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Non-equilibrium chemical redistribution in open systems submitted to external forces, such as
particle irradiation, leads to changes in the structural properties of the material, potentially driv-
ing the system to failure. Such redistribution is controlled by the complex interplay between the
production of point defects, atomic transport rates and the sink character of the microstructure. In
this work, we analyze such an interplay by means of a kinetic Monte Carlo (KMC) framework with
an underlying atomistic model for the Fe-Cr model alloy to study the effect of ideal defect sinks
on Cr concentration profiles, with a particular focus on the role of interface density. We observe
that the amount of segregation decreases linearly with decreasing interface spacing. Within the
framework of the thermodynamics of irreversible processes, a general analytical model is derived
and assessed against the KMC simulations to elucidate the structure-property relationship of this
system. Interestingly, in the kinetic regime where elimination of point defects at sinks is dominant
over bulk recombination, the solute segregation does not directly depend on the dose rate but only
on the density of sinks. This model provides new insight into the design of microstructures that
mitigate chemical redistribution and improve radiation tolerance.

The microstructural evolution of open systems driven
far from equilibrium by the massive generation of crys-
talline defects depends, not only on the characteristics
of the external force generating such defects and the ki-
netic processes controlling the migration and elimination
of point defects, but also on the microstructural features
that act as point defect sinks. This evolution generates
mass transport within the material, inducing chemical re-
distribution that may lead the system to failure. There-
fore, a physical model capable of predicting the steady
state of a driven system resulting from the interplay be-
tween sink density, the kinetics of point defects, and the
spatial redistribution of chemical species is paramount to
predicting and controlling material properties.

The role of interfaces in materials under irradiation has
been extensively studied in the search for radiation tol-
erant materials, motivated by the fact that interfaces are
known to be sinks for the irradiation-created defects.1–4
This sink behavior induces net defect fluxes in the mate-
rial. In alloys, these defect fluxes couple with the alloy-
ing elements in complicated and competing ways leading
to a redistribution of the chemistry, which, in general,
is uncontrolled and may drive the system to unforeseen
failure. This chemical redistribution is usually termed as
radiation-induced segregation (RIS), which, as one ex-
ample, might lead to stress corrosion cracking5,6 as it
favors the modification of the passive oxide layer pro-
moting cracking and ultimately the breakdown of the
material. Irradiation-assisted stress corrosion cracking
(IASCC) and irradiation-accelerated corrosion are major
concerns as material failure mechanisms for current and
future nuclear reactor components.5,6

Ferritic/martensitic steels are foreseen as one of the
main structural components in next generation fission
and fusion reactors. The amount of Cr in these alloys
usually ranges from 5 to 12 at.%, providing increased

stability and preventing stress corrosion cracking. At the
temperatures of interest and in this concentration range,
Cr forms a solid solution with the Fe matrix according
to the alloy equilibrium phase diagram. Nevertheless, re-
cent experiments7,8 show RIS and radiation-induced pre-
cipitation (RIP) in ferritic FeCr alloys. Moreover, recent
experimental observations show an effect of the sink den-
sity on the RIS profiles, although they failed to provide
a fundamental understanding of the observation.9,10 Ac-
cordingly, understanding the role of irradiation in the
generation of segregation profiles in these materials is of
importance to assess their ability to withstand the ex-
treme environments encountered in nuclear energy sys-
tems.

We have recently developed a lattice kinetic Monte
Carlo (KMC)11–14 model that incorporates physically
accurate thermodynamic driving forces and kinetic
coefficients.15–18 The atomic interactions are based on
ab-initio calculations for both the minimum and sad-
dle point configurations for defect migration. Entropic
effects are also considered, leading to a model that
faithfully reproduces the complex phase diagram and
the tracer and interdiffusion coefficients for the Fe-Cr
system.16–18 This model has proven successful for study-
ing precipitation kinetics and reproducing the depen-
dence of Cr concentration profiles under irradiation as
compared to systematic experimental studies available
in the literature.19

The present study focuses on the effect of interface
density, modeled as planar ideal sinks, on Cr segregation
profiles in Fe, and how manipulating the microstructure
of the material at the nanoscale affords one route for
mitigating RIS. Frenkel pairs are generated selecting a
lattice site at random, removing the atom (creating a va-
cancy) and placing it into a second random position (cre-
ating an interstitial atom) at a prescribed dose rate. We
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have modeled ideal sinks as planar regions that maintain
equilibrium defect concentrations, which were taken as
zero since they are orders of magnitude smaller than the
irradiation-induced concentrations at the temperatures
of interest. Since the very presence of sinks, inducing
fluxes of defects and alloying elements, is actually the
cause for RIS and RIP, is not clear a priori what effect
the sink density has on the segregation profiles. In fact,
studies of void swelling show a non-monotonic depen-
dence of swelling with grain boundary density, with in-
termediate grain sizes exhibiting the greatest swelling.20
To understand the role of interfacial density on RIS, we
have run KMC simulations of Cr redistribution under
various conditions of temperature, Cr content, and in-
terfacial spacing. All simulations were run until steady-
state was reached.21 Furthermore, to rationalize our re-
sults and to provide relationships that connect interfacial
density with the net amount of segregation that will prove
valuable in the design of future microstructures, we de-
velop analytical expressions starting from an atomic scale
description of solute and point defect transport and based
on the thermodynamics of irreversible processes.

