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Rate theory modeling was used to simulate the effects of oversized solute additions on radiation-induced
segregation in austenitic stainless steels. The purpose was to understand the effects of a solute-vacancy
trapping mechanism on radiation-induced segregation and to define key parameters that most affect seg-
regation behavior. Sensitivity analysis of the model showed the solute-vacancy binding energy to be the
most important model parameter. Binding energies from ab initio first principles were calculated for
oversized solutes of Pt, Ti, Hf and Zr, with energies of 0.31, 0.39, 0.71 and 1.08 eV, respectively. Differ-
ences in binding energies, despite similar sizes of the atoms, suggests that the short-range electronic
interactions play an important role in determining binding energy. The model results show oversized
solutes to be most effective at reducing grain boundary Cr depletion at temperatures of 450–500 �C for
a dose rate applicable to proton irradiations. The reduction increases with increasing oversized solute
concentration, where it saturates at approximately 0.1 at.%.

� 2009 Elsevier B.V. All rights reserved.
1. Introduction

Radiation-induced segregation (RIS) is the non-equilibrium seg-
regation of alloying elements near grain boundary sinks caused by
the diffusion of irradiation-produced point defects. Since RIS is
considered to be part of a complex process that increases the sus-
ceptibility for irradiation-assisted stress corrosion cracking (IASCC)
in light water reactors [1,2], the accurate predication of RIS may
lead to reducing IASCC susceptibility in current light water reactors
and advanced designs.

One method for suppressing RIS is the addition of oversized sol-
ute atoms. Oversized solutes are believed to affect RIS by altering
the concentrations of vacancies and interstitials in the matrix by
acting as vacancy traps and enhancing recombination with migrat-
ing interstitials. The result is a decrease in the defect flux to sinks,
including grain boundaries, with a subsequent reduction in RIS.

The solute-vacancy trapping mechanism and its effect on RIS
can be modeled with kinetic rate theory. Mansur et al. [3,4] devel-
oped a solute-defect trapping model to simulate enhanced recom-
bination. The model included oversized solute trapping of both
vacancies and interstitials, even though only one mechanism,
either vacancy trapping or interstitial trapping, would be active
for a given solute type. The results showed that the effects of radi-
ation damage on void swelling and creep could be reduced given
ll rights reserved.
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sufficiently strong solute-defect binding, but the model was
applied to just a single-element system (Ni).

Sakaguchi et al. [5] used a similar solute-vacancy trapping
mechanism to model RIS in a Fe–Cr–Ni alloy using input parame-
ters from the Perks’ model [6]. The authors empirically fit the mod-
el to experimental RIS data to estimate binding energies for Zr and
Hf at �0.8 and 1 eV, respectively, while smaller oversized solute
atoms like Ti and Nb had binding energies of �0.25 and 0.4 eV,
respectively. Sakaguchi et al. [5] did not address values for some
important parameters, namely the interaction volumes for the cap-
ture and recombination of vacancies. More importantly, the RIS
model failed to establish any basis for the solute-vacancy binding
energies or to explain differences between the oversized solute
elements.

Allen et al. [7,8] showed a significant improvement in the pre-
dictive capabilities of RIS modeling by including composition-
dependent diffusion coefficients in the modified inverse Kirkendall
(MIK) model. Previous work by Hackett et al. [9] used the MIK
model to simulate the effects of both interstitial and vacancy trap-
ping on RIS. The study revealed that the binding energy was the
most important parameter to the trapping model and that large
binding energies were required for significant reductions in RIS.

The purpose of this study is to incorporate a solute-vacancy
trapping mechanism into the MIK model and to provide evidence
for solute-vacancy binding energies to explain differences among
oversized solutes. The trapping model (MIK-T) parameters are
determined by first principles to provide accurate binding energy
values in order to assess the validity of the solute-vacancy trapping
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mechanism. The model is then exercised as a function of experi-
mental parameters to understand the mechanistic behavior of dif-
ferent solute additions and irradiation conditions on RIS. Finally,
the model identifies the temperature range in which solute ele-
ments with the largest binding energies will have the maximum
effect on RIS.
2. MIK-T model

The processes by which oversized solutes affect RIS are: (1)
trapping, whereby freely migrating vacancies are captured by the
oversized solute atom, forming a solute-vacancy complex, (2)
recombination in which freely migrating interstitials are able to
recombine with the bound vacancy when the interstitial enters
the recombination volume of the solute-vacancy complex, and
(3) release, where bound vacancies are able to dissociate from
the solute-vacancy complex before recombination occurs. The ratio
of recombination to release rate determines the effectiveness of
the oversized solute in altering RIS. This section describes the
MIK-T model.

