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Abstract

The temperature at which the ferrite is sinteredicaily depends on the chemical
composition. The electromagnetic properties areeddent on the densification and
microstructure. Substitutions and addition of gimig aids is an attractive approach to
enhance the electromagnetic properties. Various positions in the system
Ni;.,CuZnFe0, were investigated. Cu is used to decrease therisigttemperature.
However, Cu decreases the resistivity, which is desirable for its high frequency
applications. So, optimization of Cu content is emsary. Different ranges of
electromagnetic properties have been reportedwaititous Zn concentrations. Optimization
of Zn concentration with respect to Ni and Cu issesdial to achieve desirable
electromagnetic properties. Influence of rare earthes also been reported. The
investigations showed an improved densificatiorNiriZn and increased permeability in
Cu-Zn ferrite by Sm substitution. La substitutii®wed an improved resistivity in Ni-Zn
ferrites. Similarly, these substitutions may imprdlie electromagnetic properties in Ni-Cu-
Zn ferrites. \bOs, M0O; and BpO; were reported to be the most widely used sintering
additives. BjO;-WO; and \,Os-MoO; mixed additives were better than the individual
additives in Ni-Cu-Zn ferrite, respectively. Funtheesearch is needed on the mixed
sintering additives in the system®5, Bi,Oz; and MoQ for the ferrites.
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1. Introduction

Ferrites constitute a special branch of ferrimaigeefl he term ferrite denotes a group of
iron oxides, which have the general formula MO.Gzewhere, M is a divalent metal ion
such as Mfi" Fe Co™*, Ni?*, CU¥*, Zn?*, Mg** or Cd*. The typical ferrite is magnetite,
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Fe&0, (on FeO.FgDs), which has been a well known magnetic oxide sioeient time.
The ferrites were developed into commercially imtgot materials chiefly during the year
1933-1945 by Sonek [1] and his associates at thép®Research Laboratories in
Holland. In a classical paper published in 1948IN2] provided the theoretical key to an
understanding of the ferrites.

Ferrites are important materials both from appi@atpoint of view as well as
theoretical point of view. One of the reasons ahbderrites are interesting is their high
resistivity. The resistivity of ferrites varies fro10¢ to 10° ohm-cm which is about 15
orders of magnitude higher than that of iron [3hisT outstanding property of ferrites
makes them highly demandable for high frequencyliegtns. Other reasons which
make Ferrites to be the most important are thgiiegbility at higher frequency, lower
price, greater heat resistance and higher corrasgiatance. Along with the technological
advances in a variety of areas, the demand forrsafinetic materials increases day by
day.

Among the soft magnetic materials, polycrystallifegrites have received special
attention due to their good magnetic propertiestagl electrical resistivity over a wide
range of frequencies; starting from a few hundreddiseveral GHz. Spinel type ferrites
are commonly used in many electronic and magnetigceés due to their high magnetic
permeability and low magnetic losses [4, 5] and aised in electrode materials for high
temperature applications because of their high ntbeynamic stability, electrical
resistivity, electrolytic activity and resistan@edorrosion [6, 7]. Moreover, these low cost
materials are easy to synthesize and offer therdadgas of greater shape formability than
their metal and amorphous magnetic counterpartsnosl every item of electronic
equipment produced today contains some ferrimagnspinel ferrite materials.
Loudspeakers, motors, deflection yokes, electromt@gyrinterference suppressors, radar
absorbers, antenna rods, proximity sensors, hurseihsors, memory devices, recording
heads, broadband transformers, filters, inductdrsare frequently based on ferrites.

Properties of ferrites are dependent upon sevacabifs such as composition, method
of preparation, substitution and doping of différeations, sintering temperature and
time, sintered density, grain size and their disttion [8, 9]. Apart from the fact that they
have very complex structures, their physical progerthemselves are dependent on a
number of valence electrons of the divalent oratemnt metal ions of tetrahedral (A) and
octahedral (B) sites. Several attempts have beate ntaenhance the qualities of ferrites
by employing various methods. The most general otkik the incorporation of same
suitable honmagnetic/diamagnetic impurities at Aher B sites. This method enables
them to acquire improved electrical, magnetic apiical properties.

Ni-Cu-Zn ferrite system is a widely used ferrite tex@al system in various
electromagnetic devices. Some of the important gn@s of Ni-Cu-Zn ferrite are high
resistivity, high permeability and comparativelywianagnetic losses. These properties
make this ferrite system very attractive. In thegper we have represented a review of
different growth techniques of Ni-Cu-Zn ferrite 8% and effect of incorporation of
different elements and additives.
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2. Literature Review
2.1. Different methods of ferrite preparation

Spinel ferrites are prepared through various metHit@ solid state reaction method [10];
high energy ball milling method [11]; sol-gel meth§12]; chemical co-precipitation
method [13]; microwave sintering method [14]; autmmbustion method [15],
conventional ceramic technique [16], conventiowveb-step synthesis method [17] etc.
Ni-Cu-Zn ferrite has been synthesized through sehlate reaction method by many
investigators [18-25]. In this method, differenttaieoxides are mixed and calcined to get
ferrite powders. However, mechanical mixing of eiffint oxides is hardly intimate and
homogeneous and hence it results in compositiariuflition at every stage of processing
that also persists after sintering [26]. Solid estatocess requires calcination temperature
more than 750°C for phase formation and sintergmperature more than 1000°C to
achieve better densification. At this high sintgritemperature, evaporation of Zn leads to
the formation of chemically inhomogeneous matgi2dl. Chemical methods overcome
some limitations of solid state reaction method.

