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Temperature investigations of magnetic properties when analyzing
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The phase composition, magnetic state of the phases and their influence on the formation of the magnetic
hysteresis properties of the nanocomposite with the (Feo.ssMno.10Nig.05)33C17 composition after mechanosynthesis
and subsequent annealing have been studied. It is shown that, although the dependences of the coercive force on
the annealing temperature Hc(Tann) of the alloy, measured at room and liquid nitrogen temperatures, are curves
with maxima, the formation of Hc is driven by different mechanisms. At room temperature measurements, the
maximum H¢ value of the composite is obtained when the size of the ferrite phase precipitates approaches to
the critical single-domain state, whereas at low temperature maximum H¢ value is caused by the change of the

cementite structural state upon annealing.
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1. Introduction

Alloys based on the Fe—C system are widely used in
various industries. The traditional possibilities of creating
new more durable materials based on them have already
been largely exhausted. At present, the researchers’
interest is largely aimed at studying the nanoscale structural-
phase states of steels and alloys, which, according to
modern concepts, are the basis for increasing their strength
characteristics [1,2]. An effective way to obtain the
nanostructured state of bulk materials is considered to
be an intense plastic deformation that occurs during the
process of torsion under high pressure or equal-channel
angular pressing [3,4]. The nanostructural state of iron-
based alloys is also easily achieved by the method of
mechanical alloying (MA) of the initial powders in a ball
planetary mill [5,6]. For research purposes, this method
is attractive because on the basis of MA-alloys, by doping
and subsequent heat treatment, nanocomposites with a
given phase composition can be obtained. Structural-phase
analysis of nanocomposites is carried out most often by
X-ray methods. At the same time, the relationship of the
phase composition, structural state and doping of phases
with magnetic properties is known, in particular, with
saturation magnetization, coercive force, Curie temperature,
respectively [7].  The phases of high-alloy steels and
alloys, depending on the degree of doping, can be at
room temperature in both ferromagnetic and paramagnetic
states. In this regard, temperature measurements of the

magnetic characteristics of nanostructured steels and alloys
become relevant. The results of magnetic measurements
can be used both to confirm the results of X-ray phase
analysis and to obtain more complete information about
the structural-phase state, in particular, about the doping
of the phases of the studied composites [8,9]. In this
study, a mechanosynthesized model alloy of the composi-
tion of carbidosteel (FeggsMng 19Nig.05)s3C17 was chosen
for structural and magnetic research. The choice of
manganese as a carbide-forming element is due to the
fact that, firstly, it contributes to the strengthening of
the solid phase — cementite. Secondly, Mn is also
an element that expands the p-region of carbon alloys
and, therefore, along with Ni, will contribute to the
formation of a stronger binding phase of the composite —
austenite. In addition, Mn doping effectively lowers the
Curie temperature Tc of cementite [10]. In this regard,
it becomes possible to study the patterns of redistribu-
tion of Mn atoms between cementite and austenite in
the process of annealing the nanocomposite under study.
Also of interest is the formation of magnetic hysteresis
properties of a nanocomposite, the H; of which can
be highly dependent on the dispersion of ferromagnetic
phases [11]. Tt is expected that after high-temperature
annealing, a nanocomposite will be formed, consisting
of a mixture of nickel-doped (and, possibly, manganese)
binding phase — austenite and solid phase — manganese-
doped cementite.
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2. Specimens and methods of study

The model alloy (Feg gsMng 10Nip g5)s3C17 was obtained
by the MA method of a mixture of carbonyl iron powders
of the OSCh grade 13-2 with a purity of 99.98%, nickel and
manganese with a purity of 99.9%, graphite with a purity
of 99.99% in a ball planetary mill Pulverisette-7 for 16h
in an argon atmosphere. Average particle size of powder
alloys ~ 5um. The grinding vessels of the mill and balls
with a diameter of 8 mm were made of steel ShKh15. The
samples were annealed in an argon atmosphere on the setup
for measuring the temperature dependence of differential
magnetic susceptibility. The rate of heating and cooling of
the samples after annealing was 30 deg/min.

X-ray studies were performed at room temperature on a
Miniflex 600 diffractometer in Bragg—Brentano geometry
in CoK,-radiation. To decipher the phase composition and
determine the size of coherent scattering blocks, a software
package for full-profile analysis of diffractograms [12] was
used. Mossbauer spectra were obtained on the SM2201DR
spectrometer in constant acceleration mode with a source
of y-radiation >’Co(Rh). A generalized regularized algo-
rithm [13] was used to reconstruct the distribution function
of hyperfine fields P(H) from the spectra. The specific
saturation magnetization and coercive force were measured
on a vibrating magnetometer with a maximum magnetizing
field of 13 kA/cm.

