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Abstract The effect of zinc ion substitution for nickel on
structural and magnetic properties of NiZn ferrites is
reported. The spinel ferrite system Ni1-xZnxFe2O4 with x0
0.2, 0.3, 0.4 and 0.5 was prepared by microwave sintering
method. The uniaxially pressed samples were sintered at
various temperatures such as 900°C, 1000°C and 1100°C
for 30 min. X-ray diffraction patterns of the samples indicate
the formation of single-phase cubic spinel structure. SEM
micrographs show that grain size increases with increasing zinc
content and sintering temperature. The elemental composition
of these ferrites was analyzed by EDS. Lattice constant
increases with increase in zinc content, obeying Vegard’s law.
The effect of composition and sintering temperature on initial
permeability as the function of frequency and temperature was
studied. The initial permeability of NiZn ferrite increases great-
ly with increasing Zn content and sintering temperature. The
dependence of initial permeability with respect to temperature
shows the decrease in the Curie point with increase in zinc
content, is the normal behavior of ferrites. The relative loss

factor ðtan d μi= Þ of the order of 10−2 to 10−5 in the frequency
range from 100 Hz to 1 MHz indicates that the prepared
ferrites have relatively high purity.
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1 Introduction

Ceramic ferrites are magnetic materials composed of selected
oxides with iron oxides. The most common commercial soft
magnetic materials are spinel ferrites, Ni-Zn and Mn-Zn
ferrites having the general structure AB2O4. The Ni-Zn
ferrite is preferred for low and higher frequency applications
generally for power transformers, power inductors, micro
wave devices, read and write heads for high speed digital
tape, etc. because of their high resistivity, low losses,
mechanical hardness, high Curie temperature and chemical
stability [1–6]. The magnetic properties of ferrites are highly
dependent on chemical composition, crystal structure, grain
size and porosity. It is a well-known fact that the properties
of ferrite materials are strongly influenced by the material’s
composition and microstructure. Due to their various
technological applications, NiZn ferrites have attracted
recently considerable research interest. The ferrites, in
powder, pillets or in thin film forms, were prepared by
the high-temperature solid state reaction method [7],
coprecipitaion [8], sol–gel method [9], pulsed laser deposi-
tion [10], high-energy ball milling [11], hydrothermal tech-
nique [12], and flash combustion technique [13]. Several
workers have successfully prepared Ni-Zn ferrites by the
microwave sintering technique [14–18].

Use of microwave energy for synthesis and processing of
materials is an exciting new field in material science with
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enormous potential for synthesizing new materials and novel
microstructures [19, 20]. The growing interest during the
past decade is essentially due to the possibility of a
reduction in manufacturing cost on account of energy
savings, high energy efficiency, shorter processing times
and improved product uniformity and yields [21].

The essential difference in the conventional and micro-
wave sintering processes is in the heating mechanism.
In conventional sintering, heat is generated by external
heating elements and then it diffuses into the test
sample via radiation, conduction and convection pro-
ducing high temperature gradients and internal stresses
[22]. In microwave sintering, the heat is generated internally
within the test sample, by rapid oscillation of dipoles at
microwave frequencies [23], instead of diffusion from ex-
ternal sources. As a result of this internal and volumetric
heating, it is possible to sinter the materials rapidly and
uniformly.

Many researchers have successfully synthesized Ni [24],
Ni-Zn [17, 25] and Ni-Cu-Zn [14, 26–28] ferrites by
employing the microwave sintering technique and studied
their magnetic and electrical properties. In the present work,
the authors aimed to study the effect of composition and
sintering temperature on initial permeability as a function of
frequency and temperature for Ni1-xZnxFe2O4 (x00.2, 0.3,
0.4 and 0.5) system prepared by microwave sintering
technique.

