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The kinetics of radiation-induced segregation in Ni—12.7 at. % Si alloys was investigated using
in situ, simultaneous Rutherford-backscattering spectrometry. It was observed that a precipitate
layer of ¥'—NisSi grew at the specimen surface during 2.0-MeV He and 2.75-MeV Li irradiations.
The thickness of the ¥’ layer was measured as a function of dose, dose rate, and temperature. For all
of the irradiation conditions the 9’ layer thickness grew proportionately to the square root of dose.
The proportionality constant, or growth-rate constant, was dependent on temperature and dose rate.
Below ~570°C the growth-rate constant displayed Arrhenius behavior with an apparent activation
enthalpy of 0.30+0.04 eV, and it depended approximately on the — %th power of the dose rate.
Above 590°C the growth-rate constant also displayed Arrhenius behavior but with an apparent ac-
tivation enthalpy of —0.7510.15 eV; moreover, it was independent of dose rate in this temperature
regime. A simple model for radiation-induced segregation is described which relates the segregation
results to high-temperature point-defect properties in alloys. It shows that the apparent activation

enthalpy of the growth-rate constant at low temperatures is equal to % the enthalpy of vacancy mi-

gration, and that at high temperatures it is equal to —% the enthalpy of vacancy formation. The
model also correctly predicts the observed dose-rate dependences of the growth-rate constant in the
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two temperature regimes.

I. INTRODUCTION

Irradiation of metals with energetic particles at elevated
temperatures induces point-defect fluxes. In many alloys
these fluxes couple preferentially to solute atoms and thus
transport them disproportionately to their relative concen-
trations in the bulk. Consequently changes in the local
composition and phase of an alloy can occur in regions
which experience a net flux of defects. This effect,
radiation-induced segregation (RIS) was first observed in
stainless steel,! and has since been reported to occur in
many other alloy systems. RIS is now recognized as a
common phenomenon in irradiated alloys. It is of consid-
erable interest because of its importance to the phase sta-
bility of materials in reactor environments, and to the new
technology of using ion beams to modify materials.

Previous studies of RIS have concentrated on establish-
ing the conditions under which RIS occurs, and character-
izing the microstructural changes which are induced by
RIS.>~* These studies have examined the influence of
temperature, alloy concentration, and irradiation condi-
tions on the occurrence of RIS. They have also investigat-
ed which new phases appear under irradiation, and where
the new phases nucleate and grow. Such studies are neces-
sary because equilibrium phase diagrams cannot be used
reliably to predict stable phases in a nonequilibrium radia-
tion environment. However, to critically assess current
theories of RIS, and to relate the observed segregation ef-
fects to fundamental properties of point defects, quantita-
tive kinetic information on RIS is required. In this paper
we report on the kinetics of RIS in a Ni—12.7 at. % Si al-
loy.

It has been observed in previous studies of RIS in Ni-Si
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alloys that ¢’, an ordered Ni;Si compound, precipitates as
a layer on irradiated surfaces of Ni-Si alloys.” In this
study we have measured the growth kinetics of this 3’
layer, i.e., the dose, dose-rate, and temperature depen-
dences. A novel, in situ procedure using simultaneous
Rutherford-backscattering spectrometry was employed to
accurately measure the segregation during irradiation. In
addition a theoretical model is presented to describe the
growth kinetics of the 9’ layer. It will be shown that the
RIS kinetics in Ni-Si can be related to point-defect proper-
ties in alloys using a rather simple segregation model.

II. EXPERIMENTAL

High-resolution Rutherford-backscattering spectrom-
etry (RBS) was employed to determine the flux of Si to the
surface of a Ni—12.7 at. % Si alloy during He and Li irra-
diations. The solubility of Si in Ni is ~ 10 at. % at 600 °C.
During irradiation, however, alloys containing as little as
1 at. % Si become two phase due to RIS.® The 12.7 at. %
Ni-Si alloy was selected because its micro-
structural development during irradiation had been well
characterized in previous studies,” and also because it was
known to acquire thick precipitate coatings whose
thicknesses [5—50 nm (Ref. 7)] could be accurately mea-
sured. The backscattering technique is particularly useful
for light-ion irradiations since the irradiation beam itself
can be employed for simultaneous RBS analysis. This pro-
cedure has several advantages in comparison with stan-
dard post-irradiation specimen analysis. The major ad-
vantages are as follows: It eliminates the possibility for
compositional changes to occur after the completion of an
irradiation but before or during the analysis, as for exam-
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ple, by thermal diffusion during the cooling of a specimen
irradiated at high temperature, or during sputter profiling.
For measurements of the dose dependence this procedure
eliminates errors associated with variations in specimen
microstructure or purity since the same specimen is em-
ployed for the entire experiment. The analysis is non-
destructive and therefore preserves the specimen for subse-
quent analysis by other techniques. In addition simultane-
ous RBS provides an accurate measurement of the ion
dose (and dose rate) since the backscattered yield is direct-
ly proportional to the ion current impinging on the speci-
men. Lastly, the experimental technique can be employed
simply and quickly and thus it is suitable for survey stud-
ies of many different alloy systems, as well as for detailed
investigations of a particular system.®

