
ISSN 0031�918X, The Physics of Metals and Metallography, 2010, Vol. 110, No. 5, pp. 474–484. © Pleiades Publishing, Ltd., 2010.
Original Russian Text © V.A. Barinov, V.A. Tsurin, V.T. Surikov, 2010, published in Fizika Metallov i Metallovedenie, 2010, Vol. 110, No. 5, pp. 497–507.

474

INTRODUCTION

A study of the catalysis products by the Fischer–
Tropsch scheme showed [1] that, along with the
known carbide phases, a carbide with the Curie tem�
perature ТС = 525 K is formed in the Fe–C system.
The presence of a phase with ТС = 525 K was also
observed in some high�carbon steels upon tempering
[2]. However, small volumes and a high dispersion of
the precipitates did not allow determining the origin of
the magnetically ordered state with an anomalously
high temperature ТС in the steels. It was assumed that
the growth of the Curie temperature was due to a mod�
ification of the orthorhombic cell of the cementite
θ�Fe3C.

An analysis of the experimental data available in the
literature showed that in the Fe–C system this carbide
is less studied. Even the stoichiometric composition of
the phase [3] has not been determined so far. Based on
the dependence of the Curie temperature ТС(сС) in the
range of concentrations 25 ≤ сС ≤ 33 at %, it is assumed
that the ratio of iron to carbon in this carbide is smaller
than in the Hägg χ carbide Fe5C2, but is slightly larger as
compared to ε'�Fe2.2C and approximately corresponds
to stoichiometric Fe7C3. The identification of the Fe7C3
phase becomes still more uncertain because of ambigu�
ous X�ray diffraction data. The crystalline structure of
the carbide is considered either in the hexagonal system
(the space group P63mc) [4–7] or in the orthorhombic
system (space groups Рnma [8–10]; Pmn21 [10] or
Pmc21 [3]). The parameters of the unit cell in one and
the same group can differ both in size and in the number

and positions of atoms and the occupancy of the crys�
tallographic positions [10].

It is known that, in addition to the FTS process, the
Fe7C3 phase is formed in a mixture with other carbides
under conditions used for the production of synthetic
diamonds [6, 10, 11]. The presence of this phase was
also observed in crystallized amorphous powders of the
nominal composition Fe75C25 synthesized by grinding
the initial components in a vacuum [12]. It was noted
that, in the single�phase state, Fe7C3 was formed during
crystallization of amorphous films Fe1 – xCx (х > 0.32)
synthesized by radio�frequency sputtering [13, 14].

This paper describes the results of investigations of
hyperfine interactions and magnetic properties of the
carbide Fe7C3 synthesized by mechanical grinding of
an iron powder in liquid hydrocarbons (toluene С7Н8).
This method was used for the first time to synthesize
the cementite Fe3C in a single�phase state (~90 wt %)
[15, 16]. The results of an analysis demonstrated that
this method is efficient for production of the θ phase in
volumes sufficient for comprehensive investigations at
any level. It was found that at the selected parameters
of the mechanical synthesis (MS), the single�phase
state of the powders exists in a rather narrow time
interval. A further increase in the time of the mechan�
ical treatment of the iron powder led to an increase in
the proportion of carbides with the carbon concentra�
tion higher than that in θ�Fe3C, probably such as in the
Hägg carbide χ�Fe5C2 and the Ekstrom–Adcock car�
bide Fe7C3 [17] whose properties have still been mostly
unclear so far.
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EXPERIMENTAL

A screened iron powder of the analytically pure
grade 100 μm in size and household toluene (С7Н8)
were used for the mechanical synthesis of the carbide
Fe–C. Five grams of the α�Fe powder were placed in a
~60�cm3 sealed vessel with 30 spheres about 8 mm in
diameter. The free volume of the vessel was filled with
toluene up to the brim. A tacking made of a composite
consisting of tungsten carbide and 6 wt % Co was used
to accelerate the process of synthesis. The grinding
operation was performed in a Pulverizette�1 centrifu�
gal planetary mill (Fritsch GMBH) with the platform
and the vessels rotating at a speed of Ωp = 47 and ωv =
89 s–1, respectively.