2.1. Model description

The MIK model uses composition-dependent vacancy diffusivi-
ties to calculate RIS for a binary or ternary alloy. The model as-
sumes migration energies of interstitial atoms are the same for
each solute species, so interstitial migration to grain boundaries
has no effect on RIS. The input parameters that formed the basis
of the MIK model resulted in good agreement in segregation results
between model and experiment. Since alloy and irradiation condi-
tions in this study are very similar to those used by Allen et al.
[7,8,10,11], this study uses the parameters developed for the MIK
model. The values for these parameters can be found in Ref. [8].
The defect production rate in Ref. [8] has a value of 7 � 10�6 dpa/
s with a 20% efficiency as freely migrating defects (effective rate
is thus 1.4 � 10�6 dpa/s) to simulate the Frenkel pair production
rate of proton irradiations. The freely migrating defect production
rate used throughout this work is 1 � 10�6 dpa/s, assuming 100%
efficiency of freely migrating defects.

The MIK-T model incorporates the effects of oversized solute
additions in a Fe–Cr–Ni alloy through the processes of vacancy
trapping, recombination and release. The model does not treat
the oversized solute explicitly, for example, by modeling the sys-
tem as a quaternary alloy, because the required thermodynamic
data for Zr or Hf in an austenitic stainless steel are lacking. Our ap-
proach assumes that the oversized solute remains immobile during
the simulation time, with no oversized solute segregation to grain
boundaries or to sinks.

The first three rate equations are for the ternary alloy elements,
Fe, Cr and Ni:

@CFe

@t
¼ �r � JFe; ð1Þ

@CCr

@t
¼ �r � JCr; ð2Þ

@CNi

@t
¼ �r � JNi: ð3Þ

These equations describe the time rate of change of the concen-
trations of Fe, Cr and Ni, in terms of �r � Jx, the divergence of the
elemental flux, where x represents Fe, Cr or Ni, and Jx is propor-
tional to the concentration gradient with respect to the distance
from the grain boundary.

The rate equations for the free vacancy and interstitial concen-
trations, Cv and Ci, are:
@Cv

@t
¼ �r � Jv þ Gdpa � KivðDi þ DvÞCvCi � SvDvðCv � Ceq

v Þ

� KvCsCv þ svCs
v ; ð4Þ

@Ci

@t
¼ �r � Ji þ Gdpa � KivðDi þ DvÞCvCi � SiDiCi � RvCs

vCi: ð5Þ

In these equations, �D � Jx is the divergence of the defect flux,
Gdpa is the defect production rate, Kiv(Di + Dv)CvCi is the recombina-
tion rate of vacancies and interstitials, and SvDv ðCv � Ceq

v Þ and SiDiCi

are the loss rates of vacancies and interstitials to sinks, respec-
tively. The remaining terms of Eqs. (4) and (5) represent the trap-
ping process, where KvCsCv is the trapping rate for freely migrating
vacancies, RvCs

vCi is the recombination rate for trapped vacancies
with freely migrating interstitials, and svCs

v is the release rate of
vacancies from trapping sites. As for the individual variables in
the equations, Kiv is the recombination coefficient, Ceq

v is the ther-
mal equilibrium concentration for vacancies, Cs

v is the trapped va-
cancy concentration, Dx is the diffusion coefficient, Cx is the
concentration, and Sx is the sink density, where, x represents the
defect type, either vacancies or interstitials.

The solute reaction rate equations in (1)–(3) are coupled to the
defect reaction rate equations in (4) and (5) through the divergence
of the flux, where

Jx ¼ Jx
i þ Jx

v ; ð6Þ

Ji ¼ Ji
Fe þ Ji

Cr þ Ji
Ni; ð7Þ

Jv ¼ Jv
Fe þ Jv

Cr þ JvNi: ð8Þ

The series of partial differential equations are solved numeri-
cally with the aid of the GEAR package of subroutines [12] to ob-
tain concentration profiles of alloying elements as a function of
time and distance from the grain boundary.

The trapping process terms require additional detail, and both
term and variable definitions are summarized in Table 1. The Table
includes reference values for each variable or parameter used in
assessing the MIK-T model. As mentioned previously, Equations
for the trapping, recombination and release coefficients are given
below.

The trapping rate includes the capture coefficient, Kv, defined
as:

Kv ¼ 4p � r0vDvND: ð9Þ

The recombination rate depends on Rv, the recombination coef-
ficient, defined as:

Rv ¼ 4p � r0iDiND: ð10Þ

Finally, the vacancy release rate includes sv, the dissociation
coefficient, and describes the rate at which trapped vacancies are
released from the oversized solute atom [13], defined as:

sv ¼
Dv

a2
0

exp � Eb
v

kBT

" #
: ð11Þ

The MIK-T model contains rate equations for the concentration
of solute-vacancy complexes and unbound solute atoms,
respectively

@Cs
v

@t
¼ KvCsCv � svCs

v � RvCs
vCi; ð12Þ

@Cs

@t
¼ �KvCsCv þ svCs

v þ RvCs
vCi: ð13Þ

Note that Eq. (10) does not need to be solved because it is not an
independent equation. The concentration of unbound solute atoms
can be found by:

Cs ¼ Cs
0 � Cs

v ð14Þ



Table 1
Definitions and reference values for trapping mechanism terms and variables in the MIK-T model.

