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Abstract

Radiation-induced segregation in a Cu-lat.%Au alloy was investigated using

in situ Rutherford Backscattering Spectrometry. Irradiation with 1.& MeV He pro-

duced non-equilibrium Au atom depletion in the near surface region. The amount

of segregation was measured as a function of dose, dose rate and temperature.

Segregation was observed in the temperature range between about 300 C and 500

°C. For a calculated dose rate of 3.9 x 10 dpa/s, the radiation-induced

segregation rate peaked near '400 °C. Theoretical analysis based on the Johnson-

Lam model predicted that the amount of segregation would be directly proportional

to dose at the early stage of irradiation, would deviate from linearity -with a

continuously decreasing slope at intermediate do.ces, and finally approach a

constant value after high doses. The analysis also predicted that the segregation

rate would vary as the -l/4th power of the dose rate at constant dose in the low

temperature region. These predictions were all verified experimentally. A

procedure for extracting relative defect production efficiencies from similar

measurements is discussed.

Key words: radiation effects, radiation-induced segregation,

Rutherford Backscattering Spectrometry, binary alloys,
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INTRODUCTION

Correlation of microstructural changes in different irradiation environments

is important for the understanding of radiation effects in fission and fusion reactor

materials. Since many irradiation-induced microstructural changes are caused by

freely migrating defects, their net production rate must be known for different

irradiation conditions before quantitative correlations can be made. The

microstructural changes of primary interest to the reactor communities occur at

elevated temperatures. However, for several years measurements of irradiation-

induced resistivity changes at low temperatures were used to estimate

efficiencies for producing freely migrating defects, because no systematic high

temperature studies were available.

Recently, Okamoto et al. pointed out that relative defect production

efficiencies for different irradiation particles at elevated temperatures can be

determined from measurements of radiation-induced segregation (RIS). RIS in

Ni-Si alloys has previously been investigated using Rutherford Backscattering
3)-5>

Spectrometry (RBS). Irradiation at elevated temperatures produced Si atom

enrichment in the near-surface region. As the irradiation proceeded, a Ni3Si layer

formed at the surface. The Ni3Si coating growth rate was found to depend

strongly on the irradiation particle mass, and the relative efficiencies of differ

ions for producing freely migrating defects were determined from the measured

*Work supported by the U. S. Department of Energy, BES-Materials Sciences,
under Contract W-31-109-ENG-38.



growth rates. In agreement with the low temperature resistivity results, the

elevated temperature study showed that a transition from high to low defect

production efficiencies occurs at relatively low recoil energies ('-I keV), and that

the efficiencies appear to become constant at high recoil energies. However,

the elevated temperature results showed a much stronger total decrease in

efficiency when going from low to high recoil energies.

In order to test the universality of the efficiency results found for Ni-Si

alloys, we have investigated RIS in a Cu-lat.%Au alloy using the RBS technique.

A Cu-Au alloy was selected because (1) unlike Ni and Si, Cu and Au form a

continuous series of solid solution alloys, (2) considerable equilibrium and

irradiation data are available for Cu-Au alloys, (3) Au is an oversized atom in Cu,

whereas Si is undersize in Ni, and (4) they are well-suited for RBS measurements

because signals from the heavier Au atoms are clearly separated from those of

the more abundant Cu atoms.

In this paper, we report experimental measurements of RIS in a Cu-Iat.%Au

alloy and the theoretical analysis of the segregation kinetics which is necessary to

extract defect production efficiencies from the RIS measurements. A procedure

for determining the relative defect production efficiencies is also formulated.

EXPERIMENTAL RESULTS

Experimental procedures were similar to those used for the Ni-Si alloys, and

details are described elsewhere. A Cu-lat.96Au alloy was prepared by arc melting,

and subsequent levitation melting in an induction furnace. The alloy was roiled

into foils, solution annealed at 950 C for 6 hours in argon-filled capsules, and

subsequently quenched in water. The quenched foils were mechanically polished

and then metailographicaliy polished to obtain a flat smooth surface suitable for

RBS.



RBS spectra were simultaneously acquired during 1.8 MeV He irradiation.

Fig. 1 (a) shows a time sequence of spectra acquired during irradiation at a calcu-

lated displacement rate of 3.9 x 10 dpa/s at 350 °C. Each spectrum reflects the

average specimen composition during the collection period as a function of depth

from the surface. Fig. 1 (b) shows the difference spectra which are calculated by

subtracting sequential spectra from the initial spectrum. In the subtraction

procedure, all spectra were normalized by equalizing the RBS yields in a region

where no RIS occurs to correct for variations in acquisition time and beam current.