A. Rutherford-backscattering spectrometry

Figure 1(a) illustrates a computer-generated backscatter-
ing spectrum for a Ni—12.7 at.% Si alloy with and
without a 35-nm-thick y’-Ni;Si surface film. The back-
scattered yield, Hy;(E) results from incoming particles
backscattering with energy E from Ni atoms. The precipi-
tous drop in yield at the high-energy end of the spectrum
is designated the Ni “leading edge.” The leading edge of
the lighter Si atoms is superposed at a lower energy onto
the yield from Ni at some depth. The composition of the
unirradiated alloy can be determined from the relative
magnitudes of Hy; and Hg;. The ratio Hg;/Hy; is ap-
proximately equal to the product of the ratio of the
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FIG. 1. (a) Computer generated RBS spectra for a uniform
Ni—12.7 at. % Si alloy and for the same alloy containing a 35-
nm-thick 9'-Ni;Si layer at the surface. (b) Difference spectra for
the two RBS spectra in (a).
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scattering cross sections for Si and Ni and their relative
concentrations. Thus Hg;/Hy; ~0.04 for Ni—12.7 at. %
Si. The increase of the Si concentration in the surface re-
gion during irradiation results in an increase in Hg;,AHjg;,
and a decrease in Hy;,AHy;, which occur at and behind
the Si and Ni leading edges, respectively. The ratio
AHy;/AHg;~ —3 for the formation of a Ni;Si surface
layer on a Ni—12.7 at. % Si alloy, and so the absolute
change in the Ni yield is more sensitive to concentration
changes than is the change in the Si yield. On the other
hand, the relative change in the Si yield is greater,
AHg /Hg ~1.0, whereas AHy;/Hyn;~0.15. Moreover
AHg; is, to a good approximation, sensitive only to
changes in the Si concentration, whereas AH y; depends on
changes in the concentration of any atomic species at the
surface. It is therefore prudent to analyze both the Ni and
Si yields.

The energy resolution of the RBS system AE, was ~20
keV, which for the scattering geometry employed here
corresponds to a depth resolution Ax, of ~6 nm.” This
value of Ax, does not represent the thinnest film that can
be detected, nor the smallest change in a growing film that
can be resolved. Rather, it means that atoms located at
the depth x will contribute to the backscattered yield in a
range of energies corresponding to ~Ax,. For example, if
a 3-nm y layer were on the surface of the bulk alloy,
AHy; would be affected at energies corresponding to a
depth up to ~9 nm. The reduction of the yield AHy; for
this layer would be energy dependent and everywhere less
than the value of AHy; shown in Fig. 1(a) which
represents a thick 9’ layer. The integral of AH;(E) over
the affected region, however, is linearly proportional to
the 7’ thickness and is independent of resolution. There-
fore, the amount of Si segregation to the surface can be
determined most accurately by first calculating the differ-
ence between the RBS spectra for the irradiated and the
unirradiated specimens, and then determining the area in
this difference spectrum; this area is shown for the spectra
of Fig. 1(a) in the difference spectrum in Fig. 1(b).

Simultaneous RBS analysis and defect production re-
quires that the ion dose necessary to acquire a statistically
meaningful RBS spectrum be significantly smaller than
that necessary to cause appreciable segregation. For our
experimental conditions, a 2.0-MeV He beam ~0.8 mm?
in area backscattered at 135° into a detector subtending a
solid angle of ~2.5X 10~* sr, the integral count rate was
3% 10*/nm per displacement per atom (dpa). This means
that for a dose which would produce 1 dpa, the atoms
within 1 nm of the surface would scatter 3 X 10* He atoms
into the detector. A spectrum with <1 nm statistical un-
certainty in film thickness could therefore be acquired
every ~0.1 dpa. A major disadvantage of using He irra-
diation to study segregation, however, is that blistering
occurs at ~1 dpa so that segregation at high dpa levels
could not be studied. Prior to the catastrophic blistering,
the implanted He had no apparent effect on RIS. The
projected range of 2.0-MeV He is ~2um (Ref. 10),
whereas the thickest ¥’ films were only ~40 nm. In an at-
tempt to reduce the blistering problem Li irradiation was
tried. For this case doses of 5 dpa could be attained before
significant surface damage occurred.
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B. Experimental procedure

