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Abstract: Conventional solid state reaction technique has been used to synthesis of Cu,.,Mg,Fe,0, (x=0.2, 0.4,
0.6, 0.8 and 1.0) ferrites and sintered at 1150°C, 1175°C, 1200°C for 2 hours. The effect of different sintering
temperatures as well as variation of Mg contents brought applicable changes in the microstructure and
magnetic properties of Cu-Mg spinel ferrites. The bulk density, ps and average grain size, D,, increases with
increasing sintering temperature for any individual composition. However they are found to decrease with
increasing Mg contents for any particular sintering temperature. The real part of permeability, 4 is also found
similar trends as in bulk density and grain size. Constant of 4 upto 10 MHz frequency range shows
compositional stability and quality of materials. B-H loops indicate the harder ferromagnetic nature by
increasing coercivity with increasing Mg contents. The observed features of density, grain size, initial
permeability, coercivity and retentivity with sintering temperature as well as Mg contents of the investigated
samples has been explained in details in this communication.
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I.  Introduction

Advancement of science and technology demands tailor-made materials to satisfy requirements of the
area of applications. Metallic oxides are an important class of compounds and among them ferrites are most
prominent by virtue of the spinel structure. These are preferred because of their high permeability in the radio-
frequency (RF) region, high electrical resistivity, mechanical hardness, chemical stability and reasonable cost
[1]. Because of these properties, they are widely used in electronics devices, magnetic storage, ferro-fluid
technology, catalysis, microwave devices, gas sensors and many bio-inspired applications [2]. Usually ferrites
are prepared by the conventional ceramic method that implies a number of stages, including homogenization of
the precursor powder, compaction of the reactants and finally prolonged heat treatment at considerably elevated
temperatures [3]. These ferrites possessing cubic close-packed structure of oxygen ions are described by the
formula (A)[B].O, where (A) and [B] represent tetrahedral and octahedral sites respectively. The site occupancy
is often depicted in the chemical formula as (M.;Fe;)[M;Fe,.5]O4 where round and square brackets denote the
A- and B-sites, respectively, M represents a metal cation and & for spinel ferrites is defined as the fraction of
tetrahedral (A)-sites occupied by trivalent cations. Accordingly, for a normal spinel =0 and for a completely
inverse spinel 8=1. The structure, magnetic and electric properties of such a ferrite system depend upon the type
of metal cations and their distribution among the two interstitial sites i.e. A- and B-sites [4].

By prominent goodness of magnetic and semiconducting properties, Copper ferrite (CuFe,0,) is one of
the most ferrites. It undergoes a structural phase transition from tetragonal to cubic accompanied by a reduction
in the crystal symmetry to the tetrahedral due to the co-operative Jahn-Teller effect [5]. Mg-based ferrite is
pertinent materials because of their high electrical resistivity, low dielectric losses, low cost, high mechanical
hardness and environmental stability [6, 7]. With the rapid development of mobile communication and
information technology, the electronic devices with small size, low cost and high performance is in demand. As
one of the most important surface mounting devices (SMD), multilayer chip inductors (MLCI) made from soft
ferrites became more and more miniaturized and integrated. The MLCls are important components for the latest
electronic products such as cellular phones, video cameras, notebook computers, hard and floppy drives, etc
which require small dimensions, light weight, and better functions [8, 9,]. There has been a growing interest in
Cu-Zn and Cu-Mg ferrites for the applications in producing MLCIs mainly because these oxides can be
sintered at relatively low temperatures with a wide range of compositions.

To achieve high permeability, high flux density, low loss and good homogeneous products are
apparently highly sensitive to composition and preparation method [10]. Depending on composition and process
condition such as sintering temperature and atmosphere leads to change in structural and magnetic properties. In
addition magnetic properties depend strongly on the microstructure features such as morphology, grain size and
porosity [11]. The present paper deals with systematic study of Mg-substitution in place of Cu-ferrite as well as
effect of sintering temperature on magnetic properties of Cu,,Mg.Fe,O4 ferrite which are prepared by
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conventional solid state reaction method. The change of density, grain size, initial permeability, coercivity,
retentivity and hysteresis losses with different sintering temperatures and Mg contents of Cu-Mg ferrites were
studied and discussed in details.

