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Abstract

The morphology and evolution of magnetic properties in multisample sintering (MSS) of 
yttrium iron garnet (Y

3
Fe

5
O

12
, YIG) and single-sample sintering (SSS) of nickel zinc ferrite 

(Ni
0.6

Zn
0.4

Fe
2
O

4
, NZF) were studied in detail, focusing on the parallel evolving relation-

ship with their dependences on sintering temperature. Sintering is an important process 
in ferrite fabrication which involved the process of transforming a noncrystalline powder 
into a polycrystalline solid by heating process. Under the influence of heat, the surface 
area is reduced through the formation and growth of bond between the particles associ-
ated with reduction in surface energy. This makes the particles move closer, grains to 
form by the movement of grain boundaries to grow over pores, and results in decreasing 
the porosity and increasing the density of the sample. Technological applications, espe-
cially in electronics applications, require high-density nanostructured ferrites, integrated 
by sintering from nanoparticles. The evolution from low to high sintering tempera-
ture will result in the transition from disordered to ordered ferromagnetism behavior. 
Multisample sintering (MSS) of yttrium iron garnet (Y

3
Fe

5
O

12
, YIG) and single-sample 

sintering (SSS) of nickel zinc ferrite (Ni
0.6

Zn
0.4

Fe
2
O

4
, NZF) have been used as a studied 

material in this research work.

Keywords: MSS yttrium iron garnet (Y
3
Fe

5
O

12
, YIG), SSS nickel zinc ferrite 

(Ni
0.6

Zn
0.4

Fe
2
O

4
, NZF), microstructure, magnetic properties
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1. Introduction of garnet and spinel ferrites

Garnet ferrites with composition (A
3
B

5
O

12
) structure have unique electromagnetic, mag-

neto-optical, mechanical, and thermal properties [1]. Garnet ferrite comprises three crystal-
lographic lattice (a, b, and c) sites. Among these lattice sites, the 24Fe3+, 16Fe3+, and 24R3+ 

ions occupy the [b] tetrahedral, (a) octahedral, and {c} dodecahedral sites, respectively, 
whereas oxygen ions are distributed to the interstitial sites [2]. However, R is the rare earth 

ions such as Ce, Gd, Y, and Nd. The general formula for rare earth garnets is R
3
Fe

5
O

12
, 

whereas the ion distribution in rare earth garnets are [Fe
2
](Fe

3
){R

3
}O

12
 represented tetra-

hedral, octahedral, and dodecahedral sites, respectively [3]. As for Ni-Zn ferrite, it has a 
spinel ferrite structure. Spinel ferrite crystallizes in the cubic structure. Spinels have the 
general formula M(Fe

2
O

4
), where M is usually a divalent cation such as manganese (Mn2+), 

nickel (Ni2+), cobalt (Co2+), zinc (Zn2+), copper (Cu2+), or magnesium (Mg2+). The unit cell of 

spinel ferrites consists of 32 oxygen, 16 trivalent iron, and 8 divalent metal irons. The most 

important feature of the unit cell is that its array of oxygen ions leaves open two kinds of 
interstices, which can be filled by the metal ions. These interstices are referred to as tetrahe-
dral or A sites and octahedral or B sites. The sintering process plays a prominent role in the 
fabrication of ceramics. Almost all ceramic bodies must be fired at elevated temperatures 
to produce a microstructure with the desired properties. This widespread use of sintering 

process has led to a variety of approaches to the subject. The criteria that should be met 

before sintering can occur are the mechanism for material transport and source of energy 

to activate and sustain this material transport. The relationship between microstructural 

properties with the effect of sintering temperature toward magnetic characteristics of MSS 
of yttrium iron garnet (Y

3
Fe

5
O

12
, YIG) and SSS of nickel zinc ferrite (Ni

0.6
Zn

0.4
Fe

2
O

4
, NZF) is 

the focus of interest in this research work.

