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The effect of two-stage sintering of composition ceramics between (0.6)Mg,;Zn,;Fe,O, and (0.4)Ba, ;Sr;TiOs
on crystal structure, microstructure, electrical and magnetic properties was studied. Samples were sintered
using a two-stage sintering method with the first sintering temperature (T;) at 1350 °C with different holding
times for 30, 50 and 60 min and cooled down to the second sintering temperature (T,) with sintering tempera-
tures at 900 °C and 1100 °C for 5 h with heating/cooling rate at 10 °C/min. It was found that the densities and
shrinkage values tended to slightly increase with the length of holding times at T,. XRD patterns showed a com-
bination phase between Mg, ;Zn,;Fe,O, and Ba,;Sr(;TiO;. The crystallize size and lattice strain were calcu-
lated from XRD patterns and found to increase with T, sintering. EDX analysis was used to confirm the
elemental composition percentage of (0.6)MZF-(0.4)BST. Examination of the microstructure of composition
ceramics with SEM revealed grain sizes in the range of 0.852-1.877 pm; with, square shaped grains correspond-
ing to the Mg,,Zn,3Fe,O, phase and round oval shape corresponding with Ba,;Sr,;TiO; phase. Magnetic
behavior and dielectric constant are obviously increased with highly dense ceramics. Finally, the optimal condi-
tions of two stage sintering were obtained for the holding times of T, about 50-60 min and the second sintering
temperature of T, at 900 °C for 5 h.
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1. Introduction

Multiferroic materials with simultaneous ferromagnetic
and ferroelectric properties have attracted considerable
attention in the recent years. Considerable efforts have
been put into the multiferroics due to their potential uses
as sensors, transducers and actuators [1-3]. In multiferroic
materials, a dielectric polarization and a magnetic moment
can be induced by an external magnetic field. This
phenomenon is described as the magnetoelectric effect
[4]. However, the properties of multiferroic materials are
dependent on microstructure, densification, preparations
and sintering temperature. To date, two main groups of
multiferroic composite ceramics are available based on
the combination of ferromagnetic and ferroelectric ceramic
materials [5]. The synthesis of multiferroic materials with
simultaneous ferromagnetic properties has been the focus
of much research effort to study the ferromagnetic pro-
perties of Mgy ;Zn,3Fe,04 and ferroelectric properties of
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Bag;Sro3TiO; but studies have now shifted to explore
multiferroic composite materials [6, 7].

Rittidech er al. [8] investigated the synthesis and
characterization of (1-x) Mgy ;Zng3Fe,O4-(x)Bag 7St 5TiO;
ceramic composite with x ranging from 0.0 to 1.0 using
conventional sintering and they observed that the optimal
magneto-electric properties were obtained from highly
dense of ceramic composite by (0.6)Mgg;Zng3Fe,O4-
(0.4)Ba; ;Srp5TiO; system. Moreover, it was found that
the weight loss of ceramic composite during sintering
procedure is the result of sintering at high temperatures
for a long time, in consistent with the densification results.
The densification process is high relative to that for grain
growth, sample with finer grain microstructure can be
produced by high temperature, short-time firing cycles
[9]. Multiferroic materials with highly dense and fine
grain provide good electrical and magnetic properties
that are used for application in magneto-electric devices.
The cause of this phenomenon may be related with
specific area, which increased with the decrease of grain
size and low porosity [10]. The (0.6)Mgq;Zng3Fe;O4-
(0.4)Ba; 7S1p5TiO; system represents a good multiferroic

© 2020 Journal of Magnetics



~134-

materials with properties between ferroelectrics and ferro-
magnetic. Therefor, (0.6)Mg,,Zn,3Fe;04-(0.4)Bag 7Sr3TiO5
ceramic composite has received attention in improving
the properties from the preparation process.