The temperature dependence of the dynamic mag�
netic susceptibility χас(Т)/χас(300 К) of the MS car�
bides at different stages of grinding was studied at tem�
peratures of up to T = 1075 K in an ac magnetic field
with a frequency of f = 133 Hz and an amplitude haс =
400–800 A m–1. The Mössbauer spectra (57Fe) of the
powders were measured at T = 300 K in the 57Со(Cr)
γ�quanta transmission geometry. The model calcula�
tions of the Mössbauer spectra and the reconstruction
of the probability density function for the hyperfine
magnetic fields, P(H), of the synthesized carbides Fe–
C were performed using an algorithm realized in the
MSTools software [18].

RESULTS AND DISCUSSION

Kinetics of Iron Carbonization during Grinding

The difficulties of identifying the phases in the Fe–C
system are customary for nanocrystalline materials.
The attempts to use the traditional scheme of X�ray
diffraction for exploring the structure of materials with
a developed short� and medium�range atomic order
point to its limited capacity and require resorting to
research methods providing a higher resolution, such
as selected�area electron diffraction (SAED) or Möss�
bauer spectroscopy [3, 14, 19, 20].

Figures 1a–1d show changes in the Mössbauer
spectra and the corresponding distributions of the
hyperfine interaction fields Р(Н) in α�Fe after the
mechanical treatment for 5, 10, 20, and 30 h. The esti�
mates made from the Mössbauer data demonstrate
that the in�synthesis concentration of α�Fe decreases
and amounts to less than one�half of the initial iron
concentration in 5 h (Fig. 1a) and about 20% in 10 h
of grinding (Fig. 1b). It follows from Fig. 1c that the
time of mechanical synthesis of ~20 h is sufficient for
all the Fe atoms to be in the chemically bound Fe–C
state. A comparison of Fig. 1c and Fig. 1d shows that
the final stage of grinding (20–30 h) is not followed by
any marked changes in the shape of the spectra mea�
sured on the synthesized carbide. Insignificant
changes in the structure of the corresponding distribu�
tions Р(Н) can be due to both the further carboniza�
tion of the Fe–C phase and to a redistribution of the

iron atoms in the unit cell formed during the synthesis
process. For definiteness, all the results and their anal�
ysis will further refer to the MS Fe–C phase produced
after 30�h grinding.

An important portion of the studies on the mecha�
nisms responsible for the formation of Fe–C carbide
phases is concerned with the sequence of structural
transformations. According to a known scheme, the
formation of a mixture of cementite and ferrite in
manganese silicon steels upon tempering is due to the
interaction between the χ carbide Fe5C2 and the mar�
tensite [21]. However, the kinetics of the iron carbon�
ization at the initial stages of synthesis points to the
preferred formation of local environments with fields
Нef ≅ 20 and 21 T (Fig. 1a, b), which are characteristic
of iron atoms in the positions Fe(8d) and Fe(4c) of the
θ�Fe3C orthorhombic cell [19]. Given the optimum
parameters of grinding, the formation of atomic con�
figurations of this type becomes a dominant process
and ensures synthesizing cementite in the single�phase
state [15, 16].

It is seen from Fig. 1a that, along with the local envi�
ronments mentioned above, the carbonization process
leads to the formation of other Fe–C atomic configura�
tions in α�Fe, with the hyperfine fields Hhf ≅ 6, 10, 14,
17, and 23 T. The concentration of Fe atoms in these
configurations increases upon grinding from 17 to 35%
(Fig. 1b) and reaches over 60% of the total concentra�
tion of iron at the final stage of synthesizing the Fe–C
phase (Fig. 1d). The variation in the parameters of the
local environment of Fe atoms (the number and the
type of nearest neighbors, and their mutual disposition)
during the α�Fe carbonization is regularly reflected in
the shape of the Mössbauer spectrum and the structure
of the distribution of the hyperfine fields Р(Н).