2 Experimental

2.1 Preparation of Ni1-xZnxFe2O4

The ferrite samples of composition Ni1-xZnxFe2O4 (x0
0.2, 0.3, 0.4 and 0.5) were prepared employing the micro-
wave sintering technique using analytical grade NiO, ZnO
and Fe2O3. A stoichiometric solid-state high temperature
reaction of metal oxides to form NiZn ferrites is as follows:

ð1� xÞ NiOþ x ZnOþ Fe2O3 ! Ni1�xZnxFe2O4 ð1Þ
These constituent oxides were weighed, intimately mixed

and the resulting powders were ball milled using a planetary
ball mill (Restch PM 200, Germany) in agate bowls with
agate balls in aqueous medium for 20 h. The slurry was
dried and loosely pressed into cakes using a hydraulic press.
These cakes were pre-sintered at a temperature of 800°C for
4 h in closed alumina crucibles. The pre-sintered cakes
removed from the furnace were crushed and ball milled in
an aqueous medium in agate bowls with agate balls for
another 30 h to obtain fine particle size. These slurries after
drying were sieved to obtain a uniform particle size. The
green powder thus obtained was pressed in the form of
toroids having dimensions 12 mm OD, 8 mm ID and

4 mm height and pellets having dimensions of thickness
2 mm and cross-sectional area 10 mm in diameter with a
hydraulic press at a pressure of 200 MPa using 2% PVA
solution as a binder with a suitable die.

2.2 Microwave sintering

The microwave furnace used in the present work is, a
commercially available modified domestic (SHARP) micro-
wave oven with a single magnetron operating at 2.45 GHz
frequency, at an output power of 1.1 kW. The microwave
furnace consists of a Eurotherm temperature controller, a
Pt–Rh thermocouple assembly and a susceptor assembly. It
is capable of operating up to 1400°C without any difficulty
(Fig. 1).

2.2.1 Susceptor assembly

The susceptor assembly is an important unit of the micro-
wave furnace. Tsay et al. [15] have used a porous Al2O3–
SiO2 crucible with SiC rods as susceptors which lead to
uneven absorption of microwave energy, while others [17,
29] used SiC plates as susceptors. However, they have
reported cracks in the samples due to rapid heating.
Tsakaloudi et al. [18] used Y2O3 stabilized ZrO2 refractory
tiles on SiC plates as susceptors to avoid direct chemical
interaction of SiC with ferrite samples beyond 1300°C.
In this work the susceptor assembly was designed using
a porous rectangular alumina block (Fig. 2(a)). The centre of
this alumina block was scooped out to house an alumina
crucible of 4 cm diameter and 4 cm height. An alumina lid
with a hole at the centre to house the sensor was also
provided to avoid zinc evaporation from the test samples.
The microwave energy does not heat the alumina block
directly because of its low dielectric loss. In order to over-
come this difficulty, a 1 cm gap was provided in between the

Fig. 1 Microwave furnace
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alumina block and the alumina crucible. This space was
packed very tightly with fine SiC powder (Fig. 2(b)). A
ceramic fiber based casketing around this alumina block
permits the transport and concentration of microwave
radiations but provides a negligible thermal load on
insulation. This type of fabrication of s susceptor assembly
works well without any thermal gradients during microwave
heating.

2.2.2 Thermocouple assembly

The temperature was measured using the Pt–Rh thermocou-
ple assembly. It consisted of an inner fused silica tube
holding the Pt–Rh thermocouple couple. One end of the
fused silica tube was capped with a thin platinum foil and
the foil was earthed. Enough care was taken to see that the
Pt foil does not touch the thermocouple bead. This entire
assembly was housed in a crystallized alumina sheath. This
thermocouple was calibrated using an optical pyrometer
(Leeds and Northrup). This sensor was housed very close
to the test sample taking proper care not to bring it into
contact with the sample.

The green pressed samples were first heated to 120°C in a
separate oven and kept for 2 h for moisture removal prior to

loading of the samples into the microwave furnace. The
compacted samples were sintered at three different temper-
atures of 900, 1000 and 1100°C, for 30 min. The microwave
furnace was operated with a total run time of 35–40 min and
an average soaking time of 30 min at 900, 1000 and 1100°C.
No attempt was made to include the binder burring step
during the sintering schedule. The microwave sintered sam-
ples were found to be without any visible cracks.

