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Abstract—The influence of intermetallic Ni3Al precipitates on the accumulation of vacancy defects in aged
Fe–Ni–Al alloy at the initial stages of electron irradiation (5 × 10–4 dpa) at a temperature of 573 K has been
studied using positron annihilation spectroscopy. The obtained results demonstrate that intermetallic precip-
itates inhibit the process of the accumulation of vacancy defects under irradiation. It has been found that these
precipitates facilitate the mutual recombination of point defects that form under irradiation. This effect has
been attributed to elastic stresses at the precipitate–matrix boundaries.
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INTRODUCTION
Structural materials used in nuclear reactors are

subject to severe conditions, such as high temperature,
corrosive action of the coolant, mechanical stresses,
vibration, and intense neutron irradiation. This results
in rapid degradation of materials, which limits their
use and may eventually cause accidents. The current
objectives for nuclear-power engineering, including
increasing the burn-up fraction, minimizing the
amount of radioactive waste, etc., and the develop-
ment of new reactor types impose even stricter
requirements on the durability of structural materials.
Therefore, the development of materials with
improved parameters (fine mechanical strength, plas-
ticity, radiation resistance, and corrosion resistance
[1, 2]) is a crucial task.

Austenitic stainless steels and alloys are among the
materials that meet the above requirements optimally.
These alloys offer a well-established process technol-
ogy and fine performance characteristics, are rela-
tively cheap, and their radiation resistance is rather
well-studied. However, austenitic steels and alloys are
prone to radiation-induced swelling (increase in the
linear dimensions under irradiation), which is the pri-
mary factor that limits their use.

The void swelling of steels and alloys is induced by
the accumulation of vacancy-type defects [1–4]. This
is in turn associated with the varied efficiency of
absorption of vacancies and interstitial atoms, which
are produced under irradiation, by sinks (dislocations,
grain boundaries, etc.). The oversaturation with
vacancies can be managed by introducing either a

large number of additional sinks of point defects or
centers that markedly enhance their recombination
[5]. Coherent intermetallic Ni3Al(Ti,Si)-type parti-
cles, which are produced in aging steels and alloys, can
serve as such sinks or recombination centers. If a large
number (~1024 m–3) of fine precipitates coherent with
the matrix are present in alloys, the swelling may be
reduced by several times (compared to similar steels
and alloys without precipitates) [6–8].

The effect of intermetallic precipitates on the
swelling of structural materials has been discovered
more than 30 years ago, but its mechanism still
remains unclear. One of the primary reasons for this is
the lack of systematic studies of the influence of inter-
metallic precipitates on the behavior of point defects
under irradiation (specifically, the influence of the
chemical composition of precipitate particles, their
size and density, and the irradiation conditions, such
as the temperature, dose, etc.). These data could shed
light on the mechanisms of influence of precipitates
on the accumulation of radiation defects.

It should be noted that austenitic stainless steels are
multicomponent systems. They normally contain var-
ious process-related impurities (e.g., boron, carbon,
and phosphorus), which may interact with defects. In
addition, multiple coherent and incoherent second-
phase precipitates are produced in steels in the course
of thermal annealing or irradiation. They also interact
with point defects. This complicates the analysis of
experimental data. Therefore, the behavior of defects
in model austenitic iron–nickel alloys is of consider-
able interest.
741
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Table 1. Fe–Ni–Al alloy aging regimes and the parameters
of precipitates

Aging 
regime

Average 
particle size, 

nm

Particle 
density, 
1022 m–3

Volume 
fraction, %

823 K, 3 h 1 460 0.24
923 K, 3 h 5 10 0.65
923 K, 35 h 8 5.4 1.45
The study of behavior of point defects in alloys and
steels at the initial stages of irradiation (up to 1 dis-
placement per atom (dpa)) allows one to identify the
specific features of interaction between radiation
defects and intermetallic precipitates. Small accumu-
lations of defects in the form of loop nucleus or three-
dimensional clusters, which grow and evolve into dis-
location loops or pores, respectively, form at these
stages. The structure of defect accumulations that
emerge at the early stages of irradiation sets the prop-
erties and the defect structure of a material irradiated
to high doses (1 dpa and higher). The initial material
microstructure formed prior to irradiation remains
unchanged at low doses, which simplifies the analysis
of the observed processes.

