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Abstract: Spinel ferrite powders with a composition of Ni0.5Zn0.5Fe2O4 were prepared by the 
mechanical alloying method and sintering process. The samples began to shrink at sintering 
temperatures 500oC-800oC. The increasing trend of average grain size was observed after 900oC and 
this is consistent with the results obtained for theoretical density (%Dth) and porosity. The drop of the 
density for 1300oC and 1400oC was due to intragranular pores which can be seen from the SEM 
micrographs. The activation energy of the sintering temperature for alloyed samples showed a low 
value compared to the micron size starting powder via the conventional solid state process. The XRD 
data provided information on the phase purity. A critical region of sintering temperature for the 
development of magnetic properties was observed at 800oC and 900oC with the sigmoid B-H curve 
shape taken to indicate a strong magnetic order, it is proposed that the first occurrence of significant 
ferromagnetism in the samples required that at least three basic conditions have been attained; a pure 
single phase, sufficiently large grains to support the existence of magnetic domains and a sufficient 
number of such grains. 
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INTRODUCTION 

 
 Thermally activated processing involved in the solid state sintering is the fundamental method in the 
ceramic industry. Normally, researchers aim to develop the lowest solid state sintering temperature with a 
controlled microstructure and fully dense polycrystalline (A. Rafferty et al., 2008; K. Sun et al., 2006; X. Wang 
et al., 2006; T. Nakamura, 1997). However the cause-and-effect sequence, sintering temperature + atmosphere 
→ composition + microstructure → magnetic properties, that occupies the ferrite literature, is an experimental 
sequence focused mainly on yielding the final outcome i.e. the final composition-microstructure-magnetic 
properties relationship. A fundamental line of scientific enquiry thus has been neglected by ferrite and garnet 
researchers for more than 70 years: What would be the composition-microstructure relationships at various 
intermediate sintering conditions during the parallel evolutions of the morphology and the material properties? 
 One of the various techniques for synthesizing magnetic materials is mechanical alloying which is used to 
reduce grain size, mix powder uniformly and make non-equilibrium structure materials, including nanocrystals, 
quasicrystals and amorphous alloys. Mechanical alloying via high-energy ball milling has now become one of 
the conventional methods for producing nano/non-crystalline materials. One of the various techniques for 
synthesizing magnetic materials is mechanical alloying which is used to reduce grain size, mix powder 
uniformly and make non-equilibrium structure materials, including nanocrystals, quasicrystals and amorphous 
alloys. Mechanical alloying via high-energy ball milling has now become one of the conventional methods for 
producing nano/non-crystalline materials. Soft magnetic ferrites produced by mechanical alloying routes 
showed a partial reversibility during milling of the reaction: 
 
 α-Fe2O3 + MeFe2O4 ՞ MeFe2O4            (1) 
 