2. Brief overview of preparation methods

2.1. Preparation of hematite (Fe
2
O

3
)

About 100 g of mill scale was weighed using digital weighing balance. The mill scale was 
used as Fe

2
O

3
 source for preparing YIG. The mill scale was crushed by wet milling process 

for 48 h to obtain the precise sized powder. The magnetic particles were poured into a glass 
tube filled with 90–100°C distilled water in the presence of 1 T external magnetic field. 
Due to the weak susceptibility of ferromagnetic particles, FeO (wustite) presumably would 
drop to the bottom of the tube, and the Fe

3
O

4
 (magnetite) and Fe

2
O

3
 (hematite) would be 

attracted to the surface close to the poles. This separation was sorted out based on the Curie 
temperature of FeO, Fe

2
O

3
, and Fe

3
O

4
 particles [4, 5]. The one that has been used for Fe

2
O

3
 

production is the bottom particles. The powder was oxidized using furnace at 500°C for 9 h 
in air. The yield of oxidation, Fe

2
O

3
, was sieving to obtain a fine powder and used as a raw 

material in preparing YIG.
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2.2. Preparation and characterization of MSS of YIG

The starting raw powder materials of yttrium oxide (Y
2
O

3
) (99.9% purity, Alfa Aesar) and 

Fe
2
O

3
 which derived from mill scale (Curie separation technique) were mixed according to 

the stoichiometric ratio based on Eq. 1:

   5Fe  
2
    O  

3
   +  3Y  

2
    O  

3
   →  2Y  

3
    Fe  

5
    O  

12
    (1)

The raw materials were mixed using an agate mortar for about 1 h. The mixing operation 

is necessary to combine the starting materials into a thoroughly homogeneous mixture. 

The mixing powder then was milled by using high-energy ball mill (SPEX8000D) with the 
ball to the powder weight ratio (BPR) of 10:1 for 9 h. After milling, polyvinyl alcohol with 
1 wt.% PVA was added in the powder as a binder for giving strength to the pressed compact 
and was lubricated with 0.3 wt.% of zinc stearate. The mixture powder was pressed with 
300 MPa into a toroidal shape. Then, the samples were sintered at different sintering tem-
peratures from 500 to 1400°C for 9 h in air. The evolution of microstructural properties of the 
sample was determined by using a NovaNano 230 FESEM. The distribution of grain sizes 
was obtained by taking at least 200 different grain images and estimating the mean diam-
eters of individual grains for each sample using J-image software. The magnetization studies 
were performed at room temperature using a LakeShore 7404 vibrating sample magnetom-
eter with a maximum magnetic field of 11 kG. The variations of complex permeability were 
measured using an Agilent HP4291A Impedance Analyzer in the range of 1 MHz to 1.8 GHz.

2.3. Preparation and characterization of SSS of nickel zinc ferrite (Ni
0.6

Zn
0.4

Fe
2
O

4
, NZF)

The starting raw powder materials of nickel oxide (NiO), zinc oxide (ZnO), and iron oxide 
(Fe

2
O

3
) (>99% purity, Alfa Aesar) were mixed according to the stoichiometric ratio based on 

Eq. 2:

  0 . 6NiO + 0 . 4ZnO +  Fe  
2
    O  

3
   →  Ni  

0.6
    Zn  

0.4
    Fe  

2
    O  

4
    (2)

The mixed material was crushed by using a SPEX8000D HEBM machine at room tempera-
ture. The raw mixed powders were milled according to 10:1 ball to the powder weight ratio 

(BPR) for 6 h. The milled powder was granulated by using polyvinyl alcohol (1 wt.% PVA) as a 
binder and 0.1 wt. % zinc stearate was added as a lubricant. The previously granulated powder 
was then uniaxially pressed into toroidal form with pressure of 440 MPa. The single toroidal 
sample was repeatedly sintered from 600 up to 1200°C with an increment of 25°C under ambi-
ent air condition for 10 h. The evolution of microstructural properties of the sintered toroid was 

studied using a NovaNano 230 FESEM. The distribution of grain sizes was measured by taking 
at least 200 different grain images and estimating the mean diameters of individual grains 
for each sample using J-image software. The saturation induction, B

s
, and coercivity, H

c
, were 

determined from a B-H hysteresis loop which was obtained via a Linkjoin Technology MATS 
2010SD Static Hysteresis graph. The frequency variations of the complex permeability were 

measured using an Agilent HP4291A Impedance Analyzer in the range of 1 MHz to 1.8 GHz.
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3. Microstructure and magnetic properties of MSS yttrium iron 
garnet and SSS nickel zinc ferrite