Positron annihilation spectroscopy (PAS) is one of
the most efficient methods for examining the behavior
of defects at the early irradiation stages. Positrons are
a well-known probe for vacancy-type defects [9]. PAS
is highly sensitive to defects in terms of their size (0.1–
3 nm) and density (10–3–10–6 per atom). Due to its
high sensitivity and selectivity toward vacancy-type
defects, PAS allows one to study the behavior of radi-
ation defects at the initial stage of radiation damaging
(up to 10–3 dpa). In addition, we have demonstrated in
[10] that positrons interact with nanosized Ni3Al pre-
cipitate particles. This results in positron confinement
in intermetallic precipitates, which is induced by the
preferential affinity of positrons to precipitate parti-
cles. This effect makes it possible to study the elec-
tronic and atomic structure of particles. It is hard or
even impossible to obtain these data using other meth-
ods (specifically electron microscopy).

Electron irradiation is the most efficient method of
defect production for studies into the interaction of
defects with microstructural elements of steels and
alloys. In contrast to neutron or ion irradiation, elec-
tron irradiation produces freely migrating point
defects (vacancies and interstitial atoms), thus provid-
ing the opportunity to examine the interaction of
defects of various types with impurities and lattice
imperfections of an alloy.

We have already used PAS in [11] to study the accu-
mulation and annealing of vacancy defects in Fe–Ni–
Al alloys with different initial microstructures (solu-
tion-annealed or aged under varying conditions) at
low irradiation temperatures (300–423 K). In the
present study, the influence of intermetallic Ni3Al
precipitates on the accumulation of vacancy defects in
the same alloy at a higher irradiation temperature of
573 K is analyzed. Some of the results presented below
have already been published earlier in [12–14].

MATERIALS AND TECHNIQUES
The Fe–Ni–Al alloy containing 31.2 at % Ni and

10.8 at % Al was studied. This alloy is an aging one.
Coherent particles of the γ'-phase type Ni3Al precipi-
PHYSICS OF META
tate within it in the course of annealing at tempera-
tures above 700 K. The studied samples had the form
of plates 10 × 10 × 0.2 mm3 in size. Following rolling,
cutting, and electrolytic polishing, the samples were
annealed at 1373 K in the atmosphere of refined
helium for 1 h and subjected to water quenching at a
rate of ~500 K/s. The annealing and quenching
regimes were chosen so as to suppress the formation of
intermetallic precipitates during cooling. The
quenched samples were polished electrolytically in
order to remove surface contamination. Some
quenched alloy samples were annealed at 823 and
923 K for 3–35 h with subsequent water quenching.

The microstructure and the phase composition of
quenched and aged samples were examined using a
JЕМ-200 СХ transmission electron microscope
(TEM) at an accelerating voltage of 160 kV and a
DRON-2 X-ray diffractometer. The X-ray diffraction
analysis of quenched samples revealed a 100% austen-
itic phase. According to the TEM data, the average
grain size was ~50 μm, and the dislocation density was
~1011 m–2.

The TEM studies of aged samples demonstrated
that intermetallic particles of the Ni3Al γ'-phase
formed in the alloy after aging at 823–923 K. The size
and the density of particles were determined based on
dark-field images with superstructure reflections. The
aging regimes and the parameters of precipitates are
presented in Table 1. A detailed description of the
results of an examination of the initial microstructure
of aged samples was given in [13].

The alloy samples with different initial microstruc-
tures were irradiated with 5-MeV electrons from a lin-
ear accelerator at 573 K. The electron beam was
scanned over the sample surface for uniform irradia-
tion. The temperature was maintained within ~5 K of
the target value in the course of irradiation. The max-
imum fluence was 5 × 1022 electrons/m2. According to
the results of calculations with the modified Kinchin–
Pease model [15], this corresponds to a damaging dose
of ~5 × 10–4 dpa.

The defect structure of samples was determined
using the angular correlation of annihilation radiation
(ACAR) method, which is one of the PAS techniques
[9, 16]. ACAR studies were conducted using a spec-
trometer with a resolution of 1 mrad × 160 mrad. The
LS AND METALLOGRAPHY  Vol. 119  No. 8  2018
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Fig. 1. Dependences of (a) S parameter and (b) W param-
eter on the electron fluence for different Fe–Ni–Al alloy
samples irradiated at 573 K: solution-annealed sample (j)
and samples containing precipitates with average sizes of
1 (s), 5 (m), and 8 nm (e).