Magnetic and Mdssbauer measurements were carried out
both at room temperature and at low temperatures, up to
the temperature of liquid nitrogen (—196°C).

3. Results and discussion

The phase composition of the model alloy
(Fe0.85Mno_10N10_05)83C17 after MA and subsequent annea-
ling is given in Table 1.

It can be seen that after MA, the alloys contain mainly an
amorphous phase and cementite, as well as a small amount
(~ 10vol.%) of y-carbide and ferrite. In the process of
annealing up to 500°C the transformation of the amorphous
phase and x-carbide into cementite and ferrite occurs, the
formation of austenite begins (Table 1). Phase changes
are reflected in the magnetic characteristics of the samples
(Fig. 1). From the curve I in Fig. 1,a it can be seen that
the specific magnetization of the saturation os of the alloy
changes slightly. At the same time, in the interval T,,, from
300 to 500°C its coercive force H¢ increases intensively
(by order of magnitude) (Fig. 1,5, curve ). To understand
the high values of H of the alloy after annealing at 500°C,
information about the magnetic state of its phases is needed,
which can be given by Mossbauer studies. Figure 2,a
shows the Mossbauer spectra of the alloy measured at room
temperature.

Mathematical processing of spectra, carried out in a
discrete representation, makes it possible to determine the
fraction of iron atoms in the phases and the magnetic state

Physics of the Solid State, 2022, Vol. 64, No. 10

Table 1. X-ray phase constitution of the composite
(Feo.ssMng.10Nig.05)33 Ci17
Phases, vol.%
Tamn, °C Amorphic
Cementite | Ferrite | y-carbide | Austenite
phase
After MA 444 34.1 11.5 10.0 —

200 299 436 17.0 9.5 0
300 253 48.2 225 37 0.3
400 204 51.5 256 14 1.1
500 0 66.5 30.1 0 34
600 - 65.0 13.0 - 220
700 — 64.7 1.8 — 335
800 — 59.0 0 — 41.0

of the phases. From Fig. 2,a and Table 2 it follows that
after annealing at 500°C there are two main phases in
the composite: ferrite (component /) and paramagnetic
cementite (component 3), which contain 41 and 55% from
all Fe atoms of the alloy, respectively.

The sample also contains a small number (~ 4%) of
Fe atoms of the weakly magnetic phase (component 4).
Based on the quantitative ratios of Table 1, such a phase
is, most likely, doped austenite. Thus, after annealing
at 500°C alloy is basically a composite in which fer-
rite secretions (particles) are surrounded by paramagnetic
cementite. ~The coercive force of ferrite usually does
not exceed 5—10A/cm [7]. But in this case, it can be
assumed that ferrite particles, isolated magnetically, have
an average size close to the critical size of the single
domain d;.

O | | |
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O | | |
0 200 400 600 800
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Figure 1. Dependence on the annealing temperature of a —
specific saturation magnetization os, b — coercive force Hc of the
composite. Measuring temperature: / — room, 2 — (—196)°C.
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Table 2. Results of analysis of Mossbauer composite spectra (Feg.ssMno,10Nig.05)33Ci17

Paramagnetic phases, at.% Fe

Ferromagnetic phases, at.% Fe

Tal’ll’la OC

Austenite

Cementite

Ferrite Cementite/austenite

Measurements at room temperature

500 0 55
700 29 68
800 36 61

41 —/4

Measurements at T = —196°C

500 0 —
700 32 —
800 41 —

It is known [11,14,15] that in the process of measuring H¢
the remagnetization of single-domain iron particles occurs
by irreversible rotation of magnetization, which provides
high (500 A/cm and higher) values of their Hc. For iron
particles, d.; ~ 14—18 nm. The predominantly Ni-doped Fe
particles most likely have higher values of d, since for
nickel particles do; =~ 72nm [14].

