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Abstract
The phases, microstructure, and magnetic properties in a severely deformed Cr-Ni–Al alloy have been studied. The eutectic 
microstructure observed in localized regions of the alloy can be interpreted as a result from the super-Arrhenius relaxation of 
the alloy. According to X-ray diffraction and magnetometry, the nanosized nickel inclusions in the matrix of the chromium-
nickel γ-solid solution are formed. It is shown that, after severe (superplastic) deformation, a unidirectional magnetic anisotropy 
is induced, which may be associated with the antiferromagnetic coupling between the  CrNi2 matrix and the nickel inclusions.
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1 Introduction

At the moment, the development of metal-intermetallic 
alloys is of particular relevance in the areas of aircraft and 
shipbuilding, the chemical industry, instrument making, 
space technology, etc. In addition to high mechanical prop-
erties, parts of these industries are often subject to special 
requirements. In some cases, the non-magnetic behavior 
high corrosion resistance and fatigue strength under contact 
loading are desired simultaneously. These requirements are 
met by the high-chromium precipitation-hardening Cr-Ni–Al 
alloy 40HNU [1, 2]. This heat-resistant nickel–chromium-
based alloy (Cr—39.5%; Al—3.75%; C—0.015%; the rest 
is Ni) is a promising material, because of its high hardness, 
not inferior to hardened steels (up to 60 Rockwell units) 
and, at the same time, low magnetic susceptibility (no more 
than 3.5 ×  10–6  cm3/g) [3]. This alloy becomes soft after the 
usual heat treatment, which is hardening from a temperature 
of 1150–1250 °C and rapid cooling. To achieve the desired 
hardness, the alloy after quenching is subjected to aging at 
temperatures of the order of 650 °C.

According to [4], during aging, the γ-solid solution 
decomposes with the precipitation of the  Ni3Al intermetal-
lic compound and the α-Cr phase. Moreover, the volume 
content and distribution mainly along the boundaries or 
in the grain body of the α-Cr phase in the quenched state 
affects the processes of decomposition and the ratio of the 
volume fractions of the precipitated phases: the α-phase and 
the intermetallic phase. However, it is known (Fig. 1) that 
the Ni–Cr system contains an ordered  CrNi2 phase that exists 
at temperatures below ∼ 590 °C (863 K). The composition 
of the 40HNU alloy is marked with a vertical dotted line.

It is generally accepted [6, 7] that the 40HNU alloy is 
nonmagnetic. However, we have previously discovered the 
appearance of magnetization in this alloy [8]. A connection 
was shown between the magnetic properties of this alloy, its 
structure and mechanical properties. It was shown in review 
[9] that the enhancement of ferromagnetic properties can 
be associated with the distortion of the crystal lattice, the 
presence of uncompensated magnetic moments of ions on 
the surface of magnetic particles, and defects. Studies of 
the 40HNU alloy presented in [10] show that quenching 
from 1050 °C (5 min) + rolling with ε = 90% with subse-
quent high-temperature stretching ensures the occurrence 
of superplasticity of the alloy in the range of strain rates 
 10–4–10–2  s−1, and in the temperature range 850–1050 °C. 
The main indicators of the superplasticity of the 40HNU 
alloy, namely, the parameter of flow stress sensitivity to 
the strain rate m > 0.6 and relative elongation after rupture 
δ > 1600% reach maximum values at T = 950 ÷ 1000 °C and 
strain rate ε ≈ 9.3·10–3  s−1. It follows from the data obtained 
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in [10, 11] that the 40HNU alloy reveals superplasticity at 
a relatively low flow stresses (5–40 MPa), which is general 
characteristic of superplastic flow.

Aim of the work: to investigate the phases, microstruc-
ture, magnetic properties, and mechanical properties in a 
Cr-Ni–Al alloy 40HNU after thermal treatment and severe 
(superplastic) deformation.

Tasks of the work: (1) X-ray diffraction method to inves-
tigate the phase composition and texture of samples before 
and after severely (superplastic) deformation. (2) To inves-
tigate the dependence of microhardness and coercive force 
in samples not subjected to a severely deformed sample on 
temperature and aging time. (3) To investigate the effect of a 
severe deformation on the structure and magnetic state of the 
alloy. (4) To reveal the nature of the appearance of magnetic 
properties in the alloy 40HNU.