Co-precipitation process was used to synthesis BCWNZn ferrites by many
researchers [28-30]. Hat al. [28] obtained crystalline ferrite particles wiplarticle size
of about 30 nm. Rahmaet al. [29] reported that the average crystallite sizedoéd
ferrite powder was 10 nm and crystallite size ieflued the coercivity.

Modak et al. [30] reported that the coercive field for theriter with particle size 12
nm was interestingly low (87 A and the saturation magnetization was moderaigly h
(~ 50 Antkg™).

Krishnaveniet al. [31] synthesized Nis3Zno 3:Clg 1760, ferrite nano-powders by co-
precipitation method using microwave—hydrothernegiction system. The particle size of
the synthesized powder was 10-30 nm.

Ghodakeet al. [32] reported the synthesis of (Kn,Cu., .,F&O, ferrites by co-
precipitation technique using oxalate precursors.

Sol-gel method was used to synthesis the ferritédhiet al. [33], Yanet al. [34] and
Nam et al. [35]. Namet al. [35] observed nano-sized spherical Ni-Cu-Zn ferhaving
particle size 10-20 nm by this method.

These chemical methods have some disadvantageg. fidwe multiple step pathways
that are time consuming, require expensive alkogpigeursor material and are highly pH
sensitive which require special attention for commpystems like Ni-Cu-Zn ferrites [36].
The auto combustion method has the advantagesraf urexpensive precursors and low
external energy consumption and resulting nanadsiz®mogeneous, highly reactive
powder.

Several researchers prepared Ni-Cu-Zn ferrite [B#440] including various other
ferrites like Mg-Cu-Zn [41], Mg-Cu [42] and Ni-Zr3, 44] by auto combustion method
to produce nano-precursor. Generally, metal nitsales are used as reactant and glycine
[45], urea [44] and citric acid [37] are used aal fim auto combustion method. Citric acid
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is preferred because both glycine and urea contdinand releases extra amount of
pollutant N, gas during combustion reaction. Auto combustimtess has been proved to
be a simple and economic way to prepare nano-semtde powders [37]. Nano-
structured materials offer novel properties. Itrdases the free energy during sintering
due to increasing surface area which is the mdinndy force for lowering the sintering
temperature of particles. By proper tuning of thetiple size, it is possible to optimize the
desired properties like electrical, magnetic, agtithermal, mechanical etc [46].

2.2. 1mprovement of electromagnetic properties

Many investigators have focused their attentiontim improvement of electromagnetic
properties of the ferrite by divalent ions subsiitn. Generally, the divalent metal ions
(M?: Ni, Zn, Cu, Mg, Mn, Co or mixtures of these amabstituted in different spinel
ferrites. These substitutes have different sitpngferences for the two sites (‘A’ and ‘B’)
in the spinel structure and can change many priegeais an effect of modified cation
distribution in the ferrite. On the basis of siistdbution of M** ions and the strength of
the exchange interaction among magnetic ions, iileence of M* substitutions on
electromagnetic properties can be explained.

2.3. Effect of Zn incorporation

Zn*" is used to improve electromagnetic properties elsas densification in the ferrite. It
is substituted in spinel ferrite to improve magration [47]. It also lowers
magnetostriction and anisotropy in ferrites [24]oe® et al. [25] stated that initial
permeability increased and hysteresis loss deateaih increasing Zn concentration in
Nio g5Clo1ZNFe,0, ferrite. Both saturation and remancence magnaizathad
maximum aly = 0.4. An improved electromagnetic properties wartained by Low et al.
[48] at high Zn content of NbXCuo 02,ZMNo.02F€:04; Wherex+y+z= 50. Ahmed et al. [49]
investigated the influence of zinc ion substitutimm densification in Ni-Zn ferrite. They
found rapid densification with increased?Zoncentration. Sugt al. [50] reported the
initial permeability and relative loss factor inased while the cut off frequency decreased
with increasing Zn content in Ni.Zn,Fe,0, ferrite. Zn substituted GuZzn,Fe,Q, ferrite
had been prepared by Ajmet al. [51]. They found that sintered density increasgith
increasing Zn concentration.