It follows from Fig. 1d that, without allowance for
small Mössbauer contributions in the region Hhf > 25 T,
the number of component sextets in the spectrum of
MS Fe–C phase is no more than six at the fields
6 ≤ Hhf ≤ 23 T. For comparison, in an orthorhombic cell
of Fe7C3 (Pnma) the iron atoms are located in five crys�
tallographically nonequivalent positions with the mul�
tiplicity of Fe(8d) : Fe(8d) : Fe(4c) : Fe(4c) : Fe(4c)
[5, 8–10]. In the monoclinic lattice of the χcarbide
Fe5C2 (C12/c1), the iron atoms are located in three posi�
tions Fe(8f) : Fe(8f) : Fe(4e) [5, 22]. In the triclinic cell
of χ�Fe5C2 (P1), the iron atoms are located in ten posi�
tions Fe(2i) [23].

Note in conclusion that the number of the Möss�
bauer contributions and the structure of the distribu�
tion of the hyperfine fields Р(Н) in the MS Fe–C
phase (Fig. 1d) can change upon heating of the sam�
ples due to aggregation of the powder and relaxation of
stresses, as well as a redistribution of Fe and C atoms
within the unit cell because of the carbonization of the
MS phase at elevated temperatures. The necessity of
the temperature studies is determined also by the fact
that all the phases in the Fe–C system at Т > 300 K are
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in a magnetically ordered state at the carbon concen�
trations 25 ≤ сС ≤ 33 (at %) [19, 20].

Results of Temperature Measurements

Figure 2 shows the change in the temperature
dependence of the relative susceptibility χас(Т)/χас
(300 K) of the MS Fe–C phase after 30�h grinding as
a function of the temperature of subsequent heating. It
follows from Fig. 2 (curve 1) that, upon heating, the
MS phase undergoes the only transformation at the
transition temperature ТС = 509(5) K. Since the

χас(Т)/χас(300 К) dependence does not exhibit a fea�
ture near ТС = 487(3) K characteristic of the transition of
the cementite, which is most stable phase in the Fe–C
system [19], into the paramagnetic state, then it is
either absent in the MS phase or its concentration is
lower than the sensitivity of the measuring setup. The
value of Δχас/ΔТ in the region of the magnetic transi�
tion is ~0.05 for curve 1, pointing to the presence of
microinhomogeneities in the structure of the synthe�
sized phase. The absence of a signal from the sample at
550 ≤ Т ≤ 600 K indicates that the MS carbide is mag�
netically single�phase.
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Fig. 1. Variation of the Mössbauer spectra of α�Fe and the corresponding probability density distribution function of hyperfine mag�
netic fields Р(Н) during the mechanical synthesis in toluene after grinding for (a) 5, (b) 10, (c) 20, and (d) 30 h; Tmeas = 300 K. 
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The χас(Т)/χас(300 K) dependences of the MS Fe–
C phase after heating to 625 and 775 K are shown in
Fig. 2 (curves 2 and 3, respectively). The state pro�
duced upon heating was fixed by water quenching. As
in the previous case, it can easily be shown that at the
preset conditions of the heat treatment the carbide is
still a single�phase material, but is more homoge�
neous. It follows from Fig. 2 that heating leads not
only to an increase in the homogeneity of the
MS�phase microstructure, but also to a rise of the
magnetic�ordering temperature. The Curie tempera�
ture, which is near 509 K in the carbide after its
mechanical synthesis, elevates to 515(3) K after heat�
ing to 625 K, and reaches ТС = 525(3) K after the
phase is heated under these conditions to 775 K. In
accordance with the concentration dependence of ТС
in the Fe–C system, the rise of the Curie temperature
of the carbide upon heating may indicate that the pro�
cess of an additional temperature�induced carboniza�
tion is activated in the synthesized Fe–C phase. The
temperature ТС = 525 K is limiting and corresponds to
the maximum possible concentration of carbon in the
MS phase under the heating conditions employed.
The attempts to increase the carbon concentration by
holding at 775 K or by increasing the heating temper�
ature lead to the decomposition of the mechanically
synthesized phase and the release of a considerable
amount of carbon, which is condensed as carbon black
in the cold end of the measuring ampoule.

