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Abstract
A hybrid method combining first-principles calculations and Weiss molecular field theory with
thermodynamic data has been implemented to explore the origin of magnetic-field-induced
precipitation behaviors for alloy carbides. The paramagnetic Mo atom disturbed the order of
magnetic moment and resulted in a decrease in the Curie temperature for alloy carbide Fe6-xMoxC.
The temperature dependence of magnetic moment and saturation magnetization of Fe atoms at
different Wyckoff positions, as well as the saturation or induced magnetization of Fe6-xMoxC,
decreased with increasing temperature. The higher Fe content and external magnetic field greatly
increased the magnetization of alloy carbides. Two kinds of stella quadrangula lattices were
employed to account for the total magnetism which was derived from the contribution of different
Wyckoff sites of Fe atoms and Fe-C distances. The calculated total free energy taking into account
magnetic field, temperature and composition was sufficient to provide quantitative agreement with
experiment. The investigation of the effects of external field on the carbide precipitation behaviors
led to a better understanding of the magnetic-field-induced phase transformation mechanism in heat
resistant steels.
Keywords: Steels; Carbide; High magnetic field; Magnetism; Stability

1. Introduction
It is generally considered that a high magnetic field has a significant influence on the phase
transformation of ferromagnetic materials. So far, the research on magnetic field related topics
focuses on the following aspects: martensite [1-3], bainite [4], ferrite [5] and pearlite [6]
transformations, the nucleation and growth of cementite [7], and carbide precipitation [8]. Recently
more attention has been paid to the precipitation sequence and growth behavior of iron carbides
which is influenced by high magnetic fields [9,10]. Under normal circumstances it is generally
believed that the alloy carbides are paramagnetic phases and the external field has almost no
influence on them. However, preliminary results have revealed that the precipitation sequence and
subsititutional solute atom concentration of alloy carbides M6C and M23C6 are changed by high
magnetic fields [8,11,12]. Magnetic-field-induced precipitation in alloys, especially for steels used
under the extreme conditions of high magnetic field and intermediate temperature, is an important
scientific and technological interest. Improved descriptions of the Plasma Wall Interaction in a
magnetic confinement Tokamak [13] is generally considered necessary to solve the key magnetism
problem in International Thermonuclear Experimental Reactor. It is the basis for the development of
fusion energy, in which steels work under the extreme conditions of high magnetic field and
temperature. Driven by the technical demands, magnetism research appears to be highly extended
and deepened, in particular, the twofold effects of temperature and magnetic field. Many works are
concentrated on experimental phenomena to clarify the effect of the magnetic field on
microstructure. However, there are still many theoretical issues to be explored, especially for alloy
carbides, so as to further understand the coupling effects of the external field-dependence and
temperature-dependence.
In solid state physics, magnetism is one of the most intriguing features of matter. A number of

approaches based on consideration of quantum mechanics have been used to develop models
describing magnetic effects. Based on the Boltzmann distribution, the magnetic susceptibility for
cementite has been obtained using first principle density functional theory [14]. The itinerant
electron model [15], dealing with almost free electrons, is intrinsically close to reality in most cases,
but it does not provide any simple model from which first-principles calculations can be made. In
view of this drawback, magnetic properties can be interpreted on the basis of the Weiss model [16].
The Weiss model is applicable to electrons that are localized within a lattice of positive ions.
M6C carbide in Fe-C-Mo alloy system belongs to the Fd 3 m space group [17]. There are three
kinds of known structures Fe2Mo4C [17], Fe3Mo3C [18] and Fe4Mo2C [19]. M6C (Fe2Mo4C,
Fe3Mo3C and Fe4Mo2C) is the predominant precipitated carbide in molybdenum-containing alloys
under high magnetic field [20,21]. The Gibbs free energy ( G ), which determines the phase
stability, is closely related to the magnetization and magnetic susceptibility in ferromagnetic and
paramagnetic substances, respectively. The present work attempts to investigate quantitatively the
magnetism characteristics of the alloy carbides Fe6-xMoxC. Firstly, the first-principles calculations
are used in conjunction with the Weiss model to determine simultaneously the magnetic moment
and the temperature dependence of magnetization in alloy carbides Fe6-xMoxC. Then, we compare
the contributions of the magnetic and thermal influences on the stability with calculations using a
mixed description of magnetic and non-magnetic effects.
2. Previous experimental results
The experimental procedures and materials have been described in detail in our previous works
[8,21,22]. A magnetic field of 12 Tesla was applied during quench-tempering and
austenite-to-bainite transformation heat treatments of Fe-0.28C-3.0Mo alloy. The magnetic field
effectively promoted the precipitation of the alloy carbide (Fe, Mo)6C. The results are listed in

