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Abstract

Samples with small amounts of V2O5 (0, 0.5, 1.0, 2.0, 2.5 wt%, respectively) were prepared via ball-milling and two-step sintering from

commercial powders (i.e., Fe2O3, NiO and V2O5). Micro-structural features, phase transformation, sintering behavior and magnetic properties of

V2O5-doped NiFe2O4 composite ceramics have been investigated by scanning electron microscopy (SEM), X-ray diffraction (XRD), thermal

dilatometer and vibrating sample magnetometer (VSM), respectively. Morphology and the detecting result of thermal dilatometer show that V2O5

can promote sintering process, the temperature for 2.5 wt% V2O5-doped samples to reach the maximum shrinkage rate is 59 8C lower than that of

un-doped samples. With an increase of V2O5 from 0 wt% to 2.5 wt%, the apparent activation energy decreased from 813.919 kJ/mol to 298.806 kJ/

mol. The early-stage synthesis process of un-doped ceramic samples and 2.5 wt% V2O5-doped samples are mainly controlled by grain boundary

diffusion and volume diffusion, respectively. Increasing V2O5 content, residual magnetization ratio (Mr/Ms) and coercivity (Hc) elevate,

meanwhile, saturation magnetization decreases.
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1. Introduction

The materials science literature is rich in papers dealing with

structural, physical, chemical, electrical and magnetic proper-

ties of phases belonging to spinel structure type, with general

chemical formulae M2+O�M2
3+O3 (where M2+ = Mg, Mn, Fe,

Co, Cu, Zn, Ni and M3+ = In, Al, V, Cr, Mn, Fe) [1,2]. Nickel

ferrite (NiFe2O4) is one of the most important spinel ferrites as

well as a typical spin soft-magnetic ferrite. It has cubic inverse

spinel structure showing ferromagnetism. The ferromagnetism

originates from magnetic moment of anti-parallel spins

between Fe3+ ions at tetrahedral sites and Ni2+ions at octahedral

sites [3,4]. The cubic inverse spinel structure provides a better

chemical stability in the molten cryolite-alumina bath [5–7]. So

nickel ferrite (NiFe2O4) can be used as a promising candidate

for green inert anodes. It can produce environment-friendly O2

gas during electrolysis instead of greenhouse gases. Nickel
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ferrite (NiFe2O4), as a semiconductor, has attracted considerable

attention in the field of technological application with a wide range

of frequencies extending from microwave to radio frequency.

These characteristics are strongly dependent upon several factors

such as chemical composition, method of preparation, stoichio-

metry, sintering time and temperature, sintering atmosphere,

porosity and substitution of different ions [8].

Many efforts have been made to improve the basic properties

of ferrites by substituting or adding various ions with different

valence states depending on the applications of interest.

Generally, the substitution of paramagnetic or diamagnetic ions

in pure ferrites results in the modification of their structural,

mechanical, electrical and magnetic properties [9,10]. Previous

work showed that high initial magnetic permeability can be

achieved only in samples with large grain size and residual

porosity located at grain boundaries. And grain growth kinetics;

however, depend strongly on the impurity content [11].

A minor additive in a host material 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]. The presence of liquid phase during

sintering facilitates the rearrangement due to the capillary
na Group S.r.l. All rights reserved.
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Fig. 1. Ternary phase diagram of NiO–V2O5–Fe2O3.
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Fig. 2. XRD patterns of sintered ceramic samples with x wt% V2O5 (the value

of x for 1#–4# samples is 0, 0.5, 1.0, 2.5 wt% respectively).
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forces between particles. In order to apply liquid phase

successfully during sintering of nickel ferrite (NiFe2O4) and

optimize micro-structural evolution, the amount of liquid phase

in samples during sintering must be carefully controlled

[13,14]. V2O5 has a low melting point of 670 8C and liquid

phase on the grain boundaries can promote sintering. Therefore

it was the aim of this work to study the influence of V2O5

dopant on the microstructure, promoting sintering mechanism

and magnetic properties of NiFe2O4 ferrite ceramics.

