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INTRODUCTION

The knowledge of mechanisms of radiation�
induced damage and radiation stability is a necessary
condition for the development of new promising
structural materials for nuclear reactors. Changes in
mechanical characteristics of materials due to irradia�
tion are primarily related to the evolution of their
microstructure. Depending on the type and energy of
the ionizing radiation, radiation�induced damages
appear either as clusters of interstitial or vacancy
defects, which are formed during the passage through
cascades of atomic displacements and their evolution,
or as single movable point defects [1]. Freely migrating
defects can substantially accelerate processes of the
transformation of the microstructure in real materials
(that is most frequently metastable), which tend to
bring these materials into an equilibrium state. Com�
peting processes that lead to the appearance of non�
equilibrium states due to the retention of a system in a
nonequilibrium state during irradiation can also be
stimulated. The main nonequilibrium processes are
processes of the formation of defect clusters and segre�
gates of elements up to the appearance of precipitates.
These segregates can be homogeneous, but most fre�
quently they appear on clusters of point defects, dislo�
cations, grain boundaries, and interfaces [2, 3]. In
many cases, the irradiation of metals leads to their
radiation�induced strengthening due to the formation
of a specific defect structure (which consists of clusters
and complexes of defects), vacancy pores, dislocation
loops, etc. [2, 3]. In steels and alloys, changes in
mechanical properties can result from additional fac�

tors, namely, structural and phase transformations.
Radiation�induced structural and phase transforma�
tions (the phase separation of solid solutions [4, 5] and
precipitation hardening [6] during irradiation) require
a comprehensive study with account for the interac�
tion of point defects with impurities and alloying ele�
ments using model systems to develop a new genera�
tion of materials for nuclear power engineering.

The amount and sizes of precipitates of new phases
that are formed during the aging and irradiation of
stainless steels and alloys affect many macroscopic
characteristics of these materials. This concerns the
mechanical characteristics and the susceptibility to
vacancy swelling [7]. Phase formation under irradia�
tion substantially depends on a number of factors,
such as, the type of radiation, the exposure dose, and
the irradiation temperature [2, 3, 7].

Invar Fe–Ni alloys possess unique magnetome�
chanical properties. They are promising structural
materials for nuclear power engineering and are used
as model materials to study the behavior of austenitic
stainless steels under various external effects. The
investigation of these alloys can be helpful in under�
standing processes that occur in more complex sys�
tems. The as�quenched Fe–Ni–Ti and Fe–Ni–Al
alloys are supersaturated solid solutions; in the course
of the aging of these alloys, an ordered γ' phase precip�
itates, the composition of which is close to Ni3Ti or
Ni3Al [8, 9]. These phases have a lattice parameter
close to that of the matrix and are coherently bound
with it.
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The aim of this work was to carry out a complex
study of processes of the radiation�induced aging of
the Fe–Ni, Fe–Ni–Ti, and Fe–Ni–Al alloys, as well
as of specific features of structural and phase transfor�
mations occurred and changes in the mechanical
characteristics of the alloys. The alloys were irradiated
at 423 K using electron radiation, which generated
freely migrating point defects.

EXPERIMENTAL

The objects of the study were the model alloys Fe–
34.7 at % Ni (Fe–Ni), Fe–34 at % Ni–3 at % Ti
(Fe⎯Ni–Ti), and Fe–31.2 at % Ni–10.8 at % Al
(Fe⎯Ni–Al) prepared by vacuum melting using pure
components. Specimens of the alloys were rolled,
drawn, and cut; after that, they were electrolytically
polished, annealed in pure helium for 1 h at 1473 K,
and quenched in water at a rate of 1000 K/s. The X�ray
diffraction (XRD) data show that all the alloys are in a
single�phase perfectly austenitic state.

The XRD structural analysis of the quenched spec�
imens was carried out using a DRON�2 diffractome�
ter. Measurements of the residual electric resistivity,
dilatometry, and electron microscopy were also used.
The mechanical characteristics of the specimens were
determined.

The mechanical characteristics and the electric
resistivity were measured using wires ~0.2 mm in
diameter. The mechanical tests were carried out using
an FP�100 testing machine at room temperature and a
strain rate of 1.5 × 10–3 s–1. The yield stress, the ulti�
mate strength, and the relative elongation were calcu�
lated using the stress–strain curve taking into account
the geometric dimensions of the specimens. The resid�
ual electric resistivity was measured using the standard
potentiometric method with a measurement error of
0.02%.