3.1. MSS of yttrium iron garnet (YIG)

The samples undergo grain growth or the increase in size of grains when sintering at higher 
temperature. Sintering can be defined as removal of the pores between starting particles 
accompanied by shrinkage of the component combined with growth together and formation 
of strong bonds between adjacent particles [6, 7]. Figure 1 shows the FESEM micrograph of 

samples sintered at different sintering temperatures. The micrograph of the sample sintered 
at 500, 600, and 700°C revealed that the sample encounters initial stage of sintering. The initial 
stage of sintering involves rearrangement of the powder particles and formation of strong bond 

or necks at the contact point between particles [8]. At 500 and 600°C, the sample showed nearly 
the same evolution trend, where the sample sintered at 500–600°C showed slight particle growth 
and rearrangement of the particles. After sintering at 700 and 800°C, the sample undergoes the 
formation of necks between particles. This can be noticed with the existence of dumbbell shape 
in the micrograph at these sintering temperatures. The red-dotted circles in Figure 1 at 700°C 
indicate the necking structure between the particles. SEM micrograph of the samples sintered 
at 900, 1000, and 1100°C exhibits intermediate stage of sintering. Intermediate sintering is the 
stage where the size of the necks grows, the amount of porosity decreases substantially, and the 
particles move closer [9]. At this range of temperature, grain boundaries are formed and move so 
that some grains grew at the expense of others. Grain growth becomes increasingly active as the 
pore structure collapses. The pinning effect of the pore diminishes as they shrink and occupy less 
grain boundary area. Further sintering at 1200, 1300, and 1400°C corresponds to the final stage 
of sintering. The grains with the hexagonal structure are observed in this range of temperature. 

At this stage, the pores diminished and are slowly eliminated by diffusion of vacancies from 
the pores along the grain boundaries. The grain boundaries are regions of more open crystal 

structure than the grain themselves. Thus, the diffusion along grain boundary is more rapid. 
Reducing the grain boundary area by the grain growth lowers the energy of the system to a more 

stable state. From the results, it is believed that a mass transport mechanism started with atomic 

surface diffusion at relatively low temperature and continued to occur by the grain boundary 
diffusion, resulting in formation of necking, contact growth, pore elimination, and grain growth.

The magnetization versus magnetic field (M-H) curve of the sintered samples is measured at 

room temperature, as shown in Figure 2, and the corresponding saturation magnetization, 
M
s
 versus sintering temperature is given in Table 1. The saturation magnetization reached 

0.597, 0.792, 0.259, and 0.069 emu/g at 500, 600, 700, and 800°C, respectively. These values 
could be related to the presence of weak ferromagnetic behavior of α-Fe

2
O

3
 and YFeO

3
 and 

a significant amount of amorphous phase [10]. Moreover, such trend can also be associated 

with the mixture of disordered and ordered magnetism. The samples sintered from 500 to 

800°C contained only weak magnetic phase as the magnetization in this temperature range 
is almost zero. It represents a very small amount of ordered magnetism in these samples. In 
addition, the smaller value of saturation magnetization in smaller grain size at this region 
temperature is attributed to the fine greater fraction of surface spins in the particles that tends 
to be canted with a smaller net moment. At 700 and 800°C, orthoferrites and hematite show 
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the weak ferromagnetic behavior. The weak ferromagnetism arises from the low symmetry 
of the magnetic unit cell, producing a spin-canted structure of Fe sublattices. The weak fer-
romagnetic behavior of α-Fe

2
O

3
 is due to a slight disorder of the spin axis from exact antiparal-

lelism. The increase in saturation magnetization for the sample sintered from 900 to 1100°C 
appears to be established by the initial formation of ferrimagnetic YIG phase at 900°C from the 
amorphous phase, while the sintering temperature at 1100°C shows only a single phase of YIG 
exist. This trend is characterized by a remarkable transformation from mixture of disordered 
and ordered to completely ordered arrangements of the magnetic moments in the sample. 

