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Abstract—Using X-ray, Mössbauer, and magnetic measurements, the formation of phases has been investi-
gated upon mechanosynthesis in a ball planetary mill and upon the subsequent annealing of samples of the
cementite composition (Fe0.95 – уСr0.05Niy)75C25, where у = 0–0.20, which contains two alloying elements
(chromium and nickel). It has been shown that, in the mechanosynthesis process, cementite alloyed with
chromium and a small amount of nickel and an amorphous phase alloyed with chromium and nickel have
been formed. Upon heating above 300°С, the amorphous phase is crystallized into nickel-enriched cemen-
tite. In the process of annealing at higher temperatures, the most nickel-rich cementite decomposes with the
formation of austenite. As a consequence, after annealing at medium temperatures, the composition of the
alloys contains cementite alloyed mainly with chromium and some amount of alloyed austenite, which can
be found in ferromagnetic or paramagnetic states depending on the Ni content. Annealing at 800°С bring
about the complete or partial decomposition of cementite contained in the alloys. The intensity of the decom-
position has been determined by the nickel content in the samples.
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INTRODUCTION

The trend of modern materials science is directed
towards obtaining nanosized structures in massive
materials and steels, which makes it theoretically pos-
sible to substantially enhance their strength character-
istics. An important structural constituent of carbon
steels is cementite. In carbon steels, alloying elements
are distributed between ferrite and cementite [1],
which exert a marked influence on the mechanical
properties of steels. Nowadays, however, the effect of
alloying elements on the processes of phase formation
under the conditions of mechanosynthesis (MS),
when the grain size of phases is in the nanosized range,
is not adequately studied. The formation in the MS
process of cementite alloyed with carbide-stabilizing
elements (Mn or Cr) was investigated in [2, 3]. It was
shown that in alloys after annealing at 400–500°С,
cementite with not uniform distribution of an alloying
element (i.e., both cementite regions depleted of and
enriched with Сr or Mn) was observed. High-tem-
perature annealing result in the equalization of the
concentration inhomogeneities of alloying elements in
cementite. Alloying with Сr and Mn favors the
improved stability of cementite to temperature action.

It is of interest to investigate the process of cementite
formation under the MS conditions in the presence of
two alloying elements, one of which in equilibrium pro-
cesses is related to carbide-stabilizing elements and
another to non-carbide-stabilizing elements, e.g.,
chromium and nickel. Despite that Ni is not a carbide-
stabilizing element, under nonequilibrium conditions,
e.g., upon MS, nickel atoms are capable of replacing
some amount of iron atoms in the cementite lattice
[4]. Therefore, chromium and nickel can exert an
appreciable influence on the processes of formation
and alloying of phases under the MS conditions and
upon subsequent annealing of cementite composites.
It is known that alloying with chromium leads to low-
ering of the Curie point of cementite and alloying with
nickel results in elevation of this point [5]. This fact
allows one to obtain additional information on the
indicated processes using magnetic methods.

EXPERIMENTAL
Samples of the composition (Fe0.95 – yCr0.05Niy)75C25,

where y = 0, 0.05, 0.10, and 0.20, were obtained by
using MS of powders of the OSCh 13-2-grade car-
bonyl iron of purity 99.98%, nickel and chromium of
258
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Fig. 1. Dependence of the phase composition of compos-
ites (Fe0.95 – уCr0.05Niу)75С25, where (а) у = 0.05,
(b) 0.10, (c) 0.20. Phases: (1) cementite, (2) amorphous
phase, (3) χ carbide, (4) ferrite, (5) austenite, and (6) mar-
tensite.
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purity 99.9%, and graphite of purity 99.99%. The
grain size of the initial iron powder did not exceed
5 μm. The MS of the samples was performed in a Pul-
verizette-7 planetary ball mill in an argon atmosphere
for 16 h. The loaded powder mass was 10 g. Vessels and
balls of the mill were made from ShKh15 steel. The
diameter of the mill balls was 8 mm. The ratio of the
mass of balls to the powder mass was 7 : 1. Percentage
of the milled iron in the MS process was 4–6%. The
powder samples were annealed on a setup measuring
the temperature dependence of the magnetic suscepti-
bility χ(Т). This made it possible to estimate the phase
composition of the samples both before and after
annealing, as well as the Curie temperature of ferro-
magnetic phases, using magnetic measurements. The
magnetic susceptibility is given in relative units
obtained by dividing the χт values at the measurement
temperature by the value of χ20 at a temperature of
20°С. The ac magnetic field amplitude of the setup
was 1.25 А/cm at a frequency of 120 Hz, and the rate
of heating and cooling of the samples was 30 K/min.
The holding time upon annealing was 1 h.

