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NONEQUILIBRIUM SEGREGATION AND PHASE INSTABILITY IN ALLOY
FILMS DURING ELEVATED-TEMPERATURE IRRADIATION IN A
HIGH-VOLTAGE ELECTRON MICROSCOPE*

N. Q. Lan and P. R. Okamoto
Materials Science and Technology Division
Argonne, I11inois 60439
ABSTRACT: The effects of defect-production rate gradients, caused by the
radial nonuniformity in the electron flux distribution, on solute segregation
and phase stability in alloy films undergoing high-voltage electron-microscope
(HVEM) irradiation at high temperatures are assessed in the present work.
Two-dimensional (axially symmetric) compositional redistributions were
calculated, taking into account both axial and transverse radial defect
fluxes. 1t was found that when highly focused beams were employed radiation-
induced segregation consisted of two stages: dominant axial segregation at the
film surfaces at short irradiation times and competitive radial segregation at
longer times. The average alloy composition within the ir:;adiated region
could differ greatly from that irradiated with a uniform beam, because of the
additional atom transport from or to the region surrounding the irradiated
2zone under the infiuence of radial fluxes. As a result, damage-rate gradient
effects must be taken into account when interpreting in-situ HVEM observations
of segregation-induced phase instabilities. The theoretical predictions are
compared with experimental observations of the temporal and spatial dependence
of segregation-induced precipitation in thin films of Ni-Al, Ni-Ge and Ni-Si

solid solutions.
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radiation-induced phase instability, radiation effects, point defects, thin
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INTRODUCTION

High-voltage electron microscopes (HVEM) have been useful in the study of
radiation effects in materials by providing large- atomic displacement rates
and in-situ observations of the microstructural evolution. Numerous radia-
tion-induced phenomena, including dislocation loop evolution, voil swelling,
and phase instabilities, have been investigated with the HVEM. Since the
incoming electrons readily penetrate thin specimens, it has generally been
assumed that point defects are generated uniformly along the electron path.
For this reason, in previous experimental and theoretical HVEM irradiation
studies, no attention was paid to the effects of displacement-rate gradients
within the irradiated volume. However, since highly focused electron beams
are often employed in order to achieve high damage rates, the beam intensity
profile in practice is bell-shaped {or gaussian) and, as a resuit, the defect
production is highly ﬁonuniform in the transverse radial direction. Recently,
this spatial nonuniformity has been shown to be capable of causing large
defect fluxes out of the irradiated zone [1], and hence, radial-segregation
effects can ba expected to modify previéus theoretical predictions of com-
position modifications of alloys during high-temperature in-situ {irradiations
in the HVEM [2].

In the present study, we continue to assess the influence of the radial
variation in the defect-production rate on segregation-induced phase changes
in alloy thin films. Two-dimensional (axially symmetric) compositional
redistritution in HVEM-irradiated alloy films was calculated, and phase insta-
bilities predicted on the basis of the calculated local composition modifi-
cations were compared with experimental observations of irradiation-induced
precipitation of the y'-phase in three Ni-based alloys: Ni-Al, Ni-Ge and Ni-
Si.



CALCULATIONS OF TWO-DIMENSIONAL IRRADIATION-INDUCED SEGREGATION

Axial and radial compositional redistributions in solid-solution thin
films were calculated using a kinetic theory of segregation in binary alloys,
in conjunction with a new software package for solving convection-diffusion-
kinetics problems. For more details on the theoretfca1»mode1 and the calcu-
lational procedure, the reader is referred to our previous articles [1,2].

For the sake of brevity, only a summary is given in this section.

Radiation-induced segregation results from a preferertial coupling
between fluxes of nonequilibrium point defects and solute elements. The
theory describes this coupling in a binary alloy A-B by partitioning the
defect fluxes into those occurring by exchange with the various alloy com-
ponents, i.e. via A and B atems, and the atom fluxes into those taking place
via vacancies and interstitials. The fluxes of atoms and defects can then be
expressed in terms of concentration gradients, and partial and total diffusion
coefficients of all the species present. To obtain the time evolution of atom
and defect distributions, a set of coupled partial differential equations
involving the divergences of fluxes, and defect production and annihilation
terms musc be solved for appropriate initial and boundary conditions.