 Which was evidenced by (G.F. Goya and H.R.J. Rechenberg, 1998; J. Z.Jiang et al., 1999; F. Padella et al., 
2005) and the particles contain several related Fe-Me-O phases. However, if the milling process is followed by 
an annealing it is possible to obtain the spinel phase of the sample (G.F. Goya and H.R.J. Rechenberg, 1998). A 
complete formation of the Mg-ferrite was obtained after 23 hours of alloying of an iron and magnesium oxide 
mixture, followed by sintering at 1300 °C for 2 hours by (S.F. Moustafa and M.B. Morsi, 1998). The influence 
of the mechanical alloying method on the Mg-ferrite and Ni-ferrite was reported by (M.E. Rabanal et al., 2003). 
The Mg-ferrite formation begin after 25 hrs of milling in the case of centrifugal mill, while using a vibratory 
mill the presence of the Mg-ferrite after 160 hours of milling was not detected. The formation of the Ni-ferrite 
begins after 3 hours of milling and the difference between the milling in vibratory and centrifugal mill was 
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negligible (M.E. Rabanal et al., 2003). Generally, the soft magnetic ferrites produced by mechanical alloying 
routes exhibit a reduced particle size under 10 nm. As a consequence, almost all nanocrystalline/nanosized 
ferrites exhibit a superparamagnetic behaviour, without magnetic hysteresis. The magnetic properties of the 
nanocrystalline/nanosized soft magnetic ferrites are generally associated with a canted spin configuration in 
small particles (a surface effect) and with the non-equilibrium cation redistribution resulting in a decrease of the 
number of magnetic Fe3+(A)-O2--Fe3+(B) linkages and leading to the weakening of the primary (A)-O-(B) 
superexchange interactions (G.F. Goya and H.R.J. Rechenberg, 1998; V. Sepelak, 2004). 
 One of the factors that influence the performance of magnetic properties is grain size. The variation of grain 
size tend to give different characteristics on the magnetic properties which is an advantage to the researcher as 
this effect could be use to tailor the magnetic properties of desired materials. Van der Zaag et al., (1993) have 
reported a dramatic reduction in the dissipation of energy at 10mT of magnetic flux density with sufficient small 
grain in the polycrystalline NiZn ferrite (Van der Zaag et al., 1993). According to their study, the magnetic 
domain size determined by the neutron depolarization is equal to the grain size below ~3µm. On the other hand, 
an intra-granular domain wall is established inside grain for larger than ~3µm. The core loss with smaller grain 
than ~3µm can be reduced because the single magnetic domain occurs at the reversal magnetization dominated 
by the spin rotation (Van der Zaag et al., 1993). Another recent study by Kawano et al on the study of the 
polycrystalline NiZn ferrite materials with different grain sizes from ~2.2 to ~13.5µm has been done was shown 
that the complex permeability is dominated only by the spin rotation with smaller grain size than ~6.4µm and 
domain wall contributes the permeability for the larger grain than this. Their results indicate that the mono-
domain state is established for the smaller grain size than ~6.4µm. Ref. (J. Bera and P.K. Roy, 2005) however 
reported that, the permeability increases linearly up to ~5µm of grain size and attributed it to the displacement of 
flat 180o domain wall inside the grain. It is well known that the magnetization of polycrystalline soft ferrite 
generally depends on both domain rotation and also domain wall motions. Earlier investigation done by Le 
Floc’h and Konn (M. Le Floc’h and A.M. Konn, 1997) proposed that the critical grain size, below which the 
single domain structure exists in NiZn ferrite is only 0.08µm. By combining their findings, we could conclude 
that the magnetization above certain grain sizes may be primarily controlled by domain wall motions. According 
to Globus, µ’ increases with increasing distance between edges of domain wall which approximately equal to 
grain size. After ~5µm, the rate of permeability change decreases and the well-known bend appears in curve (J. 
Bera and P.K. Roy, 2005). These four studies mentioned above were done using micron size starting material. 
Raghavender et al., (2010) however used nano size materials for their starting powders reported the 
nanocrystalline NiFe2O4 synthesized via sol-gel technique having a grain size ranges from ~29nm to ~50nm and 
sintered from 500 to 1000oC (A.T. Raghavender et al., 2010) their XRD patterns show that at 500oC, NiFe2O4 
with spinel structure has been formed with small amount of α-Fe2O3 phase was also existed. At 700oC, this α-
Fe2O3 phase was completely disappeared. They concluded that the Neel temperatures of nanocrystalline 
NiFe2O4 were found to decrease with decreasing grain size. 
 The objective of this research is to carefully track the changes of microstructure affect on the magnetic 
properties of the materials with the nanosized starting powders produced via mechanical alloying and later 
subject it to various sintering temperature in order to study the evolution of magnetic properties with the 
microstructure changes.  
 