Both saturation magnetization and magnetic momeateased with increasing Zn
concentration up tax = 0.2 and then decreased with further additioZmf Jadhav [52]
worked on the structural and magnetic propertiegrosubstituted Li-Cu ferrites having
composition LiCuy +ZNg 6264+ and found that the magnetic moment increased with
increasing zinc content up to= 0.15 and then decreased with further additiorZ rof
Shaikh et al. [53] investigated the electrical resistivity andirfé temperature of Zn
substituted LiMgg 4ZNng 624404 ferrites and found that the resistivity initiatigcreased
with Zn content up to 0.15 and then increased Wtther increasing Zn content. The
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Curie temperature was also found to decrease lin@ath the addition of Zn. At high
level of Zn substitution, the ‘A’ site magnetic idrecame so diluted that the coupling
between the two lattices was lost and the saturatiagnetization dropped. An additional
consequence of the weakening magnetic interactioass that the spin coupling could
more easily be moved out of alignment by thermarey vibrations so that, the Curie
temperature decreased with Zn substitution.

2.4. Effect of Cu incorporation

Cu is conventionally used in Ni-Cu-Zn ferrite to grove densification as well as
electromagnetic properties [30]. The beneficiabetffof copper ions on the densification
of ferrite can be reasonably explained by possiliiéering mechanisms that take place
through a high atomic mobility of Cu ions at relaty low temperature. The increase of
the lattice diffusion usually increases the diffuspath leading to an increase of the rate
of cation inter diffusion in the solid solution, igh is in agreement with the lattice
diffusion mechanism proposed by Gupta and Coble . During sintering grain
boundary diffusion [56] may play an important rafe the grain growth because the
activation energy for lattice diffusion is highéah that of for grain boundary. Naanal.
[57] investigated the effect of Cu substitution the electromagnetic properties of
Nig5,CUZng s-60, ferrite and found that electrical resistivity wasximum atx = 0.2.
They also reported that saturation magnetizatiors viaaximum atx = 0.2 in
Nig s:CWZng g0 F&0, ferrite [35].

Shrotri et al. [58] reported the effect of Cu substitution on tbkectromagnetic
properties of Njg,CuZng-Fe0, ferrite and found that the bulk density, electrica
resistivity and initial permeability increased colgsably with the copper concentration
up tox = 0.2. Saturation magnetization and Curie tempegadecreased with Cu addition.
Caltun et al. [59] also found improved electromagngroperties ak = 0.2 and suggested
that the specific amount of Cu substitution=(0.2) was favorable for the grain growth of
(NizZn)g sCuZny Fe,0, ferrite.

Further, Rahmaut al. [29] worked in the same composition range antbdtthat the
partial substitution of N with CU#* (up tox = 0.25) influenced the magnetic parameters
due to the modification by cation re-distribution. was found that the maximum
coercivity dependent on average crystallite sizee $aturation moment decreased linearly
with the decrease in Ricontent replaced by &lions at lower concentrations. At higher
concentration deviation from this trend was fount anagnetization increased with
increasing Cu content.

The same property was found by Hsal. [28]. They reported that Cu substitution for
Ni in Ni-Zn ferrite would enhance the densificatiai the ferrite and subsequently
increased the permeability value as well as saturahagnetization value and decreased
the coercivity of the sintered ferrite. Sual. [23] stated that the presence of Cu ion up to
4 mol% activated the sintering process leadingnreiase in density and decrease in
magnetocrystalline anisotropy constant of Ni-Cuf&mite.



220 Ni-Cu-Zn Ferrite

Yan et al. [60] worked on the effect of CuO and® additions on the microstructure
and relative permeability of low temperature firbitCu-Zn ferrite. They found high
relative permeability value of ~1417 at 10 mol% Cai@l 0.20 mol% %Os addition. Low
et al. [48] reported that the increase in Cu contensedun decrease in the dissociation
temperature and was beneficial to the electrom&gpedperties of Ni-Cu-Zn ferrite as a
result of grain growth and better densification.eTtange of critical CuO content was
determined to be 12-20 mol%.

Dimri et al. [61] studied the effect of compositional variation structural, dielectric
and magnetic properties of the Cu substitutegls NCu.Zny /6,0, ferrite. The results
showed that the addition of copper promoted gramvth, resulting increase in grain size.
However, Curie temperature was understandably ledveiith the increase in Cu content.
A saturation magnetization value of 92 emu/gm watsioed for the composition= 0.2.
Ferrite with Cu concentration of = 0.4 showed the highest initial permeability.

Cu is also used in other ferrites as divalent cafiar improving electromagnetic
properties and for lowering the sintering tempamatlYueet al. [41] worked on the effect
of copper on the electromagnetic properties of, Mg u.Zny F6,0, ferrites and found
that the density, grain size, permeability, CureEmperature increased, resistivity
decreased with Cu content upxte 0.40.