In the present case, since radial diffusion effects are taken'into
account, the problem invelves solving the kinetic equations in two dimen-
sions. The system of equaticns was solved for a two-dimensional cylindrical
foil doma1n~with an outer radius Ry and an axial half-thickness L (fig. 1).
The cénter]ine (r = 0) is a line of symmetry, and the central plane (z = 0) is
a2 plane of symmetry. At the foil surfaces (z = ¢+ L), it was assumed that no
atoms were lost from the system, and the interstitial and vacancy concen-

trations were maintained at their thermodynamic equilibrium values. At the

outer radius (r = Ry, with R, taken to be 3 um), the alloy was assumed to be



unperturbed by irradiation. Numerical solutions were obtained with the aid of
the software package DISPL2 [3]. Briefly, the numerical method is based on
the use of Galerkin's procedure combined with the use of a smooth piecewise
quadratic-basis set in order to reduce the system of partial differential
equations to a system of ordinary differential equations [4]. The latter
system is then solved with a variant of the Argonne National Laboratory
version of the GEAR code [5]. A nonuniform mesh was imposed on the spatial
domain, and the transient bahavior of the system-was determined using a
specified error tolerance at each time step.

Mode! calculations were performed for binary alloys representative of
concentrated Ni-Al and Ni-Si solid solutions. The basic physical parameters
used were tabulated in ref. 1. Essentially, in Ni-Al alloys, Al atoms were
assumed to migrate by preferential exchange with vacancies; they thus segre-
gate in the direction opposite to the vacancy flux. In Ni-Si alloys, Si
solutes are assumed to move by forming mobile Si-interstitial complexes, owing
to a large binding energy between undersized Si and solvent-interstitials.
Consequently, Si atoms segregate in the same direction as the interstitial
flux. Although both Ni-Al and Ni-Si are precipitating alloys, precipitate
formation was not accounted for in the present ca1cﬁlations. However, from
the known solubility limits and the calculated solﬁte redistributions, it is
possible to predict when and where a phase change will occur in these
alloys. No calculations were made for the Ni-Ge system, in which the Ge
solute was found to have a binding energy of 0.20 + 0.04 eV with the vacancy
[6], because the present kinetic model does not include solute transport by
bound vacancy-solute pairs [2]. Nevertheless, on the basis of existing
experimental evidence, the segregation trends in Ni-Ge alloys are expected to
be similar to those in Ni-Si alloys, i.e. the solute atoms migrate in the
direction of the defect fluxes.



To simulate the nonuniformity of the damage rate in the radial direction,

we assumie that the electron-beam intensity profile is bell-shaped, defined by

Kg‘a"[1 +,}(§)2(£,- 3%)] 0<r<s
Ko (r) = (1)
%Kg'a"(mlzrm)z(z-ag+§) §<r<R

where Kgax is the peak-damage rate at the beam center, § is the position of
the infiection point, and R is the beam radius (see fig. 1). In the present
study, we have taken Kgax = 1073 dpa/s, R =1 um, and 6 = 0.5 R.

The influence of radiation-induced internal! sinks for point defects on
the redistribution of alloy composition was also considered. These sinks were
assumed to be dislocations. Initially, the foil contained Po = 107
dislocations/cmz, typical of annealed samples. During irradiation, new
dislocations were created within the irradiated zone. Their density depended
on space, according to the damage-rate profile described by eq. (1). The peak
density was allowed to build up linearly with time, attaining a saturation

level p™X after an irradiation time t*:

ot (o™X - pyIt/tx  for t < t
p(r=0) = (2)

- *
pmax for t> t

In the present calculations, we have chosen t* = 3.6 x 103 g
and sMX = 1010 dislocations/cm®. If no internal sinks are produced by

irradiation, pMax - Po = 'IO7 dislocations/cm?.



EXPERIMENTAL PROCEDURE

Most of the Ni-Al, Ni-Ge and Ni-Si alloys used in the present work were
kindly provided by Dr. A. Barbu of Centre d'Etudes Nucléaires de Saclay,
France. They were prepared from high-purity metals by conventional arc
melting. Transmission-electron-microscope disLs (255 um thick and 3 mm in

diameter) cut from rolled materials were metallographically polished to obtain
- optically flat surfaces, solution annealed in an argon-filled quartz capsule
at 1000°C for 6 hours, and water-quenched without breaking the capsule. The
discs were then jet-polished using the standard technique.

