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Abstract: The processing route of Sm2Fe17 carbides is shorter than that of nitrides, which can poten-
tially be used for cost-effective mid-performance magnets’ production. The magnetic properties of
Sm2Fe17Cx compounds can be controlled at the annealing step, which allows them to be used for a
variety of applications. In this work, X-ray diffraction (XRD) analysis, Mössbauer spectroscopy, scan-
ning and transmission electron microscopy (SEM, TEM) and vibrating sample magnetometry (VSM)
were used for characterization of the structure and magnetic properties of Sm2Fe17Cx compounds.
The powder samples were prepared by high-energy ball milling of Sm2Fe17 mixtures with carbon
nanotubes (CNT) or graphite with subsequent annealing. The formation of Sm2Fe17Cx compounds
after annealing was followed by the formation of α-Fe and amorphous Sm2O3. The hyperfine field
values of Fe atoms of all the Sm2Fe17 lattice sites increased by 12% on average after annealing that
was caused by carbon diffusion. The coercivity of the samples peaked after annealing at 375 ◦C. The
samples with CNT demonstrated an increase of up to 14% in coercivity and 5% in specific remanence
in the range of 250–375 ◦C annealing temperatures.

Keywords: Sm2Fe17; Sm2Fe17 carbides; Sm-Fe-C; Sm2Fe17Cx; carbon nanotubes; high-energy ball
milling; hard magnets; ferromagnetism; ternary carbide

1. Introduction

Modern trends in the development of alternative energy determine increased demand
for rare earth permanent magnets implemented in generators and electric motors [1–7]. For
permanent magnets used in direct-drive wind turbines, corrosion resistance is important,
as the turbine is often located in high-humidity areas where the insulation of the generator
is aging intensively [8]. Ferrite magnets’ efficiency as a material for wind turbines was
considered due to its low cost and corrosion resistance [9]. Recently, a soft magnetoe-
lastic composite material was developed for wind-energy generation based on the giant
magnetoelastic effect that could operate in water and withstand harsh conditions [10].

In this regard, the Sm2Fe17Nx compound can also be considered as a hard magnetic
material for wind generator systems. Originally, it was synthesized by J.M.D. Coey and
Hong Sun in 1990 using heating in ammonia or nitrogen [11]. The Sm2Fe17 cell is of the
Th2Zn17 type, where Sm atoms are located in 6c sites and Fe atoms are located in 6c, 9d,
18f and 18h sites. The easy magnetization direction lies in the basal plane in the whole
temperature range. During nitrogenation, nitrogen atoms occupy 9e interstitial sites. This
results in the Sm2Fe17 lattice expansion. The magnetic anisotropy changes drastically after
interstitial modification: the anisotropy transits from an easy-plane type to an easy-axis
type, which determines the high magnetocrystalline constant of the Sm2Fe17Nx compounds.
Moreover, a growth in the Curie temperature up to 470 ◦C is observed [12].
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As a result, the discovered Sm-Fe-N system promises great potential for hard magnetic
applications provided with its higher Curie temperature and corrosion resistance than
those of Nd-Fe-B [13–15]. Recent research has been dedicated to improvement of Sm-Fe-N
powder properties and techniques of obtaining bonded magnets [16–19]. Currently, there
is a gap between high-performance rare-earth magnets, which are expensive, and low-cost
magnets without rare-earth elements, which have a low energy product. The development
of a material with moderate magnetic properties and more affordable raw materials than
those of Nd-Fe-B and Sm-Co would fill the mentioned gap. Another advantage of the
Sm-Fe-N system is the relatively low content of expensive rare-earth elements. In total,
23.3 wt.% of Sm is needed for Sm2Fe17N3 compared to 26.7 wt.% of Nd for Nd2Fe14B,
provided with a lower cost of Sm with respect to Nd.

However, Sm2Fe17Nx powder production includes the nitrogenation process of Sm2Fe17,
which lasts for dozens of hours [20]. This time-consuming step can be excluded by replacing
nitrogen with carbon, as similar structural effects were observed in Sm2Fe17Cx [21–25].