Rezlesclet al. [62] reported the effect of Cu substitution og fhysical properties of
Mgo 5.CuZng sF6,0, + 0.5MgO ferrites. They found that the densityr@ased up tax =
0.30 whereas, resistivity increased upxte 0.10 and permeability increased with Cu
content as well. Rezlesat al. [63] also reported that the sintered density aagistivity
of Mgy 5CuZny sF6,0, ferrite increased up to= 0.3 whereas, permeability increased up
tox=0.4.

Hoqueet al. [64] reported that the maximization of initialrpeeability and saturation
magnetization ax = 0.2 in Ni,CuyFe0Q, ferrite, which could be attributed to the
maximum sintered density obtained for this compasitHaqueet al. [65] worked on Cu
substituted Mg-Zn ferrites. They found a remarkablerease in the bulk density with
increasing Cu substitution for Mg. By incorporati@gO, the initial permeabilities of the
samples increased. Saturation magnetization inedeafightly with increasing copper
content up tax < 0.30 and then it decreased for 0.35. Cu substitution is also used in
hard ferrites for improving properties [66].

After a detailed study, Murbet al. [67] found that NjzCuy15ZnosFe0, provide
effective sintering at low temperatur& € 950 °C) and provide sufficient permeability
and inductance.

2.5. Effect of Mn incorporation

Other interesting divalent cation is KinYueet al. [68] first worked on Mn substituted
Nig 25,Mn,Cly 52Ny F6,0, ferrites and found that the resonant frequency taedCurie
temperature decreased with increasing Mn contergreds, the initial permeability
increased up ta = 0.06. The same group reported [38] on effedvaf substitution on
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electromagnetic properties of (NCuy 2Zng.¢)O.(Fe.Mn,Os)o os ferrites. It was found that
Mn content in formulations largely affected theigraize and electromagnetic properties
of sintered Ni-Cu-Zn ferrites. With increasing Montent, the initial permeability was
significantly increased, while the electrical réigity and quality factor decreased.

Further, Liet al. [69] investigated the effect of Mn doping on thagnetic properties
and microstructure of the (NICug2ZNg 6)1.04{F&03)0.97+0.97xMnQ ferrites. They found
that the initial permeability increased with Mn-¢ent, but Mn content more than 0.4
resulted in the formation of a second phase. Tk Mn-content increased the grain size
of Ni-Cu-Zn ferrites that reduced the fraction ahig boundary with high resistance
thereby, lowering the resistivity. Chatial. [70] studied the magnetic properties of low
Mn-doped Ni-Cu-Zn ferrites. The results showed thigh the increasing Mii content up
to x = 0.02, saturation magnetization {\f the powder samples decreased. The real part
of the permeability of the toroidal specimens iased up tx = 0.01.

Qi et al. [71] prepared Mn substituted (Mg U 2N 0O)(F&Mn,0s3)q97 ferrites.
They found that Mn induced higher initial perme#piand lowered grain size. It also
decreased magnetostriction constant in Mg-Cu-Znitéast

Bhaskaret al. [72] worked on Mn substituted Mgkse. LU 14qMNZNg F6,0, ferrites.
They found that the initial permeability and resisy increased while magnetostriction
constant decreased with Mn-content.

Buenoet al. [73] investigated the effect of Mn-substitution the microstructure and
magnetic properties of Biy-ZNgs0-Mn,Fe0, ferrites. The results indicated that Mn-
substitution increased induction magnetizatiBp)(and remnant magnetizatioB,). The
lattice parameter was found to increase with irgirgp Mn-substitution as well. The
addition of Mn enhanced the material’s densifiaatio

2.6. Incorporation of Co

Co* is used to improve electromagnetic properties arites. Groenouwet al. [74]
prepared Co-substituted N2 ng &0, ferrite. The results showed that Cavas the
anisotropic ion responsible for the magnetic respdime. The CB ions and presumable
cation vacancies in association with *Cqrovide the means whereby, Cowas
transported through the lattice. Bywst al. [75] investigated the electromagnetic
properties of (Nj2Cluy2ZNg 6)1.02,C0Fe 0d04 ferrites. The results showed that the grain
size and sintered density changed a little. It allowed the concentration of cation
vacancies increased with Co content and the inergasduced anisotropy results in the
decrease of initial permeability. The magnetosoictof cobalt ferrite is many times
higher than that of Ni-Zn ferrites.

Kulikowski et al. [76] worked on magnetostrictive properties of,802n),. ,F&O,
ferrites and shown that the magnetostrictive eféé@ core was the result of the effects of
the sum of the magnetostrictions of all magnetimdins.

Xiang et al. [77] reported Co substituted Mg nyCoFe0, ferrites. The results
showed that the grain size, saturation magnetizatiad coercivity increased with
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increasing Co-content. Rezlesetial. [78] investigated Co-substituted JNZny sFe0,
ferrites and found that Gbions increased the electrical resistivity duehi® ¢thange in the
valence state. Kaiser [79] investigated Ni subtituin Cu g_.Zng -NiF&0, ferrites. The
results revealed that the transition (metallicemigonductor) temperature increased with
an increasing Ni concentration.

