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Abstract

An analytical model of radiation-induced segregation (RIS) which takes into account absorption and desorption of
the point defects at grain boundaries is developed. Using this model, interrelation between the grain boundary move-
ment and RIS is investigated. It has been shown that fast diffusing alloy atoms are depleted at the grain boundary only
when the boundary velocity does not exceed some critical value (v < v,). In the opposite case (v > v.) the fast atoms
are accumulated at the grain boundary. These analytical results are compared to those obtained in the experi-

ments. © 1998 Elsevier Science B.V. All rights reserved.

PACS: 64.75.+g; 66.30.-h; 61.80.Az

1. Introduction

High levels of point defect supersaturations in irradi-
ated alloys result in directed diffusion currents of these
defects from the interior of a material to grain and inter-
phase boundaries. These currents lead to diffusion of the
alloy atoms [1]. Due to the different mobilities of the al-
loy components this causes the spatial segregation of the
alloy atomic species during irradiation [2,3]. The radia-
tion induced segregation (RIS) can stimulate unusual
phase transitions and considerably change the material
properties. The segregation also changes the rates of
the defect annihilation at sinks and influences the radia-
tion swelling of alloys [4].

The possible influence of RIS on material properties
simulated numerous experimental and analytical investi-
gations [2-6]. In spite of the advancements in the de-
scription of RIS, the analytical investigations usually
neglected the evolutions of point defect sinks during in-
teractions of these sinks with point defects. For example,
to formulate an analytical description of the unusual ac-
cumulation of the fast diffusing alloy component at the
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moving grain boundary during RIS, which was observed
in [5,6] when this boundary velocity was sufficiently
high, one has to take accurately into account the kinetics
of point defects in this boundary vicinity.

In this paper we formulate the RIS problem in a self-
consistent manner, taking into account the microscopic
processes at the surfaces of the point defect sinks. Using
the developed approach, correlations between the grain
boundary movement and RIS have been investigated.

In Section 2 we present a system of the diffusion
equations and appropriate boundary conditions that
describe the segregation of the alloy atomic species dur-
ing irradiation and take into account evaporation and
absorption of point defects at the grain boundary. In
Section 3 we investigate the influence of the grain boun-
dary movement on RIS and obtain a critical velocity of
the grain boundary at which no segregation of the alloy
species takes place.

2. Formulation of the problem

In this paper we consider a two-component alloy as
an ideal solution with random distribution of 4 and B
kinds of atoms. These atoms can occupy both the lattice
sites and interstitial positions. Diffusion of the alloy
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atoms results from jumps of point defects (vacancies and
interstitials) through the lattice. We describe here a semi-
infinite irradiated solid with a flat free surface and as-
sume that dislocations and voids constitute the volume
sinks for point defects. To take into account the defect
accumulations in the irradiated alloy we introduce spa-
tially depending generation rates, both for vacancies,
G,(7) and interstitials, G;(F) = G4 + Gp: (Where Gy, are
the partial generation rates for the alloy species,
Y =A4,B and G, = G)).

2.1. Governing equations of the model

Defining the total volume density of the lattice sites,
which can be occupied by atoms, vacancies and voids as
n ="' (where w is the atomic volume), we set the fol-
lowing system of equations describing temporal and spa-
tial variations of the atomic and point defect
concentrations in the ‘mean field’ [7] approximation
for the dilute ensemble of the volume sinks:

Gact” = -0V, + ©G, — R,C,Cy; — RyC,Cj;
_kLZ,Dv(CU_éSq)a (1)
)
% = —wVjy — wGy + RyC,Cy;
+ (kyi)an <CY1' - (j}e/?>7 (2)
0 X
aCzYl = —wVjy + ©Gy — RyC,Cy;
— (ka)*Di (€ = G57), 3)
0 _ pep, (c.—co) = > tk)Du(Ca-G57). @)
6[ Y=A4.B

Here Y =4,B;C, = w(n,),Cy = w{ny),Cy = o(ny), Cs
= w(n,); (n,) is the volume density of the vacancies aver-
aged over the ensemble of the volume sinks; (ny) and
(ny;) are the same for Y-atoms occupying the substitu-
tional and interstitial positions respectively; (n,) is the
averaged volume density of the lattice sites occupied
by voids; Ry is the recombination factor for the vacan-
cies and Y-interstitials; kj; = Zjpy + 47Ny (Z; Ry)(f
=0, A, B,-);Zg/” are the bias factors for the absorption
of B-defect at the dislocations/voids; Ny and Ry the void
volume density and the void radius respectively; ( ) de-
notes the average over the ensemble of the volume sinks;
Dy is the diffusion coefficient of the B-defects; p, is the
dislocation density; C_';q are the equilibrium defect con-
centrations at the surfaces of the volume sinks averaged
over the ensemble of the volume sinks. The equilibrium
interstitial concentrations at the sink surfaces are usually
neglected in the densely packing metals, but keeping in
mind materials with low volume density of the lattice

sites, we retain these concentrations in the ‘sink’ terms
of the system (1)—(3).