The temperature ТС = 518 K was determined in
one of the pioneering papers concerned with the sus�
ceptibility in the Fe–C system and was stated to be the
Curie temperature of the Hägg χ carbide Fe5C2 [24].
However, no substantiations were given for this infer�
ence. It was conjectured from a systematic analysis of
the pooled data of Mössbauer experiments and mag�
netic measurements known by the beginning of the
1980s that in the context of ε'  χ  θ transforma�
tions, the formation of FeyC phases (2.5 < y < 3) with
the Curie temperature in the region of 495 ≤ ТC ≤ 518 K
in the Fe–C system is due to an excess concentration of
C atoms or their deficit with respect to stoichiometric
θ�Fe3C or χ�Fe5C2 [20]. However, the analysis per�
formed cannot be viewed as complete without discuss�
ing the fundamental issues of nonequivalent positions,
in which the excess atoms of carbon are located in the
unit cells of these phases, and the place of the carbide
Fe7C3 in the sequence of the phase transitions and its
properties in the case of a carbon deficit, i.e., in the
region of compositions 2.3 < y < 2.5.

The Mössbauer spectra and the corresponding dis�
tributions of the hyperfine fields Р(Н) for the MS car�
bide after synthesis and subsequent heating to 625 and
775 K are shown in Figs. 3a–3c, respectively. A com�
parison of the spectra of the MS Fe–C carbide in
Fig. 3 demonstrates that their shapes differ substan�
tially from the shape of the Mössbauer spectra of the
Hägg carbide χ�Fe5C2 in the region of 2.09 ≤ y ≤ 2.46

[14, 19], but they approach the spectra characteristic
of the carbides Fe7C3 synthesized by the crystallization
of amorphous Fe1 – хCх (х ≥ 0.45) films, or amorphous
powders having the nominal composition of Fe50C50,
or powders synthesized under conditions used for the
production of synthetic diamonds [13, 25].

It follows from Fig. 3 that the shape of the spectra
of the carbide under study is generally preserved and,
as distinct from the Curie temperature, weakly
depends on the conditions of the subsequent heat
treatment. A comparison of the Р(Н) distributions
shows that the heating temperature has the greatest
effect on the low�field part of the distribution. As can
be seen from Fig. 3, the portion of the Mössbauer con�
tribution with a field Нhf ≅ 8.5 T diminishes upon heat�
ing and becomes negligibly small above 775 K.

The origin of the low�field contributions to the Р(Н)
distributions in the Fe–C system has not been clearly
understood. When analyzing the hyperfine interactions
in amorphous Fe1 – хCх films (0.19 ≤ х ≤ 0.49), it was
assumed that Р(Н) contained additional contributions
in the region Нhf ≅ 0.38〈Н〉 (〈Н〉 being the average field)
caused by quadrupole interactions in this system [13].
The use of the method for the restoration of Р(Н) dis�
tributions for carbides Fe–C is not quite correct also
because of the piecewise�linear dependence of the iso�
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mer shift on the carbon concentration with a knee near
хr ≅ 0.32. However, the calculation of Р(Н) as a func�
tion of the sum of p(Нk) shows [18] that the feature in
the IS(сС) dependence does not influence the number
of the Mössbauer contributions to the distribution for
the carbide under study. Thus, it follows from Fig. 3
and from the earlier remarks that the number of sextets
determining the experimental spectra of the MS Fe–C
carbide is no less than five, at least for the carbide after
heating to 775 K (Fig. 3c).