2.7. Incorporation of Mg

Zhonget al. [80] reported the effects of NiO on microstruetand magnetic properties of
Zng.3Mng so,NixF& 0d0,4 ferrites. The results showed that Ni substituttonild cause the
lattice constant to decline, grain size to decregssEn structure to be more compact and
porosity to decrease.

Many researchers had worked on Mg substitution ifferént ferrite systems and
found Mg substitution has a significant effect twe structural, electrical and magnetic
properties. MgO is a very stable oxide that cauged in a large range of technological
applications [81]. Mg containing composition is fereed to avoid the presence of
divalent iron to obtain high resistivity. With ireasing Mg content only octahedral’Fe
ions are substituted by Mgand it decreased with increasing Mg content [82].

In the iron-deficient ferrites, the dominant contilie mechanism is due to hole-
hopping. At high concentration of Mg ions, the conductivity is low due to the
obstruction of M§" ions to the hopping process between iron ions.[88]) is also
preferred to increase the rate of densification andvoid the tendency of discontinuous
grain growth [84]. It is believed that increaseimifial permeability can be obtained by
decreasing magnetostriction constant. Magnetostniatonstant of Mg-Cu-Zn ferrites is
lower than that of Ni-Cu-Zn ferrites [85]. MgO hlasv dielectric loss and low dielectric
constant. It is doped with ferroelectric materil fiigh frequency device application [86].
So, Mg containing ferrites would obtain higher matimproperties.

Bhosaleet al. [87] investigated the effect of Mg in Mg-Cu-Znriiige and found that
density increased and permeability decreased witfi* Montent. But later they [88]
reported the ferritization temperature of this egstvaries with increasing My It was
also been found that lattice parameter decreasedemsity, initial permeability increased
with increased Mg content up tax = 0.20 in MgCuys.,Zno 0, ferrites. Hiti [89]
studied the effect of frequency, temperature andpmsition on the dielectric behavior of
Mg.Zn; xFe,0, ferrites. The relaxation frequency was found tesbiéted to higher values
as the temperature increased.

2.8. Inclusion of rare earth ions

The rare earth substituted different ferrites aeedming the promising materials for
different applications. Addition of small amount tdre earth ions to ferrite samples
produces a change in their magnetic and elect@asalwell as structural properties
depending upon the type and the amount of raré e&iments used.
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Rare earth ions can be divided into two categoes with the radius closes to Fe
ions; while the other with ionic radius larger thia ions [90]. The difference in their
ionic radii will lead to micro strains, which maypuwse domain wall motion resulting in
deformation of the spinel structure [91]. It hasemestated that the rare earth ions
commonly reside at the octahedral sites by repipEil" ions and have limited solubility
in the spinel lattice due to their large ionic i4éR].

Ferrimagnetism in ferrite is largely governed byHReeinteraction (the spin coupling
of the 3d electrons). If the rare earth ions ettierspinel lattice, the RE-Fe interactions
also appears (4f-3d coupling), which can lead tanges in the magnetization and Curie
temperature [93].

The rare earth oxides are good electrical insudatord have resistivities at room
temperature greater than 1@6cm [94]. Rare earth ion forms the orthoferrite §ha
(REFeQ). The occupation of RE ions on ‘B’ sites impedke totion of F& in the
conduction process in ferrite, thus causing are@se in resistivity [50].

Many investigators have been carried out on tHeente of different rare earth atoms
(La, Sm, Gd, Nd, Dy, Th, Ce, Th, Y, Eu) on the mudjes of ferrites. The results of these
researches show that different rare earth atomavestiifferently in spinel ferrite.

Rezlescu et al. [95] investigated the effect ofré@lacement by RE (Yb, Er, Sm, Th,
Gd, Dy and Ce) ions on the properties of &, sFe,0, ferrite. The results showed that
the electrical resistivity of a ferrite increaseg fubstituting a small quantity of j®;
with REOa.

Sun et al. [50] investigated the effects of rare earth ions tbe properties of
(NiggZngs)Fe gdREg 004 (RE = Y, Eu or Gd) nominal compositions. The [arti
substitution of F& with a small amount of RE ions increased the gtedtresistivity and
relative loss factor, whereas, it slightly decrebsiee Curie temperature. Results had
shown that Y and Eu substitution tend to decrgasdiile Gd did not reduce,

Jacoboet al. [96] worked on (ZpsNig 5)REq oF €1 9d0, ferrites, with RE =Y, Gd and
Eu. The results showed a small increase in the rfigpefield parameters and a strong
decrease of the total resonant area with respecthéo pure Ni-Zn ferrite. Curie
temperatures decreased and coercive fields inateagk substitution. By adding much
large ionic radii rare earth ions resulted in lodstortion and disorder, enough to induce
a softening of the network (s electron density).