There are different processing routes to synthesize the Sm2Fe17Cx compound. The
most common one is the ball milling of solid Sm, Fe or Sm-Fe mixtures with graphite [26,27].
Gas-phase carbonation has also been reported, where heat treatment in an acetylene (C2H2)
atmosphere at about 500 ◦C for few hours was used [28]. A synthesis from the liquid was
recently proposed where heptane (C7H16) was used as both the surfactant agent and the
carbon source for the Sm-Fe alloy during milling [29].

Oxidation is a general problem for rare-earth-based compounds. The oxidation of Sm
may occur during milling caused by a friction-induced local temperature rise which may
be prevented by milling in liquid nitrogen [30]. Oxidation in the next step can be controlled
by opening milling jars in a glovebox connected to the furnace directly [31]. Annealing is
usually performed in vacuum furnaces; however, H2 flow is also used [32]. An alternative
technology is the reduction-diffusion process where Ca stands as a reductant for samarium
oxide during heat treatment [33].

Sm2Fe17Cx compounds tend to decompose when heated above 512 ◦C, which makes
the conventional sintering technique by powder hot pressing above 1100 ◦C used for
Sm2Fe17 inappropriate [34]. To stabilize a 2:17 lattice, a substitution method was sug-
gested where Fe was partially substituted with Ga which lifted the Curie temperature
and decomposition temperature. This allowed the researchers to hot press, but the en-
ergy product of the compound was low (45 kJ·m−3), as non-magnetic Ga weakened the
remanence [35,36]. Al substitution also improves Sm2Fe17 carbide stability, as researchers
have managed to synthesize single-phase Sm2Fe15Al2Cx compounds with an enhanced
anisotropy field [37]. Higher Al substitution decreased the anisotropy of Sm2Fe13Al4Cx,
but the samples remained single-phase and showed an increased Curie temperature [38].

In this work, we investigated the influence of carbon modification on the structure
formation and magnetic properties of Sm2Fe17Cx compounds obtained by the high-energy
ball milling of mixtures of Sm2Fe17 and carbon nanotubes (CNT) or graphite with subse-
quent annealing.

2. Materials and Methods
2.1. Materials

The initial components were represented by an alloy of Sm-Fe in a system with 24 wt.%
Sm content, multi-walled CNT and graphite. After homogenization, the Sm-Fe alloy was
single-phase, containing the Sm2Fe17 (R-3m) phase according to XRD analysis.

In total, 19.44 g of Sm2Fe17 was mixed with 0.56 g of CNT or graphite so that the
number of carbon atoms per formula unit of Sm2Fe17Cx compound x was 3 (x = 3):

Sm2Fe17 + 3C = Sm2Fe17C3. (1)

Then, the mixtures were milled in the ‘Activator 2S’ (Novosibirsk, Russia) planetary
ball mill for 5 h at jar rotation speed of 400 rpm for 5 h in Ar (99.9999% pure). The jar volume
was 250 mL. For the milling, steel balls of various diameter were used: 4 balls of 15 mm,
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5 of 12 mm, 17 of 10 mm, 35 of 8 mm and 80 of 6 mm, so that the ball-to-powder mass
ratio was 15:1. After milling, the powder was kept in a glovebox for 1 day for passivation.
Annealing was carried out in a vacuum furnace for 1 h at the pressure of 1 Pa. The annealing
temperature range was 250–450 ◦C. The heating rate was 15 K·min−1. The samples cooled
down with the furnace.

2.2. Characterization

X-ray diffraction analysis (XRD) was performed using a Rigaku MiniFlex diffractome-
ter with CoKα radiation in the 20–120◦ 2θ range. The powder was placed into flat cuvettes,
moistened with ethanol and flattened with glass. The spectra were analyzed with the
Rietveld method using PHAN% and SPECTRUM programs developed by the Physical
Materials Science Department of MISIS University [39]. The diffraction lines broadening
analysis was carried out by the Rietveld method and the parameters of the fine structure
were determined: crystallite size (d) and microstrains (ε). Exclusion of the instrumental
broadening was accomplished by using the LaB6 standard.