2  Materials and Methods

Samples of the 40HNU alloy of vacuum induction melting 
were taken for the study. The content of the main elements 
in the alloy was (% by weight): Cr 39.5; Al 3.75; C 0.015, 
the rest Ni. After quenching from temperature of 1250 °C in 
water, the specimens were subjected to rolling with a reduc-
tion of 90%. As a result, a cold-rolled strip with a thickness 
of 0.1–0.3 mm was obtained. After quenching and defor-
mation, the samples were subjected to aging with different 
durations in the range of 400–800 °C. Plates 0.3 mm thick 
obtained after treatment (quenching at 1250 °C, rolling at 
90%, aging at 700 °C) were subjected to superplastic tension 
at a temperature of 1000 °C. The relative elongation δ after 
fracture was 400%.

Structural studies of the samples were carried out on a 
Hitachi TM4000 electron microscope with a microanalyzer. 
The phase composition of the alloy was determined by the 
X-ray diffraction method on a Bruker diffractometer using 
copper radiation. The microhardness was measured on a 
PMT-3 instrument at a load of 0.98 N. Magnetic character-
istics, including coercive force, were measured on a torsional 
magnetometer in fields up to 1 T.

3  Results

The X-ray diffraction patterns of the samples after different 
treatments are shown in Fig. 2. The study confirms (spec-
trum 1) that the 40HNU alloy after heat treatment is charac-
terized by the presence of a nickel-based FCC γ-solid solu-
tion with a lattice period a = 0.355 nm and chromium-based 
α-phase particles having a BCC lattice with a = 0.287 nm. 
Precipitates of the γ'-phase  (Ni3Al) are also present.

Since the sample was subjected to plastic deformation 
by rolling after quenching, before aging, it is quite natural 
that the texture [22] is observed in the X-ray diffraction 
pattern (Fig. 2, curve 1). After superplastic deformation, 
a texture associated with the appearance and growth of 
intermetallic phases appears in the sample in the same area 
of diffraction angles (Fig. 2, curve 2). Thus, it can be seen 
that during superplastic deformation, intermetallic phases 
grow in the form of thin secretions in the grain bounda-
ries, which can lead to the appearance of unidirectional 
magnetic anisotropy.

Fig. 1  State diagram of Ni–Cr [5] Fig. 2  Comparison of X-ray diffraction spectra of 40HNU alloys: 1—
after quenching from 1250  °C and aging at 700  °C, without super-
plastic deformation; 2—with following superplastic deformation at 
1000 °C
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After aging of hardened specimens in the range of 
350–400 °C for a long time, the structure of the alloy prac-
tically does not differ from the structure of hardened speci-
mens. The first signs of decomposition are found after aging 
at 450 °C (Fig. 3a), and the decomposition of the γ-solid 
solution occurs according to the mechanism of discontinu-
ous precipitation of the incoherent α-phase. The discontinu-
ous decomposition reaches its highest intensity at 700 °C, 
while in the cells of discontinuous decomposition, simulta-
neously with the precipitation of the α-phase, the precipita-
tion of the coherent γ'-phase (of the  Ni3Al type) also occurs.

When quenching from 1250 °C, the maximum micro-
hardness is in the aging temperature range of 600–700 °C 
(Fig. 3a, curve 1). The coercive force (Fig. 3a, curve 2) has 
the highest value, corresponding to the maximum hardness 
for a hardening temperature of 1150 °C. The change in the 

coercive force is associated with a change in the size of the 
released single-domain ferromagnetic particles of interme-
tallic phases.

As the aging temperature increases, coercivity Hc 
increases, reaching a maximum at 500 °C (Fig. 3a, curve 
2). According to the phase diagram (Fig. 1), at temperatures 
above 138 °C, the pure nickel phase is not formed; for these 
conditions, Hc should be equal to zero. However, a non-
zero coercive force is observed in the samples. This may 
indicate precipitation during rolling and subsequent aging 
of ferromagnetic particles. X-ray diffraction analysis shows 
the presence of γ-Ni. It can be assumed that during plas-
tic deformation and subsequent aging, the concentrations 
of chromium and alloying components in the solid solution 
were redistributed, and ferromagnetic particles enriched in 
nickel were formed. This phenomenon was directly observed 
in our work [8]. After aging at 500 °C and subsequent cool-
ing to room temperature, the coercive force has the highest 
value (Fig. 3a). The following drop in Hc with increasing 
aging temperature is apparently associated with the enrich-
ment of nickel particles with chromium.

