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Structure, morphology, and magnetic properties of
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High-performance submicron-scaled NiCuZn ferrites are prepared by the solid-state reaction method through using
CuO as additive. In the synthesis process, a mixture of superfine powder is sintered at 900 ◦C for 3 h, and the obtained
product is NiZn-ferrite with spinel structure. We observe that the particle size increases with raising the sintering tempera-
ture. The NiCuZn ferrite with relatively uniform size and granular shape has the best performance: its coercivity is 14 Oe
(1 Oe = 79.5775 A·m−1) and saturation magnetization is 48 emu/g. We also study the effects of particle size, magnetocrys-
talline anisotropy, and microstructure on coercivity. The method presented here is convenient and economical for producing
the high-permeability ferrite powders.
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1. Introduction
With the advance in assembling technology, electronic

equipment develops towards the microminiaturization and
multi-species, electronic devices also have more bright
prospects. Recently, the soft magnetic ferrites have been uti-
lized widely and commercialized rapidly. Based on the soft
ferrite materials, the electronic devices gradually develop into
a chip, multilayer, and multifunction type.[1] As a kind of
soft magnetic ferrite, spinel NiZn ferrite exhibits high elec-
trical resistivity (106 Ω·cm), high permeability in radio fre-
quency (RF) region, and little eddy current loss in a 10–
500 MHz range;[2–4] therefore, it has applications at high fre-
quencies, e.g., serving as antenna rods, suppression of electro-
magnetic interference, broad-band transformers, loading coils,
microwave devices, anti-EMI circuits, etc.[5–10]

As is well known, the properties of ferrite materials
are strongly influenced by composition and microstructures,
which are sensitive to the preparation methodology used in
their synthesis process.[11] In addition, the sintering conditions
employed and the impurity levels present in or added to these
materials also change their properties.[12] To obtain high rela-
tive initial permeability, NiZn ferrite needs a coarse and com-
pact microstructure;[13] thus the sintering temperature usually
must be higher than 1100 ◦C.[14–16] However, the high sin-
tering temperature brings about a series of problems, includ-
ing high losses, higher power consumption, etc.[17–19] Even
worse, this sintering temperature is still too high to co-fire

with Ag conductor which possesses a melting temperature of
961 ◦C. Obviously, developing a suitable process to fabricate
high-performance NiZn ferrites and modifying the composi-
tion to reduce the sintering temperature below 900 ◦C are nec-
essary.

It has been shown that adding CuO to NiZn ferrite could
lower its sintering temperature with a conventional solid-state
reaction method.[20–23] At the same time, the addition of ap-
propriate Cu2+ can effectively enhance the density and elec-
trical resistivity of ferrites, and improve the electromagnetic
properties. Actually, the obtained products are NiCuZn fer-
rites, and they have been extensively applied in various induc-
tance devices, e.g. multilayer chip inductor (MLCI), LC com-
bination element, chip magnetic bead, filter, etc.[24–27] Fur-
thermore, cobalt as an important member of the additive fam-
ily is widely used in the actual production of soft-magnetic
ferrites due to the large positive magnetocrystalline anisotropy
of Co ferrite.[28–30] On the one hand, small additions of Co3+

can compensate for negative magnetocrystalline anisotropy K1

of host ferrites, and thus enhance the initial permeability of
NiZn ferrites.[31] On the other hand, the cobalt-induced uniax-
ial anisotropy is conducive to improving the cut-off frequency,
reducing the hysteresis loss, and improving the temperature
characteristic.[32] It is thus held that the low-temperature syn-
thesis of high-performance NiCuZn ferrites can be achieved
by using appropriate CuO and a little cobalt.

Therefore, in the present article we are to add both CuO
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and Co3O4 for preparing high-performance NiCuZn ferrites at
low sintering temperatures. The microstructures and magnetic
properties of ferrite powder can be well controlled by regu-
lating the sintering temperature in a range of 750 ◦C–1000 ◦C.
The effects of particle size D, lattice parameter a, morphology,
and magnetocrystalline anisotropy on the magnetic properties
(magnetization M and coercivity HC) are analyzed. Finally,
we demonstrate that the NiCuZn-ferrite powder (0.19 µm in
average size) exhibiting excellent magnetic properties can be
obtained through 900 ◦C calcination.

