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Abstract

Growth of precipitate layer at the foil surface of an undersaturated binary alloy under uniform irradiation is treated

analytically. Analytical expressions for the layer growth rate, layer thickness limit and final component concentrations

in the matrix are derived for coherent and incoherent precipitate–matrix interfaces. It is shown that the high tem-

perature limit of radiation-induced precipitation is the same for both types of interfaces, whereas layer thickness limits

are different. A parabolic law of the layer growth predicted for both types of interfaces is in agreement with experi-

mental data on c0-phase precipitation at the surface of Ni–Si dilute alloys under ion irradiation. Effect of sputtering on

the precipitation rate and on the low temperature limit of precipitation under ion irradiation is discussed.

� 2002 Elsevier Science B.V. All rights reserved.

1. Introduction

One of the consequences of radiation-induced segre-

gation (RIS) in alloys is the formation and growth of a

radiation-induced phase layer near point defect (PD)

sinks in undersaturated solid solutions [1]. This phe-

nomenon has been studied both experimentally [2–10]

and theoretically [11–15] with a major emphasis on Ni–

Si alloys under electron or ion irradiation. In analytical

treatments of precipitation under irradiation [13–15] only

a supersaturated solid solution (Ni–12.7at.%Si), where

the precipitation is a radiation-enhanced process, has

been considered using a number of simplifications: pre-

cipitation on the surface of a semi-infinite sample, trans-

port of solute atoms to the phase layer only by mobile

and tightly bound interstitial–solute complexes.

In the present paper an analytical model for phase

layer growth kinetics at the surface of undersaturated

binary alloy is developed taking into account RIS via

interstitial and vacancy mechanisms. Precipitation at

foil surfaces under uniform irradiation is considered for

coherent and incoherent precipitate–matrix interfaces.

Predicted for these interfaces layer growth rates, layer

thickness limits and final solute concentrations in equi-

librium with the phase layer are compared. Effect of

sputtering on precipitation under ion irradiation is dis-

cussed.

2. Incoherent precipitate–matrix interface

Firstly let us consider the growth of an incoherent

phase layer at the surface of a foil of 2 L in thickness in

an undersaturated binary alloy with the solute content

CA0. In this case the interface is a perfect sink for PD.

Under irradiation a region of the thickness R of the

order of PD free path [16] forms near the interface,

where PD concentration gradients are significant and

RIS of components operates. The value of R is deter-

mined by the alloy microstructure and irradiation con-

ditions as follows [16]:

R ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2ðhCv0i � CveÞDv0

K

r
;

hCv0i ¼ 0:5

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
4K

lRDv0
þ qs

lR

� �2s0
@ � qs

lR

1
Aþ Cve; ð1Þ
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where hCv0i and Dv0 are the average concentration and

diffusivity of vacances in the irradiated alloy, respec-

tively, qs is the total PD sink strength, Cve is the vacancy
thermal equilibrium concentration, lR is the vacancy–
interstitial recombination coefficient, K is the generation
rate of freely migrating PD.

Further we consider alloys, in which RIS leads to the

enrichment of a solute near the specimen surface. When

the solubility limit CeA is exceeded, a layer of radiation-
induced phase begins to grow even in undersaturated

solid solution. During this process the solubility limit CeA
is maintained near the interface. Irradiation times are

considered below, at which the equality is established

between jA, the diffusion flux of component A from the
matrix into the region R and that JA inside the region
R towards the interface. It is supposed that the layer

growth is limited by the flux jA until the late stage, when
the growth becomes limited by the flux JA caused by
RIS. At this late stage the flux JA is assumed to be
steady-state one J sA. It is taken into account that PD
fluxes do not change significantly during the component

redistribution due to RIS in the R-region [16]. In this

case usual equations for steady-state concentrations of

vacancies Cv, interstitials Ci and steady-state solute flux

J sA can be used [1,16]:

�Db0rCb0 ¼ �DbrCb þ ðdAb � dBbÞCbarCA; ð2Þ

J sA ¼ �DAarCA þ CAðdAvrCv � dAirCiÞ; ð3Þ

where the diffusion coefficients of components Dk (k ¼
A;B) and PDs Db (b ¼ v; i) are equal to Dk ¼ dkiCi þ
dkvCv, Db ¼

P
k dkbCk , dkb are the component diffusivities

via vacancy (b ¼ v) and interstitial (b ¼ i) mechanisms,
a is the thermodynamic factor, the index �0� relates to an
alloy without RIS.