2.3 Experimental techniques used for characterization
and initial permeability measurement

The physical density of the specimens has been deter-
mined by Archimedes principle. The X-ray diffraction
(XRD) patterns of ferrites studied in this work were
recorded using an x-ray diffraction system (PM 1730,
Germany) using Cu Kα radiation. The microstructure of
the sintered samples was examined by scanning electron
microscope (SEM) using CRL-ZESIS-EVO-MAI5 model.
The compositions of the sintered samples were confirmed
using an energy-dispersive x-ray spectrometry (EDS) facility
attached to the scanning electron microscope. Energy-
dispersive X-ray spectroscopy (EDX) was used to determine
the final composition of the samples. The initial permeability
(μi) of these ferrite toroids were evaluated using the standard
formulae from the inductance measurements carried out
using a computer controlled impedance analyzer (Hioki
Model 3532–50 LCR HiTester, Japan) in the frequency
range from 100 Hz to 1 MHz (at constant room temperature)
and temperature from room temperature to Curie point (at
constant frequency, 1 kHz and 10 kHz). These measure-
ments were carried out in the temperature ranging from 30
to 550°C. The permeability was calculated by using the
relation [30]:

L ¼ 0:0046N 2μihlog10
D0

Di

� �
ð2Þ

Where L is the inductance in μH, h is the height of the
toroid, D0 and Di are the outer and inner diameters and N is
the number of turns (30–35 in this case) wound on the
toroid.

3 Results and discussion

3.1 Phase identification

The X-ray diffracrograms of all the samples are presented in
Fig. 3. The presence of planes (2 2 0), (3 1 1), (2 2 2), (4 0
0), (4 2 2), (5 1 1), (4 4 0), (6 2 0), (5 3 3), (6 2 2) and (4 4 4)
in the diffractograms confirms the formation of cubic spinel
structure.

Fig. 2 (a) Susceptor, (b) susceptor showing SiC lining: (i) alumina
crucible, (ii) SiC powder packing and (iii) porous rectangular alumina
block
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3.2 Microstructures of Ni1-xZnxFe2O4

Figure 4 represents SEM micrographs of the samples. The
SEM micrographs of the sintered samples were recorded to
understand the microstructure of the Ni-Zn ferrites. The
average grain size was determined using the relation [31]:

Ga ¼ 1:5L

MN
ð3Þ

Where L is the total test line length; M is the magnification;
N is the total number of intercepts.

The average grain size is observed to be 1.6, 10.4 μm for
x00.2, 0.5 respectively. From Table 1, it is observed that,
the average grain size lies in the range from 1.8 to 11.3 μm.
It is revealed that the grain size increases with increase in Zn
content and sintering temperature. Similar results are
reported by R.V. Mangalaraja et.al. [13]. This is due to fact

Fig. 4 SEM micrographs of fracture surfaces of (a) Ni0.8Zn0.2Fe2O4

and (b) Ni0.5Zn0.5Fe2O4 ferrites prepared by microwave sintering
method and sintered at 1000°C
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Fig. 3 XRD patterns of
Ni1-xZnxFe2O4 (x00.2, 0.3, 0.4
and 0.5) prepared by microwave
sintering technique

Table 1 Lattice constant, Sintering temperature, Density, Porosity,
Curie transition temperature, Average grain size and Initial permeability
data of Ni1-xZnxFe2O4 system

x a (Å) Ts (°C) ρ (gm/cm3) P (%) Tc (°C) Ga (μm) μi (10 kHz)

0.2 8.332 900 4.65 28.2 470 1.2 89

1000 4.79 24.6 1.9 159

1100 5.94 21.4 2.4 296

0.3 8.335 900 4.82 26.3 410 2.1 281

1000 4.99 22.4 3.4 374

1100 5.08 19.1 4.3 518

0.4 8.337 900 5.04 23.4 340 3.8 435

1000 5.13 21.2 5.7 612

1100 5.24 18.5 7.9 799

0.5 8.339 900 5.22 21.5 260 8.5 952

1000 5.36 17.8 10.4 1197

1100 5.47 15.3 11.3 1393
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that the higher zinc content enhances sintering and it
leads to higher grain growth [32]. It is also observed that
grain size of the samples under investigation is bigger than
that prepared by flash combustion technique [13] and oxalate
precipitation method [33].