Calculations of the Mössbauer Spectra 
of the MS Fe–C Carbide

The exceeding of the interval of the confidence
parameters (Nobs–Nclc) revealed for the experimental
spectra of the synthesized Fe–C carbide with respect

to those found from the restored Р(Н) distributions
suggests the need to perform model calculations, in
which constraints known from other experiments are
imposed on the varying parameters of the hyperfine
interaction. However, any data on the Mössbauer
parameters of the carbide Fe7C3, which have been cal�
culated based on five constituent sextets, have not
been reported in the literature. It was noted that the
shape of the spectrum of the carbide Fe7C3 that was
synthesized by crystallization of amorphous Fe1 – хCx

films in the region of х > хr was independent of the car�
bon concentration at Т = 300 K and was described by
three broad sextets with the field values Н1 = 24.8(3),
Н2 =21.2(3), and Н3 = 16.7(1) T, which were close to
the hyperfine fields calculated for Fe7C3 synthesized
under a high pressure and temperature [13, 25].
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The fitting parameters in the zero approximation
for all the experimental spectra of the MS carbide were
obtained by the consecutive subtraction of the tenta�
tive constituents of the sextets from the calculated
spectrum upon achieving the level at which the confi�
dence interval was not exceeded. The parameters
determined by this procedure for each Mössbauer sex�
tet were used for the final calculations of the experi�
mental spectra of the MS carbide on the assumption
that the intensities of the lines in each of the sextets
were described by the ratios of 3 : 2 : 1 : 1 : 2 : 3. The
results of the spectrum calculations for the carbides
after their synthesis and heating to 675 and 775 K are
given in Table 1 and in Fig. 4.

It follows from Table 4 that the calculated experi�
mental spectra of the MS carbide differ from the spec�
tra of Fe7C3 and Fe5C2 [13, 14] not only in the number,
but also in the magnitudes of the hyperfine interaction
parameters. If the synthesized carbide Fe–C is indeed

a crystalline Fe7C3 phase, it may be thought that the
five sextets present in the experimental spectra of the
MS carbide are determined in the space group Pnma
by five crystallographically nonequivalent positions of
iron atoms in an orthorhombic unit cell with a multi�
plicity 8d1 : 8d2 : 4c1 : 4c2 : 4c3 [5, 8–10]. However, the
values of fi for the partial sextets рi correspond to f1 : f2 :
f3 : f4 : f5 ≅ 4 : 8 : 8 : 8 : 4, pointing to the fact that this
supposition is more justified if an MS�carbide unit cell
contains 32 iron atoms, which correspond to the
chemical formula Fe7C3, rather than 28 iron atoms, as
in the case of Fe8C3.

Evaluating Concentration of Bound Carbon 
in the MS Carbide

The concentrations of the components in the MS
Fe–C carbide could be easily found from a chemical
analysis if the synthesized carbide were a single�phase

   
Table 1. Calculated values of the hyperfine interaction parameters (T = 300 K) for the MS carbide Fe–C after 30�h grinding
of an iron powder in toluene, heating in a vacuum (10–1 Pa) to 675 and 775 K, and subsequent quenching in water

Sample Parameter
Partial Mössbauer sextets (T = 300 K)

р1 р2 р3 р4 р5

MS, 30 h
(TC = 509 K)

Hhf,  T 22.6 20.6 17.5 15.5 10.7

IS, mm/s 0.33 0.23 0.22 0.19 0.56

QS, mm/s –0.10 0.07 –0.04 0.02 –0.05

fFe, % 15.4 22.2 29.5 21.6 11.3

MS + 675 K
0.25 h (TC = 525 K)

Hhf, T 22.7 20.9 17.7 15.8 10.2

IS, mm/s 0.29 0.26 0.20 0.20 0.45

QS, mm/s –0.11 0.05 –0.01 0.07 –0.05

fFe, % 13.3 23.4 27.6 25.6 10.1

MS + 775 K
(TC = 525 K)

Hhf, T 22.9 21.1 17.9 16.3 10.4

IS, mm/s 0.30 0.24 0.18 0.18 0.44

QS, mm/s –0.18 0.05 –0.04 0.08 –0.10

fFe, % 12.5 27.8 23.8 28.8 7.1

Fe5C2 [14] Hhf, T – 21.7(1) 18.1(1) – 10.0(4)

IS, mm/s – 0.25(2) 0.19(2) – 0.15(2)

QS, mm/s – – – – 0.07(2)