In Fig. 1 (b), a successive decrease in the integral Au yield near the Au

leading edge is clearly apparent. That is, the Au concentration in the near surface

region decreases during irradiation. The complementary increase in the

integral Cu yield near the Cu leading edge is not as apparent, because the

fractional change in Cu concentration is much smaller. The number of Au atoms

per unit area which are transported out of the depleted near surface region is

directly proportional to the total decrease in counts in the difference spectra.

Hence, we will use this total decrease in Au counts as a quantitative measure of

the segregation magnitude.

The conversion from ion beam current density to displacement rate was
9)

performed using the PINTO program. A pure Cu specimen and a 29 eV average

displacement energy to produce a Frenkel pair were assumed. The calculated

displacement rate is for the near surface region.

The amount of segregation measured during 1.8 MeV He irradiation at a

calculated dose rate of 3.9 x 10 dpa/s at different temperatures is plotted in

Fig. 2. RIS occured in the temperature range between about 300 °C and 500 °C.
O

Data points for 500 C are not shown in Fig. 2, because the segregation was very

small at that temperature. The amount of segregation in Ni-Si alloys, defined as



the thickness of the I ^ S i surface layer, was found to increase linearly as
3)-$)

a function of the square root of dose. However, for Cu-Au alloys, the amount of

RIS is plotted as a function of dose, because theoretical analysis predicts, and the

experimental results follow, a non-parabolic dose dependence (see, Section III).

Similar to Ni-Si and other alloy systems, two regions of different RIS behaviour

with temperature occur: a low temperature region where segregation increases

with increasing temperature, and a high temperature region where segregation

decreases with increasing temperature. At the dose rate of 3.9 x 10 dpa/s, the

segregation peaks near 400 °C.

Fig. 3 shows the amount of Au depletion measured for two different dose

rates at two different temperatures. A decrease in segregation at a given dose

is obtained at both temperatures for the higher dose rate irradiation.

Annealing at the irradiation temperature with the beam off returned the

measured concentration profile to its initial uniform shape, demonstrating that the

Au depletion was definitely a radiation-induced, rather than a radiation-enhanced,

effect. ' - .

THEORETICAL ANALYSIS

Sufficient diffusion data are available for Cu-Au alloys to predict the effect

of vacancy fluxes on Au transport during irradiation using Le Claire's five-

frequency jump model. The definition of jump frequencies in an fee lattice is
iO

shown in Fig. k. Hirano has determined that w4 /wo<l (Au-vacancy repulsion), and

wa/w, <1 (faster diffusion of Cu via vacancies) for Cu-Au alloys. Since Cu is the

faster diffusing species, the inverse Kirkendall effect induced by a vacancy flux
13)

will cause Au atom enrichment near the surface. Since Au depletion is observed

experimentally, preferential Transport of solvent Cu atoms toward the irradiated



surface by the interstitial flux is apparently responsible for the near surface Au

depletion observed during irradiation.

Fig, 5 is a schematic of the near-surface Au atom concentration during

irradiation. The amount of Au atom depletion, M(t), measured experimentally is

rfi(t)
M(t) = \ (C±

0 - C1(x,t))dx ( 1 )

where, £(t) is the depth of the Au depleted region, Cj (x,t) is the Au concen-

tration during irradiation as a function of depth, x, and time, t, and C; is the

initially uniform Au concentration. C; (x,t) is related to the solute flux, 3\ , by

i C.
= - V J , (2)

at

Neglecting solute atom loss from the surface, for example by sputtering, one

obtains

dM " •
— = J . (C ) I -1}

dt i • ^ 3 ;

from Eqs. (1) and (2).
14-)

According to the Johnson-Lam model, the solute flux is expressed as

J i = ' v W S f - °IC iDIV CI - DVi9CVi - D I iV C I i (4)
where, cTyandcrj are phenomenoiogical vacancy-solute and interstitial-solute

coupling coefficients, respectively. D is the diffusion coefficient, C is the

concentration, and I, V, i, Ii, and Vi stand, respectively, for interstitial, vacancy,

solute, interstitial-solute complex, and vacancy-solute complex. As described

above, analysis of existing diffusion data in terms of the five-frequency model

predicts vacancy-solute repulsion. We assume here that the interstitial-solute

interaction is also weak, because Au enrichment would occur if the interaction



were strong, in contradiction to the experimental observations.