The specific saturation magnetization of the sam-
ples was measured on a vibration magnetometer in the
maximum magnetizing field 13 kA/cm. X-ray studies
were performed on a Miniflex 600 diffractometer in
the Co Kα radiation. Mössbauer spectra were taken at
the temperature of liquid nitrogen on a YaGRS spec-
trometer with a 57Со source of resonance γ radiation in
the Rh matrix in the constant acceleration regime. It
should be noted that the methods of phase analysis
used in this work prevent the detection of carbon in the
unbound state, e.g., graphite.

RESULTS AND DISCUSSION

An analysis of the phase composition of the sam-
ples was conducted using X-ray and Mössbauer stud-
ies, as well as by using the results of measuring tem-
perature dependences of the relative magnetic suscep-
tibility χ(Т) and specific saturation magnetization σs.
Figure 1 presents information on the phase composi-
tion of the samples under investigation in the states
after MS and subsequent annealing according to the
X-ray phase analysis data.

It can be seen that, in the composition of the mech-
anosynthesized samples, the main available phases are
as follows: cementite (Fe, М)3C (~50–55 vol %),
X-ray amorphous Am(Fe, М, C) phase (~34–40 vol %),
χ carbide (Fe, М)5C2 (~8–10) vol %, where М = Cr,
Ni, and some amount of unreacted or milled α-Fe
(curves 1, 2, 3, and 4, respectively). The samples were
subjected to Mössbauer studies. Since alloying with Cr
and Ni can lead to a substantial change in the Curie
temperature (ТС) of cementite, Mössbauer measure-
ments were conducted at the temperature of liquid
nitrogen.
PHYSICS OF METALS AND METALLOGRAPHY  Vol. 1
The results of the Mössbauer studies are shown in
Figs. 2 and 3 in the form of a spectrum (left) and a
Р(Н) function (right), which reflects the distribution
of hyperfine magnetic fields at iron atom nuclei. An
analysis of the Р(Н) function makes it possible to
determine phases in the composition of which iron
atoms are present. The relative amount of iron atoms
in a concrete phase of the sample is calculated from
the relative area under the Р(Н) function peak of this
phase. Figures 2а and 3а display the results of Möss-
bauer investigations of alloys (Fe0.90Cr0.05Ni0.05)75C25
and (Fe0.75Cr0.05Ni0.20)75C25 in the state after MS. It
can be seen that the main fraction of Fe atoms of the
samples is accounted for by cementite, for which the
19  No. 3  2018
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Fig. 2. Mössbauer spectra and functions Р(Н) of a nanocomposite of the composition (Fe0.90Cr0.05Ni0.05)75С25: (a) after MS;
after annealing at (b) 500 and (c) 800°С.
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Fig. 3. Mössbauer spectra and functions Р(Н) of a nanocomposite of the composition (Fe0.75Cr0.05Ni0.20)75С25: (a) after MS;
after annealing at (b) 500 and (c) 800°С.
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Fig. 4. Dependence of specific saturation magnetization σs on
annealing temperature of alloys (Fe0.95 – уCr0.05Niу)75С25,
where (1) у = 0, (2) 0.05, (3) 0.10, and (4) 0.20.
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Р(Н) function lies in a wide field range Н = (150–
270) kOe and the main maximum falls on the field Н ≈
220–230 kOe. The appearance of asymmetry in the
Р(Н) function peak of cementite from the side of lower
fields indicates the alloying of cementite with chro-
mium [6]. The peaks of the function Р(Н) in the field
range of 80–150 kOe may be related to carbide
(Fe,М)5C2. It may also be that the contribution to a
broad high-intensity peak of the Р(Н) function will
come not only from cementite, but also from the
amorphous phase, the Р(Н) function of which is dis-
tributed in the field Н range of 150–320 kOe [7]. The
peak in a field Н ≈ 340 kOe reflects the phase
of alloyed α-Fe. Mössbauer spectra of an alloy
(Fe0.85Cr0.05Ni0.10)75C25 are similar to those considered
and are not presented in this work. Thus, the Möss-
bauer measurements qualitatively confirm the results
of an X-ray phase analysis of mechanosynthesized
alloys.

