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Abstract. In this study, we present high-density nanostructured Fe-Si/Fe-based soft/soft com-
posite, prepared by the warm compaction method. Ball-milled Fe-33Si (a/o) powder, pure Fe
powder, and polyvinyl pyrrolidone (PVP) were mixed in an acetone solvent to create a powder
mixture and then compacted at various temperatures and pressures. Sample densities were
obtained up to a 90% theoretical value. The warm-compacted sample prepared at 650 MPa and
240 oC for 1h had the highest compaction properties in comparison with other samples prepared
at pressures of either 300 or 400 MPa, and at room temperature or 120 °C.

1. INTRODUCTION

Soft magnetic composite materials, such as an Fe-
based alloy, are characterized by magnetic and ther-
mal isotropy, a very low eddy current loss, a rela-
tively low total core loss at low and medium fre-
quencies, large anisotropy constants, low coerciv-
ity, and high Curie temperatures [1-7]. Additionally,
it has been reported that the presence of silicon in
Fe-Si alloy powders plays a key role in not only
decreasing magnetic anisotropy, but also increas-
ing electrical resistivity, resulting in a further de-
creased coercivity and eddy current loss [1, 2].

Due to a rapid increase in the demand for soft
magnetic composite parts, recent attempts have
been made to improve their properties, such as an
increase in the silicon content, the addition of insu-
lator materials, and various other processing meth-
ods. However, conventional compaction methods
make it very difficult to obtain a high density, be-
cause the high-silicon content causes the Fe-based
material to be too brittle. Moreover, sintering pro-
cesses cannot be used to make high density, due
to the presence of polymer materials, such as ep-
oxy insulators.

High pressures should be applied to produce a
compressed powder magnetic core without sinter-
ing. For this reason, the high density of the com-
pacted sample, and the elimination of residual
stresses in the compaction step, are very impor-
tant. Various approaches have been proposed to
increase the density without using the sintering pro-
cess. Among these approaches, a warm compac-
tion method has been used for high and uniform
densities, a reduction of residual stresses, and the
improvement of magnetic properties [3-5,8]. This
method has been established with the knowledge
that metallic powders have better plasticity and com-
pressibility at elevated temperatures and are, there-
fore, easier to be deformed to form high-density
bulks, compared to cold compaction. In the warm
compaction method, the material powder is pre-
heated and compacted in a heated die. The warm
compaction process has been developed to manu-
facture cost-effective and highly dense sintered prod-
ucts, with densities equivalent to those attained by
double pressing and double sintering processes [8].
In this study, powder mixtures with Fe-33Si (a/o)
and Fe were used to increase the compaction den-
sity by having the soft Fe phase act as a buffer for
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Fig. 1. (a) SEM images of Fe-33Si powder ball-milled for 20 h and (b) ball-milled Fe-Si/Fe powder mixture.

Fig. 2. The density changes for different compac-
tion pressures and temperatures.

the hard Fe-Si phase. The polyvinyl pyrrolidone
(PVP) was added to the Fe-Si/Fe powder mixture
as an insulator and binder material.

This study intends to evaluate the effects of com-
paction pressure and temperature on the magnetic
properties of the Fe-Si/Fe soft magnetic compos-
ite, in order to find the optimum combination of tem-
perature and pressure for optimal magnetic proper-
ties.

2. EXPERIMENTAL PROCEDURES

Commercial Fe-33Si (a/o) alloy powder, and iron
powder (Hoeganaes Co.) produced by gas atomi-
zation were used as starting materials. The purity
of the Fe-33Si powder was above 99%, while the
purity of the iron powder was above 99.9%. Initially,
the particles were smaller than 20 mm. The Fe-33Si
powder was sealed in a grinding unit made with
stainless steel balls and a stainless steel jar under
an argon atmosphere. A high-energy ball-milling pro-
cess was then performed by an attritor (Zoz Gmbh,
CM101) at 400 rpm for 20 hours, with a ball-to-pow-
der weight ratio of 10:1. The ball-milled Fe-33Si pow-
der was then mixed with the pure Fe powder for 5
hours by a 3-D mixer. Polyvinyl pyrrolidone (PVP)
was added to the powder mixture continuously with
an acetone solvent. After the mixed powder was
dried in an oven, the composition of the powder mix-
ture was Fe-10Si (a/o). The powder mixture was
then cold and warm compacted, using pressures of
300, 400, 500, and 650 Mpa, in a cylindrical die,
having a diameter of 10 mm. To investigate the ef-
fect of compaction temperature, the powders were
compacted at room temperature, 120 °C, 180 °C,
and 240 °C for 1h.

