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Abstract

We investigated the dependence of radiation-induced segregation (RIS) in austenitic stainless steels on grain

boundary orientation by numerical calculations. A new rate equation model for RIS that incorporates the grain

boundary sink strength for point defects was developed. The sink strength was determined as functions of misorien-

tation angle and R values using interaction energies of vacancy near grain boundaries as determined by molecular

dynamics (MD) and statics (MS). It was shown that the calculated results can reproduce the experimental data obtained

by electron and proton irradiation experiments. The good agreement supports the validity of the present model.

� 2004 Elsevier B.V. All rights reserved.
1. Introduction

Radiation-induced segregation (RIS) near grain

boundaries is one of the primary causes of irradiation-

assisted stress corrosion cracking (IASCC) in light-water

reactor (LWR) component materials such as type 304

austenitic stainless steels [1,2]. The primary source for

the solute redistribution is highly supersaturated point

defects introduced by the irradiation. Point defect fluxes

to the grain boundaries are responsible for the rear-

rangement of solute elements as a result of preferential

interactions between point defects, solute elements, and

grain boundaries [3,4]. According to recent reviews, RIS

behavior is strongly affected by the nature of grain

boundaries, i.e., by the misorientation angle and R value

[5,6]. It is believed that these phenomena are related to

the strength of the interaction between excess point de-

fects and grain boundaries. Theoretical investigation is

therefore needed to clarify the mechanism of retardation

of the RIS behavior at certain grain boundaries.
* Corresponding author. Tel.: +81-11 706 6768/6766; fax:

+81-11 706 6768/757 3537.

E-mail address: sakagu@ufml.caret.hokudai.ac.jp (N. Saka-

guchi).

0022-3115/$ - see front matter � 2004 Elsevier B.V. All rights reserv

doi:10.1016/j.jnucmat.2004.04.268
The main purpose of the present study was to

investigate the effect of grain boundary character on RIS

for austenitic stainless steels by means of computer

simulation. A newly developed rate equation model for

intergranular RIS, which was developed previously [5,7]

and modified in the present work, was used to evaluate

the grain boundary sink efficiency for point defects.

Molecular dynamics (MD) and statics (MS) calculations

were also performed to estimate the strengths of inter-

actions between certain grain boundaries and vacancy.
2. Model and calculation method

Calculations using rate equations were performed to

estimate the concentrations of alloying elements and

point defects under various irradiation conditions. The

approach was based on solving the reaction rate and

diffusional equations for vacancies, interstitials and

alloying elements. The equations used are described in

detail in Refs. [5,7]. In the present study, the most

important parameter was sink strength of grain

boundaries, which was given previously [5] in terms of

the spacing of grain boundary dislocations and can be

expressed as
ed.
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SGB ¼ A sin
h
2
; ð1Þ

where A is a parameter in units of the inverse square of
the length (�1021 m�2) and h is the misorientation angle.
Eq. (1) could reproduce the RIS behavior not only for

low angle tilt boundaries but also for large angle tilt

boundaries and general random boundaries. However, it

could not explain the RIS behaviors around boundaries

with low R coincidence [5]. This indicates that a rela-

tionship different from that in Eq. (1) is needed to

determine the sink strength of low R boundaries. For

this purpose, we performed MD and MS calculations for

Ni [0 0 1] symmetric tilt boundaries and investigated the

interaction energy between the grain boundaries and

point defects. An EAM potential for Ni [8] was em-

ployed to describe the atomic interaction. Each MD cell

was about 50a0 ðX -coordinateÞ � 20a0 ðY -coordinateÞ�
10a0 ðZ-coordinateÞ in size and contained two grain

boundaries parallel to the YZ plane, and a three-

dimensional periodical boundary condition was applied.

From the MS results, we obtained new equations for

calculating sink strength of grain boundaries.
Fig. 2. Relationship between mean spacing of disordered re-

gion and tilt angle.
3. Results and discussions

Fig. 1 shows the calculated formation energy changes

of vacancies around (a) low angle, (b) large angle and (c)

R5 boundaries. At a low angle tilt grain boundary,

remarkable decreases in energy occurred only in regions

close to the core regions of grain boundary dislocations.

This indicates that the dislocation core acts as a pref-

erential sink site for excess point defects. We also found

similar structures at large angle tilt grain boundaries,

although grain boundaries of this type can not be rep-

resented by grain boundary dislocation models. The

disordered regions on the grain boundary also act as

point defect sinks. However, the formation energy
Fig. 1. Vacancy formation energy changes a
changes were quite different around a R5 coincidence
boundary as shown in Fig. 1(c). Significant formation

energy changes occurred only at and near the boundary

interfacial plane, and the magnitude of decreases was

less that at other grain boundaries. This indicates that

the coincidence boundaries act more as trapping sites for

vacancies rather than as sink sites, and a different ap-

proach is therefore needed to estimate the sink strength

for low R boundaries.

