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This paper reports that the nanostructured β-FeSi2 bulk materials are prepared by a new synthesis process by

combining melt spinning (MS) and subsequent spark plasma sintering (SPS). It investigates the influence of linear

speed of the rolling copper wheel, injection pressure and SPS regime on microstructure and phase composition of the

rapidly solidified ribbons after MS and bulk production respectively, and discusses the effects of the microstructure on

thermal transport properties. There are two crystalline phases (α-Fe2Si5 and ε-FeSi) in the rapidly solidified ribbons;

the crystal grains become smaller when the cooling rate increases (the 20 nm minimum crystal of ε-FeSi is obtained).

Having been sintered for 1 min above 1123K and annealed for 5min at 923K, the single-phase nanostructured β-

FeSi2 bulk materials with 200–500 nm grain size and 98% relative density are obtained. The microstructure of β-FeSi2
has great effect on thermal transport properties. With decreasing sintering temperature, the grain size decreases, the

thermal conductivity of β-FeSi2 is reduced remarkably. The thermal conductivity of β-FeSi2 decreases notably (reduced

72% at room temperature) in comparison with the β-FeSi2 prepared by traditional casting method.
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1. Introduction

Semiconducting iron disilicide, β-FeSi2, is one
of the potential candidates for practical use in the
high temperature range (up to 1200 K) thermoelec-
tric materials because of its high Seebeck coefficient,
its abundance as a raw material and good resistance
to oxidation.[1−14] However, the thermal conductiv-
ity of β-FeSi2 is still high, so the figure of merit
of its thermoelectric properties is low for practical
use in comparison with other thermoelectric mate-
rials. Moreover, it costs a long time to prepare β-
FeSi2 bulk material by using traditional technology,
for example, for the pure as-cast FeSi2, more than
100 h anneal time is needed to form the complete
β-FeSi2 phase at 1073 K.[1] The long annealing pro-
cess increases the preparation periods and costs, and
grain grows markedly during the process, which is not
good for the decrease of the thermal conductivity of
β-FeSi2 and for the optimization of the thermal per-
formance. Therefore, the research and exploration of
a new, quick preparation process by which we can ob-

tain nanostructured β-FeSi2material are of great im-
portance to the improvement of thermoelectric prop-
erties.

Figure 1 is the binary phase diagram of the Fe–
Si system (Kubaschewski 1982),[2] which shows that
the stoichiometric FeSi2 alloy solidifies at 1485K as
a eutectic structure composed of α-Fe2Si5 and ε-FeSi
phases. The β-FeSi2 phase is formed by the peritec-
toid reaction of the two eutectic phases below 1255K.
Because of the limited solid solubility of β-FeSi2 phase
and stacking fault that occurs during the peritectoid
reaction, the rate of β- FeSi2 phase transformation is
very slow.[7,8] It is expected that grain refinement of
the α and ε phases can accelerate the formation of
the β phase and improve the thermoelectric perfor-
mance of β-FeSi2.[2,10] It has been shown that rapid
solidification is very effective for the production of
a fine crystalline microstructure.[2,10−12,15−16] In re-
cent researches, Chen et al [11,12] have prepared n-type
Fe0.94Co0.06Si2.00 and p-type Fe0.92Mn0.08Six by rapid
solidification (the melt was sputtered onto the edge of
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a chilled rolling molybdenum wheel) and hot press-
ing; the performance of β-FeSi2 based materials has
been improved notably and the preparation period is
effectively reduced.

Fig.1. Binary phase diagram of the Fe-Si system

(Kubaschewski 1982).

In order to eliminate the influence on thermo-
electric properties and structure induced by foreign
atoms, pure iron disilicide is chosen as a start mate-
rial, and melt spinning (MS) is applied to produce the
nanostructured and α, ε phases evenly dispersed thin
ribbons. Effects of MS process on morphologies and
distribution of α, ε phases are studied. The milled rib-
bons are sintered into single β-FeSi2 phase by spark
plasma sintering (SPS) technique which makes sinter-
ing and annealing process complete within relatively
short time and low temperature and avoids excessive
growth of grains. The influence of SPS regime on β

phase transformation and microstructure of bulk ma-
terials are investigated, and the relationship between
microstructure of β-FeSi2 and thermal transport prop-
erties is revealed.