Term/variable Definition Reference Value

Kv Capture rate of vacancies by oversized solutes (Eq. (6))
Rv Recombination rate of captured vacancies with freely migrating interstitials (Eq. (7))
sv Release rate of vacancies from oversized solutes (Eq. (8))
r0v Capture radius for vacancy defects 5 � 10�10 m
r0i Recombination radius for trapped vacancies with interstitials 5 � 10�10 m
ND Alloy number density 8.5 � 1028 m3

a0 Lattice parameter 3.5 � 10�10 m
Eb

v Oversized solute-vacancy binding energy Solute-dependent
kB Boltzmann’s constant 8.62 � 10�5 ev/K
T Temperature 400 �C
Cs

0 Initial oversized solute concentration 0.1 at.%
Cs Oversized solute concentration not bound to vacancies, available for trapping Time and variable dependent
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where Cs
0 is the initial unbound solute concentration. Note that this

model assumes only one trapped vacancy per solute atom.

2.2. Model sensitivity analysis

Sensitivity analysis determines which of the input parameters
has the largest effect on grain boundary segregation. Only the trap-
ping parameters introduced to the MIK-T model are examined
here, which includes the binding energy, trapping radius and
recombination radius.

The sensitivity is defined by the derivative, oC/oP, of the grain
boundary concentration as a function of an input parameter, where
oC is the change in grain boundary concentration and oP is the
change in the input parameter. Calculation of the sensitivity uses
the ratio of the difference in grain boundary concentration and in-
put parameter, dC/dP, where each input parameter is varied by a
factor of 10�4 about the reference value to find the difference in
grain boundary concentration. The variation of oC/oP is approxi-
mated by the following:

@C
@P
� dC

dP
¼ C 0 � Creference

P0 � Preference
; ð15Þ

where C0 is the model-calculated grain boundary concentration,
with C0 = Creference + dC, and P0 is for the input parameter, with
P0 = Preference + dP. The sensitivities are expressed in the form of a
significance, SC

P , which is defined as the fractional change in calcu-
lated concentration relative to the fractional change in the input
parameter. This method was used by Allen et al.[8] and will be used
here for the sake of consistency. The significance is expressed by

SP
C ¼

C 0 � Creference

P0 � Preference
� Preference

Creference
: ð16Þ

The larger the significance of the input parameter, the more
sensitive the model is to that parameter.

The sensitivity calculations are performed for a Fe–15Cr–13Ni
ternary alloy with reference conditions consisting of: 10�6 dpa/s,
400 �C, 1 dpa, 0.5 at.% oversized solute concentration, 0.5 eV bind-
ing energy, and 0.5 nm for the trapping and recombination radii.
Results from the sensitivity study, consisting of the significance
Table 2
Changes in grain boundary concentration and the significance of MIK-T model input para

Input Reference value Change in value Dose (dpa)

Eb
v 0.5 eV 5 � 10�5 eV 1

r0v 5 � 10�10 m 5 � 10�14 m 1
r0i 5 � 10�10 m 5 � 10�14 m 1
values for the input parameters, are given in Table 2. According
to the analysis, the most sensitive of the three input parameters
is the solute-vacancy binding energy. With a significance of 0.22
for Cr and 0.32 for Ni at 400 �C, the sensitivity is a factor of seven
times higher than the trapping or recombination radius.

Comparing the significance values of Table 2 to those calculated
for the MIK model [8], the authors found that vacancy migration
energies for Cr and Ni had a significance of 57 and �52, respec-
tively, at 400 �C for a Ni–18Cr–9Fe alloy at 0.5 dpa. The vacancy
migration energies have significance values that are two orders
of magnitude higher relative to the input parameters of the MIK-
T model. The reason for the differences in magnitude lies in the
importance of the input parameters to the vacancy migration en-
ergy. The MIK model was highly sensitive to vacancy migration en-
ergy [8]. Since the MIK model has many variables that affect the
composition-dependent vacancy migration energy directly, these
input parameters also had a large significance. On the other hand,
input parameters that have no effect on vacancy migration energy,
like dislocation density or interstitial jump frequency, have very
small significance values. The MIK-T model parameters have low
significance because they do not affect vacancy migration energy,
though the low significance does not mean the trapping process
is ineffective at changing grain boundary segregation.

The importance of the sensitivity study is twofold. First, the
study identified the vacancy binding energy as the most important
variable in the trapping process. Accurate values for this input
parameter are critical. Second, even with the higher significance
of the binding energy, the sensitivity of the input parameters is
low enough that some uncertainty in the values will have minimal
impact upon the RIS results.

2.3. Determination of binding energy

Although the solute-vacancy binding energy is established as
the most important parameter in the MIK-T model, values for the
binding energy, in addition to the trapping radius and recombina-
tion radius, were previously unknown. Others have estimated
binding energies by back-calculating their value based on experi-
mental RIS data [3–5,14]. But no experiments exist that have
directly measured these parameters. Therefore, the quantitative
meters at 400 �C at 1 dpa after changing the input values by a factor of 10�4.

DConc. at GB (at.%) Significance

Cr Ni Cr Ni

2.5 � 10�4 �6.1 � 10�4 0.22 �0.32
3.0 � 10�5 �7.4 � 10�5 0.03 �0.04
3.1 � 10�5 �7.6 � 10�5 0.03 �0.04



Fig. 1. Calculated interaction energy between an oversized solute (Zr or Hf) and a
vacancy as a function of nearest-neighbor position and distance to the oversized
solute.