A Ni—12.7 at. % Si alloy was prepared by arc melting,
with subsequent homogenization by induction-levitation
heating. The bulk alloy was rolled into 0.75-mm-thick
strips, which were solution annealed at 970°C for six
hours in argon-filled capsules and then quenched in water.
The strips were mechanically polished, and then electro-
polished to obtain a flat smooth surface suitable for high-
resolution RBS. The specimens were clamped to the heat-
ing stage of a single-axis goniometer which consisted of a
thick stainless-steel tube enclosing a 400-W quartz light-
bulb heating source. The axis of rotation was in the plane
of the specimen surface.

The specimen temperature was determined by an in-
frared pyrometer which was focused onto an ~2-mm-
diam spot concentric with the beam spot, and by a ther-
mocouple which was attached directly to the specimen.
The accuracy of the temperature measurement was
~10°C; relative temperatures were determined within
~5°C. A temperature gradient of ~6°Ccm™! along the
length of the specimen caused by beam heating was typical
during the 2.0-MeV He irradiation as 1.6 W of beam
power was required to achieve a displacement rate of
~4x10* dpa s~!. The ion-beam dosimetry was simple
and accurate for these light-ion irradiations. The beam
current through a 1.0-mm-diam aperture was measured
with a Faraday cup and related to the backscattered yield
from the specimen. The backscattered yield was then
monitored and integrated during the irradiation. A beam
profile monitor was employed to check the homogeneity
of the partially defocused beam. The conversion from
ion-current density to dpa was performed using the com-
puter code PINTO.!! It was assumed for the calculation
that the specimen was pure Ni and that the average dis-
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placement energy to produce a Frenkel pair in Ni is 33
ev.12

III. EXPERIMENTAL RESULTS

RBS spectra acquired during 2.0-MeV He irradiation at
530°C and 556°C are shown in Figs. 2(a) and 3(a). The
time period shown above each spectrum indicates the in-
terval during the irradiation in which the spectrum was
collected. Thus each spectrum reflects the average speci-
men composition during the collection period as a func-
tion of depth below the surface. In both series of spectra,
successive reductions in the integral Ni yield at and below
the Ni leading edge are apparent; they show that the Ni
concentration in the surface region decreases during irra-
diation. Complementary behavior is observed at and
behind the Si edge where the integral Si yield increases
with dose. In those spectra where a well-developed sur-
face film can be identified, the Si concentration in the film
is ~24 at.%. This agrees with previous TEM studies of
irradiated Ni—12.7 at. % Si which have shown that y'-
Ni;Si precipitates at the irradiated surface. The thickness
of the ' layers during irradiation could have been deter-
mined using the energies of the backscattered particles
corresponding to the specimen surface and the back edge
of the 7’ layer as indicated in Fig. 1. However, a more ac-
curate determination of the film growth rate was possible,
as noted above, by analyzing the differences between the
successive RBS spectra and the initial spectrum. For this
purpose the spectra were normalized to correct for dif-
ferent acquisition times and fluctuations in the beam in-
tensity. The normalization procedure consisted of equaliz-
ing the RBS yields in a region where no RIS is evident.
The yield in the region directly in front of the Si edge was
usually employed for normalization. The initial spectrum
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FIG. 2. (a) Series of RBS spectra collected during a 2-MeV He irradiation at 530°C. The time intervals indicate the collection

periods. (b) Difference spectra for the RBS spectra in (a).
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FIG. 3. (a) Series of RBS spectra collected during a 2-MeV He irradiation at 556°C. The time intervals indicate the collection

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

of each series, which was collected for the shortest time
interval, was smoothed by averaging counts in adjacent
channels. This procedure avoids unnecessary scatter in
the difference spectra. However, since it is the integral
yield in the difference spectrum which determines the y’
thickness, smoothing the initial curve has no effect on the
results.