Zhao et al. [97] reported the influence of Gd on magnetic pamies of
(NigMng 5)GdFe, O, ferrites. It was found that the crystallite sizkcreased when Gd
ions were doped into Ni-Mn ferrites. With Gd-suhston, whenx > 0.06 all Gd ions
could not enter into the ferrite lattice but resids the grain boundary. The maximum
content of G&" ions in ferrite lattices was substituted when 0.06. The values of +and
Ms were zero for all the samples calcined at 600~Caddition, the Eand M values of
the samples calcined at 800°C were larger tharetbmgered at 850°C, with Gd contents
less than 0.08. Whereas, when the Gd conternts=a®.08 andx = 0.10, the Hand M,
values of the samples increased with the calcingdmperatures.
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Zhaoet al. [98] worked on the effect of substitution of*Féy Nd** ions on structure
and magnetic properties of Cokbld,Q, ferrites. It was stated that the value of satarati
magnetization for N& doped samples was less than that of the pure tcééraite
whereas, the coercivity increased with*Ncontent.

Rezlescu et al. [99] investigated the influenceasé earth ions like Yb, Er, Dy, Tb,
Gd, Sm substitution on structure, magnetic and tédet properties of
(Lig.sZng gFe oeREp 0L, ferrites. They found that RB; facilitated the formation of
secondary phases at grain boundary which suppréseegrain growth. The results also
showed that the Curie point shifted to lower terapme and increased the electrical
resistivity.

Ahmed et al. [100] reported the electrical properties of MFi)REF&. 2O
ferrites doped with rare earth ions like Er, Ce &l They found that the resistivity
increased by introducing rare earth ions into ferstructure.

Ahmed et al. [49] worked on (Ni_.Zn,)La,Fe_,O, ferrite system and reported Ya
could not enter into the octahedral site but fomal aggregates on the grain boundary.

Sunet al. [101] reported the effect of Fe substitution by drad Gd on the structure,
magnetic, and dielectric properties of {Mn, e, ,)REO, ferrites frequency, decrease
the initial permeability and magnetic loss tang@atd) which could be explained by a
combination of low density, small grain size, setamy phase (REFeformation, and
more lattice defects. The low tarvalues resulted mainly from the reduction in eddy
current loss due to the higher electrical resigtiviith increasing RE ion.

Ahmedet al. [93] reported the effect of rare earth ions ondtractural, magnetic and
electrical properties of (My3Zng 5) RE; os-€1.050, ferrites where RE = Tb, La, Ce and Th.
Rare earth ion formed orthoferrite (RER¢@hase and the formation of these secondary
phases in ferrite during sintering process was gk by the type and the amount of
RE® ion used. It was found that the molar magneticceptbilities for rare earth
substituted samples were smaller than pure feffite. Curie temperature and electrical
resistivity increased with increasing rare eartksi;n Mn-Zn ferrites.

Rezlesclet al. [42] worked on (MgsCu 5)Fe, xREO, ferrites, in which RE = La, Gd,
Y andx = 0 and 0.2, respectively. XRD analysis evidertted the compounds containing
Y3** and L&' ions are pluri-phasic whereas, the others are mpbasic. The electrical
resistivity decreased by La and Y incorporation amttleased by Gd incorporation.

Costaet al. [102] investigated the effect of samarium on thierastructure, relative
density and magnetic properties of {Bfin, 5)SmFe, O, ferrites. Results showed that the
increased relative density and decreased averagre gjize with rare earth substitutions. It
also showed the increase in coercive field andedeser in permeability with rare earth
substitution. They also stated about the formatibsecondary phase.

Sattaret al. [103] investigated Cu-Zn ferrites doped with rageth ions like La, Sm,
Nd, Gd, and Dy. They found that all samples werehigh relative density and low
porosity. The magnetization of the samples with &md La were higher than that of
undoped.
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On the other hand, samples with Gd and Dy had loxakres of magnetization than
that of the undoped ones. The magnetization valtitse sample with Nd may be higher
or lower than that of the undoped ones dependintherapplied magnetizing field. The
samples with La, Sm and Nd had higher valueg, dfian that of undoped samples while
those with Gd and Dy had lower valuespfthan that of the undoped ones. The most
important result was that the relative permeabHig increased by about 60%, 35.5% and
25%, in case of Sm, La and Nd, respectively.

Mahmoudet al. [104] studied the cation distribution and spimtaag angles variation
in CwZnysF60, ferrites substituted with Sm and Nd using Mossbaectroscopy.
They observed slight decrease in saturation mazaigtn M, of the specimen doped with
Nd and significant increase ingNbr the specimen doped with Sm.

2.9. Useof sintering aids and additives

The sintering temperature of ferrites can be loddng using sintering aids [104]. These
additives form liquid phase which either due to thelting of the additives or eutectic
liquid phase formation between the additives andités. Amount of liquid phase
increases with increasing amount of sintering aiu$ results in increased densification.