Note: IS is taken relative to α�Fe; QS = 1/4e2qQ[1/2(3cos2Θ – 1)]. The measurement errors of the hyperfine field ΔHi, isomeric shift Δ(IS),
quadrupole splitting Δ(QS), and the relative contribution of a Mössbauer sextet Δfi do not exceed 0.2 T, 0.02 mm/s, and 1.5%, respec�
tively.
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material not only in the magnetic respect and all the
carbon atoms, as the iron atoms, in it were in the
chemically bound state. For example, a thermogravi�
metric analysis (TGA) of a multiphase Fe7C3 sample
(≤54 wt %), which was produced by the FTS method,
showed that, out of 22 wt % C, the concentration of
chemically bound carbon Fe–C in the carbide unit

cells was not over 4.3 instead of 8.4 wt % expected for
stoichiometric Fe7C3 [3]. The reasons for such a low
concentration of carbon bound to Fe atoms in the
structure of the FTS sample was not discussed by the
author of [3]. However, it follows from the TGA curve
that the carbide under study was held for over 20% of
the measurement time at temperatures (780–980 K),
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Fig. 4. Calculated Mössbauer spectra for the carbide Fe–C: (a) after mechanical synthesis, (b) after heating to 625 K, and (c) after
heating to 775 K; the dots denote the experimental data; the thick line is the envelope for the five constituent Mössbauer sextets;
Tmeas = 300 K.



THE PHYSICS OF METALS AND METALLOGRAPHY  Vol. 110  No. 5  2010

STUDY OF MECHANICALLY SYNTHESIZED CARBIDE Fe7C3 481

which were higher than the limiting possible tempera�
ture of the phase stability amounting to ≅775 K for the
carbide Fe7C3 produced by mechanical synthesis.

An original method based on Mössbauer data for
evaluating the concentration of carbon in FTS Fe–C
samples was used for the characterization of O car�
bides FeyC (2.2 ≤ y ≤ 2.4) [20]:

(1)

where х is the carbon concentration; m is the number of
positions of iron atoms in a unit cell; Si = fi/f0 is the factor
characterizing the occupancy of the ith position by Fe
atoms; and (LC)i are the linkage coefficients [26].

The value of m corresponds to the number of sex�
tets in the experimental spectra (m = 5). In the case of
32 iron atoms in the orthorhombic cell of the MS car�
bide, the values of f0 are 12.5 and 25 at % Fe for the
crystallographic positions 4с and 8d, respectively. As
distinct from the cementite and the Hägg carbide, in
which the coefficients (LC)i are 2 and 2 and 2, 2, and 4
for two and three positions of Fe atoms in the unit cells
of θ�Fe3C and χ�Fe5C2, respectively, the partial coeffi�
cients (LC)i in the MS carbide are unknown, but they
can be found from the dependence on the hyperfine
field Нhf as 2, 2, 3, 3, and 4 [20]. The calculated values
for y and x are given in Table 2.

It follows from Table 2 that the carbon concentra�
tion in the MS carbide decreases upon heating and, in
general, contradicts the dependence ТС(х) for Fe1 – хCх
at 0.25 ≤ х ≤ 0.33. However, still more surprising is the
coincidence of the concentration regions of 0.291 ≤ х ≤
0.308, which were calculated from (1) for the MS car�

y 1 x–
x

��������� 6
m
��� 1

Si LC( )i

���������������,

i 1=

m

∑= =

bide under study and for the carbides χ�Fe5C2 pro�
duced by crystallization from amorphous Fe1 – хCх
films at хr ≤ 0.32 [14]. It might be supposed that the
detected discrepancies are connected with an uncer�
tainty of (LC)4 in the fields of 15 ≤ Нhf ≤ 17 T [20]. The
use of the coefficients (LC)i as 2, 2, 3, 4, 4 leads to some
displacement of the calculated concentrations х in the
MS carbide into the region 0.299 ≤ х ≤ 0.313, but all the
features determined for the previous set of (LC)i are
preserved.

Thus, the revealed contradictions between the
experimental and calculated data for the MS carbide
can be sufficient to question the validity of the meth�
ods used for calculating the concentration of bound
carbon in the Fe–C system from both the thermo�
gravimetric values and the Mössbauer data, at least
until we know the methods for separating the effects
related to the number of iron and carbon atoms in the
nearest environment of the resonance 57Fe core and
the available local displacements of atoms within the
unit cell of a given type [27, 28].

