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SPARK PLASMA SINTERING OF Mn-Zn FERRITE POWDERS BY HIGH ENERGY BALL MILLING

The Mn-Zn ferrite powders prepared by high energy ball milling were heat-treated, subsequently compacted and sintered by
spark plasma sintering (SPS). Based on the observation of microstructure, the characteristics of samples after SPS were investi-
gated and compared with ones after conventional sintering. The size of initial powders was approximately 650 nm and decreased
to 230 nm after milling at 300 rpm for 3 h. After heat treatment at 973K for 1h, the milled powders became larger to approximately
550 nm in size again and the peaks of Mn,O5 disappeared in XRD patterns. In the samples after SPS, the Fe,O3; and MnZnFe,O,
phases decomposed at the higher temperatures than 1173K and 1373K, respectively, while only MnZnFe,O, phase was detected in
the samples conventionally sintered at 1273~1673K. As the sintering temperature increased, the relative density after SPS increased
more quickly than that after conventional sintering. In particular, it reached approximately 99% after SPS at 1473K.
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1. Introduction

Recently, the wireless power transfer technology that sup-
plies the power in homes and commercial appliances without
electric wire has received great attention. The electromagnetic
induction, magnetic resonance and electromagnetic radiation
are general methods for wireless power transfer. Among them,
the electromagnetic induction has been applied to portable
electronics. Mn-Zn ferrite core is most suitable electromagnetic
materials for wireless power transfer because of high initial
permeability, high saturation magnetization, low eddy current
and coercivity [1].

Mn-Zn ferrite core could be produced by powder metal-
lurgy processing. In general, the magnetic performance of Mn-
Zn ferrite core depends on the characteristics of powders [2],
and the soft magnetic properties are improved in ultra-fined or
nanocrystalline alloys [3]. Among powder metallurgy process-
ing, high energy ball milling is an effective method currently
used to obtain amorphous phase or nanocrystalline structure in
inorganic materials synthesis [4-6]. On the other hand, the nano-
sized powders obtained by high energy ball milling are rapidly
ripened because they are exposed to high temperature for a long
time during subsequent conventional sintering.

Recently, the spark plasma sintering (SPS) method has
received the spotlight for rapid heating rate, short holding time,
low temperature, high sintering density and easy manipulation
compared to other conventional sintering methods [7,8]. In the
SPS, initial powder materials are sintered by joule heat occur-
ring from spark plasma generated in the gap between powder

materials under pressure in uniaxial direction. The SPS has been
applied for new materials, such as fine ceramics [9,10], nano
phase materials [11], hard alloy tool materials [12], magnetic
materials [13] and ferrous materials[14], etc.

In this study, therefore, Mn-Zn ferrite powders produced by
high energy ball milling were heat-treated and subsequently sin-
tered by the SPS. Additionally, the microstructural characteristics
of samples sintered by the SPS were investigated and compared
to those of the conventionally sintered samples.

2. Experimental

The initial ferrite powders composed of Fe,O3, Mn,05 and
MnzZnFe,O, oxides were charged with stainless ball into jars
in high energy ball milling equipment. The ball milling was
conducted with the ball to powder weight ratio of 20:1 and the
milling rate of 300 rpm for 3 h under argon atmosphere. The
milled powders were collected in the glove box filled with argon
gas, and subsequently heat-treated at 973K for 1h under argon
atmosphere for the pre-synthesis of MnZnFe,O, phase. The heat-
treated powders were uniaxially compacted under a pressure of
90 MPa for 3 min. Some of them were conventionally sintered
at 1273~1673K for 3 h under argon atmosphere and some of
them were subjected to spark plasma sintering with the applied
pressure of 60 MPa at 1173~1473K for 5min in a vacuum.

The microstructural characteristics of the powders and the
sintered samples were observed by using a scanning electron
microscope (SEM) and a transmission electron microscope
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(TEM). The powder size and shape were investigated by an im-
age analysis. In particular, the shape was evaluated with a shape
factor (= 4zA/P?, where A is area and P is perimeter of powder).
The mean particle size was calculated by Debye-Scherrer’s equa-
tion using the half-value width of peaks [15]. The identification
of phases was carried out by an X-ray diffractometer (XRD).
The relative density of the sintered samples was obtained by
Archimedes method.

e

Fig. 1. SEM images showing ferrite powders ; (a) initial state, (b) after milling at 300 rpm for 3 h and (c) after heat treatment at 973K for 1 h
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3. Results and discussion

The typical SEM photographs of initial, as milled and as
heat-treated ferrite powders are shown in Fig. 1(a), (b) and (c),
respectively. The initial ferrite powders are irregular in shape
and there is no marked change of shape after milling and heat
treatment. After milling, the initial powders become obviously
smaller. However, the milled powders have been growing again
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Fig. 2. (a) Mean powder size, shape factor and (b) size distribution of the initial, as milled and as heat-treated ferrite powders
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Fig. 3. XRD patterns of the initial, as milled and as heat-treated ferrite
powders

30

after heat treatment. The mean powder size, shape factor and
size distribution obtained from Fig. 1 are quantitatively plotted
in Fig. 2. The mean size of approximately 650 nm in the initial
powders is reduced to approximately 230 nm after milling at
300 rpm for 3 h. After heat-treatment at 973K for 1h, however,
it increases to approximately 550 nm. The shape factor of initial
powders is approximately 0.7, and it is almost unchanged even
after milling and heat treatment. The size distribution of initial
powders is in between 200 and 2000 nm and greatly moves
to 60~700 nm after milling. The heat-treated powders show
100~2000 nm in size distribution. The highest number peaks of
powders well correspond to the mean size of powders.