Il.  Experimental Procedure
2.1 Preparation Method
Ferrite samples of the chemical formula Cu,,Mg,Fe,O, (x= 0.2, 0.4, 0.6, 0.8 and 1.0) were prepared by the
double sintering ceramic technique. The preparation procedure of Cu-Mg ferrite comprises of the following
operations as shown in the block diagram below:

Oxide of raw Weighing by their Dry mixing for 4 Wet mixing by
materials as CuQ, > molecular > hours by agate »  ball milling for 6
MgO and Fe;Os weight mortar and pestle hours
Y
Again wet mixing Crushing sample Sample pre-sintered ~ Drying slurry and
by ball milling for 4 | by mortar and < at 1000°C for 4 B pressing into disc
hours pestle for 4 hours hours shaped sample
A 4 :
Drying mixture Adding polyvinyl Makl.ng pellets and Finally samples
powder sample in »| alcohol as a binder > TOI"(.)ldS sample by »| sintered at 1150°C,
oven with powder pressing powder at 20 1175°C and 1200°C
KN/cm? pressure for 2 hrs

2.2 Measurement Techniques

The bulk density was calculated by considering the pellet samples and using the relation:
dg=m/V=m/nr’h, where m is the mass, r the radius and h the thickness of the pellet. The microstructures of the
sintered ferrites were investigated by a Scanning Electron Microscope (SEM) (Model: FEI Inspect S50). The
SEM micrographs were taken on smooth surfaces of the pellet shaped polished samples. The grain size was
determined by linear intercept method from surface micrographs of samples. The complex permeability of the
toroid shaped samples was measured by the WAYNE KERR Impedance Analyzer (Model: 6500B) at frequency
range from 1 kHz to 15 MHz. The real () and the imaginary parts (n') of the complex permeability have been
determined by using the following relations: p'= (L/L,) and p'=p'tand, where L is the measured sample
inductance and L, is the inductance of the coil of same geometric shape of vacuum. The B-H loop of all samples
was measured with Hysteresis Loop Tracer (Laboratorio Elettrfisico AMH-300 B-H loop tracer) for various
sintering temperature at constant frequency, f=1000 Hz and applied field H=0-12 Oe. Different hysteresis
parameters such as coercivity (H.), retentivity (B,), saturation magnetic flux (B,), rememant ratio (B, /B,),
hysteresis losses etc have been obtained from hysteresis curves.

I11. Results and Discussion

3.1 Bulk Density

Bulk density is a physical parameter which controls the microstructural and magnetic properties of
polycrystalline ferrites. The change of bulk density, pg with sintering temperatures as well as Mg content has
been shown in Fig. 1. An increase of bulk density, pg of all samples with increasing sintering temperature from
1150°C to 1200°C is observed in Fig.1. According to Lango and Kellet [12], grain growth and densification are
intimately related. The formation of pores within the grain boundaries may be responsible for the increase in
density with increasing sintering temperature. During the sintering process, the thermal energy generates a force
to grow the grain boundary over pores. In this observation, bulk density also increase due to increase of grain
boundary with increasing sintering temperatures. Shahida et. al. [6] also found in increase of density with
increasing sintering temperature from 950°C to 1050°C for Zn substitution in Cu-Zn ferrites. Similar increase in
density with increasing sintering temperature from 850°C to 950°C for Mg substituted NiCuZn ferrites by Hua
et. al. [13]. It is also observed from Fig. 1 that with increasing Mg content, bulk density gradually decrease for
every sintering temperature. This might be explained on the basis of the atomic weight of substituted cations and
density of constituent ferrites. The atomic weight of Mg (24.31 emu) is less than that of Cu (63.55 emu) and as
well as the density of MgFe,O, (4.512 g/cm?) is smaller than CuFe,0, (5.4 g/cm®) [14]. By incorporation of
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small atomic weight and density of Mg in the system decrease the density. Similar decrease in density with
increasing Zn content in Cuy..Zn,Fe,0, ferrites has been observed by Shahida et. al. [15].
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3.2 Grain Size

Microstructural analysis determines the average grain size and the type of grain growth of the samples,
which influence the magnetic properties of the materials. Average grain sizes of the samples are determined
from the micrographs by the linear intercepts techniques. Change of average grain size of all samples of Cu-Mg
ferrites with different sintering temperature has been illustrated in Fig. 2. It is noticed that, average grain size
declines with increasing Mg content for a particular sintering temperature. This decreasing trend in grain size
can be attributed as MgO plays a role as a microstructural stabilizator which is responsible for finer and uniform
grain size [16]. Also MgO is a stable oxide avoids presence of divalent ion and thereby prevents tendency of
discontinuous grain growth [17]. Moreover decrease of grain size could be due to increase of intra-granular
porosity since the pores neutralize the driving force and the thickness of the grain boundary is found to increase
which leads to decrease the grain size. Grain size decreases also due to the reaction condition, which favoured
the formation of new nuclei preventing further growth of particles [18]. Similar decrease in grain size with
increasing Mg content in Zn,.,Mg,Fe,O, ferrites by Oaigle et. al. [19].