Specific Features of the MS Carbide Decomposition

Since the concentration ranges of the carbides
Fe1 – хCх are determined ambiguously, additional
information about the properties of the MS carbide
can be derived from investigations of the specific fea�
tures of its decomposition upon heating and holding at
Т ≥ 775 K. Figure 5 shows the effect of different heat
treatment regimes on the variation of the relative sus�
ceptibility of the MS Fe–C phase after 30�h grinding.
Note that these investigations essentially replicate the
known experiments [24], but differ from them by the
use of water quenching (Fig. 5a) and cooling of the

Table 2.  Evaluated concentrations of carbon in carbides Fe1 – xCx: y =  =  where (LC)i denotes the par�
tial linkage coefficients determined in accordance with [20]

Sample
Site occupancy factor (SOF)

y = (1 – x)/x x Chemical 
formulaS1 S2 S3 S4 S5

1 2 3 4 5 6 7 8 9

Fe7C3 or Fe8C3
1 1 1 1 1

Fe0.697C0.303

(Si = 1) Fe0.687C0.313

MS 30 h
0.537 0.777 2.065 1.513 0.793

Fe0.732C0.268

(8d : 8d : 4c : 4c : 4c) Fe0.727C0.273

MS 30 h
1.228 0.888 1.180 0.865 0.906

Fe0.697C0.303

(4 : 8 : 8 : 8 : 4) Fe0.686C0.314

MS + 675 K 0.25 h
1.062 0.937 1.105 1.022 0.810

Fe0.70C0.30

(4 : 8 : 8 : 8 : 4) Fe0.69C0.31

MS + 775 K
0.999 1.110 0.952 1.152 0.571

Fe0.709C0.291

(4 : 8 : 8 : 8 : 4) Fe0.701C0.299

Note: The values in the numerator and the denominator of each fraction were obtained for the sets of the coefficients (LC)i 2, 2, 3, 3, 4 and
2, 2, 3, 4, 4, respectively.

1 x–
x

��������� 6
m
��� 1

Si LC( )i

���������������,
i 1=
m

∑

2.299
2.220
���������� 0.303

0.313
����������

2.726
2.660
���������� 0.268

0.273
����������

2.297
2.181
���������� 0.303

0.314
����������

2.329
2.231
���������� 0.300

0.310
����������

2.433
2.347
���������� 0.291

0.299
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samples in a fast�response furnace of the measuring
cell after the switching�off of the furnace (Fig. 5b).

It follows from Fig. 5 that the MS phase becomes
unstable at Т ≥ 775 K and decomposes irrespective of
the cooling conditions. The degree of instability of the
MS phase increases with increasing temperature or
holding time. Heating to Т ≅ 925 K probably is suffi�
cient for completing the decomposition process in the
carbide under study. As can be seen from Fig. 5, the
difference in the cooling rate affects the Curie temper�
ature of the newly precipitated Fe–C phases, whose
ТС is 487(3) and 493(3) K after cooling in the furnace
and water quenching, respectively. Since from the
viewpoint of the Mössbauer spectroscopy the phases
formed upon the MS�carbide decomposition are
identical and have the hyperfine interaction parame�
ters approaching those of θ�Fe3С [19], at this stage of
the investigations it can be assumed that ТС ≅ 493 K is
determined by the presence of excess carbon in the
cementite [20].

An analysis of the specific features of the MS�phase
decomposition makes it possible to arrive at some
assumptions, which may be fundamental for under�
standing the mechanism by which carbides are formed
in the Fe–C system in general. It was already noted
that, according to the known scheme, a mixture of
cementite and ferrite in manganese silicon steels dur�

ing their tempering is formed due to the interaction of
the χ carbide and the martensite [21]. If it is assumed
that the MS carbide under study indeed is the χ�Fe5C2
phase, then from Fig. 5 it follows that the cementite
precipitates in the absence of martensite. The pres�
ence of α''�(Fe)С was detected during a partial decom�
position of θ�Fe3C upon heating to 1075 K and subse�
quent cooling in the furnace. The variation of the
χас(Т)/χас(300 К) dependence during a “heating–
cooling” cycle in the region of 1000 ≤ Т ≤ 1025 K for
the sample under study does not differ from the tem�
perature hysteresis observed in the U15 steel after
annealing at 925 K for 1 h and subsequent water
quenching.

