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a b s t r a c t

Magnetic fine particles of metallic Fe coated with graphitic carbon layers were synthesized by annealing
Fe2O3 particles with carbon powders at 1673 K in nitrogen atmosphere. For comparison, SiC was added
to Fe2O3. X-ray diffraction measurement showed that the lattice constants of Fe changed depending on
the Si contents. Mössbauer spectroscopy confirmed that Fe–Si alloys were formed by the Si addition
vailable online 4 November 2010
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and that the iron carbide disappeared. Electron microscope images revealed that the thickness of carbon
coating layers increased from 24 nm to 36 nm as a result of the Si addition. Soaking tests showed that
the corrosion resistance of the carbon-coated Fe particles was improved by the addition of Si. The results
suggest that Si caused C to leave the Fe cores and move to the surface to form a carbon coating.

© 2010 Elsevier B.V. All rights reserved.

olid phase reduction
recipitation

. Introduction

Magnetic fine particles are used in a wide range of applications
uch as ferrofluids [1], magnetic recording media [2], magnetic
oner [3], magnetooptic devices [4], and biomedical applications
5–8]. Iron oxide (�-Fe2O3, Fe3O4) particles are typically used in
hese applications because of their chemical stability. On the other
and, magnetic metal particles, such as Fe, Co, and Fe–Co alloys,
ave higher magnetizations than iron oxides. Magnetic metal par-
icles can thus be expected to show improved performance in the
pplications because they can respond more sensitively to mag-
etic fields. However, metal particles corrode easily, resulting in
he deterioration of their high magnetization property.

To counter the corrosion problem of metal particles, carbon (C)
oatings have been investigated. Metallic Co particles with C coat-
ngs were synthesized by the ion beam sputtering method [9]. The
aser irradiation method was employed to coat Fe particles with

[10]. The C-encapsulated Fe particles were synthesized by arc

ischarge methods [11,12]. We have also developed an adequate
ethod for mass-production so as to fabricate Fe fine particles

ncapsulated by C layers through the carbothermic reduction of
ron oxide powders [13]. All these metallic particles were suc-

∗ Corresponding author. Fax: +81 75 961 3167.
E-mail address: hisato tokoro@hitachi-metals.co.jp (H. Tokoro).

925-8388/$ – see front matter © 2010 Elsevier B.V. All rights reserved.
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cessfully coated, however, the mechanism of the coating was not
studied in detail.

Saito et al. suggested that the C layers on Fe particles grow fol-
lowing the “dissolution and precipitation” mechanism [11]. At first,
C dissolves in liquid Fe at an elevated temperature by an arc dis-
charge. Subsequently, graphitic C layers precipitate on the surface
of Fe particles in the cooling process, because the solid solubility
limit of C to Fe decrease extremely by 1000 K or less. It is similar to
the growth of C nanotubes that uses metallic Fe particles as cata-
lysts [14,15]. Carbon forms a solid solution with Fe, when it reaches
the saturation point, and grows to form C nanotubes. The dissolu-
tion and precipitation of C is an important mechanism to grow C
coating layers on the Fe particles.

In this study, silicon (Si) is added in the carbothermic reduction
process so as to examine whether the C coating layers is formed by
the precipitation of C from Fe cores. The Si is known to show suscep-
tibility toward graphitization in Fe–C–Si [16]. Here, we investigate
the effect of Si on the growth of the C coating layers, and the growth
mechanism is discussed.

2. Materials and methods
Iron oxide (�-Fe2O3), silicon carbide (SiC), and carbon black (C.B.) powders
were used as the starting materials. Their diameters were 0.03, 0.01, and 0.02 �m,
respectively. The samples were prepared by mixing the starting materials at a pre-
determined ratio, followed by annealing at 1673 K for 2 h in nitrogen atmosphere.
The mixture ratios are shown in Table 1.

dx.doi.org/10.1016/j.jallcom.2010.10.124
http://www.sciencedirect.com/science/journal/09258388
http://www.elsevier.com/locate/jallcom
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Table 1
Mixture ratio of raw materials, saturation magnetization (Ms), and coercivity (Hc) of samples.

No. Si (mass%) Starting materials (mass%) Ms (Am2/kg) Hc (kA/m)

Fe2O3 SiC C.B.