Methodology: 
 A composition of powder for Ni0.5Zn0.5Fe2O4 was prepared by mechanical alloying of a mixture of metallic 
oxides. The materials used were Fe2O3 (Alfa Aesar) (99.95%), NiO (Alfa Aesar) (99.99%) and ZnO (Alfa 
Aesar) (99.99%) weighed according to the composition formula. The chemicals were mixed with a chosen 
molar ratio of 1:0.5:0.5. This composition was later mechanically alloyed using a Spex8000D milling machine 
with a ball to powder ratio (BPR) of 10:1 for 24 hours of milling. The alloyed powder was then divided into 10 
samples and was then uniaxially pressed into toroidal shape of 20mm outer diameter and 9 mm inner diameter 
with 2 wt.% of PVA as binder under a pressure of 7 tonnes. Each toroidal sample was sintered with different 
sintering temperatures starting from 500oC until 1400oC. All the toroidal samples were sintered for 10 hours in 
an ambient atmosphere. The samples were examined with X-ray diffraction (Phillips Expert Pro PW3040) using 
CuKα. Field emission scanning electron microscopy (FeSEM) micrographs were taken using an FEI NOVA 
NanoSEM 230 machine to reveal the microstructure of the sample. Archimedes principle with water as the fluid 
medium was used to measure the density of the samples. The percentage theoretical density (%Dth) was 
calculated using this formula: 
 
(%Dth (g/cm3) = measure density / theoretical density          (2) 
 
 The theoretical density of Ni0.5Zn0.5Fe2O4 was calculated by taking the molecular weight of Ni0.5Zn0.5Fe2O4 
to be 237.73g. Since spinel ferrites have eight formula units per unit cell, the molecular weight of one cell is (8) 
ൈ (237.73g) = 1901.84g. The volume of a cube of side, length a is a3. The volume of a cell is therefore A ൈ a3, 
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where A is Avogadro’s number. The unit cell edge ao (Ǻ) of Ni0.5Zn0.5Fe2O4 = 8.3827 therefore a3 = 589.0495 
Ǻ3. As 1Ǻ3 = 10-24cm3, A x a3 is therefore:  
 
 [6.023 x 1023][ 589.0495 ൈ 10-24] = 355cm3  

 
 So, theoretical density is mass/volume equals to 1901.84/355 = 5.3573g/cm3.  
 The theoretical density, ߩ௫ was calculated as above. The percentage of porosity of the sample was 
calculated using the relation as shown below: 
 
ܲ ൌ 1 െ ఘ

ఘೣ
             (3) 

 
 Where ߩ is the measured density of the sample. The magnetic properties of the samples were investigated 
using MATS-2010SD Static Hysteresisgraph. 
 

RESULTS AND DISCUSSION 
 

 The Scherrer equation is used to calculate the crystallite size of mechanically alloyed sample which was 
about 20nm in size. From Fig. 1, it was found that ZnO peak was not detected and only Fe2O3 and NiO peaks 
were seen. It shows that the ZnO phase is much more prone to deformation fault as all the reflections are 
sufficiently broadened in comparison to the other two phases. It could be deduced that the rate of solid-state 
diffusion of ZnO into Fe2O3 lattice is higher than that of NiO. From the spectra, it suggests that ZnO diffused 
into Fe2O3 and the Zn-Fe2O3 phase is formed as investigated by our previous study (I. Ismail et al., 2011). Fig. 2 
shows the XRD spectra of Ni0.5Zn0.5Fe2O4 milled samples sintered at different temperatures starting from 500oC 
until to 1400oC. At 500oC we could see that a small trace of Fe2O3 still exists suggesting that the thermal energy 
supplied to the materials during the sintering process was not enough to complete the reaction. The occurrence 
of (121) peak shows the existence of α-Fe2O3 at 33o. A further increase of sintering temperature at 600oC 
yielded a single phase of crystallization of Ni0.5Zn0.5Fe2O4, which indicated the starting sintering temperature for 
crystallization of Ni0.5Zn0.5Fe2O4. Zn2+ ions started to diffuse into the tetrahedral sites and Ni2+ ions moved to 
octahedral sites. The full crystallization achieved at as low as 600oC shows the advantage of mechanical 
alloying. Upon sintering the sample at 600oC, the major peaks began to form and the intensity of the peaks 
increased with increasing sintering temperature. It shows that the number of crystalline phase of Ni0.5Zn0.5Fe2O4 
is increasing.  
 Fig. 3 shows the surface microstructure of sintered Ni0.5Zn0.5Fe2O4 compacts with sintering temperature 
from 500oC until 1400oC. The average grain size of a sintered body was measured over 200 grains by the linear 
intercept method. The compacted powders were moulded into 10 toroidal shapes and sintered at 500, 600, 700, 
800, 900, 1000, 1100, 1200, 1300 and 1400oC each. After sintering process, they were directly viewed under 
SEM without polishing to study the microstructures. The average grain size were plotted and shown in Fig. 4 
and Table 1. It was found that the average grain size increased from ~0.1µm to ~10 µm. The increase of average 
grain size shows the microstructural evolution of the samples. The microstructural evolution of these sintered 
samples can be described by adapting the sintering mechanism explained by Sameshima et al., (2011) which are 
5 stages involved in the process: 
1) First initial stage where no grain growth and mass transport of the sintered samples are by grain boundry 