The phase composition determines the magnitude
of specific saturation magnetization σs of the indicated
samples. It follows from Fig. 4 that, for nanocompos-
ites (Fe0.95Сr0.05)75C25 and (Fe0.75Сr0.05Ni0.20)75C25,
σs after MS is 114 and 94 А m2/kg (curves 1 and 4,
respectively). Based on a comparison of these data
with the data on the alloying of cementite with chro-
mium [3], it follows that Ni exerts a weak influence on
σs of the samples.

The phase composition and degree of alloying of
phases of samples after MS and annealing can likewise
be judged by the character of dependences of the mag-
netic susceptibility on the measurement temperature
χ(Т) upon the heating and cooling of samples. Bends
or maxima in curves χ(Т) indicate a transition through
the Curie point (ТС) of ferromagnetic phases con-
tained in the sample (Fig. 5). Curves 1 in the figure
reflect the behavior of temperature dependences of the
relative magnetic susceptibility taken upon heating to
800°С; curves 2–5 reflect the behavior upon the cool-
ing of these samples after 1 h of holding at the given
annealing temperatures Тann = 300, 400, 500, and
800°С. (Curves 1 and 5 in Fig. 5 are shown to a tem-
perature Т = 600°С). It can be seen that, on curve 1 in
the vicinity of Т ≈ 150°С, the maximum that arises
upon a transition from the ferromagnetic state to the
paramagnetic state has been observed. The Curie tem-
perature of cementite can be judged by the position of
this maximum. It can be seen from Fig. 5 that the fall-
off of curve 1 in the region 150 < Т < 300°С, compared
to curves 2–4 for the annealed samples, is extended in
the measurement temperature. This can be caused by
strong distortions of the mechanosynthesized cemen-
tite crystal lattice [7], as well as by the transition
through the Curie point of the ferromagnetic amor-
phous phase, the ТС of which is supposedly close to ТС
of cementite.

In addition, Fig. 5а contains curve 1′ measured
upon the heating of a mechanosynthesized sample of
PHYSICS OF METALS AND METALLOGRAPHY  Vol. 1
the Fe75C25 composition (unalloyed cementite) and
curve 1 of a sample of the (Fe0.95Cr0.05)75C25 composi-
tion, in which 5% Fe atoms are replaced by chromium.
It can be seen from a comparison of these curves that
the maximum in curve 1 is shifted towards lower tem-
peratures by approximately 50 K. This means that
cementite of the (Fe0.95Cr0.05)75C25 composition in the
state after MS is alloyed with chromium. It follows
from Figs. 5b–5d that the maxima in curve 1 of these
alloys and the maximum of curve 1 in Fig. 5a fall at the
same temperature. This means that cementite with
different nickel content after MS is alloyed with chro-
mium alike and, if alloyed with nickel, to an insignifi-
cant extent only. It can be assumed that, in the MS
process, chromium atoms are uniformly distributed
over all phases and nickel atoms are mainly dissolved
in the amorphous phase.