Table 4
Calculated lattice parameters for fcc Fe, Pt, Ti, Hf and Zr and the oversized solute
linear size factors in fcc Fe [19].

Atom species Lattice parameter (nm) Linear size factor (%)

Fe 0.3448 –
Pt 0.3977 15.3
Ti 0.4090 18.6
Hf 0.4467 29.6
Zr 0.4531 31.4
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method of first principles calculations by the Vienna Ab initio Sim-
ulation Package (VASP) code [15–18] is used to determine the mag-
nitude of these parameters.

First principles calculations of solute-vacancy binding energy
for Zr or Hf in fcc Fe with no spin polarization have been described
in detail in reference [19] using the direct method. The direct
method compares two energies, that of the solute and vacancy sit-
ting on first nearest-neighbor sites and that of the solute and va-
cancy as far apart as possible in the cell considering the periodic
boundary conditions. The farthest separation possible from a va-
cancy in a cubic 108 atom simulation cell is an 11th nearest-neigh-
bor (nn), which, in the ideal lattice (no relaxation of the fcc
positions), gives a separation of a

ffiffiffiffiffiffiffiffiffiffiffi
11=2

p
, where a is the lattice con-

stant. The direct method is an approximation of the binding energy
since even at a separation distance of the 11th nn, the solute and
vacancy may still interact with each other.

The indirect method is generally considered the more accurate
method for calculating solute-vacancy binding energy because it
does not include the interaction between strain fields associate
with the solute and vacancy when the are a

ffiffiffiffiffiffiffiffiffiffiffi
11=2

p
distance apart.

The method is described in detail in Ref. [20]. In this method the
energy of the vacancy and solute atom are subtracted separately
from the energy of the system where they interact as first near-
est-neighbors. As the number of atoms in the simulation cell in-
creases the binding energies of the direct and indirect methods
should converge.

Binding energies for Zr and Hf from the indirect method are
shown in Table 3 as a function of the nn position, including the dis-
tance of the nn position to the origin. For the binding energy values
shown in the Table, a negative value denotes repulsion interaction
between a solute atom and vacancy. Using the indirect method,
binding energies are calculated to be 1.08 eV for Zr and 0.71 eV
for Hf when the vacancy is a 1st nn to the oversized solute. Inter-
action energy for Zr and Hf as a function of nn position is shown in
Fig. 1. By the 11th nn position, the binding energy for the oversized
solutes is close to zero, which represents weak interaction between
the vacancy and the solute and indicates that the current cell size
(108 atoms) for the calculations has fully accounted for the solute-
vacancy interactions in determining the binding energy. Some
additional calculations for the oversized solutes Ti and Pt were per-
formed, with binding energies of 0.39 eV for Ti and 0.31 eV for Pt,
also given in Table 3.

2.4. Differences between Zr and Hf

Zero-temperature ab initio calculations of the lattice parameters
for Fe, Zr, Hf, Ti and Pt were performed previously in order to cal-
culate the linear size factors for the oversized solutes in fcc Fe [19].
Values for the calculated lattice parameters are shown in Table 4.
The linear size factors can be calculated based on the relationship
from King [21], defined as,

Lsf ¼ Xsolute=Xsolventð Þ1=3 � 1
h i

� 100% ð17Þ
Table 3
Binding energy as a function of nearest-neighbor distance for Zr or Hf in non-spin-polariz

Vacancy Position Distance from solute (nm) Bindin

Zr

1st nn 0.244 1.08
2nd nn 0.345 �0.10
3rd nn 0.422 0.09
4th nn 0.488 0.14
5th nn 0.545 0.04
6th nn 0.597 0.04
11th nn 0.809 0.02
where Xsolute is the atomic volume of the oversized solute atom and
Xsolvent is the atomic volume of the matrix. Linear size factors have
been calculated previously, but were based on atomic volumes of
each element’s crystal structure (e.g. hcp for Zr and Hf) as opposed
to the fcc system.

The linear size factors based on the calculated lattice parame-
ters for each of the oversized solutes are also shown in Table 4.
The linear size factors are 15.3% for Pt, 18.6% for Ti, and 31.4%
and 29.6% for Zr and Hf, respectively. The similarity in size factors
between Zr and Hf reveal that the solute-vacancy binding energy is
not simply a function of the elastic strain around the solute atom,
as has been proposed in the literature [5,14,21–23]. Ab initio calcu-
lations show that electronic interactions play a large role in deter-
mining the binding energies for oversized solute atoms, shown
especially by the large difference in binding energy between Zr
and Hf of 1.08 vs. 0.71 eV, respectively, in spite of their similar size
factors.
ed Fe using the indirect method.

