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In this work, a systematic research is carried out to investigate the sintering kinetics of NiFe2O4 ceramic
obtained by slip casting and pressureless sintering. The sintering shrinkage behaviors showed the linear
shrinkage and linear shrinkage rate of the green body in the axial and radial directions, both increased with
increasing sintering temperature, though the maximum linear shrinkage rate in the radial direction was
acquired at a lower temperature (1280.7�C) than that in the axial direction (1305.4�C) for a denser
compact. The temperature related to the maximum densification rate was about 1316.5�C while the relative
density was around 72%. The characteristic sintering kinetics window exhibited that the sintering process
could be typically divided into three stages. The sintering activation energy of the initial stage was 268.34 kJ
mol21, and the initial stage of the sintering process was controlled by both grain boundary diffusion and
volume diffusion mechanisms. The grain growth kinetic analysis illustrated the grain growth exponent (n)
reduced from 2.959 to 2.169 when the sintering temperature increased from 1300 to 1375�C, while the
activation energy for grain growth decreased with both the increasing of sintering temperature and the
shortening of holding time. It implied that the atomic diffusion process controlled the grain growth. In
addition, it was observed that increases in the bending strength and elastic modulus reached its maximum
value of 70.36 ± 1.03 MPa and 3.44 ± 0.53 GPa, respectively, mainly associated with the relatively dense
microstructure.
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1. Introduction

NiFe2O4 is a typical mixed valence metal oxide with an
inverse spinel structure, where the tetrahedral sites are occupied
by Fe3+ cations, and the octahedral sites are equivalently
occupied by Fe3+ and Ni2+ cations (Ref 1-3). Due to the
superior and unique structure of this material, NiFe2O4 has
been widely applied in magnetic materials (Ref 4, 5), catalyst
(Ref 6, 7), high sensitive gas sensors (Ref 8, 9), microwave
devices (Ref 10), supercapacitors (Ref 11, 12) and high
temperature electrode material (Ref 13, 14). Production of
nickel ferrite bulk ceramics with high performances gained
increasing interests on account of the prospective applications.

It has been well-known that the microstructure (mainly
density and grain size) is an essential ingredient of ceramic
materials, therefore the microstructure plays a precedence role
in the properties of NiFe2O4 ceramics (Ref 15). In the process
of preparing ceramics by powder metallurgy, sintering is the
crucial stage that determines the final microstructure of the
dense NiFe2O4 ceramics because it masters the process of

morphological evolution at high temperature. Traditionally,
densification and grain growth are two competing processes in
sintering (Ref 16). The properties of polycrystalline materials
would be improved by higher density meanwhile being
degraded by the undesirable grain growth. It is uneasy to
control the sintering kinetics window for NiFe2O4 ceramics
because of the extreme difficulty in fulfilling complete
densification and restricting grain growth at the same time.

By reason of the low sintering rate of spinel (Ref 17), it is a
difficult task to eliminate the pores of ceramic materials,
especially for removing large pores derived from the forming
process. The sintering densification behavior is highly sensitive
to microstructure of the green compact, such as particle size,
pore size, agglomeration and homogeneity. The density and
microstructural homogeneity of the sintered ceramics can be
notably improved by homogeneity of green compact with high
density. Slip casting is colloidal and cost-effective method of
fabricating the homogeneous and defect-free green compact for
sintering process (Ref 18-21). Previous research showed that
higher density NiFe2O4 ceramics with better homogeneity can
be prepared by using slip casting when compared to cold
pressing (Ref 22). Also, the temperature associated to maxi-
mum linear shrinkage rate and the sintering activation energy of
the initial sintering stage of slip casted green body were both
lower than these of cold pressed compact, owing to high
density and homogeneity of the slip casted green body.
However, up to now, the detailed information about the
sintering densification and grain growth behaviors of NiFe2O4

ceramics obtained by slip casting and pressureless sintering has
not yet been reported. The intensive understanding of the
sintering mechanism is of vital importance for controlling the
densification process of the NiFe2O4 ceramics, and grain
growth kinetics, which was used to control the microstructural
features, e.g., shape, size and distribution of grains, could be
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optimized through deep insight into the grain growth rate and
growth mechanism. It is therefore essential to adjust the final
microstructure of the NiFe2O4 ceramics for the desired
performance through detailed understanding sintering kinetics
of NiFe2O4 ceramics.