S0 0 75.0 0 25.0 147 2.5
6 25.0 152 1.2
0 25.0 158 1.1
6 25.0 164 0.8
0 25.0 159 0.7
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SI 1 74.2 0.7
S2 2 73.5 1.5
S3 3 72.7 2.2
S4 4 72.0 3.0

Magnetic properties were measured by using a vibrating sample magnetome-
er (VSM) at room temperature under a field of 1.6 MA/m. X-ray diffraction (XRD)

easurements were carried out using a powder diffractometer (PANalytical, model
’pert Pro) to determine metallurgical phases and to estimate lattice constants. It
sed Cu K� radiation under an applied power of 45 kV and 40 mA in 2� angular

ntervals of 30◦–120◦ . The samples consisted of fcc �-Fe and bcc �-Fe phases. The
olume fraction of �-Fe phase was obtained by the direct comparison method, using
he following equations [17],

I�
I�

= R�C�

R�C�
(1)

�,� =
(

1
v2

)[∣
F
∣2p

(
1 + cos2 2�

sin2� cos�

)]
e−2M (2)

� + C� = 1 (3)

where I�,� is the peak strength of each phase, C�,� is the volume fraction of
ach phase, v is the unit cell volume of each phase, F is the structure factor, p is
he multiplicity factor, � is the reflection angle of the peak analyzed, and e−2M is
he Debye–Waller factor. The diffraction peaks corresponding to the planes of each
hase were compared amongst each other, and then the average value of C� in each
ample was calculated. The analyzed peaks were as follows: (1 1 0)� , (2 0 0)� , (2 1 1)� ,
1 1 1)� , (2 0 0)� , and (2 2 0)� . A Mössbauer spectroscope with a 57Co source was
mployed by using a conventional constant-acceleration method at room tempera-
ure in order to investigate the magnetic structures of the samples. On the Mössbauer

easurement, the zero velocity is determined into the center of the spectrum of
-Fe. The microstructure of the samples was observed by using a transmission elec-

ron microscope (TEM) under an acceleration voltage of 200 kV. A scanning electron
icroscope (SEM) was used to observe the surface coating of the samples. The corro-

ion resistance of the samples was examined by a soaking test, in which the sample
f 25 mg was soaked in a 1 ml phosphate buffered saline (PBS) for seven days at
oom temperature. After the magnetic separation of the samples and the solutions,
he iron ion concentration in the solutions was analyzed at different soaking time by
sing an inductively coupled plasma (ICP) atomic emission spectrometer. In order to
stimate the oxidation resistance of the samples, thermogravimetry measurement
as conducted. The rate of temperature rise was set at 10 K/min and the samples
ere heated in air from room temperature to 1273 K. Gibbs free energies (�G) for

ach reaction were calculated using the software HSC Chemistry® 6.0 (Outokumpu
echnology) to compare the stability of compounds, Fe3C, SiC, FeSi, and Fe3Si.

. Results and discussion

.1. Magnetic properties depending on Si contents

The magnetic properties of the samples that added 0–4 mass%
f Si were listed in Table 1. The addition of Si results in an increase
n saturation magnetization (Ms) and decrease in coercivities (Hc).
he dependence of the magnetic properties suggests that Fe–Si
lloys would be formed by the addition of SiC particles to the
tarting materials. The coercivities of Fe–1, 2, 3 wt%Si alloy were
eported to decrease with Si contents [18].

.2. Study of phases by X-ray diffraction measurement

The X-ray diffraction patterns of the samples S0–S4 were mea-
ured, and two phases of bcc (�-Fe) and fcc (�-Fe) were detected.
ach lattice parameter was obtained from the X-ray diffraction
eaks (Fig. 1). The lattice parameters of bcc and fcc phase become

mall with the Si additions. The reported lattice parameters of bcc
e–Si alloys [19], which are single crystals, are plotted in Fig. 1. It is
lear that the lattice parameters (abcc) in the present study almost
orrespond to the reported ones. This suggests that bcc Fe–Si alloys
re successfully formed according to the added composition of Si.
Si (mass%)

Fig. 1. Lattice constants of (a) bcc-Fe phases, and (b) fcc-Fe phases as a function of
Si addition.

The lattice parameters (afcc) of the fcc phase decrease with the addi-
tion of Si. This would be concerning the formation of the fcc Fe–Si
alloys.