g energy (eV) – indirect method

Hf Ti Pt

0.71 0.39 0.31
�0.06 – –

0.11 – –
0.11 0.04 0.01
0.08 – –
0.08 – –
0.02 0.006 0.003
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The binding energy of Zr is significantly larger than that for Hf
even though their atomic sizes are similar, as shown in Table 4.
The reason for the difference in binding energy between Zr and
Hf is due to the differences in the electronic effects with the sur-
rounding Fe atoms. System relaxation permits the ions to find
the most energetically stable configuration. When placed next to
a vacancy defect, the relaxation of Zr toward the vacancy is sub-
stantial, as Zr finally rests close to midway between its lattice site
and the vacant lattice site. The same relaxation occurs for Hf, but it
is less substantial. The Hf ion still rests much closer to its original
location on the fcc Fe lattice. The end result is a stronger binding of
the solute-vacancy complex for Zr compared to Hf. The solutions
for both sets of calculations converged to the same convergence
criteria of 1 meV/atom, so the differences in relaxation are not a re-
sult of convergence.

2.5. Trapping and recombination radii

The sensitivity analysis used a reference value of 0.5 nm for the
trapping and recombination radii. No experimental data exists that
could be used to determine the true radius of trapping or recombi-
nation for Zr or Hf solute atoms in a Fe–Cr–Ni alloy. However, the
binding energy calculations offer some evidence for a realistic value.
As shown in Fig. 1, the solute-vacancy interaction energy decreases
dramatically when a vacancy moves from a 1st nn position to a po-
sition farther from the oversized solute atom. A vacancy in the 2nd
nn position has negative interaction energy, indicating repulsion. A
vacancy in the 4th nn position is more stable relative to the 2nd or
3rd nn positions, hence the higher interaction energy.

In a fcc lattice with a solute atom at the origin, the 2nd, 3rd, and
4th nn positions are all nearest-neighbors to the 1st nn position.
This means any one of them is a possible diffusion path for a va-
cancy to reach the 1st nn position. The most energetically favorable
path for vacancy diffusion is directly from the 4th to the 1st nn po-
sition, as evidenced by the relative interaction energies shown in
Fig. 1. The distance separating the origin and the 4th nn position,
� 0.5 nm, thus makes a logical choice for the radius for vacancy
trapping, with the assumption that a diffusing vacancy that
reaches the 4th nn position is most likely to then diffuse to the
1st nn position and be captured by the oversized solute.

Interstitial configurations with a solute-vacancy complex were
not examined to determine the recombination radius. However,
using the same analysis as the preceding paragraph, it may reason-
able to assume that the recombination radius has a value similar as
the trapping radius. More importantly, some uncertainty in these
values will have a negligible effect on calculated RIS because the
trapping and recombination radii have low significance values.
Fig. 2. Grain boundary Cr depletion for the MIK-T model as a function of the
trapping and recombination radii varied from 0 to 1.0 nm for Fe–15Cr–13Ni with
0.1 at% Zr or Hf additions at 400 �C, 1 � 10�6 dpa/s and 1 dpa.
3. MIK-T model results and discussion

Having determined values for the key trapping parameter, the
MIK-T model is exercised to explore the variations in segregation
behavior as a function of irradiation and alloy variables such as
temperature, dose, and oversized solute concentration. The pur-
pose is to understand oversized solute effects on segregation
behavior as a function of these variables. For variations in temper-
ature and dose, results between the MIK and MIK-T models are
compared. All model calculations are for a Fe–15Cr–13Ni alloy.
The MIK-T model uses trapping and recombination radii of
0.5 nm with a binding energy of 1.08 eV for Zr and 0.71 eV for Hf.

3.1. Model parameters

The ability of the MIK-T model to accurately describe segrega-
tion behavior of oversized solute alloys depends in part on how
well the model parameters, including the trapping and recombina-
tion radii and binding energy, represent the vacancy trapping pro-
cess. Neither Mansur et al. [3] nor Sakaguchi et al. [5] give values
for the trapping radius or recombination radius used in their mod-
els, even though these parameters define the interaction volume
for an oversized solute atom. In assessing the MIK-T model, the
grain boundary Cr depletion is used as the key dependent variable
as it is believed to be the most important aspect of RIS for affecting
IASCC susceptibility [1,2]. Fig. 2 plots the amount of grain bound-
ary Cr depletion as a function of the trapping and recombination
radii, where both parameters are changed simultaneously from 0
to 1.0 nm. The region from 0 to 0.3 nm is shaded to represent a dis-
tance less than the 1st nn position (0.3 nm), since a value less than
the 1st nn distance would not be physically meaningful. A value of
0 nm represents a system without trapping.

The majority of the reduction in Cr depletion occurs by the
1st nn distance (0.3 nm). Although interaction volumes for over-
sized solutes would change dramatically from 0.3 to 1.0 nm, even
a small radius of 0.3 nm still has a substantial effect on grain
boundary segregation. The MIK-T model uses trapping and recom-
bination radii of 0.5 nm, the difference in Cr depletion between a
radius of 0.3 and 1.0 nm is less than 1 at.%. The difference in Cr
depletion between a radius 0 and 0.3 nm is more than 3 at% for a
Zr-doped alloy. Therefore, modest uncertainty in the value chosen
for the trapping and recombination radii of 0.5 nm will not have a
substantial effect on the RIS results of the MIK-T model.