The specimens were irradiated with 1-MeV electrons at various tem-
peratures in the high-voltage electron microscope at Argonne National
Laboratory. The electron beam was focused to a ~2 um-diameter spot size. The
maximum current density employed in these irradiations varied from 8.2 to 13.7
A/cmz. Using a dispiacement energy of 33 eV and the tabulated cross section
for Ni [7], the peak-damage rate, Kgax’ was calculated to be between 1 x 103

and 1.7 x 10~3 dpa/s.

THEORETICAL PREDICTIONS AND EXPERIMENTAL OBSERVATIONS
Segregation and Phase Instability in Ni-Al1 Alloys
Segregatien Behavior. The time evolution of the calculated surface Al

concentration in the center of the irradiated area, C,,(L,0), and the
concentration at the foil center, C;;(0,0), is shown in fig. 2 for a 0.4 um
foil of Ni-7 at.% Al alloys irradiated at various temperatures. No radiation-
induced sinks were taken into account. In general, after a relatively short
irradiation time, large defect fluxes to the foil surfaces occur;
consequently, Al depletion takes place there (as illustrated by the dashed

curves) due to a preferential transport of Al atoms away from the surface by



vacancies. With increasing time, Al depletion extends deeper into the foil,
and CAT(L'O) approaches a minimum, quasi-steady-state value, which is
identical to the steady-state value in the case of segregation under uniform
irradiation. The extensive solute depletion near the surfaces leads to a
moderate increase in Cpq(0,0). As the irradiation continues, radial
segregation, resulting from defect concentration gradﬁents in the radial
direction, bacomes competitive with the axial searegation. A large number of
point defects migrate in the r-direction, from the peak-damage region
transversely into the bulk of the foil. The flow of vacancies generates a net
flux of Al atoms in the opposite direction, giving rise to additional Al
enrichment in the foil center at the expense of Al depletion in regions
surrounding the irradiated volume. As a result, CA1(0,0) increases to a large
steady-state value, which is far greater than the corresponding value attained
under unifoﬁn irradiation conditions. At steady state, Cgy(L,0) returns to
the initial composition, owing to a large flux of Al atoms to the suface
induced by the substantial increase in Cq3(0,0). _
Radiation-induced segregation is most efficient around 600°C. This
temperature dependence can be understood in terms of vacancy mobility and
concentration [8-12]. Similar to the case of uniform irradiation, the lower
the temperature, the longer the incubation time for segregation, anrd the
greater the time required to achieve steady state. However, the buildup times
to steady state calculated here are several orders of magnitude longer than
those obtained in the absence of radial defect gradients. This indicates that
for the duration of typical in-situ HVEM irradiation experiments
{i.e., t £ 4 x 1045), steady-state segregation wiil rarely be attained if

highly-focused electron beams are employed.



Figure 3 shows the dependence of segregation on the density of internal
sinks. Here, the time evolution of Cay(L,0) and C51(0,0) in a 0.4 um foil of
Ni-10 at.%z Al alloys irradiated at 700°C is plotted for two values
of #™*. 107 and 1010 dislocations/cm?, representing two extreime cases. The
larger the dislocation density, the smaller the segregation. This can be
ascribed to lower local concentrations of defects and small defect gradients
as a result of large defect annihilation at internal sinks. Although the
buildup time to steady state is virtually the same for both cases, the steady-
state Cpy(0,0) is considerably larger for pMax = 107 em~2 than
for o™X = 1010 cm'z, because the smaller the defect concentration gradients,
the lower the defect fluxes out of the irradiated zone.

Similar to the effect of internal-sink density, changes in the film
thickness lead to variations in the local defect concentrations and, hence, to
different magnitudes of axial and radial defect fluxes. As a consequence, the
temporal and spatial evolution of the alloy composition will be affected. The
time dependence of Cpq(0,0) and Cpy(L,0) calculated for a Ni-10 at.2 Al alloy
irradiated at 700°C is illustrated in fig. 4 for different foil thicknesses.
The quasi-steady state of the axial segregation is more evident with thinner
foils. Also, the time required for attaining this state decreases with
decreasing Toil thickness, due to the fact that point defects can annihilate
faster at the surfaces of thinner foils. Since the radial defect fluxes are
smaller in thinner films, the duration of quasi-steady state for axial
segregation is longer, and the steady-state value of Cpy(0,0) is smaller in
thin films than in thjck films. However, for sufficiently thick foils (2L >
0.4 um), the defect concentrations at the foil center are insensitive to foil
thickness, and therefore, the evolutions of Cxy(0,0) and Cqq(L,0) are

thickness-independent.