Table 1. We have discussed the effect of high magnetic field on the precipitation sequence based on
the magnetic free energy and precipitation morphology at a fixed magnetic field strength (12 T) [21].
It is, however, difficult to experimentally distinguish different kinds of Fe6-xMoxC from the
morphology because alloy carbides Fe6-xMoxC (Fig. 1) remain similarly globular whether it is under
a 12 T magnetic field or not, especially in the later stages of isothermal transformation. Fe6-xMoxC
magnetism indeed varies with the Fe or Mo atom concentration under high magnetic field [22]. It is
therefore expected that a systematic theoretical simulation should provide more sufficient magnetic
data of alloy carbides. The previous main theoretical considerations were emphasized on the change
of the magnetic free energy with temperature [21]. In fact, the influencing factors including the
quantum number, Curie temperature and external field intensity, which are closely related to
magnetic free energy change, should be considered. Although magnetic free energy was found to
provide an excellent description of the available experimental data, it did not capture the combined
effects of the chemical composition, temperature and external field. The coupling of thermal free
energy and magnetic free energy can provide a more accurate description and proper interpretation
for magnetic-induced precipitation behaviors.
3. Calculation Methods
3.1 First-principles calculations of different alloy carbides
The total magnetic moments per unit cell of transition carbide have been obtained using
first-principles calculations. The all-electron full-potential linearized augmented plane wave method
was used as embodied in the WIEN2K code [23]. The exchange-correlation potential was calculated
using the generalized gradient approximation via the scheme of Perdew-Burke-Ernzerhof 96 [24].
The electronic wave functions were sampled with 47, 72 and 72 k-points in the irreducible Brillouin
zone of Fe2Mo4C, Fe3Mo3C and Fe4Mo2C, respectively. The sphere radii (muffin tin) were

RMT=2.22, 2.10 and 1.86 a.u. for iron, molybdenum and carbon atoms, respectively. The use of the
full potential ensured that the calculation was completely independent of the choice of the sphere
radii. Different plane waves were tested, e.g. 2433~2453 grids for Fe6-x MoxC. Fe4Mo2C is less
commonly observed in steel and, there is no reliable reference for the details of structure data. In
this work, the Fe, Mo1 and Mo2 Wyckoff sites in Fe2Mo4C were correspondingly replaced with Mo,
Fe2 and Fe1 sites to obtain the structure of Fe4Mo2C.
3.2 Weiss molecular field theory and the iterative process of calculation for alloy carbide M6C
The theory of paramagnetism, originally developed by Langevin (1905) [25] and extended by
Weiss (1907) [26] to include ferromagnetism, led to expressions giving the variation of
magnetization (M) with temperature above and below the Curie point. The cubic η-carbide-type
structure M6C has been reported [20,27]. The calculated magnetic moments from the first-principle
calculation at 0 K, 0 Pa were considered as one of the input parameters in the Weiss molecular field
theory [28]. Weiss speculated that spins are aligned by a molecular field in ferromagnetic materials
and the field is proportional to the magnetic moment of materials. The theory is effective for
clarifying the origin of ferromagnetism but short range ordering of spins is not considered. The
iterative process on the magnetization calculation is described as follows:
The temperature range is given as 0 K to Tmax and divided into n steps. The temperature at ith
step can be obtained by equation (1):
Ti  Ti 1 

When n is infinite,

Tmax
n

(1)

Tmax
 0 and Ti  Ti 1 . A magnetic field B is applied to an ensemble of N
n

atoms per unit volume, each having a magnetic moment m. The saturation magnetization at 0 Pa
and 0 K is defined as M 0  Nm  NjB g with the Landé factor g, Bohr magneton  B and
quantum number j.

