Journal of Alloys and Compounds 510 (2012) 87-91

Contents lists available at SciVerse ScienceDirect

Journal of

ALLOYS
AND COMPOUNDS

Journal of Alloys and Compounds

journal homepage: www.elsevier.com/locate/jallcom

Influence of MnO, on the sintering behavior and magnetic properties
of NiFe,0O4 ferrite ceramics

Jinjing Du*, Yihan Liu, Guangchun Yao, Xiuli Long, Guoyin Zu, Jia Ma

School of Materials and Metallurgy, Northeastern University, Shenyang, China

ARTICLE INFO ABSTRACT

Article history:

Received 20 June 2011

Accepted 26 August 2011
Available online 6 September 2011

The samples with small amounts of MnO; (0, 0.5, 1.0, 1.5, 2.0, and 2.5 wt%, respectively) were prepared via
ball-milling process and two-step sintering process from commercial powders (i.e. Fe;03, NiO and MnO,).
Microstructural features, phase transformation, sintering behavior and magnetic properties of Mn-doped
NiFe,04 composite ceramics have been investigated by means of scanning electron microscopy (SEM),
differential thermal analyzer, X-ray diffraction (XRD), thermal dilatometer and vibrating sample magne-
tometer (VSM) respectively. The XRD analysis and the result of differential thermal analysis indicate that
the reduction of MnO, into Mn,03 and the following reduction of Mn;03 into MnO existed in sintering
process. No new phases are detected in the ceramic matrix, the crystalline structure of the ceramic matrix
is still NiFe;04 spinel structure. Morphology and the detecting result of thermal dilatometer show that
MnO; can promote the sintering process, the temperature for 1 wt% MnO,-doped samples to reach the
maximum shrinkage rate is 59 °C lower than that of un-doped samples. For 1 wt% MnO,-doped sam-
ples, the value of the saturation magnetization (M;) and coercivity (H.) is 15.673 emu/g and 48.316 Oe
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1. Introduction

Spinel ferrites with general chemical formulae M2*0*M;3*03
(where M%* = Mg, Mn, Fe, Co, Cu, Zn, Ni and M3* =In, Al, V, Cr, Mn,
Fe) attracted many researchers because of their versatile practical
applications [1,2]. Nickel-ferrite (NiFe;04) is a cubic ferromagnetic
material. It has an inverse spinel structure with Ni2* ions occupy-
ing the octahedral B-sites and Fe3* ions occupying both tetrahedral
A-sites and octahedral B-sites. Its ferromagnetism originates from
magnetic moment of anti-parallel spins between Fe3* ions at tetra-
hedral sites and Ni%* ions at octahedral sites [3-5]. The cubic inverse
spinel structure provides a better chemical stability in the molten
cryolite-alumina bath [6-8]. So nickel ferrite (NiFe;O4) can be used
as a promising candidate for green inert anodes. It can produce
environment-friendly O, gas during electrolysis instead of green-
house gases [9]. Simultaneously, as a semiconductor, nickel ferrite
(NiFe;04) has attracted considerable attention in the field of tech-
nological application in a wide range of frequencies extending from
microwave to radio frequency. These characteristics mentioned
above are strongly dependent upon several factors such as chem-
ical composition, method of preparation, stoichiometry, sintering
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time and temperature, sintering atmosphere and substitution of
different ions, etc. [8].

Many efforts have been made to improve the basic properties
of ferrites by substituting or adding various ions with different
valence states. Generally, the substitution and dopant introduced
into the nickel ferrite (NiFe;04) matrix may result in the mod-
ification of their structural, mechanical, electrical and magnetic
properties [10,11]. A minor additive in a host material also can
greatly change the nature and concentration of defects, which can
affect the kinetics of grain growth, grain boundary motion, pore
mobility and pore removal [12]. Therefore it was the aim of this
work to study the influence of MnO, dopant on the microstruc-
ture, promoting sintering mechanism and magnetic properties of
NiFe, 04 ferrite ceramics.