In annealing process, at 300°С, the nickel-
enriched amorphous phase of mechanosynthesized
samples crystallizes with the formation of cementite
and some amount of χ carbide (Fig. 1, curves 1–3),
which are also enriched with Ni. The structural phase
changes that occurred in alloys upon the indicated
annealing are reflected in curve 2 of dependences χ(Т)
in Fig. 5. The crystallization of the amorphous phase
and the partial release of crystal-lattice distortions in
the annealing process lead to the fact that transition
of cementite from the paramagnetic state to the fer-
romagnetic state after annealing at 300°С even
occurs in a narrower temperature range (сf. Fig. 5,
curves 1 and 2). In addition, in curve 2 of the reverse
motion of dependences χ(Т) for samples with у ≥ 0.05,
there are two bends, one of which is observed near
19  No. 3  2018
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Fig. 5. Temperature dependences of relative magnetic
susceptibility χ of mechanosynthesized alloys
(Fe0.95 ‒ уCr0.05Niу)75С25, where (а) у = 0 [3], (b) 0.05,
(c) 0.10, (d) 0.20 in the process of heating (curves 1) and
cooling of the same samples but after annealing at tem-
peratures: (curve 2) 300, (3) 400, (4) 500, (5) 800°С.
Curve 1 ′ is a function χ(Т) in the process of heating an
alloy Fe75C25 [7].
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1′
150°С, while the second is observed in the vicinity
of 190°С (Figs. 5c, 5d). On an enlarged scale, these
dependences are shown in Fig. 6а. This figure contains
a dependence χ(Т) for a sample of the
(Fe0.95Cr0.05)75C25 composition, i.e., cementite alloyed
with chromium only (curve 1). Two bends in curves 2–5
in Fig. 6а indicate that the composition of samples
after annealing at 300°С contains cementite with dif-
ferent Curie points and, hence, with different contents
of alloying elements. The first bend in curve 2 in
Figs. 5b–5d falls at a temperature of 150°С. The Curie
temperature of cementite alloyed with chromium only
exhibits much the same value (Fig. 5а, curve 2). It fol-
lows from this that the composition of the alloys
annealed at 300°С contains some amount of the
cementite formed in the MS process and alloyed
mainly with chromium. Mechanosynthesized cemen-
tite is supposedly also alloyed with nickel, but to a
much lesser extent than in alloying with Сr.

Cementite that arose due to the crystallization of
the amorphous phase is alloyed with both chromium
and nickel, and alloying with nickel is to a greater
extent than in mechanosynthesized cementite. This is
evinced by a shift in the second bend in curves χ(Т)
towards higher temperatures [4]. However, alloying
this cementite with nickel is likewise limited, as
demonstrated by the close values of the Curie tem-
perature of cementite in samples with increasing Ni
content (Fig. 6а, curves 3, 4). Indeed, it follows from
Fig. 6а that, as the Ni (у = 0–0.10) content in the
alloys grows, ТС of cementite increases from 150 to
190°С (curves 1–3) and remains unaltered upon fur-
ther growth of the nickel content (curves 3, 4).

Annealing at 400°С results in the following phase
changes (Fig. 1). Part of the carbide (Fe,Cr,Ni)5C2
phase transforms into cementite (curves 3). The start
of decomposition of the most nickel-rich regions of
cementite leads to the appearance of austenite alloyed
with Ni (curves 5). Due to the dominance of the first
process over the second one, the total amount of
cementite in samples reaches maximum values or
approaches them (curves 1, 3).

The decomposition of the most Ni-rich regions of
cementite appeared due to the crystallization of the
amorphous phase should lead to the lowering of
the Curie point and, hence, to the shift of the bend in
the χ(Т) curves towards lower temperatures. Indeed,
after annealing at 300°С, bends in curves 3–4 were
near Т ≈ 190°С (Fig. 6а) and, after annealing at
400°С, they were in the range of 160–170°С (Fig. 6b).
Decomposition of Ni-enriched cementite leads to a
decrease in the susceptibility χ in the temperature
range of 150–170°С (Fig. 6b, curves 2–4).

