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We have developed a new model for radiation-induced grain boundary migration (RIGM)
and radiation-induced segregation (RIS) for austenitic iron-chromium-nickel alloy system. It
was assumed that the RIS was induced by diffusional and annihilation processes of excess
point defects at the grain boundary, and the RIGM occurred due to rearrangement process
of atoms on one of the interfacial planes by annihilation of point defects. The calculated
results indicated that the region of RIS was enlarged by the RIGM and asymmetrical
concentration profiles were observed around the migrated grain boundary. The present
model could explain the RIS behavior with or without grain boundary migration as
comparing with our previous experimental results. C© 2005 Springer Science + Business
Media, Inc.

1. Introduction
Under irradiation, solute redistribution in concentrated
alloys occurs because of the preferential interaction be-
tween the solute atoms and excess point defects mov-
ing toward sinks, such as surface or grain boundaries.
In austenitic stainless steels, i.e. a type 304 which are
used a light-water reactor components [1, 2], radiation-
induced segregation (RIS) near grain boundaries and
radiation-induced grain boundary migration (RIGM)
cause significant deleterious effects to their mechan-
ical and chemical properties [3]. The seriousness of
this problem has been considered as irradiation-assisted
stress corrosion cracking (IASCC) induced by the RIS
[4, 5]. It is thus important to investigate the mechanism
for retardation of radiation-induced solute redistribu-
tion and behavior of grain boundary movement under
irradiation.

In last ten years, we have proposed a model for RIS
around a moving grain boundary in austenitic iron-
chromium-nickel ternary alloy systems and the results
of calculations agreed with experimental results well
for the RIS [6–8]. We have also reported about the atom-
istic observation of grain boundary structural changes
which were induced by the RIGM during electron ir-
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radiation and it was indicated that the grain bound-
ary movement occurred by a rearrangement process
of atoms on one of the interfacial planes to another
plane due to mutual annihilation of excess point de-
fects around there [9, 10].

In the present paper, we shall propose a new RIS
model with the RIGM based on diffusion and reaction-
rate equations. The model is including the rearrange-
ment process of a boundary interfacial plane as the
RIGM kinetics. To clarify the validity of the present
model, we compared the calculated results with our pre-
vious results for the RIS and the RIGM in an austenitic
stainless steel during the electron irradiation.

2. Simulation method
Simultaneous solutions to diffusion and reaction-rate
equations describe solute segregation induced by ex-
cess vacancy and interstitial fluxes to a grain boundary
and by solute-defects interaction [11–13]. We also con-
sider the movement of the grain boundary by the rear-
rangement of atoms on one of the interfacial planes to
another plane due to the defect flows and annihilations
toward the boundary interfacial planes.
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The approach is to solve the diffusion and reaction-
rate equations for point defects and alloy components to
obtain the terms of coupling the defect and solute fluxes.
It is also noticeable that the equations are described with
a relative system of coordinates for the grain boundary.
The continuity equations are
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In above equations, solute species (iron, chromium or
nickel) are identified by the index, k, and vacancies and
interstitials are represented by v and i , respectively. The
last terms in each equation are the drift terms due to the
RIGM, and vgb is a velocity of grain boundary motion as
discussed in later. The other important parameters here
are the coupling parameters, dv

k and d i
k which are the

partial diffusivities of alloying elements via vacancies
and interstitials, determined by
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where v
v,i
k are the vibration frequencies of k-atom

around a vacancy and interstitial, a0 is the lattice con-
stant, and Em

v,i are the migration energies of point de-
fects, respectively. The diffusion coefficients of point
defects and the radiation-enhanced diffusivities of

Figure 1 Schematic illustration about the parameters, Sgb and Gv,i
gb .

atoms are then given by

Dv,i =
∑

k

dv,i
k Ck (5)

Dk = dv
k Cv + d i

kCi. (6)