In Figs. 2(b) and 3(b), difference spectra obtained from
the RBS spectra in Figs. 2(a) and 3(a) are shown. Each
difference spectrum represents the difference between an
RBS spectrum and the appropriate, smoothed (0—S5)-min
spectrum. All spectra were normalized to 3500 counts per
channel in front of the Si edge. The two (0—5)-min differ-
ence spectra show scatter present in the unsmoothed
(0—5)-min RBS spectra. The negative yield AHy; which
occurs behind the Ni leading edge is due to Ni depletion
near the surface. Correspondingly, the positive yield
behind the Si edge arises from Si enrichment near the sur-
face. In several cases a subsurface Si depleted (Ni en-
riched) layer contiguous with the 9’ surface layer is ob-
served. This is revealed by both a positive AHy; and a
negative AHyg; in the subsurface region. This Si depleted
layer is clearly evident in the series of spectra collected
during irradiation at 556 °C [see Fig. 3(b)].

For the standardized normalization of 3500 counts per
channel in front of the Si edge, the ¥’ phase, with nominal
composition of 23.5 at. % Si, yields calculated values of
AHy; = —440 counts per channel and AHg; ~ 160 counts

per channel behind the Ni and Si edges, respectively.
These values are in agreement with the measured yields
for most of the surface layer. In some cases, and particu-
larly noticeable for irradiations near 530°C, the value of
AH\; at the front of the y' layer decreases below —440
counts per channel. This further reduction in Ni yield is
consistent with the formation of the compound NisSi,
which was recently reported to form on top of the Ni;Si
layer.!3 The calculated value of AH\; for NisSi, contain-
ing 28.6 at. % Si is —660 counts per channel, which is in
good agreement with the values observed very close to the
surface in Fig. 2(b).

Integral yields determined from difference spectra from
two typical irradiations are shown in Fig. 4, plotted as a
function of the square root of dose. The closed symbols
represent the Ni yields, and the open symbols, the Si
yields. Solid lines were drawn through the Ni data. Using
these lines for the Ni yields, relative values for the Si
yields were calculated as a function of dose; these yields
are represented by the dashed lines. The agreement be-
tween the Ni yield and the Si yield is quite good. There
does appear to be, however, a small systematic error be-
tween the Ni and Si yields for the irradiation at 502°C.
This error could arise if, for example, the surface became
contaminated during irradiation. The Ni yields are more
sensitive to such effects as the relative change in Ni com-
position when ¥’ is formed, is only 13% (from 87.5 to 76.5
at. %), whereas the change in the Si composition is ~85%
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FIG. 4. Integral yields as a function of the square root of
dose at 452°C and 502°C. The closed symbols indicate the Ni
yields and the open symbols the Si yields. The solid lines are
drawn through the Ni yields. The dashed lines for the Si yields
were calculated relative to the Ni yields.

(from 12.7 to 23.5 at. %). To minimize possible systemat-
ic errors of this type, the yields for Ni and Si were aver-
aged to obtain the 7’ thickness. In a few cases, however,
the scatter in the Si yields was too large to obtain reliable
results and then only the Ni yields were employed.

Since each yield in Fig. 4 represents the average compo-
sition during the collection period of a spectrum, each
dose correspondingly represents an ‘“effective” dose (or
time) ¢, which is the dose that would have been required
to produce the yield measured in each difference spec-
trum. This effective dose was obtained by equating the
function describing the yield from the 9’ layer as a func-
tion of dose f(¢’) to the average yield determined in each
difference spectrum, i.e.,

1
$2—¢1

4
f#)= J, s (1a)

If it is assumed that f(¢) obeys a simple power law,

f(@)=A¢", (1b)

then the effective dose is

n+1 n+1 |1/n
1 2 —¢7

n+1  ¢,—¢;

¢'= (1c)
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For (¢,—¢)) << ¢y, ¢'=4¢,, i.c., the effective dose is in-
dependent of n. When (¢,—¢;) ~4,, however, ¢’ depends
on n, but only weakly for reasonable values of n. For ex-
ample, the second spectrum in each series was collected
between 5 and 15 min. If n =+, as indicated by our re-
sults, (c.f. Figs. 5—7), ¢'=9.78 min (in units of time). If
instead, the growth of the ¥’ layer were linear in time, i.e.,
n =1, then ¢'=10 min.

To convert integral yields to layer thicknesses a
computer-simulation program for RBS was employed.!*
Values for the He stopping powers used in the program
were obtained from the literature.!® It was assumed in the
simulation that the ¥’ layer had a uniform composition
containing 23.5 at. % Si. The exact concentration of Si in
the layer is not critical for the analysis of the segregation
since the integrated yield in the difference spectra deter-
mines the net change in the Si concentration in the surface
region, and it is this quantity which is of interest. If the
usual procedure of using the difference in energy between
the front and back edges of some layer in the RBS spectra
had been employed to determine the layer thickness, then
the exact solute concentration everywhere in the layer
would have had to be known.