Figure 1. FESEM micrograph of MSS of YIG sintered from 500 to 1400°C.
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The sample sintered at 900°C exhibits the saturation magnetizations lower than the value of 
26.8 emu/g, and at 1000°C, the saturation magnetization is close for the usual YIG ceramic, 
26.8 emu/g [11]. This should be the contribution from the smallness of YIG present at 900°C and 
the basis of well-crystalline YIG with poor yttrium iron perovskite (YFeO

3
) phase with high 

grain boundary content at 1000°C. The maximum saturation magnetization (27.074 emu/g) 
can be achieved at 1100°C. This value is higher as the amorphous phase is diminished due to 
the larger grain size and increasing bulk volume fraction of YIG. Thus, a strong interaction of 
magnetic moment within domains occurred due to exchange force. The powder sintered from 

1200 to 1400°C shows a decreasing value of magnetization. The decrease of magnetization is 

Figure 2. Magnetization curve of MSS of YIG sintered from 500 to 1400°C.

Table 1. Saturation magnetization, Ms , and coercivity, Hc , of MSS of YIG sintered from 500 to 1400°C.
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mainly connected with oxygen gas surface interaction at higher sintering temperature. For 

larger grains, magnetization can follow the easy magnetization directions in the single grains, 
and domains can be formed within the grains. Thus, the magnetization process is determined 
by the magnetocrystalline anisotropy of the crystallites. For very small grains, ferromagnetic 

Figure 3. Real permeability, μ′, of MSS of YIG sintered from 500 to 1400°C.

Figure 4. Loss factor, μ″, of MSS of YIG sintered from 500 to 1400°C.

Sintering Temperature Effect on Microstructure and Magnetic Evolution Properties…
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Figure 5. FESEM micrograph of SSS of Ni
0.6

Zn
0.4

Fe
2
O

4
 sintered from 600 to 1200°C.
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exchange interaction more and more forces the magnetic moments to align parallel, thus 

impeding the magnetization to follow the easy direction of each individual grain.

Complex permeability consists of two components: the real permeability, μ′, and loss factor, 

μ″. The room temperature of real permeability and loss factor of sintered samples are mea-
sured from 1.0 MHz to 1.8 GHz. The sample shows the μ′ value is increased to a maximum 

value and then decreases rapidly to a very low value (Figure 3). The same trend of the loss 

factor is observed in Figure 4. The samples show the increment of permeability loss fac-
tor with the rise in frequency and attain the maximum value at particular frequency and 
decrease with further increase in frequency. From both figures (Figures 3 and 4), it can be 

seen that the μ″ maximizes, while the μ′ drops off at 10 MHz because of the occurrence of a 
magnetic resonance. The sample sintered at 500–800°C has low values of the real permeabil-
ity and does not show the trend of permeability as same as the higher temperature because 

of the presence of amorphous phase. The increase of μ′ value with sintering temperature 

after 900°C and above is due to the increasing of grain sizes which correspondingly reduce 
the grain boundaries inside the sample. As the crystallinity and phase purity increase with 
increasing sintering temperature, the magnetic mass is increased and makes the movement of 
the domain wall easier. The increase in the sintering temperature also results in the decrease 

of magnetic anisotropy by decreasing the internal stress and crystal anisotropy [12]. Hence, 

the hindrance of the movement of domain wall is reduced and increases the value of μ′.

The loss factor, μ″, is the imaginary part of initial permeability. The permeability loss fac-
tor arises due to the lag between the magnetization or flux induction and external applied 
field [6]. The main types of losses encounter in ferrites are the hysteresis loss, eddy cur-
rent loss, and residual loss. Otsuki et al. [13] reported that the larger grain size increases 
the eddy current loss because of the easier movement of domain wall in the larger grain. 