The mean spacings of dislocation cores or disordered

regions for low angle and large angle tilt boundaries are

shown as a function of tilt angle in Fig. 2. It can be seen

that the mean spacing decreases with increase in tilt

angle for both (1 0 0)k(1 0 0) and (1 1 0)k(1 1 0) bound-
aries. We also show the theoretical values of boundary

dislocation spacing calculated from

h ¼ h0= sin
h
2
; ð2Þ
round Ni [0 0 1] tilt grain boundaries.



Fig. 3. h110i Tilt angle dependence of RIS at grain boundaries
in electron-irradiated Fe–15Cr–20Ni alloys [5]. The solid lines

are calculated dependence.

Fig. 4. h210i Tilt angle dependence of Cr segregation at grain
boundaries in proton-irradiated SUS 304L stainless steels [6].

The solid lines are calculated dependence.
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where h0 is Burgers vector of the boundary dislocations.
The theoretical values calculated from Eq. (2) are in

good agreement with the MS results, whereas the large

angle grain boundaries are not represented well by the

grain boundary dislocation model. Thus, it is reasonable

to use Eq. (1) to estimate sink strength for general grain

boundaries excluding coincidence boundaries. For

coincidence boundaries, the practical solution is to cal-

culate the dynamics of trapping behavior for point de-

fects using rate equations and to fit the sink strength to

the RIS data obtained from several coincidence

boundaries. The fitted values are listed in Table 1. We

used the following interpolation equation to obtain sink

strength for grain boundaries with deviation angles:

SGBc ðhdevÞ ¼ SGBðhR þ hdevÞ sin
jhdevj
hMaxdev

þ SGBR 1

"
� sin

jhdevj
hMaxdev

#
; ð3Þ

where SGBR is the sink strength of a coincidence boundary

with the R value, hdev is the deviation angle, hR is the

misorientation angle for the exact coincidence relation-

ship, and hMaxdev is the maximum deviation angle from

coincidence [9,10] as determined by

hMaxdev ¼ 15�=
ffiffiffiffi
R

p
: ð4Þ

For the case of hdev > hMaxdev , we calculated the grain

boundary sink strength using Eq. (1).

The calculated tilt angle dependence on RIS for

h110i tilt grain boundary series in high purity Fe–15Cr–
20Ni ternary alloys after electron irradiation is shown in

Fig. 3 together with experimental data obtained by EDX

measurements using FEG-TEM [5]. The experimental

data show that the magnitude of RIS at grain bound-

aries increases with increase in tilt angle but suddenly

drops at angles close to low R boundaries such as R3 and
R9. The calculated values also reproduce the RIS

behavior not only around low angle tilt grain boundaries

but also at large angle and coincidence boundaries. Fig.

4 shows the amount of Cr depletion at h210i misori-
entation angles in proton-irradiated type 304L stainless

steels obtained by FEG-TEM EDX analysis [6]. The

solid line in the figure shows calculated results using the

present model. Both the experimental and calculated

results show that the magnitude of Cr depletion in-

creases with increase in the R value and that the RIS
Table 1

Sink strength at various coincidence grain boundaries

R value 3 7 9 11 15

Strength,

m�2
1 · 1016 1· 1017 4· 1017 1 · 1018 1 · 1019
increases with increases in deviation angles from exact

coincidence. The good agreement between the experi-

mental and theoretical results around low R coincidence

boundaries supports the validity of the present model

for RIS prediction.
4. Conclusions

We investigated the orientation dependence of RIS

on grain boundary orientation in austenitic stainless



N. Sakaguchi et al. / Journal of Nuclear Materials 329–333 (2004) 1166–1169 1169
steels by means of numerical calculations. From basic

MD and MS results, a new rate equation model for RIS

that incorporates the grain boundary sink strength for

point defects was obtained. The main results are as

follows:

1. The MD and MS results show that the formation

energies of vacancy change around the disordered re-

gions in low and large angle tilt grain boundaries,

whereas only slight formation energy changes were

induced at and near coincidence boundaries.

2. The sink strength of grain boundaries, excluding low

R coincidence boundaries, can simply be described as

a function of misorientation angle.

3. For coincidence boundaries, we fitted the sink

strength to the RIS data and considered the effect

of deviation angles from the exact coincidence rela-

tionship.

4. The calculated RIS behaviors around several tilt

grain boundaries accurately reproduced the RIS data
obtained from electron and proton irradiation exper-

iments.
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