0

0.02

0.04

0.06

0.08

0.10

0.12

0.14

T = 500 K

XCr
nominal

 = 0.03

a)

X
C

r

0.010 nm
−1

0.048 nm
−1

0.165 nm
−1

10
−14

10
−13

10
−12

10
−11

10
−10

10
−9

b)

X
V

10
−18

10
−17

10
−16

10
−15

10
−14

−50 −40 −30 −20 −10   0  10  20  30  40  50

c)

X
S

I

z (nm)

FIG. 1: (a) Cr, (b) Vacancy, and (c) Self-interstitial
concentration (X) profiles at steady-state in a Fe-Cr
alloy with Xnominal

Cr = 0.03 and at 500 K with a dose
rate of 10−6 dpa/s for three different interface densities
(0.010, 0.048 and 0.165 nm−1). Results for interface

densities of 0.048 and 0.165 nm−1 have been replicated
from smaller simulation cells for clarity (in all
simulations, there was only one interface in the

simulation cell).

Figure 1 shows an example of the Cr, vacancy and self-
interstitial steady-state concentration profiles that we ob-
tain for a sample at 500 K with an initial homogeneous
Cr concentration of Xnominal

Cr = 0.03 as a function of the
interface density. We observe that the amount of Cr seg-
regated at the interface decreases substantially when the
sink density is increased. Both the average and the maxi-
mum concentration of defects also decrease with sink den-

sity. This suggests that increasing the interfacial density
leads to a direct decrease in RIS. To quantify the re-
lationship between Cr segregation and interface spacing,
we have systematically studied the segregation profiles of
Cr for a set of temperatures, nominal Cr concentrations
and interface densities using our KMC model. We have
measured the total amount of Cr segregated towards the
sink as

SCr =

Np/2∑
i

lz (Xi −X0) ≈
∫ h/2

0

(XCr(z)−XCr(0)) dz

=
h

2
Xnominal
Cr − h

2
XCr(0) (1)

where Np is the number of atomic planes between consec-
utive interfaces parallel to the sink, lz is the interplanar
distance in the direction perpendicular to the interface,22
Xi is the Cr concentration at each plane i parallel to the
sink, and X0 is the concentration farthest from the in-
terface (center of the grain). h is the interface spacing
and, assuming symmetry, we extend the integral between
0 and h/2 where the interface is located. The net seg-
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FIG. 2: Total Cr segregation SCr at steady-state as
obtained by KMC simulations. lz is the interplanar

distance in the direction perpendicular to the interface,
X0 represents the Cr concentration at z = 0 (the
farthest from the interface). The nominal Cr
concentration ranges from 0.03 to 0.1 and the

temperature from 500 K to 900 K. Lines represent
linear fits to the data. The black dot represents

simulations where precipitation occurs.

regation, as determined from the KMC simulations, as
a function of nominal Cr concentration, interfacial spac-
ing, and temperature is summarized in Fig. 2. We ob-
serve that the KMC data is remarkably well fit by lin-
ear functions, implying that the larger the grain size the
higher the segregation. SCr can be positive or nega-
tive for enrichment or depletion, respectively. We also
note that for small interface spacing (large sink densi-
ties) the total segregation tends to zero. Furthermore,
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the larger the nominal concentration the higher the seg-
regation. In this regime, when the nominal Cr concen-
tration is close to the solubility limit, RIS can lead to
precipitation of second phase particles (α′ phase). These
α′ particles modify the material properties, leading to
undesired hardening and embrittlement. Our KMC re-
sults reveal that an increased interface density not only
mitigates RIS, but also the formation of α′ precipitates
as it prevents the local Cr concentration from reaching
the solubility limit, thus suppressing RIP. Figure 3 shows
an example of how RIP can be hindered by increasing the
interface density. At 500 K and Xnominal

Cr = 0.1, precipi-
tates are formed near the interface at an interface density
ρI = 0.048 nm−1 (Figs. 3(a) and 3(b)). However, when
the interface density is increased to ρI = 0.124 nm−1,
the predicted steady-state does not show α′ particles in
the system (Figs. 3(c) and 3(d)).
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FIG. 3: KMC simulation results after an irradiation
process at 10−6 dpa/s, 500 K and XnominalCr =0.1 with
(a)-(b) an interface density of ρI = 0.048 nm−1; and
(c)-(d) ρI = 0.124 nm−1. The purple lines in (b) and

(d) highlight the location of the interface.