diffusion. 
2) Second initial stage occurs afterwards where no grain growth occurs and the mass transport of sintered body 

is by lattice diffusion. 
3) First intermediate and final stage later takes place where lattice diffusion occurs without any grain growth 

of the samples. 
4) Second intermediate and final stage where there is grain growth happening and lattice diffusion still playing 

the role. 
5) Final intermediate stage where grain boundary diffusion occur with no grain growth.  
 
 The theoretical density (%Dth) for each sintered sample was plotted in Fig. 5. At lower sintering 
temperature from 500oC to 900oC, we could see almost a linear increase of density against sintering 
temperature. The increasing trend observed to be continuing until 1200oC and decrease for 1300oC and 1400oC. 
The decrease for 1300 and 1400oC can be related to the micrographs in Fig. 1 (i) and (j) which show the 
intragranular pores of the samples.  

 Fig. 6 shows the shrinkage of Ni0.5Zn0.5Fe2O4 in the temperature range from 500oC to 1400oC at the heating 

rate of 4oC/min. At low sintering temperature from 500 to 800oC, it can be seen that the shrinkage already 

started and the differential coefficient of the shrinkage with heating temperature showed at around 800oC. In the 



Aust. J. Basic & Appl. Sci., 5(11): 1865-1877, 2011 

1868 

initial stage of sintering, the following features are generally recognized, which are no grain growth, neck 

growth and shrinkage below 5% (S. Sameshima et al., 2000) and these phenomenon can be found in Fig. 3 

(a),(b),(c) and (d). The sintering temperature at 500-800oC shows no significant grain growth occurred and the 

average diameter of equivalent sintered particles calculated using intercept method from SEM images were 

0.115, 0.106, 0.226 and 0.166 (±0.050) µm. Based on the SEM microstructures, we could say that a possibility 

of the densification associated with the arrangement of the primary particles which then followed by the lattice 

diffusion (S. Sameshima et al., 2000). The shrinkage shows that there is a possibility of grain boundary 

diffusion and lattice diffusion took place afterwards which formed the necking processes between the primary 

particles. It can be recalled that the starting powders were made smaller by the alloying process and according to 

Kang (2005), at small grain sizes, grain growth dominates the densification. Further shrinkage was observed for 

samples sintered at 900oC and above which are linear with the increase of sintering temperature.  
 

 
 
Fig. 1: XRD spectrum of Ni0.5Zn0.5Fe2O4 after 24 hours of mechanical alloying with 10:1 BPR. 
 

 
 
Fig. 2: XRD spectra of Ni0.5Zn0.5Fe2O4 after sintering from 500oC to 1400oC. ◊ = Fe2O3,  = Ni0.5Zn0.5Fe2O4. 
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Fig. 3: SEM micrographs for Ni0.5Zn0.5Fe2O4 compacts sintered at: (a) 500oC, (b) 600oC, (c) 700oC, (d) 800oC, 

(e) 900oC, (f) 1000oC, (g) 1100oC, (h) 1200oC, (i) 1300oC and (j) 1400oC.  
 