Segregation-induced Precipitation. As mentioned above, phase changes are

not explicitly accounted for in the present calculations. However, precipi-
tation of a second phase is expected to occur whenever and wherever
segregation causes the local solute concentration to exceed the thermodynamic
solubility 1imit. In the following sections, this temporal and spatial
dependence of segregation-induced precipitation is used as a basis for com-
paring theoretical predictions with experimental observations.

As can be seen in fig. 3, at 700°C, Caq1(0,0) in a relatively thick foil
of Ni-10 at.? A1 surpasses the solubility limit C:] ~ 1.6 at.% [13] at
~ 103 s {for "™ = 107cm"2) and ~ 2 x 103 s (for o™X = 1010 cm?),
Theoretically, this pronounced Al enrichment occuring after the quasi-steady
state for axial segregation has passed can only result from the effects of
radial segregation. This is demonstrated in fig. 5a, which shows that at
700°C, the maximum Al enrichment attainable under uniform irradiation con-
aitions is 11.2 at.% Al. Consequently, although very efficient at short
irradiation times, axial segregation aléne cannot induce precipitation of the
Ni3Al phase in a Ni-10 at.% Al alloy irradiated 700°C. In order to verify
this experimentally, an alloy of this compositon was irradiated at 700°C with
a broad beam (2R ~ 10 um) adjusted to obtain a nearly uniform peak-damage rate
of ~ 1073 dpa/s over a 5-um diameter area of the sample. As shown in fig. 5b,
precipitation of the v'-NijAl did not occur under these conditions for
irradiation times less than 3.7 x 103 s. However, as illustrated in fig. 6,
when the same alloy was irradiated under similar conditions using a highly
focused beam, precipitation of coherent y' particles occurred after ~900 s of
irradiation. They first appeared near the center of the beam, then gradually

spread outward to fil) the entire irradiated area. It is noted that the
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precipitates were not distributed uniformly in the axial direc;ion, but were
concentrated near the midplane of pﬁe foil, where the Al enrichment is
greatest. The observed incubatior time of 200 s is in good agreement with
that calculated in fig. 3 for the low-dislocation-density case.

In order to investigate the effects of temperature, an adjacent area of
the same TEM specimen was irradiated without changing the beam conditions,
after reducing the temperature to 500°C where Ci1 = 10.2 at.2 Al. After a
short incubation time of ~ 120 s, v' precipitates appeared within the
irradiated area. As shown in fig. 7, they were much smaller, and their number
densities much larger than those observed at 700°C. Since the alloy compo-
sition is nearly equal to the solubility 1imit at 500°C, precipitation in this
case can result from axial segregation alone. This is demonstrated in fig. 8
where the temperature dependence of axial segregation is shown for a
Ni-10 at.% Al alloy. For example, the calculated incubation time for an
jrradiation performed at 500°C is ~ 300 s, which is consistent with the
experimentally observed value of 120 s.

Now, if the alloy composition is changed, e.g. from 10 to 7 at.% Al, the
segregation behavior at 500°C will be different; because the Al concentration
is far below Cﬁ]. Axial segregation alone is insufficent to induce precipi-
tation. However, with the influence of radial segregation, Cp1(0,0) can be
increased to levels above c:] after ~ 1.5 x 104 - 2.2 x 104 ¢ depending on the
density of irradiation-induced dislocations, as shown in fig. 9. Precipi-
tation can therefore ensue in the central regions after a long incubation
time. This prediction is in qualitative agreement with the experimental
results given in fig. 10. 1In Ni-7 at.2 Al alloys, dislocations were observed
.to dynamically form in the beam center and move rapidly to the periphery of

the irradiated area, forming a dislocation wall. Coherent y' particles formed
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in the central region of the irradiated zone only after ~ 2.4 x 104 s of
irradiation, which 15 consistent with the calculated incubation time

for o™X = 1010 em-2, However, in a number of cases, some y' preciptates
were cbserved to form earlier in the region of the dislocation walls. These
precipitates may be due to 1ccal enrichment batween dislocations acting as

defect sinks.