The thicknesses of the ¥’ layers for several of the He ir-
radiations for which a dose rate of 3.1 10~* dpa-s~! was
employed, are plotted as a function of the square root of
dose in Fig. 5. Similar data are shown in Fig. 6 for the He
irradiation at a lower dose rate, 2.6 X 10~ dpa s~! and in
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FIG. 5. Thickness of the 7' surface layer as a function of the
square root of dose for 2.0-MeV He irradiation at various tem-
peratures. The dose rate K, was 3.1 10~* dpa per s.
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Fig. 7 for a Li irradiation. In all cases the growth of the
v layer follows a square root of dose dependence. For the
He irradiations the square root of dose dependence was
observed up to ~ 1 dpa; then the specimens blistered. For
the Li irradiation the square root of dose dependence
could be verified to ~5 dpa.

The slopes of the lines in Figs. 5—7 are growth-rate
constants and contain information regarding the kinetics
of RIS, i.e., the temperature and dose-rate dependences.
The growth-rate constants for the He irradiations at both
dose rates are plotted as a function of inverse temperature
in an Arrhenius plot in Fig. 8. The growth rates during
He irradiation can be fitted by a straight line for tempera-
tures between ~400°C and ~560°C. The slope of this
line yields an apparent activation enthalpy of 0.30+0.04
eV for the layer growth. Also in this temperature range,
the growth-rate constant decreases with increasing dose
rate. At temperatures above 560°, a significant decrease in
the segregation rate with temperature is evident. The data
for T > 600°C can be fitted by a line which yields an ap-
parent activation enthalpy of —0.75+0.15 eV. It is also
observed in the high-temperature regime that the growth-
rate constant becomes independent of dose rate. There is
one datum at 345 °C which falls well below the line drawn
through the other data. We currently suspect that the
suppression of segregation at this temperature is due to
radiation-induced internal sinks. The useful temperature
ranges for determining the slopes in the Arrhenius plot
correspond to relative changes in 1/T of <1.2. Since the
range in 1/7T is small, accurate segregation measurements
were essential in order to obtain reasonably accurate ac-
tivation enthalpies.

IV. THEORETICAL MODEL

In this section we derive relations for the dose, dose-
rate, alloy concentration, and temperature dependences of
the growth of the ¥’ layer which develops at the irradiated
surface of Ni-Si alloys. These relations have been previ-
ously derived by Okamoto et al.'* In the derivation here
we begin with the appropriate rate equations and explicitly
show the approximations included in the model. Before
writing down these rate equations we briefly describe the
segregation model. A general review of the theory of RIS
can be found elsewhere.'®

Basically RIS requires two conditions, that there are
persistent point-defect fluxes in the alloy, and that there is
a preferential coupling of solute to these fluxes. The
fluxes can arise from spatial nonhomogeneities in either
the defect production or the defect annihilation. For 2.0-
MeV He irradiation the defect-production distribution is
nearly homogeneous within the first micrometer of the
surface. The surface, however, is a spatially nonuniform
sink. Solute can preferentially couple to the defect fluxes
by two mechanisms, the inverse Kirkendall effect and the
formation of mobile defect-solute complexes. The inverse
Kirkendall effect causes segregation by either a preferen-
tial jumping of one species into vacancies, or a preferential
migration of mobile interstitials via one species. For ex-
ample, if there is a vacancy flux to a sink, then the species
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FIG. 6. Thickness of the ¥’ surface layer as a function of the
square root of dose for 2.0-MeV He irradiation at various tem-
peratures. The dose rate K, was 2.6 10~ dpa per s.

which preferentially jumps into the vacancies will estab-
lish a solute flux away from the sink. The other coupling
mechanism involves the formation of mobile point-
defect-solute complexes. The binding of solute to either
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FIG. 7. Thickness of the ¥’ surface layer as a function of the
square root of dose for 2.0-MeV Li irradiation at 520°C. The
dose rate K was 4 X 10~* dpa per s.
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vacancies or self-interstitial atoms (SIA’s) induces the
solute to be transported along with the defects to sinks. It
is not possible to determine which coupling mechanism
predominates by considering only the direction of the
segregation, and in fact the coupling mechanism has not
been clearly established in any system. For Ni-Si, howev-
er, there is evidence that suggests that the formation of
mobile SIA-solute complexes is the dominant mechanism.
This evidence includes the observation that Si is an effi-
cient trap for SIA’s in Ni,!”!® indications that a Si-SIA
complex is mobile below room temperature,'”!* and
theoretical estimates of high-binding energies in metals be-
tween SIA’s and undersized solute atoms such as Si in
Ni.®® We thus assume that the formation and migration
of Si-SIA complexes is the dominant coupling mode in
Ni-Si alloys.