In terms of binding energy, Fig. 3 shows the change in grain
boundary Cr depletion as a function of the solute-vacancy binding
energy. Binding energy values for Pt, Ti, Hf and Zr as calculated
from first principles are marked in the Figure. The most important
feature is that the larger the binding energy, the more substantial
the effect on RIS even up to 1 eV. Sakaguchi et al. [5] claimed from
their model that dissociation of solute-vacancy complexes can be
ignored when the binding energy is greater than 0.6 eV. The impli-
cation is that binding energies above 0.6 eV have a negligible effect
on RIS, but this is contrary to the MIK-T model results. In fact, Fig. 4
plots the reaction rates for trapping, release and recombination as
a function of binding energy from 0.5 to 1.1 eV. The Figure shows
that the recombination rate only becomes substantial relative to
the release (dissociation) rate with binding energies above 1 eV.
Dissociation of the solute-vacancy complexes continues to be
important even with large binding energies.



Fig. 3. Grain boundary Cr depletion for the MIK-T model as a function of the
oversized solute binding energy for Fe–15Cr–13Ni at 400 �C, 1 � 10�6 dpa/s and 1
dpa with 0.1 at% oversized solute. The figure marks the calculated binding energies
Pt, Ti, Hf and Zr.

Fig. 4. Calculated trapping, recombination and release rates as a function of the
oversized solute binding energy for Fe–15Cr–13Ni at 400 �C, 1 � 10�6 dpa/s and
1 dpa with 0.1 at% oversized solute.

Fig. 5. Grain boundary Cr depletion for the MIK-T model as a function of
temperature for Fe–15Cr–13Ni and with 0.1 at% Zr or Hf additions at
1 � 10�6 dpa/s and 1 dpa.
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The values for the binding energy and their effect on Cr deple-
tion are consistent with experimental results. Fournier et al. [22]
measured a larger reduction in grain boundary segregation for Hf
in 316SS than for Pt. Sakaguchi et al. [5] found that Hf and Zr addi-
tions to 316SS almost completely suppressed RIS after electron
irradiations, while Ti additions were less effective, with some
reduction in Ni enrichment but little effect on Cr depletion. The re-
sults were similar to those by Kato et al. [14], where Zr or Hf addi-
tion to 316L again showed almost complete suppression of RIS
after electron irradiation from 400–500 �C, with a less substantial
reduction on RIS after Ti addition. These results are consistent with
the lower binding energy values calculated for Ti and Pt as com-
pared to Hf and Zr, with the end result that a larger binding energy
for the oversized solute means less RIS for the irradiated alloy.

3.2. Irradiation temperature

Fig. 5 shows the amount of grain boundary Cr depletion as a
function of irradiation temperature at 1 dpa with a constant dose
rate of 10�6 dpa/s. Results are shown for the reference case (no
oversized solute) and for 0.1 at% Zr or Hf additions. For the refer-
ence case, segregation peaks at around 450 �C, with substantially
less segregation at the temperature extremes of 200 �C or 600 �C.
Maximum segregation occurs for the Hf alloy at 400 �C, and for
the Zr alloy at 350 �C. There is almost no segregation at tempera-
tures of 500 �C or higher for the Zr alloy. For the Hf alloy, segrega-
tion drops to zero at temperatures of 600 �C or higher. At low
temperature, point defect diffusivity is very low, so RIS is also
low. Consequently, the difference between the MIK and MIK-T
models is small. The difference between models is also small at
high temperatures, except that here, point defect diffusivity is large
enough that a concentration gradient at the grain boundary does
not develop.

Several features of Fig. 5 are noteworthy. At temperatures of
less than 300 �C, there is no difference in segregation between Zr
and Hf. The difference between Zr and Hf increases from 300 to
500 �C, but by 600 �C the amounts of segregation are again similar.
These features of segregation for Zr and Hf can be understood by
examining the reaction rates of the MIK-T model.

The reaction rates near the grain boundary for vacancy trapping,
trapped vacancy recombination and trapped vacancy release are
shown in Fig. 6 for Zr and Fig. 7 for Hf. Each Figure shows that
recombination dominates at low temperature and the release of
trapped vacancies dominates at high temperature. At steady-state,
the sum of recombination and release is equal to the rate of
trapping.

Below 300 �C trapping rates are identical for Zr and Hf because
they are controlled by the trapping radius, which is the same for
both Zr and Hf at 0.5 nm. The recombination radius is also the
same for Zr and Hf, at 0.5 nm. Differences between Zr and Hf arise
only in the rate of release, and at low temperature, the release rate
is negligible compared to the recombination rate. Since the binding
energy difference between Zr and Hf is irrelevant, and the recom-
bination rates for Zr and Hf are the same, then the reduction in Cr
depletion is also the same.

At higher temperatures, the release rate becomes substantial and
for Hf, the rate is higher than it is for Zr because of the lower binding
energy for Hf. The result is that the recombination rate and the
reduction in Cr depletion for Hf are less than they are for Zr. Based
on these results, Zr should be substantially more effective than Hf
at reducing segregation in the intermediate temperature range.