The temperature-dependence magnetization M can be expressed as in equation (2):
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where M i is the magnetization at the temperature Ti , B j 
 the Brillouin function,
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k the Boltzman constant and  is the molecular field constant.
4. Results and discussion
4.1 The quantum numbers for alloy carbides Fe6-xMoxC
Metallic compounds with similar composition and structure may be considered as having
similar magnetic properties, as reported between η-Fe2C and ε-Fe2C [29] and between χ-Fe5C2 and
θ-Fe3C [30]. Therefore, it has been reasonably deduced that alloy carbides Fe6-xMoxC (Fe2Mo4C,
Fe3Mo3C and Fe4Mo2C) have similar magnetic properties. For alloy carbides Fe6-xMoxC, the overall
magnetic moments are mainly determined by the magnetic moments of their iron atoms due to the
paramagnetism of the Mo atoms. The quantum number j is closely connected to the
magnetization M .
Firstly, we concentrate the investigation on the treatment of the magnetic properties of iron. The
saturation magnetization M 0 is almost entirely determined by the strongly localized 3d electrons
and is, therefore, given by the total magnetization scaled by the number of atoms and the Landé
factor g ≈ 2. A significant step toward quantitative agreement with experiment has been made by
establishing a simple formula in equation (3) describing the temperature dependence of the
spontaneous magnetization of iron [31]. This fulfills Bloch’s famous T

3/2

law for low temperatures

and was empirically derived from a detailed analysis of the corresponding experimental data for
several ferromagnetic systems.
M i (T )  [1  s(T / Tc )3 / 2  (1  s)(T / Tc )4 ]1 / 3

(3)

where s (or j) and the Curie temperature (Tc) are 0.35 and 1044 K, respectively. The obtained results
of the magnetization (thin solid line) perfectly describe the experimental data (hollow circle) [32],
as shown in Fig. 2. However, the formula is not capable of taking an applied magnetic field into
account. The random phase approximation (RPA), which does consider the magnetic excitation, is
known to give a more accurate Curie temperature [33]. However, the temperature-dependent
magnetization given by RPA in Fig. 2 (dotted line) strongly deviates from the experimental data and
is not sufficient to account for the magnetic contribution to the free energy [34].
Secondly, in order to reconcile the experimental results [32] and the requirement of the
magnetic free energy calculation [34], simple molecular field theory was used with j=1 to find the
magnetization for pure iron, as shown in Fig. 2 (thick solid line). Similar to pure iron, j was also set
to 1 for the alloy carbide, as the contribution from iron atoms dominates its magnetization and
magnetic free energy.
4.2 The interaction between high magnetic field and Curie temperature
In the absence of an external magnetic field, Tc is defined as the temperature at which the
magnetization equals zero on the magnetization-temperature curve. Tc can be shifted by imposing
an external magnetic field and/or altering the composition. Previous work has revealed that Tc
depends not only on the magnetization but also on the magnetic exchange interaction coefficients
which is well connected with composition [35]. Tc is greatly raised by high magnetic fields in Fe-X
alloy systems [36,37]. To our knowledge, there is no previous work in which the Curie temperature
for M6C has been determined. However, previous experimental results did demonstrate that the
precipitation of M6C carbide was affected by high magnetic field even at high temperatures (610C)
[8].
In this study, Tc is obtained by the following equation (4):

 2 M ( x, B )
0
T 2

(4)

where x is the concentration of Mo atoms in Fe6-xMoxC. Fig. 3 shows that Tc increases with
increasing external magnetic field strength from 0 to 20 T. The higher external magnetic fields make
the exchange interaction between parallel magnetic moments stronger [36]. Furthermore, it is well
known that the iron atom carries a higher magnetic moment due to the spin of its unpaired 3d
electrons. The influence of the magnetic field on the Curie temperature mainly depends on the Fe
concentration in Fe6-xMoxC carbides. The degree to which the Curie temperature is influenced by
the external field for the three alloy carbides is in the sequence of Fe4Mo2C > Fe3Mo3C > Fe2Mo4C.
In other words, the increase in Fe concentration obviously changes the order of magnetic moment
and results in the decrease of Tc.
4.3 Comparison of Fe atom magnetic moment in different Wyckoff positions of alloy carbides
Fe6-xMoxC with pure Fe at 0 K, 0 Pa
The knowledge of partial magnetic moments has played a critical role in developing theories
and models of ferromagnetic behavior. The magnetic moments of Fe atom in Fe, Fe2Mo4C,
Fe3Mo3C and Fe4Mo2C alloy carbides were calculated from the first-principles calculations at 0 K,
0 Pa, as shown in Fig. 4. It shows the average local magnetic moments of distinct Fe atoms at
different Wyckoff positions (48f, 32e and 16d). The calculated local magnetic moment of Fe in
Fe2Mo4C (in Table 2), Fe3Mo3C and Fe4Mo2C alloy carbides was smaller than that of the pure Fe.
The magnetic moment of Fe decreased with the increase of Mo content from Fe4Mo2C, Fe3Mo3C to
Fe2Mo4C. For Fe4Mo2C, however, the magnetic moment of Fe atom in 16d remarkably deviated
from the other values, as shown in Fig. 4. Below, we discuss the magnetic features of the three
phases in detail.
4.4 The relationship among the magnetic moment with the Pseudo-SQ lattice, Wyckoff