0.011

0.012

0.013

0.014

0.015

0.016

0.017
0.525

0.530

0.535

0.540

0.545

0.550

0.555

0 1 2

W
, a

rb
. u

ni
t

S,
 a

rb
. u

ni
t

Wf

Sf

3

(b)

(а)

4 5

Φ, 1022 m–2
68Ge radionuclide with an activity of ~400 MBq served
as the positron source. Approximately 5 × 105 coinci-
dence counts were accumulated in each ACAR spec-
trum. All measurements were performed at room tem-
perature. The ACAR spectra are dependences of the
coincidence counting rate on angle θ (where θ is the
deviation of the propagation angle of annihilation
γ quanta from 180°). Angle θ = pz/m0c, where pz is the
transverse momentum component of an electron–
positron pair, m0 is the rest mass of an electron, and c
is the speed of light in vacuum. Since a positron is
thermalized in the sample, θ is defined by the momen-
tum of an annihilating electron. Thus, the ACAR
spectrum characterizes the momentum distribution of
annihilating electrons. The algorithm of the ACAR
spectra processing was discussed in detail in [12].

The shape of the ACAR spectra changes when pos-
itrons are captured by vacancy defects or intermetallic
precipitate particles, since the electron structure of
defects and particles differs from that of the alloy.
These changes were characterized by the standard S
and W parameters defined as the ratios of areas of the
PHYSICS OF METALS AND METALLOGRAPHY  Vol. 1
low-momentum (pz ≤ 3 × 10–3 m0c) and the high-
momentum (15 × 10–3 m0c ≤ pz ≤ 25 × 10–3 m0c) spec-
tral regions, respectively, to the overall area under the
spectrum.

The low-momentum spectral region corresponds
to the annihilation of positrons with valence electrons.
The variations in the ACAR spectra (and, conse-
quently, the S parameter) in this region are governed
by the density of positron trap centers. The values of
the S parameter increase both with the annihilation of
positrons captured by the vacancy-type defects and
annihilation in the Ni3Al particles.

The high-momentum region corresponds to the
annihilation of positrons with electrons of ion cores.
The electrons of inner shells are tightly bound to the
nucleus and are almost unaffected by chemical bond-
ing and the crystal structure. Therefore, the shape of
the ACAR spectra in the high-momentum region (and
the W-parameter value) is governed by both the den-
sity of positron trap centers and the electron-shell
structure of atoms surrounding the trap center [10, 12].
A complex analysis of variations in the S and W
parameters allows one to identify the density, type,
and chemical environment of the positron annihila-
tion centers.

RESULTS
Figure 1a shows the dependence of the S parameter

on the electron fluence for Fe–Ni–Al samples with
different initial microstructures irradiated at 573 K.
Prior to irradiation, the S parameter for the solution-
annealed alloy sample (series SA) matches the Sf value
that characterizes the annihilation of positrons from a
free (defect-free) state [11]. The initial values of the S
parameter for aged alloys exceed those for the sample
of the SA series.

When the solution-annealed sample is irradiated, the S
parameter increases with fluence up to 2 × 1022 m–2 and
levels off. The S parameter in aged alloys containing
Ni3Al precipitates remains almost unchanged as the
fluence increases in the course of irradiation. It should
be noted that positrons in aged samples can interact
with both vacancies and Ni3Al particles. Both pro-
cesses result in an increase in the value of the S param-
eter. The dominant positron trap centers in alloy sam-
ples are discussed below.

Figure 1b presents the dependences of the W
parameter on the electron fluence for alloy samples
with different initial microstructures. It can be seen
that the initial values (determined prior to irradiation)
of the W parameter for the solution-annealed sample
match the Wf value that corresponds to the annihilation
of positrons from a free state. The initial values of the W
parameter for alloys containing Ni3Al precipitates
exceed the Wf value, which is indicative of the posi-
tron’s localization within the precipitate particles [10].
19  No. 8  2018
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Fig. 2. S–W correlation diagram for Fe–Ni–Al alloy sam-
ples that differ in the initial microstructure and were irra-
diated to different f luences: solution-annealed sample (j)
and the samples containing precipitates with average sizes
of 1 (s), 5 (m), and 8 (e) nm. Numbers denote the electron
fluence (×1022 m–2).
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The W parameter for the solution-annealed sample
decreases with an increase in f luence. This suggests
that positrons are captured by vacancy-type defects.
However, the W parameter increases slightly at Φ ≥
4 × 1022 m–2. The W parameter for the sample con-
taining particles of Ni3Al precipitate with an average
size of 1 nm is almost independent of the f luence. In
alloy samples containing Ni3Al precipitate particles
with average sizes of 5 and 8 nm, the W parameter
decreases with an increase in f luence through to 3 ×
1022 m–2. As the f luence increases further, the W
parameter for aged samples starts to increase and
reaches the initial (preirradiation) value at Φ = 5 ×
1022 m–2.