The annealed samples were determined to have an
average size of coherent scattering regions (D), which
with high probability determine the average size of phase
secretions. For example, the ferrite in the sample an-
nealed by Ty = 500°C has (D) =~ 60nm. Taking into
account this data, it can be concluded that the critical
size of the single domain d.; of particles of predominantly
Ni-doped ferrite is near ~ 60nm. Thus, the increase
in the values of H. of the composite up to 250 A/cm
in the annealing temperature range from 300 to 500°C
is most likely due to the approximation of the average
size of ferrite secretions surrounded by paramagnetic ce-
mentite to the critical size of their single domain. The
proposed mechanism of remagnetization also explains the
decrease in Hc of the composite in the range of T
from 500 to 700°C, within which the content of the
ferritic phase decreases intensively from ~ 30vol.% and,
practically, to zero values (Table 1). As a result, Hc
of the composite drops sharply to the value of ~ 3 A/cm
(Fig. 1,b, curve 1), due to the presence, as will be shown
below, the weakly magnetic cementite with Tc near the
room temperature. The Mossbauer spectrum of a sample
annealed at 700°C is not given in Fig. 2, as it is in
many ways similar to the spectrum of the sample after
annealing at 800°C.

A decrease in the content of the ferritic phase in the range
Tann from 500 to 700°C (Table 1), as well as an increase in
the amount of paramagnetic austenitic phase (Tables 1,2)
cause a decrease in os composite (Fig. 1,a, curve I).

The paramagnetic state of the cementite of alloy at room
temperature means that its Tc is in the region of negative
temperatures. In this regard, there is a need for information
about the magnetic state of the phases at low measurement
temperatures. To this end, at the T = (—196°C), the

37 63
0 68/—
- 59/—

- 2
I'I>3

Intensity, arb. units

s b

-8 -4 0 4 8
Velocity, mm/s

Figure 2. Mossbauer spectra of a composite after annealing
at temperatures: a — 500; b — 800°C. Components of
discrete decomposition: / — ferrite, 2 — paramagnetic austenite,
3 — paramagnetic cementite; 4 — weakly magnetic austenite,
5 — weakly magnetic cementite. The measurement temperature
is room temperature.

Mossbauer spectra of alloy samples annealed at 500, 700
and 800°C were taken. Figure 3 shows (with the exception
of the sample with Ty, = 700°C) spectra and components
of discrete processing of the spectra of the samples under
study. On the right are also the results of processing
spectra in a continuous representation in the form of the
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Figure 3. Mossbauer spectra and functions P(H) of the studied
composite after annealing at temperatures: a — 500; b —
800°C. Components of discrete decomposition: [ — ferrite,
2 — paramagnetic austenite, 3 — ferromagnetic cementite and
austenite (mixture); 4 — ferromagnetic cementite. Spectra are
measured at T = (—196)°C.
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function P(H), which reflects the distribution of hyperfine
magnetic fields H on the nuclei of the Fe isotopes from
the atoms of the immediate environment. Thus, for
ferrite, the function P(H) is a pronounced peak with a
maximum in the field H = 337kOe (Fig. 3,a). For mainly
Mn-doped cementite, the function P(H) lies in the field
range ~ 60—230kOe (Fig. 3,a and b). For paramagnetic
austenite, the maximum function P(H) is near the field
H ~ 0kOe (Fig. 3,b). From Fig. 3,a and Table 2 it follows
that the ferrite and cementite of the annealed at 500°C alloy,
at T measurements —196°C are in a ferromagnetic state
(components 7/ and 3 in Fig. 3,a). Ferrite contains 37% of
the total number of Fe alloy atoms. The rest of the iron
(63 at.%) is in cementite and in a small amount (3.4 vol.%,
Table 1) of ferromagnetic austenite. The presence of
ferromagnetic austenite in the alloy is evidenced by the wide
distribution of the function P(H) in the range H from ~ 50
to 300 kOe, which cannot be separated with the distribution
of the function P(H) of ferromagnetic cementite. Thus, at a
measurement temperature of T = —196°C, the composite
after annealing at 500°C magnetically represents ferritic
phase secretions located in a matrix of hard-magnetic
cementite. The coercive force of ferrite secretions in this
situation cannot be higher than Hc of cementite, even if
they are in a single domain state after magnetization.

After annealing at 700—800°C the composite consists
of a mixture of phases — ferromagnetic cementite and
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paramagnetic austenite (components 2,4 in Fig. 3,5, Ta-
ble 2). Since at the temperature of liquid nitrogen cementite
after annealing is in a ferromagnetic state, the dependence
of H¢(Tann) of the composite (Fig. 1,b, curve 2) in the
entire range T,y 1S determined by the structural state of
the cementite [9,16] and the amount of ferritic phase. The
higher values o5 of dependence 0s(Tann) measured at the
temperature of liquid nitrogen (Fig. 1,a) are mainly due
to the transition of cementite from the paramagnetic to the
ferromagnetic state.

The transition of phases, in particular cementite, from the
paramagnetic to the ferromagnetic state when the measure-
ment temperature T decreases allows one to determine Tc
of the cementite by the magnetic method. Information on
the Tc of cementite opens up the possibility of studying the
redistribution of Mn between the phases of the composite
during annealing.