positions and Fe-C bond distances in alloy carbides
In the structure of Fe3Mo3C, Fe, Mo and C atoms occupy the Wyckoff positions 16d/32e, 48f
and 16c, respectively. Focusing on Fe, which is expected to dominate the magnetic properties of the
system, the 16d/32e sites form a three-dimensional network of stella quadrangula (SQ) lattice [38].
SQ is a polyhedron with each face of a tetrahedron composed of 32e atoms which is capped with
another tetrahedron whose extra apex is 16d atoms. Different from the SQ lattice in Fe3Mo3C, the
Wyckoff positions 16d/32e are occupied by Mo or Fe atoms for Fe2Mo4C and Fe4Mo2C. This kind
of three-dimensional network is called pseudo-SQ lattice in the present work. Fig. 5 shows the SQ
lattice of Fe3Mo3C and the pseudo-SQ lattices for Fe2Mo4C and Fe4Mo2C carbides. The magnetic
moment roughly equals 1.84  B per SQ lattice in Fig. 5(b) by considering the contribution of the Fe
atoms in 16d and 32e sites. Different from Fe3Mo3C, the magnetic moment in the pseudo-SQs in
Fig. 5 (a and c) results from the cooperation of Fe and Mo atoms. The magnetic moments of Mo
atoms in Fe2Mo4C and Fe4Mo2C are -0.093  B and -0.183  B , respectively. Correspondingly, the
magnetic moments in pseudo-SQ lattice in Fe2Mo4C and Fe4Mo2C are 1.24  B and 0.64  B ,
respectively. The order of increasing magnetic moment is Fe4Mo2C, Fe2Mo4C and Fe3Mo3C.
However, experimentally the effect of magnetic field strength on Fe4Mo2C is much more significant
than that of Fe2Mo4C or/and Fe3Mo3C at an intermediate temperature during the tempering of
Fe-C-Mo alloy [22].
Apart from the lattice types, the different Fe Wyckoff positions and near-neighbor Fe-C bonds
simultaneously play an important role in determining the magnetism of alloy carbides. As shown in
Table 3, the near-neighbor Fe-C bond lengths for the Fe atoms in 48f and 16d sites are about 2.12 Å
(Table 3) and 3.93 Å for Fe4Mo2C respectively. The Fe atoms in 48f sites have a local magnetic
moment of about 2.06  B , which is larger than that for Fe in 16d sites (0.83  B ) (Fig. 4).