In summary, our KMC simulations show that control-
ling the interface density is a promising approach for re-
ducing both RIS and RIP. These findings, coupled to the
known ability of interfaces to reduce the accumulation of
irradiation-created defects,1 lead to an encouraging sce-
nario to design materials with improved radiation toler-
ance.

To gain a fundamental understanding of the structure-
property relationship between RIS and interface density
that may lead to improved material designs, we follow
the development of Wiedersich et al.23 to analyze the
coupling between the defect fluxes and the Cr distribu-
tion. The reason is two-fold: first, to asses the validity
of the expressions given by Wiedersich and, second, to
obtain simple relations between the defect concentration
and the Cr segregation profiles, which may aid in the
design of optimal microstructures.

In the context of the thermodynamics of irreversible
processes, the fluxes are given as linear combinations of

thermodynamic driving forces, i.e., chemical potential
gradients, JA = −

∑
B LABXB , with XB = ∇µB/kBT ,

where A and B are chemical species (including defects),
LAB the Onsager coefficients,24 µB the chemical poten-
tial of species B, kB the Boltzmann factor and T the tem-
perature. Following the Wiedersich formalism, at steady
state, for the case where phase transitions do not occur,
the gradient of the Cr and vacancy profiles near an ideal
sink are related by

∇XCr(z) = α(z)
∇XV (z)

XV (z)
,

with α(z) = − LFeILFeV
(LFeIDCr + LCrIDFe)

(
LCrV
LFeV

− LCrI
LFeI

)
,

(2)

where z is the coordinate along the direction normal to
the interface, X represents element and defect concen-
trations, and DA are the intrinsic diffusion coefficients,
DA = (dcAVXV + dcAIXI)Φ with

dcAδ =
LδAA
XAXδ

− LδAB
XBXδ

+ dAδ
1

Φ
ζδA,

A,B = {Fe,Cr} and δ = {V,SI} (3)

dcAδ and dAδ denote the c-partial and partial dif-
fusion coefficients, Φ is the thermodynamic factor(
∇µA
kBT

= Φ
XA
∇XA

)
and ζδA =

∂ lnXeqδ
∂ lnXA

represents an ex-
tra driving force due to irradiation.25
α(z) is a coupling factor relating the profile of

chromium with that of vacancies. In general, α(z) de-
pends on distance to the interface since it is a function of
the phenomenological (LAB) and intrinsic diffusion co-
efficients that, in turn, depend on local concentrations
and binding energies between solutes and defects, which
both vary spatially as a function of distance from the
interface, as shown in Fig. 1. Also note that α can be
positive or negative, depending on the sign of the term(
LCrV
LFeV

− LCrI
LFeI

)
, which will determine whether the sink

depletes or enriches in the alloying element.
We study first the vacancy concentration profile as its

main features (absolute value and gradient of the local
concentration) are involved in determining the Cr con-
centration profile (Eq. 2). The vacancy concentration
profile in the kinetic regime is obtained from the diffusion
equation DV

∂2XV
∂z2 = −G, where the recombination term

and the variation of DV with the solute composition are
neglected.26 DV is the vacancy diffusion coefficient and
G is a source term for damage production. The solution
is given by XV (z) = − G

2DV
z2 +az+b. With the interface

at h/2, we have the boundary conditions ∂XV∂z (0) = 0, for
a zero flux at z = 0 (the center of the grain which, by
symmetry, must have zero flux) and XV (h/2) = Xeq

V at
the interface. The solution for 0 < z < h/2 is given by

XV (z) = − G

2DV
(z2 − 1

4ρ2
I

) +Xeq
V , (4)
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with ρI = 1/h the interface density. The gradient of XV

is then given by ∇XV = − G
DV

z. Therefore

∇XV

XV
=

2z

(z2 − 1
4ρ2I
− 2DVX

eq
V

G )
. (5)

Figure 4 shows the KMC results for XV and ∇XVXV
com-
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FIG. 4: (a)-(b) XV and (c)-(d) ∇XVXV
as obtained from

KMC simulations for different temperatures where no
second phase precipitation occurs, compared to

analytical results for (a)-(c) XCr=0.03 and a density of
interfaces ρI=0.124 nm−1 and (b)-(d) XCr=0.06 and a
density of interfaces ρI=0.048 nm−1. Shaded regions
represent the location of the interface. The solid black
lines indicate the results of the analytical model as

derived in Eqs. 4 and 5.