In order to confirm the chemical composition, EDS
analysis was carried and is shown in Fig. 5. This composi-
tional analysis method could accurately measure the Ni and
Zn content, but was unable to give accurate results for O
content [34].

3.3 Lattice parameter, bulk density and porosity
of the Ni1-xZnxFe2O4

The variation of lattice parameter ‘a’ as a function of Zn
content (x) is depicted in Fig. 6. It is noticed that the lattice
parameter increases with increase in zinc content, obeying
Vegard’s law. This variation can be explained on the basis of
an ionic size difference of the component ions. The Zn2+

ions have a larger ionic radius (0.72 Å) than the Ni2+

(0.69 Å). The Zn2+ ions successively replace the Ni2+ ions
in B-site. The unit cell expands to accumulate the larger
ions. Thus addition of Zn2+ at the expense of Ni2+ in the
ferrite is explained to increase the lattice parameter.

The lattice parameter, density, porosity and average grain
size for different samples sintered at different temperatures are
presented in Table 1. It is observed that the bulk density
increases with increasing zinc content and sintering temper-
ature. The small amount of zinc evaporation at higher tem-
perature does not affect the sintered density of ferrites. It is
also observed that the density of ferrite under investigation
is higher than reported values of ferrite prepared by oxalate

precipitation, ceramic and flash combustion method [33, 35,
36]. This suggests that microwave sintering favors higher
densification and more compaction. On the other hand,
porosity decreases with increasing sintering temperatures.
Similar results are reported by R.V. Mangalaraja et.al [13].
Porosity values of various samples are presented in Table 1.
It is known that the porosity of the ceramic samples results
from two sources, intragranular porosity and intergranular
porosity. Thus, the total porosity could be written as P0Pintra+
Pinter. The intergranular porosity mostly depends on the grain
size. At higher sintering temperatures grains are formed uni-
formly and voids are reduced, as a result density increases.

Fig. 5 EDS spectrum of Ni0.5Zn0.5Fe2O4 ferrites prepared by microwave sintering method and sintered at 1000°C
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Fig. 6 Variation of lattice constant ‘a’ with Zn content (x) in
Ni1-xZnxFe2O4 ferrites
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3.4 Frequency dependence of initial permeability
of Ni1-xZnxFe2O4

The initial permeability is an important magnetic property to
study the quality of soft ferrites. Figure 7 Shows the real part
of initial permeability (μi) as a function of frequency in the
range 100 Hz to 1 MHz for Ni1-xZnxFe2O4 (x00.2, 0.3, 0.4
and 0.5) sample prepared by microwave sintering method
and sintered at three various temperatures of 900, 1000 and
1100°C for a period of 30 min. It is observed that magnetic
initial permeability (μi) increases with sintering temperature.
This is because pores and voids are reduced with increasing
sintering temperature. The permeability of polycrystalline
ferrite is related to two different magnetizing mechanisms:
spin rotation and domain wall motion [37–40], which can
be described as,

μi ¼ 1þ cw þ cspin
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Where χw is the domain wall susceptibility, χspin spin is
intrinsic rotational susceptibility. The χw and χspin spin may
be written as

cw ¼ 3pM2
s D

4g
and cspin ¼

2pM2
s

Ku

Where Ms the saturation magnetization, Ku the total an-
isotropy, D the average grain diameter, and g the domain
wall energy. Our microstructure study shows that the average
grain diameter increases with increasing sintering temperature
(Table 1). Therefore, an increase of (μi) with increasing
sintering temperature is expected. The increase in the value
of initial permeability (μi) with the sintering temperature
which is shown in Fig. 8, causes the grain growth observed

at higher temperature. It is also observed that the
increase in zinc content increases the grain size [41]
and density [28], and decreases the anisotropy [42], which
results in an increase in the value of initial permeability. It is
well known that the initial permeability characteristics
depend not only on chemical composition but also on the
microstructure of the sintered body. Desired magnetic
properties of ferrite can be achieved by the control of
microstructures [43].

