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Abstract

We have investigated the orientation dependence of grain boundaries in radiation-induced segregation (RIS) in an

austenitic stainless steel under irradiation using a high-voltage electron microscope (HVEM) at the Hokkaido Uni-

versity HVEM facility and a new rate equation model for RIS, which incorporates the grain boundary sink strength for

point defects. The á1 1 0ñ tilt grain boundaries were chosen for the present study. It was observed that, after electron

irradiation at a dose rate of 2:0� 10ÿ3 dpa sÿ1 to 10 dpa at temperatures of either 623 or 723 K, RIS was enhanced as

the tilt angle increased but was suppressed at coincidence grain boundaries (R9 and R3). The present result indicates

that one needs to explicitly consider the grain boundary sink strength as an important factor a�ecting radiation-induced

grain boundary phenomena (RIGBPH). This work can be thought as a study of the radiation-induced grain boundary

phenomena associated with grain boundary engineering related to non-equilibrium phenomena. Ó 2000 Elsevier

Science B.V. All rights reserved.

1. Introduction

Radiation-induced segregation (RIS) near grain

boundaries is known to cause a signi®cant degradation

in the physical, chemical and mechanical properties of

austenitic stainless steels [1,2]. Radiation-induced phe-

nomena are known to be closely related to the point

defects introduced due to collision between high-energy

particles and atoms in an alloy. The grain boundary is

the one of places where complex phenomena occur since

it is a strong point defect sink. Although there is a rel-

atively large body of studies on the e�ect of grain

boundary character on equilibrium segregation [3±5] or

thermally induced precipitation [6,7], such information

on radiation-induced grain boundary phenomena

(RIGBPH) is very scarce (see, for e.g., [8]).

In the present study we have, for the ®rst time, sub-

stantially investigated the e�ect of grain boundary

character on RIS. We carried out an electron irradiation

experiment for an austenitic stainless steel (Fe±15Cr±

20Ni) using a high-voltage electron microscope (HVEM-

H1300) at the Hokkaido University HVEM facility. A

newly developed rate equation model for intergranular

RIS, which was developed previously [9] and modi®ed in

the present work, has been used to evaluate the grain

boundary sink e�ciency for point defects. The present

paper focuses on the sink e�ect of grain boundary

character on RIS. We will show that the assumption of

the so-called ``perfect sink condition'', which is a

boundary condition that all the point defects generated

by irradiation diminish completely at the grain bound-

ary and has customarily been used in the theoretical

evaluations, e.g., [9], is generally invalid except for some

random grain boundaries.

2. Experiment

An Fe±Cr±Ni alloy containing 20.8Ni, 14.5Cr and, as

impurities, 0.003C, 0.01Si and 0.003P (in wt.%) was

prepared. After cold rolling to 150 lm followed by heat
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treatment at 1323 K for 60 m and electro-polishing,

TEM foil specimens were irradiated with 1 MeV elec-

trons at various temperatures using a HVEM (H-1300)

at the Hokkaido University. The mean damage rate was

2:0� 10ÿ3 dpa sÿ1. The irradiation temperatures were

623 and 723 K and the dose, up to 10 dpa. The á1 1 0ñ tilt

grain boundaries, which have their rotation axis in

parallel to the boundary with the tilt angles up to 70.5°,

were chosen for irradiation. Since the present work used

polycrystalline specimens with a few tens of micrometer

grain size, the available misorientated grain boundaries

were limited to certain kinds of tilt boundaries. These

grain boundaries studied include small angle tilt

boundaries, R3 and R9 coincidence boundaries and

random boundaries. After irradiation, we carried out

ion-thinning for the TEM specimens with an ion-milling

instrument (GATAN: DuoMill Model 600) for a few

minutes, in order to remove surface regions of a few

hundred nanometers. Chemical composition was then

measured using a ®eld-emission-type analytical 200 keV

transmission electron microscope (JEOL: JEM-2010F)

equipped with an energy dispersive X-ray analyzer

(Noran: Voyager 2000-EDS).