The properties of materials are dependent on several
factors including the sintering temperature. Previous work
[8, 11] reported that the composite ceramics of ferroelectric
and ferromagnetic materials synthesized by conventional
sintering are probably due to some oxide loss impending
the sintering process. The occurrence of weight losses of
ceramics at high sintering temperature leads to low densi-
fication values. Considerable improvement in multiferroic
properties of fabricated ceramics have been observed.
Some investigators were able to fabricate dense ceramics
with better properties using other sintering method such
as hot pressing and spark plasma sintering, instead of
conventional methods [12]. The development of high-
density ceramic materials has been studied to considerably
improve their properties for high performance applications.
Two stage sintering methodologies are known: sintering
with thermal pretreatment at a high sintering temperature
for short holding times, followed by a second stage at
lower temperature for long holding times. In the more
recent approach reported by Chen and Wang [13] the
first-stage high temperature sintering step helps eliminate
supercritical pores while the second-stage low temperature
sintering step suppresses grain growth [14].

The aim of this research is to present the optimal condition
of two state sintering influence on (0.6)Mgg7Zn;3Fe,O4-
(0.4)Ba, 7Sry5TiO; ceramics properties such as crystalline
structure, microstructure, magnetic and electrical properties.
This two-step sintering method has been applied with
great success in obtaining dense ceramics with unique
fine microstructures.

2. Experimental

The (O.6)Mg0_7ZIl()'3F6204-(0.4)]330‘781'0‘3Ti03I (06)MZF—
(0.4)BST was synthesized by solid state reaction and a
two-step sintering method. The starting materials were
commercially available oxide powders of MgO, ZnO,
Fe,0;, BaCO;, SrCO, and TiO,. First, MZF powder was
prepared by MgO, ZnO and Fe,Os ball milling for 12 h
and calcined at 1100 °C for 2 h. Second, BST powder was
mixed with BaCOs;, SrCO, and TiO, for 12 h and then
dried in air. BST precursor powders were calcined at 1150
°C for 2 h. Finally, the (0.6)MZF-(0.4)BST powders were
mixed by weight percentage. The mixed powders were
pressed into disks with a diameter of 13 mm and the disks
were sintered by two-step sintering conditions. The
temperatures for the first step (T;) at 1350 °C for various
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holding times from 30, 50 and 60 min, while the temper-
atures for the second step (T,) from 900 °C (batch Al, A2
and A3) and 1100 °C (batch B1, B2 and B3). The heating
rate from room temperature to T, was 10 °C/min. The
cooling rate from T, to T, was 10 °C/min. The holding
times for the second step (T,) was 5 h. After sintering, the
apparent densities of the samples were measured using
the Archimedes method. Phase identification was then
performed using an X-ray diffractometer (XRD; Bruker
model D8 advance). Next, Rietveld refinement of the
XRD patterns of all samples was carried out by TOPAS
software. The micro structures were observed via scanning
electron microscopy (SEM, JEOL, JSM-840A, Japan).
The dielectric measurements with respect to frequency
were made using an automated measurement system, i.e.
an LCR meter (HP-4174A). The magnetic evaluation was
carried out at room temperature using Vibrating Sample
Magnetometer (In-house developed VSM).

3. Results and Discussion

The XRD pattern of (0.6)MZF-(0.4)BST ceramics
sintered with different two stage sintering conditions is
showed in Fig. 1. The characteristic peaks of MZF and
BST structure were formed. The main refraction of spinel
MZF in the pattern from planes (220), (311), (400), (511)
and (440) match well with JCPDS file no. 00-008-0234
[15, 16]. Likewise, the tetragonal perovskite phase of
BST could be indicated as (100), (110), (111), (002) and
(211) planes and indexed to the JCPDS file no. 89-0274
[17]. The ZnO phase appeared at 2-theta about 34° and
was clearly apparent in sample batch B. XRD patterns of
MZF and BST composite materials show the two main
phase combination similar to previous work conducted on
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Fig. 1. XRD patterns of (0.6)MZF-(0.4)BST ceramics under
two stage sintering conditions.
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Fig. 2. (a) Density and (b) Shrinkage of (0.6)MZF-(0.4)BST
ceramics under two stage sintering conditions.
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composite materials [18]. The densification and percentage
of shrinkage of ceramics sintered at various sintering
condition are given in Fig. 2. It is observed that at a
density of about 5.03-5.07 g/cm’ the percentage of shrink-
age values is between 13.37-15.57. The densification
values are compatible to percentage of shrinkage values
and tend to increase with lower sintering temperature of
T,. The high density of ceramics were achieved using
holding times of T, for 60 min and sintering temperature
of T, at 900 °C with holding time for 5 h. It was found
that (0.6)MZF-(0.4)BST ceramic samples prepared under
two stage sintering had higher density values than when
using conventional sintering reported by Rittidech ez al.
[8]. The average crystal size and lattice strain were
calculated using the Williamson-Hall method [19]. MZF
planes with (220), (311), (400) and BST planes with
(110), (111), (002) were selected to calculation. The crystal
sizes and lattice strain were obtained from average values
of bulk composite ceramics shown in Table 1. The
average crystal sizes and lattice strain of all samples were
observed to be in the ranges of 53.87-54.68 nm and
1.30 x 1073-3.52 x 1073, respectively. Full pattern matching
refinement of XRD patterns was performed using the
TOPAS program based on the Rietveld method to obtain
more detailed information on crystallographic spectra of
(0.6)MZF-(0.4)BST and selected samples with holding
times of T, for 60 min and sintering temperature of T, at
900 °C holding time for 5 h are shown as the XRD
refinement pattern in Fig. 3. The fitted patterns are in
good agreement with the respective experiment data,
denoted by R,,, Ry, and GOF factors listed in Table 1. The
lattice parameter of the MZF cubic spinel is showed to be
in the range of 8.414-8.416 A, while the BST tetragonal
phase is obtained tetragonality (c/a) in range of 1.00-
1.004 A. For higher values of T, sintering, an slight
increase in crystal size and lattice strain values was
obtained, which may be attributed to variation in the