2. Experiment
The chemical reagent-grade powders of Fe2O3, NiO,

CuO, ZnO, and Co3O4 were chosen as the raw materials
to prepare NiCuZn ferrites. According to the formula of
Ni0.276Cu0.113Zn0.604Co0.008Fe1.81O4, all oxides were mixed
with distilled water and stirred in a ball mill, thereby giving
a reddish-brown slurry. Under ambient conditions, the slurry
was milled for 18 h using a planetary mill, and then was dried
at 100 ◦C for 12 h. After drying, the superfine powder was kept
inside a lid-covered alumina crucible and was heated in a fur-
nace to a selected temperature in a range of 750 ◦C–1000 ◦C
(heating rate = 10 ◦C/min) and maintained at that temperature
for 3 h. At the end, the reaction mixture was cooled down
to room temperature, and the obtained powder was ground.
As shown in Table 1, we obtained six samples (M1–M6) by
adopting six different sintering temperatures (750, 800, 850,
900, 950, and 1000 ◦C).

Table 1. Values of lattice parameter (a), particle size (D), coercivity
(HC), remanent magnetization (Mr), and saturation magnetization (Ms)
of the NiCuZn-ferrite powder samples obtained after sintering at differ-
ent values of temperature (T ).

Sample T /◦C a/Å D/µm HC/Oe Mr/(emu/g) Ms/(emu/g)

M1 750 8.455(4) 0.14 38.89 1.12 15.17
M2 800 8.437(4) 0.15 32.08 1.53 22.10
M3 850 8.435(5) 0.16 25.17 2.22 33.73
M4 900 8.431(8) 0.19 14.16 2.54 48.19
M5 950 8.430(3) 0.29 10.11 1.93 52.14
M6 1000 8.427(9) 0.34 6.82 1.45 57.74

The x-ray diffraction (XRD) patterns were examined in
the 2θ range from 10◦ to 90◦ with an X’TRA powder diffrac-
tometer using the Cu Kα radiation. For the analysis of XRD
data, the particle size D was deduced from the width of XRD
maxima by applying the classical Scherrer formula, and the
lattice parameter a was refined with the Rietveld method us-
ing the GSAS program. Scanning electron microscopy (SEM)
images were obtained over an FEI Sirion200 field-emission
instrument operated at an acceleration voltage of 5 kV. Based
on the Nano Measurer software, the size distribution was
recorded by manually measuring the equivalent diameter of

> 100 particles from the corresponding SEM images. Room-
temperature hysteresis loops were measured using a Lake
Shore 7304 vibrating sample magnetometer (VSM) in an ap-
plied magnetic field of 6 kOe. Accordingly, the coercivity HC,
remanent magnetization Mr, and saturation magnetization Ms

were analyzed in detail.

3. Results and discussion
The sintering temperature of the mixed powders will in-

fluence the crystallization, particle size, and shape of the ob-
tained samples. Figure 1 shows the XRD patterns of the
NiCuZn ferrites which are sintered at various temperatures.
We can see that the crystal structures of all the samples are
the same as that of spinel NiZn ferrite. For all of them, the
strongest peak located at 2θ = 35.408◦ is ascribable to (311)
diffraction, and these sharp diffraction peaks indicate that the
NiCuZn ferrite is well crystalline above the sintering tempera-
ture of = 750 ◦C. Moreover, the sharpening of the XRD peak
with the increase of sintering temperature is ascribed to grain
growth as well as to the reduction of internal stress.
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Fig. 1. (color online) XRD patterns of NiCuZn-ferrite powder samples
generated after sintering at different temperatures for 3 h.

To study the influence of lattice parameter a on the mag-
netic properties of NiCuZn-ferrite powder, we conduct Ri-
etveld analysis of the XRD patterns based on the NiZnFe2O4

phase of cubic (Fd-3m) structure, and the refinement results
are shown in Fig. 2. It can be seen that XRD refinement has
very high accuracy, thereby giving a reasonable lattice param-
eter.

