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Abstract

Ni,,C0,,Zn, Fe,0, spinel ferrites have been synthesized by precipitation method from an aqueous solution and bulk samples
were fabricated by Spark Plasma Sintering (SPS) to investigate the microstructure and the mechanical properties. Although SPS is
considered as a rapid compaction technique, its application is uncommon for ferrites due to reactions occurring between the graphite
die and the ferrite powder at elevated temperature. In our tests this problem was circumvented by an alumina film applied on the
die. We found that both chemical and phase composition could be retained in the sintered specimens after sintering. In addition,
they exhibited improved mechanical properties in terms of hardness (10 GPa) and fracture toughness (2.7 MPa-m~2) as compared to

conventionally sintered reference samples.
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1 Introduction

Spinel ferrites are soft magnetic materials that found
widespread application in areas such as medical diag-
nostics, high density information storage systems, ferro
fluid technology, gas sensors, microwave and electronic
devices/transformers, inductors, choke coils, etc. [1-3].
Ni-Zn ferrites show outstanding performance in high fre-
quency applications by virtue of their high resistance,
low eddy current losses combined with high Curie tem-
perature, permeability and permittivity [4, 5]. The per-
formance of ferrites is basically affected by its chemical
composition and microstructure as well, which in turn are
greatly influenced by the fabrication method. The conven-
tional sintering process consists of long heat treatment
at high temperature over 1100 °C. At such high tempera-
ture volatile zinc component may be partially evapo-
rated that eventually reduces resistivity [6, 7]. In addi-
tion, long sintering time may also lead to grain coarsening
and inhomogeneous microstructure that has adverse
effect for the electromagnetic performance. In parallel,
the microstructure also influences the mechanical prop-
erties of the ceramic ferrites. Similar to other ceramics,
ferrites possess low fracture toughness. There are sev-
eral approaches to improve the mechanical properties
of ceramics, a great part of which consist of using addi-
tives including small metal or ceramic particles, whiskers,

fibers, etc. that prevent propagation of cracks by various
mechanisms [8]. The incorporation of a second phase into a
ferrite matrix, however, may induce undesirable reactions
in between that could ruin the chemical composition and
consequently the electronic performance of the particular
ferrite. On the other hand, the mechanical properties can
be also improved by a better control of the microstruc-
ture of the sintered bulk material. According to the Hall-
Petch relation, a microstructure having smaller grains
improves the mechanical properties. For certain appli-
cations such as in microwave devices nanometric sized
ferrite grains could be of great advantage, while in other
application e.g. for power ferrites the grain size beyond the
optimal 2-10 um is not favorable. Nevertheless, by sim-
ply retaining the original dimensions of the fine particles
in the final microstructure and preventing grain growth
during sintering, one can improve the mechanical proper-
ties, as well. In contrast to conventional sintering, Spark
Plasma Sintering (SPS) technique offers a rapid fabrica-
tion method under controlled atmosphere and typically
at reduced temperature [9, 10] as compared to conven-
tional sintering technique. Owing to the very short hold-
ing time at the high temperature of sintering that is typical
for SPS, grain coarsening can be avoided [11]. However,
up to now quite a few studies have been reported on the
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SPS sintering of ferrites [12-16]. This is because in SPS
technique the powder is consolidated in graphite moulds
that create strong reducing conditions for ferrites [12, 13].
To prevent partial or complete reduction of the metal-ions,
short sintering time and low sintering temperatures (500-
600 °C) are applied [14-16]. Although this technique
results in consolidated bulk material with good magnetic
properties, the attained lower relative densities imply
inferior mechanical properties that may present drawback
for application point of view.

In this work, we report on the SPS sintering of cobalt
doped Ni-Zn ferrite. We investigated the obtained micro-
structure and the mechanical properties of the sintered
ferrite specimen. To prevent reaction between the graphite
mould and the ferrite powder the graphite dies were cov-
ered with an inert alumina layer.