Increasing grain size with increasing sintering temperature is clearly evident in Fig. 2 for all samples.
The average grain size increase 30.11 um to 35.78 um for sample x=0.2 and similar pattern for other samples at
sintering temperature increasing from 1150°C to 1200°C. Higher grain size for all samples at higher sintered
temperature at 1200 °C may be attributed to the formation of Fe*" ions, which accelerate the growth rate of
grains [20]. This decrease also may be due to the facts that during sintering process, the grain boundaries
become larger by driving/capillary forces which are generated by thermal energy. The strength of
driving/capillary forces depends upon the diffusing of individual grains, sintering temperature and porosity. The
inter-granular porosity increased due to increase of sintering temperature which is capable of moving with a
grain boundary leading to grain growth. Increase of average grain size is also increase of bulk density with
increasing sintering temperature which is shown in inset of Fig. 2. High sintering temperature which helps to
grow large grains plays an important role for magnetic properties such as the permeability [21]. Similar increase
of grain growth with sintering temperatures has been predicted by Manjurul et. al. in Mg-Cu-Zn ferrites [22].

3.3 Complex Permeability

Complex permeability spectra (real part p' and imaginary part p") for Cu-Mg ferrites sintered at 1200°C
has been presented in Fig. 3 (a and b). From Fig. 3, it is noticed that real part of initial permeability, p remain
stable upto 16 MHz for sample x=0.8 and x=1.0 and upto 10 MHz for samples x=0.2, 0.4, 0.6 for all sintering
temperatures. Similar observation was found at sintering temperatures 1150°C and 1175°C which was not shown
in Fig. At higher frequency >10 MHz, permeability falls slightly to lower values at where there is an increase in
imaginary part of permeability. At higher frequency >16 MHz, sharply fall of permeability for all samples might
be observed clearly, but our experimental limitation was upto 16 MHz. The measurements of permeability
suggest that the frequency spectrum in the frequency range of investigation is due to relaxation process and the
permeability mechanism arises mainly due to the domain wall displacement. In the present system, constant of
permeability upto 10 MHz is due to relaxation process and permeability mechanism due to displacement of the
domain walls. Beyond 10 MHz the rotation of magnetization starts taking place indicating a contribution to
permeability from the resonance phenomena. These fairly constant values of p' over a certain frequency range
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show compositional stability which is suitable for different applications such as broadband pulse transformers
and wide band read-write heads for video recording [23].
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Fig. 3: (a) Real and (b) Imaginary part of permeability at T,=1200°C.

The frequency at which p attains maximum value and after that decrease is known as resonance
frequency f.. The f; is the limiting frequency of magnetic materials below which the materials can be efficiently
used. From Fig. 3 (a), it is also observed that p'decrease whereas f, increase with increasing Mg content for a
particular temperature which is desired properties of ferrites. At sintering temperature 1150°C, f, value increase
with value 1.3, 2.2 and 3.5 MHz whereas the value of pi’ decrease with value of 96, 87 and 62 for sample x=0.2,
0.4 and 0.6.Similar pattern of variation of p' and f, observes in other sintering temperature. This inversely
proportional relation of p"and f, confirms Snoek’s limit, uf, = constant [24]. Fig. 4 shows the variation of u and
f, for sample x=0.4 with sintering temperatures. From Fig. 4, it is also observed that resonance frequency f;
shifts to lower value whereas permeability to higher value with increasing sintering temperature. Similar pattern
also observed in sample x=0.2 and 0.6 which is not shown in Fig. 4. It is well know that relaxation frequency of
domain wall oscillation is inversely proportional to grain diameter [25]. From our observation, it is also found
that relaxation frequency decreases whereas grain size increases with increasing sintering temperatures which
confirms inverse relationship as state in ref. [25].
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Fig. 4: Variation of permeability and resonance frequency  Fig.5: Variation of Permeability with sintering
with sintering temperature for x=0.4. temperatures (permeability with grain size in insert).

Fig. 5 shows permeability p increases with increasing sintering temperature for a particular
composition as well as decrease with increasing Mg content for a particular sintering temperature. This can be
attributed to the increase in density and grain size with increasing sintering temperature (also shown in insert).
Increase of sintering temperature facilates the movement of spins so the number of pores reduces the wall
motion. Higher density and grain size leads to higher permeability due to higher sintering temperature. The
increase in temperature also decreases magnetic anisotropy by decreasing internal stress, resulting increased the
value of permeability [26]. Generally, a higher initial permeability is achieved through the control of both the
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density and microstructure, which depends on the sintering temperatures. The decreasing trend in p' with
increasing Mg content can be attributed to the decrease in grain size. According to Globus relation [27],
permeability is directly proportional to the grain size. Decrease of number of domain walls in each grain occurs
due to decrease of grain size. As the movement of domain walls determines the initial permeability, so decrease
of grain size leads to decrease in permeability [28].

3.4 B-H loop
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Fig. 6: B-H loop for all samples at T,;=1175°C. Fig. 7: B-H loop for x=1.0 at different sintering
temperatures.