The present investigation aimed to study sintering behaviors
of NiFe2O4 ceramic obtained by slip casting and pressureless
sintering. The characteristics of microstructure evolution and
the phenomenological analysis of grain growth kinetics during
sintering were emphatically studied to understand intensively
the sintering mechanism and optimize microstructural features.
Besides, mechanical properties of NiFe2O4 ceramics were also
partially investigated.

2. Experimental

2.1 Materials

Analytical reagents, namely ferrous sulfate heptahydrate
(FeSO4Æ7H2O, ‡ 99.0%), nickel sulfate hexahydrate (Ni-
SO4Æ6H2O, ‡ 98.5%), sodium chloride (NaCl, ‡ 99.5%),
sodium hydroxide (NaOH, ‡ 96.0%), nickel monoxide (NiO,
‡ 99.0%) and iron oxide (Fe2O3, ‡ 99.0%), were bought
from Sinopharm Chemical Reagent Co., Ltd., Shanghai, China.
An analytical nano-binder was purchased from Jiangsu
Jiuchuan Nanomaterials Technology Co., Ltd., Huaian, China.
The nano-binder, consisting mainly of SiO2, Al2Si4O10, Al2O3

and MgOÆAl2O3ÆSiO2, can also be defined as attapulgite clay
nanopowder.

Planetary ball-milling assisted solid-state reaction process
was employed to prepare NiFe2O4 nanoparticles (Ref 23).
Firstly, stoichiometric molar amounts of FeSO4Æ7H2O, Ni-
SO4Æ6H2O and NaOH with 20 wt.% NaCl as dispersant were
planetary ball-milled at room temperature to prepare precursors.
Then, the precursors were calcined at 750�C for 1 h and
washed away the inorganic salts to obtain pure NiFe2O4

nanoparticles.
NiFe2O4 powders were synthesized by high-temperature

solid-state reaction. The well-mixed stoichiometric NiO and
Fe2O3 powders were cold pressed under 60 MPa and then air-
calcined at 1200�C for 6 h to form NiFe2O4 bulk materials. The
sintered bulk matrix materials were crushed and screened to
obtain NiFe2O4 powders with particle sizes below 74 lm.

The mixtures of 82.5 wt.% NiFe2O4 powders, 12.5 wt.%
NiFe2O4 nanoparticles and 5 wt.% nano-binder were mixed on
a planetary miller (KWQ-X4B/B, Jinhong, China) with deion-
ized water as a solvent. The mixtures were ball-milled with a
revolution speed of 48 r/min and autorotation rate of 72 r/min
for 24 h to prepare the slurries with a solid content of 56 wt.%.
Characteristics of the raw materials of slurry, namely NiFe2O4

powder, NiFe2O4 nanoparticle and nano-binder, are listed in
Table 1.

The as-prepared slurry was directly slip casted into plaster
molds for the production of U10 9 15 mm cylinders at room
temperature. The cast solids were taken away from the mold
and naturally dried. The dried green bodies were finally
calcined in a self-made high-temperature sintering furnace with
the maximum sintering temperature of 1600�C under air
atmosphere. The calcination parameters, such as temperature,
heating rate and dwell time, would be presented in subsequent
studies.

2.2 Characterization

The densification behaviors of the green compacts were
measured with a horizontal dilatometer (DIL 402 PC, Netzsch,
Germany). The relative density of sintered samples was
measured according to the Archimedes principle using distilled
water as medium. The bending strength was determined by a
three-point method using an electronic universal testing
machine (4206-006, Instron, USA) at ambient temperature
with a compression speed of 0.5 mm/min. The microstructure
of the sintered samples was examined by means of field
emission scanning electron microscopy (FESEM; Ultra Plus,
Zeiss, Germany). The SEM micrographs of the polished and
etched samples were elaborated by the Image-Pro Plus software
and more than 300 grains were selected to determine grain
sizes.