2. Experimental procedure

2.1. Synthesis

Samples of NiFe2O4 composite ceramics were made from a

mixture of NiO and Fe2O3. The molar ratio of NiO to Fe2O3 was

1.87:1 in the mixture. In order to analyze the effects of V2O5

addition, samples with different amounts of this additive (i.e.,

x = 0.5, 1.0, 2.0, 2.5 wt%, respectively), were also prepared.

Ceramic bodies were fabricated from high purity reagents

[Fe2O3: 99.3% (Xincheng, China), NiO: 99.98% (Guoyao,

China), V2O5: 97.5% (Guoyao, China)]. Raw materials (NiO

power and Fe2O3 power) were ground in distilled water via a ball-

milling using polypropylene jars with yttria-stabilized zirconia

balls for 24 h. The mixture was dried at 120 8C for 12 h. Then the

mixture was ground with 4 vol% polyvinyl alcohol (PVA) binder

and pressed at 160 MPa into blocks (70 mm � 15 mm � 8 mm)

using a stainless steel die. The blocks were calcined at 1000 8C in

air for 6 h to produce the NiFe2O4 spinel matrix material. The

calcined matrix products were crushed and ball-milled with

different amounts of V2O5, a ball-milled process lasted for

another 24 h with distilled water as dispersant, then the mixture

was dried thoroughly. Adding 4 vol% PVA binders, the dried

mixture was fabricated into 70 mm � 15 mm � 8 mm blocks by

cold pressing at a pressure of 200 Mpa.

2.2. Sintering experiment

Sintering studies for the green blocks were performed in air

in a vertical dilatometer (SETSYS18 EV-24, France). The

dilatometer allowed continuous monitoring of axial shrinkage.

During the sintering experiment, all samples were heated at a

constant rate (say, 5 K/min) to a desired temperature and then

furnace-cooled down to ambient temperature.

2.3. Characterization

Fracture surface for sintered samples was characterized

using scanning electron microscope (SEM) (SSX-550, Japan).

And the crystalline phases were identified by a D/max 2RB X-

ray diffractometer (Japan) with Cu Ka radiation, pip voltage

40 kV and current 100 mA.

Measurements of various magnetic properties like saturation

magnetization and coercivity were carried out in a vibrating

sample magnetometer (VSM, Lakeshore 7400) at room

temperature. And all samples for tests were cut into a shape

(2 mm � 2.5 mm � 3 mm).
3. Results and discussion

3.1. Phase identification and microstructure

The ternary phase diagram of NiO–V2O5–Fe2O3 system [15]

is shown in Fig. 1. All the compositions after reaction locate in

XI region. Fig. 1 indicates that the phase composition located in

XI region is Ni2FeVO6–NiO–NiFe2O4.

In order to further identify the phase transformation in

sintered samples, X-ray diffraction patterns (XRD) of the

synthesized ceramic powder with various amounts of V2O5 was

also examined, the results are shown in Fig. 2. Three sets of

different XRD patterns corresponding to NiFe2O4, NiO and

Ni2FeVO6 phase can be indexed. And analysis of the different

pattern of all samples confirmed the formation of spinel

structure.

The SEM photographs for sintered ceramic samples doped

with different amounts of V2O5 are shown in Fig. 3. It can be

seen that the average grain size and/or the microstructure of



Fig. 3. Photomicrographs of sintered samples (1200 8C, 6 h) for samples 1#, 2#, 3#, 4#.

140012001000800600400
-18

-15

-12

-9

-6

-3

0

L
in

e
a

r 
s
h

ri
n

k
a

g
e

 (
%

)

Temperature (°C)

a

b

c

d

Fig. 4. Linear shrinkage versus sintering temperature for (a) un-doped samples,

(b) 0.5, (c) 1.0 and (d) 2.5 wt% V2O5-doped ceramic samples sintered at a

heating rate of 5 K/min.
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NiFe2O4 composite ceramics strongly depends on the amount

of V2O5 in samples during sintering process. The un-doped

NiFe2O4 ceramic is very porous (only 90.87% R.D.), the grain

size (Fig. 3a) is uniform, being around 1–2 mm. However,

0.5 wt% V2O5 doping increases the crystallite size (Fig. 3b).