Furthermore, in Fe4Mo2C, Fe3Mo3C and Fe2Mo4C, the nearest-neighbor Fe-C bond distances
decrease with the higher Fe atom concentration, which corresponds to the higher magnetic moment
value, as displayed in Table 3. In other words, the reduction in the Fe-C distances upon the removal
of Mo atom would indicate the increased ferromagnetism. These results agree with the general
conception that strong Fe-C hybridization reduces the local moment of Fe atoms [39,40]. It is
mainly because that the magnetic moment of C also directly influences the magnetism of Fe atoms
according to the polarization [41].
4.5 Magnetic-field-induced variation of the magnetic moment of Fe atom
The magnetic moment transition of both iron atoms 8d and 4c sites from the ferromagnetic to
the non-magnetic state occurs at high pressure (e.g. 55 GPa) for Fe3C carbide [42]. Under high
external magnetic field, the variation of saturation magnetization was calculated for Fe atoms in 16d
and 48f sites in Fe4Mo2C with different temperatures and magnetic field strengths of 0, 6, 12 and 18
T by means of molecular field theory, as shown in Fig. 6. Similar to the trend in magnetization for
iron in Fig. 2, the saturation magnetization of different Wyckoff positions 48f or 16d of Fe atom in
Fe4Mo2C decreases with increasing temperature under a fixed magnetic field strength. The
saturation magnetization of both types of site increases with increasing external magnetic field
strength at a given temperature. This is because the magnetic moment of ferromagnetic materials
will be aligned in the direction of external field. The increase of parallel magnetic moment
promotes the exchange interaction and therefore increases the saturation magnetization.
4.6 Magnetic-field-induced magnetization of alloy carbides
The results of first-principles calculations to derive the variation of saturation magnetization
with the number of electrons per atom for Fe6-xMoxC carbides at 0 K and 0 Pa are shown in Fig. 7.
The electron number per atom for M6C varies from 26 (pure Fe) to 42 (pure Mo). The number of

electrons per atom is 30.05 and 33.04 for the experimental concentration of substitutional solute
atoms Fe4.68Mo1.32 and Fe3.36Mo2.64 [22], respectively. With the increase of Mo content, the
saturation magnetization of Fe4Mo2C, Fe3Mo3C and Fe2Mo4C decreases due to the paramagnetism
of the Mo atom. Furthermore, the higher Fe content corresponds to a higher saturation
magnetization. For the three carbides the saturation magnetization results from the first-principles
calculations are in the sequence of Fe4Mo2C > Fe3Mo3C > Fe2Mo4C at 0 K and 0 Pa.
The temperature dependence of induced magnetization with different external magnetic fields in
Fe6-xMoxC was calculated from Weiss theory and shown in Fig. 8. It can be seen that the
magnetization was remarkably decreased with increasing temperature, and the magnetization curves
shifted to higher temperature with the increase of external magnetic field strength, which means the
external magnetic field can improve the ferromagnetism of M6C alloy carbides. For each phase, the
magnetization increased with increasing external field strength. The magnetization influenced by
high magnetic field of three alloy carbides was in the same sequence as that in the 0 K and 0 Pa. In
summary, higher Fe content and stronger external field can greatly increase the magnetization.
4.7 Magnetic contribution to Gibbs free energy
Several studies [43-45] indicated that if some Cr or Mo atoms are replaced by Fe, the carbide
will have higher formation energy which is closely related to its stability. Substitution of an
additional Mo atom into (Ti, M)C carbide is energetically unfavorable because of the higher
formation energy [43]. Widom et al. reported that the stability in Cr23C6 prototype can be improved
by Cr atom occupying the 8c site [44]. Xie et al. [45] employing Morse potentials showed that the
formation energy of CrxFe23-xC6 increases with increasing Fe content. However, how a high
magnetic field influences the molybdenum-containing carbide is still to be revealed.
The magnetic Gibbs free energy related to the stability is lowered in relation to the

magnetization and external field strength. The relatively higher magnetization should be supposed
to easily reach saturation in a high magnetic field. The magnetization of alloy carbide Fe4Mo2C was
higher than that of Fe3Mo3C and Fe2Mo4C. For the three alloy carbides (Fe2Mo4C, Fe3Mo3C and
Fe4Mo2C), the higher Fe atom content leads to a remarkable decrease in the magnetic Gibbs free


B 
energy ( GM (T , B)  0  M  dB ), as shown in Fig. 9. This implies that the magnetic field has an
0

obvious influence on the higher Fe-containing alloy carbide, which is in agreement with
experimental results for the Fe-C-Mo alloy [20].
4.8 The thermal and magnetic free energy for M2C, M3C and M6C
The thermal Gibbs free energies of M2C, M3C and M6C at constant pressure have been
calculated using MTDATA with TCAB database for steels version 1.0 [46]. MTDATA is a
thermodynamic software which can predict the phases forming at equilibrium in multi-components
and multi-phases alloy systems. It is based upon critically assessed thermodynamic data for simpler
sub-systems, and uses a very robust algorithm (STAGE_1). Gibbs free energy of different phases
can be obtained by varying a single variable between two values (temperature, weight percent of a
component ...) and plotting whichever other variable of interest as a function of the stepped one.
When magnetic field (12 T) is applied, the resulting free energy change Gtotal (T , X , B) can be
classified into two terms in equation (5): the thermal Gibbs free energy G(T , X ) which was
determined using MTDATA software, and the magnetic Gibbs free energy GM (T , B) , where X is
the composition parameter of alloy carbides.
Gt o t (aTl, X , B)  G(T , X )  GM (T , B)