Additives components may also play an importane rol the contribution to the
magnetic properties of the sintered ferrites. Esisesamount of sintering additives may
deteriorate magnetic properties of ferrites.

Several researchers worked on different additixe®©4, MoOs, Bi,Os, WO,, Glass
and PbO) in different spinel ferrite systems toeistigate the effect on lowering the
sintering temperature and improving electromagrnatiperties.

One of the most effective additives isQ4. Hsu et al. [105] introduced YOs as
sintering aids in Ni-Cu-Zn ferrite to reduce thatering temperature. They found that
V.05 content up to 0.25 mol% improved the magnetic erigs. However, a small
amount of V* cations entered the crystal lattice of the feraitel higher amount of YDs
deteriorated the magnetic properties. 0.5 mol% gid-Mvas required to form the liquid
phase for enhancing the densification of this cositjpm at around 875°C.

Yanet al. [60] investigated the effect of CuO andQ¢ addition on the microstructure
and relative permeability of Ni-Cu-zZn ferrite. Thégund that these additives contributed
to the grain growth and densification of matrixfie sintering process. 10 mol% CuO and
0.20 mol% \,Os compositions showed the highest initial permeghbili

Lebourgeoiset al. [106] worked on the effect of )05 on the densification of
Nig.24CUp 2ZNg 56C0p o €1 o0, ferrite. They found that with small amount ofQ®% (0.6—
1.2 wt %) as a sintering aid was enough for desaifbn at around 850°C. EDAX
analyses showed the presence of vanadium insidéethite grains. Magnetic properties
were deteriorated with increasing thgO¢ content. The permeability decreased and the
core losses increased fon,® content higher than 0.6 wt%. It was shown thaDy/
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content 0.20-0.25 mol% (~0.15-0.20 wt%) improveetc&bmagnetic properties in Ni-Cu-
Zn ferrite.

Mirzaee et al. [107] investigated the influence of.,¥; on the microstructure
development and magnetic properties ofy@ng 3¢ F&0, ferrites. The results showed
that the permeability, relative density and grame snitially increased up to 1.6 wt% and
then decreased with further addition. The specégistivity increased continuously. The
Curie temperature and saturation magnetization eopeak values at 0.8 wt% and 1.2
wt% of V,Os, respectively. Mirzaeet al. [108] also worked on the influence of MO
and W,0s co-doping on the magnetic properties and microstre of Ni-Zn ferrites. The
results showed that 0.05 wt% of Mg{@ addition to 0.2 wt% of ¥Os increased grain size
and sintered density and also decreased powenbtg®ably.

Another important sintering aid is M@OSeoet al. [109] focused on the effect of
MoO; addition on the sintering behavior and magnetic opprties of
(Nig.2ClUg.2ZNg 6)1.02(F&03)0.08 ferrite. Results showed that Mg@ddition reduced the
sintering temperature and magnetic loss of Ni-Cuetrite and it also increased the bulk
density and initial permeability up to the addiswantent of 0.2 wt %.

Suet al. [23] was investigated on the amount of CuO caowtaiin Ni-Zn ferrite and a
small additive of Mo@added in (Nj>8ClUy 082N 62 (FE&03)1 01 ferrite. Results showed that
the initial permeability of the core increased thé Curie temperature decreased a little
with 4 mol% CuO content. The highest initial periméty ~2480 and relatively higher
Curie temperatures118°C could be obtained at 0.12 wt% Mo&dditive in Ni-Cu-Zn
ferrite.

Gu et al. [110] reported the effect of Mp@nd TiQ additions on the magnetic
properties of Mn-Zn ferrite. It was found that thmagnetic properties of Mn-Zn power
ferrites fluctuate with the increase of Mg€ontent and could be considerably improved
with suitable amount of Mofaddition. The sample doped with 600 ppm Md@d a
decreased power loss of 13.5%, and increased|ip#ianeability of 7.2% than undoped
samples.

A few authors also worked on WQas sintering aid. Earlier, Park et al. [111]
investigated the effect of Waddition on the magnetic properties of Ni-Cu-Zrrifes.
The results showed that enhanced electrical andhetiagproperties obtained from WO
addition upto 0.6 wt% into Ni-Cu-Zn ferrites. LateBu et al. [112] reported that
appropriate W@ additive could improve grain size of the speciraad removed closed
pores.

Recently, Suwet al. [113] studied the effects of WiGddition on properties of Ni-Cu-
Zn ferrites. The results showed that to obtainnglsiphase spinel ferrite W@ddition
should be less than 0.28 wt%. With proper Y\@dition, the average grain size and the
initial permeability of the ferrites increased. Theaximum initial permeability was
observed at a W{xontent of 0.16 wt%.