It follows from an analysis of the dependences χ(Т)
that, after annealing at 400°С, ТС of cementite formed
in the MS process likewise shifts towards lower tem-
peratures compared to annealing at 300°С. The stron-
ger the shift of bends in the χ(Т) curves, the larger
LS AND METALLOGRAPHY  Vol. 119  No. 3  2018
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Fig. 6. Dependences of relative magnetic susceptibility χ
on cooling temperature of samples of alloys
(Fe0.95 ‒ уCr0.05Niу)75С25, where (1) у = 0, (2) 0.05,
(3) 0.10, and (4) 0.20 annealed at temperatures (а) 300 and
(b) 400°С.
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amount of nickel is contained in the composition of
the alloys (curves 1–4 in Fig. 6b in the temperature
range of 110–150°С). This phenomenon can be
explained as follows. In the alloys under study, chro-
mium atoms amount to 5% of Fe and Ni atoms. This
means that chromium atoms, even on average, are not
located in each unit cell (16 atoms) of the cementite
lattice. On average, the number of nickel atoms in the
cementite lattice can be the same or greater depending
on the Ni content in the alloy. In the annealing process
at 400°С, volumes of cementite, in unit cells of the lat-
tices of which Cr atoms are absent and the maximum
number of Ni atoms are present, primarily decom-
pose. The considered process results in growth of the
chromium concentration in cementite, which brings
about lowering of its Curie temperature and, hence, a
shift of curves χ(Т) towards lower temperatures.

It can be seen from the dependences σs(Тann) pre-
sented in Fig. 4 that, in the annealing temperature
range up to 400°С, the specific saturation magnetiza-
tion of the composites changes insignificantly. Appar-
ently, this is connected with the fact that, in the con-
sidered annealing temperature range, the main con-
stituents of the composites are cementite, the
amorphous phase, and χ carbide alloyed with Ni and
Cr (Fig. 1), which exhibit close values of σs.

Analogous but more significant phase changes
occur in the annealing process of alloys at Тann =
500°С. In particular, judging by the X-ray data,
alloyed χ carbide of samples transforms completely
into cementite (Fig. 1, curve 3). In addition, the com-
plete decomposition of cementite that arose upon the
crystallization of the amorphous phase, i.e., nickel-
enriched cementite, takes place. This is evinced by the
disappearance of the second bend in χ(Т) curves from
the side of higher temperatures (Fig. 5, curves 4). As
the result of decomposition of Ni-enriched cementite,
there forms an austenite whose amount grows with an
increase in the nickel content in the alloy composition
(Fig. 1, curves 5). Bends in curves 4 continue to shift
towards lower measurement temperatures, which indi-
cates the higher degree of alloying of cementite with
chromium. This is also favored by the mobility (rather
high at Тann = 500°С) of atoms of alloying elements,
which likewise can lead to enrichment of cementite
with chromium and austenite with nickel [8]. An anal-
ogous phenomenon was observed in [9] upon the tem-
pering of quenched steel 4340 (С = 0.40, Ni = 1.78,
and Cr = 0.79 wt %), where the redistribution of Сr
atoms from the ferrite matrix into cementite precipi-
tates and Ni atoms from cementite into the ferrite was
detected.

The alloying of cementite with chromium after
annealing at 500°С is reflected in the Mössbauer spec-
tra. Annealing at 500°С greatly releases the crystal-lat-
tice distortions of cementite, which results in the nar-
rowing of the spectral lines and the Р(Н) function
peak of cementite. Alloying cementite with chromium
PHYSICS OF METALS AND METALLOGRAPHY  Vol. 1
leads to the asymmetric broadening of the Р(Н) func-
tion peak in the range of fields Н of 130–200 kOe.
When alloying cementite with chromium is increased,
the number of possible combinations of Ni and Cr
atoms in the nearest neighborhood of iron atom grows
and each combination yields an additional peak of the
function Р(Н), which leads to the appearance of asym-
metry of the central peak of the function Р(Н) of
cementite from the side of low fields. It follows from
Figs. 2b and 3b that the asymmetry of the function
Р(Н) of cementite in an alloy with у = 0.20 compared
to a low-nickel alloy (у = 0.05), is much stronger. This
means the more enhanced alloying of cementite with
chromium in the alloy with у = 0.20.
19  No. 3  2018