Other parameters shown are the displacement rate,
Gdpa, mutual recombination coefficient, Rvi, internal
dislocation density, ρ, bias factors of the dislocation
for point defects, zv,i, and the thermal equilibrium con-
centration of vacancies, C th

v , respectively.
At the grain boundary, we additionally defined the

effective recombination sites for the point defects as
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where Sgb is the area number density of the recom-
bination sites on the boundary interface, and Gv,i

gb are
the generation rates of point defects by diffusion of
the point defects toward the boundary interface written
as
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where dgb is the width of the grain boundary and Xgb
is the position of the boundary plane as schematically
illustrated in Fig. 1. The parameter, Sgb, is fixed as func-
tions of misorientation angle and � value to reproduce
the experimental RIS data on various kinds of grain
boundaries [14]. Finally, the velocity of grain bound-
ary motion is described as follows

vgb = dgbSgb
[
αv Dv

(
Cv − C th

v

) + αi DiCi
]

(10)
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Figure 2 Concentration profiles after irradiation to 10 dpa at 2 × 10−3 dpa/s and at 623 K. The αv,i values were 0, 5 × 10−8, 1 × 10−7, respectively.

where αv,i are the fraction of the annihilating point de-
fects which contribute to the rearrangement of atoms
at a boundary interfacial plane. For the case of αv,i
> 0, the grain boundary migration occurs with so-
lute redistribution, and we can only calculate the RIS
without the RIGM in the case of αv,i = 0. We chose
low values for the rearrangement probability αv,i (less
than 1 × 10−7) to reproduce the experimental RIGM
behavior.

For the calculations, finite difference methods and
numerical integration have been used to solve the cou-
pled equations. The LSODE package of subroutines
[15] was used for the numerical integration of stiff ordi-
nary differential equations. The material constants used
in the present calculations are listed in Table I.

3. Results and discussions
Fig. 2 shows typical results on grain boundary segrega-
tion with or without grain boundary migration for the
cases of αv,i = 0, 5 × 10−8 and 1 × 10−7. The displace-
ment rate, irradiation dose and temperature were 2 ×
10−3 dpa/s, 10.0 dpa and 623 K, respectively. The grain
boundaries moved to right direction for αv,i = 1 × 10−8

T ABL E I Main parameters used in the present calculations

Input parameter Notation Value

Vacancy jump frequency via Fe atom νv
Fe 5.0 × 1013 s−1

Vacancy jump frequency via Cr atom νv
Cr 1.0 × 1014 s−1

Vacancy jump frequency via Ni atom νv
Ni 1.5 × 1013 s−1

Vacancy migration energy Em
v 1.05 eV

Interstitial jump frequency νi
k 5.0 × 1012 s−1

Interstitial migration energy Em
i 0.85 eV

Formation enthalpy of vacancy H f
v 1.6 eV

Formation entropy of vacancy Sf
v 1.5 kB

Lattice constant a0 3.6 × 10−10 m
Bias factor of dislocation for vacancy Zv 1.0
Bias factor of dislocation for interstitial Z i 1.2
Dislocation density ρ 1014 m−2

Recombination factor Rvi 500/a2
0

Number density of recombination Sgb 1 × 1020 m−2

site at GB
Grain boundary depth dgb 4 × 10−10 m

and 1 × 10−7, and the migration distances were 12 nm
and 27 nm, respectively. It was evident that the distri-
butions of alloying elements are not symmetric with
respect to the migrated grain boundaries and that the
segregation effect was more pronounced behind the mi-
grating boundaries than ahead of these. Alternatively,
nickel depletion and iron/chromium segregation were
observed ahead of the migrated boundaries, It was also
indicated that the migration distance and the deviation
from symmetry increased with αv,i value, although the
magnitude of the RIS at the migrated boundaries de-
creased with the αv,i value. In Fig. 3, we plotted re-
lationships between the migration distance, the width
of chromium deplete zone and the magnitude of αv,i.
Here, we defined the chromium depleted zone as a re-
gion where chromium composition was less than 12%.
The linear relationship between the migration distance
and the αv,i value was obtained, but the chromium de-
pleted zone was expanded progressively in increases of
the migration distance or the αv,i value. The present re-
sults indicate that the irradiation-induced sensitization
on the IASCC depletion will be enhanced by the grain
boundary migration during the irradiation. Fig. 4 shows