The fraction of larger grains that are occupied with domain wall also increases hyster-
esis losses. Hysteresis loss can be minimized if one reduces the hindrance to the domain 
wall motion by reducing the pinning center to the domain wall movement such as volume 

fraction of pores, impurities and dislocations, and internal strain inside the sample. The 

hysteresis loss becomes less important in the high-frequency range due to spin rotation 
at higher frequency. The eddy current loss is important at higher frequency because of 

the circulating current induced in the sample due to the change of magnetic field which 
leads to the energy losses. However, in the polycrystalline YIG, the eddy current losses 
can be neglected due to high resistivity of YIG. Residual loss is also important in the high-
frequency range. To reduce the residual loss, the complex permeability has to be made to 

peak at the high frequency as possible by using fine-grained sample.

3.2. SSS of nickel zinc ferrite (Ni
0.6

Zn
0.4

Fe
2
O

4
)

SEM micrographs for single-sample sintering (SSS) of Ni
0.6

Zn
0.4

Fe
2
O

4
 are shown in Figure 5. 

The increased average grain size shows the microstructural evolution of the sample. The 
microstructural evolution can be described by adapting the stages of sintering which are three 

major stages involved in this process:

Sintering Temperature Effect on Microstructure and Magnetic Evolution Properties…
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i. Initial stage sintering involves rearrangement of the powder particles and formation of a 
strong bond or neck at the contact points between particles [14].

ii. Sample sintered from 600 to 1050°C shows an intermediate stage of sintering, where 
the size of the neck grows, the amount of porosity decreases substantially, and particles 
move closer leading to shrinkage of the component. Grain boundaries and grains are 
formed and move so that some grains grow at the expense of others. This stage continues 

while the pore channels are connected (open porosity) but is considered over when the 

pores are isolated (closed porosity).

iii. Final stage sintering occurred in the sample sintered from 1075 to 1200°C. In this stage, 
the pores become closed and are slowly eliminated generally by diffusion of vacancies 
from the pores along grain boundaries with only a little densification of the component. 
The grain boundaries are regions of more open crystal structure than the grains them-
selves so that diffusion along them is more rapid. Grain size increases during this stage.

The developments of B-H hysteresis loops are shown in Figure 6. The hysteresis properties 

of polycrystalline nickel zinc ferrite (Table 2) are very sensitive to the structure and volume 

fraction of the complete phase, and also to the grain size. The trends of loops are discussed 
below:

i. 600–1000°C: narrowly bulging but linear-looking shape which consists of weak ferro-
magnetic phase + paramagnetic phase (amorphous phase) + superparamagnetic phase 

(crystalline phase and small particles). At this stage, the hysteresis shape is significantly 
dominated by paramagnetic phase because it does not show the properties associated 

with ordered magnetism. It shows very slight hysteresis with low saturation induction, 
B
s
 indicating the low degree of crystallinity and a small amount of ferromagnetic phase. 

The magnetic moments begin to line up in the direction of applied field with a complex 
process such as domain growth, domain walls motion, and domain rotation [15–18].

ii. 1025–1125°C: slanted sigmoid shape which consists of moderate ferromagnetic 
phase + paramagnetic phase. As sintering temperature increased, paramagnetic states 
decreased, and at 1025°C, a moderately ferromagnetic state appeared. With further sinter-
ing, there is an increase in the volume fraction of grains, yielding more magnetic crystal-
line mass which would exhibit stronger ferromagnetism with negligible paramagnetic 

phase (amorphous phase) arising from nickel zinc ferrite phase formation. They have 
higher B

s
 values indicating that higher ferromagnetic phase crystallinity is formed [15–18].

iii. 1150–1200°C: erect, narrower, and well-defined sigmoid shape which consists of strong 
ferromagnetic phase. At this stage, strong ferromagnetism state was very dominant with 
negligible superparamagnetism and paramagnetism due to their high volume fraction 

of the complete Ni-Zn ferrite phase, high density, large grain size, and low amount of 
microstructure defects which allow easy domain wall movement in the magnetization 
and demagnetization process [15–18].