Segregation and Phase Instability in Ni-Si Alloys
Segregation Behavior. Unlike the case of Ni-Al alloys, in Ni-Si solid

solutions, the preferential association of solvent-interstitials with Si
solutes results in a disproportionate transport of Si in the direction of the
defect flux. The time evolution of Cg;(0,0) and Cgi(L,0) in a 0.4 ym foil of
a Ni-9.5 at.% S5i alloy irradiated at 600°C is shown in fig. 11. Axial segre-
gation occurs first as a result of efficient annihiilation of point defects at
the surfaces; the surface is quickly enriched in Si. The concentration
Cgi(L,0) increases rapidly, reaching a quasissteady-state value of ~ 66 at.%
at ~103 s, If the irradiation were uniform throughout the foil, this quasi-
steady state would be true steady state, at which theaSi concentrations at the
surface and center correspond to those indicated by tﬁe doited lines.

For t 2 103 s, the effect of radial defect f1uxé§ﬁis noticeable; Si atoms are
transported out of the irradiated zone in the radial direction, causing Si
enrichment in regions surrounding this zone [1]. The enrichment becomes more
and more apparent with increasing time, at the expense of severe Si depletion
in the central region; Cgi(0,0) decreases to practially zero. This depletion,
in turn, induces back~diffusion of Si from the.surface region into the foil
center, reducing Cgi{L,0) monotonica11y to smaller values at t > 4 x 103 S.

The effects of irradiation temperature; film thickness and irradiation-induced
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dislocations on the segregation kinetics are similar to the above case of Ni-
Al alloys.
Segregation-induced Precipitation. As can be seen in fig. 11, the

calculated Si concentration at the foil surface, Cgi(L,0), exceeds the
solubility limit, Cg; = 10.2 at.% [14] after a very short irradiation

time, t = 0.2 s. Thus, a film of the y'-Ni3Si phase can be expected to form
almost instantly. It should 2ppear first at the center of the beam where the
defect fluxes are greatest, then grow radially outward to cover the entire
irradiated area. VYarious stages of the film growth process observed during
the irradiation of a Ni-9.5 at.% Si alloy at 700°C are shown in fig. 12. The
growing films appeared as dark circular zones in bright-field images taken
with 220-matrix reflections. Figure 11 also indicates that the Si concen-
tration at the surface gradually decreases after ~ 4 x 103 s of irradiation.
This effect of radial segregation may lead to a gradual dissolution of the v'
surface film. In fact, electron diffraction patterns taken during irradiation
showed that superlattice reflections became weak and eventuale dissappeared
after long irradiation times.' However, since the intensity of superlattice
reflectiocns decreases very rapidly with increasing deviations from the exact
Bragg condition, particularly in thick foils, the gradual smearing out of the
superiattice reflections may be due to the very high dislocation densities
which develop in Ni-Si alloys.

Figure 12 also shows that a ring of v' particles forms outside the
jrradiated area (marked by arrows). This ring is a characteristic feature of
irradiations carried out with highly focused beams, and is due to the effects
of radial segregation. The Si enrichment outside the irradiated zone results
from the radial outflow of defects from the damage zone which induces a corre-

sponding outflow of Si atoms. The Y' ring was cbserved to move outward; for
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example, its inner radius increased from ~ 1.6 um to ~ 2.4 um when the

irradiation time increased from 900 s to 3.6 x 103 s.

Segregation and Phase Instability in Ni-Ge Alloys

In recent studies, precipitation of the v'-NijGe phase was observed at
sinks in Ni-Ge alloys [15-17]. It was found that the radiation-induced
segregation behavior in this system was generally similar to that in Ni-Si
alloys. We therefore expect that under highly-focused beam conditions, axial
segregation leading to Ge enrichment at the foil surfaces will dominate at
short irradiation times and that radial segregation, i.e., preferential tran-
sport of Ge out of the irradiated zone will dominate at longer times. More-
over, because the dislocation densities produced in the irradiated zones of
Ni-Ge alloys are generally much lower than in Ni-Si alloys, the effects of
radial segregation can be more dramatic, and, as a result, the transient
nature of axial segregation is more evident in this system than in Ni-Si
alloys. . A particular striking example of the effect in a Ni-10 at.% Ge alloy
irradiated at 600°C is shown in fig. 13. Initially, due to the effects of
axial segregation, a Y'-Ni3Ge precipitate film formed and grew rapidly on the
foil surfaces. However, after reaching a maximum thickness at t = 600 s, the
surface film dissolved into the matrix presumably under the influence of
radial segregation. The film disappeared completely after ~ 2.4 x 103 s of
irradiation. It is noted that a ring of v'-particles was observed rather
early in time, after ~ 300 s, on the edges of the irradiated region, and
shrank to disappeérance aE'the same time with the surface film. This ring
effect was much more pronounced when the heam diameter was reduced, as shown
in fig. 14, In Ni-6 at.% Ge alloys irradiated at the same temperature,