 

 
Fig. 4: Average Grain size versus sintering temperature. 
 

 

 
 
Fig. 5: Theoretical density (%Dth) versus sintering temperature for Ni0.5Zn0.5Fe2O4. 
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Fig. 6: Shrinkage (%) as a function of sintering temperature for Ni0.5Zn0.5Fe2O4. 
 
Table 1: Measured density, porosity and average grain size of Ni0.5Zn0.5Fe2O4. 

Temperature Measured Density Porosity Average grain size 
(oC) (g/cm3) (%) (µm) 
600 4.5(6) 15 0.106 
700 4.6(9) 12 0.226 
800 4.7(5) 11 0.166 
900 4.8(0) 10 0.171 

1000 5.0(4) 6 0.412 
1100 5.1(5) 5 0.973 
1200 5.2(1) 3 3.009 
1300 5.2(1) 4 10.093 
1400 5.2(0) 4 10.995 

 
 Coble’s theory (T.J. Shinde et al., 2008; R.L. Coble, 1961) mentioned that from the behavior of particle 
growth, the activation energy of grain growth can be predicted using the Arrhenius equation below: 
 
d ln k/dT = Q/RT2             (4) 
 
 Where k is the specific reaction rate constant, Q is the activation energy, T is the absolute temperature and R 
is the ideal gas constant.  
 The value of k however can directly be related to grain size according to Jarcho et al., (1976), which results 
in the equation below: 
 
Log D = (-Q/2.303R)1/T + A            (5) 

 
 Where T is the absolute temperature, A is the intercept and D is the grain size.  
 By using equation 5, one can obtain a best fitted straight-line plot of grain size where a plot of log D versus 
the 1/T as shown in Fig. 7. From Equation 5, we obtained the slope of the line which is -Q/2.303R and the value 
of the activation energy of grain growth (Q) can be calculated from the Arrhenius plot which is 55.526kJ/mol. 
This value was lower than obtained by Rao et al., (1997) when they prepared the Ni-Zn ferrites at different 
sintering temperatures by conventional ceramic method.  
 

 
Fig. 7: Plots of log D versus the reciprocal of absolute temperature (1/T). 
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 Two considerations were made to explain this phenomenon, which are due to volatization of Zn ion and 
also the smaller size of starting powder. At higher sintering temperature, it is known that Zn evaporation occurs 
and the Ni-Zn ferrites composition becomes slightly nonstoichiometric and the excess of Fe2O3 (which was not 
detected by XRD due to sensitivity limitations) dissolves into spinel lattice partly as γ-Fe2O3 with cation 
vacancies and partly as Fe3O4 with formation of Fe2+ ions. This formation produces the cation vacancies and 
makes the oxygen vacancy concentration to be low and consequently the sintering rate will be relatively slow. 
The second consideration of this low activation energy which was due to the smaller size of starting powders 
which were initially mechanically alloyed, reducing their dimensions into the nanosized region. This caused the 
surface area of the starting powders to be increased and lower down the activation energy. The relationship 
between the size and the activation energy can be found in the equation (5) above.  
 The magnetic properties of ferrites can be classified into two distinct types which are (i) intrinsic and (ii) 
extrinsic. Intrinsic properties such as saturation magnetization, magnetic anisotropy, magnetostriction and Curie 
temperature are insensitive to variations in microstructure and are independent of microstructure once the 
chemical composition of a material at the basic molecular unit is fixed (A. Goldman, 1990). However, the 
extrinsic properties such as permeability, hysteresis loop and magnetic losses are highly microstructure-
sensitive. They are very much influenced by the way material is processed, chemical homogeneity, grain size, 
sintered density and presence of the non-magnetic inclusion such as pores, pore size and pore distribution (H.T. 
Hahn, 1991). 
 From these statements by (A. Goldman, 1990) and (H.T. Hahn, 1991), we know that generally magnetic 
properties are influenced by the microstructure and also by the complete phase of ferrites. The defect in the 
microstructure caused by the alloying process in the materials preparation contributed greatly by influencing the 
final magnetic properties. These defects occurred during alloying process would caused the coercivity to be 
raised by pinning the domain walls. Defects due to high energy alloying caused the particles to be made smaller 
can be related to coercivity according to the formula below: 
 