Magnetic hysteresis loop (B-H loop) serves as a finger print proof for determining the ordering of spins
in magnetic materials. Fig. 6 shows hysteresis loop for all compositions at sintering temperature 1175°C
whereas Fig. 7 shows hysteresis loop at different sintering temperatures for sample x=1.0. The magnetic
properties such as coercivity (H.), retentivity (B,), hysteresis loss were elucidated from hysteresis loop and given
in Table with permeability values at different sintering temperatures. From Fig. 7, it is noticed that loop area
increases with increasing Mg content from x=0.2 to 1.0 and loop area decreases with increasing sintering
temperatures is observed in Fig. 7. Increase of Loop area with increasing Mg content indicates the sample
reducing its softer ferromagnetic nature. Decrease of loop area with increasing sintering temperatures can be
attributed due to increase of grain size with increasing sintering temperatures.

Table: Magnetic parameters at different sintering temperatures of Cu-Mg ferrites

Mg content x Permeability, Coercivity, He (Oe) Retentivity, B. (Tesla) Power loss (W/Kg)

1150°C 1175°C 1200°C | 1150°C | 1175°C | 1200°C | 1150°C | 1175°C | 1200°C | 1150°C | 1175C | 1200°C
02 10134 12029 128.65 2343 2071 1.883 0828 0.658 0.567 15.67 13.16 11.60
04 8833 102.54 112.54 253 2304 2.104 1.195 1.138 0988 2401 2041 18.47
0.6 72.93 85.03 9527 3123 2.752 2443 1426 1.269 0972 3256 2851 2494
08 5461 62.01 68.53 429 3.737 347 1.167 1.032 0934 3921 36.26 33.79
1.0 3494 40.10 4268 7316 7.053 6.782 0639 0.605 0.545 4581 4183 39.68

Coercivity of the materials or coercive force, H. is defined as the amount of reverse magnetic field
which must be applied to magnetic materials to make flux return to zero. The coercivity is influenced by factor
such as anisotropy constant, density, grain size and magnetic domain. The coercivity of all samples at different
sintering temperatures has been plotted in Fig. 8 which shows coercivity decreases with increasing sintering
temperatures while increases with increasing Mg content. This decrease in H, may be due to an increase in
density and grain size with increasing sintering temperatures. Larger grains tend to consist of more magnetic
domains, so for the rotation of these domains need small energy. So samples with larger grains are expected to
have low coercivity. Similar decrease in coercivity with increasing sintering temperatures has been observed by
Ponhan et. al. in CuFe,O,4 [29] and by Li et. al. in NiFe,O,4 [21]. Cullity [30] has given a relationship between H,

b

and grain size in which H. is inversely proportional to grain by using this equation H.=a+= where a & b are
D

constants. lagarashi [31] and Gabal [32] have shown through the experimental and theoretical derivations that
H_. is inversely propositional to the grain size. In present system, coercivity increase with increasing Mg content
due to the predominance of decrease of grain size which also confirms the Culliyt’s proposed relation.
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The magnetic remanence or retentivity (B;) of a magnetic material is the degree of residual
magnetization when the saturation magnetic field (H) is reduced to zero. From Table, it is found that B, values
decrease with increasing sintering temperatures from 1150°C to 1200°C. This can be attributed to decrease of
anisotropy constant K; with increase of sintering temperatures. Hysteresis losses are very useful information
from the application point of view. The values of hysteresis loss are 15.67, 13.16, 11.60 W/Kg for x=0.2 and
45.81, 41.83, 39.68 W/Kg for x=1.0. For other samples similar variation is also observed in Table. It is found
that hysteresis loss is increasing with increasing Mg content and decreases as sintering temperature increase.
The area within the hysteresis loops is directly related to the hysteresis loss. So the increase of Mg content
significantly influence the area of the hysteresis curve, they cause a enhancement of the coercive field which
turn lead to a increase in the loop area and hence to a increase in the hysteresis losses.

IV. Conclusions

The experimental results we present above are intended to describe the effect of sintering temperatures
as well as Mg content on the physical and magnetic properties of Cu,.,Mg,Fe,04 (X= 0.2, 0.4, 0.6, 0.8 and 1.0)
ferrites. In case of physical parameters, bulk density and grain size increase with increase of sintering
temperatures whereas decrease with increase of Mg content. Maximum bulk density and largest grain size were
found at highest sintering temperature 1200°C. Permeability " is found to increase with increasing sintering
temperature and decrease with increasing Mg content. Resonance frequency f, has been greatly influenced by
sintering temperatures and Mg contents. Increase of u and decrease of f, values with sintering temperatures
suggested the Snoek’s relation. According to Globus, a linear relation between permeability and grain size
observed in studied samples. From B-H loop study, coercivity, retentivity and hysteresis loss decrease with
increasing sintering temperatures while increase with increasing Mg content. The inverse relation between
coercivity and grain size was observed according to Cullity’s suggestions.
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