As shown in Table 1 and Fig. 3, these a values are
larger than that of NiZnFe2O4 (JCPDS No. 08-0234, a =

8.399 Å).[33] With the increase of sintering temperature, there
is monotonic decline of a value. With the rise of crystalliza-
tion temperature, the phenomenon of lattice thermal expansion
and small grain boundary happen in ferrite, so as to reduce the
lattice parameter a. Also, the partial Ni2+ is replaced by Zn2+

and Cu2+, thereby giving a smaller a value.[34,35] In addition,
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the diminution of lattice parameter indicates that the heat treat-
ment is very effective for enhancing the grain compactness.
Actually, the change of lattice parameter reflects a process like
this: firstly, metal oxides are gradually decomposed to form
oxygen and metal ions when the as-milled superfine powder

reaches a certain temperature; then O2− constitutes tetrahedral
(A) and octahedral (B) sites, while Fe2+, Zn2+, Ni2+, Cu2+,
Fe3+ cations are distributed between A and B sites; finally, the
obtained spinel structure becomes better with increasing sin-
tering temperature.
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Fig. 2. (color online) Results of XRD Rietveld analysis for the NiCuZn-ferrite powder samples M1–M6. Shown at the top right corner
is the calculated lattice parameter a.

According to the Scherrer formula,[36] the relationship of
particle size D and the full width at half maximum (FWHM),
β , of a diffraction peak can be expressed as

D = 0.89λ/β cosθ , (1)

where λ is the wavelength of incident x-ray, and θ denotes
the Bragg diffraction angle. Actually, the broadening β

is simply caused by the grain refinement and expressed as
β = (β 2

M− β 2
S )

1/2,[37] where β M is the practically measured
FWHM, and β S denotes the broadening of apparatus itself. To
eliminate the instrumental broadening of the setup, β S can be
obtained by adopting the FWHM of the measured bulk crys-
tal. As evaluated based on Eq. (1), the average sizes of the
NiCuZn-ferrite powder samples M1–M6 are 0.14, 0.15, 0.16,
0.19, 0.29, and 0.34 µm, respectively. It is noted that the par-
ticle size of NiCuZn-ferrite powder increases with increasing
sintering temperature as shown in Table 1 and Fig. 3. As can
be seen from Fig. 3, the change of a is not obvious when the
sintering temperature is above 900 ◦C, but the particle size in-
creases significantly. Since the sintering temperature at 900 ◦C
is a turning point, it is envisaged that the morphologies and
magnetic properties of M5 and M6 are significantly different
from those of M1–M3.

Figure 4 shows the typical SEM images of the M1–M6
samples, and the corresponding size distributions are shown in
Fig. 5. Overall, the change of morphology with sintering tem-
perature is rather distinct. With sintering temperature increas-
ing from 750 ◦C to 850 ◦C (see Figs. 4(a)–4(c)), the obtained
powders have granular appearance, while the average particle

size and size distribution present certain changes. As shown
in Figs. 5(a)–5(c), the average sizes are 0.141, 0.153, and
0.162 µm for the M1–M3 samples sintered at 750, 800, and
850 ◦C, respectively. At a sintering temperature of 900 ◦C, the
obtained NiCuZn ferrites become uniform particles in appear-
ance (Fig. 4(d)). As can be seen from Fig. 5(d), the particles
have a narrow size distribution, and the average particle size
is 0.191 µm. At a sintering temperature of 950 ◦C, a certain
portion of the particles becomes even bigger (Fig. 4(e)) and
thereby showing an average size of 0.285 µm and a wide size
distribution (Fig. 5(e)). To further raise the sintering tempera-
ture to 1000 ◦C, all particles merge into large pieces (Fig. 4(f))
and start to densify (see the inset). It is clear that the average
size D of NiCuZn ferrite particles increases with increasing
sintering temperature, which is in accordance with the result
of XRD analysis.
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Fig. 3. (color online) Variations of lattice parameter a and particle
size D (estimated by the Scherrer formula) with sintering temperature
adopted for the generation of NiCuZn-ferrite powder samples.
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Fig. 4. SEM images of NiCuZn-ferrite powder samples generated after sintering at different temperatures for 3 h. Shown at the top left
corner of (f) is the corresponding high-magnification SEM image.
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Fig. 5. (color online) Size distribution histograms (obtained by the Nano Measurer software based on the measured SEM images) of NiCuZn-
ferrite powder samples generated after sintering at different temperatures for 3 h. The solid curves represent the results of Gaussian fitting.
Shown at the top right corner is the corresponding average particle size D.