The grain size is about 2–4 mm, and relative density (R.D.)

reaches �92.51%. Further more, the grain size is non-uniform.

When the V2O5 content is up to 1.0 wt%, apparent sintering

trajectories can be detected, as shown in Fig. 3c. The grain size

is similar to that of 0.5 wt% V2O5 doped ceramic samples, and

the relative density exhibits a slightly increase up to 92.85%.

When 2.5 wt% V2O5 was introduced into the matrix, the

grain size accretes obviously. The relative density can reach

94.3% and grain size is also non-uniform, being almost 3–

5 mm. It indicates that a small amount of V2O5 doping increase

the densification of NiFe2O4 ceramic matrix, and promotes the

grain growth.

3.2. Analysis of non-isothermal sintering behavior

A constant heating rate, i.e., 5 K/min was used to study the

non-isothermal sintering behavior of NiO–V2O5–Fe2O3 system

here. The linear shrinkage (DL/L0) of un-doped and V2O5-

doped ceramic samples sintered at a constant heating rate of

5 K/min is shown in Fig. 4. The addition of V2O5 shifts the

onset of sintering towards lower temperatures from �990 8C
for un-doped samples to �660 8C for 2.5 wt% V2O5-doped

samples. It can also be seen from Fig. 4 that the introduction of

V2O5 is beneficial to enhancement of linear shrinkage from

10.84% to 16.08% with a doping range from 0 wt% to 2.5 wt%.

Fig. 5 shows the linear shrinkage rate (d(DL/L0)/dt) as a

function of temperature for different V2O5 contents. It is
observed that there is an obvious decrease in the temperature of

maximum shrinkage rate (Tmax) with an increase in V2O5

content. For example, the temperature of maximum shrinkage

rate decreases from 1207 8C for un-doped samples to 1148 8C for

2.5 wt% V2O5-doped samples. The difference in the values of

Tmax for both samples is near to 60 8C. These results suggest that

MnO2 doping can reduce the sintering temperature dramatically.

In addition, sintering mechanism and apparent activation

energy are also studied. According to the suggestion by

Woolfrey et al. [16], three different heating rates, i.e., 5, 10 and

20 K/min, were adopted to determine sintering mechanism and

calculate apparent activation energy, Q. In Ref. [17], the

method to determine sintering mechanism was given in forms

of Equations 1–6 in Model 1. Sintering mechanism is
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Fig. 5. Shrinkage rate against sintering temperature for (a) un-doped sample,

(b) 0.5, (c) 1.0 and (d) 2.5 wt%. V2O5-doped ceramic samples sintered at a

heating rate of 5 K/min.

Table 1

Power law m, and activation energy Q based on Equation 5, for the ceramic

samples with different compositions.

Compositions m Q (KJ/mol)

Un-doped samples 2.06 813.919

0.5 wt% V2O5 doping 1.47 619.578

1.0 wt% V2O5 doping 1.30 431.361

2.5 wt% V2O5 doping 1.05 298.806
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characterized by values of power m. The activation energy, Q,

and exponent, m of NiFe2O4 ceramics with different amounts of

V2O5 obtained are listed in Table 1.

According to definition of different sintering mechanisms by

Bannister [18] cited in Ref. [17], it can be assumed that the

early-stage synthesis process of NiFe2O4 should be mainly

controlled by grain boundary diffusion. When V2O5 addition

was introduced into the ceramic matrix, an obvious change in

the power law m can be observed, as shown in Table 1. With

increasing V2O5 up to 2.5 wt%, the value of the power law m is

1.05. It can be concluded that it should be volume-diffusion

controlled sintering for samples with 2.5 wt% V2O5 addition.

With 0.5 wt% and 1.0 wt% V2O5 addition, the power laws m are

1.47 and 1.30, respectively. The early-stage sintering processes

for the two may be controlled by both grain boundary diffusion

and volume-diffusion mechanisms. In addition, it is interesting to

note that with an increase of V2O5 addition in the range from

0 wt% to 2.5 wt%, the apparent activation energy decreased from

813.919 kJ/mol to 298.806 kJ/mol. And according to Ref. [15],

the formation of Ni2FeVO6 has a lower melting point of 670 8C.