The chemical rate equations near the surface for SIA’s,
vacancies, Si-SIA complexes, and free solute are

aC; 9’
3 =Ko—K;,C;C,—K;5,C;C +K,4C. +D; — G
t ax
(2a)
aC, 9’
at =Ko—K;,C;C, — K. C,C. +D, a{cv ’ (2b)
ac, ??
—; =KisiCiC—KweC,C. —~KsCc+ D, 552G @
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act,

aZ
= —K;5C;CL +K,.C,C, +K4C, + Dg;——C¥% ,
ot ox?

(2d)

where K is the production rate, K, =(4mr/Q)D,+D,),
K, =(47wr/Q)D;+D,), K4 is the dissociation rate of
complexes, and K5;=(4nr/Q)D;. The quantities C;
C,, C., and C; refer to the self-interstitial, vacancy, SIA-
Si complex, and free Si concentration, respectively. The
parameter r is the effective interaction radius®' for the
relevant reaction; here for convenience all the radii are as-
sumed equal. € is the atomic volume. The diffusion
coefficients D,, D;, and D, are for vacancies, SIA’s, and
complexes, respectively, and all have the form

D =Dge m/*T 3)
where H,, is the migration enthalpy of the defect. These
time-dependent equations cannot be solved analytically.
We assume, however, that there is a moving coordinate
systems x* in which the different specie concentrations are
in steady state and that this coordinate system is related to
the stationary laboratory coordinate system by some func-
tion of time, i.e.,

*

Q%_) =0 where x =x*f(t) . (4)
This behavior is often observed for diffusion phenomena
where there are semiinfinite boundary conditions.?? Justi-
fication of this assumption is given below. We make the
additional assumption that solute can diffuse only via
complexes, i.e., Dg;=0. Setting Eqs. 2(a)—2(d) to zero and
adding Eqgs. 2(c) and 2(d) yield

aZ
DC FCC =0, (5)
for which the solution is
C.(x*)=ax*+b . (6)

Figure 9 illustrates the model. In the bulk, far from the
surface sink, the concentration of complexes has a con-

Z(t)

Fyin) i wit)
&/
£ [ NigSi
=% -
g X2 7%
g
@
i-12.7 at.% Si
4 \
Cc ——
o Ss— c8
_— C
- -
0 X X

x——

FIG. 9. Schematic representation of the segregation model.
Self-interstitial atom-Si complexes form in the bulk (y), diffuse
down the complex-gradient across the diffusion layer, and con-
tribute to the growth of the ' layer.
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stant value C2. Its value is calculated below. At the sur-
face there is a layer of . We therefore use Eq. (6) be-
tween these two regions, i.e., in the diffusion layer, and ap-
ply the boundary conditions

C.(x*=x1)=0
and
C.(x*=x%)=C2.

We thus assume that there are sharp interfaces at both
sides of the diffusion layer. The flux J of complexes
across the diffusion layer is obtained from the relations

=D aC, aC. |
T 3x T T ax* f(2)
c’? 1 c’

=D =D , 7
€ (x; —x'l') f(t) Cwl(t) ™

since
w(t)=(x3 —x1)f (1) .
As shown in Fig. 9
dw _dz dy
dt dt dt’
Equation (8) can be related to Eq. (7) by using expressions
for the conservation of solute

(8)

dy _J_
dt Cl
and
dz J
az _ J 9
e 9)

CY and CY; are the Si concentrations in the ¢’ and bulk al-
loy, respectively. By substituting dt=d¢/K, in Eq. (8),
and integrating we obtain

w(¢)=[(2D,CEX1/CT—1/CY)/Ko]'%42 . (10)

Using this expression with Eqgs. (7) and (9) we arrive at the
expression for the thickness of the ¥’ layer

2cLC? D, 172

— 2, (1
CL(CE —CY) Ko ¢

y(d)=

We next solve for the bulk concentration of complexes,
Cf. In the bulk the system is in true steady state, i.e.,
9C2 /3t =0, and no gradients exist, (3C2/3x)=0. As the
surface is not the dominant sink for defects in the bulk,
we explicitly include a bulk concentration of sinks C;.
The appropriate rate equations are

aC;
= =Ko=K CiC, —KisiCiC§ ~ Ky C,C, =0,
(12a)
aC, B
ot =K0_KivCiCU_KvaCc —Kuscucs‘:o ’
(12b)
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aC, h " B
ar =K;siC;Csi — K. C,Cc —KC: C; =0, (12¢)
where 4
mr
Ke="g D0’
4mr
K,'_, = —(TD,
and
4ar
Ka==2"D, .