2. Experimental procedure
2.1. Synthesis

Samples of NiFe,04 composite ceramics, doped with different amounts of MnO;
additive (i.e. x=0, 0.5, 1.0, 1.5, 2.0, 2.5 wt%, respectively), were made from a mix-
ture of NiO and Fe,03; powder. The molar ratio of NiO to Fe;03 was 1.87:1. The
ceramic bodies were fabricated from high purity reagents [Fe,03: 99.3% (Xincheng,
China); NiO: 99.98% (Guoyao, China); MnO,: 97.5% (Guoyao, China)]. Raw materials
(NiO powder and Fe,03 powder) were ground in distilled water via a ball-milling
process using polypropylene jars with yttria-stabilized zirconia balls for 24 h and
dried. Then the mixtures were ground with 4 vol% polyvinyl alcohol (PVA) binder
and pressed at 160 MPa into blocks (70 mm x 15 mm x 8 mm) using a stainless steel
die. The blocks were calcined in air at 1000°C for 6h to produce NiFe;O4 spinel
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Fig. 1. SEM micrographs of the ceramic samples: (a) x=0wt% (i.e. without MnO; additive); (b) x=0.5wt%; (c) x=1.0wt%; (d) x=2.5 wt%.

matrix material. The calcined matrix products were crushed and ball-milled with
different amounts of MnO, for another 24 h with distilled water as dispersant, and
then dried thoroughly. Adding 4 vol% PVA binders, the dried mixture was fabri-
cated into 70 mm x 15 mm x 8 mm blocks by cold pressing at a pressure of 200 Mpa,
pressure holding time 5 min.

2.2. Sintering experiment

Sintering studies for the green blocks (& 8.5 mm x 9.5 mm) were performed in
airin a vertical dilatometer (SETSYS18 EV-24, France). The dilatometer allowed con-
tinuous monitoring of axial shrinkage. During the sintering experiment, the samples
were heated at a constant rate (say, 10Kmin~") to a desired temperature and then
cooled down to ambient temperature.

2.3. Characterization

Fracture surface of sintered samples was characterized using scanning electron
microscope (SEM) (SSX-550, Japan). The crystalline phases of the prepared samples
were identified by a D/max 2RB X-ray diffractometer (Japan) with Cu Ka radiation,
pip voltage 40 kV and current 100 mA.

The measurements for sintered samples of magnetic properties like saturation
magnetization and coercivity were carried out in a vibrating sample magnetometer
(VSM, Lakeshore 7400) at room temperature.

3. Results and discussion
3.1. Microstructure and phase identification

Selected microstructures of un-doped, 0.5, 1.0 and 2.5wt%
MnO,-doped inairat 1200 °C for 6 h are shown in Fig. 1. Asis seenin
Fig. 1a, the un-doped ceramic samples have a looser structure and
the grain size is about 2-4 wm. The relative density is about 90.84%.
When 0.5 wt% MnO, was added, apparent sintering trajectories can
be detected in the samples, as shown in Fig. 1b. It is also interesting
to note that solid-solution phenomenon happened in 1 wt% MnO,-
doped samples. Moreover the grain size is smaller than that shown
in Fig. 1a and b. And the relative density is greater than ~93.65%.

However, when the content of MnO, is up to 2.5 wt¥%, the distri-
bution of particle size is not uniform in the sintered samples, local
positions are riddled with pores and the structure is not as dense
as that of 1 wt% MnO,-doped samples sintered at the same condi-
tion. It has a lower relative density ~92.61. This result suggests Mn
doping can enhance the densification in comparison with un-doped
samples. In the doping level ranging from 0 wt% to 1.0 wt%, Mn con-
tent has an obvious influence on the densification behavior. When
the content more than 1.0 wt% (say, 2.5 wt% in this paper), it goes
against the microstructure and densification. It may be attributed
to the excessive Mn content, which exceeds its solubility in the
NiFe, 04 ceramic matrix. This could result in that the dopant accu-
mulates at the boundaries and increase diffusion activation energy,
which is unfavorable for sintering process.

In order to identify the phases in sintered samples, a phase
analysis using X-ray diffraction patterns (XRD) was performed to
confirm the formation of single-phase cubic spinel ferrites and all
the samples demonstrate the high crystalline structure, as shown in
Fig. 2. The samples show all the characteristic peaks of ferrite mate-
rial with most intense peak (31 1), which confirms the formation
of cubic spinel structure (Fig. 1) The results obtained by XRD anal-
ysis indicate that no new phases formed in the sintered samples
with the introduction of MnO, into ceramic matrix. It may be con-
tributed to the entrance of Mn ions into the lattice of NiFe;04. The
calculated lattice constants for un-doped and 1 wt% MnO, doped
samples are 8.31A and 8.34A. This increase of lattice parameter
with Mn ions leads to the difference in ionic sizes of the compo-
nent ions. According to the SEM micrographs in Fig. 1, it is known
that the lattice distortion caused by introduction of Mn ions into
the ceramic matrix is beneficial for sintering.