Several magnetic methods are known for determining Tc
of ferromagnetic phases [9,17,18]. In this study, the method
of temperature dependence of the magnetic susceptibility
of x(T) samples was used to find Tc of ferromagnetic
cementite in the region of positive measurement temper-
atures T. In this case, Tc of phases was determined by
the temperature of the maxima of the curves x(T). The
dependencies of x(T) were measured during cooling of
alloy samples to room temperature after annealing in the
range Tann = 300—800°C. It was found that after annealing
at Ty < 700°C maxima on the cooling curves x(T) of
the samples are not observed. Consequently, the Tc of
cementite of such samples is in the region below room
temperature Tom. For example, the curve / in Fig. 4
represents the dependence x/x20(T), which was removed
when cooling the sample after annealing at 500°C. The
horizontal portion of the curve I reflects the presence
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Figure 4. Dependencies of relative magnetic susceptibility x/x20
on temperature measurements taken when cooling samples of
the studied composite after annealing at temperatures: 7 — 500,
2 — 1700, 3 — 750, 4 — 800°C. Here x2 — magnetic suscepti-
bility measured at 20°C.
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Figure 5. Temperature dependences of the coercive force H¢ of
the composite, taken after annealing of samples at temperatures:
a) 1 — 300, 2 — 400, 3 — 500, 4 — 600, 5 — 700, 6 — 750,
7 —800°C; b) 6 — 750, 7 — 800°C.
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in the sample of the strong magnetic ferritic phase with
Tc > 500°C. Gentle rise of the curve / indicates, firstly,
the approximation of the measurement temperature to Tc of
cementite, which is in the region below Tyoom, and secondly,
the heterogeneous doping of cementite Mn.

To determine the Tc of Mn-doped cementite, which is
located in the measurement temperature region below Tyoom,
the method of temperature dependence of the coercive
force Hc(T) of the samples was used. Fig. 5 shows the
dependences of H¢(T) taken during cooling of annealed
composite samples from Typom to T of liquid nitrogen (due
to the heavy workload of Fig. 5,a with curves, sections
of curves 6 and 7 are moved to Fig. 5,b). It can be
seen that on the curves H¢(T) there are minimums whose
temperature at [9] is close to Tc of cementite. After
annealing at 300°C Curie temperature of heterogeneously
doped cementite with a strongly distorted crystal lattice
is determined by a weakly pronounced and temperature-
blurred minimum of the curve H¢(T) in the region of
T ~ —40°C (Fig. 5,a, curve I). After removal of crystal
lattice distortions as a result of annealing at T,,, > 300°C
and increasing the uniformity of doping phases, especially

cementite, the minima on the curves H¢(T) become more
vividly expressed (curves 2-7 on Fig. 5).

Figure 6 shows the dependencies of Tc(Tan) of cemen-
tite, the analysis of which allows us to judge trends in the re-
distribution of alloying elements, in particular Mn, between
the phases of the alloy. The curve I reflects the change in
Tc from Ty, of ,primary” cementite, i.e. cementite, which
was formed during MA and crystallization of the amorphous
phase during annealing. The decrease of Tc cementite in the
range Tonn from 300 to 500°C (curves /-3, Fig. 5,a) can be
explained by additional by doping it with Mn atoms, which
are being after MA in large quantities in the segregation
along the intergrain boundaries of [19], as well as the
possible departure of Ni atoms from cementite.

Annealing in the range from 500 to 700°C (curves 4—3,
Fig. 5,a) already lead to an increase in Tc of ,primary”
cementite (curve / on Fig. 6), which indicates a decrease
in its composition of the manganese content. In all
probability, during annealing, some of the Mn atoms go
from the cementite to form nickel-manganese austenite. This
assumption is confirmed by comparing the data of X-ray and
Mossbauer measurements. In composite samples annealed
in this interval T,,,, the volume content of cementite is
approximately the same (Table 1). However, as follows
from the Mossbauer data measured at Tyoom, after annealing
at 500°C, there is 55% in cementite, and after annealing
at 700°C — already 71% of all Fe atoms contained in the
composite (Table 2), that is, the content of Mn atoms in
the cementite lattice after annealing at 700°C becomes
less indeed. After annealing at 700°C the Mn-doping of
cementite becomes so low that the minimum of the curve 5
in Fig. 5,a already lies in the region of T > 0°C. The
value Tc of the cementite of this sample, located near
room temperature, was found by measuring the dependence
x(T) (Fig. 4, curve 2). In addition, it follows from the
Mossbauer data that at T,,om the bulk of the cementite of
the alloy annealed at 700°C, which contains 68% of all Fe
atoms in the composition of the composite, is paramagnetic.
And only a small part of cementite, in which there is 3%
of all Fe atoms, is a weakly magnetic ferromagnet, which
forms at T;oom the magnetic properties of this sample.