The peak strength of the fcc phase decreases with the Si addi-
tions (Fig. 2(a)). The volume fractions of the fcc phase were
estimated by the direct comparison method, using Eqs. (1)–(3) (see
section 2). The results are represented by white circles in Fig. 2(b).
The volume fractions of the fcc phase were also estimated from
Mössbauer spectrum (Fig. 3, Table 2), which are represented by
black circles in Fig. 2(b). The fcc phase decreases with the addition
of Si, and disappear at 4 mass% of Si. The Fe–Si phase diagram shows
that the fcc � phase of Fe–Si exist in the Si density from 0 mass%
to 3.8 mass% at 1185–1587 K [20]. Considering that the anneal-
ing temperature was 1673 K, the � phase would be formed during
cooling, and it would remain up to room temperature. The disap-
pearance of the � phase at 4 mass% of Si suggests that the fcc phase
consists of Fe–Si alloys. Consequently, the added Si has uniformly
dissolved into Fe, and Fe–Si alloys are synthesized in the present
study.
3.3. Magnetic structure by Mössbauer spectrum analysis

The Mössbauer spectra of the samples S0–S4 are shown in Fig. 3.
The results are summarized in Table 2. As mentioned in the previous
section, the fcc �-Fe phase represented by a singlet pattern near
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Table 2
Mössbauer parameters of samples; ı: isomer shift, Hi: hyperfine field, �: quadrupole splitting, � : linewidth, and A.R.: calculated volume fraction.

ı (mm/s) Hi (T) � (mm/s) � (mm/s) A.R. (%)

S0 A (�-Fe) −0.088 – – 0.359 15.1
B (�-Fe) 0.005 32.9 0.006 0.288 70.9
C (Fe3C) 0.219 20.8 0.061 0.465 14.0

S1 A (�-Fe) −0.084 – – 0.317 11.1
B (�-Fe) 0.006 33.0 0.003 0.300 68.1
D (Fe–Si(I)) 0.052 30.5 0.002 0.371 20.8

S2 A (�-Fe) −0.081 – – 0.328 6.34
B (�-Fe) 0.008 33.1 0.002 0.333 61.5
D (Fe–Si(I)) 0.057 30.6 0.011 0.386 29.8
E(Fe–Si(II)) 0.092 27.2 0.015 0.390 2.41

S3 A (�-Fe) −0.081 – – 0.312 2.22
B (�-Fe) 0.010 33.2 0.001 0.366 54.4
D (Fe–Si(I)) 0.058 30.7 0.016 0.393 38.6
E(Fe–Si(II)) 0.116 27.4 −0.007 0.300 4.86

S4 B (�-Fe) 0.012 33.2
D (Fe–Si(I)) 0.055 30.8
E(Fe–Si(II)) 0.118 27.5
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Fig. 2. Volume fractions of �-Fe phase: (a) X-ray diffraction peaks, (b) estimated
volume fraction of � phase for each sample.
−0.001 0.461 46.3
0.016 0.461 41.1
0.013 0.461 12.6

zero velocity (blue line in Fig. 3) decreases with the addition of Si,
and disappears at 4 mass% of Si.

The sextets fitted by red line in Fig. 3 were assigned to the bcc
�-Fe. They are the basic components in all samples. From the hyper-
fine fields “Hi,” two types of the bcc phase, which are represented
by “Fe–Si(I)” and “Fe–Si(II)” in Table 2, are assigned in the sample

S1–S4. The Fe–Si(I) fitted by green line in Fig. 3 is the component
that Si occupies as one of the nearest neighboring sites (8 sites)
of an Fe atom in the bcc structure. The Fe–Si(II) fitted by pink line
in Fig. 3 is one that Si atoms occupy two of the nearest neighbor-
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(S0), (b) 1 mass% (S1), (c) 2 mass% (S2), (d) 3 mass% (S3), and (e) 4 mass% (S4).
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Fig. 4. Transmission electron micrographs of typical Fe particles and C coating lay-
ers. (a) S0, (b) S1, (c) S2, (d) S3, (e) S4.

20

30

40

C
 c

oa
tin

g 
la

ye
rs

 (n
m

)

543210
Si (mass%)

Fig. 5. Thickness of C coating layers as a function of Si addition.

ing sites of an Fe atom in the bcc structure. Each Hi of the Fe–Si(I)
and Fe–Si(II) is 30.5–30.8 T and 27.2–27.5 T, respectively. The values
are extremely similar to that of the reported one [21], which was
0.917 ± 0.005 and 0.834 ± 0.005 times the value of �-Fe. The calcu-
lated volume fractions (“A.R.” in Table 2) of Fe–Si(I) and Fe–Si(II) in
the sample S2 are also similar to the calculated probability of each
type of alloy in Fe–2.2mass%Si [21]. The appearance of these Fe–Si
components suggests that Si dissolves in the bcc Fe phase.