DISCUSSION

Dominant Positron Trap Centers 
in the Irradiated Fe–Ni–Al Alloy

The S–W plot in Fig. 2 is a convenient tool for
identifying the type of positron trap centers dominant
in alloys with different initial microstructures. The
“Init” point in Fig. 2 is the initial point that corre-
sponds to the annihilation of positrons from a free state,
i.e., to the annihilation parameters for the solution-
annealed alloy in the nonirradiated state. The numbers
in Fig. 2 denote the electron fluence (×1022 m–2). If
only one type of trap center is present in an alloy, the
corresponding points lie on a single straight line pass-
ing through the initial point. The slope of this line
characterizes the type of positron trap centers, and the
distance between the point of interest and the initial
point corresponds to the density of trap centers of the
respective type. The lines that correspond to the anni-
hilation of positrons captured by vacancy defects and
intermetallic precipitate particles are denoted as
“Def” and “Prec” in Fig. 2, respectively.

It can be seen that the points for the solution-
annealed alloy irradiated with electrons to Φ = 2 ×
1022 m–2 lie on the “Def” line. This suggests that,
here, positrons are captured only by vacancy-type
defects. As the f luence increases further, the points
shift upward. This is indicative of the emergence of
other positron trap centers. We have demonstrated
recently in [17] that the radiation-induced formation
and growth of intermetallic nanoparticles occur in the
Fe–Ni–Al alloy in the course of irradiation at 573 K.
It was already noted that these particles are positron
trap centers. Thus, the upward shift of points away
from the “Def” line provides evidence of the positron
capture both by vacancy-type defects and nanosized
Ni3Al particles.

The position of points for the aged alloy that con-
tains precipitate particles with an average size of 1 nm
remains almost unchanged as the f luence increases.
This suggests that positrons annihilate exclusively
from the Ni3Al-captured state, and the size and the
PHYSICS OF META
density of Ni3Al nanoparticles do not change upon
irradiation. This also demonstrates that vacancies are
lacking in the irradiated alloy. Thus, ultrafine precipi-
tate particles completely suppress the accumulation of
vacancies in the course of irradiation at the given tem-
perature.

When the f luence increases, the points for the alloy
containing precipitate particles with an average size of
5 nm shift downward. This is attributed to the partial
capture of positrons by vacancy defects. At the same
time, positrons are also captured here by precipitate
particles. The curve rises again as the f luence increases
further, and the annihilation parameters for the irradi-
ated alloy at Φ ≥ 4 × 1022 m–2 are almost the same as
those corresponding to the initial (nonirradiated)
alloy. This implies that the fraction of positrons cap-
tured by vacancy defects decreases at higher f luences,
while the fraction of positrons localized within precip-
itates increases. It also follows that the vacancies
formed at low fluences are annealed completely at
sinks or recombine with interstitial atoms in the course
of further irradiation. Just as in the solution-annealed
alloy, secondary precipitate particles emerge here after
irradiation [17]. As a result, the overall density of pre-
cipitates present in the alloy increases, which
enhances the influence of precipitates on the behavior
of defects under irradiation.

A similar effect is also observed in the sample con-
taining Ni3Al precipitate particles with an average size
of 8 nm (see Fig. 2). It should be noted that the point
that corresponds to a f luence of 5 × 1022 m–2 in this
alloy lies further away from the Init point than the ini-
tial (preirradiation) point. Therefore, the density of
precipitates or their size increase in this alloy under
irradiation.
LS AND METALLOGRAPHY  Vol. 119  No. 8  2018



POSITRON ANNIHILATION SPECTROSCOPY OF THE ACCUMULATION 745
Possible Mechanisms of Interaction 
between Coherent Precipitate Particles and Point Defects

The data presented above demonstrate that precip-
itate particles affect the accumulation of vacancy
defects in the course of irradiation at 573 K. It should
be noted that the capture of positrons by vacancy
defects is transition-limited: the annihilation charac-
teristics are governed by the probability of the positron
transition from a free state to a localized one [18].
Capture by precipitates is diffusion-limited, and the
annihilation characteristics are governed here by the
ratio between the diffusion length of a positron and
the average distance between precipitates [19]. Since
mathematical models for calculating the defect density
from annihilation parameters of alloys with both types
of positron trap centers present are lacking in the liter-
ature, we did not determine the density of vacancies
produced in alloys after irradiation at 573 K. However,
it follows from the results of qualitative analysis (see
above) that the rate of the accumulation of vacancy
defects under irradiation in aged alloys is lower than
the corresponding rate in solution-annealed alloys.
The accumulation of vacancy defects is not observed
at all in alloy containing precipitates with average sizes
of 1 nm.