XRD was used for both phase analysis and evaluation of the number of carbon
atoms per formula unit of the Sm2Fe17Cx phase. According to [26], the cell volume of
the Sm2Fe17Cx phase increased almost linearly in the range of x = 0–3. In current research,
a linear approximation (R2 = 0.975) of these data was used to calculate the actual x by
measuring the cell volume V using XRD:

x = 60·V − 47.16. (2)

where x is the number of carbon atoms per Sm2Fe17Cx formula unit, V is the cell volume of
the Sm2Fe17Cx phase (nm3).

Scanning electron microscopy (SEM) images were taken by using JEOL JSM-IT500
(Tokyo, Japan) and Tescan Vega 3SB (Czech Republic) microscopes for particle morphology
investigation in secondary electron emission mode. Before scanning, the powders were
dispersed in ethanol by using the ODA-LQ60 ultrasonic bath at a frequency of 40 kHz for
1 h. Then, the particle suspension was deposited on the surface of conductive carbon tape
and then transferred to a silicon wafer.

Transmission electron microscopy (TEM) images were taken by using a JEOL JEM-
1400 (Tokyo, Japan) microscope for particle structure investigation. Firstly, the sample was
observed in bright-field mode until a distinct diffraction pattern was obtained. Then, one
of the reflections was selected in diffraction mode. By doing this, the TEM was switched
to dark-field mode where the bright contrast is formed by the equally oriented grains of
the same phase that satisfy the Bragg condition. The grain size distribution was calculated
using the ImageJ program by measuring the length of bright-contrasted grains in the
vertical direction.

Magnetic properties were measured by using a VSM-250 (Changchun, China) vibrating
sample magnetometer at room temperature in fields up to 1.6 MA/m. Paraffin was used to
solidify the powder into a copper cylinder. Then, the cylinder was fastened to a vibrating
rod between electromagnet poles.

Mössbauer spectra were measured with an MS-1104Em (Rostov-on-Don, Russia)
spectrometer at room temperature using 57Co source. Spectra were analyzed using the
Univem MS program. The experimental spectra were calibrated relative to α-Fe.

3. Results and Discussions

After milling, the XRD patterns of powders were represented mostly by the Sm2Fe17
phase (R-3m in hexagonal settings) with a small presence of the α-Fe (Im3m) phase, as
shown in Figure 1a,c. The fine structure parameters of the Sm2Fe17 phase changed to
d = 12.4 ± 0.4 nm and ε = 0.37 ± 0.01% after milling (Table 1, before milling d > 200 nm,
ε = 0.06%), which was caused by the accumulation of crystalline defects during milling.
The accumulated plastic deformation can lead to the formation of α-Fe, since such an effect
has been reported for the high-pressure torsion of Sm2Fe17Nx alloys [40]. The cell volume



Metals 2024, 14, 472 4 of 12

of Sm2Fe17Cx in CNT and graphite mixtures was 0.7906 ± 0.0004 and 0.7914 ± 0.0007 nm3,
respectively, which corresponds to x = 0.2 ± 0.1 and 0.3 ± 0.1 according to Formula (2).
Thus, the low solubility of carbon of both modifications was observed after milling.
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Figure 1. XRD patterns of mixtures of Sm2Fe17 with: (a) carbon nanotubes (CNT) after milling,
(b) CNT after milling and annealing (375 ◦C 1 h), (c) graphite after milling and (d) graphite after
milling and annealing (375 ◦C 1 h).
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Table 1. XRD measurement data of mixtures with carbon nanotubes (CNT) and graphite after milling
(M) and annealing at 375 ◦C for 1 h (A).

Sample Mass Fraction, % Sm2Fe17Cx Lattice Spacings, nm Sm2Fe17Cx α-Fe
Sm2Fe17Cx α-Fe Sm2O3 a c d, nm ε, % d, nm ε, %

CNT M 93 ± 4 7 ± 1 – 0.8559 ± 0.0001 1.2460 ± 0.0003 12.4 ± 0.4 0.37 ± 0.01 9.0 ± 0.4 0.11 ± 0.07
CNT M+A 70 ± 3 24 ± 2 6 ± 1 0.8730 ± 0.0002 1.2556 ± 0.0004 15.4 ± 0.5 0.42 ± 0.02 8.3 ± 0.4 0.29 ± 0.03
graphite M 92 ± 4 8 ± 1 – 0.8565 ± 0.0002 1.2458 ± 0.0005 16.8 ± 0.5 0.44 ± 0.01 12.4 ± 0.4 0.09 ± 0.09

graphite M+A 72 ± 3 22 ± 1 6 ± 1 0.8720 ± 0.0001 1.2539 ± 0.0002 16.8 ± 0.5 0.44 ± 0.02 10.3 ± 0.4 0.48 ± 0.03

d: crystallite size parameter, ε: microstrain parameter.