From Eqs. (2) and (3) one can obtain the following

equation for the solute concentration profile CAðrÞ:

J sADvDi þ arCAðdAvdAiCADA þ dBvdBiCBDBÞ
¼ Dv0rCv0CACBðdAvdBi � dBvdAiÞ: ð4Þ

Using the notations y ¼ r=R, zðyÞ ¼ CAðyÞ=ð1� CAðyÞÞ
and omitting the details of derivation one can write the

following approximate solution of Eq. (4):

zðyÞ ¼ z0ðyÞ 1
�

þ ze

z0ð0Þ

�
� 1

�Z 1

y

dx
Cv0ðxÞz0ðxÞZ 1

0

dx
Cv0ðxÞz0ðxÞ


 �
; ð5Þ

where

z0ðyÞ ¼ z01 Cv0ðyÞ=hCv0ið Þðb=aaÞ;
ze ¼ CeA=ð1� CeAÞ; z01 ¼ k=ð1� kÞ;

a ¼ dAvdBvD2i0
�

þ dAidBiD2v0
�
=Dv0Di0; b ¼ dAvdBi � dBvdAi;

J sA ¼ aa
Di0R

ze

z0ð0Þ

�
� 1

�
Z 1

0

dx
Cv0ðxÞz0ðxÞ

: ð6Þ

In Eq. (5) k ¼ CAð1Þ is the time dependent quasi steady-
state solute concentration on the R-region boundary.

Steady-state PD concentration profiles Ca0ðrÞ near vari-
ous PD sinks including sample surfaces have been ob-

tained in Ref. [16]. It follows from the Eq. (6), that the

quasi-steady-state solute flux J sA depends on irradiation
conditions, alloy microstructure, difference in compo-

nent diffusivities via vacancy and interstitial mechanisms

as well as on the solute concentration kðtÞ on the R-
region boundary.

An analysis shows that after the onset of irradiation

the value of kðtÞ begins to decrease from its initial value
CA0, the flux JA decreases and JA increases with time.
After some transient period, t0, these fluxes become
equal. Then, the phase layer growth proceeds provided

the equality JA ¼ jA is maintained, whereas kðtÞ changes
slowly and reaches a limit km < CC0 at longer irradiation

times. Then the layer thickness, lðtÞ, reaches the maxi-
mum value lm and the solute concentration CAðrÞ in the
matrix outside the R-region becomes uniform and equal

to km ¼ Cir
A . Since the R-region is shifted into the foil

interior together with the precipitate–matrix interface

during the layer growth, then for tP t0

CPA
�

� kðtÞ
�
_llðtÞ ¼ JA ¼ jA; ð7Þ

where CPA is the solute atom concentration in the phase
layer.

Using an approximate solution of the diffusion

equation for CAðr; tÞ in the matrix outside the R-region
derived in Ref. [17], one can obtain the following:Z t

t0

jAðsÞds ¼ ðCA0 � kðtÞÞSðtÞ � ðCA0 � kðt0ÞÞSðt0ÞL;

ð8Þ

SðtÞ ¼ 1� exp
�
� 2

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
DAt=pL2

p �
; ð9Þ

where DA is the radiation-enhanced diffusion coefficient

of solute atoms in the matrix interior, where PD con-

centration gradients are absent (r > R).
Usually inequalities CPA 
 CA0 > km are valid for

undersaturated alloys. Therefore, one can approxi-

mately replace CPA � kðtÞ by CPA � km in Eq. (7). In this
case

CPA
�

� km
�
ðlðtÞ � l0Þ ¼ ððCA0 � kðtÞÞSðtÞ

� ðCA0 � kðt0ÞÞSðt0ÞÞL; ð10Þ

where l0 is the thickness of the layer formed during
transient period t0.
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An approximate solution of Eq. (10) at times t 
 t0
can be obtained by replacing kðtÞ with km ¼ Cir

A :

lðtÞ � L
CA0 � Cir

A

� �
CPA � Cir

Að Þ SðtÞ: ð11Þ

Let us introduce a characteristic diffusion time tL ¼ pL2=
4DA. Then for t in the interval t0 � t � tL, Eq. (11) is
reduced to

lðtÞ � ðCA0 � Cir
A Þ

ðCPA � Cir
A Þ

ffiffiffiffiffiffiffiffi
DAt

p
: ð12Þ

According to Eq. (12), the phase layer thickness depends

parabolically on irradiation time. It should be noted that

the same layer growth law can be derived with a more

accurate approach by taking into account the time de-

pendence of kðtÞ in Eq. (10). This approach consists in
inserting Eq. (6) for J sA in Eq. (7) and deriving kðtÞ as a
function of _ll. Then Eq. (10) is reduces to the differential
equation of the first order for lðtÞ, which has the solu-
tion given by Eq. (12) in the range of t0 � t � tL. This
work is now in progress.

The layer thickness increases until an equilibrium

between the layer and the matrix interior is achieved.