3. The model and calculation method

The calculations performed to evaluate the rate

equations for the solvent atom (Fe), solute atom (Cr and

Ni) and point defect (vacancy and interstitial) concen-

trations for various irradiation conditions used a model

developed previously [9]. The approach is based on

solving the coupled di�usion equations for vacancies,

interstitials and solvent and solute atoms to provide the

terms which couple the defect and atom ¯uxes. We dealt

with the inverse-Kirkendall ¯ux by taking account of

interstitial di�usion, which is well known as the mixed-

dumbbell mechanism, as well as vacancy di�usion

[10,11]. In the calculation, we also considered the spatial

resolution in the EDS analysis with a ®nite-size probe by

averaging the calculated concentration pro®le using the

formula of the normalized two-dimensional Gaussian

average for the one-dimensional concentration pro®le

[9]. The probe radius used in averaging was 1 nm for FE-

TEM [12,13]. The last technique is necessary for simu-

lating the actual pro®le data obtained by TEM-EDS

analysis [12±14].

The continuity equations used for the quantities of

interest are

oCk

ot
� ÿr � Jk �k denotes solvent Fe; solute Cr and Ni�;

�1�
oCv

ot
� ÿr � Jv � gGdpa ÿ Kvi�Di � Dv�CvCi

ÿ SiDi�Cv ÿ Ceq
v �; �2�

oCi

ot
� ÿr � J i � gGdpa ÿ Kvi�Di � Dv�CvCi ÿ SiDiCi;

�3�
where Ck is the concentration of k-atoms, Cv and Ci are

the concentration of vacancies and interstitials, Ceq
v is the

equilibrium vacancy concentration at a given tempera-

ture, Jk is the ¯ux of k-atoms, Jv and Ji are the ¯uxes of

vacancy and interstitials, Ceq
v is the damage e�ciency

(1 in the case of electron irradiation), Gdpa is the gener-

ation rate of point defects by irradiation, Kvi is the re-

combination rate of point defects and Dv and Di are the

di�usivity of vacancies and interstitials, respectively.

The rate equations (1)±(3) were evaluated as func-

tions of the one-dimensional coordinate perpendicular

to the grain boundary and of the irradiation time. The

main parameters used in the calculation are available in

[9]. In this study, we additionally de®ned the sink

strength of the grain boundary as

SGB � A sin
h
2
; �4�

where A is a parameter in units of the inverse square of

the length and h is the tilt angle. SGB can be obtained

considering the edge dislocations, which are sink sources

for point defects, presumably to be aligned at a tilt grain

boundary, and A is then written as 2Z/(bd). Here b is the

magnitude of the BurgerÕs vector of edge dislocation

(i.e., a0/2 á1 1 0ñ, where a0 is the lattice constant), d the

inter-plane distance along the dislocation and Z is an

enhancement factor. Z/d then gives the number of ex-

tinguished point defects on the dislocation per unit

length. We used (4) as a boundary condition instead of

Ôthe perfect sink conditionÕ. The latter condition means

that all the point defects generated by irradiation are

annihilated completely at the grain boundary, and this

has customarily been used as a boundary condition (e.g.,

[9]). In the present study, we set Z/d� 3/a0. This gives A

to about 1020 mÿ2.

4. Results and discussion

Examples of the e�ect of grain boundary misorien-

tation on RIS are shown in Figs. 1(a) and (b), which

represent concentration pro®les near a small angle tilt

grain boundary (tile angle: 3.5°) and a random grain

boundary (tilt angle 64°), respectively, after electron ir-

radiation for both areas with the same conditions to a

dose of 3 dpa at 723 K. Un®lled circles and squares are

the experimental data of Ni and Cr concentrations, re-

spectively, and the solid lines indicate computer simu-

lation results. The deviations between the data points

and the solid line in the matrix area in Fig. 1(a) are

probably due to EDS counting statistics. It can be seen

that the RIS at a small angle tilt boundary was
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remarkably suppressed but not so at a random grain

boundary. Since RIS is caused due to point defect ¯ow

to a sink, the sink strength for point defects for a ran-

dom boundary is much stronger than the strength at a

coherent and/or a low-energy grain boundary like a

small angle tilt grain. In Eq. (4), the grain boundary sink

strength, SGB, becomes stronger as the tilt angle in-

creases. This is consistent with the above argument and,

in fact, the theoretical results in Fig. 1 show a good

agreement with the experimental data for both types of

grain boundaries. Exceptions exist, however, in the cases

of the coincidence grains with low R values at higher tilt

angles, because Eq. (4) does not explicitly include the

grain boundary energy. Discussion on theoretical con-

siderations for these special boundaries will be given

later.