The system (1)—(3) is correlated with obvious ‘conser-
vation law’ for the volume density of the lattice sites

Ci+Cs+C+Co=1. (5)

In the present treatment we consider separate equations
for 4 and B interstitials, implying that the type of an in-
terstitial is not changed during diffusion. This assump-
tion is introduced in order to take into account the
creation of new Y-atoms in the substitutional sites,
which is sensitive to a particular interstitial type.

Diffusion currents are defined by the following equa-
tions [2,3,6]:

(,{)]_): = 7devacY + deCYVCv: (6)
wjy = ~d,VCy, (7)
wj, = —D,VC, + dyC,V Cy + dg C,V C. (8)

Here D, = d,Cy + dp,Cp;dyg = %Afgzﬁvm is the partial
diffusion coeflicient [2]; 4,z; are, respectively, the diffu-
sion jump length and the number of nearest neighbors
for B-defect; vyy = v exp(—®y,/T), v is the attempt fre-
quency of atomic jumps; @y, is the free enthalpy of
the Y-atom migration via the B-defect. For simplicity
we suppose equal partial diffusion coefficients of the dif-
ferent alloy species via interstitials (Dy, = dy; = d;).
Substituting Egs. (6)—(8) into Egs. (1)—(3) we obtain

oC,
5, = (@uCi+d5.Cs)V°Co — (dV*Cy +dp V' Cp) G,y
+ a)GU - RAC,;CAi - RBCvCBi - kzzDv (Cv - é:q>7
©)
oC
a_tY =dy(C,V*Cy — CyV?C,) — wGy;
+ RyCoCr + (k) ds (O — C51), (10)
aC fl e
a—ty =d,V*Cy + wGy; — RyC,Cy, — (k}’i)zdf(c}’f - CY?)‘

(11)

We assume an equilibrium and space uniform initial
conditions for the concentrations of the defects and the
alloy species:

Cp(x,0) = Cp oy B =v,Ai,Bi, (12)

Cy(x,0) = CY = const, Y =4,B, (13)

where x is the distance from the sample flat surface at the
initial time and Cgteq are initial equilibrium defect con-
centrations at the flat surface.

The evaporation and absorption of the defects at

the sample surface result in the surface movement.
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Therefore, in addition to the boundary conditions for
the diffusion currents of point defects at the sample sur-
face [8]:

P = (8 =15), (14)
we have to set an equation describing this surface move-
ment

d/

dr = 0 + Jpi *J.v)x:l(t)' 1)

Here [(¢) is the position of the sample surface at time ¢
and jg and jﬁ are, respectively, the number of B-defects
evaporated and absorbed by a unit surface per second.

We also demand that values of all concentrations are
bounded above.

3. Influence of the grain boundary movement on RIS

Egs. (9)-(11) are too complicated for an analytical
solution and require numerical solution which will be
presented elsewhere. Below, based on Egs. (9)—(15) we
establish a relation between the grain boundary migra-
tion and RIS.

3.1. Steady-state diffusion of point defects

Because of the flat surface of the sample, the charac-
teristic lengths of our problem are the screening lengths
for the diffusion of the defects. These lengths are defined
by the strengths of the volume sinks of the point defects
(71
Dsp =k/;1. (16)

When the surface movement results from the diffu-
sion of point defects it is easy to show that the character-
istic times of the defect diffusion tg are much smaller
than that of the surface movement ¢ ~ Ag/|v| (v=
d//dt is the surface velocity):

(x,/z;) >l > 1 (17)

Moreover, the characteristic times # of the diffusion
of the atoms occupying the lattice sites are also much
larger than those of the defect diffusion:

(#/8) ~ ;' > 1. (18)

Egs. (17) and (18) allow us to use below the coordi-
nate system connected with the moving surface of the
sample and assume that in this coordinate system the
spatial profiles of the point defects are given by the stea-
dy-state equations:

D,\V’C, — (d4V*Cy + dp,V*C3) C, + 00G,
— RiC,Cys — RsC,Cy; — KD, (cv - qu) ~0, (19)

dV2Cy + 0Gyy — RyC,Cyi — (ky)d, (cy,._é;?) —0,
Y = 4,B. (20)

The steady-state spatial profiles of these concentra-
tions in the moving coordinate system (¥ =x — vf) are
monotonic, have positive slopes, saturate far from the
surface to some radiation depended steady-state values
and do not depend on the surface velocity:

V2C,i <0, 0<X<oo,
VCyi >0, 0 <X < o0, (21)
V2Coi, VCii — 0, %> Jgyi.