Fig. 6. Calculated reaction rates as a function of temperature for Fe–15Cr–13Ni
with 0.1 at% Zr at 1 � 10�6 dpa/s and 1 dpa.

Fig. 7. Calculated reaction rates as a function of temperature for Fe–15Cr–13Ni
with 0.1 at% Hf at 1 � 10�6 dpa/s and 1 dpa.

Fig. 8. Calculated percent difference in the grain boundary Cr concentration from
the reference alloy as a function temperature for Fe–15Cr–13Ni with 0.1 at% Zr or Hf
additions at 1 � 10�6 dpa/s and 1 dpa.

Fig. 9. Grain boundary Cr depletion for the MIK-T model as a function of dose for
Fe–15Cr–13Ni and with 0.1 at% Zr or Hf additions at 400 �C, 1 � 10�6 dpa/s and
1 dpa.
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The maximum difference in the grain boundary Cr concentra-
tions between the MIK and MIK-T models occurs between 450
and 500 �C, as shown in Fig. 8. Segregation for the reference alloy
has reached a maximum at 450 �C, so both Zr and Hf can cause
the largest reduction in segregation around this temperature.
While the amount of segregation for the reference alloy is the same
at 400 �C and 500 �C, as shown in Fig. 5, the amount of segregation
for the oversized solutes at 500 �C is less than at 400 �C. This, too,
can be explained by the reaction rates in Figs. 6 and 7 where,
although the difference is small, the recombination rate is higher
at 500 �C compared to 400 �C for both Zr and Hf, and consequently,
the amount of Cr depletion is lower at 500 �C.

3.3. Irradiation dose

Grain boundary Cr depletion for the reference, Zr and Hf alloys
are plotted in Fig. 9 as a function of dose up to 10 dpa at 400 �C
with 0.1 at% solute at 10�6 dpa/s. Segregation changes quickly as
a function of dose, with little increase in Cr depletion above
2 dpa. Both Hf and Zr show significant reductions in Cr depletion
in this temperature and dose rate regime. At the intermediate tem-
perature of 400 �C, the difference in Cr depletion between Zr and Hf
is controlled by their differences in binding energy.

3.4. Oversized solute concentration

The MIK-T model assumes that oversized solute remains in
solution for the duration of the simulation time. The assumption
is validated by 400 �C p+ irradiation measurements which did not
measure any enrichment of oversized solute at grain boundaries
[24]. Some evidence existed, however, that oversized solute atoms
migrated to carbide precipitates at longer times (> 3 dpa) and grad-
ually lost the vacancy trapping effect. The evidence suggests that
simulation of high-dose irradiation experiments would need to in-
clude oversized solute diffusion in the rate theory.

Although modeling solute diffusion was outside the scope of the
present study, the sensitivity of the MIK-T model to solute concen-
tration provides an understanding of RIS as solute atoms come out



Fig. 10. Grain boundary Cr depletion for the MIK-T model as a function of oversized
solute concentration for Zr or Hf in Fe–15Cr–13Ni at 400 �C, 1 � 10�6 dpa/s and
1 dpa.
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of solution. Fig. 10 shows the grain boundary Cr depletion as a
function of Zr and Hf concentration from 0 to 0.25 at% at 400 �C
and 1 dpa. Most of the reduction in segregation occurs with solute
concentrations less than 0.1 at.%. In a stainless steel with a solute
concentration of 0.1 at%, a trapping radius of 1.4 nm would result
in overlapping interaction volumes for the oversized solute atoms.
For Zr and Hf, a trapping radius of 0.5 nm is more than a third of
the value needed for overlapping interaction volume, and 0.1 at%
consequently means a relatively high probability for interaction
between a vacancy defect and an oversized solute atom. Plotting
the recombination rate near the grain boundary for Hf and Zr as
a function of solute concentration, Fig. 11 shows that the majority
of the change in recombination rate occurs by 0.1 at% solute. Fur-
ther increases in the solute concentration have a diminishing effect
in reducing Cr depletion. The behavior is similar to that in Fig. 2 for
Cr depletion as a function of the trapping and recombination radii,
where a small value for the input parameter has the majority of the
effect on RIS.
Fig. 11. Calculated recombination rate as a function of oversized solute concen-
tration for Zr or Hf in Fe–15Cr–13Ni at 400 �C, 1 � 10�6 dpa/s and 1 dpa.
The importance of this result is that small concentrations of an
oversized solute can have a large effect on Cr depletion. The result
is consistent with work by Shigenaka et al. [25] where a series of Zr
alloys were irradiated with He+ ions at 500 �C. The alloys contained
varying amounts of Zr. At 0.85 and 3.4 dpa, the effect of 0.41 wt% Zr
addition is to reduce Cr depletion by more than 6 wt%. Meanwhile,
the difference between alloys with 0.21 wt% Zr and 0.41 wt% Zr is
less than 1 wt% Cr. Doubling the amount of Zr in the alloy had only
an incremental effect on grain boundary segregation. Based on
these results, small concentrations of Zr or Hf in solution in austen-
itic stainless steels should have the largest impact in substantially
reducing the amount of radiation-induced segregation at interme-
diate temperatures from 300 to 500 �C.
4. Conclusions