The dose dependence up to 10 dpa on RIS for a

random grain boundary is shown in Fig. 2(a) and that

for a twin boundary, (R3), in Fig. 2(b). Fig. 2(a) well

reproduced the theoretical dose dependence on inter-

granular RIS, which was predicted in Fig. 4 of [9] with

an assumption of the perfect sink condition, while that

for a twin boundary in Fig. 2(b) showed almost no RIS

up to 3 dpa followed by a gradual increase in RIS. This

means that the boundary has not worked as a sink for

point defects until about 3 dpa and then starts working

as a sink with higher dose. The detailed mechanism of

the sink e�ect change in the latter case is not known yet.

Fig. 3 shows the misorientation dependence of in-

tergranular RIS after irradiated to 3 dpa at 723 K as a

function of the tilt angle, h, from á1 1 0ñ. It is evident that

intergranular RIS is suppressed at low sigma boundaries

Fig. 2. Dose dependence of RIS at two di�erent grain boundaries by electron irradiation up to 10 dpa at 623 K: (a) at a random grain

boundary (b) at a f111gR3 twin boundary.
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Fig. 1. RIS at two di�erent grain boundaries after electron irradiation to 3 dpa at 723 K: (a) a small angle tilt grain boundary

(h � 3:5°) (b) a random grain boundary (h � 60°); solid lines are theoretical predictions and un®lled characters are experimental data.
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of 28:9°=R9 and 70:5°=R3 and a 3:5°=R1 small angle

grain boundary. Except near these `special boundaries'

RIS signi®cantly occurred and was enhanced with an

increase of the tilt angle. It should be noted that inter-

granular RIS was more enhanced at a GB with a larger

tilt angle, although the R values are the same (see data

points at 20°=R33 and 59°=R33). We further carried out

measurements on intergranular RIS with a di�erent dose

of 1 dpa at 723 K, and also at a di�erent temperature of

623 K with the doses of 1 and 3 dpa. The results showed

the same trends of misorientation dependence as shown

in Fig. 3, but the intergranular RIS at grain boundaries

was more enhanced when the dose or the temperature

was higher. An independent evaluation of the sink

strength parameter revealed that a larger value of Z/d,

i.e., the larger A, causes the enhancement of RIS.

The theoretical results shown by the solid line in

Fig. 3 well predicted the experimental results for random

grain boundaries. This means that use of the boundary

condition in Eq. (4) is appropriate for such non-special

grain boundaries. The di�erence between the experi-

mental datum and the theoretical prediction for the

special boundaries, however, indicates that a further

consideration should be made for such grain boundaries.

According to Brandon [15], the angle range over which

the coincidence orientation relationship is maintained

depends on the R value in the form of Rÿ1=2, so that a

grain boundary with the larger R value has the narrower

deviation angle as a special boundary. Hence, the an-

gular range where the RIS data deviated from the the-

oretical curve in Fig. 3 can be expected to be narrower

for a higher R value GB. The grain boundary strength

constant, A, should then be de®ned for each special

grain boundary and evaluated separately.

In order to evaluate sink e�ciency for non-random

grain boundaries, we predicted, in Fig. 4, RIS at a dose

of 3 dpa at 723 K as a function of a parameter of grain

boundary sink strength, SGB, with the experimental RIS

results for various kinds of grains. It is indicated that, in

the region of SGB more than 1020 mÿ2 (e.g., the point of

h � 64°), the perfect sink condition is considered to be

applicable, while that of SGB less than 1017 mÿ2 (e.g., the

point of h � 3:5°; 70:5°) has the least sink e�ciency.

There exists an intermediate region or transient. In other

words, an appropriate choice of value of grain boundary

sink strength parameter will give a good reproducibility

of RIS even for a special boundary.

5. Concluding remarks

We have investigated the e�ect of grain boundary

misorientation on radiation-induced segregation (RIS),

introducing a new parameter for the grain boundary

sink strength. The present result clearly indicates that

one needs to consider the grain boundary nature as an

important factor a�ecting intergranular RIS and also

other RIGBPHs. A false conclusion may be drawn if

one implicitly assumes the perfect sink condition for a

non-random grain boundary and ignores the allowable

misorientation range for theoretical prediction of inter-

granular RIS.
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