For weak or repulsive defect-solute binding, the following relations hold.

aJ = 0 ,

D I / H M u M
Vi _ _ ( "vi ~ Hy,

D v ~ 12 eXP[ ^

II 1 / "ii ~ "T

r— = exp - . £
\ 42 I kT

»

(5)

C y i = 12 exp

CJi = 42 exp

\ kT /
CVCi

kT
C I C i

where, H is the activation enthalpy k is Boltzmann's constant, T is the tempera-

ture, and M and B stand for migration and binding, respectively. 3y substituting

Eqs.(5) into Eq. (4) and rearranging, one obtains

(6)

M
where, " H l

B

kT = 1 - exp

= exp

kT

M ' TT Mv
. - r ^ ) +

B

- 1
\ kT

The first two terms are portions of the solute flux which cancel each other at

steady state as shown later in Eq, (8). The net solute flux is given by the

remaining three terms. The third term is the solute flux via interstitials, and the

fourth is the one via vacancies, including the effect of back diffusion. According

-to the.discussion above, the interstitial flux causes Au atoms depletion, and



the vacancy flux causes Au atom enrichment at the near-surface region.

Therefore, both k x and kv are positive. Note that the term "defect-solute

complex" loses its original meaning in the case of weak binding.. The weakly-

bound complex does not migrate as a physical entity, although kx and kv are

"defect-solute complex" parameters in the formulation of the Johnson-Lam model.

The rate equations for the interstitial and vacancy concentrations in the low

temperature region, where equilibrium defect concentrations can be neglected, are

C I S I
i i

a t " Di~J^ + Ko " Kicicv " K SI C I S I

Here, Ko is the defect production rate, and K^ , K^x^nd Ksv a r e t n e r a ' t e coeffi-

cients for mutual recombination and for the annihilation of defects at sinks whose

concentrations are Sj and Sv , respectively. We assume that the interstitial

and vacancy concentrations attain steady state very quickly, and remain time

independent during irradiation. Indeed, numerical calculations based on the

Johnson-Lam model show that these concentrations become time independent

in about 1 second. The steady state solutions to Eq. (7) in a semi-infinite

solid with a uniform damage rate distribution are

DICI = DVCV = V

v /Wv\1 / 2 i
0 K ' , l /2(1 + 2S)"

12A(S+1)
Y = 1 - — 2"

(Aexp(X) + exp(-X))

X = x- 0 1
1/4

I V

(S)

2(1+2S) 1/2

A = 5 + 6S + ((5+5S)2 - D 1 / 2

i /p
S = Q + (Q(l+0))-

Q=
 s i V D v

4 K o K i D i



where 5 is the generalized sink concentration. Sx = Sy is assumed.

Substituting Eqs. (6) and (8) into Eq. (3) and setting dt = d^/Kg , we obtain

dM

where ,

L =

K O K 1 1 (9)

KOK1

D i D v

1/4
1 + S

1/2

;2(1+2S) 1/2.

is the dimensionless depth -?f the Au depleted region. Eq. (9) cannot be integrated

without an analytical expression for S. (t). Some further results, however, can be

derived from Eq. (9).

The series expansion of Y(X) is

Y(X) = 2-
A(12S+9) - 1

A(12S+11) - 1
X -

2S + 1

S + 1

By substituting Eq. (11) into Eq. (9),

(10)

(11)

dM = P + 0(fi) + ( higher order terms of fl ) (12)

where,

P = J2 (iCj. - k y )
A(12S+9) -

j n n \

(1+2S) 3 / 4

I V
1/4

• c."

Since JL(<p) increases with <f> , integration of Eq. (12) would lead to

M = D P + ( higher order terms of <t> )
(13)



According to Eq. (13), M is directly proportional to $ in the very early stages of

irradiation, and gradually decreases to a less than linear dependence at

intermediate doses mainly due to back diffusion (increase in dC. I 2X at X = L ).

Finally M approaches a constant value at high doses, where defect-flux induced

segregation and back diffusion balance. Fig. 6 shows a result of a numerical

calculation which confirms these predictions.