264 CHULKINA et al.
Noteworthy are the maxima in dependences χ(Т)
in the temperature range of 400–500°С taken upon
heating (Fig. 5d, curve 1) an alloy with a high Ni con-
tent (у = 0.20) or upon cooling an alloy with у = 0.10
after annealing at 500°С (Fig. 5c, curve 4). The
appearance of these maxima is connected with the fact
that, in high-nickel alloys, the decomposition of most
Ni-rich regions of cementite with the formation of
austenite takes place even in the heating process,
whereas in low-nickel alloys, decomposition occurs
after 1-h holding of samples upon annealing. Depend-
ing on the nickel content, austenite can be ferromag-
netic (Ni > 30 at %) or paramagnetic (N < 30 at %)
[10]. As follows from Figs. 5c and 5d, at least some of
the austenite is in the ferromagnetic state, as evinced
by the nonzero value of the magnetic susceptibility χ in
curves 3 and 4 in the temperature range of 500–400 to
200°С. The position of maxima in curves 4 (Fig. 5c)
and 1 (Fig. 5d) in the temperature range of 450–500°С
actually reflects the Curie temperature of austenite,
based on which the Ni content in it can be judged.
Estimates of samples with у = 0.10 and 0.20 made
according to [11] yield an Ni content in austenite of 42
and ~50 at %, respectively. It should be noted that, in
[11], an Fe–Ni alloy was considered. The presence of
extra Cr and C in the composition of the samples
under study can somewhat shift the Curie point of aus-
tenite. The appearance of austenite in the samples
after annealing at 500°С is likewise fixed in the X-ray
(curve 5 in Fig. 1) and Mössbauer (Figs. 2b, 3b) data.
A feature of Mössbauer studies is the possibility of reli-
able determination of paramagnetic austenite. It fol-
lows from an analysis of the Р(Н) function of the
Mössbauer spectra of the alloys annealed at 500°С
(Figs. 2b, 3b) that, in their composition, along with
cementite (the Р(Н) function peak in the field of Н =
220 kOe), a small amount of paramagnetic austenite is
also contained (the Р(Н) function peak in a field of
Н = 0 kOe). In ferromagnetic austenite, functions
Р(Н) are distributed in a wide magnetic-field range
(20–300) kOe [10] and, hence, overlap the function
Р(Н) of cementite. In explicit form, a part of the func-
tion Р(Н) of ferromagnetic austenite is revealed in a
sample with a high nickel content (у = 0.20) in the
range of fields Н from 20–100 kOe (Fig. 3b). When
analyzing the Mössbauer data, it is necessary to take
into account the fact that samples in the process of
measurement were in the temperature of liquid nitro-
gen at which austenite γ (Fe,Cr,Ni,С) additionally
undergoes martensitic transformation. Indeed,
according to the X-ray data, after annealing at 500°С
the composition of the sample with high nickel con-
tent (у = 0.20) includes two phases, i.e., cementite and
austenite (Fig. 1, curves 1, 5). At the same time, in this
sample, according to the Mössbauer data, the pro-
nounced Р(Н) function peak in the field Н ≈ 340 kOe
is observed, which can be identified as low-carbon
martensite or α Fe alloyed with Ni (Fig. 3b). This
means that, in the process of Mössbauer measure-
PHYSICS OF META
ments at the temperature of liquid nitrogen, a good
part of austenite of the sample underwent the marten-
sitic transformation. In a sample with low nickel con-
tent (у = 0.05) the Р(Н) function peak of martensite
manifests weakly (Fig. 2b). Thus, the Mössbauer mea-
surements qualitatively confirm the X-ray data on the
phase composition of the samples after annealing
at 500°C.

The appearance of nonferromagnetic austenite in
the composition of samples annealed at 500°С and the
decomposition of part of the cementite in samples
with high nickel content bring about some decrease in
the specific saturation magnetization of all these sam-
ples (Fig. 4).