௖ܪ ൎ  ට
௞ ೎்௄భଵ

௔ெೞ

య ଵ

஽
             (6) 

 
 Where D is the crystallite size, Ms is the saturation magnetization, a is lattice parameter, K1 is the coercivity 
and Tc is the Curie temperature. From the formulae (6), we could say that coercivity is in direct relation to the 
quantity of internal microstrain and defects. The increase of sintering temperature caused a decrease in magnetic 
anisotropy by decreasing the internal stress and crystal anisotropy, which reduces the hindrance to the 
movement of the domain wall (A. Verma et al., 2000).  
 From Fig. 8 of the hysteresis loop, it is seen that there is a gap from 800 to 1000 oC which shows the non-
sigmoid shape hysteresis to a complete sigmoid shape hysteresis. By using this following formula, the hysteresis 
parameter can be deduced: 
 
B = H + 4πM                 (7) 
 

 
 
Fig. 8: BH Hysteresis loop of Ni0.5Zn0.5Fe2O4 sintered at various sintering temperature. 
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 Where B is the magnetic induction, H is the external field and M is the magnetization of the material. It can 
be seen that the low temperature from 500oC to 800oC gave straight lines which are non-sigmoid shape of 
hysteresis (Fig. 8) and that there was no significant magnetic properties to be detected by the machine. This is 
because the straight line of the hysteresis was contributed by the H value which caused the B to be linearly 
increased. At this stage the magnetic properties of the materials was too small to be detected by the machine. 
The absence of hysteresis, remanance and coercivity shown at these sintering temperatures (500 - 800oC) is an 
indicative of the presence of paramagnetic behavior of the materials (S. Gubbala et al., 2004). At 900oC 
however, there is a rise in Br, which is attributed to the increase of the magnetization, M. Looking back at the 
SEM micrographs Fig. 3 (a),(b),(c) and (d) they clearly show that the microstructure of the materials at these 
temperatures were still in the early phase of growth evolution. By using the formula in Equation (7), it can be 
said that: 
 
Bs = H + 4πMs               (8) 
 
 Where Bs and Ms are the saturation values of B and M respectively. So using the values of Bs and H from 
Table 2, Ms was calculated and plotted against the sintering temperature in Fig. 9. 
 

 
 
Fig. 9: Average saturation magnetization of Ni0.5Zn0.5Fe2O4 against sintering temperature. 
 
Table 2: Summary of the magnetic properties of Ni0.5Zn0.5Fe2O4.  

Temperature (oC) Bs  
(Gs) 

Hs (A/M) Hs  
(Oe) 

Ms 
(Gs) 

Magnetic moment 
(nB) 

700 43.51 2501 31.42749 0.961371 0.0409 
800 38.91 2500 31.41493 0.596362 0.0254 
900 230.1 2502 31.44006 15.80681 0.6728 
1000 1613 2498 31.3898 125.8442 5.3566 
1100 1731 2501 31.42749 135.2301 5.7562 
1200 1762 2498 31.3898 137.6997 5.8613 
1300 1688 2495 31.3521 131.8148 5.6108 
1400 1421 2475 31.10078 110.5903 4.7074 

 
 At low temperature from 500 to 800oC, the contribution of Ms is almost zero and as we mentioned earlier 
the straight lines plotted for these temperatures were due to the external field, H. The evolution of the magnetic 
properties of the samples started with sample sintered at 900oC and could be seen from the plot where the 
increase of Ms value which contributed to the sigmoid shape plot in Fig. 8. The contribution of Ms was very 
significant as the sintering temperature increase and a distinct hysteresis loop formed. The Ms values can be 
related to the porosity and also density of the materials which can be expressed as follows: 
 