Figure 7 shows the real permeability, μ′ results plotted against the frequency in the range of 
1.0 MHz to 1.8 GHz. The real permeability remains almost unchanged at low frequency, rises 
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slightly, and then drops sharply when the frequency gets to a certain high value, which is 

called the cutoff frequency. The magnetic permeability and the cutoff frequency, f
o
, confirm 

the Snoek’s relation [19] by using Eq. 3:

   μ  
i
    f  

o
   = Constant  (3)

The real permeability increase with sintering temperature can be attributed to increase in 
density and grain size with sintering temperature [20]. At higher sintering temperature, with 
increased grain size, a fewer number of grain boundaries would be present, and diminished 
grain boundary caused the existence of very mobile domain walls thus increasing the perme-
ability value of the Ni

0.6
Zn

0.4
Fe

2
O

4
. During grain growth, pores become fewer which act as 

barrier to domain wall motion due to pinning of the wall. Besides that, the increase in sintering 

temperature results in a decrease of the magnetic anisotropy by decreasing the internal stress 

and crystal anisotropy, which reduces the hindrance to the motion of domain walls [17, 21–23].

The same trend is seen in the case of variation in loss factor, μ″, with respect to frequency 

as shown in Figure 8. The loss factor was observed first to remain constant with frequency, 
attain the maximum value at a particular frequency, and then decrease with increase in 
frequency. The loss factor increased with the increasing sintering temperature and grain 

size. When the grain size increases, more domain walls exist in the grain. Therefore, the 
domain walls can move easily in the larger grain. When the grain is large, which means a 

Figure 6. B-H hysteresis loop of SSS of Ni
0.6

Zn
0.4

Fe
2
O

4
 sintered at 600 to 1200°C.
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Figure 7. Real permeability, μ′, of SSS of Ni
0.6

Zn
0.4

Fe
2
O

4
 sintered from 600 to 1200°C.

Table 2. Average grain size, saturation induction, B
s
, and coercivity, H

c
, of SSS of Ni

0.6
Zn

0.4
Fe

2
O

4
 sintered from 600 to 

1200°C.
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decrease in the number of grain boundaries; it will not strongly impede the eddy current 

flows. Thus, larger eddy current is induced [17, 23–25]. Usually, small grains with promi-
nent grain boundaries lead to higher resistivity, the eddy current loss of which is negligible. 

The losses in ferrites are associated with rotational resonance and domain wall relaxation. 

Rotational resonance is usually observed at higher frequencies, while domain wall relax-
ation is observed at lower frequencies [12, 26, 27]. The major contribution to the magnetic 

losses in ferrites is due to hysteresis losses, which are based on the damping phenomena 

associated with spin rotations and irreversible wall displacement. In the high-frequency 
range, the hysteresis losses become less important because the wall displacement is mainly 

damped and the losses would be mos due to spin rotation [13, 22, 28]. Comparing Figures 7 

and 8, it is observed that the off-resonance frequency region of μ″ firstly occurred and was 
later followed by the μ″. The lag in this process was due to μ’ being in phase with the exter-
nal field, whereas μ″ was out of phase with the external field [29].

4. Conclusion

MSS YIG and SS NZF have been prepared via mechanical alloying technique. The samples 
were sintered at various sintering temperatures in order to study the influence of sintering 
temperatures on the microstructure and magnetic properties. Increasing sintering tempera-
ture will enhance the grain size with less grain boundaries. This extrinsically increases the 
real magnetic permeability, μ′, loss factor, μ″, and the saturation magnetization, M

s
. The 

higher magnetic permeability represents the high frequency losses due to the presence of 

grain boundaries as impediments to domain wall motion. The large M
s
 reduces the coercivity, 

Figure 8. Loss factor, μ″, of SSS of Ni
0.6

Zn
0.4

Fe
2
O

4
 sintered from 600 to 1200°C.
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H
c
 as the increasing the multidomain grain size. The magnetic hysteresis and complex perme-

ability graph can be categorized into three distinct groups which represent the formation of a 
paramagnetic state to a moderate ferromagnetic state and then to a strong ferromagnetic state 

with microstructural changes at varied sintering temperatures.
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