According to SEM (Figure 2a,c), the milled powders consisted of particle agglomerates
of 5–10 µm, which contained even smaller particles of less than 1 µm. The shape of the
particles was close to uniaxial. The elemental analysis of the particles corresponds to the
composition of the alloy before milling.
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Figure 2. SEM images of mixtures (a) with CNT after milling (b) with CNT after milling and annealing
(400 ◦C 1 h) (c) with graphite after milling and (d) with graphite after milling and annealing (375 ◦C
1 h).

The Mössbauer spectrum of the sample after milling (Figure 3a) was represented by a
set of sextets, which indicates a magnetic order in the sample. The analysis of the spectrum
showed that it could be described with a set of five sextets, the parameters of which are
listed in Table 2. The first sextet in the Table 2 has an isomer shift value Is of 0.00 mm/s and
a hyperfine magnetic field value µ0Hhf of 33.0 T, which corresponds to the α-Fe phase. The
relative area S of this sextet is well consistent with the phase analysis data (Table 1). The
other four sextets correspond to four non-equivalent sites of Fe atoms in the Sm2Fe17Cx
phase: 6c, 9d, 18f and 18h. The values of the hyperfine field for each site are considered to
depend on the number of iron and rare-earth neighbors of the site. In this model, the 6c
site should have the largest hyperfine field since it is surrounded by the most iron and the
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fewest rare-earth atoms [41]. Thus, the hyperfine field values in the series of 6c, 9d, 18f and
18h should decrease and they were well consistent with the data for pure Sm2Fe17 [42,43].
This confirms the low solubility of carbon in the Sm2Fe17Cx phase after milling proved by
the XRD analysis, since the solubility of nitrogen or carbon in the Sm2Fe17 phase should
lead to noticeable enhancement of hyperfine magnetic field parameters [44]. The relative
area of the corresponding sextets (Table 2) was also well consistent with the corresponding
sites occupancies of iron atoms.

Metals 2024, 14, x FOR PEER REVIEW  6  of  12 
 

 

should decrease and they were well consistent with the data for pure Sm2Fe17 [42,43]. This 

confirms the low solubility of carbon in the Sm2Fe17Cx phase after milling proved by the XRD 

analysis, since the solubility of nitrogen or carbon in the Sm2Fe17 phase should lead to no-

ticeable enhancement of hyperfine magnetic field parameters [44]. The relative area of the 

corresponding sextets (Table 2) was also well consistent with the corresponding sites occu-

pancies of iron atoms. 

 

Figure 3. Mössbauer spectra of mixtures with CNT after: (a) milling, and (b) milling and annealing 

(375 °C 1 h). 

Table 2. Mössbauer spectra parameters of mixtures with CNT after milling (M) and milling and an-

nealing (375 °C 1 h) (M+A). 

Sextet  Is, mm/s  Qs, mm/s  µ0Hhf, T  S, % 

  M  M+A  M  M+A  M  M+A  I  M+A 

α-Fe  0.00 ± 0.02  0.02 ± 0.02  0.00 ± 0.01  −0.01 ± 0.01  33.0 ± 0.5  32.7 ± 0.5  6 ± 1  39 ± 2 

2:17 (6c)  0.01 ± 0.02  −0.21 ± 0.03  −0.05 ± 0.01  −0.15 ± 0.03  27.1 ± 0.5  31.7 ± 0.5  9 ± 1  6 ± 1 

2:17 (9d)  −0.07 ± 0.02  −0.10 ± 0.02  −0.04 ± 0.01  0.02 ± 0.01  24.3 ± 0.5  27.5 ± 0.5  16 ± 1  7 ± 1 

2:17 (18f)  −0.15 ± 0.03  0.02 ± 0.02  −0.41 ± 0.08  −0.40 ± 0.08  20.3 ± 0.5  24.7 ± 0.5  34 ± 2  25 ± 2 

2:17 (18h)  −0.03 ± 0.02  −0.07 ± 0.02  0.43 ± 0.09  −0.18 ± 0.05  20.2 ± 0.5  22.7 ± 0.4  35 ± 2  23 ± 2 

Is: isomer shift, Qs: quadrupole splitting, Hhf: hyperfine magnetic field, S: relative spectral area. 