Figure 3 shows XRD patterns of the initial, as milled and
as heat-treated ferrite powders. The peaks of the Fe,O3, Mn,O4
and MnZnFe,0, phases are observed in the initial powders. The
peaks are unchanged after milling, while, after heat treatment,
the peaks of Mn,0O; phase disappear and the MnZnFe,O, phase
is obviously detected with the unreacted Fe,O4 phase.
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Fig. 4. TEM images of (a) as milled and (b) as heat-treated ferrite powders
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Fig. 5. Mean particle sizes of as milled and as heat-treated ferrite
powders

Figure 4 shows TEM photographs of as milled and as
heat-treated ferrite powders. The milled ferrite powders with the
mean size of approximately 230 nm as shown in Fig. 1 and 2
are composed of nano-sized particles (=15 nm). After heat treat-
ment, the growth of particles occurs, resulting in the increase
of mean size that becomes approximately 120 nm. The particle
size measured from Fig. 4 is quantitatively plotted in Fig. 5,
together with that obtained from Fig. 3. Based on the calcula-

tion by Debye-Scherrer’s equation, the mean particle sizes of
as milled and as heat-treated powders are approximately 12 nm
and 60 nm, respectively, which relatively well corresponds to
ones measured from TEM images.

The microstructures of the conventionally sintered samples
with increasing the sintering temperature are shown in Fig. 6,
along with a photograph of the compacted sample with a green
density of approximately 53% and a disc shape of 8 mm in di-
ameter and 4.43 mm in thickness used for SPS and conventional
sintering. As the sintering temperature increases, the microstruc-
ture becomes much denser. At 1273K, the agglomerated powders
and many pores are observed, while the densification obviously
occurs at more than 1373K.

Figure 7 shows appearances and SEM photographs of as
heat-treated powders sintered by SPS at 1173~1473K for 5 min.
The compacted samples with 8mm in diameter and 4.43 mm in
thickness are shrunk by SPS, and the shrinkage becomes larger
with increasing the sintering temperature. However, there are
no observable cracks in the appearance of sintered body. On the
other hand, after SPS at 1173K, the agglomerated powders and
many voids were observed, indicating that sufficient substance
migration including diffusion had not occurred during sintering
[16]. The sample sintered at 1273K shows obviously necks be-
tween grown grains, but there still exist open pores. However, the
grains become much larger and the pores are obviously reduced
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Fig. 6. SEM images showing microstructures of the samples after conventional sintering at various temperatures
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Fig. 7. Appearances and SEM images of the samples after SPS at (a) 1173K, (b) 1273K, (c) 1373K and (e) 1473K

at more than 1373K. In particular, the sample sintered at 1473K
is fully densified.

Figure 8 shows the XRD patterns of the sintered samples.
After conventional sintering at 1273~1673K, there are no peaks
of Fe, 05 phase, while, in case of SPS, the Fe,O; phase is detected
at 1173K and its peaks completely disappear at 1273K. This in-
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dicates that the Fe,O5 phase decomposed at higher temperatures
than 1173K. On the other hand, the MnZnFe,0O, phase is detected
after conventional sintering at all temperatures. However, during
SPS, the MnZnFe,O, phase begins to decompose at 1373K and
completely disappears at 1473K, and the formation of FeO and
MnO phases concurrently occurs, which is generally considered
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Fig. 8. XRD patterns of the samples after (a) conventional sintering and (b) SPS at various temperatures
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Fig. 9. Relative density of the sintered samples with increasing the
sintering temperature

to be due to the effective transfer of joule heat occurring from
spark plasma.

The change of relative density in the samples sintered by
SPS with increasing the sintering temperature is shown in Fig. 9,
in comparison to that in the conventionally sintered samples.
As the sintering temperature increases, the relative density
increases. However, the SPS causes much rapid increase of
relative density, resulting in much higher relative density than
the conventional sintering at same temperature. This is also
considered to stem from the effective transfer of joule heat oc-
curring from spark plasma during short heating and holding in
SPS [7,8]. In particular, the sample sintered by SPS at 1473K
showing dense microstructure has the highest relative density
of approximately 99%.



4, Conclusions

The milled ferrite powders at 300 rpm for 3 h had the size of
approximately 230 nm, which consisted of nano-sized particles
of approximately 15 nm in size. The powders consisted of the
Mn,03, Fe,05 and MnZnFe,0, phases. After heat treatment at
973K for 1h, the mean size of agglomerated powders increased
from 230 nm to 550 nm and the particles became larger to ap-
proximately 120 nm. In addition, the Mn,0O5 phase decomposed.
The Fe,05 and MnZnFe,0, phases completely disappeared after
SPS at temperatures of 1273K and 1473K, respectively, while the
FeO and MnO phases formed at higher temperatures than 1273K.
After conventional sintering at 1273~1673K, however, the only
MnZzZnFe,O, phase was detected. As the sintering temperature
increased, the relative density after SPS and conventional sinter-
ing increased. In addition, the SPS caused much higher relative
density than the convention sintering, and the sample sintered
by SPS at 1473K showed the densest microstructure with the
relative density of approximately 99%.
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