Dilatometry was performed using a DL�1500 RHP
dilatometer in the dynamic mode in the range of room
temperature to 373 K with a constant rate of heating of
2 K/min in pure helium. The specimens for measure�
ments were plates ~0.15 mm thick.

The electron�microscopic examinations were car�
ried out using a JEM�200 CX electron microscope at
an accelerating voltage of 160 kV. The specimens were
shaped as thin foils. Particles of the second phase were
identified using the dark�field procedure.

The Fe–Ni–Ti alloy was additionally studied using
scanning tunnel microscopy (STM). At the initial
stages of the formation of the new phase, when precip�
itates are not greater than a few nanometers in size, the
coherency and dispersity of the precipitates make it
difficult to examine them using standard methods
(electron microscopy or XRD). STM allows one to
examine nanosized objects. The capabilities of STM in
the case under consideration and the procedure of
measurements were described in our previous work
[10]. The examinations were carried out using an

STM�U1 scanning tunnel microscope. After each
stage of annealing or irradiation, the specimens were
electrolytically etched to a depth of a few microns to
remove surface contaminations and to reveal the
microstructure. To obtain a detailed information on
the state of each specimen, ten or more images of var�
ious portions of its surface were taken. The alloys were
irradiated by electrons with an energy of 5 MeV at
423 K to a fluence of 5 × 1018 cm–2 in pure helium. The
irradiated and unirradiated specimens were isother�
mally annealed at 473 and 923 K.

RESULTS

The electron�microscopic examination of the
microstructure of the alloys has shown that the average
grain size in all of the alloys is 20–30 µm. Upon
quenching from 1473 K and the irradiation by elec�
trons at 423 K to a fluence of 5 × 1018 cm–2, the density
of dislocation loops in the N36 alloy is 4.2 × 1016 cm–3,
the loop size is ~8 nm, and the density of dislocations
is ~5 × 1010 cm–2.

The examination of the microstructure of the Fe–
Ni–Al alloy has shown a tweed (ripple�like) contrast
for all the specimens (both after quenching and after
irradiation by electrons). This contrast can be clearly
seen in the extinction contours. Upon quenching, dis�
locations are rare, and their density is 2 × 109 cm–2.
After irradiation by electrons, the density of disloca�
tions somewhat increases, and stacking faults can be
sometimes seen. Upon irradiation to a fluence of 5 ×
1018 cm–2, the density of dislocations is ~ 3 × 109 cm–2.
No precipitates of the secondary phase have been
detected, possibly due to their small size and to their
coherency with the matrix. After 5 h of thermal aging
at 923 K, a ~8�nm secondary�phase precipitate of a
Ni3Al type has been found.

In the Fe–Ni–Ti alloy, the evolution of intermetal�
lic�compound precipitates was additionally studied
using STM. In the as�quenched alloy, hardly any pre�
cipitates was found. They have also not been detected
after this alloy was annealed at a temperature equal to
the irradiation temperature (423 K). After the irradia�
tion of the alloy at 423 K, the formation and growth of
the precipitates were observed. Figure 1 shows the
dependence of the average size of the precipitates on
the electron fluence. It can be seen that, with an
increase in the irradiation dose, the growth in the pre�
cipitate size gradually decelerates. The size distribu�
tion of the precipitates after irradiation to the maxi�
mum dose of 5 × 1018 cm–2 has been obtained (Fig. 2).
The average size of the secondary�phase precipitates is
4 nm. The density of the precipitates is ~2 × 1017 cm–3

and remains almost unchanged in the course of irradi�
ation. This figure also shows the results of annealing
(at a temperature of 473 K) the specimen irradiated at
423 K for a period comparable to the duration of irra�
diation. It can be seen that the distribution function
hardly changed due to annealing. This indicates that,
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at the above�mentioned temperatures, no substantial
activation of the thermal diffusion of Ti occurs.