2. Experiments

Highly pure metals of Fe (99.99%, ingot) and Si
(99.9999%, bulk) were used as starting materials. The
constituent elements were weighed according to the
FeSi2 formula and melted in an arc furnace for 3–
4 times, and then the ingots were put into a quartz
cylinder in MS system to induce melt. The melt was
rapidly solidified after being injected onto the edge of
a chilled rolling copper wheel at a linear speed of about
10–30m·s−1. Both arc melting and rapid solidification
were carried out under a high purity argon atmosphere
(>99.99%). The rapidly solidified thin ribbons were

milled in a carnelian mortar into fine powder, and then
the powder was loaded into a graphite die and sintered
by SPS method. Sintering temperature and time are
923–1173K and 5 min respectively, and single-phase,
nanostructured β-FeSi2 bulk materials were then ob-
tained.

The constituent phases of the samples were deter-
mined by powder x-ray diffractometry (PANalytical:
X’ Pert PRO, Cu Kα). Densities of the samples were
measured by using the Archimedes method. The fine
microstructure of the ribbon after MS and morpholo-
gies of bulk material sintered by SPS were observed by
field emitted scanning electron microscopy (FESEM)
(Sirion 200 FESEM). The thermal conductivity (κ)
was calculated from the measured thermal diffusivity
D, specific heat Cp, and density d by using the re-
lationship κ = DCpd. D and Cp were measured by
the laser flash method (Sinkuriko: TC-7000) in a vac-
uum. All the measurements were performed under the
temperature range from 300 to 800 K.

3. Results and discussion

3.1. Synthesis and structure of thin rib-

bons prepared by MS

Figure 2 shows the x-ray diffraction (XRD) pat-
terns of the ribbons prepared by different MS regimes.
As seen in Fig.2, all the ribbons are composed of α-
Fe2Si5 and ε-FeSi phases and no β-FeSi2 phase occurs.

Fig.2. X-ray diffraction patterns of the ribbons prepared

by different MS regime: curve a linear speed: 10m/s, in-

jection pressure: 0.02MPa; curve b linear speed: 30m/s,

injection pressure: 0.1MPa; curve c linear speed: 30m/s,

injection pressure: 0.02MPa.
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The widening of diffraction peaks and low diffrac-
tion intensity are caused by the fine grains size of α

and ε phases (nano-scale, see Fig.3).

Fig.3. Free face FESEM photographs of the ribbons prepared

by different linear speed of copper wheel with the same injec-

tion pressure of 0.02MPa: (a) 10m/s; (b) 30 m/s.

For convenience, we define the side which contacts
with the edge of the copper wheel of the ribbons as
contact face, and the other side as free face. As for MS
rapid solidification, cooling rate is adjusted and con-
trolled mainly by the regulation of the linear speed
of the rolling copper wheel and injection pressure of
the quartz cylinder nozzle. Figure 3 shows the free
face FESEM photographs of the ribbons prepared by
changing the linear speed of copper wheel from 10 to
40m/s under the same injection pressure of 0.02MPa.
A eutectic structure consisting of dark matrix being α-
Fe2Si5 and white ε-FeSi phases which are confirmed by
energy dispersive x-ray (EDX) analysis and XRD (see
Fig.2) can be seen in Figs.3(a) and 3(b). Figure 3(a)
shows the morphology of free face of the ribbon when
the linear speed of copper wheel is 10 m/s. As shown
in the figure, the white granular ε phase possesses a
grain dimension changing from 200 nm to 1µm, while
the dark dendritic α phase shows a random orienta-
tion. These results are very similar to those of Ref.[10].
When the linear speed increases to 30 m/s, as shown

in Fig.3(b), the granular ε phase exhibits more fine
grain size with 20–70 nm , and evenly disperses in the
α matrix; the dendritic α phase does not occur. The
cooling rate increases with the increase of linear speed
of rolling wheel, when linear speed reaches 30m/s.
The melt is cooled by an extraordinarily high cool-
ing rate. Liquid–solid boundaries are impelled speed-
ily and atomic long-range diffusion is restrained, as
a result, the crystallization process terminates before
the further growth of grains, and then the nano-scale
eutectic structure of ε and α phases forms.

Figure 4 shows the free face FESEM photographs
of the ribbons prepared by changing the injection pres-
sure from 0.02 to 0.1MPa with the same linear speed
of the copper wheel of 30 m/s. As shown in Fig.4,
with the increase of the injection pressure, the grains
of ε phase grow remarkably, when the injection pres-
sure increases to 0.1 MPa. It can be seen in Fig.4(c)
that rough dendritic ε and α phases have formed. This

Fig.4. Free face FESEM photographs of the ribbons pre-

pared by different injection pressure with the same lin-

ear speed of copper wheel of 30m/s: (a) 0.02MPa; (b)

0.06MPa; (c) 0.10 MPa.
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is mainly due to the fact that increase of the ejection
pressure results in increase of the contact time (length)
between the ribbon and the wheel surface which pro-
vides further evidence of improved heat transfer con-
ditions. According to the morphology analysis of the
free face of thin ribbons, fine grains of ε phase which
is evenly dispersed in the α matrix can be obtained
when linear speed of copper wheel and injection pres-
sure are 30 m/s, 0.02 MPa respectively.