Phase identification of the fabricated powders
was performed using an X-ray diffractometer (XRD,
Cu K : = 1.540562 Å), a]d electro] probe mi-
croanalysis (EPMA). The density of the samples
was determined by the Archimedean principle. The

magnetic properties of the samples were evaluated
with a vibration sample magnetometer (VSM) at an
applied mag]etic field of up to ± 1.0 MA/m at room
temperature and a B-H curve analyzer and a imped-
ance analyzer in the frequency range of 10~1000
kHz at 10 mT.

3. RESULTS AND DISCUSSION

Microstructures of the pure Fe and ball-milled Fe-
33Si alloy powders were obtained over a period of
20 hours (Fig. 1). The starting powder had an aver-
age particle size of 3 ìm. I] the case of the ball-
milled Fe-Si powder, the average crystalline size
was calculated by the Williamson-Hall equation [9]
from the X-ray diffraction pattern, and the result was
nearly 16 nm. Furthermore, X-ray diffraction analy-
sis confirmed that the Fe-33Si alloy powder was
composed of fcc-Fe3Si and hcp-Fe5Si3. It is known
that the density of a randomly packed particle is in
the range of 70% when no deformation is involved.
To obtain a higher density, it is necessary to per-
form plastic deformation of the particles. However,
because the Fe3Si and the Fe5Si3 are hard phase
materials, it is difficult to compact by conventional
compaction method. Moreover, the deformation of a
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Fig. 3. XRD analysis of cold and warm compacts of
Fe-Si/Fe mixed powder.

nanostructured powder cannot easily be compared
with a micron-sized powder, due to the reduced dis-
locations in the powder, which explains the low den-
sity obtained in the nanostructured powder com-
pacts.

In this study, the change in green densities for
different cold compaction pressures increased lin-
early with the increasing compaction pressure from
300 to 650 MPa. The green densities of 300 and
650 MPa were 4.75 and 5.31 g/cm3, respectively.
Additionally, the green density of the cold compac-
tion with polyvinyl pyrrolidone (PVP) was nearly 0.8
g/cm3 higher than the sample without PVP. In fact,
the main functions of PVP in the powder mixture
were the reduction of friction between powder par-
ticles during compaction and the encapsulation of
the powder. This caused a higher density through
an increased effective pressure on the powder, re-
sulting in improved mechanical properties.

The warm compaction densities of the Fe-Si/Fe
powder mixture at different pressures under various
temperatures were also determined (Fig. 2). It was
clear that the compacted powder density increased
with an increase in the compaction temperature,
under constant pressure. There was a significant
influence of temperature on the deformation behav-
ior. The deformation of metals was considered to be
a thermally activated process, where both elastic
and plastic deformation was affected. Additionally,
soft phase iron powder can achieve high density
due to an increase in its plastic deformation capa-
bility, as opposed to the hard phase Fe-Si in a Fe-
Si/Fe soft magnet powder mixture. A monotonous
increase of the density was observed for the Fe-Si/
Fe powders over the entire studied temperature
range (Fig. 2). This may be explained by the fact
that the yield strength of metallic Fe-Si and Fe de-

creased linearly with temperature in the region be-
tween 20 and 240 °C. To investigate the effect of
PVP contents on green density, warm compaction
was performed at 650 MPa and 240 °C. The green
densities of 0, 0.2, 0.6, and 1.2 w/o PVP content
were 6.31, 6.49, 6.51, and 6.51 g/cm3, respectively.
As previously mentioned, PVP led to a higher green
density by reducing friction between powder par-
ticles during compaction. Alternatively, due to the
low density of the polymer, the compacted powder
density was lowered at higher amounts of PVP.
Therefore, the limit of the polymer contents was 1.2
w/o PVP in this study. However, the green density
did not increase above a PVP content of 0.6 w/o.