Ms = (1-P) δs d              (9) 
 
 where P is the porosity, d is density and δs = Ms(obs)/Ms (sat). Any increase in saturation magnetisation is 
clearly related to a decrease in porosity or increase in density, which means, reduction of porosity with sintering 
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temperature could cause Ms to be increased. This is in good agreement with the porosity and density values 
tabulated in Table 1.  
 The magnetic moment per unit formula in Bohr magnetons (μB) was calculated from saturation 
magnetization (Ms) of the hysteresis loops from Fig. 8 by using this equation (P.P. Hankare et al., 2009): 
 

݊஻ ൌ
ሺெ௢௟.ௐ௧.ሻൈሺெೞሻ

ହହ଼ହ
            (10) 

 
 Where, ݊஻ is magnetic moment, Ms is saturation magnetization and 5585 is magnetic factor. Considering 
the errors involved in the measurement of Ms, the uncertainty of the Ms values is about 12%. According to 
Gorter (1950), the largest possible magnetic moment for Ni0.5Zn0.5Fe2O4 is 5 Bohr magneton, suggesting that 
experimental values in this work are higher than Gother’s and we have corrected these values to match Gother’s 
values as can be seen in Table 2.  
 To further relate the magnetic properties of the materials, we look at the relative permeability of the 
samples which were extracted from the first quadrant of the hysteresis loop. Clearly seen in Fig. 10, two 
different shape of graphs were plotted where the straight line of which almost zero is for the materials sintered at 
500, 600, 700, 800 and 900oC. These straight lines are attributed to the low values of relative permeability and 
could also be related to the saturation magnetization. The contribution of M is almost zero and the effect of the 
external magnetic field plays the role for this materials. However, materials sintered at 1000, 1100, 1200, 1300 
and 1400oC shows a significant increase of relative permeability with sample sintered at 1200oC gives the 
highest value. The relative permeability was found to vary with sintering temperature where the increase of 
sintering temperature caused the increased of relative permeability. This can be attributed to the increase in 
density, grain size and lower porosity (J. Smith and H.P.J. Wijn, 1959). During grain growth process, pores 
become fewer and less impediment to domain wall movement that pins the wall. Higher density and grain size 
(the increasing trend could be seen in Fig. 4) against temperature provides greater grain-to-grain continuity in 
magnetic flux that leads to higher permeability. The defects of in-grain boundaries, local impurities and 
microstructure could be related to the appearance of the domains with opposite magnetization and for the 
pinning of domain walls,  
 

 
 
Fig. 10: Relative Permeability of Ni0.5Zn0.5Fe2O4 sintered at various sintering temperature 
 