Figure  4a shows an electron microscopic dark-field 
image taken using the nickel (111) reflection from a sample 
obtained by quenching from 1250 °C and aging at 450 °C. 
Dispersed nickel particles are visible. Note that in Fig. 4, 
large nickel precipitates are actually agglomerations of indi-
vidual particles with a smaller size (which makes it difficult 
to analyze their sizes). Figure 4b shows a histogram of the 
distribution of nickel particles over the average diameter in 
the specified sample, made from a series of images. It can 
be seen from the figure that after annealing at 450 °C, about 
85% of the nickel particles are smaller than 30 nm. Such a 

Fig. 3  Properties of the 40HNU alloy: a microhardness (1) and 
maximum coercive force (2) on the aging temperature. Aging time: 
1—5 h; 2—variable, corresponding to the maximum value of Hc; b 
change in the coercive force of the alloy depending on the holding 
time at 500 °C

Fig. 4  Nickel particles in the 40HNU alloy after quenching and aging: a dark-field electron microscopic image obtained in the light of the (111) 
reflection of nickel after aging at 450 °C; b distribution histograms of average diameters of nickel particles after aging at 450 °C
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size is close to the single domain size in nickel (~ 50 nm 
[15, 16]).

It makes observed maximal values of Hc in Fig. 3a clear. 
The following drop in Hc with increasing aging temperature 
up to 600 °C is apparently associated with the enrichment of 
nickel particles with chromium that makes it nonmagnetic.

Table 1 indicated spectrum 2 of the 40HNU alloy after 
heat treatment (quenching, rolling, and aging at 700 °C) and 
then subjected to superplastic tension at a temperature of 
1000 °C is shown in Fig. 2 also. The alloy demonstrated the 
superplastic elongation δ about 400%. From a comparison 
of the two spectra in Fig. 2, it can be seen that as a result of 
superplastic deformation in the alloy, the quantitative ratio 
of α and γ phases has changed, and the  CrNi2 phase is also 
detected in a relatively small amount.

After superplastic deformation, the structure of the 
stretched zone in the region of sample rupture was studied 
using a scanning electron microscope using the option of 
element microanalysis. The results are shown in Fig. 5 and 
in Table 1. It can be seen that in the discontinuity zone, the 
matrix phase is a  CrNi2 intermetallic compound. It contains 
α-Cr particles, which have high hardness and were crushed 
during superplastic deformation (Fig. 5). It is interesting that 

in the zone of superplastic deformation, there are regions 
whose composition and structure correspond to the high-
temperature eutectic (the transformation temperature is 
1345 °C (1618 K), see Fig. 1). This may indicate the liquid-
like behavior of the alloy during superplastic flow.

The magnetic properties in the sample after severe (super-
plastic) deformation were investigated using a torsional 
magnetometer. A sample in the form of a plate weighing 
0.7903 g was measured. The field orientation (H = 1 T) was 
counted from the perpendicular to the plate (see the sketch 
in Fig. 6).

The magnetic energy of the sample E (θ, φ) in an external 
field H, taking into account two main possible contributions 
to the energy of magnetic anisotropy—uniaxial and unidi-
rectional—is as follows:

where Ms is the saturation magnetization; K1 and K0 are the 
constants of uniaxial and unidirectional anisotropy, respec-
tively; φ1 and φ0 are the angles corresponding to the direc-
tion of the anisotropy axes.