At a temperature of ~500°C and K,~3x10"* dpa s,
the vacancy and complex concentrations are small
(<1072 at.%) relative to the free-solute concentra-
tion C{, (~10%). Thus the dominant reaction for self-
interstitials is the formation of complexes.

K;sC.CL =K, , (13)
so that
K,—K,C,C2—-K,C,C,=0, (14a)
and
Ko—K,C,CE—k . cEc,=0. (14b)
The solutions to Egs. (14) are
172
C —_ KcsC: KOKcs K;C,z (153)
’ 2K, | KoKy 4KL ’
s KuC [Kok, Kici]|"”
cl=— + > (15b)
2K, K., K,  4K2

In the regime that defects are lost predominantly through
recombination rather than to sinks, i.e.,

4Ko>> Ky KesCl /Ko
Eqgs. (15) reduce to

1/2
KOKcs 1

(16a)
Kw KUS

v=

and
172
KOKvs

ci_
¢ KDCKCS

(16b)

Substituting this value of C2 into Eq. (11) yields

172
KODU

(4mr /Q)D,+D,)D,
cL(ct —ct)

2CY

172
l D./K,

y(¢)= ¢1/2 .

(17

The model, according to Eq. (17), makes the following
predictions for the recombination limited regime.

(1) Dose dependence: y(¢) =<'/

(2) Dose-rate dependence (for a constant dose):
y(Ko) < K4,
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(3) Alloy concentration dependence:

12
Cc§

c? —_—
Y= Crier —ct

(4) Temperature dependence: For case (1) D, > D,,

—HY /4kT
y(DaD e ™,

and for case (2) D, > D,,

y(T)OCDc]/‘;(xe—H:'/‘ikT.

At higher temperatures, the thermal equilibrium con-
centration of vacancies can no longer be neglected in the
rate equations. In the limit that this contribution dom-
inates the total vacancy concentration, the rate equation
for complexes in the bulk becomes

Ko—K,C,C2’=0, (16a")
so that
K,
Cl= , '
“=K.C, (16b')
where
C, e —H}/KT

and Hy is the vacancy formation enthalpy. Substituting
Eq. (16b") into Eq. (11) we obtain the same dependences on
dose and solute concentration for high temperatures as for
low temperature; however, the temperature and dose-rate
dependences are different.

(1) Dose-rate dependence (for a constant dose):

y(Kg)—const .

(2) Temperature dependence: For case (1) D, > D,

y(T)—>er/2kT ,

and for case (2) D, > D,

5 T)—»eH}/ZkTe —(HE, —HY)/2kT .

One of the important assumptions in this model is that
the boundary condition at the interface between the dif-
fusion layer and bulk remains fixed in the x* coordinate
system, i.e., the quasi-steady-state condition. This as-
sumption appears reasonable since the bulk can supply
complexes at a constant rate which is determined by the
dose rate and temperature. The flux of complexes leaving
the bulk, however, decreases as the square root of dose.
Therefore, the boundary condition should approach the
limiting case of C,(x*=x%)=C2’. Numerical solutions of
the rate equations also support this assumption. They
show that after a short transient period, the complex con-
centration increases nearly linearly with distance away
from the y-y’ interface and approaches the value of CZ be-
fore leveling off in the bulk region.!®
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V. DISCUSSION

The experiments described in Sec. II have established
the following kinetic behavior for the growth of a ' layer
at the surface of an irradiated Ni—12.7 at. % Si alloy: (1)
The thickness of the layer increases proportionately to the
square root of dose throughout the temperature range
from 370°C to 700°C. (2) The growth-rate constant [A4 in
Eq. 1(b)] exhibits Arrhenius behavior at both high and low
temperatures, but distinctly different values for the ap-
parent activation enthalpy are found in the two tempera-
ture regimes. Above ~590°C the apparent activation
enthalpy is —0.75+0.15 eV, below ~570°C it is
0.30+0.04 eV. (3) The growth-rate constant decreases as
the dose rate increases in the low-temperature regime. In-
creasing the dose rate a factor of 10 reduces the layer
thickness a factor of ~1.7. If it is assumed that 4 < K¥,
the results yield p ~ —0.22. In the high-temperature re-
gime the growth rate is independent of the dose rate.