Figure 3. Mössbauer spectra of mixtures with CNT after: (a) milling, and (b) milling and annealing
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Table 2. Mössbauer spectra parameters of mixtures with CNT after milling (M) and milling and
annealing (375 ◦C 1 h) (M+A).

Sextet Is, mm/s Qs, mm/s µ0Hhf, T S, %
M M+A M M+A M M+A I M+A

α-Fe 0.00 ± 0.02 0.02 ± 0.02 0.00 ± 0.01 −0.01 ± 0.01 33.0 ± 0.5 32.7 ± 0.5 6 ± 1 39 ± 2
2:17 (6c) 0.01 ± 0.02 −0.21 ± 0.03 −0.05 ± 0.01 −0.15 ± 0.03 27.1 ± 0.5 31.7 ± 0.5 9 ± 1 6 ± 1
2:17 (9d) −0.07 ± 0.02 −0.10 ± 0.02 −0.04 ± 0.01 0.02 ± 0.01 24.3 ± 0.5 27.5 ± 0.5 16 ± 1 7 ± 1
2:17 (18f) −0.15 ± 0.03 0.02 ± 0.02 −0.41 ± 0.08 −0.40 ± 0.08 20.3 ± 0.5 24.7 ± 0.5 34 ± 2 25 ± 2
2:17 (18h) −0.03 ± 0.02 −0.07 ± 0.02 0.43 ± 0.09 −0.18 ± 0.05 20.2 ± 0.5 22.7 ± 0.4 35 ± 2 23 ± 2

Is: isomer shift, Qs: quadrupole splitting, Hhf: hyperfine magnetic field, S: relative spectral area.
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The magnetic properties measurements of the samples after milling showed low
coercivity values of around 37 kA/m. This behavior was caused by the easy-plane magne-
tocrystalline anisotropy of the Sm2Fe17 phase [45].

Since the number of carbon atoms per formula unit of the Sm2Fe17Cx phase (x) was
low after milling, the samples with CNT and graphite have been annealed in a vacuum for
1 h in the 250–450 ◦C annealing temperature range to stimulate the diffusion process. The
phase diagram was plotted after the investigation of the phase composition of the powders
(Figure 4). According to the diagram, the mass fraction of samarium oxide Sm2O3 (C2/m
and amorphous) increases with the annealing temperature for both CNT and graphite-
containing samples. This leads to α-Fe phase formation and must lead to the decrease in
the coercivity of the samples. In the meantime, based on the cell volume measurements,
the increase in the annealing temperature results in activation of the diffusion process and
monotonic growth of x up to ≈2.7 (Figure 5). Such a significant increase in the number
of carbon atoms per Sm2Fe17Cx formula unit leads to a switch of magnetic anisotropy
from an ‘easy-plane’ to an ‘easy-axis’ type [22] with the corresponding growth in the
magnetocrystalline anisotropy constant [45]. As a consequence, this must result in an
increase in coercivity. The obtained data are entirely confirmed by magnetic properties
measurements (Figure 5, Table 3).

Metals 2024, 14, x FOR PEER REVIEW  7  of  12 
 

 

The magnetic properties measurements of the samples after milling showed low co-

ercivity values of around 37 kA/m. This behavior was caused by the easy-plane magneto-

crystalline anisotropy of the Sm2Fe17 phase [45]. 