Eq. (13) also yields the dose rate and temperature dependencies of the

segregation rate, p, at early irradiation times. When mutual recombination is the

dominant defect loss mechanism (5« 1), p varies as the -1/^th power of the dose

rate. When annihilation at sinks is the dominant defect loss mechanism,

Q» l , and consequently S» l (see, Eqs. (8)). In this case, S is proportional to Ko ,

and p becomes independent of dose rate. An Arrhenius plot of p would exhibit an

apparent activation energy which represents the temperature dependence of

-1/4

The right-hand side is the approximation for the case D r » Dv .

However, p is unsuitable for testing the theoretical predictions, because

extrapolation to very low doses is needed for the experimental evaluation of p.

We, therefore, focus next on the dose rate dependence. Numerical calculations

indicate that the dimensionless depth of the Au depleted region, L, and the solute

concentration as a funciion of the dimensioniess distance, C;(X) have only a weak

dose rate dependence for a fixed dose. This can be explained as follows. As

described above, if mutual recombination is the dominant defect loss mechanism,

both p and M, as a result the Au depletion depth, SL, will be larger for the lower

dose rate irradiation. This mitigates the dose rate dependence of L, because L«x K



If sinks dominate the defect loss, M, fi, and L are all independent of dose rate.

Since the dimensionless function, Y(X), which determines the shape of DLCt and

DVCV , depends on dose rate only through X, Cj(X) will not depend explicitly on

dose rate. Therefore, we assume that L and C; (X) are independent of dose rate

for a fixed dose. These assumptions imply that the quantity within brackets in

Eq. (9) is also dose rate independent. Therefore

F( 0 ) K
dM » °

We define a quantity, R, such that
/ K

),
R =

K"O,high

(dw/d*)^ ,^

(S » 1)

where the subscripts low and high stand for low and high dose rate irradiations,

respectively.' .

(15)

DISCUSSION

The theoretical analysis outlined in Section III predicts a non-parabolic dose

dependence for RIS in Cu-Au alloys. A linear dose dependence in the early stage of

irradiation was derived under the assumptions that (1) the solute flux is pro-

portional to D-̂ VCjand DyVC ând (2) that C x and Cv attain steady state

very quickly, and consequently, Dx C r and Dv C v remain time independent

during irradiation. From assumption (2), the solute flux does not depend on time

explicitly. It depends on time only through JZ . As a result, terms which are

constant in D1vC1 and DVVCV , such as p in Eq. (13), also remain time



independent because they do not contain £ . These constant terms produce the

linear dose dependence at early irradiation times. The second assumption will be

Valid in any alloy system at temperatures where sufficient defect ^mobility exists.

Therefore, a similar dose dependence for M will be observed regargless of

whether RIS is caused predominantly by the interstitial flux, by the vacancy flux,

or by both.

In order to test the dose rate dependence predicted by Eq. (15), we fit the

experimental data points to a quadratic polynomial, and evaluated the average

segregation rate ratio, Rexp , in the dose range between <P0 and <P, , using

the following expression.

R = (15)

The fitted polynomials are shown as dashed curves in Figs. 2 and 3. For

irradiations carried out at 319 C with 1.8 MeV He ions at calculated dose rates of

3.9 x 10 and 9.6 x 10 dpa/s (Fig. 3), Re»p w a s 1*2 in the dose range between

0.1 and 0.7 dpa. For the 6.'4 x 10 and 9.6 x 10 dpa/s irradiations at 366 C,

Rexp was 1.9 in the dose range between 0.1 and 0.15 dpa. Both values are in

good agreement with the values predicted by Eq. (15) when defects are pre-

dominantly lost by mutual recombination (1.25 for 319 C and 1.97 for 366 °C).

Numerical calculations using the Johnson-Lam model were performed to

estimate how large a sink density is required if the small discrepancies in R are

attributed to defect annihilation at sinks. The parameters used in these

calculations are listed in Table 1. The binding energies of the defect-solute

complexes were chosen so that kx and kv in Eq. (6) are positive and Au atom

depletion occurs. R, however, is essentially insensitive to these parameters,

because uncertainties cancel when the ratio is calculated. The calculations



indicate that 72% and 92% of the defects, respectively, annihilated by mutual

recombination in the 6.4 x 10 and 9.6 x 10 dpa/s irradiations at 366 C, and

59% and 71% in the 3.9 x 10 "S and 9.6 x 10 "5 dpa/s irradiations at 319 °C.

Hence, we conclude that mutual recombination is the dominant defect loss

mechanism during these He irradiations.