3. Results and Discussion

3.1 Sintering Densification Behavior

The linear shrinkage during sintering can reflect the
sintering densification process and the variation tendency of
relative density of sintered materials to some extent. Figure 1
shows the linear shrinkage (DL/L0) and linear shrinkage rate
(d(DL/L0)/dt) of the NiFe2O4 ceramic green body from ambient
temperature to 1500�C during sintering at a constant heating
rate of 5�C/min. The linear shrinkage and linear shrinkage rate
of the green bodies in the axial and radial directions exhibited
very similar trends, although the maximums were somewhat
different. The maximum linear shrinkage of the green body in
the radial direction was a bit lower than that in the axial
direction, whereas the maximum linear shrinkage rate in the
radial direction was slightly higher than that in the axial
direction. Moreover, the temperature related to the maximum
linear shrinkage rate in the radial direction was 1280.7�C,
which was lower than that in the axial direction (1305.4�C).
The green body was denser along the radial direction than
along the axial direction, owing to the obvious hygroscopicity

Table 1 Characteristics of the raw materials of slurry

Materials Particle size (D50), lm Morphology

NiFe2O4 powder 28.574 ± 1.662 Multishaped
NiFe2O4 nanoparticle 0.061 ± 0.019 Spherical and polyhedral
Nano-binder 0.074 ± 0.023 Needle whisker
Slurry 9.300 ± 0.840 …
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of porous plaster mold. The linear shrinkages were less than
2.5% in both directions when the temperature was lower than
1100�C, implying inconspicuous densification. When the
preform sintering temperature was increased from 1100 to
1400�C, the linear shrinkages in both directions increased
gradually. There was little effect of sintering temperature on the
densification when the temperature was over 1400�C for the
insignificant further linear shrinkage. The linear shrinkage
rates, exhibited broad peaks for both the axial and radial
directions between 1200 and 1400�C, with maximum at
approximately 1300�C.

The relative density of the sintered specimen can be
calculated from the linear shrinkage during sintering as follow
(Ref 24):

q ¼ q1
q0 1� DL=L0ð ÞR
� �

1� DL=L0ð ÞA
� �2 ðEq 1Þ

where q is the relative density of the sintered specimen; q1 is
the bulk density of the green body (calculated by measuring the
volume and mass of the green body, 2.59 g cm�3); q0 is the
theoretical density of the green body (estimated using the rule
of mixture, 5.21 g cm�3), and DL=L0ð ÞR and DL=L0ð ÞA are the
linear shrinkage of the green body in the radial and axial
directions, respectively. The sintering temperatures were
selected between 1150 to 1450�C because sintering shrinkage
was negligible below 1150�C and above 1450�C.

Figure 2 shows the relative density and densification rate in
the sintering temperatures of 1150-1450�C. The instantaneous
relative density was calculated using formula (1). To determine
the effect of sintering temperature on the microstructure
evolution, the NiFe2O4 ceramic green bodies were sintered at
5�C/min from room temperature to 1250, 1300, 1350, 1400 and
1450�C, respectively, with 3 min holding at the peak temper-
ature. The fracture morphologies of the samples were charac-
terized by FESEM, and the relative densities were tested using
the Archimedes method. The relative density averages of five
samples were shown in Fig. 2(a) by red solid squares. The
obtained relative density values differed slightly from those
obtained using formula (1); the maximum difference was only
2.19% at 1400�C, indicating that the accuracy and reliability of
these two methods of calculating the relative density were
acceptable. The densification was relatively low at the temper-