We have demonstrated in [11] that precipitates
enhance the mutual recombination of defects. This
effect is attributed to the influence of elastic-stress
fields, which emerge at the precipitate–matrix bound-
ary due to the difference in lattice parameters between
the precipitate and the matrix. Since the lattice
parameter of Ni3Al is lower than that of the alloy
matrix, compression stresses emerge at the precipi-
tate–matrix boundary. According to the hypothesis
put forth by the authors of [20], interstitial atoms (IAs)
produced upon irradiation move away from precipi-
tates under the influence of elastic stresses, while
vacancies move in the opposite direction. Thus, point
defects move toward each other, which enhances their
mutual recombination.

Precipitates can also serve as sinks for point
defects. Due to the presence of elastic stresses at the
precipitate–matrix boundary, precipitates capture
migrating point defects. The capture of defects of oppo-
site types leads to their mutual recombination at the
precipitate–matrix boundaries. This also enhances the
mutual recombination of point defects.

It should be noted that precipitates can serve as
weak sinks for point defects [21], since the magnitude
of elastic stresses that act at the precipitate–matrix
boundary and, consequently, the precipitate–defect
binding energy are rather low [22]. The defects cap-
tured by the precipitate–matrix boundaries are then
emitted back into the alloy matrix with a certain delay,
which results in the additional enhancement of the
mutual recombination of point defects [21, 23–25].
Since IAs have a higher mobility than vacancies, they
PHYSICS OF METALS AND METALLOGRAPHY  Vol. 1
reach the boundaries of precipitates first and are cap-
tured by them. These IAs are emitted back into the
alloy matrix with a certain delay, which is defined by
the IA–precipitate binding energy, and recombine
with vacancies. As a result, regions of enhanced
recombination of point defects form around precipi-
tates [25, 26]. The radius of these regions depends on
the mobility of point defects and, consequently,
increases with temperature. The overall volume of
these regions is directly proportional to the density of
precipitates. Thus, the efficiency of precipitates
increases with the irradiation temperature and the
degree of dispersion of precipitates, which is what was
observed in the experiment.

Another feature of the studied alloy should be
noted. We have demonstrated in [11] that the effect
observed under irradiation at 423 K was strongest in
the alloy containing precipitates with an average size
of 5 nm. The rate of accumulation of vacancy defects
under irradiation in the alloy containing particles with
an average size of 1 nm was only slightly lower than the
rate of defect accumulation in the annealed alloy.
However, in the case of irradiation at 573 K, the effect
was strongest in the alloy with 1-nm particles. We have
hypothesized in [11] that the majority of particles here
are seed precipitates, which have almost no effect on
the behavior of point defects. It is fair to assume that,
due to radiation-induced aging, these seeds trans-
formed into the proper γ'-phase at the very beginning
of irradiation at 573 K. As a result, the density and the
efficiency of Ni3Al precipitates in the alloy increased.
The precipitate structure remained unchanged at later
stages, which is attributed to the short distance between
the precipitates and, consequently, to the short free path
of defects. The effect may also be caused by the operation
of several mechanisms of the precipitate–point defect
interactions with their efficiencies, which depend in var-
ious ways on the irradiation conditions and the initial
microstructure of the alloy.

CONCLUSIONS

The influence of intermetallic Ni3Al precipitates
on the accumulation of vacancy defects in the aged
Fe–Ni–Al alloy under irradiation at a temperature of
573 K was studied using positron annihilation spectros-
copy. It was found that intermetallic precipitate parti-
cles inhibit the process of the accumulation of vacancy
defects at the initial stages of irradiation (10–4 dpa).
This effect depends on the size, density, and type of
particles. The results of analyzing the experimental
data suggest that precipitates facilitate the mutual
recombination of point defects that form under irradi-
ation. This is attributed to elastic stresses at the precip-
itate–matrix boundaries.
19  No. 8  2018
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