In addition, differential scanning calorimetry (DSC) was also
applied to further analyze the phase evolution. The results from
DTA curve for samples doped with 2 wt% MnO,, as shown in Fig. 3,
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Fig. 2. XRD patterns of samples with different amounts of MnO,.

indicate that there are three exothermal peaks on the DTA curve at
596.1°C, 917.7°C and 1158.4°C, respectively. It is somewhat dif-
ferent from MnO,-CeO, system [13]. Zhang et al. [14] found that
three peaks occurred at 650 °C, 1000°C and 1200 °C, respectively.
They attributed the first peak to the reduction of MnO, to Mn,03
and the following two peaks to the reduction of Mn;03 into MnO.
For our case, it seems that the reduction of MnO, follows the same
way through three steps, although the decomposition temperature
of each step is lower than that in their case, i.e.

2MI1025EE:CMI1203 + %02 T‘ (1)
Mn, 05”722 xMnO + (1 — x)Mn,05 + %xo2 1 2)
(1 —x)Mny03' 222" 2(1 - x)MnO + %(1 —x)03 1 (3)

It can be seen that when sintering temperature is higher than
1158.4°C, Mn element exists in the state of Mn%* and Mn3* (i.e. MnO
and Mn,03) in the NiFe, 04 spinel lattice. This is in good agreement
with the results from XRD analysis in Fig. 2.

Nickel ferrite (NiFe,04) is a cubic ferromagnetic material which
has an inverse spinel structure with Ni2* ions occupying the octa-
hedral B-sites and Fe3* ions occupying both tetrahedral A-sites and
octahedral B-sites. For Ni2* ions preferring to occupy the octahedral
B-sites, Mn2* ions have the preference to occupy the A-sites, and
Mn?3* ions have the preference to occupy the B-sites. This has been
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Fig. 3. DSC curve of the sample with 2 wt% MnO, additive.
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Fig. 4. Shrinkage rate against sintering temperature for @ undoped sample, @
0.5wt%, ® 1 wt% and @ 2.5 wt% MnO,-doped ceramic samples sintered at a heating
rate of 10 Kmin~'.

proved in the spinel structure by Bonsdor et al. [14,15]. Fe3* ions in
A-sites are mainly substituted by Mn2* ions. Assume all Ni%* ions
occupying the octahedral B-sites, the cation distribution formula of
nickel ferrite (NiFe,04) doped with MnO, is represented by:

(]V[notxz+l:e1—om3Jr )[Niz+Mn(l—a)x3+Fel+(2a—1 )x3Jr ]042+~

3.2. Non-isothermal sintering process

The linear shrinkage (AL/Ly) of un-doped and MnO,-doped
ceramic samples sintered at a constant heating rate of 10 Kmin~!
is shown in Fig. 4. The addition of MnO, shifts the onset of sintering
towards lower temperatures from ~1125 °C for un-doped samples
to ~1068 °C for 1 wt% MnO,-doped ceramic samples.

Fig. 4 shows the linear shrinkage rate (d(AL/Lp)/dt) as a func-
tion of temperature for different MnO, content; there is an obvious
decrease in the temperature of maximum shrinkage rate (Tmax ). For
example, the temperature of maximum shrinkage rate decreases
from 1290°C for un-doped samples to 1221°C for 1 wt% MnO,-
doped samples. The difference in the values of Thax for both samples
is more than 60°C. When MnO, content is up to 2.5 wt%, the Tnax
is lower than that for 1wt% MnO,-doped samples. These results
suggest that MnO, doping can reduce the sintering temperature
dramatically. As seen in Fig. 4, the values of Ty are sensitive
to the doping level in the whole MnO, content used. The results
obtained from the non-isothermal sintering indicate MnO, can
promote the densification process and reduce the sintering temper-
ature. Simultaneously, microstructures as shown in Fig. 1 suggest
that an appropriate amount of MnO, (0-1.0 wt%) can refine the
grain and increase the specific surface area of the reaction system.
The reaction interface is also enlarged and the sintering activation
energy decreased, which is good for accelerating the sintering rate.
According to surface theory cited in Ref. [16], the key distribu-
tion curve becomes flattened with decreasing grain size to get a
higher proportion of weak keys. The excess surface energy for sin-
tering kinetic is enlarged, so the maximum densification rate can
be obtained at lower temperatures. It should be noted that a higher
doping level (usually >2 cat.%) is ineffective for sintering system.
In this work, when more MnO, is adopted to the ceramic matrix,
only partial MnO, entered the lattice of NiFe, 04, and the excessive
MnO, accumulated at grain boundaries in ceramic matrix to pro-
duce steric hindrance and increase the mass transferring distance,
which brought an inhibition of densification for the ceramic matrix.
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Fig. 5. (a) Magnetic hysteresis loops for ceramic samples doped with different amounts of MnO,. (b) A part of magnetic hysteresis loops from (a).