surface ' films were not observed, only y' particles appeared in the sub-
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surface regions. They -also dissolved completely after ~ 2.4 x 103 s, as in
the case of Ni-10 at.? Ge alloys. This rapid dissolution of the y'
precipitates observed in these alloys cannot be interpreted at present on the
basis of recent tracer-diffusion measurements, which indicate that the
activation enthalpy for Ge diffusion in Ni is not too different from that for
self-diffusion [18]. Further study will be needed in order to fully

understand the segregation kinetics in this system.

CONCLUDING REMARKS

Th; present theoretical predictions and experimental demonstrations of
complex kinetics of segregation that occurs in alloy films may provide useful
information in connection with the understanding of high-dose HVEM irradi-
ation-induced processes at elevated temperatures. The drastic modifications
of the alloy composition, and hence, phase destabilization, in the irradiated
zone must be taken into account in any analysis of property changes after a
long high-temperature HVEM irradiation. For example, current theoretical
models of radiation-induced precipitation in undersaturated solid solutions
[19] are based largely on resulis of in-situ HVEM irradiation experiments ‘
carried out with highly-focused electron beams. Because the effects of
damage-rate gradients were not recognized at the time, the interpretation of
the observed kinetics, in particular, the temperature and dose-rate depen-
dences, need to be reassessed.

Finally, these predictions of segregation-driven phase instability may
also be generalized to complex alloy systems, such as austenitic Fe-Cr-Ni
alloys. 1In fact, similar to the compositional evolution in the peak-damage
region of a proton-irradiated Fe-Cr-Ni sample [20], severe Ni depletion will

take place in the foil center as a consequence of radial segregation during
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HVEM irradiation. The local alloy composition is effectively shifted towards
the a-field of the phase diagram, i.e. an austenite-to-ferrite transformation
is highly favored in the central region. Thus; after a long HVEM irradiation,
the 1rradiafed zone will consist of a relatively thick layer of ferrite

embedded in the“austen'lte phase.
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FIGURE CAPTIONS

Fig. 1.

Fig. 2.

Fig. 3.

Fig. 4.

Fig. 5(a)

Fig. 5(b)

Schematic description of the cylindrical foil domain considered and

the spatial distribution of defect-production rates.

Time dependence of Cxq(0,0) and Caq(L,0) in a 0.4 um thick foil of a

Ni-7 at.% Al alloy irradiated at various temperatures.

Time dependence of Cp7(0,0) (solid curves) and Cay(L,0) (dashed
curves) in a 0.4 ym foil of a Ni-10 at.? Al alloys calculated for

T = 700°C and two values of pmax. 107 and 1010 dislocations/cmz.

The thin horizontal 1ine represents the Al solubility limit.

Time evolution of Cyy(0,0) (solid curves) and Cpy(L,0) (dasked
curves) in Ni-10 at.% Al alloy films of different thicknesses.
pMax - 1010 dislocations/cmz. The thin horizontal line represents

the Al solubility limit.

Time evolution of the Al concentrations at the center (solid curves)
and surface (dashed curves) of Ni-10 at.% Al aliloy films of differ-
ent thicknesses under uniform irradiation with K, = 103 dpa/s at
700°C. No internal sink was assumed. The thin horizontal line

indicates the Al solubility limit.

Bright-fieid micrographs showing microstructural charges in a Ni-10
at.% Al alloy irradiated at 700°C. Irradiation parameters:
2R = 10 um, K ™% = 1073 dpa/s, § ~ [100] and § = [220]. The

irradiation times are indicated. Note the absence of y' particles.
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Fig. 6. Phase instability in a Ni-10 at.% Al film irradiated at 700°C.
Irradiation parameters: 2R = 2.2 um, Kgax = 1073 dpa/s,

A ~ [100] and § = [220]. The irradiation times are indicated.