The primary conclusion from this work is that oversized solute
additions to austenitic stainless steels may cause a significant
reduction in grain boundary RIS by enhancing the recombination
of point defects in the matrix through a solute-vacancy trapping
mechanism. The mechanism is most dependent on the solute-va-
cancy binding energy. Of the transition elements included in this
work, binding energies calculated by first principles show that Zr
has the largest binding energy, followed by Hf, Ti and Pt. Zr should,
therefore, be most effective at reducing RIS. Contrary to the litera-
ture, however, solute-vacancy binding energies are more than just
a function of the linear size factor and must include the electronic
interactions with nearest-neighbor atoms to fully account for the
binding energy. Meanwhile, the trapping mechanism is not
strongly dependent on the values for the trapping radius or recom-
bination radius. The oversized solutes have the largest effect on RIS
at intermediate temperatures, especially from 450 to 500 �C.
Finally, only small concentrations of oversized solute are necessary
to cause significant suppression of RIS.
Acknowledgements

The authors would like to thank Julie Tucker and Todd Allen at
the University of Wisconsin and Sebastien Teysseyre at the Univer-
sity of Michigan for their technical discussions and insights. This
research was supported by the US Department of Energy under
Grant DE-FG07-03ID14542. This research was also performed
under appointment to the Naval Nuclear Propulsion Fellowship
Program sponsored by Naval Reactors Division of the US DOE.
References

[1] G.S. Was, P.L. Andresen, J. Mater. 44 (1992) 8.
[2] G.S. Was, S.M. Bruemmer, J. Nucl. Mater. 216 (1994) 326.
[3] L.K. Mansur, M.H. Yoo, J. Nucl. Mater. 74 (1978) 228.
[4] L.K. Mansur, J. Nucl. Mater. 83 (1979) 109.
[5] N. Sakaguchi, S. Watanabe, H. Takahashi, Nucl. Instrum. Meth. Phys. Res. B 153

(1999) 142.
[6] J.M. Perks, S.M. Murphy, Materials for Nuclear Reactor Core Applications, BNES,

London, 1987.
[7] T.R. Allen, G.S. Was, E.A. Kenik, J. Nucl. Mater. 244 (1997) 278.
[8] T.R. Allen, G.S. Was, Acta Mater. 46 (1998) 3679.
[9] M.J. Hackett, G.S. Was, E.P. Simonen, J. ASTM Int. 2 (2005) 1–13.

[10] T.R. Allen, Modeling of Radiation-Induced Segregation in Austenitic Fe–Cr–Ni
Alloys, University of Michigan, 1998.

[11] T.R. Allen, J.T. Busby, G.S. Was, E.A. Kenik, J. Nucl. Mater. 255 (1998) 44.
[12] A.C. Hindmarsh, Ordinary Differential Equation System Solver, (UCID-30001

Review 3, Lawrence Livermore Laboratory, December, 1974).
[13] L.K. Mansur, Nucl. Technol. 40 (1978) 5–34.
[14] T. Kato, H. Takahashi, M. Izumiya, J. Nucl. Mater. 189 (1992) 167.
[15] G. Kresse, J. Furthmüller, Phys. Rev. B 54 (1996) 11169.
[16] G. Kresse, J. Furthmüller, Comput. Mater. Sci. 6 (1996) 15.
[17] G. Kresse, J. Hafner, Phys. Rev. B 47 (1993) 558.
[18] G. Kresse, J. Hafner, Phys. Rev. B 49 (1994).



M.J. Hackett et al. / Journal of Nuclear Materials 389 (2009) 279–287 287
[19] M.J. Hackett, J.T. Busby, G.S. Was, Metall. Mater. Trans. A 39 (2007) 218–224.
[20] C. Domain, C.S. Becquart, Phys. Rev. B 65 (2002) 024103.
[21] H.W. King, J. Mater. Sci. 1 (1966) 79.
[22] L. Fournier, B.H. Sencer, G.S. Was, E.P. Simonen, S.M. Bruemmer, J. Nucl. Mater.

321 (2003) 192.
[23] L. Kornblit, A. Ignatiev, J. Nucl. Mater. 126 (1984) 77–78.
[24] M.J. Hackett, R. Najafabadi, G.S. Was, J. Nucl. Mater. 389 (2009) 265.
[25] N. Shigenaka, S. Ono, Y. Isobe, T. Hashimoto, H. Fujimori, S. Uchida, J. Nucl. Sci.

Technol. 33 (1996) 577.


	Modeling solute-vacancy trapping at oversized solutes and its effect on radiation-induced segregation in Fe–Cr–Ni alloys
	Introduction
	MIK-T model
	Model description
	Model sensitivity analysis
	Determination of binding energy
	Differences between Zr and Hf
	Trapping and recombination radii

	MIK-T model results and discussion
	Model parameters
	Irradiation temperature
	Irradiation dose
	Oversized solute concentration

	Conclusions
	Acknowledgements
	References