In equilibrium,

(1)
E (�,�) = −MsHcos(� − �) − K1cos(� − �1)

2
− K0cos(� − �0)

Table 1  Composition of spectra 
from Fig. 5b

Spectrum 
number

Al, aт.% Cr, aт.% Fe, aт.% Ni, aт.% The phase to which the 
composition corresponds

1 7.33 32.28 0.37 60.02 CrNi2
2 0.32 94.26 – 5.43 α-Cr
3 4.69 46.56 0.33 48.42 γ-Ni
4 1.39 83.64 0.18 14.78 α-Cr

Fig. 5  Electron microscopic image of the 40HNU alloy section near the rupture after superplastic deformation at 1000 °C: a the general pattern 
of the microstructure; b the shooting locations of the diffraction spectra presented in
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Considering that torque L = MsHsin(θ − φ), and also the 
fact that in high fields (the field used in the measurement 
was 1 T) θ ≈ φ, we obtain

The quality of fitting the angular dependence of the 
torque using Eq. (3) (see the inset in Fig. 6) shows that tak-
ing into account two contributions to the anisotropy is suf-
ficient. The values of the parameters corresponding to the 
best fit were K1 = − 12.9 ± 0.8 erg/cm3, K0 = 7.9 ± 0.4 erg/
cm3, θ1 = 11 ± 4 deg, θ0 = − 66 ± 14 deg.

4  Discussion

X-ray diffraction analysis and electron microscopic observa-
tions of the 40HNU alloy after quenching and aging made 
it possible to establish that, starting from 400 °C, inside the 
primary particles of the γ-phase (a solid solution of chro-
mium in nickel), the supersaturated solid solution decom-
poses. The particles of the new phase released during the 
decomposition (Fig. 2) are the coherent γ'-phase (of the 
 Ni3Al type), as well as the almost pure nickel. According 
to the phase diagram of the Ni–Cr system, nickel particles 
precipitate in the α-phase (Fig. 1), but this is possible under 
equilibrium conditions in an alloy with a nickel content 
that exceeds its amount in the alloy under study. However, 
the processing conditions (quenching, rolling, aging, and 
especially the severe deformation) were far from equilib-
rium, and a small amount of pure nickel could precipitate 
in localized areas as a result. This can be associated with a 

(2)

�E

��
= −M

s
H sin(� − �) − 2K1 sin(2� − 2�1) − K0 sin(� − �0) = 0

(3)L(�) ≈ −K1 sin(2(� − �1)) − K0 sin(� − �0)

lower barrier for the nucleation of nickel particles than par-
ticles of the  CrNi2 phase and is due to a smaller mismatch 
between the lattice parameters of the γ phase and nickel in 
comparison with the mismatch between the parameters of 
the γ phase and  CrNi2.

To eliminate the undesirable magnetic properties of 
the 40HNU alloy, it can be recommended to increase the 
upper quenching temperature to 1250 °C, which shifts the 
maximum strength properties to aging temperatures of 
600–700 °C, at which the alloy is nonmagnetic.

The presence of  Ni3Al in the 40HNU alloy is shown in 
[4]. Available data on the magnetic state of the  Ni3Al phase 
are contradictory. It is shown in [12] that, in atomically 
ordered  Ni3Al, the magnetization is low and weakly depends 
on the degree of atomic order. In [13], it was demonstrated 
that high-temperature deformation of high-temperature 
nickel alloys increases the values of magnetic susceptibility 
due to atomically ordered  Ni3Al clusters. The authors of 
[14] report the instability of these clusters, which recrys-
tallize during thermal and deformation treatment, and the 
magnetic order is destroyed. Thus, the contribution of the 
 Ni3Al phase to the magnetization of the 40HNU alloy can-
not be significant.

It is known that the coercive force Hc depends on the 
structural and phase state of the alloy; therefore, it was inter-
esting to understand whether it is possible that small amount 
of nickel inclusions would be responsible for the formation of 
the ferromagnetic properties in the heat-treated 40HNU alloy.

The observed coercive force (over 8 ×  104 A/m) is high 
even in comparison with the nickel magnetocrystalline ani-
sotropy field (2 ×  104 A/m) [15]. This can be related to the 
fact that nickel precipitates in the γ-phase not only have a 
size of the order of several tens of nanometers, close to the 
nickel single-domain size, but are also in a stressed state. 
If the nickel particle size becomes smaller than the critical 
one, then these particles become superparamagnetic and the 
coercive force decreases [16].