atures below 1250�C for the small increase of relative density.
At the temperature of 1250�C, as shown in the insets of
Fig. 2(a), a mass of open pores existed in the ceramic material,
and the grains mainly retained their original morphology. As
the sintering temperature increased, the SEM images revealed
the growth of a sintering neck, in which the interparticle
distance became shorter, and the grain boundary bonding
strength became higher. As a result, the grain size increased,
and the porosity decreased. The maximum relative density was
obtained at 1400�C, and then the density improvement can be
negligible with further increase in temperature. When the
temperature was above 1400�C, the grain growth predominated
in the competition of densification and grain growth. When the
temperature was 1450�C, the interfacial bonding strength was
so considerably high that transgranular fracture occurred.
However, the relative density of the sample sintered at
1450�C, obtained from Archimedes method, was slightly lower
than that of the sample sintered at 1400�C, on account of the
formation of intracrystalline pores at higher temperature. The
sintering densification rate was enhanced for the higher
sintering activity at elevated temperature. Some pores were
not filled completely during grain boundary migration and
partially existed in newly generated grains. So the intracrys-
talline pores were formed.

As presented in Fig. 2(b), densification rate (dq/dT) first
increased and then decreased with increasing temperature, and
the maximum densification rate was obtained at about
1316.5�C, which was both higher than that of the maximum
linear shrinkage rate in the radial and axial directions. The
densification rate (dq/dt) versus relative density was exhibited
in Fig. 2(c). When the relative density was around 72%, the
highest densification rate (dq/dt) was achieved.

The pressureless sintering kinetics window was shown in
Fig. 3. According to the literatures (Ref 25, 26), the sintering
process could be principally divided into three stages: (I) the
initial stage (relative density < 59.14%, < 1275�C): the rel-
ative linear shrinkage was not more than 5%, and the grain
growth did not obviously occur. Particle rearrangement con-
trolled this stage, and the density increased mainly for the close
packing of the particles, including grain sliding and rotation.
(II): the intermediate stage (relative density between 59.14 and
88.78%, 1275-1375�C): the grains were beginning to grow and

Fig. 1 Linear shrinkage (a) and linear shrinkage rate (b) of the NiFe2O4 ceramic green body in the axial and radial directions sintered at a
heating rate of 5�C/min
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the relative density increased distinctly. The cooperation of
particle rearrangement and increased interfacial atomic diffu-
sion from higher temperature were the mainly effective factors
to dominate densification process. (III): the final stage (relative
density > 88.78%, > 1375�C): the grain growth became
absolutely dominant while the densification was entirely
dominated by interfacial atomic diffusion. There were only
closed pores remained in the sintered ceramics while open
pores were completely eliminated. The above-mentioned
sintering kinetics window analysis was in keeping with the
microstructure evolution, mainly shown in the insets of
Fig. 2(a).

The introduction of nanopowder not only can improve the
slurry stability, but also can influence the consolidation process.
The initial sintering stage is particularly important in high
density nanocomposites manufacturing for the densification in
the initial stage can be accelerated for the high specific surface
area (Ref 27). Hence, it is extremely significant to investigate
the densification mechanism for the initial sintering stage.

Fig. 2 Temperature dependence of relative density (a) and densification rate (dq/dT) (b), densification rate (dq/dt) as a function of relative
density (c) of NiFe2O4 green compacts during sintering

Fig. 3 Sintering kinetics window of NiFe2O4 ceramic by
pressureless sintering
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Based on the researches of Bannister (Ref 28), Keski and Cutler
(Ref 29) and Woolfrey and Bannister (Ref 30), the linear
shrinkage of initial stage was utilized to calculate the sintering
activation energy of initial stage. The specific calculation
processes were presented in our previous research (Ref 22, 31).
Firstly, three heating rates, C, namely 5, 10 and 20�C/min, were
adopted to plot the curve of ln(4L/L0)T against lnC. The linear
fitting slope of ln(4L/L0)T against lnC, was equal to � 1/
(m + 1), and the exponent m can be obtained. Secondly, linear
fitting slope of ln[(4L/L0)/T] versus 1/T was used to obtain
sintering activation energy of initial stage (Q), where the slope
was equal to � Q

