 304 and

316 stainless steel alloys irradiated with neutrons at 2888C
w x12,39,40 . Fig. 10 shows a similar set of calculations for
the Ni segregation in 304r316 stainless steel irradiated at
2888C to various doses. The input parameters for the
model calculations are the same as in Fig. 9. While a
Ni-interstitial migration energy of 1.2 eV gives model
predictions as accurate as the Perks model, 1.2 eV is well
outside the measured value for interstitial migration en-
ergy. Therefore, analysis of alloys irradiated with neutrons
also indicates that the interstitial binding model does not
accurately describe RIS in these Fe–Cr–Ni alloys. In
analysis of materials irradiated with neutrons, the model
calculations were compared to the Ni segregation because
the interstitial binding model has a stronger effect on the
Ni concentration than the Cr concentration.

For the interstitial binding model to be an accurate
description of RIS in irradiated Fe–Cr–Ni alloys, the Ni
segregation would have to be much larger than that seen in
any measurement of grain boundary composition. This
requirement was originally noted by Lam in calculations

w xthat included interstitial binding. Lam 35 observed that:
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Fig. 10. Change in grain boundary Ni concentration in 304r316
w xstainless steel 12,39,40 , irradiated at 2888C with neutrons as a

function of dose. Measurements are compared to model calcula-
tions using the Perks model and to the interstitial binding model.
Perks model calculations use the inputs from Table 2. For the
interstitial binding model calculations, the interstitial migration
and binding energies are listed.

Depending on driving forces, radiation-induced composi-
tional changes can be slow or fast at a given temperature
and damage rate. If vacancy fluxes are the only driving
forces, segregation is small . . . On the other hand, if both
vacancy and interstitial fluxes contribute to the segregation
process, compositional redistribution is severe . . .

The segregation measurements from alloys using both
protons and neutrons are consistent and show that segrega-
tion is best described using only vacancy effects.

6. Conclusions

Analysis of seven different Fe–Cr–Ni alloys indicates
that RIS in Fe–Cr–Ni alloys is driven by the interaction
with the vacancy flux and can be described by the inverse
Kirkendall mechanism. Segregation measurements indicate
that for Fe-base alloys, increasing the Cr concentration at
constant Ni concentration causes the Cr to Fe diffusivity
ratio to increase. For Fe-base alloys with constant Cr
concentration, increasing the Ni concentration causes the
Cr to Fe diffusivity ratio to decrease. Both trends are
consistent with high temperature diffusion measurements,

Žindicating that the segregation is driven by vacancy in-
.verse Kirkendall effects. Additionally, each alloy has a

maximum Cr depletion at a different temperature and
therefore has a different vacancy migration energy. Since
these migration energies are consistent with self-diffusion
energies, the segregation is consistent with the inverse
Kirkendall mechanism.

Analysis of Fe segregation in irradiated Fe–20Cr–9Ni
also provides support for the inverse Kirkendall mecha-
nism. The grain boundary Fe concentration in Fe–20Cr–
9Ni irradiated at 4008C increases at low dose, then de-

creases at higher dose. This behavior is predicted by the
inverse Kirkendall mechanisms but is not predicted by the
interstitial binding model. The interstitial binding model,
which preferentially couples Ni with the interstitial flux,
predicts severe Fe depletion at the grain boundary at all
doses.

The addition of interstitial binding effects to RIS mod-
els causes poor agreement between model predictions and
segregation measurements in Fe–Cr–Ni alloys irradiated
with protons or neutrons. Model calculations that include
preferential binding of Ni to the interstitial flux lead to
severe overpredictions of the measured Ni and Fe segrega-
tion. Model calculations that include interstitial binding
can only be brought into agreement with RIS measure-
ments by using unrealistic input parameters.

The primary mechanism causing segregation at grain
boundaries in irradiated Fe–Cr–Ni alloys is the preferen-
tial participation of solute atoms with the vacancy flux.
Additionally, the segregation kinetics for each alloy is
unique. To accurately predict grain boundary segregation,
alloy specific segregation kinetics must be predicted by
the model. In a companion paper to this work, an inverse
Kirkendall model has been developed which accurately
describes RIS in Fe–Cr–Ni alloys of widely varying bulk
compositions using a single set of parameters to describe

w xatomic interactions 41 .
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