The equilibrium solute concentration Cir
A can be ob-

tained from the condition of vanishing the steady-state

solute flux J sA (Eq. (6)) considering that C
ir
A � 1 in un-

dersaturated alloys. The layer thickness limit lm can be
found from Eq. (11) at t ! 1 or from the conservation

law for component A:

lm ¼ L
ðCA0 � Cir

A Þ
ðCPA � Cir

A Þ
; Cir

A ¼ ze

d
; d ¼ Cve

hCv0i

� �b=aa

:

ð13Þ

Actually, Cir
A ¼ ze=d determines the radiation-modified

phase diagram of a binary alloy with incoherent pre-

cipitate–matrix interface, i.e. the minimum solute con-

centration CA0, above which the precipitation occurs at

the specimen surface in undersaturated alloys under ir-

radiation.

3. Coherent precipitate–matrix interface

This interface is assumed not to be a PD sink.

Therefore, RIS of alloy components occurs near the

specimen surface in the R-region in the initial period of

irradiation and in the region lðtÞ6 r6R after the pre-
cipitate layer formation. Since RIS is the driving force

for precipitation in undersuturated alloys, the precipi-

tate layer thickness limit lm can not exceed R.
As in the previous case, it will be assumed in the

following that the solubility limit CeA is maintained on
the interface. Then Eqs. (2)–(4) are valid in the range

lðtÞ6 r6R, and for yl 6 y6 1, where yl ¼ l=R, the ap-
proximate solution of these equations can be written in

the following form:

zðyÞ ¼ z0ðyÞ 1
�

þ ze

z0ðylÞ

�
� 1

�Z 1

y

dx
Cv0ðxÞz0ðxÞZ 1

yl

dx
Cv0ðxÞz0ðxÞ


 �
; ð14Þ

J sA ¼ aa
Di0R

zðyÞ
z0ðyÞ

�
� 1

�
Z 1

yl

dx
Cv0ðxÞz0ðxÞ

: ð15Þ

As in the Section 2, irradiation times t > t0 are consi-
dered when a growth of the precipitate layer proceeds

under the condition JA ¼ jA. However, in contrast to the
previous case, the R-region does not shift towards the

matrix interior in distinction to the precipitate–matrix

interface. Thus, only RIS in the region yl 6 y6 1 is res-
ponsible for the precipitation and should be accounted

for. The solute concentration k ¼ CAð1Þ on the R-region
boundary is a function of time and layer thickness, kðt; lÞ
along with its limit km (lm), which is equal to the equi-
librium solute concentration Cir

A (lm). As before, the
latter can be obtained from the condition of vanishing

the steady-state solute flux J sA (Eq. (15)), and the layer
thickness limit lm can be obtained from the law of A-
component conservation:

Cir
A ¼ ze

eðlmÞ
; lm � L

CA0 � Cir
A

� �
CPA � Cir

Að Þ ;

eðlmÞ ¼
Cv0ðlm=RÞ

hCv0i

� �b=aa

:

ð16Þ

The system of Eq. (16) for Cir
A and lm can be solved

numerically. It should be noted that Eq. (16) for Cir
A at

lm ¼ 0 reduces to Eq. (13) and determines the minimum
solute content CA0, above which the precipitation occurs.

So, the high temperature limit of radiation-induced

precipitation is given by Eq. (13) for both types of pre-

cipitate–matrix interfaces.

An analysis similar to the one made in Section 2 (Eqs.

(8)–(10)) results in the following equation for lðtÞ:

CPA
�

� km
�
ðlðtÞ � l0Þ ¼ ððCA0 � kðl; tÞÞSðtÞ

� ðCA0 � kðt0ÞÞSðt0ÞÞL: ð17Þ

Further, let us consider a thick foil (CA0L 
 CPAR) and
longer times t 
 t0. In this case kðl; tÞ ! ze=eðlÞ. Using
an expression for Cv0ðyÞ from Ref. [16] and inserting it
in eðlÞ one can reduce Eq. (17) to the following one:

yl þ 2yl
�

� y2l
� b=aaj j

SðtÞ=b ¼ CA0SðtÞ=zeb; ð18Þ

where b ¼ ðCPA � kmÞR=zeL.
A parabolic layer growth law follows from Eq. (18)

at times t < tp, until the first term on the left hand side
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(lhs) of Eq. (18) is larger than the second term. One can

estimate a characteristic time tp by equating the first and
the second terms in lhs of Eq. (18). If an alloy is rela-

tively dilute and lm � R, then

tp �
tL
4

CPAR
CA0L

� �2 CA0

ze

� �2 aa=bj j

: ð19Þ

So, at tp � tL for a thick foil, tp is not dependent on L.
At t ¼ tp the layer thickness reaches a value of the order
of lp:

lp � ðR=2ÞðCA0=zeÞ aa=bj j
: ð20Þ

By determining lm from Cir
A ¼ ze=eðlmÞ one obtains:

lm=lp ¼ Cir
A=CA0

� � aa=bj j
=ð1� lm=2RÞ: ð21Þ

Since Cir
A � CA0 for a thick foil, the most part of lm grows

with a parabolic law during the time interval tp � tL,
thereafter the layer thickness proceeds to increase slowly

and the concentration of A-component in the matrix
becomes uniform and equal to Cir

A . A more detailed

analysis for an application to dilute Ni–Si alloys is now

in progress.