Indeed, in many studies,[3,20–23,38,39] a lot of methods
of reducing sintering temperatures of high-permeability NiZn
ferrites were considered. Hu et al.[3] indicated that optimum
additions of CuO and V2O5 contributed to the grain growth
and the densification of matrix in the sintering process, lead-
ing to decrease in sintering temperature of NiZn ferrite. Then
they found that a NiZn ferrite with initial permeability as high
as 1618 can be obtained at only 930 ◦C sintering temperature,
using raw materials of 0.8-µm average particle size and adding
10-mol% CuO and 0.20-mol% V2O5. At the same time, Hsu et
al.[38] found that Cu substitution for Ni in NiZn ferrite would
enhance the densification of the ferrite, subsequently increase
the µ value (initial permeability) and Bs value (saturation in-

duction), and reduce the HC value (coercivity) of the sintered
ferrite. So they concluded that the NiCuZn ferrite powders
with high Cu content could be sintered at about 800 ◦C, and the
900 ◦C-sintered sample has the perfect magnetic performance
(µ f=1 MHz = 390, HC = 0.7 Oe, Bs ≈ 3100 Gs, 1 Gs = 10−4 T).
Furthermore, Yan and Hu[39] have conducted a comparative
research of the sintering process of NiCuZn ferrite. They
found that microwave sintering technique can effectively pro-
mote the forward diffusion of ions and thus accelerate the sin-
tering process, resulting in the grain growth and the densifi-
cation of the matrix. Using microwave sintering technique,
for the Ni0.20Zn0.60Cu0.20Fe1.98O4 ferrite, the relative initial
permeability µi of about 2000 was achieved at sintering tem-
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perature of 980 ◦C. Actually, the effects of the additives and
sintering process on magnetic performance are essentially due
to the difference in microstructure between ferrite particles.
Here, the results of XRD and SEM analyses appear to confirm
this viewpoint. Therefore, it can be expected that the sintering
temperature of 900 ◦C will be the best condition for the con-
ventional sintering technique of NiCuZn ferrite. This will also
be confirmed by the magnetic analysis in the following.

With such significant changes in structure, shape, average
size, and size distribution, it is apparent that the heat treatment
has great influence on grain growth. During low-temperature
sintering (for example, 750 ◦C and 800 ◦C), there is structural
transformation of ferrite particles, resulting in more internal
defects and thereby suppressing the massive aggregation of in-
terior crystal grains; then, also making the growth of particles
imperceptible.[40] In fact, an appropriate sintering temperature
(for example, 900 ◦C) is conducive to not only the full growth
of crystals, but also the formation of grains with small size
and narrow size distribution. If the temperature adopted for
the sintering of NiCuZn-ferrite powder is too high (for exam-
ple, 1000 ◦C), the melting zone between the micro-interfaces
is enlarged, consequently resulting in the abnormal growth of
particles and debasing its performance.
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Fig. 6. (color online) Room-temperature hysteresis loops of NiCuZn-
ferrite powder samples generated after sintering at different temperatures
for 3 h. The inset shows the measurements around the origin.

We examine the magnetic properties of M1–M6 using
VSM at room temperature. As shown in Fig. 6, all six sam-
ples show soft-magnetic behaviors (with small coercivity HC

and remanent magnetization Mr), and high values of saturation
magnetization (Ms) at an applied field of 6 kOe. The most im-
portant magnetic parameters of NiCuZn ferrites, viz. Ms, Mr,
and HC are calculated as[41]

Ms = (|Ms+|+ |Ms−|)/2, Mr = (|Mr+|+ |Mr−|)/2,

HC = (|HC+|+ |HC−|)/2, (2)

where the subscript symbols ‘+’ and ‘−’ denote the positive
and negative values of the above parameters, respectively, thus
the HC, Mr, and Ms values are listed in Table 1.