ðmþ1ÞR. The exponent m and sintering activation
energy of initial stage were 1.406 and 268.34 kJ mol�1,
respectively, which were both mildly lower than these for high
density NiFe2O4 ceramics consisted of 10 wt.% NiFe2O4

nanoparticles and 5 wt.% nano-binder, whose values were
1.506 and 295.11 kJ mol�1 (Ref 31). Under the same synthesis
conditions, more NiFe2O4 nanoparticles were conducive to
improve the sintering activity; as a result, the sintering
activation energy was slightly decreased. According to the
suggestion by Bannister (Ref 28), the densification controlling
mechanism can be dominated according to the exponent m,
where m = 0, 1 and 2 for viscous flow, volume diffusion and
grain boundary diffusion, respectively. It can be derived that
the initial stage of sintering process was controlled by both
volume diffusion and grain boundary diffusion mechanisms for
m = 1.406. More NiFe2O4 nanoparticles in the NiFe2O4 green
body would be beneficial to heighten the atomic diffusion
capacity and shorten the atomic diffusion path, therefore, the
mass transport would be preferred by volume diffusion.

3.2 Grain Growth Kinetics

In order to make out the grain coarsening mechanisms, it
was necessary to make great efforts on the grain growth kinetic
analysis. Grain growth depends on sintering temperature and
time, and the phenomenological grain growth kinetics can be
articulated as (Ref 32).

Gn � Gn
0 ¼ K0 � t � exp � Q

RT

� �
ðEq 2Þ

where G is the average grain size at sintering time t, G0 is the
initial grain size, n is denoted as the value of kinetic grain
growth exponent, Q is defined as apparent activation energy for
grain growth, K0 is a pre-exponential constant, R is the ideal gas
constant, and T is the absolute temperature, respectively. In this
study, the initial grain size G0 was about 328 nm according to
the SEM of green body (not shown). The average grain size G
of sintered sample was more than 3.393 lm, which was at least
one order of magnitude more than G0. So the G0 was
considerably smaller than G, G0

n can be neglected relative to
Gn (i.e., Gn� G0

n, n > 1). Consequently, Eq 2 can be
simplified as:

Gn ¼ K0 � t � exp � Q
RT

� �
ðEq 3Þ

Taking natural logarithm on both sides, Eq 3 can be
modified as:

lnG ¼ 1
n
ln t þ 1

n
K0 �

Q
nR

1
T

ðEq 4Þ

The n value in Eq 4 can be calculated by the slope of
lnG � lnt curve. As the value of n is known, the Q value can be
calculated by the slope of the lnG � T�1 curve. Faster grain
growth rates can be deduced according to smaller n and Q
values (Ref 33).

Firstly, the grain growth exponent (n) at different temper-
atures would be calculated from the reciprocal of the slope of
lnG versus lnt plot. Figure 4 illustrates the linear fitted curves
of lnG � lnt for NiFe2O4 ceramics sintered at different
temperatures. The calculated n values are listed in Table 2.
The related correlation coefficients (R2, shown in Fig. 4) were
quite high (0.979-0.988), indicating the data were stable and
reliable. As shown in Table 2, it indicated that the value of n
reduced with the increasing sintering temperature, in accor-
dance with the acceleration of grain growth at high temperature.
With the increase of temperature, the grain growth rates were
accelerated obviously, that is to say, the curves were displaced
upward to the larger grain sizes. It was found that the sintering
of NiFe2O4 ceramic did not exhibit a parabolic grain growth for
the n was larger than 2, i.e., between 2 and 3. However, the n
approached gradually to 2 as the sintering temperature
increased, implying a normal grain growth at high temperature
(Ref 34). The reason to explain this phenomenon was that the
diffusion rate was forcefully enhanced by the increasing
temperature. Despite the addition of NiFe2O4 nanoparticles
and nano-binder, no liquid phase would form during sintering
at these temperatures. In the solid-phase sintering process,
material migration depends mainly on the atomic diffusion
between solid-phase particles. The atomic self-diffusion (con-
sisting of volume diffusion, grain boundary diffusion and
surface diffusion) coefficient D can be expressed as (Ref 35).