Annealing at higher temperatures bring about the
further decomposition of cementite (Fig. 1, curves 1),
including cementite alloyed with chromium. In this
case, the stability of cementite under the action of
temperature decreases, as the nickel content in the
composition of samples increases. For example, after
1-h annealing at 800°С, the cementite content in sam-
ples of the composition ((Fe0.95 – yCr0.05Niy)75С25,
where у = 0.05, 0.10, and 0.20) is 50, 30, and 0 vol %,
respectively. As was shown above, after MS, the con-
tent of nickel dissolved in cementite is limited. It is
possible that, after MS, some part of Ni atoms propor-
tional to the nickel content in samples is in the bulk of
cementite grains in the form of clusters, finely dis-
persed nickel inclusions, or some other constituents.
Upon high-temperature annealing, these Ni atoms
acquire mobility sufficient for their dissolution in the
cementite lattice, which simultaneously alloys cemen-
tite and stimulates its decomposition. This process can
take place as demonstrated by the elevation of ТС of
cementite in alloys annealed at 800°С compared to
annealing at 500°С. This can be observed in the
dependences χ(Т) of an alloy (Fe0.85Cr0.05Ni0.10)75С25
presented in Fig. 5c. It can be seen that the Curie tem-
perature of cementite of the alloy annealed at 500°С is
~120°С (curve 4) and ТС ≈ 150°С after annealing at
800°С (curve 5). The low value of the magnetic sus-
ceptibility of cementite in curve 5 is due to the fact
that, after high-temperature annealing, cementite
becomes low magnetic, as will be discussed below. The
analogous picture (possibly less pronounced) is
observed for the alloy (Fe0.90Cr0.05Ni0.05)75С25 (Fig. 5b).

As the annealing temperature increases, the
amount of austenite in the samples grows. At the same
time, with an increase in the nickel content, in the
composition of samples the fraction of austenite
underwent decreases in the martensitic transforma-
tion (Fig. 1, curves 5). This can be explained because
alloying with nickel stabilizes austenite and shifts the
martensitic transformation towards a range of lower
temperatures.

Mössbauer measurements on samples annealed at
800°С with allowance for the fact that these were con-
ducted at the temperature of liquid nitrogen qualita-
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tively confirm the X-ray data. It follows from an anal-
ysis of the Р(Н) function of an alloy with у = 0.05
(Fig. 2c) that the composition of the sample contains
cementite (the main peak of the function Р(Н) in a
field of 220 kOe), which is highly alloyed with chro-
mium (asymmetry of the peak from the side of lower
fields). Along with cementite, the composition of the
sample contains martensite (the Р(Н) function peak in
a field 350 kOe) and some amount of paramagnetic
austenite (the Р(Н) function peak in a field Н =
0 kOe). After annealing at 800°С of a sample with high
Ni content (у = 0.20), we observe practically one
phase: paramagnetic austenite (the Р(Н) function
peak in a field Н = 0 kOe in Fig. 3c).

The phase changes that occurred at Тann = 800°С
are reflected in the dependences χ(Т) of alloys (Fig. 5,
curves 5). After annealing an alloy with у = 0.05, mar-
tensite alloyed with Ni with a Curie temperature
~60°С becomes a ferromagnetic phase with the great-
est saturation magnetization (Fig. 5b, curve 5). In an
alloy with a higher Ni content (у = 0.10), the ТС of
martensite approaches room temperature (Fig. 5c,
curve 5). The decomposition of cementite in an alloy
with a high Ni content (у = 0.20) leads to the appear-
ance in the composition of the sample of almost one
phase, i.e., paramagnetic austenite, which reflects in
the dependence χ(Т) as the near-zero value of the
magnetic susceptibility (Fig. 5d, curve 5).

The above results are supported by the measure-
ments of dependences σs(Тann) of alloys (Fig. 4).
Cementite alloyed only with chromium is stable in the
entire range of annealing temperatures, and its specific
saturation magnetization varies slightly (Fig. 4, curve 1).
Alloying mechanosynthesized samples of the cemen-
tite composition with chromium and nickel leads to
substantial changes in the phase composition of com-
posites in the annealing temperature range of 500–
800°С, which is reflected in the dependences σs(Тann).
We will consider this in greater detail.