Table 1. Rietveld refined structural parameters, profile R-factors, percentage of fraction phases, lattice strain and crystallize size of
(0.6)MZF-(0.4)BST ceramics under two stage sintering conditions.

Lattice Percentage Lattice parameter Percentage . .
Sample R-factor (%) parameter of structuregof of BST (A) structuregof Lattl'ce C'rystalhte
Rp  Rwp GOF  MZF(A) MZF(%) 4 < ca  BST(p T sweem
Al 14.72  19.05 1.18 8.415(6) 57.34 3.976(9) 3.990(9) 1.004 4223 1.30x107 51.00
A2 12.76  16.34 1.33 8.416(9) 56.05 3.979(1) 3.981(9) 1.001 42.01 1.68x1073 51.34
A3 12.57 16.09 1.22 8.414(8) 56.88 3.978(0) 3.988(4) 1.003 41.68 2.42x1073 53.72
Bl 12.59 16.02 1.40 8.415(4) 46.30 3.979(1) 3.980(8) 1.001 40.72 3.42x1073 54.25
B2 1511 1931 1.13 8.415(5) 44.99 3981(5) 3.982(9) 1.000 41.57 3.52x1073 54.68
B3 1518 19.20 1.29 8.415(7) 43.09 3.972(7) 3.989(2) 1.004 40.89 2.43x1073 53.87
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Fig. 3. Rietveld refinement of (0.6)MZF-(0.4)BST ceramics
under two stage sintering conditions of T; at 1350 °C for 60
min and T, at 900 °C for 5 h.

lattice parameter.

SEM micrographs of (0.6)MZF-(0.4)BST sample (A3)
are shown in the Fig. 4. It be observed that the combi-
nation of two phases between the ferroelectric (BST) and
ferrite (MZF) phase, had a spherical grain shape with
BST and an irregular grain shape with MZF, (Fig. 4,
arrow). This result was confirmed using EDX analysis as
shown in Fig. 5. Corresponding EDX analysis and
chemical compositions for (0.6)MZF-(0.4)BST ceramics
with different two stage sintering condition are revealed.
It is seen that the composition (at%) of Zn decreased
when using the second step sintering (T,) at 1100 °C,
supporting the presence of decreasing in densification
results. The dielectric constant (g,) was measured as
function of frequency for (0.6)MZF-(0.4)BST with various
two stage sintering conditions as shown in Fig. 6. The
dielectric constant decreased with increase in frequency
and remain constant at higher frequencies. The high
dielectric constant observed at lower frequencies is not
intrinsic, but rather associated with heterogeneous con-
duction in multiphase structure of composite [20]. The
dielectric constant values of (0.6)MZF-(0.4)BST ceramics
with different two stage sintering conditions were measured
at 25 °C as between 4.8 x 10° and 1.5 x 10* and the dense
ceramic causes an increase in the dielectric values. The
magnetic properties of the prepared samples have been
determined at room temperature using a vibrating sample
magnetometer (VSM) in an applied field ranging from
—10 to +10 kOe. The hysteresis curves showing the
variation of magnetization (M;, emu/g) as a function of
applied magnetic field (H, Oe) were plotted for (0.6)MZF-
(0.4)BST ceramics sintered using various two stage sintering
condition are shown in Fig. 7. The magnetic properties
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Fig. 4. SEM micrograph of (0.6)MZF-(0.4)BST ceramics
under two stage sintering.
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values such as saturation magnetization (M), remanent
magnetization (M;), the ratio of M/M; or squareness
factor and coercive force (H,) are reported in Table 2. It is
observed that sample from A batch showed higher M, and
H, values than B batch but not clearly different for M;
values. (0.6)MZF-(0.4)BST ceramics from B batch were
used sintering temperature of T, higher than A batch,
which at higher temperature of T, cause ZnO phase loss,
an important component of MZF ferrite phase, supporting