Since the number of carbon atoms per formula unit of the Sm2Fe17Cx phase (x) was low 

after milling, the samples with CNT and graphite have been annealed in a vacuum for 1 h 

in the 250–450 °C annealing temperature range to stimulate the diffusion process. The phase 

diagram was plotted after the investigation of the phase composition of the powders (Figure 

4). According to the diagram, the mass fraction of samarium oxide Sm2O3 (C2/m and amor-

phous)  increases with  the annealing  temperature  for both CNT and graphite-containing 

samples. This leads to α-Fe phase formation and must lead to the decrease in the coercivity 

of the samples. In the meantime, based on the cell volume measurements, the increase in the 

annealing temperature results in activation of the diffusion process and monotonic growth 

of x up to ≈2.7 (Figure 5). Such a significant  increase  in the number of carbon atoms per 

Sm2Fe17Cx formula unit leads to a switch of magnetic anisotropy from an ‘easy-plane’ to an 

‘easy-axis’ type [22] with the corresponding growth in the magnetocrystalline anisotropy 

constant [45]. As a consequence, this must result in an increase in coercivity. The obtained 

data are entirely confirmed by magnetic properties measurements (Figure 5, Table 3). 

   

Figure 4. Phase composition of mixtures (a) with CNT and (b) with graphite. 

 

Figure 5. Carbon content and coercivity values of mixtures (a) with CNT and (b) with graphite. 

   

Figure 4. Phase composition of mixtures (a) with CNT and (b) with graphite.

Metals 2024, 14, x FOR PEER REVIEW  7  of  12 
 

 

The magnetic properties measurements of the samples after milling showed low co-

ercivity values of around 37 kA/m. This behavior was caused by the easy-plane magneto-

crystalline anisotropy of the Sm2Fe17 phase [45]. 

Since the number of carbon atoms per formula unit of the Sm2Fe17Cx phase (x) was low 

after milling, the samples with CNT and graphite have been annealed in a vacuum for 1 h 

in the 250–450 °C annealing temperature range to stimulate the diffusion process. The phase 

diagram was plotted after the investigation of the phase composition of the powders (Figure 

4). According to the diagram, the mass fraction of samarium oxide Sm2O3 (C2/m and amor-

phous)  increases with  the annealing  temperature  for both CNT and graphite-containing 

samples. This leads to α-Fe phase formation and must lead to the decrease in the coercivity 

of the samples. In the meantime, based on the cell volume measurements, the increase in the 

annealing temperature results in activation of the diffusion process and monotonic growth 

of x up to ≈2.7 (Figure 5). Such a significant  increase  in the number of carbon atoms per 

Sm2Fe17Cx formula unit leads to a switch of magnetic anisotropy from an ‘easy-plane’ to an 

‘easy-axis’ type [22] with the corresponding growth in the magnetocrystalline anisotropy 

constant [45]. As a consequence, this must result in an increase in coercivity. The obtained 

data are entirely confirmed by magnetic properties measurements (Figure 5, Table 3). 

   

Figure 4. Phase composition of mixtures (a) with CNT and (b) with graphite. 

 

Figure 5. Carbon content and coercivity values of mixtures (a) with CNT and (b) with graphite. 

   

Figure 5. Carbon content and coercivity values of mixtures (a) with CNT and (b) with graphite.



Metals 2024, 14, 472 8 of 12

Table 3. Magnetic properties of mixtures with CNT and graphite (G).

Tann, ◦C
Hc, kA/m σs, A·m2/kg σr, A·m2/kg

CNT G CNT G CNT G

25 37 ± 2 38 ± 2 103 ± 1 102 ± 1 18.7 ± 0.2 18.1 ± 0.2
250 164 ± 8 146 ± 7 104 ± 1 101 ± 1 38.3 ± 0.4 35.4 ± 0.4
350 219 ± 11 191 ± 10 101 ± 1 99 ± 1 40.5 ± 0.4 38.4 ± 0.4
375 242 ± 12 213 ± 11 99 ± 1 99 ± 1 42.6 ± 0.4 40.7 ± 0.4
400 214 ± 11 215 ± 11 100 ± 1 98 ± 1 38.5 ± 0.4 40.4 ± 0.4
450 176 ± 9 172 ± 9 100 ± 1 98 ± 1 36.2 ± 0.4 35.7 ± 0.4

Tann: annealing temperature, Hc: coercivity, σs: specific saturation magnetization, σr: specific remanence.