2 Experimental

2.1 Synthesis of ferrite powder

Ferrite powder was synthesized by co-precipitation method
using aqueous solutions of analytical grade reagents of
Nickel (II) nitrate hexahydrate [Ni(NO,),-6H,0], Zinc
nitrate hexahydrate [Zn(NO,),-6H,0], Cobalt (II) nitrate
hexahydrate [Co(NO,),"6H,0] (Alfa Aesar), Iron (III)
nitrate nonahydrate [Fe(NO,),-9H,0] (Molar Chemicals
Kft) and sodium carbonate [Na,CO,] (SISECAM).
The aqueous solution of precipitating reagent [Na,CO,]
was added drop-wise into the nitrate solutions under con-
tinuous stirring until reaching pH 9. Stirring was contin-
ued for an additional hour. The precipitated grains were
collected, washed with distilled water to remove the resi-
due salts until reaching pH 7, then dried at 80 °C. The dried
powder was calcined at 1100 °C for 2 hours. Before sinter-
ing the powder was dry ball milled for 1 hour to disinte-
grate the agglomerates.

2.2 Sintering
Bulk sintered specimens of 3 cm in diameter and 5 mm
in thickness were fabricated from the as-prepared ferrite
powder by Spark Plasma Sintering apparatus (HD PS5,
FCT GmbH). Samples were sintered at four different tem-
peratures as 1000, 1100, 1200 and 1300 °C using a holding
time of 5 minutes in each test. Heating rate was invariably
100 °C/min. During sintering a constant uniaxial pressure
of 30 MPa was applied.

As areference, conventional sintered specimens of sim-
ilar dimensions were also prepared using 30 MPa pressure
for compaction before sintering. The graphite parts were

covered with thin alumina film that hindered direct con-
tact between the graphite die and the powder components
to avoid any possible undesirable reactions in between.

2.3 Characterization
The particle-size distribution of the synthesized ferrite
powder was analysed by laser scattering method (Partica
LA-960, Horiba) after 120 seconds of ultrasonic agita-
tion without the use of any flocculants. Chemical com-
position was determined by energy dispersive X-ray flu-
orescence method (Niton XL3t Thermo Fisher Scientific).
Morphology and microstructure of the ferrite powder
and the sintered samples were characterized by scan-
ning electron microscopy (SEM, LEO 1540 XB with a
heated field emission tungsten cathode) and by X-ray dif-
fraction (XRD) performed on a Bruker AXD 8D using
CuKal radiation. The bulk density of the sintered samples
was determined on the basis of the Archimedes method.
Microhardness was measured by Vickers indentation
method [HV0.2 (2N; 10 s)] and given as an average of
10 measurements on different locations of the particular
specimens. The small size of the specimen did not allow
performing a standard fracture toughness test. Instead, it
was calculated according to the Shetty formula [17]:

HP 0.5
K, = 0.0899(—]

4]
where H stands for the hardness, P is the indentation load
and / is the length of the indentation crack.

3 Results and discussion
The particle-size distribution of the synthesized particles
is shown in Fig. 1. The powder has a relatively narrow size
distribution ranges from 1 um to 15 pm with a mean size
of 7 um. SEM image of (Fig. 2) the synthesized ferrite par-
ticles, however, reveals that larger particles are typically
consisted of aggregated fine particles, that could be hardly
disintegrated by ultrasonic treatment.

Application of agglomerated powder is not favored
in conventional sintering process, since it prevents attaining
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Fig. 1 Size distribution of the synthesized ferrite particles
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Fig. 2 SEM image of the synthesized ferrite particles

higher green density that ultimately may lead to increased
porosity in the final product resulting in inferior mechanical
properties. In contrast, SPS technique is less sensitive for the
powder morphology because of the constantly applied pres-
sure during sintering. The major sintering parameters are
plotted in Fig. 3 with respect to elapsed time.

Chemical analysis showed that the exact stochiometry of
0.39C00.222n0.39Fe2O4'
The XRD patterns of the synthesized powder as well as
the SPS sintered samples (Fig. 4) show sharp peaks indi-
cating completely crystallized particles. All the peaks can

the synthesized ferrite particles was Ni

be assigned to the complex ferrite [18] with no indication
of separated binary or mono metal oxides.