Fig. 3 shows the XRD patterns of cold and warm
compacts of Fe-Si/Fe mixed powder. The -Fe (Fe
powder) and Fe3Si (Fe-33Si powder) peaks were
confirmed from cold and warm compacted samples.
In the cold compacted sample, the Fe and Fe3Si
peaks were broadened, whereas peaks of warm
compacted sample were more sharpened and nar-
rowed. It was considered because stresses induced
by compaction pressure were relieved during warm
compaction.

An EPMA mapping image of the warm com-
pacted sample at 650 MPa and 240 °C was ob-
tained (Fig. 4). The image confirmed that while the
Fe-Si powders (Si mapping image) were maintained
spherical shape, the iron powders (Fe mapping im-
age) were deformed among the Fe-Si powders. It
was evidenced that the density of the Fe-33Si/Fe
composite sample was higher than the density of
the gas atomized Fe-10Si alloy sample, because
the soft phase iron powder was filled at the unoccu-
pied site by deformation.

It is generally known that higher density results
in improved magnetic properties. The magnetic prop-
erties also were sensitive to stress, and were dete-
riorated by compaction. However, these stresses
could be relieved by heat treatment at an appropri-
ate temperature [1,4]. A hysteresis loop was ob-
tained after warm compaction in Fig. 5. From the
result of the warm compacted sample at 650 MPa
and 240 °C, the coercivity Hc was 876 A/m, and the
saturation magnetization Ms was 144 A·m

2/kg It is
known that saturation magnetization depends on
the composition of materials; however, the coerciv-
ity is affected by various factors, such as density,
strain, grain size, and magnetic anisotropy. Gener-
ally, the hysteresis loop was behaved discontinu-
ous when there existed two phases, while the VSM
result seemed to behave like single phase magnetic
material. This result was considered that the Fe-Si
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Fig. 4. EPMA mappi]g images of the warm compacted sample at 650 MPa a]d 240 °C.

Fig. 5. The magnetic property of warm compacted
Fe-10Si powder.

Fig. 6. Core losses of warm compacted Fe-10Si
powder at 240 °C.

and Fe powders used in this work have similar mag-
netic properties, Hc and permeability, except Ms.

Fig. 6 shows the magnetic losses measured in
the frequency of up to 1000 kHz at 10 mT with vari-
ous compaction pressures. It was confirmed the core
losses logarithmically increased with a frequency
increase. It is known that core loss can be presented
by the sum of hysteresis loss, eddy current loss
and residual loss. Among those, eddy current loss
is proportionate to flux density and frequency; on
the other hand, it is inverse proportion to electrical
resistant. Also, hysteresis loss is affected by crys-

talline anisotropy, magnetostiction, saturation mag-
netization, pores, impurities and defects. Especially,
core loss was significantly increased as green den-
sity decrease. It was considered that the effect of
pore filling was dominantly affected to decrease
hysteresis loss than residual stresses increased
that during warm compaction process. The result of
core loss in the range over 100 kHz was considered
the increase of hysteresis loss by residual pores.

For this reason, temperature plays a very impor-
tant role in higher densities, and in the elimination
of residual stress. The core loss could be enhanced,
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if compaction temperature increases until decom-
position of binder which acts as an insulator.

4. CONCLUSION

The warm compaction method was successfully
fabricated high-density parts using premixed Fe-Si/
Fe powder containing a small amount of PVP binder.
Higher density under warm compaction was
achieved due to the plastic deformation capability
of Fe-Si/Fe powder by particle rearrangement. Re-
sults were shown that the warm compacted sample
at 650 MPa and 240 °C had the lowest coercivity of
876 A/m and the lowest core loss. It was consid-
ered that this result was related to the higher den-
sity, and lower residual stresses of the warm com-
pacted sample.
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