3.2. An influence of the surface velocity on RIS

An accumulation of the fast alloy component at the
moving grain boundary during RIS was observed in
[5,6] when this boundary velocity was sufficiently high
and an ordinary depletion of this component was ob-
tained at lower boundary velocities. Based on the pre-
sented model we can describe this unusual effect.

Substituting Egs. (7), (8) and (5) into Eq. (15) we ob-
tain

U= [DUVCU — diVCi}izo - [(dAv
_dBv)CUVCA}g:() + [dBUCl'(vcv + vcs)])}:(ﬁ (22)

where X = x — vt and C; = Cy; + Cp;. Below we shall ne-
glect the third term in Eq. (22) due to small vacancy and
void concentrations and uniform spatial distribution of
the voids

dBL‘Cl' <D, = dAvCA + dBvCB;
Cv < CY7 Cx < CY,VC\ =0.

When (D,VC,)._, > (d;VCi)._,, one can see from
Eq. (22) that for the fast diffusing 4 atoms (dy, > ds,)
(see Fig. 1) we obtain their accumulation at the sample
surface (VC, < 0) when the surface velocity exceeds
some critical value (v > v.) and have the opposite case
when this velocity is less than the critical one (v < v,).
We have a uniform distribution of the alloy species
(Cy) when the surface velocity coincides with its critical
value:

VC, <0, v>u,, VC, >0, v<u,, (23)

VCi =0, v=u,, v, = DVC; —d;VCY, (24)

the diffusion coefficient D} = djC} + d;C}; and concen-
trations C;', C}' are calculated using uniform steady-state
spatial distribution of the species C}, Cj.

3.3. Definition of the critical surface velocity

As follows from Egs. (22)—(24), in order to define the
critical velocity we can calculate the steady-state defect
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Fig. 1. Steady-state spatial distribution of the fast diffusing alloy atoms as a function of the velocity of the grain boundary movement:
(a) v < v (b) v > v.. The current grain boundary position is located at x = 0. The left sides of these figures correspond to negative

grain boundary velocities.

concentrations Cjj(oc) assuming the uniform spatial dis-
tribution of the alloy species (CY, C3). In this case boun-
dary conditions (14) and (15) for Egs. (19) and (20) are
reduced to

Cj(o0) is bounded above
Jn(0) = —(DVCh /)y =~ i} (25)

For sufficiently high temperatures (7 > 0.47;,, where
T is the material melting temperature) which are inter-
esting for RIS we can neglect recombination terms in

Egs. (19) and (20) [9,10]. Neglecting the spatial depen-
dencies of the generation rates Gy and the sink strengths
k,zj we obtain the following solution of Egs. (19) and (20)

Cj(%) = Cp exp(—ky¥) + gs/(Djkg), (26)

Where C',; are constants which can be defined from
boundary conditions and

g = wG, — k*D,C, (27)

gy = wGy; — (ky)*d,C3. (28)
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From Eq. (26) we obtain the diffusion current of -
defects at the sample surface:

73(0) = CkyDjj/ . (29)

To define the probabilities of absorption and desorp-
tion of point defects at the sample surface we shall use a
method developed in [8] for the description of the nucle-
ation of gas bubbles in irradiated materials.

The number of the point defects (vacancies) absorbed
by a unit surface per second (;” ) is defined by the vacan-
¢y concentration in the subsurface layer whose thickness
is of the order of the diffusion jump length of the vacan-
¢y, and the frequency of the vacancy exchanges with the
alloy atoms
= ST 4 expl o+ 01/ T)

+Cy exp[—(ep + P},)/T)}, (30)

where 44 is the length of the diffusion jump of the vacan-
cy, &, the fraction of the surface sites which are available
for the absorption and desorption of the vacancy, ey, is
an additional diffusion barrier of the vacancy jump due
to distortion of the lattice near the sample surface.