4. Discussion

From above treatment it follows that the kinetics of

radiation-induced precipitation at the surfaces of un-

dersaturated binary alloy foil reveals both common

features as well as essential distinctions in the cases of

coherent and incoherent precipitate–matrix interfaces.

One of the common features is the criterion of pre-

cipitation (Eqs. (13) and (16) for Cir
A at lm ¼ 0). In fact,

this criterion is the condition of vanishing the flux

of solutes towards the specimen surface at the start of

irradiation or the condition CsA ¼ CeA, where CsA is the
steady-state solute concentration setting up at the speci-

men surface due to RIS. A similar condition has been

employed earlier in Refs. [18,19] in an analysis of tem-

perature ranges of radiation-induced and radiation-

retarded precipitate stability in austenitic steels. If the

solute content CA0 exceeds Cir
A , the equilibrium solute

concentration under irradiation, then the precipitate

layer forms after a time ts, needed for the solute con-
centration near the specimen surface to reach the solu-

bility limit CeA due to RIS. The time ts can be estimated
numerically [12,20].

The model developed above predicts a parabolic de-

pendence of the layer thickness on irradiation time in the

interval t0 � t � tL for both types of precipitate–matrix
interfaces followed by the growth saturation at l ¼ lm.
However, for a thick foil the characteristic times-to-

growth-saturation are different. For the incoherent in-

terface this time is tL and depends on L, whereas for the

coherent interface it is equal to tp and does not depend
on L (the last estimate is applicable for a semi-infinite

sample as well). For the growth of coherent c0-phase

(Ni3Si) on the surface of ion irradiated Ni–6at.%Si and

Ni–1at.%Si alloys such a parabolic law has been ob-

served [9,13]. In addition, such a layer growth law was

revealed in dilute Ni–Si alloys by numerical calculations

[12].

The precipitate layer thickness limits lm are different
for the precipitate–matrix interfaces considered. For

the coherent interface lm does not exceed the R-region
width. Such a conclusion is valid also for other PD sinks

(grain boundaries, voids, dislocation loops).

It should be noted that sputtering of surface atoms

under irradiation with low energy ions may influence

seriously the layer growth rate. The effect of sputtering

can be roughly estimated by differentiating Eq. (12) or

(17) and by taking the sputtering rate to have the fol-

lowing simple form: us ¼ ISp=N , where I is the ion flux,
N the atomic density of sputtered material, Sp the sput-
tering coefficient depending on the target material as

well as on the type and energy of ions. Then for t0 < t �
tL one can write the following equation:

_llðtÞ �
CA0 � Cir

A

� �
2 CPA � Cir

Að Þ

ffiffiffiffiffiffi
DA

t

r
� us: ð22Þ

Since us depends only weakly on temperature and DA

decreases rather sharply with decreasing the tempera-

ture, the effect of sputtering on the precipitation rate is

more pronounced at low temperatures. Moreover, by

putting _llðt0Þ ¼ 0 in Eq. (22) one can estimate the low
temperature limit of radiation-induced precipitation (the

high temperature limit is determined by Eq. (13)). The

existence of both low and high temperature limits for

radiation-induced c0-phase precipitation at PD sinks

(mainly dislocation loops) under electron and ion irra-

diation has been discussed earlier in Refs. [1,3].

5. Conclusions

An analytical model for the radiation-induced phase

layer growth on foil surfaces of undersaturated binary

alloys has been developed taking into account the RIS.

In the cases of coherent and incoherent precipitate–

matrix interfaces the layer thickness depends on irradi-

ation time t as �
ffiffi
t

p
after an initial incubation period, in

agreement with experimental data on c0-phase growth

on the surface of ion irradiated dilute Ni–Si alloys. At

longer t the layer thickness tends to saturate on a level
and in a characteristic time both depending on the type

of precipitate–matrix interface, the layer thickness limit

for the coherent interface does not exceed a value of the

order of PD free path. The high temperature limit of

radiation-induced precipitation is the same for both
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types of interfaces, whereas final component concen-

trations in equilibrium with the phase layer are different.
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