D ¼ D0 exp �DQ
RT

� �
ðEq 5Þ

where D0 is a constant, and DQ is the self-diffusion activation
energy. According to formula (5), the atomic self-diffusion
coefficient D increases exponentially with sintering tempera-
ture. Thus, the grain grew notably. As a result, the higher the
sintering temperature, the lower the grain growth exponent (n)
was.

Fig. 4 The linear fitted curves of lnG � lnt of NiFe2O4 ceramics
sintered at different temperatures
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Secondly, the activation energy for grain growth in NiFe2O4

ceramic was calculated according to the relation between lnG
and inverse temperature (104/T). Figure 5 shows the effects of
sintering temperature on grain size on a logarithm plot for
different holding times. The slope of the line, calculated by the
regression analysis technique, was used to calculate the
activation energy on the basis of Eq 4. The estimated values
and variation tendencies of activation energy for grain growth
were displayed in Fig. 6. As you can see from the figure, the
activation energy for grain growth increased with the decrease
of sintering temperature when the holding time was constant,

and increased with the extended holding time at the same
sintering temperature. These variation tendencies were in
accord with the confirmation by Wang et al. (Ref 36). The
effect of sintering temperature on exponent n and correspond-
ing activation energy for grain growth was consistent with that
of grain size. In this work, the activation energy for grain
growth only depended on the sintering temperature and holding
time for the same green composition. With increasing temper-
ature of sintering, more activated molecules were generated,
therefore greater driving force for grain growth was available.
As a result, the activation energy for grain growth decreased
since the grains grew obviously. When the holding time was
relatively short, most grains kept the original state with
relatively smaller grain size. Hence, there were more residual
defects, originated from the ball-milling process for preparing
slurry, existent in lattice. The diffusion rate of atoms in
defective crystals was higher than that in intact crystal, so the
activation energy for grain growth was comparatively small.
The lattice evolution tended to come complete, and the gains
grew up obviously as the holding time increased continuously.
As a consequence, the surface activity would be exhausted
distinctly for the reduced defects. Moreover, the NiFe2O4

would be partly decomposed to NiO and Fe2O3 during the high
temperature sintering process, and the nano-binder would react
with Fe2O3 to generate new spinel phases, i.e., MgFeAlO4,
MgFe2O4 and Fe2SiO4 (Ref 22). When the holding time was
short, the formation of new spinel phases would promote
atomic diffusion. With the increase of holding time, the
existence of newly formed spinel acted as barrier to hinder the
grain boundary movement. The grain growth resistance
increased prominently, so the activation energy for grain
growth would be increased (Ref 37). In this research, the higher
the sintering temperature, the lower the activation energy for
grain growth was. In consequence, it was implied that the grain
growth process was dominated by atomic diffusion.

3.3 Mechanical Properties

The stress–strain curves of NiFe2O4 ceramics sintered at
various temperatures for 6 h were illustrated in Fig. 7. The
stress–strain curves were obtained by means of three-point

Table 2 Calculated grain growth exponent values (n) at
different temperatures

Temperature, �C 1300 1325 1350 1375

n 2.959 2.740 2.451 2.169

Fig. 5 Relationship curves between lgG and T�1 of NiFe2O4

ceramics for different holding time

Fig. 6 Effects of sintering temperature and holding time on
activation energies for grain growth