100
50

0
< 50

°C

-100

~150 I I I I I
300 400 500 600 700 800
T, ., °C

ann’

Figure 6. The dependence of the Curie temperature Tc of
Hprimary“ (curve /) and ,secondary (curve 2) cementite on the
annealing temperature of the studied composite.
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After annealing at 750 and 800°C the composite con-
sists of two phases: austenite, paramagnetic even at
T = —196°C, and cementite, the magnetic state of which
depends on the measurement temperature (Tables 1,2).
It follows from the foregoing that the temperatures of the
minima (T ~ —20°C and T ~ —40°C) on the dependen-
cies He(T) (curves 6 and 7 in Fig. 5,b), and also of
the maxima on the dependencies x(T) (curves 2—4 in
Fig. 4) characterize the Curie temperature of cementite, but
this cementite differs from each other. In the region of
negative temperatures are Tc of ,primary“ cementite, and
in the region of positive temperatures — Tc of cementite,
which within the framework of this article we will call
»secondary®.

It is known [20] that in the process of high-temperature
(over 700°C) annealing, some part of the cementite of
alloys dissolves in austenite. Moreover, first of all,
areas of undoped, and then weakly-doped cementite are
dissolved. The concentration of Mn in the remaining
volume of ,primary”“ cementite becomes higher, which
naturally lowers it Tc (Fig. 6, curve I). When cooled,
excess cementite (,,secondary“) is secreted from austenite,
the content of Mn in which is lower, and Tc — higher
than that of ,primary* cementite. In this regard, it is
logical to assume that the maxima on the dependencies
x/%20(T) of composite (Feg gsMng, 10Nig.0s5)s3C17, annealed
at 750 and 800°C (curves 3,4 in Fig. 4) reflect the
appearance of ,secondary” cementite with Tc ~ 34 and
77°C, respectively (Fig. 6, curve 2). The appearance of
»secondary” cementite, the content of manganese in which
decreases with increasing Ty, is, according to [6], the main
reason for the increase in H¢ of composites after annealing
at Tann > 700°C (curve 7 in Fig. 1,b). Thus, after high-
temperature annealing in the alloy, areas of cementite with
different Curie temperature values, that is, with different
manganese content, are formed.

Annealing at a maximum (for this work) temperature of
800°C completes the main phase transformations character-
istic of the solid state of the alloy under study (Tables 1, 2).
After such annealing, the alloy is a nanocomposite con-
sisting of the binding phase — of Ni- and Mn-doped
paramagnetic austenite, in which the secretions of the
strengthening phase — of mainly Mn-doped paramagnetic
cementite and a small amount of weakly-doped cementite
are placed. The size of secretions of both phases, according
to X-ray studies, does not exceed 60 nm.

4. Conclusions

1. The phase composition and formation of the magnetic
characteristics of the composite (FeggsMng 10Nip.05)s3C17
after mechanosynthesis and subsequent annealings were
studied. It is shown that after annealing at 500°C, the
composite is a matrix of paramagnetic cementite, in which
there are ferritic phase secretions close to the critical

Physics of the Solid State, 2022, Vol. 64, No. 10

size of the single domain, which ensures a high value of
its He =~ 250 A/cm.

2. The dependence of H¢(Tyn ), measured at the temper-
ature of liquid nitrogen, is also a curve with a maximum at
600°C, which is due to another mechanism — change in
the structural state of cementite during annealing.

3. It is shown that at Ty, > 500°C the segregation of
Mn atoms from cementite occurs. It has been suggested
that manganese segregated from cementite is used to form
nickel-manganese austenite.

4. Annealings at temperatures above 700°C lead to the
dissolution of the low-alloyed part of the cementite in
austenite and the secretion of manganese-depleted ,,se-
condary” cementite from it in the process of subsequent
cooling. As a result, after high-temperature annealing,
cementite with different Curie temperature values and
therefore with different contents of Mn is observed in

composites.

5. After annealing at 800°C alloy
(Feo.gsMng 19Nig 05)s3C17 is a nanocomposite consisting
of a binding phase — of austenite, in which nanoscale

secretions of the solid phase cementite are placed.
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