Table 2. Magnetic parameters of (0.6)MZF-(0.4)BST ceramics
under two stage sintering conditions.

Sample M, (emu/g) M, (emu/g) Hc (Oe) M/M;
Al 2.208 34.02 33.29 0.065
A2 2711 32.75 3441 0.083
A3 2.525 33.75 34.97 0.075
Bl 1.528 34.82 21.92 0.044
B2 1.605 33.66 21.91 0.048
B3 1.853 34.26 26.10 0.054
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5 h, (b) 1100 °C for 5 h.

the densification and EDX results. It is found that on
decreasing MZF ferrite phase structure fraction obtained
from XRD refinement result (in Table 1) remanent mag-
netization (M,), squareness factor and coercive force (H,)
decreases as presence of magnetic field. Although the
higher sintering temperature of T, affects the evaporation
of ZnO from MZF ferrite phase, it does not significantly

Fig. 5. EDX spectra of (0.6)MZF-(0.4)BST ceramics under two stage sintering conditions of T at 1350 °C and (a) T, at 900 °C for
h

influence the crystallize size and grain size of (0.6)MZF-
(0.4)BST ceramics. This result indicates that the saturation
magnetization (M) has a relation to the specific surface
area, which increases as the grain size decreases, in
agreement with other studies as Li ef al. [10], Pandey et
al. [21], and Gao et al. [22]. Therefor the saturation
magnetization (M) of two batch showed similar behavior
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Fig. 6. Frequency dependences of dielectrics properties of
(0.6)MZF-(0.4)BST ceramics under two stage sintering condi-
tions.
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Fig. 7. M-H curves of (0.6)MZF-(0.4)BST ceramics under two
stage sintering conditions.

due to the same molar ratio in composite materials. The
result shows the dependence of dense ceramics on M, and
H. values, which are obtained from the optimal short
holding times of T; and lower sintering temperature of T,
for long holding times. Moreover, it has been reported in
the literature [15] that magnetic properties decrease prob-
ably due to the ZnO secondary phase consistent with
XRD patterns results. The squareness factor which is
often referred as reduced magnetization whose value lies
between 0 and 1 and make the material for use in memory
devices [23]. When the values of squareness factor are
greater than or equal to 0.5, material reveals single mag-
netic domain while for values lower than 0.5 has a multi
domain structure [24]. In this research the squareness
factor lies values were obtained from 0.044 to 0.083,
therefor the prepared composites are very useful in
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memory device applications.

Finally, the optimal two stage sintering conditions is
established good electrical properties and magnetic pro-
perties and it can be found the first step sintering of T at
1350 °C using holding times between 50-60 min and the
second step sintering of T, at 900 °C for 5 h.

4. Conclusions

(0.6)MZF-(0.4)BST ceramics composites containing
ferrite and ferroelectric phase were prepared by conven-
tional methods under two stage sintering. The XRD
patterns of composites enabled phase identification of
ferrite and ferroelectric phase. Ceramic morphology were
exhibited different grain shapes between irregular (ferrite)
and spherical (ferroelectric) shape. Good electrical and
magnetic properties were obtained from dense ceramics
with short holding times of T, and lower sintering
temperature of T,.
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