The mass fraction of the Sm2Fe17Cx phase consistently decreased with the rise in the
annealing temperature (Figure 4), while the number of carbon atoms per formula unit of
the Sm2Fe17Cx phase (x) consistently increased (Figure 5). Consequently, the coercivity
dependence from the annealing temperature had a maximum, at 375 ◦C. The mixtures with
CNT and graphite showed a similar structure formation tendency, but the ones with CNT
demonstrated 10–14% higher coercivity and 5% higher specific remanence in the 250–375 ◦C
annealing temperature range (Table 3). A developed surface of CNT, supposedly, provides
a larger mechanical contact area between carbon and metallic particles that contributes to
faster diffusion of carbon in the case of relatively low annealing temperatures (250–375 ◦C)
and limited time. The coercivity of the samples annealed at 400 ◦C did not depend on
the carbon modification, since the temperature of annealing was sufficient for the process
of carbon diffusion to complete within 1 h. Annealing above 400 ◦C also resulted in a
complete carbon solution, but the active process of Sm2Fe17Cx compound decomposition
was triggered as well. This caused a significant coercivity drop for mixtures with both
carbon additives.

Further investigations are presented for the samples annealed at 375 ◦C, since they
showed the highest hysteresis properties.

After the annealing of CNT and graphite mixtures at 375 ◦C for 1 h, the cell volume
of Sm2Fe17Cx increased to 0.8286 ± 0.0007 and 0.8258 ± 0.0004 nm3, respectively, which
corresponds to the increase in the number of carbon atoms per Sm2Fe17Cx formula unit
up to x = 2.5 ± 0.3 and 2.4 ± 0.2. This is well observed by the shift of the highest peak of
the Sm2Fe17 with respect to the pink line (Figure 1). The increase in the lattice constants
was caused by the diffusion of carbon into the Sm2Fe17 phase during annealing provided
with the formation of an interstitial solid solution. In the case of a substitutional solid
solution, carbon would substitute samarium or iron atoms, which have larger atomic radii.
As a result, the lattice constants would decrease. However, an opposite effect is observed
experimentally, which confirms carbon to solubilize interstitially. Moreover, annealing
triggered the formation of the α-Fe phase caused by the partial oxidation of samarium
with the amorphous Sm2O3 phase formation. The similar process of α-Fe formation during
post-pulverization annealing was reported in [46].

The decrease in the Sm2Fe17Cx mass fraction caused by the formation of α-Fe and
Sm2O3 implies excessive carbon presence in the mixtures that cannot be observed with XRD.
However, the number of carbon atoms per formula unit of the carbide phase did not exceed
x > 2.7 ± 0.3. This could imply that maximum solubility of carbon for the Sm2Fe17 alloy is
around x ~ 2.5–3.0 atoms per cell unit, which is supported by other studies [26,34,35].

The specific saturation magnetization of annealed samples had a low correlation with
the annealing temperature (Table 3). On the one hand, the formation of Sm2O3 and the
increase in its mass fraction must reduce the specific saturation magnetization at higher
annealing temperatures. On the other hand, the α-Fe mass fraction also increases, which
must enhance the magnetization saturation. As a result, these two factors compensate
each other so that a weak change in the values is observed. The peak of coercivity values
is followed by specific remanence values that also demonstrate a maximum at a 375 ◦C
annealing temperature for both types of mixtures. This maximum was also caused by
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the superposition of both the mass fraction of the hard-magnetic Sm2Fe17Cx phase and
the number of carbon atoms per Sm2Fe17Cx formula unit, which determines the level of
anisotropy of that phase.

After annealing, the hyperfine field parameter values µ0Hhf (Table 2) of Fe atoms
located in each of the Sm2Fe17Cx lattice sites increased (by 12% on average), which indicates
the change in the site surrounding (distances, neighbors) induced by the interstitial carbon
presence. A similar effect was reported for the nitrogenation process of Sm2Fe17, where
the ‘nitrogen-poor’ Sm2Fe17Nx (0 < x < 3) phase had an average hyperfine field of ~24 T,
considerably smaller than that of the ‘fully nitride’ Sm2Fe17N3 phase of ~33 T [20]. The
difference between the hyperfine field parameters of the Mössbauer spectra of the samples
with carbon additives of both modifications did not exceed statistical error. According
to [47,48], the formation of cementite Fe3C phase is possible in similar systems. However,
its presence was not confirmed by the Mössbauer spectra. Furthermore, the relative area S
of the α-Fe sextet increased from 4% to 38% after annealing (Table 2). The relative area of the
sextet is considered to be proportional to the corresponding lattice site occupancy. Therefore,
the increase in the α-Fe sextet relative area correlates with the extra α-Fe formation observed
with XRD.