The authors of [17] believe that the presence of the  CrNi2 
ferromagnetic phase may imply a higher magnetization of 
the alloy containing this phase. However, in the same work, 
it is shown that  CrNi2 can form an antiferromagnetic struc-
ture, which is destroyed at temperatures above 550 K with 
minimal effect on the chemical bond. The paper discusses 
the relationship between the magnetic phase transition and 
the transition to the chemically ordered structure of  CrNi2. 
An extremely low temperature for chemical rearrangement 
was found at an experimental heating rate of 100 K/h. It 
is known that unidirectional magnetic anisotropy arises in 
materials having a defect antiferromagnetic structure [9]. 
Such an effect can reveal itself as a result of the appearance 
of a fine texture of the deformed material. This makes it pos-
sible to relate the nature of the magnetic rotational hyster-
esis shown in Fig. 6 with the results of electron microscopic 
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Fig. 6  Torque at different field directions. The inset shows the fitting 
of the experimental data by Eq. (3)
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studies (Fig. 5), which showed that in the zone of super-
plastic deformation, the matrix phase corresponds to the 
composition  CrNi2 (Table 1), which is apparently atomi-
cally disordered.

The magnitude of the angles and the signs of the anisot-
ropy constants, taking into account the presence of hysteresis 
in Fig. 6, fitting errors and angle control errors, allows us to 
say that both anisotropy axes are orthogonal to the plane of 
the measured plate. The negative sign of K1 means that the 
uniaxial anisotropy is an anisotropy of the easy plane type, 
which can naturally be attributed to the magnetic anisotropy 
of the plate shape. If the sample structure is represented as a 
composite (nickel inclusions in a Cr-Ni matrix), the K1 value 
can be used to estimate the volume fraction of Ni inclusions 
using the equation K1 = 2πvMs

2. Assuming Ms = 500 G 
(nickel), we have the estimate v = K1

2�M2
s

= 8 ⋅ 10−6 . Based on 
the fact that a small fraction of pure nickel inclusions can 
form in the composition of 40HNU, we can quantify their 
fraction using the leverage rule, and by this calculation, we 
can (potentially) estimate the amplitude of composition fluc-
tuations. Such work is expected in the near future.

The unidirectional anisotropy constant is also very small; 
however, such anisotropy itself can be associated both with 
the flexomagnetic effect induced by plastic deformation and, 
for example, with the bonding of nickel inclusions with the 
antiferromagnetic or weakly ferromagnetic  CrNi2 matrix. An 
additional argument in favor of the existence of an exchange 
coupling between  CrNi2 and nickel inclusions can be a 
noticeable torque hysteresis. The point is that the field of 
1 T used in measuring the curve given in Fig. 6 is too large 
compared to the nickel magnetocrystalline anisotropy field. 
The exchange coupling between a ferromagnetic grain and 
an antiferromagnetic matrix (see, for example, [18, 19]) can 
lead to magnetic hysteresis in very high fields.

Figure 5 showed that centers with eutectic structure are 
observed in the superplastic deformation zone (Table 1 is 
compared with the diagram in Fig. 1). This can explain 
the superplastic behavior of the alloy, which experiences 
a transition to a liquid-like state in localized zones during 
severe deformation. After the finish of the deformation 
process, these regions form “crystallized” eutectic regions. 
The model of super-Arrhenius relaxation makes it possi-
ble to explain the liquid-like behavior during superplas-
tic deformation as the movement of shear transformation 
zones in different parts of the loaded sample (Fig. 5). In 
localized regions of alloys with energy density gradients, 
the driving force of dynamic processes is the temperature 
and concentration gradient [20]. According to the model 
of excited atoms and a shear transformation zone, the driv-
ing force of the process can be the pressure arising from 
internal stress fluctuations even under a small temperature 
effect [21, 22].

5  Conclusions

1. The ferromagnetic properties of the 40HNU alloy are 
associated with the precipitation of nickel in the primary 
particles of the γ-phase. The drop in the coercive force 
down to zero during isothermal annealing is explained 
by the enrichment of nickel particles with chromium.

2. It is shown that the  CrNi2 phase can be formed in the 
zone of superplastic deformation as a matrix phase, 
while the regions with eutectic structure are observed 
in the localized zones.

3. The appearance of unidirectional magnetic anisotropy in 
40HNU alloy samples after superplastic deformation can 
be attributed to the antiferromagnetic structure of  CrNi2.

4. An increase in the quenching temperature before aging 
leads to the elimination of undesirable magnetic phe-
nomena in the alloy while maintaining a high level of 
strength properties.
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