Table 1
Magnetic data of MnO,-doped NiFe, 04 samples.
1# 24 3# 4#
M; (emu/g) 38.337 15.625 15.673 15.455
M; (emu/g) 2.776 2.972 2.796 2.399
M; /M 0.0724 0.190 0.178 0.155
H. (Oe) 32.346 47.696 48.316 39.381

Itisverified 1 wt% MnO-, has better effect on sintering process under
the same sintering condition.

3.3. Magnetic properties

The magnetization measurements of each sample were carried
out at 300 K using the high field hysteresis loop technique [17]. It is
needed to say the samples for magnetization measurements were
heated to 1200°C with a heating rate of 10 Kmin~1, then sintered
for 6 h and cooled down to room temperature. Fig. 5 gives the curve
of magnetization versus applied field for ceramic samples with dif-
ferent amounts of MnO, (#1 0wt%; #2 0.5wt%; #3 1.0wt%; #4
2.5 wt%). The value of coercivity H. obtained from the demagnetiza-
tion curves, saturation magnetization Ms obtained from hysteresis
loop and the remnant ratio R = M;/M; for ceramic samples are given
in Table 1.

With substitution of Mn ions, the saturation magnetization (Ms)
decreases. Since MnO, decomposed to Mn;03 and MnO during the
sintering process, Mn ions entered the NiFe,04 spinel lattice in
the form of Mn3* and Mn?*. And Mn2* ions have the preference
to occupy the A-sites, and Mn3* ions have the preference to occupy
the B-sites.

The introduction of Mn%* and Mn3* in place of iron ions into
tetrahedral sites and octahedral sites respectively, and presence
of nickel ions at octahedral sites dilute both the A and B sublat-
tices simultaneously. According to the radii of the ions listed in
Table 2, the incorporation of Mn?* into the A sublattice leads to
increase in magnetic moment of A sublattice. Comparing to the
decrease in A sublattice, the change caused by Mn3* into the B sub-
lattice can be neglected, because the radii of Mn3* is close to that of
Fe3*. So the total magnetic moment decreases. The remnant ratio
M;[M; is a characteristic parameter of the material. High remnant

Table 2

All the radii of the ions in the sintered samples.
Element Mn?* Mn3* Mn#* Fe3* Ni%* 0%
[onic radii (nm) 0.091 0.066 0.052 0.064 0.068 0.14

ratio is an indication of the ease with which the direction of mag-
netization reorients to nearest easy axis magnetization direction
after the magnetic field is removed. The lower value of remnant
ratio is indication of isotropic nature of material. It is observed
from Table 2 that the values of remnant ratio in the present case
are in the range of 0.0724-0.190. It shows increasing trend with
Mn ions substitution. It is clearly observed from Table 1 that the
coercivity (H¢) increases as Mn ions content increases from the
whole aspect. The saturation magnetization is related to H. through
Brown’s relation [18], Hc =2 K1 /o Ms. According to this relation H,
inversely proportional to Mg, this is consistent with our experimen-
tal results. The coercivity (Hc) increases rapidly with MnO, content
up to 1.0 wt%, but above 1.0 wt%, a small change in value has been
observed. It may be attributed to the excessive MnO, introduction
into the matrix, which was favorable for grain coarsening. So the
increase in the coercivity value with increasing MnO, content is
attributed to the increase in the crystallite sizes, as seen in Fig. 1d.
It is observed that the values of coercivity for all composition are
quite low (Hc < 75 Oe). This indicates that the studied samples retain
soft ferrite nature with Mn substitution.

4. Conclusions

MnO,-doped nickel ferrites have been synthesized through a
standard ceramic technique. X-ray diffraction of the prepared sam-
ples shows single phase cubic spinel structure. The decomposition
of MnO, into Mn; 03 and MnO during sintering process is confirmed
by differential scanning calorimetry (DSC). The lattice parameter
is affected by the content of MnO, introduction; the value of lat-
tice parameter for un-doped and 1wt% MnO, doped samples is
8.31A and 8.34 A respectively. Introduction of MnO; (i.e. 1.0 wt%)
into the ceramic matrix is beneficial to promote sintering process.
And MnO, doping can reduce the sintering temperature dramati-
cally; the temperature of maximum shrinkage rate decreases from
1290°C for un-doped samples to 1221 °C for 1 wt% MnO,-doped
samples. The hysteresis loop study shows a decrease in the satura-
tion magnetization (Ms) with increasing MnO, content due to the
decomposition of Mn** into Mn3* and Mn2*. And incorporation of
Mn3* and Mn2* into the B sublattice and A sublattice respectively
leads to the decrease in the total magnetic moment. The resid-
ual magnetization ratio (M;/Ms) and coercivity (H¢) increase in the
range of MnO, concentration from the whole aspect.
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