According to SEM, the morphology and the size of the particles did not change
considerably after annealing (Figure 2b,d), which correlates with the XRD average crystallite
size analysis.

TEM imaging of the annealed powders demonstrated multi-phase particles consisting
of α-Fe and Sm2Fe17Cx grains (Figure 6). Since the most intense (110) spectral line of the
α-Fe phase overlaps with the relatively highly intense (006) line of the Sm2Fe17Cx phase,
the reflexes of both phases are selected with a selected area aperture. Therefore, the bright
contrast might be formed by both phases. The measured grain size was in the range of
4–17 nm, where, based on above considerations, the average size of 8 and 15 nm belonged
to the α-Fe and Sm2Fe17Cx phases, respectively. This also correlates with the average
crystallite size values of the phases derived from XRD.
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The magnetic properties of the Sm2Fe17Cx compounds obtained in this study (Table 3)
can be compared with those of strontium hexaferrite SrFe12O19 compounds. Under the
same measurement conditions, strontium hexaferrites powder has a coercivity of 254 kA/m,
which is quite close to that of the Sm-Fe samples with CNT annealed at 375 ◦C (considering
statistical error). At the same time, SrFe12O19 powder has a specific saturation magneti-
zation of 65 A·m2/kg and a specific remanence of 33.5 A·m2/kg [49]. These values are
distinctly lower than those of the Sm-Fe samples with both CNT and graphite annealed at
375 ◦C. Consequently, the synthesized powder samples might potentially stand as a basis
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for magnets that will fill the gap between strontium hexaferrites and high-performance
rare-earth magnets.

Greater prospects for the Sm2Fe17Cx compounds may be found in the field of biomedi-
cal applications, such as magnetic hyperthermia therapy. The ability to control the coercivity
is essential for this type of treatment, since the thermal effect is observed only when the co-
ercivity of the sample does not exceed the values of the external alternating magnetic field.
For SrFe12O19 compounds, this is achieved by the substitution of Fe with In atoms, which
gradually decreased the coercivity values of SrFe12−xInxO19 (x = 0–1.7) [49]. In the similar
way, the coercivity of ball-milled Sm2Fe17 mixtures with CNT or graphite was controlled
by the annealing temperature. In this work, the coercivity of the samples changed in the
wide range of 37 ± 2 to 242 ± 12 kA/m. Therefore, a study of the hyperthermic effect of
Sm2Fe17Cx compounds can be an interesting topic for further investigations.

4. Conclusions

1. Mixtures of Sm2Fe17Cx (x = 3) composition were obtained by mechanochemical synthe-
sis with the addition of CNT or graphite. XRD analysis of the mixtures demonstrated
the increase in the Sm2Fe17 cell volume by 0.4% after milling with carbon additives
that qualitatively indicated a carbon solution. However, quantitative analysis showed
poor carbon solubility of x = (0.2 ± 0.1), regardless of the type of carbon modification.

2. Annealing after milling stimulated the diffusion process and caused an increase in the
number of carbon atoms per Sm2Fe17Cx formula unit. This reflected in the lattice con-
stants’ increase to the values of a = (0.8740 ± 0.0002) nm and c = (1.2563 ± 0.0004) nm
after annealing at 400 ◦C, which corresponds to x = (2.69 ± 0.26). The maximum mass
fraction of the Sm2Fe17Cx phase was (79 ± 3)% for the mixture with CNT annealed at
250 ◦C for 1 h.

3. The solution of carbon into the Sm2Fe17 phase enhanced hyperfine field values of
all the Fe sites according to Mössbauer spectroscopy. The coercivity increased up
to 10–14% when CNT were used compared to graphite in the 250–375 ◦C annealing
temperature range. The maximum coercivity value of 242 kA/m was reached after
annealing at 375 ◦C. Annealing above 400 ◦C induced the active decomposition of the
Sm2Fe17Cx compound, which resulted in a drop in hysteresis properties.
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