Iron carbide (Fe3C), which is fitted by brown line in Fig. 3(a),
appears only in sample S0. The Fe3C phase disappears by the addi-
tion of more than 1 mass% of Si. This means that Si easily alloys with
Fe, and facilitates the decomposition of Fe–C.

3.4. Change in C coating layers in morphologies

Fig. 4 shows the TEM images of Fe particles encapsulated by C
in samples S0–S4. The particle sizes of all samples are ∼700 nm in
diameter. The surface coating layers were assigned to graphitic C in
the previous study [22]. The magnified images (right-side images)
show that the C coating layers become thick as a result of the Si addi-
tion. The thickness of the C coating layers was measured for about
40 particles of each sample. The averaged thicknesses increase from
24 nm to 36 nm as shown in Fig. 5. It is considered that the addition
of Si helps in precipitating C from the Fe cores, so that the graphitic
C coating layers become thick.

Fig. 6 shows the backscattered electron images of samples S0
and S3. The surface coating of the sample S0 is inhomogeneous
shown as the two-colored surface in Fig. 6(a). The white and gray
area would represent bare Fe and C coating layers, respectively.
Fig. 6(b) reveals that C coating layers encapsulate Fe homoge-
neously. The addition of Si is effective in creating thick coating
layers and homogeneous coatings.

3.5. Corrosion resistance

In order to confirm homogeneous coatings, the corrosion resis-
tance of samples S0–S4 was studied (Fig. 7). At first, Fe ion
concentrations in the PBS buffer were measured after the soak-
ing test, as shown in Fig. 7(a). The addition of Si clearly controls
the elution of Fe ion to 1 ppm or less, which corresponds to10% or
less of the Fe ion concentration eluted from the sample S0. Next,
TG analysis was conducted as shown in Fig. 7(b). The samples were

heated in air, and the weight changes were measured. In the TG
curves, increase in the weight represents the oxidation of the sam-
ples. Carbonyl Fe powders as a reference begins to oxidize from
473 K. On the other hand, the oxidation beginning temperature is
∼673 K and 800 K in samples S0 and S4, respectively. The samples
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Fig. 6. Scanning electron microscopy images of C-coated Fe particles: (a) S0, (b) S3.
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ig. 7. Corrosion resistance of C-coated Fe particles. (a) Fe ion concentrations dis-
olved into PBS solution from S0–S4. (b) TG curves measured in air of S0 and S4 in
omparison with commercial Fe particles.

0 and S4 exhibit excellent oxidation resistance, which is due to
he C coating layers. Sample S4 has a highest oxidation beginning
emperature. This suggests that Fe particles in S4 are sufficiently
ncapsulated with C.

.6. Calculation of free energies

Gibbs free energies (�G) for each compound were calculated as
hown in Fig. 8. The �G for FeSi and Fe3Si is smaller than that of
e3C. This means that Fe alloys stably with Si and not C. Fig. 8 also
hows that FeSi and Fe3Si is stable compared with SiC. This suggests
hat the dissolution of Si in Fe is more stable than that in C. These
esults support that when the mixture of Fe, C, and Si is reacted, the
ormation of Fe–Si alloys is the most stable. As mentioned above,
he addition of Si results in the decomposition of Fe3C (Table 2)

nd the formation of sufficient C encapsulation (Figs. 4 and 6). The
rowth mechanism of the C coating layers is shown in Fig. 9. When
i is added into Fe–C particles, Si easily dissolves into Fe so that C
eave the Fe cores to the surface, resulting in C coating layers.
Fig. 9. Facilitated growth of C coating layers by the Si addition.

4. Conclusion

Silicon carbide was added in the carbothermic reduction pro-
cess, and the growth mechanism of the C coating layers on Fe
particles was studied. Silicon successfully dissolved in Fe particles,
so that the generation of Fe3C was controlled. And then, the growth
of the C coating layers was facilitated. Thermodynamic considera-
tion suggests that Si helps in the decomposition of Fe–C. Therefore,
the C coating layers result from the precipitation of C from Fe
core particles. This supports the assumption that the growth of C
coating layers on iron particles follow the “dissolution and precipi-
tation model”. Moreover, it is clear that the carbothermic reduction
method in the present work can control the C coating layers by Si
addition. This method is expected to contribute to industrialization
of magnetic metal particles.
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