The temperature dependence shown in Fig. 2 can be explained in a similar
4.)

way to Ni-Si alloys. An increase in the vacancy concentration at high tempe-

ratures increases defect annihilation, and consequently reduces segregation. Back

diffusion also becomes more significant at higher temperatures. In the low

temperature region, an increase in temperature decreases the total defect con-

centration because vacancies migrate to sinks faster. Thus, recombination

decreases with increasing temperature, and segregation increases with temperature

below the segregation maximum. Due to lack of an appropriate parameter to

characterize the temperature dependence, we could not extract from it defect

properties in Cu-Au alloys as was done in the case of Ni-Si.

The understanding of the RIS kinetics described above provides a basis for

determining relative defect production efficiencies in Cu-Au during irradiation

with different ions. We define the efficiency, £ , for producing freely migrating

defects as

£ =
K ,calc

where, K is the calculated defect production rate, and Ko is the true rate,
calc

Only those defects which escape their parent cascade and become free to migrate

long distances contribute to RIS. Hence, the relative defect production efficency,

£ = fj/Ef , of two different irradiation particles, 1 and 2, can be obtained by

determining the beam current density of particle 2 which produces the same



segregation rate as particle 1. However, instead of performing a series of

measurements varying the beam current density of particle 2, the known dose rate

dependence can be utilized. From the -1 /4th powe'r dose rate dependence, data

points for the particle 2 irradiation, (^ , M ), will fall on the same curve as for

particle 1, M (<£), when they are corrected as

calc

Hence, £ can be evaluated by a least squares fitting procedure in which

2

A
2

i

£ K
'calc

K ( 1 )

calc

is minimized. Here, i denotes each datum for particle 2. We emphasize that the

method outlined here does not depend on details of the RIS model, because segre-

gation rates for the different ion irradiations are compared directly. Therefore,

this method for determining relative efficiencies for producing freely migrating

defects is applicable to all alloy systems.

CONCLUSIONS

We have investigated RIS in a Cu-Au alloy using in situ RBS. Irradiation

produced non-equilibrium depletion of oversized Au atoms near the irradiated

surface. Preferential transport of Cu atoms by the interstitial flux was

responsible for the Au atom depletion. Experimental measurements of the RIS

kinetics were found to be in good agreement with predictions of the J"ohnson-Lam

model. The experimental findings and theoretical understanding of the

segregation kinetics ps wide a basis for determining relative efficiencies of

different ions for producing freely migrating defects in Cu-Au alloys at elevated

temperatures.
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Figure Captions

Fig. 1. (a) Series of RBS spectra acquired during 1.8 MeV He irradiation at

330 C. The time intervals indicate the collection period. •

(b) Difference spectra for the RBS spectra in (a).

Fig. 2. Amount of radiation-induced segregation, M, during 1.8 Mev He irradiation at

different temperatures.

Fig. 3. Amount of segregation during 1.8 Mev He irradiation with two different dose

rates of temperatures of 319 and 366 C.
i

Fig. k. Definition of jump frequencies in the five-frequency model for an fee lattice.

Fig. 5. Schematic diagram of solute atom concentration in the near surface region

during irradiation.

Fig. 6. Dose dependence of segregation calculated by the Johnson-Lam model

computer program.
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TABLE 1. Basic Parameters used in Numerical Calculations.

Parameters

Vibration frequency factor for interstitial

Vibration frequency factor for vacancy

Vibration frequency factor for type-a
interstitial-solute complex

Vibration frequency factor for
vacancy-solute complex

Formation energy of interstitial

Formation energy of vacancy

Migration energy of interstitial

" Migration energy of vacancy

Migration energy of type-a
interstitial-solute complex

Migration energy of -
vacancy-solute complex

Binding energy of type-a
interstitial-solute complex

Binding energy of
- acancy-solute complex

Initial solute concentration

Notations

vv

vii-

Vvi

H/

% F

H/

«*"

Hvi"

o B
Xi

Values

5 x 1012 s-1

5 x 1013 s"1

5 x 1012 s"1

5 x 1013 s"1

2.2 eV .

1.3 eV

0.12 eV

0.76 eV

0.148 eV

0.76 eV

-0.14 eV

0.032 eV

io-2

Refs. and Remarks

16,17

16,18

16 (»>ii -Vj.)

16 (vvi~^v)

19

20,21

22

20,21

14 (HviM = HvM)

] assumed

j