Lead oxide and glass also act as sintering aidiH{6€UNZn ferrites. Earlier, Jeagt al.
[18] investigated the effect of PbO addition on tHensification, microstructural
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properties of Ni-Cu-Zn ferrites. Results showed thidh a small amount of PbO (0.5-2
wt. %) in Ni-Cu-Zn ferrite increased the densifioatrate and final sintered density when
the activation energy of densification was sigaifily reduced. However, interfacial
reaction causes segregation of CuO onto the gmaimdary and dissolution of PbO into
the ferrite grains, yielding a reduction in initarmeability.

Later, Wanget al. [114] used PbO-Si§) PbO-BO; and B}Os flux systems to lower
the sintering temperature of NKCUy.12ZNo 50 F&0, ferrite and found that the PbO-SiO
glass system to be the most effective additivelistract the grain boundary movement
and prevent the exaggerated grain growth among tthes systems. Ferrites sintered with
PbO-SiQ possess higher resistivity, higher Q and highgr cmpared with those
obtained using other systems. The results also ethotkat the addition of BDs
considerably deteriorated the quality factor of QNi-Zn ferrites, though benefited the
densification and permeability. Thus,8kis another most interesting sintering aid.

Hsuet al. [115] reported BiOs; and lead glass as sintering aids for Ni-Cu-Znitkerr
Results showed that both additives formed liquidsgls in the grain boundaries during
the sintering process to enhance the densificaBoh.Bi,Os; exhibited better effect than
the lead glass to lower the sintering temperature.

Wanget al. [116] worked on the mixing of (RksCly 122Ny 50).F&O, powders with
Bi,Os; using the solid-state mixing as well as wet cha@oating processes such as
ammonia precipitation coating, urea precipitati@ating, and solution coating. Ferrites
prepared from the wet chemical coating processakldme densified at a lower sintering
temperature without significant impact on the mistouctural evolution compared with
that prepared by solid-state mixing. In additiommgples prepared from the wet chemical
coating process have a higher &d B, and a lower H compared with that from the
solid-state mixing process. Considering both effexftsintering temperature and sintered
density (>95% theoretical density), ferrites wittb Wt% BiLO; addition by ammonia
precipitation coating process followed by sinteraigaround 900°C could provide the best
permeability and quality factor.

Jeonget al. [117] investigated the effect of f; addition on the microstructure and
electromagnetic properties of Ni-Cu-Zn ferriteseTdrain size and bulk density gradually
increased with the increase in,B8% content. Above 0.5 wt% BDs;, abnormal grain
growth was observed. Specimen with 0.25 wt% ofOBishowed the highest initial
permeability with good quality factor and a unifomicrostructure.

Su et al. [112] investigated the effects of mixed,B&-WGO; additives. The results
showed that appropriate additives of mixed@+WO; could enhance densification of
the specimens, improve the initial permeability #mel Q-factor of Ni-Cu-Zn ferrites. The
maximum initial permeability was achieved with W6 % Bi,O; and 0.3 wt. % W@
additives.

Kawano et al. [118] fabricated Bi, Si oxides-doped Ni-Cu-Zn rfexr composite
materials. Analysis showed that the composite ris$éehas mainly Ni-Cu-Zn ferrite and
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Bis(SiOy); phases. The optimum percentage of,CBi content to improve the
electromagnetic properties in Ni-Cu-Zn ferrite i2®wt. %.

Kong et al. [119] reported the effects of concentration of@Bion MgFe odO, ferrite.
It was found that 3 wt. % BD; could result in fully sintered ferrite. Low condeation of
Bi,O; increased the static permeability of the ferritérng to the improved densification
and grain growth, while too high concentration teddecrease in permeability owing to
the incorporation of the non-magnetic componeni@Biand retarded grain growth.

Murbe et al. [67] found that the addition of BD; further enhances the densification
and has dramatic influences of the microstructure germeability. With the addition of
0.35-0.5 wt. % BiO; a bimodal microstructure with large (25-30um) gsasurrounded
by small-grained (1-2 pm) regions is observed.

Sahaet al. [120] revealed that sintering temperature coulddskiced by 15T when
0.8 wt. % of B}O3 is added to Ni-Cu-Zn ferrites. The results alsovedd that the addition
of Bi,O; considerably benefited the densification and petiiiy.

3. Conclusion

Ni-Cu-Zn ferrite system is an established well-kndierrite material to be used in various
electromagnetic devices due to their high resistiiigh permeability and comparatively
low magnetic losses. Extensive research on Ni-CdeZrite shows better performance
with Nig 3sCly 157Ny sd-€0,. It shows better electrical, structural and maigngtoperties.
Small amount of BO; addition can reduce sintering temperature conafilgrand thus
providing advantage in view of energy saving arméase of productivity by reducing the
sintering time in the manufacture of ferrites. #shalso been found that the addition of
Bi,O; to Ni-Zn ferrites increases the initial permeabitand improves the magnetic loss
factor.
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