The experimental data on the thermal aging of the
as�quenched alloy show that the formation of the new
phase begins at a temperature of ~550 K. The cur�
rent–voltage characteristics (CVCs) were obtained for
various portions of the specimen. At the characteristic
sites, the CVCs were recorded at least at ten points. For
comparison, in addition to CVCs for the irradiated
specimens, they were also obtained for the unirradi�
ated as�quenched specimen (the matrix) and for the
Ni3Ti specimen. At sites of nanosized precipitates, the
CVC for the irradiated specimen is similar to that for
the Ni3Ti specimen and substantially differs from that
for the matrix. This allows us to assume that the nano�
sized precipitations resulted from the irradiation have
the composition Ni3Ti. This conclusion agrees with
the electron�microscopic data [10]. Figure 3 shows the
dependences of the residual electric resistivity of the
alloys on the electron fluence obtained at 423 K. It can
be seen that the residual electric resistivity increases
with increasing electron fluence. The increment in the
residual electric resistivity in the Fe–Ni alloy is substan�
tially greater than that in Fe–Ni–Al and Fe–Ni–Ti
alloys.

It is known that the residual electric resistivity in
these alloys is sensitive both to the phase separation of
the solid solution and to the formation of secondary�
phase precipitates [11]. The increase in the electric
resistivity of the Fe–Ni–Al and Fe–Ni–Ti alloys (due
to the irradiation and the irradiation, followed by the
annealing) at the used exposure doses is caused by the
decomposition of the solid solution, i.e., by the forma�
tion and growth of the precipitates of the intermetallic
γ' phase (see Figs. 1, 2). In the Fe–Ni alloy, the phase
separation of the solid solution occurs.

Figure 4 shows the results of measuring the coeffi�
cient of thermal expansion (CTE) of the alloys at a
temperature of ~320 K after the electron irradiation,
which indicate an increase in the CTE of all the alloys

due to the irradiation. For the Fe–Ni alloy, an increase
in the CTE indicates the occurrence of the processes
of phase separation, as was shown in [5]. For the
Fe⎯Ni–Al and Fe–Ni–Ti alloys, the initial CTE is
substantially higher than that for the Fe–Ni alloy,
since this takes place after irradiation. The Fe–Ni–Al
and Fe–Ni–Ti alloys exhibit similar behaviors in the
course of the irradiation. An increase in their CTEs is
due to the formation of secondary�phase precipitates.

Figure 5 shows the dependences of the mechanical
characteristics of the Fe–Ni, Fe–Ni–Al, and Fe–
Ni–Ti alloys on the irradiation dose. It can be seen
that at the initial stage of the irradiation radiation�
induced strengthening occurs. With a further increase
in the irradiation dose (to 1.5 × 1018 cm–2), the yield
stress decreases, unlike the Fe–Ni alloy. Similar
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Fig. 1. Dependence of the average size of intermetallic�
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dependences are obtained for the ultimate strength.
The ductility of the Fe–Ni alloy initially decreases;
then, at a dose of over 1.5 × 1018 cm–2, it remains
almost unchanged. The ductility of the Fe–Ni–Al and
Fe–Ni–Ti alloys changes only slightly; with an
increase in the irradiation dose, the ductility tends to
decrease.

DISCUSSION

It is known that, in modified alloys, solid�solution
hardening (with no new phases appeared) occurs due
to the blockage of dislocations by impurity atoms [13].
In our case, the higher yield stress and ultimate
strength, as well as a lower ultimate elongation, for the
quenched Fe–Ni–Al and Fe–Ni–Ti alloys compared
to those for the Fe–Ni alloy are apparently related
only to the solid�solution hardening because of the
presence of Ti and Al in the solid solution. In the case
of the solid�solution hardening, an increase in the

yield stress  is described by the following expres�
sion [13]:

 = ZGε3/2c1/2, (1)

where Z = 1/760; G is the shear modulus; ε is the dis�
crepancy parameter related to the difference in the lat�
tice parameters of atoms of the dissolved elements and
the matrix, as well as in the moduli of elasticity of these
elements and the matrix; and c is the concentration of
atoms of the dissolved elements.