Figure 7 demonstrates how the magnetic properties
change with sintering temperature. One can see that Ms in-
creases and HC decreases monotonically with the rise of sin-
tering temperature. At the same time, Mr first increases and
then decreases with increasing sintering temperature. As is
well known, the saturation magnetization of a material is re-
lated to the crystallinity of the sample. With sintering tempera-
ture increasing, the density and the crystallinity are improved,
thereby resulting in the increase of saturation magnetization.

In general, coercivity HC can be expressed as the follow-
ing two formulas:[41,42]

HC ∝
K1 +3λsσ/2

µ0Ms
, (3)

HC ∝
β 2/3

µ0Ms
, (4)

where K1 denotes the contribution of magnetocrystalline
anisotropy, λ s is the saturated magnetostriction coefficient, σ

denotes the internal stress, µ0 is the space permeability, Ms is
the saturation magnetization, and β denotes the volume con-
centration of impurities. From the above expressions it follows
that HC is closely related to the microstructure of ferrite mag-
netic material. For reducing coercivity to obtain better soft-
magnetic properties, this can be accomplished by reducing the
magnetocrystalline anisotropy, lowering the saturated magne-
tostriction coefficient, removing the internal stress, reducing
the density of defects and the impurity content and increas-
ing the saturation magnetization. Considering our samples,
the significant increases of the average particle size D, com-
pactness and crystallinity with the rise of sintering tempera-
ture, and the decreases of the impurity concentration, defect
and stress, lead to the decrease of coercivity. In addition, it is
considered that a decrease in lattice parameter a suggests the
decline of crystalline anisotropy, and then leads to a reduction
of HC.

750 800 850 900 950 1000
0

10

20

30

40

HC

Ms

Mr

T/C

H
C
/
O

e

0

1

2

20

30

40

50

60

M
s 
&

 M
r/

(e
m

u
/
g
)

Fig. 7. (color online) Variations of coercivity HC, saturation magneti-
zation Ms, and remanent magnetization Mr with sintering temperature
adopted for generating NiCuZn-ferrite powder samples.

Figures 1–7 reveal that CuO is a suitable additive to
NiZn ferrites. As is well known, CuO can form a liquid
phase at the initial stage of sintering and can be dissolved
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in the matrix in the latter stage of sintering.[3,43] In addi-
tion, CuO can effectively reduce the synthesizing tempera-
ture of the spinel phase. Therefore, addition of CuO effec-
tively promotes the solid reaction during sintering. Earlier
studies have found that the solid reaction and densification
process during sintering were restrained when CuO content
was deficient.[3,38] As a result, the grain sizes were small, and
pores appeared in the intergrain boundaries, while with in-
creasing CuO content, the microstructures became more uni-
form and compact, and the intergranular pores disappeared
and grains grew bigger. Obviously, such microstructures are
favorable for improving the magnetic properties of ferrites. In
the present work, we take advantage of an appropriate Cu con-
tent (i.e. Ni0.276Cu0.113Zn0.604Co0.008Fe1.81O4), yielding ideal
microstructure and excellent performance.

In a word, there are several factors that assess the perfor-
mance of NiCuZn-ferrite powder: good crystallinity, appro-
priate particle size, relatively low lattice parameter, uniform
morphology, narrow size distribution, high compactness, etc.
Based on this, the optimal sintering temperature is 900 ◦C, and
the corresponding saturation magnetization and coercivity are
about 48 emu/g and 14 Oe, respectively.

4. Conclusions
The solid-state reaction method is adopted to prepare

high-performance NiCuZn-ferrite powders with pure spinel
phase. In the process, commercial high-purity Fe2O3, NiO,
and ZnO are used while CuO and Co3O4 serve as the additives.
The influences of sintering temperature on crystal structure,
particle size, morphology, and magnetic properties of NiCuZn
ferrites are investigated. The results show that the optimal sin-
tering temperature is 900 ◦C. The change of coercivity HC can
be attributed to the combined effects of particle size D, lattice
parameter a, and the microstructure itself. The optimal sub-
micron NiCuZn-ferrite powder is granular in shape and uni-
form in size (D ≈ 0.19 µm), showing magnetic parameters
of HC = 14 Oe and Ms = 48 emu/g. The adopted process is
convenient, economical, and reproducible for generating the
ferrite powder which is suitable for manufacturing the high-
permeability product.
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