Fig. 5 compares the relative density values of the sin-
tered specimens as a function of sintering temperatures
for conventional and Spark Plasma Sintering. The density
increased with the sintering temperature for both meth-
ods. However, the relative density of SPS sintered speci-
mens tends to be higher as compared to those of the con-
ventional sintered specimens.
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Fig. 3 Major parameters of ferrite Spark Plasma Sintering
in the function of time
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Fig. 4 XRD patterns of the synthesized ferrites and bulk specimens
sintered at different temperatures
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Fig. 5 Relative densities of the ferrite specimens with respect to

sintering temperature

A ca. 94 % maximum value of relative densities was
achieved at 1200 °C for the SPS samples that did not increase
further at still higher sintering temperature. In addition,
above 1300 °C, there is a risk of Zn losses due to partial or
even complete evaporation [6], which make no sense of rais-
ing the temperature further. For all the sintered specimens
we performed elemental analysis and found that the compo-
sition was identical to that of the synthesized starting pow-
der. It confirmed that employing rapid sintering technique
the original composition can be retained up to 1300 °C.

Fig. 6 (a)-(d) shows the scanning images of the fractured
surfaces of ferrites sintered by SPS at various tempera-
tures. Minor porosity can be observed only for the sam-
ple sintered at the lowest applied temperature (Fig. 6 (a)).
There is a noticeable difference in the grain size of the sam-
ples sintered at different temperatures, which became
larger with increasing temperature. While the size of
the grains was around 4-7 pm at 1000 and 1100 °C, it grew
further up to 10-20 um above 1200 °C sintering tempera-
ture. Grain coarsening is a typical phenomenon in con-
ventional sintering, where the large grains are growing
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Fig. 6 Scanning images of spark plasma ferrites sintered at: (a) 1000 °C, (b) 1100 °C, (c) 1200 °C, and (d) 1300 °C

on the expense of the smaller ones, but it was not expected
for SPS sintering due to the applied very short holding
time. While the occurred grain coarsening implies rapid
diffusion processes during sintering, the remained poros-
ity suggests insufficient sintering time. However, longer
sintering time probably gave rise to even larger grains that
would not be beneficial for the mechanical properties.

3.1 Mechanical properties

The mean values of measured Vicker's microhard-
ness with respect to sintering temperature were plotted
on Fig. 7. It can be observed that values range from 8 to
10 GPa that is a little higher as compared to 6-8 GPa typ-
ical for ferrites sintered by the conventional technique.
Considering that the trend of hardness commonly follows
the density one would expect higher hardness with increas-
ing temperature. At the same time, however, another phe-
nomenon, the grain coarsening takes place, too. It is well
known, described by the Hall-Petch relation, that finer

grains results in greater hardness and vice versa. The two
phenomena probably compensated each other that ulti-
mately led to invariability in the hardness.
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Fig. 7 The Vickers hardness of the conventionally and spark plasma
sintered specimens in the function of the sintering temperatures



In contrast to hardness, fracture toughness showed
an increasing trend with respect to the sintering temperature
similarly to the density values (Fig. 8). It is reasoned by the
fact that unlike hardness, fracture toughness is much less
affected by the grain size. However, comparing the fracture
toughness of the samples sintered at 1000 °C and 1300 °C
a much higher, ca. 70 % improvement could be observed
as compared to relative density. The achieved higher K.
values of 2.5 MPam™” is also significantly higher as com-
pared with ferrites sintered by conventional (0.85 MPam™?)
or other special (1.24 MPam"?) method [19, 20].

4 Conclusion

The mechanical properties of Nij ,Co ,Zn  Fe,O, ferrite
specimen fabricated by Spark Plasma Sintering technique
at various temperatures without using any sintering addi-
tives was studied. A thin alumina film was applied around
the sample to prevent any reaction between the graphite die
and the ferrite. We found that the hardness of the sintered
ferrites slightly increased with the sintering temperature and
invariably exceeded that of the reference samples sintered
in conventional way. Fracture toughness of the SPS sintered
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