As was shown above, in the Fe–Ni–Al and
Fe⎯Ni–Ti alloys the alloying elements are present in
the solid solution. Assuming that, with varying con�
centration of an alloying element, the coefficients in
expression (1) remain unchanged, we estimate the
increment in the yield stress for the Fe–Ni–Al and
Fe–Ni–Ti alloys relative to the yield stress of the

s
02Δσ

s
02Δσ

Fe⎯Ni alloy at 178 and 188 MPa, respectively. Taking
into account the difference in the concentrations of
the alloying elements, we obtain that the predicted
increment in the yield stress per 1 at % of the concen�
tration of an alloying element is 109 MPa for Ti and
54 MPa for Al. Thus, the solid�solution hardening in
the case of alloying with titanium is almost twice as
efficient as in the case of alloying with aluminum.

Let us discuss the possible mechanisms of radia�
tion�induced strengthening in the Fe–Ni alloy. As was
shown above, in the course of irradiation, two pro�
cesses occur in this alloy, i.e., the phase separation of
the solid solution and the accumulation of vacancy
clusters (VCs). It is known that the increment in the
yield stress during irradiation related to VCs can be
written as follows [14]:

Δσ02(VCs) = (2)

where F is the force that should be applied to a dislo�
cation for overcoming an obstacle; b is the Burgers
vector; and сi and di are the density and size of obsta�
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cles, respectively, assuming that all obstacles are of the
same size. Otherwise, it would be necessary to take
into account the size distribution of the obstacles.
There are grounds to believe that, in our case, the size
distribution of VCs is much narrower than in the case
of neutron irradiation that produces cascades of
atomic displacements.

The data on the annihilation of positrons show
that, upon electron irradiation at a temperature of
423 K, the accumulation of VCs is observed; at doses
of over (2⎯3) × 1018 cm–2, the concentration of these
VCs reaches a quasistationary level. This accumula�
tion of the VCs is observed in the Fe–Ni alloy, as well
as in the Fe–Ni–Al and Fe–Ni–Ti alloys [8, 11].

It can be believed that the phase separation of the
solid solution in the Fe–Ni alloy increases the yield
stress. However, the contribution of this phase separation
has not been yet determined and additional studies are
called for revealing its role. At a dose of 5 × 1018 cm–2, the
total contribution from these processes to the incre�
ment of the yield stress of the Fe–Ni alloy is 47 MPa.
In the Fe–Ni–Al and Fe–Ni–Ti alloys, the contribu�
tion from the VCs to the increase in the yield stress
cannot exceed this value.

Let us now discuss the mechanical characteristics
of the irradiated Fe–Ni–Al and Fe–Ni–Ti alloys. The
following three factors determine changes in the
mechanical characteristics of these alloys:

(1) solid�solution hardening;

(2) the radiation�induced formation of intermetal�
lic precipitates (with account for their evolution);

(3) the accumulation of radiation�induced defects
(VCs).

It is generally thought that the yield stress is the
sum of the contributions from each mechanism of
strengthening. Proceeding from this and taking into
account the estimates, we can assert that the two last
factors should increase the yield stress. However, our
experiments have shown a decrease in the yield stress
with increasing irradiation dose. The most reasonable
explanation of this fact is the assumption on the relief
of the solid�solution hardening during irradiation due
to a decrease in the concentration of titanium or alu�
minum in the solid solution.

If it is assumed that the decrease in the yield stress
results from the relief of the solid�solution hardening
due to the formation of intermetallic�compound pre�
cipitates, then, using expression (1) and the experi�
mental data on the yield stress, the amount of titanium
removed from the solid solution of the Fe–Ni–Ti alloy
can be assumed to be ~0.4 at %. This estimate seems
fairly reasonable.

The hardening related to the formation of the
intermetallic�compound precipitates depends on their
size and concentration. As was shown above, in the

course of irradiation, the density of the intermetallic�
compound precipitates remains almost unchanged;
only the growth of the precipitates occurs. It is known
that the maximum hardening is observed at a definite
combination of the size and density of the precipitates.
It can be seen in Fig. 5 that, in the Fe–Ni–Ti alloy
the maximum hardening is achieved at a dose of
(1.5–2.0) × 1018 cm–2. Figure 1 shows that at this dose
the precipitate size is 2.0–2.5 nm.

The analysis of the obtained results allows us to
draw the conclusion that in the Fe–Ni alloy vacancy
clusters play the leading role in radiation�induced
strengthening, while in the Fe–Ni–Al and Fe–Ni–Ti
alloys a substantial role is played by the evolution of
the secondary�phase precipitations and the relief of
the solid�solution hardening, in addition to the
vacancy clusters.
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