(5)

 
(T , X , B)  0 as a function of temperature and
The total Gibbs free energy change Gtotal

magnetic field has been investigated and the result showed that the calculated γ/α transformation
temperature in pure iron ( X  0 ) increased about 10 K with the 12 T magnetic field [47]. For alloy

carbides, the formation temperatures for M2C, M3C and M6C increases by 3, 7.5 and 11 K,
respectively, as shown in Table 4.
The major controlling factor R in equation (6) is used to express the percentage ratio of the
magnetic free energy change GM (T , B) over the total energy change Gtotal (T , X , B) .
R

GM (T , B)
 100%
Gtotal (T , X , B)

(6)

To better understand the role of the thermal and magnetic contributions to the free energy, we
firstly consider Fe2C, Fe3C and Fe3Mo3C only. Up to a temperature of about 1000 K in Fig. 10, the
percentage ratio R in equation (6) follows the sequence of M6C > M2C ≈ M3C. According to
thermodynamics modelling predictions for equilibria between each carbide and austenite, M6C first
precipitates upon cooling at 1263 K. At lower temperature it coexists with austenite and is expected
to dissolve at 1083 K. Within this temperature range of formation and dissolution, the R value is
determined not only by the magnetic Gibbs free energy but also by the thermal free energy. R value
increases with the temperature under 12 T magnetic field in Fig. 10. However, when the
temperature is less than 1083 K the percentage ratio of the magnetic free energy to the total free
energy for M6C is almost 100% in Table 5. In contrast, M2C and M3C precipitate over a larger
temperature range according to equilibrium thermodynamic modelling. Both R values are
approximately less than 9% in the experimental temperature range (803 to 883 K). This indicates
that the external field is a significant factor for determining the precipitation thermodynamics of
M6C. The result reveals an excellent agreement between the calculated magnetic contribution to the
precipitation of M6C and the corresponding experimental data in Table 1. Therefore, compared with
M2C and M3C, the influence of temperature and magnetic field on Gibbs free energy is most
remarkable for the alloy carbide M6C.
5. Conclusions

The influence of high magnetic field on alloy carbide Fe6-xMoxC was investigated by means of a
hybrid method combining the thermodynamic modelling software, first-principles calculations and
Weiss molecular field theory. The magnetic-field-induced effect was analyzed by coupling the
temperature, external magnetic field and composition. The relationship and possible correlations
between magnetism and microstructure were investigated. The following conclusions have been
drawn:
(1) External magnetic field and the higher Fe atom content in alloy carbides Fe6-xMoxC results
in a remarkable increase of Curie temperature. The degree to which the alloy carbides are
influenced by the external field is in the sequence of Fe4Mo2C > Fe3Mo3C > Fe2Mo4C.
(2) The total magnetic moment could be determined by the combined effect of the two kinds of
SQ lattices, the different Wyckoff sites of Fe atoms and Fe-C distances.
(3) The magnetic moment and saturation magnetization of different Wyckoff positions of Fe
atoms in Fe6-xMoxC decreased with increasing temperature. Each of a higher Fe content and a
stronger external magnetic field could greatly increase the induced magnetization and thus, reduce
the magnetic Gibbs free energy substantially.
(4) The thermal and magnetic field both influence the stability of alloy carbides, but magnetic
field has a predominant contribution between 803 and 883 K for M6C.
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Figure 1

Fig. 1. Morphology of alloy carbides (Fe,Mo)6C during isothermal holding at 570C
for 3600 s without (a) and with (b) the presence of 12 T magnetic field.

Figure 2

Fig. 2. Comparison of several theoretical approximations for the reduced
magnetization (M/Mo) in comparison with experimental data. The results are plotted
as a function of the reduced temperature (T/Tc).