In curve 2 (Fig. 4) of an alloy with an Ni content of
у = 0.05, the minimum is observed in the neighbor-
hood of Тann = 600°С. According to the data of Fig. 1а,
the composition of the alloy annealed at this tempera-
ture contains 82 vol % cementite, about 4 vol % aus-
tenite, and 4 vol % ferromagnetic martensite, the sat-
uration magnetization of which is the highest of all the
considered phases. The minimum in the σs(Тann)
curve at Тann = 600°С is due to the fact that austenite
alloyed with Ni and formed upon decomposition of
cementite is largely in the paramagnetic state. After
annealing at 800°С, the alloy composition contains
only 45 vol % of the ferromagnetic martensite (Fig. 1,
curve 6) with the result that σs of the sample increases
anew (Fig. 4, curve 2). In an alloy with у = 0.10, the
minimum in the dependence σs(Тann) falls on a tem-
perature of 700°С (Fig. 4, curve 3). According to the
data of Fig. 1b, at this temperature, the alloy contains
48 vol % cementite, 14 vol % ferromagnetic marten-
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site, and 38 vol % paramagnetic austenite. Despite the
large volume of ferromagnetic phases (cementite and
martensite), the specific saturation magnetization of
the sample is comparatively small (~24 А m2/kg). The
analogous phenomenon after annealing at 700°С is also
observed in the alloy with у = 0.20 (Fig. 4, curve 4), in
which 36 vol % of cementite is contained and the rest
is mainly paramagnetic austenite (Fig. 1c, curves 1, 5).
In our opinion, this phenomenon is caused by the low
σs value of cementite which is the result of additional
alloying of cementite with nickel in the process of
high-temperature annealing.

After annealing of a sample with у = 0.10 at 800°С,
the content of paramagnetic austenite and low-mag-
netic cementite decreases to 14 and 31 vol %, respec-
tively, whereas the ferromagnetic martensite content
increases sharply to 55 vol % (Fig. 1b, curves 5, 6),
which leads to intense growth in σs for the alloy
(Fig. 4, curve 3).

In an alloy with high Ni content (у = 0.20), anneal-
ing at 700–800°С lead to the decomposition of a
major portion of cementite with the formation of
mostly nonferromagnetic (Fig. 3c) austenite (Fig. 1c,
curves 1, 5). The low σs value in curve 4 in the range of
Тann = 700–800°С (Fig. 4) is due to the presence of
small amounts of ferromagnetic phases in samples,
i.e., martensite and, possibly, ferromagnetic (Fig. 5d,
curve 5) austenite (Fig. 1c, curves 1, 6).

CONCLUSIONS

(1) It has been shown that, due to MS of powders
of the composition (Fe0.95 – уCr0.05Niу)75C25, where
0 ≤ у ≤ 0.20, samples contain the following phases:
cementite, amorphous phase, and some amount of
χ carbide. Cementite after MS is mainly alloyed with
chromium. Nickel likewise dissolves in cementite, but
in a limited amount. The amorphous phase is alloyed
with nickel to a greater degree than with chromium.

(2) It has been found that cementite and χ carbide,
which arises in the process of the crystallization of the
amorphous phase upon low-temperature annealing
(300°С), are alloyed with nickel to a larger degree than
after MS. As a consequence, after the low-tempera-
ture annealing, the alloy composition contains two
types of cementite one of which appeared in the MS
process and is mainly alloyed with chromium. The
other type of cementite is formed from the amorphous
phase in the annealing process and, compared to
mechanosynthesized cementite, is enriched with
nickel. The two types of cementite differ in the Curie
temperature.

(3) It has been shown that annealings in the tem-
perature range of 400–500°С give rise to the decom-
position processes of the most nickel-rich cementite.
As this takes place, the undecomposed cementite is
enriched with chromium.
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(4) Annealing at higher temperatures bring about
the further decomposition of cementite, including
cementite alloyed with chromium. In high-nickel
alloys, due to the decomposition of cementite, austen-
ite alloyed with Cr and Ni is actively formed. Depend-
ing on the nickel content, austenite can be in ferro-
magnetic or paramagnetic states. In the annealing
temperature range of 500–600°С, the redistribution of
alloying elements takes place; in particular, chromium
(carbide-forming element) passes from austenite to
cementite. In alloys with у < 0.20, upon high-tem-
perature (700–800°С) annealing, the dissolution of
nickel in the cementite lattice grows.
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