According to another scheme, the mechanism of
cementite formation is determined by the interaction
between the χ carbide and the hexagonal phase ε�Fe3С
(Р6322) [3]. However, the realization of this scheme
also seems to be doubtful, at least in the MS carbides
under study, since a phase with ТС ≅ 650 K was not
found in the samples.

Another conjecture is more general and is related
to the coexistence of the carbides χ�Fe5C2 and Fe7C3 in
the Fe–C system. According to the concept of the
ε'  χ  θ transformations, the MS carbide that
decomposes at Т ≥ 775 K can be identified as the Hägg
χ carbide if a mechanism by which additional posi�
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Fig. 5. Effect of different heat treatment regimes on the relative susceptibility χас(Т)/χас(300 K) of the MS Fe–C phase: (a) after
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tions for the location of iron and carbon atoms in the
ratio of Fe : C = 2.5 can be determined for the mono�
clinic cell (C12/c1) of the χ�Fe5C2 phase or a solid solu�
tion on its basis. This problem does not exist for the
concept of ε'  æ  θ transformations, where æ is
the Eckstrom–Adcock carbide Fe7C3. It was shown
[10, 30] that all the structural models of the æ carbide
are isotypic and can be generalized in the context of an
“averaged” model with a limiting number of iron and
carbon atoms nFe = 40 and nС = 24 distributed in the
space group Pnma on seven and five crystallographically
nonequivalent positions of the rhombohedral cell,
respectively. In this universal unit cell, the θ phase Fe3C
corresponds to 25 at % and the χ carbide Fe5C2 corre�
sponds to less than 44 at % of the maximum permissible
number of iron and carbon atoms. An “intermediate”
variant of the concept—ε'  æ  χ + ε  θ—is
also known [3]. However, the absence of the phases ε�
Fe3C and χ�Fe5C2 in the samples under study with the
hyperfine interaction parameters indicated in the lit�
erature [13, 19, 20] does not confirm the possibility
that this concept is accomplished in the MS Fe–C
carbides produced under the mechanical�synthesis
conditions used in this work.

The “either–or” dilemma with respect to the χ and
æ carbides Fe–C, which has not been solved so far in
Mössbauer experiments, can be tried by the tools of
the electron microscopy. An analysis of the crystalline
structure of FTS carbides Fe–C showed convincingly
[3] that the identification of a particular type of unit
cells in the carbides refers to standard problems of the
SAED method.

CONCLUSIONS

The paper describes the results of a study on the
hyperfine interactions and magnetic properties of the
Eckstrom–Adcock carbide Fe7C3 (æ phase) produced
by mechanical synthesis using an iron powder in tolu�
ene. The unquestionable advantages of this method
over the other synthesis techniques include the techni�
cal simplicity in combination with an efficient pro�
duction of the carbides in a state close to the single�
phase state. A considerable amount of the synthesized
æ phase was sufficient for comprehensive investiga�
tions. It was found that the temperature stability
boundary of the MS carbide was no higher than 775 K.
The Curie temperature ТС of the æ phase changed
between 509 and 525 K. The data of the Mössbauer
experiments (57Fe) demonstrated that the unit cell of
Fe7C3 contains 32 iron atoms distributed over five crys�
tallographic positions with the multiplicity of 4 : 8 : 8 :
8 : 4. The hyperfine interaction parameters were cal�
culated for each nonequivalent position. The specific
features of the decomposition at Т ≥ 775 K suggested
that the most probable sequence of the phase transi�
tions in the MS carbides Fe–C is æ  θ, where æ is
the modified Eckstrom–Adcock carbide Fe7C3.
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