Fig. 7. (a) Bright-field micrograph showing the distribution of y' particles
in a Ni-10 at.% Al alloy film irradiated at 500°C with a highly
focused beam. Irradiation parameters:

2R = 2.2 um, KZ¥ = 1073 dpa/s, h ~ [100Jand § = [220]. Note that
the density of y' particles reflects the radial intensity
distribution of the electron beam.

(b) Corresponding selected-area-diffraction pattern showing v'

superlattice reflections.

Fig. 8. Temperature and time dependences of the Al concentrations at the
center (solid curves) and surface (dashed curves) of a 0.4 um foil
of a Ni-10 at.% Al alloy under uniform irradiation with K, = 10-3

dpa/s. The horizontal arrows indicate the Al solubility limits at

various temperatures.

Fig. 9. Time evolution of Cp9(0,0) (solid curves) and Cpq(L,0) (dashed
curves) in a 0.4 pm thick foil of a Ni-7 at.% Al alloy calculated
for T = 500°C and two values of p™%, 107 and 1010 distoca-
tions/cm?. The thin horizontal line represents the Al solubiiity
limit.



Fig. 10.

Fig. 11.

Fig. 12.

Bright-field images showing the microstructural evolution in a
Ni-7 at.% Al alloy film irradiated at 500°C. Irradiation
parameters: 2R = 2.1 um, Kgax = 1073 dpa/s,

n ~ [100] and § = [220]. The irradiation times are indicated.
Precipitation of Y' particles in the central region was observed

after ~ 7 hours of irradiation.

Time dependence of Cg;(0,0) and Cgi(L,0) in a C.4 um foil of a Ni-
9.5 at.3 S alloy calculated for T = £00 °C and o™X = 100 gisioca-
tions/cm®, The dotted lines indicate the corresponding steady-state
concentrations in the same foil under uniform irradiation with

Ko = 10-3 dpa/s. The thin horizontal 1ine represents the Si

- solubility limit.

Bright-field images showing various stages in the growth of
segregation-induced v' surface fi}ms on a Ni-9.5 at.% Si alloy foil
irradiated at 600°C. Irradiation parameters: 2R = 2.1 um,

K3 = 1.6 x 1072 dpa/s, 1~ [100] and § = [220]. The irradiation
times are indicated. 7The dark circular zones are regions of the
fiim that have exceeded the thickness necessary to give rise to
Moire fringe effects. The arrows mark the position of a ring of
discrete y' particles resulting from the effects of radial

segregation.



Fig. 13.

Fig. 14.
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Bright-field images showing various stages in the evolutien
segregation-induced v' surface films on a Ni-10 at.% Ge foil
irradiated at 60C°C. 1Irradiation parameters: 2R = 2.6 um,

KM% = 1.5 x 1073 dpass, # ~ [100] and § = [220]. The
irradiatioﬁ times are indicated. Note the disappearance of surface

filmns after'~ 40 minutes of irradiation.

Bright-field micrographs showing segregation-induced NijGe
precipitates in a Ni-10 at.% Ge al1loy. Irradiation parameters:

2R = 1.2 um, K™ = 1.6 x 107 dpa/s,  ~ [110], and (a) § = [002]
and (b) § = [Eéo]. The dark inner zone is the irradiated area
covered by a surface film of NijGe. The outer circular zone
contains a high density of discrete NijGe particles that result from

the radial outflow of Ge from the irradiated zone.
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Fig. 1. Schematic description of the cylindrical foil domain considered and

the spatial distribution of defect-production rates.
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Fig. 2. Time dependence of CM(O,O) and CM(L,O) in a 0.4 um thick foil of a

Ni-7 at.% Al alloy irradiafed at various temperatures.
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Time dependence of Cy;(0,0) (solid curves) and Cyy(L,0) (dashed
curves) in a 0.4 um foil of a Ni-10 at.% Al alloys calculated for
T = 700°C and two values of pT2X, 107 and 1010 dislocations/cmz.