In Eq. (26) the screening length of the defect diffusion
is much larger than the characteristic diffusion jump
length (Zg = ky' ~ 1075 cm, Agy ~ 3 x 10-% cm)

Aps > Jag (31)
and we can set in Eq. (30)
G (dar) = C1(0). (32)

Moreover, as described below (see Eq. (39)), in case
(31) we can neglect differences between the additional
diffusion barriers

Eqv = €gp = &y (33)

Substituting Egs. (33) and (32) into Eq. (30) we ob-
tain
oo = SO e exp (a1, (34)

! )vd,;(i) v
where D! = dC} + d;Cj}.

The number of the vacancies evaporated by a unit
surface per second (j2*) is defined by the equilibrium va-
cancy concentration C,¢q at the flat surface and the fre-
quency of their exchange with the alloy atoms in the
subsurface layer

= S D exp(n 7). 39

The probabilities of absorption and desorption of the
interstitials at the sample surface can be obtained like in
Eqgs. (34) and (35) and the differences between the ab-
sorption and desorption probabilities of B-defects at this
surface have the following form:

U

D
AR W/;délf exp (—ep/T)[Cpeq — Cp(0)], (36)

where Az, is the length of the diffusion jump of the B-de-
fect, ¢, the fraction of the surface sites which are avail-
able for the absorption and desorption of the B-defects,
&g is an additional barrier of the B-defect diffusion near
the sample surface and Cpq is the equilibrium concen-
tration of the B-defects at the flat surface.

Substituting Eq. (36) into Egs. (25) and (29) we obtain

WGyl 2
ChE) = o —
Dy g+ Apa
~eq (,()G[g;%‘, -
X (C[] —C/;,eq) + Du exp(—k/;x), (37)
]
DY _ COG/M.Z,
B0y = ——— P | (C9— g )+ Bl (38
Jﬁ( ) w(/l/sﬂriﬁd) ( B /Lq) DE (38)

Here /T,;d = Jpaexp(ep/T)/&p. In the diffusion limited case
(Aga < Ag,) the informaion about the additional diffusion
barriers g5 and value &g is lost in Eq. (38) and we obtain

U

" Dj
J3(0) = — o

2
CUG[M./;S
Dj

(C5 = Cpea) +

(39)

Using Egs. (39) and (15) we obtain the critical value
of the grain boundary velocity during RIS

D} .

v, = /1—‘ (C9 = Creq)
di ~eq
+ > | == (G5 = Cricg) + 0G0y |- (40)
y=apL s
We introduce here the values
1k — k2

6/11/1'5 - /lvs - /.{Yis — 2_kl kg ) (41)

which result from the different bias factors Zg/b (and,
hence, different sink strengths ké) for the vacancies and
interstitials. When
5/lAis ~ 6/131'5 = 6;%
(28 = 28)p, + 4nM (Z) — ZV)RY)
2(Z3py +4nNy(Z! Ry))

)

we obtain

D
ve = [8,|G, + =2 (€3 = Cug)

“us

E
/’{ Yis

(C;? - CYi‘eq) (42)
Y=A.B

The value of the critical velocity can be separated to the
‘radiation’ and ‘thermal’ parts. The radiation terms are
important when the dislocations are the dominant vol-
ume sinks (C;! = Cpq) and/or the generation rate is high
(|045|@wG, > D§Cy! [ 24;). The value of this term depends
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on the difference between the bias factors Z¢/" — Z4/7 of
the volume sinks for the vacancies and interstitials. At
the parameter values used in [5,6] (k* =10 cm~2,
k2=13x10"° cm™2,Gow =5x 10"* dpa/s) we esti-
mate ‘radiation’ term of the critical velocity

v ~0.75 x 10~ em/s = 15 nm/dpa. (43)

Having in mind the results obtained in this approach,
at the developed stage of the radiation swelling, when
surfaces of large voids can be assumed as flat the deple-
tion of the fast diffusing alloy atoms at the surface of
these voids may change to the enrichment. Because
RIS of alloy species at the surfaces of the point defect
sinks influences the rate of the defect annihilation and
bias factors [4], this change of RIS mode may result in
a change of the radiation swelling rate. This problem
will be investigated elsewhere.

4. Summary

In this paper the interrelation between the grain
boundary velocity and RIS was investigated. It was
shown that the fast diffusing alloy component is depleted
at the grain boundary only when this boundary velocity
does not exceed some critical value (v < v.). In opposite
case (v > v.) the fast component is accumulated at the
grain boundary. These analytical results are in a good
agreement with those obtained in the experiments [5,6].
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