When the sintering temperature was up to 1200 8C, it changed

into liquid phase to produce capillary force, which was beneficial

to the rearrangements of particles. It acted as liquid-phase
(
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Fig. 6. Magnetic hysteresis loops for ceramic samples doped with variou
sintering aid to accelerate the densification of ceramic matrix.

Simultaneously, the ionic radius of V5+ ions is 0.059 nm. It is

smaller than those of Fe3+ and Ni2+ ions. So lattice distortion

could be detected during synthesis process. It may promote the

sintering for the ceramic matrix. The analysis above, suggests

that the introduction of V2O5 could promote the sintering

process.

3.3. Magnetic properties

Magnetization measurements for all the ceramic samples with

different compositions were carried out at 300 K by a high field

hysteresis loop technique [19]. All the tested samples were

heated to 1200 8C with a heating rate of 10 K/min, were sintered

in air for 6 h and then cooled down to ambient temperature. The

curves of magnetization versus applied field for ceramic samples

with different amounts of V2O5 ( 0 wt%; 0.5 wt%; 1.0 wt%;

2.5 wt%) are shown in Fig. 6. The value of coercivity Hc,

saturation magnetization Ms and the remnant ratio R = Mr/Ms

for ceramic samples is listed in Table 2.

After introduction of V2O5 into the ceramic matrix, the

saturation magnetization (Ms) decreases. It mainly caused by

the generation of Ni2FeVO6, as shown in Fig. 2, which

decreased the content of NiFe2O4. The remnant ratio Mr/Ms is a

characteristic parameter of the material. High remnant ratio is

an indication of the ease with which the direction of

magnetization 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 a range from 0.0724 to 0.203 and show

increasing trend with V2O5 addition. It can be seen from Table 2
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Table 2

Magnetic data of V2O5-doped NiFe2O4 samples.

1# 2# 3# 4#

Ms (emu/g) 38.337 16.099 15.671 14.190

Mr (emu/g) 2.777 2.882 2.943 2.879

Mr/Ms 0.0724 0.179 0.188 0.203

Hc (Oe) 32.346 51.384 52.284 56.811
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that the coercivity (Hc) increases with raising V2O5 content

from the whole aspect. The relationship between saturation

magnetization and coercivity (Hc) was mentioned in Ref. [20],

Hc = 2K1/m0Ms. According to this relation Hc inversely

proportional to Ms, it can be found this is consistent with

our experimental results here. The value of coercivity (Hc)

increases rapidly with V2O5 content. It may be attributed to the

enhancement effect of V2O5 addition on crystallite sizes, which

can be observed from Fig. 3. It can be seen from Table 2 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 V2O5 addition.

4. Conclusions

Nickel ferrites doped with V2O5 have been synthesized

through a two-step sintering process. X-ray diffraction of the

prepared samples shows that NiFe2O4, NiO and Ni2FeVO6

phase are the main phases in sintered ceramic matrix.

Introduction of V2O5 into the ceramic matrix is beneficial to

promote sintering process. V2O5 can promote sintering process,

the temperature for 2.5 wt% V2O5-doped samples to reach the

maximum shrinkage rate is 59 8C lower than that of un-doped

samples. With increasing V2O5 addition from 0 wt% to

2.5 wt%, the apparent activation energy decreased from

813.919 kJ/mol to 298.806 kJ/mol. The early-stage synthesis

process of un-doped ceramic samples and 2.5 wt% V2O5-doped

samples are mainly controlled by grain boundary diffusion and

volume diffusion, respectively. The early-stage sintering

processes for 0.5 wt% and 1.0 wt% V2O5-doped samples are

controlled by both grain boundary diffusion and volume-

diffusion mechanism. And the hysteresis loop study shows a

decrease in the saturation magnetization (Ms) with increasing

V2O5 content due to its enhancement effect on crystallite sizes.

The residual magnetization ratio (Mr/Ms) and coercivities (Hc)

increase in the range of V2O5 concentration from the whole

aspect.
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