3.5 Temperature dependence of initial permeability
of Ni1-xZnxFe2O4

The magnetic initial permeability as the function of temper-
ature from room temperature to Curie temperature was also
studied. The initial permeability (μi) as a function of temper-
atures for Ni1-xZnxFe2O4 (x00.2, 0.3, 0.4 and 0.5) compo-
sitions are shown in Fig. 9. The initial permeability (μi) was
measured at a constant frequency (10 KHz) of a sinusoidal
wave. It can be noted from figure that as the temperature
increases the initial permeability (μi) remains constant up to
a certain temperature and increases to a peak value and then
abruptly falls to a minimum value. The temperature at which
this abrupt fall takes place is the magnetic Curie transition
temperature Tc. At this temperature the specimens transform
from the ferrimagnetic phase to the paramagnetic phase. It is
observed that the initial permeability increases with zinc con-
tent. The effect of zinc content on permeability/temperature
(μ/θ) relation shows that as the amount of zinc content
increases, there is a fall in Curie point and an increase in
permeability. Also, it is clear that the Curie transition temper-
ature decreases with increasing zinc ion content and is in
agreement with the literature values [13, 42, 44]. This is
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natural because zinc is a non-magnetic material, and there-
fore the progressive replacement of Ni ions with Zn ions
lowers the Curie transition temperature. Due to the decrease
in the magnetic ions at tetrahedral site decrease the interac-
tion between tetrahedral and octahedral, thereby decreasing
the Curie transition temperature.

3.6 Compositional dependence of initial permeability
and Curie transition temperature

The substitution of Zn has a major effect on initial
permeability (μi); with an increase in x from 0.2 to 0.5,
the permeability increases from about 290 to 1390. On the
other hand, the Curie temperature is decreased from 470 to
260. The effect of composition (x) on initial permeability
and Curie transition temperature is summarized in Fig. 10.
The initial permeability and Curie transition temperature
show an inverse trend with each other. It is also observed
that the magnetic initial permeability of ferrite prepared
under investigation is higher than reported of magnetic
initial permeability of ferrite prepared by ceramic [45] and
flash combustion method [13].

Furthermore, the relative loss factor (tan δ/μi) was
greatly reduced from 10−4 to10−5 at 100 kHz by using
microwave sintering technique instead of the flash combustion
technique. The relative loss factor is observed with increase in
the zinc content. The sample with low zinc content exhibits
lower loss values is due to insignificant zinc loss. The low loss
value obtained in the present work indicates that the samples
are relatively high purity. Ferrites with low relative loss factor
values can be used as inductor and transformer materials in
high frequency applications.

4 Conclusions

Microwave sintering is a very promising technique for the
preparation of single phase Ni-Zn ferrites with low sintering
temperature and smaller duration as compared to ceramic
and flash combustion method. X-ray diffraction patterns
confirm the formation of cubic spinel structure. The average
grain size is found to increase with increase in zinc content,
sintering temperature and it is attributed to the larger ionic
size of Zn. The lattice parameter ‘a’ is found to increase with
increasing zinc content. High density is obtained for ferrites
prepared in microwave heating than in normal heating. The
relative loss factor of the order of 10−2 to 10−5 obtained in
the operating frequency indicates that the ferrites are rela-
tively high purity. The zinc content in the Ni-Zn ferrite is an
important factor for not only enhancing the densification of
the ferrite but also for improving the magnetic properties of
ferrites. The initial permeability increases with Zn content
and sintering temperature. The increase in permeability can

be attributed to the presence of Zn ions activating the
sintering process in ferrites and leading to increase in
density and grain size. Thus, it may be said that Zn
substitution increases the densification at lower sintering
temperature and activates the grain growth of the Ni-Zn
ferrites. As a consequence, ZnO improves the magnetic
initial permeability of these ferrites.
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