As shown in Fig.1, for the sample that is weighed
according to stoichiometric FeSi2, β phase forms at
the boundaries of ε and α phases by the peritectoid
reaction. With the growth of β phase, atomic diffusion
length increases and the time for completing peritec-
toid reaction lengthens, as a result the fine grains of
ε and α eutectic phases which effectively augment the
amount of boundaries can accelerate the formation of
the β phase.[8,9] In comparison with traditional fu-
sion casting[1] and rapid solidification (in which the
melt is cooled by a chilled rolling molybdenum wheel)
method,[12] ε and α phases show more fine grains size
(20–70 nm, see Fig.3(b)). As it is mentioned above,
nanostructured β phase is expected to form at rela-
tively short time and low temperature.

3.2.Quick preparation and microstruc-

ture of bulk β-FeSi2

Figure 5 shows the XRD patterns of the bulk
materials sintered by different SPS regime using the
milled ribbons prepared under the same MS regime
(linear speed: 30 m/s; injection pressure: 0.02 MPa).
Curve a in Fig.5 shows when the ribbons are sin-
tered at 1023 K for 5 min, the single-phase β-FeSi2
has formed, but the relative density of the sample is
just 85%. When the ribbons are sintered at 1073 K
for 5 min, as seen in the figure, ε and α phases have
formed; therefore, the increase of sintering tempera-
ture may lead to the decomposition of β-FeSi2. When
the ribbons are sintered at 1123 K and 1173 K for 1min
respectively and annealed at 923K for 5 min, as we
can see curves c and d in Fig.5, the single-phase β-
FeSi2 is obtained and the relative density of the sam-
ple is above 98%. In comparison with traditional fu-
sion casting and rapid solidification combined with hot
pressing method,[1,11,12] single-phase β-FeSi2 bulk ma-
terials sintered by SPS are obtained at the low temper-
ature and within the short time, this process is bene-

ficial to restrain the growth of β-FeSi2 phase grain.

Fig.5. X-ray diffraction patterns of the bulk FeSi2 ma-

terials sintered by different SPS regime: curve a 1023K×
5min; curve b 1123K× 5min; curve c 1123K×1min +

923K×5min; curve d 1173K ×1min+ 923K×5min.

The FESEM micrographs of bulk β-FeSi2 sin-
tered by different SPS regime using the milled ribbons
prepared under the same MS regime (linear speed:
30m/s; injection pressure: 0.02MPa) are shown in
Fig.6. When the sample was sintered at 1123 K for
1min and annealed at 923 K for 5 min, the dimen-
sion of fine grains is 200–500 nm; the sample sintered

Fig.6. FESEM micrographs of bulk β-FeSi2 sintered by

different SPS regime: (a) 1123K×1min+923K×5min;

(b) 1173K×1min+923K×5min.
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at 1173 K for 1min and annealed at 923K for 5 min
shows an obvious growth of grains with dimension of
400–600 nm at the higher sintering temperature. Fur-
thermore, since ribbons are milled into powders for the
subsequent SPS process, the different microstructure
of the ribbon samples would have important impact on
the characteristic microstructure of the bulk β-FeSi2
materials.

Figures 7(a) and (b) show the FESEM mi-
crographs of bulk β-FeSi2 sintered by the same
SPS regime (1123 K×1min+923 K×5min) using the
milled ribbons prepared under the different MS
regime ((a): linear speed: 30 m/s, injection pressure:
0.02MPa; (b): linear speed: 30 m/s, injection pres-
sure: 0.1MPa). The granular grains with homoge-
neous dimension can be seen in Fig.7(a), but rough
prismatic grains are formed in Fig.7(b). According to
Fig.4, while the injection pressure is 0.02MPa, gran-
ular grains of ε phase are evenly dispersed in α phase
matrix (see Fig.4(a)), and when the injection pressure
increases to 0.1 MPa, ε and α phases have grown into
rough dendritic crystals (see Fig.4(c)), as a result, the
grains of β-FeSi2 show granular and columnar shape
respectively.