Figure 3

Fig. 3. Change of Curie temperature with various external magnetic fields for
Fe6-xMoxC.

Figure 4

Fig. 4. Magnetic moments of Fe atoms calculated with the first-principles at 0 K and 0
Pa in the four phases: Fe, Fe2Mo4C, Fe3Mo3C and Fe4Mo2C.

Figure 5

Fig. 5. SQ and pseudo-SQ lattices for alloy carbide Fe6-xMoxC. Green and purple
spheres represent 16d and 32e Wyckoff sites, respectively. (a) Pseudo-SQ lattice of
Fe2Mo4C. Atom Fe and Mo1 sites are indicated in Table 2. (b) SQ lattice of Fe3Mo3C.
The Fe1 and Fe2 sites are (0.294 0.294 0.294) and (0.5 0.5 0.5), respectively [18]. (c)
Pseudo-SQ lattice of Fe4Mo2C carbides. Fe1 and Mo atom sites are (0.625 0.625
0.625) and (0.832 0.832 0.832), respectively.

Figure 6

Fig. 6. Variation of saturation magnetization for Fe atom in 48f or 16d sites in the
carbide of Fe4Mo2C with different temperatures and magnetic field strengths.

Figure 7

Fig. 7. Variation of saturation magnetization with the number of electrons per atom
for the Fe6-xMoxC carbides based on the first-principles calculation.

Figure 8

Fig. 8. Temperature variation of saturation magnetization of alloy carbides Fe2Mo4C,
Fe3Mo3C and Fe4Mo2C with different temperatures and magnetic field strengths.

Figure 9

Fig. 9. Magnetic energy change with a 12 T magnetic field strength for alloy carbides
Fe2Mo4C, Fe3Mo3C and Fe4Mo2C.

Figure 10

Fig. 10. The ratio of magnetic free energy change to the total free energy change
including thermal and magnetic free energy for M2C, M3C and M6C. The shadow area
shows the experimental range in Table 1.

Table 1 The carbide type formed in Fe-0.28C-3.0Mo alloy from austenite-to-bainite
and during tempering without and with the presence of 12 T magnetic field.
Heat

Ref.

treatment

Temperature

Time (s)

Time (s)

(C)

B=0 T

B=12 T

M2C, M3C

M2C, M3C, M6C

Austenite-

[8]

570

(20, 60, 600, 3600)

(20, 60, 600, 3600)

to-bainite

[8]

610

(20, 60, 600)

(60, 600, 3600)

reaction

[21]

530

3600

3600

Tempering

[22]

530

3600

3600

Note: M stands for Fe and Mo atoms.

Table 2 Crystal structure and the calculated magnetic moments (  B ) of Fe2Mo4C.
Magnetic moments
Space group

Fd 3 m

Atom
Fe
Mo1
Mo2
C

Site

x/a, y/b, z/c

32e
16d
48f
16c

(0.832 0.832 0.832)
(0.625 0.625 0.625)
(0.198 0 0)
(0.125 0.125 0.125)

per Fe atom (  B )
1.33000
-0.09334
-0.02733
0.00047

Table 3 Comparison of the nearest neighbor Fe-C bond distances (Å) with the
magnetic moments of alloy carbides (Fe2Mo4C, Fe3Mo3C and Fe4Mo2C).
Carbide types

Wyckoff Magnetic
Bond
positions moments distances (Å)

Fe2Mo4C

32e

1.33

3.41

Fe3Mo3C

32e

1.86

3.34

Fe4Mo2C

48f

2.06

2.12

Table 4 Comparison of the formation temperature without and with the presence of 12
T magnetic field in Fe-C-Mo alloy.

Carbide types

B=0 T

B=12 T

ΔT

M2 C

1082.5

1085.5

3

M3 C

1003.5

1011

7.5

M6 C

1263

1274

11

Note: The calculation of carbide formation temperature assumes that carbides are
precipitated from austenite or ferrite. The formation temperature of M2C M3C and
M6C in the absence of the magnetic field is obtained by MTDATA.

Table 5 The average ratio (R) of the magnetic free energy with a 12 T field to the total
free energy in the experimental range (803~883 K) for M2C M3C and M6C.

Carbide types R value (%)
M6 C

100

M2 C

4.13

M3 C

8.97