pared to the analytical solutions of Eqs. 4 and 5. Despite
the slight deviation inXV due to the recombination term,
neglected in Eq. 4 but present in the KMC results, the
agreement for the ∇XVXV

term is remarkable. Note that
in the KMC simulations Xeq

V is assumed to be zero since
the concentration of vacancies due to irradiation is of-
ten significantly larger than at equilibrium. This implies
that the term ∇XV

XV
is independent of temperature, as

obtained from the simulations.
We now move on to the factor α(z) in Eq. 2. Consid-

ering the simplified case of constant α, i.e., the transport
coefficients are effectively independent of local composi-
tion, we can derive an expression for the Cr concentration
profile by integrating Eq. 2:

XCr(z) = α ln

{
− G

2DV

(
z2 − 1

4ρ2
I

)
+Xeq

V

}
+K1, (6)

with K1 an integration constant. To determine the value
of K1 we impose mass conservation such that

∫ h/2

0

XCr(z)dz = Xnominal
Cr

h

2
. (7)

After some algebra we obtain22

SCr = −αh+α
h

2
ln

(
Xeq
V

ah
2

4 +Xeq
V

)
+2bα arctanh

(
h/2

b

)
,

(8)
with b2 = h2

4 +
XeqV
a and a = G

2DV
. In the limit Xeq

V → 0
we can write

lim
XeqV →0

SCr = αh (ln 2− 1) , (9)

which gives a simple analytical expression for the total
amount of alloying element segregated to the ideal sink.22
Equation 9 is the main result of this paper, which high-
lights the existence of a linear relation between SCr and
the interface spacing h, with no dependence on dose rate
or any other parameter not included in α. It is impor-
tant to note that the behavior of the total amount of de-
fect (vacancy and interstitial) segregation is remarkably
different. Following the same methodology we obtain a
cubic and a linear dependence on the interface density
and the production rate G, respectively.22 Furthermore,
the linear relation for SCr with grain size derived in this
work contrast with, for example, the swelling behavior,
where a maximum of swelling at intermediate grain size
is observed experimentally.20 It is also important to high-
light that at high temperature or for non-ideal sinks, Xeq

V
cannot be neglected and the linear relation breaks down,
although Eq. 8 will still hold.

Note that α can be obtained from the linear relations
found in Fig. 2 for each temperature and Cr concentra-
tion by fitting the slope of the lines. Figure 5 shows
the results for two cases. We find that Eq. 6 indeed re-
produces the KMC results. Alternatively, we can also
calculate α directly, following Eq. 2. We have pursued
this route for the case at 600 K with Xnominal

Cr =0.06,
and an interface density of ρI=0.124 nm−1. We have
followed the methodology described in Ref. 18 to obtain
the transport coefficients, equilibrium concentrations and
thermodynamic factors. The calculated value results in
α=-0.028 compared to α=-0.030 obtained from fitting to
the KMC. The predicted sign of the segregation profile is
the same, and thus, both methods will predict enrichment
near the interface. Therefore, the α obtained following
either approach can be used to predict the whole Cr con-
centration profile via Eq. 6 at the given temperature.

It is worth mentioning that, in the same kinetic regime,
the dose rate affects primarily the time to reach steady-
state and not the profiles at steady-state.22 Also, we note
that in the context of collision cascade damage an effect
of the production bias might be present. How production
bias affects RIS profiles would be material specific since
it depends on the nature and properties of the created de-
fects and their coupling with the alloying elements. The
development of an analytical expression for RIS under
these conditions is far from trivial and certainly deserves
a dedicated study. However, as long as the elimination of
defects at interface sinks dominates over bulk recombina-
tion and the effect of production bias remains negligible,
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we do not expect significant qualitative differences in the
context of collision cascades beyond some correlated re-
combination between vacancies and self-interstitials.

In conclusion, the methodology described in this pa-
per is a possible avenue to predict the effects of irra-
diation on chemical redistribution in nuclear materials.
A lattice kinetic Monte Carlo model has been used to
analyze the effect of the interface density on the segrega-
tion profiles in a binary alloy. We obtain linear relations
between the total amount of segregation to the bound-
ary with the interface spacing. Relying on the theory
of the thermodynamic of irreversible processes, we have

developed analytical expressions that indeed predict the
KMC results and rationalize the effect of interface spac-
ing on segregation. Although applied to the FeCr system,
the analytical expressions derived in this work should be
generally applicable to other multicomponent systems,
once the material-specific transport coefficients are de-
termined. In the kinetic regime, where elimination of
point defects at sinks dominates over bulk recombina-
tion (as is typical for in-reactor conditions), the present
RIS model will be able to predict the quasi-stationary
RIS profile. Furthermore, given that interfaces have been
shown to enhance defect annihilation and mitigate other
types of radiation-induced damage phenomena, such as
void swelling,2 these results indicate that a possible venue
to concurrently mitigate both damage phenomena is to
control the density of high-sink-strength interfaces.
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