Fig. 7 Stress-strain curves of NiFe2O4 ceramics sintered at different
temperatures
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bending test. It was obvious that all the stress–strain curves
were alike, exhibiting typical brittle material characteristics.
The ceramics will be fractured instantaneously without obvious
plastic deformation when the critical load reached. The bending
strength and elastic modulus values of NiFe2O4 ceramics
sintered at different temperatures were indicated in Table 3. As
shown in Table 3, both the bending strength and elastic
modulus presented a clear ascending trend with increasing
sintering temperature, despite the variation of elastic modulus
was comparatively small. The SEM images of fracture surfaces
of samples sintered at various temperatures for 6 h were
exhibited in Fig. 8. The grain sizes and relative densities of the
specimens sintered at different temperatures were illustrated in
Table 3. As shown in Fig. 8(a), the grains grew on a relatively
small scale at 1300�C. The intergranular interspaces were
larger, and the grain boundary bonding strengths were lower.
With increased sintering temperature, the micropores were
sustainedly eliminated as a result of gradual grain growth and
close combination of grains. When the sintering temperature
was 1350�C, the relative density increased to 98.94%, and the

grains sequentially grew, resulting in large grains and low
porosity. As the temperature increased to 1375�C, the grains
grew further and packed more closely, even though the relative
density decreased slightly owing to the formation of intracrys-
talline pores for the enhanced sintering densification rate. As
shown in Fig. 8, as the sintering temperature increased, the
grains combined more closely, and pores became less and
smaller, i.e., the porosity and pore size (defect size) decreased,
which leaded to an increase in the stress value that the material
can withstand without cracking. Additionally, transcrystalline
fracture for larger grains consumed more energy in this
condition. As a consequence, the bending strength of the
sintered NiFe2O4 ceramics was clearly enhanced. The elastic
modulus is sensitive to the porosity of the sintered NiFe2O4

ceramics and is inversely proportional to porosity (Ref 38). The
larger the porosity is, the smaller the elastic modulus is. The
increase of elastic modulus was mainly attributed to the
relatively dense microstructure. More effects should be taken to
analyze and verify the strengthening mechanism of the sintered
NiFe2O4 ceramics.

Table 3 Mechanical properties of NiFe2O4 ceramics sintered at different temperatures

Temperature, �C Grain size, lm Relative density, % Bending strength, MPa Elastic modulus, GPa

1300 5.06 ± 0.36 95.23 ± 0.32 35.42 ± 1.12 2.95 ± 0.42
1325 6.05 ± 0.49 97.08 ± 0.21 50.83 ± 1.15 3.11 ± 0.46
1350 7.33 ± 0.65 98.99 ± 0.11 65.28 ± 0.90 3.26 ± 0.45
1375 9.30 ± 0.84 98.21 ± 0.18 70.36 ± 1.03 3.44 ± 0.53

Fig. 8 SEM images of fracture surfaces of NiFe2O4 ceramics sintered at different temperatures for 6 h: (a) 1300�C, (b) 1325�C, (c) 1350�C,
(d) 1375�C
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4. Conclusion

Slip casting and pressureless sintering was adopted to
fabricate NiFe2O4 ceramic. The green bodies showed obvious
sintering shrinkage above 1100�C. With increasing sintering
temperature, the linear shrinkage and linear shrinkage rate of
the green body in the axial and radial directions increased
simultaneously. The maximum densification rate was obtained
at about 1316.5�C while the relative density was around 72%.
The pressureless sintering kinetics window exhibited that the
sintering process was divided into three stages, i.e., the initial
stage, the intermediate stage and the final stage. The activation
energy of initial sintering stage was 268.34 kJÆmol�1, and the
initial stage of sintering process was dominated by both grain
boundary diffusion and volume diffusion mechanisms. The
kinetic analysis of grain growth illustrated the grain growth
exponent (n) reduced with increased sintering temperature,
while the activation energy for grain growth decreased with the
elevated sintering temperature and the shortening of the holding
time. The minimum values of n and activation energy for grain
growth were 2.169 and 314.89 kJÆmol�1, respectively, when
the sample was sintered at 1375�C for 120 min. It implied that
the atomic diffusion process controlled the grain growth. The
bending strength and elastic modulus increased from
35.42 ± 1.12 MPa and 2.95 ± 0.42 GPa to
70.36 ± 1.03 MPa and 3.44 ± 0.53 GPa, respectively, with
the increase of sintering temperature from 1300 to 1375�C. The
increases of bending strength and elastic modulus were mainly
associated with the relatively dense microstructure.
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