Proposed Model for Microstructural Evolution of Magnetic Materials: 
 From the data of microstructural and magnetic properties of the materials, we proposed a model for the 
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with the initial stage of sintering (S. Sameshima et al., 2000) and the results of shrinkage and density 
measurements obtained are in good agreement with Sameshima et al., (2000), indicates the phenomenon of 
rearrangement of primary particles. As we know that solids are composed of atoms and it is reasonable to 
deduce that when it is magnetized, resulted in a net magnetic moment per atom. When the materials were 
alloyed making it into nanosized materials, two possibilities exist which are (i) is the materials is a 
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superparamagnetic materials or (ii) is it a single domain materials (Fig. 11 (a)). The small grains up to about a 
hundred angstrom are called as superparamagnetic and those which are few hundred angstroms are called as 
single domain (D.N. Bhosale et al., 1999). Daliya and Ruey (2007) mentioned that there is a certain limit for a 
particular material to exist as a superparamagnetic, which exceeding this limit, causing it to turn into single 
domain materials. In mechanical alloying, the process of fracture and cold welding causes the materials to be 
reduced in size, so when the physical size of a magnetized body is made smaller relative contribution of the 
domain boundary energy to the total energy increases. Eventually a point is reached where it is energetically 
unfavorable for a domain boundary to be formed. Daliya and Ruey (2007) later mentioned that the range for 
superparamagnetic is when the size of magnetic element scales below 20nm, the transformation from 
ferromagnetic to superparamagnetic behavior occurs. They mentioned that the state of superparamagnetic for 
materials, the room temperature thermal energy overcomes the magnetostatic energy well of the domain or the 
particle itself in zero hysteresis (Gorter, E.W., 1950). The mechanically alloyed sample in our study exhibits the 
size in the range of ~20nm. We could also say that although the particle itself is a single-domain ferromagnet, 
the ability of an individual magnetic “dot” to store magnetization orientation information is lost when its 
dimension is below a threshold. Consequently, the magnetic moments within a particle rotate rapidly in unison, 
exhibiting the superparamagnetic relation phenomenon (Fig 11(b)). 
 In the early process of sintering, necking phenomena of the materials would occur due to thermal energy 
supplied to a powder compact. When materials come from the particle surface to the neck (Fig. 11 (c)) the 
particles surface near the neck must recede from the original rounded surface. When this phenomenon, called 
under-cutting, occurs, the driving force for sintering is reduced (T. Nakamura and Y. Okaro, 1996). During the 
necking stage, the internal field formed within ferromagnet materials, Weiss domain theory postulated that 
combination of small field and causing a bigger magnetic field. This is because every magnetic moment has its 
own magnetic field which forces its neighbor to align parallel with it and resulted in larger magnetic field. The 
under-cutting phenomenon can be found in Fig. 3 (a),(b),(c) and (d). In polycrystalline materials, there is usually 
a randomly oriented array of small crystallites. This crystal orientation would influence the properties of 
magnetic moment of the materials. 
 

  
(a)  (b) 

 

  
(c)  (d) 

 
Fig. 11: proposed model for magnetic properties evolution 
 
 At higher sintering temperature above 1000oC, it is evidence that the relative permeability of the materials 
rises significantly and increasing with the grain size. This shows that the development of grain growth is parallel 
with the increasing of magnetic properties (Fig. 11(d)). This intermediate and final stage of sintering mechanism 
shows that grain growth of the materials affects the magnetic properties. The magnetic properties are due to the 
domain wall motion within the grain boundary. The evolution of microstructure of Ni0.5Zn0.5Fe2O4 as shown in 
Fig. 3 is parallel with the suggestion made by Sameshima et al., (S. Sameshima et al., 2000) mentioned that the 
dominants mechanism of densification process in the initial stage started with particle arrangement followed 
with lattice diffusion and later with grain boundary diffusion. At higher sintering temperature, the densification 
process involves grain growth with decreasing of porosity by mass transport through the lattice diffusion (S. 
Sameshima et al., 2000). 
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 Within the context of the above model, the B-H and morphological data of their work strongly suggest that 
the prerequisites to a strong magnetic order in the sample are a pure single phase, grains above a certain critical 
size and a sufficient number of such grains. The first appearance of the sigmoid B-H curve shape indicates that 
all these conditions have been satisfied. 
 
Conclusions: 
 The sintering temperature affects the microstructural of Ni0.5Zn0.5Fe2O4 that were initially mechanically 
alloyed to nanosized powders. The evolution of microstructure shows normal sintering mechanism as known to 
the ceramic world. Starting with particle arrangement, grain and lattice diffusion, necking process, grain 
boundary formation, decreasing of porosity and increasing of density. These changes affects the magnetic 
properties greatly and evidenced in the formation of hysteresis loop. The critical transformation of magnetic 
properties detected as early as 800oC which became obvious at 1000oC and increasing with the microstructure 
changes. The first appearance of the sigmoid-shape B-H curve corresponds to the first appearance of significant 
ferromagnetic order of the samples with single-phase purity and a sufficient number of grains beyond a critical 
size being the reasoning conditions for the appearance. Further work and detailed evolution of magnetic 
properties need to be carried out within this region. A proposed model for magnetic properties against sintering 
temperature is presented. 
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