The thin horizontai line represents the Al solubiiity limit,
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Fig. 4. Time evolution of C4y(0,C (solid curves) and Cap{L,0) (dashed
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the Al solubility limit.
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Fig. 5(a) Time evolution of the ! concentrations at the center (solid curves)
and surface (dashed curves) of Ni-10 at.% Al alloy films of differ-
ent thicknesses under uniform irradiation with K, = 1073 dpa/s at
700°C. No internal sink was assumed. The thin horizontal line

indicates the Al solubility limit.



Fig. 5(b) Bright-field micrographs showing microstructural changes in a Ni-10
at.% Al alloy irradiated at 700°C. Irradiation parameters:
28 =10 um, K™ = 1073 dpa/s, % ~ [100] and § = [220]. The

irradiation times are indicated. Note the absence of y' particles.
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Fig. 6. Phase instability in a Ni-10 at.3 Al film irradiated at 700°C.
Irradiation parameters: 2R = 2.2 um, Kgax = 1073 dpa/s,

A ~ [100] and § = [220]. The irradiation times are indicated.
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Fig. 7.

(a) Bright-field micrograph showing the distribution of y' particles
in a Ni-10 at.% Al alloy film irradiated at 500°C with a highly

focused beam. Irradiation parameters:
2R = 2.2pm, K" = 1073 dpa/s, i ~ [100] and § = [220]. Wote that

the density of v' particles reflects the radial intensity

distribution of the electron beam.

(b) Corresponding selected-area-diffraction pattern showing v'

superlattice reflections.
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Temperature and time dependences of the Al concentratious at the

center (solid curves) and surface (dashed curves) of a 0.4 im foil
of a Ni-10 A:.z Al alloy under uniform irradiation with Ko - 10-3
dpa/s. The horizontal arrows indicate the Al solubility limits at

various temperatures.
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Time evolution of C4;(0,0) (solid curves) and Cp3(L,0) (dashed
curves) Iin a 0.4 um thick foil of a Ni-7 at.Z Al alloy calculated
for T = S00°C and two values of p™2%, 107 and 1010 disloca-

cions/cmz. The thin horizontal line represents the Al solubilicy

limic.



Fig. 10.

Bright-field images showing the microstructural evolution in a

Ni-7 at.Z Al alloy film irradiated at 500°C. Irradiation
parameters: 2R = 2.1 .um, Kzax = 1073 dpa/s,

a -~ [{100] and E = [220]. The irradiation times are indicated.

Precipitation of Y' particles in the central regioa was observed

after ~ 7 hours of irradiation.
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Time dependence of Csi(0.0) and cSi(I"O) in a 0.4 um foil of a Ni-
9.5 at.Z St alloy calculated for T = 600 °C and o™X = 101C disloca-
cions/cmz. The dotted lines indicate the corresponding steady-state
concentrations ia the same foil under uniform irradiation with

K, = 1073 dpa/s. The thin horizontal line represents the Si

solubility limit.



Fig. 12.
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Bright-field images showing various stages in the growth of

segregation—-induced Y' surface films on a N1-9.5 at.X Si alloy foil
ifrradiaced at 600°C. Irradfation parameters: 2R = 2.1 um,

KOA% = 1.6 x 1073 dpa/s, & ~ [100) and g = [220]. The irradiation
times are indicated. The dark circular zones are regions of the
film that have exceeded the thickness necessary to give risé to
Moire fringe effects. The arrows mark the position of a ring of

discrete Y' particles resulting from the effects of radial

segregation.



Fig. 13.

Bright-field ifmages showing various stages in the evolution

segregation—induced Y' surface films on a Ni-10 at.Z Ge fcil
irradiated at 600°C. Irradiation parameters: 2R = 2.6 um,

K™% = 1.5 x 107 dpa/s, @ ~ [100] and £ = [220]. The
irradiation times are indicated. Note the disappearance of surface

films after ~ 40 minutes of irradiation.



Fig. 14. Bright-field micrographs showing segregation-induced Ni;Ge
precipitates in a Ni-10 at.% Ge alloy. Irradiation parameters:
2R = 1.2 um, K3 = 1.6 x 1073 dpa/s, # ~ [110], and (a) § = [002]
and (b) § = tEéo]. The dark inner zone is the irradiated area
covered by a surface film of NijGe. The outer circular zoner
contains a high density of -discrete NijGe particles that result from

the radial outflow of Ge from the irradiated zone.