Figure 3 Dependencies of migration distance and width of chromium
deplete zone on the magnitude of αv,i. The irradiation conditions were
10 dpa at 2 × 10−3 dpa/s and at 623 K.
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Figure 4 Concentration profiles after electron irradiation to 14.4 dpa at 4 × 10−3 dpa/s and at 623 K with or without grain boundary migration. Solid
lines are calculated results with (αv,i. = 1 × 10−7) or without (αv,i. = 0, Sgb = 1 × 1019 m−2) the grain boundary migration.

the distributions of alloying elements around the grain
boundary with (αv,i = 1 × 10−7) or without (αv,i = 0,
Sgb = 1 × 1019) the RIGM after electron irradiation to
14.4 dpa at 4 × 10−3 dpa/s and at 623 K. The exper-
imental RIS data obtained by EDS analysis [10] were
also plotted in the figure. We considered spatial dis-
tribution of electron probe by means of averaging the
calculated concentration profiles with an EDS probe
size distribution [8]. This technique is of importance
for simulating the actual RIS data taken by TEM-EDS
analysis. It was assumed that the mean EDS probe size

Figure 5 Concentration profile changes near an identical grain boundary after electron irradiation up to 10 dpa at 2 × 10−3 dpa/s and at 623 K. Solid
lines are calculated results in the case of αv,i. = 5 × 10−8.

was 1.0 nm. The overall agreement between the calcu-
lations and the experimental data is remarkably good. It
indicates the validity of the present model for both RIS
and RIGM. In Fig. 5, the calculated (αv,i = 5 × 10−8)
and experimental concentration profiles on an identical
grain boundary [14] are shown after electron irradiation
to 1, 3, 5 and 10 dpa at 2 × 10−3 dpa/s and at 623 K.
Both results show that the chromium depleted zone is
expanded with increasing both of migration distance
and irradiation dose. The deviations from symmetry
of the concentration profiles were also enhanced with
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increasing of the migration distance. The good agree-
ments were also obtained between the calculations and
the experiments.

The rearrangement factor, αv,i, might be set less than
1 × 10−7 to reproduce the experimental RIS and RIGM
data. This means that most of excess point defects anni-
hilated to the grain boundaries do not contribute to the
RIGM. In fact, grain boundary structural changes oc-
cur only at the micro steps on the boundary interfacial
planes as shown in references 9 and 10. It is also impor-
tant that the rearrangement factor would be a function of
the grain boundary nature such as grain boundary types
or misorientation angles. Further experimental knowl-
edge should be needed to clarify the physical means of
the rearrangement factor, αv,i.

4. Conclusions
In the present study, we performed the model calcula-
tion for the radiation-induced segregation (RIS) and the
radiation-induced grain boundary migration (RIGM).
In the present model, it was assumed that the RIS was
induced by diffusional and annihilation processes of ex-
cess point defects at the grain boundary, and the RIGM
occurred due to rearrangement process of atoms on one
of the interfacial planes by annihilation of point defects.
The calculated results indicated that the chromium de-
pleted zone was expanded progressively by the RIGM
and asymmetrical concentration profiles were observed
around the grain boundary. The present model could ex-
plain the RIS behavior with or without grain boundary
and good agreements with our previous experimental
results were obtained.

Further experimental study on various aspects of the
rearrangement factor αv,i, for example, the dependen-

cies of irradiation temperature, kinds of irradiation par-
ticles, and the nature of grain boundaries, is needed.
Some evidence of such dependencies on RIGM was
recognized by the authors, but the details will be dis-
cussed elsewhere.
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