Fig.7. FESEM micrographs of bulk β-FeSi2 sintered by

same SPS regime using the ribbons prepared by different

MS regime: (a) 30m/s, 0.02 MPa; (b) 30m/s, 0.10MPa.

A conclusion can be drawn that ε and α phases
can be completely transformed into β phase by SPS

process within short time, and fine grains of β-FeSi2
can be obtained when the ε and α phases possess fine
grains and these phases are evenly dispersed in the rib-
bon samples. Moreover, these nanostructures induce
a large number of interfaces which may have great ef-
fects on the thermal transport properties of materials.

3.3.Thermal transport properties of

bulk β-FeSi2

Influences of different microstructures on thermal
conductivity are studied, and the results are compared
with those obtained by traditional casting and rapid
solidification combined with hot pressing method.
All the samples in this section are prepared by the
same MS parameters (linear speed: 30 m/s, injection
pressure: 0.02 MPa) but different SPS sintering pa-
rameters. As seen in Fig.8, the thermal conductivity
of sample d changes from 4 to 3.2W·m−1·K−1 which
is less than the thermal conductivity of sample c (5.8–
4.2W·m−1·K−1) at the tested temperature range,
that is to say the thermal conductivity increases with
the increase of sintering temperature. This can be ex-
plained by the fact that the grains grow bigger when
the sintering temperature increases, (seen in Fig.6) so
the number of boundaries decreases for unit volume
and the scattering effect on phonons weakens. In com-
parison with the thermal conductivity obtained by fu-
sion casting method,[1] thermal conductivity in this re-
search (sample d) decreases from 14.2 to 4W·m−1·K−1

(reduced 72%) at room temperature, and the thermal

Fig.8. Thermal conductivities of bulk β-FeSi2 materials

prepared by different methods: ¥ fusion casting method;

© rapid solidification combined with hot uniaxial press-

ing method; N SPS: 1173K×1min+923K×5min; O SPS:

1123K×1min+923K×5min.
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conductivity decreases from 6.3 to 3.2 W·m−1·K−1 (re-
duced 50%) at 800 K. The thermal conductivity in
this research decreases notably in comparison with
the thermal conductivity[12] of Mn doped β-FeSi2 ob-
tained by rapid solidification combined with hot press-
ing method too. As for doped β-FeSi2 material, the
substitution of Fe site by Co or Mn results in a dras-
tic disorder of the crystal lattice and lattice thermal
conductivity can be further reduced.[5−20] The higher
thermoelectric performance is expected to be achieved
in doped β-FeSi2 material prepared by using MS+SPS
method.

4. Conclusions

In conclusion, nanostructured single-phase β-
FeSi2 bulk materials are prepared by combining MS
and SPS method. The influences of MS and SPS pa-
rameters on the phase transformation, the microstruc-
ture of ribbons and bulk materials are investigated.
The relationship between microstructure of β-FeSi2
and thermal transport properties is revealed so that
the following conclusions can be drawn.

(1) All the ribbons after MS are composed of α-
Fe2Si5 and ε-FeSi phases; grain dimension of α and ε

phase decreases with the increase of the linear speed
of the rolling wheel or the decrease of injection pres-
sure, ε phase is more homogeneous dispersed in the

α phase matrix. When the linear speed and injec-
tion pressure are 30 m/s and 0.02MPa respectively,
the granular ε-FeSi phase possesses a nano-scale of
20–70 nm and is homogeneously dispersed in α-Fe2Si5
matrix. This special structure is beneficial to the quick
transformation of β-FeSi2 at subsequent SPS process.

(2) After being sintered for 1 min above 1123 K
and annealed for 5 min at 923 K, the single-phase
nanostructured β-FeSi2 bulk materials with 200–
500 nm grain size and 98% relative density are ob-
tained. In comparison with traditional fusion cast-
ing and rapid solidification combined with hot press-
ing method,[1,11,12] single-phase β-FeSi2 bulk materi-
als sintered by SPS are obtained at the low temper-
ature and within the short time. The different mi-
crostructures of the ribbon samples would have im-
portant impact on the characteristic microstructure
of the bulk β-FeSi2 materials, and fine grains of β-
FeSi2 can be obtained when the ε and α phase possess
fine grains and evenly dispersed in ribbon samples.

(3) The thermal conductivity of samples in this
research changes from 3 to 6W·m−1·K−1 which is
remarkably less than the thermal conductivity ob-
tained by fusion casting method[1] at the testing
temperature range. The thermal conductivity is re-
duced 72% at room temperature and 50% at 800 K.
The higher thermoelectric performance is expected to
be achieved in doped β-FeSi2 material prepared by
MS+SPS method.
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