In Sec. III a simple model for RIS in Ni-Si alloys was
outlined. The model assumes that self-interstitial atoms
form mobile, tightly bound complexes with Si atoms dur-
ing irradiation and that the flux of these complexes to a
sink at the y-y’ interface underlies the growth of the y’
layer. Within this model, the experimental observations
acquire a natural physical interpretation. The model illus-
trates that the observed apparent activation enthalpy for
the growth-rate constant at low temperatures is equal to %
the enthalpy of migration of the slower moving defect, the
vacancy or complex. Considering the evidence that the
complex moves faster than the vacancy in Ni-Si,!”!® and
that the enthalpy of migration of the vacancy in pure Ni is
1.06+0.06 eV,?* we attribute the measured activation ener-
gy of 0.30+0.04 eV to + of the vacancy migration enthal-
py in a Ni—12.7 at. % Si alloy. The close agreement be-
tween the vacancy migration enthalpies in pure Ni and in
the alloy shows that Si solute does not significantly alter
the vacancy mobility in Ni. A similar conclusion was
drawn from diffuse x-ray scattering studies of electron ir-
radiated Ni—1 at. % Si alloys.!” At higher temperatures
the model predicts that the growth-rate constant should
have an apparent activation enthalpy equal to —+ the
enthalpy of vacancy formation. The value obtained here,
—0.75+0.15 eV, is within the experimental uncertainty of
being — 5 of the vacancy formation enthalpy in pure Ni,
1.76+0.05 eV2* By using the relation H,
=Hj(pure)— H(alloy) this set of values and uncertainties
places an upper limit for the effective binding enthalpy of
vacancies with Si of ~0.5 eV.

The observed temperature dependence is a consequence
of the recombination of complexes and vacancies in the
bulk. An increase in the vacancy concentration increases
recombination and thereby reduces RIS. At low tempera-
tures an increase in temperature lowers the vacancy con-
centration as radiation-induced vacancies migrate to sinks
faster. This is the reason that the growth-rate constant at
low temperatures reflects the vacancy migration enthalpy.
At high temperatures, an increase in temperature increases
the thermal equilibrium concentration of vacancies and
hence reduces RIS. Thus the growth-rate constant at high
temperatures reflects the enthalpy of vacancy formation.
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An analogous argument can be made for the effect of dose
rate on the growth-rate constant. At low temperatures an
increase in dose rate increases the vacancy concentration
so that the growth-rate constant is reduced. The model
predicts that the ‘growth-rate constant should depend on
dose rate as K5 '/%, which is in agreement with the experi-
ment. At high temperatures the thermal equi-
librium concentration of vacancies is much greater than
that due to irradiation so that changes in the dose rate do
not significantly change the vacancy concentration nor,
correspondingly, the growth-rate constant. The experi-
mental verification of the derived relationship between the
dose-rate and temperature dependences of the growth-rate
constant constitutes a strong argument for the interpreta-
tion of the experiments. Moreover, these results provide
confidence that kinetic measurements of RIS can be em-
ployed to investigate point-defect properties and defect in-
teractions in alloys at high temperatures.

VI. CONCLUSIONS

In this paper we have described a method to perform
quantitative measurements of the kinetics of radiation-
induced segregation in alloys. The method involves the
use of in situ, simultaneous, high-resolution RBS measure-
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ments of the flux of solute to a surface during light-ion ir-
radiation. Application of the method to a Ni—12.7 at. %
alloy revealed that (a) a layer of ¥’ grows at the surface of
the irradiated alloy; (b) the layer grows proportionately to
the square root of dose; (c) between 475°C and 570°C the
growth-rate constant of the layer exhibits an apparent ac-
tivation enthalpy of 0.03+0.04 eV and depends on the
— +th power of dose rate; (d) above 590°C the growth-rate
constant has an apparent activation enthalpy of 0.75+0.15
eV and is independent of dose rate. A simple model of
segregation was described in Sec. III which relates the ob-
served kinetics of segregation to point-defect properties in
Ni-Si alloys. It was found that the growth-rate constant
at low temperatures is controlled by the enthalpy of va-
cancy migration, whereas at high temperatures it is con-
trolled by the enthalpy of vacancy formation.
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