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Ni-Co ferrites, especially the ones with lower cobalt fractions, are candidate materials for
applications in magnetomechanical sensors and electromagnetic wave absorbers. This work studied
the microstructure, magnetostriction, flexural strength, and complex magnetic permeability of
Ni, ,Co, Fe,O,, presenting data that weren't covered by previous literature on this composition. It was
found that sieving the calcined powder before the forming operation increased the flexural strength
of the ceramic. The Ni-Co ferrite had a saturation magnetostriction of 36ppm. The real part of the
complex magnetic permeability varied between 2.2-2.3 in frequencies from 100MHz to 1GHz. In
frequencies higher than 1GHz, p' decreased sharply and reached 1 at 3.9GHz. It was found that the
grinding media provided a small fraction of Al to the ferrite composition, which apparently affected
the complex magnetic permeability of the material but the magnetostriction results were very close
to Al-free Ni-Co ferrites with similar composition.
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1. Introduction

Ferrites are magnetic ceramics that have many applications
in electronics, including magnetic'?, magnetoelectric®, and
magnetomechanical sensors*. Among ferrites, the cobalt-
based retains the highest magnetostriction levels, which
makes them promising candidates for applications in
magnetomechanical and magnetoelectric sensors>¢. Ni-based
ferrites also have interesting magnetostrictive properties for
sensors applications’”®. However, for some applications in
magnetomechanical sensors, the material must have adequate
mechanical strength, which requires strict control of the
microstructure. The study of the mechanical properties of
the ferrites is important not only for the development of
ferrite magnetomechanical transducers but also for the
development of surface-mounted devices (SMD) such as
inductors and transformer cores’.

Ni-Co ferrites have spinel AB,O, crystal structure, in
which the oxygen anions are arranged in an FCC lattice and
the Fe, Ni, and Co cations are distributed in one-eighth of
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the tetrahedral (A) and one-half of the octahedral (B) and
interstitial sites. The cation distribution in a spinel structure
can be represented by (1), where D is a divalent cation, T is
a trivalent cation, parentheses represent A sites, and brackets
represent B sites'’. The § parameter is the degree of inversion,
where 6=1 for inverse spinels, =0 for normal spinels, and
0<6<1 for mixed spinels. The magnetic properties of the
spinel ferrite depend on the cation distribution which, in turn,
is affected by the processing parameters. For example, the
cooling rate after sintering may affect the cation distribution.
Ni-Co ferrites may be considered as a solid solution of
CoFe,0, in NiFe,0,", both inverse spinels'.
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(D, Ts)[Ds T3]0, (1)

InNiFe,0,, the substitution of Ni for Co tends to shift the
magnetocrystalline anisotropy from negative to positive. Ina
certain Co fraction, the absolute anisotropy will thus reach a

minimum, yielding a maximum in magnetic permeability'’.
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Chan et al."! found that, with x=0.01, the maximum magnetic
0O,, under the

1.98 74
processing and sintering conditions used in their work.

permeability was attained in Ni; Co Fe

Literature shows that the saturation magnetization (M,)
of Ni, _Co Fe,O, increases with Co content’, varying from
an average of 23 Am%*kg for x=0 to an average value of
57 Am%kg for x=171>1¢_ Tt is possible to observe a large
dispersion of M, values of Ni-Co ferrites with the same
composition, but produced by different routes.

Chen et al.'” studied the electromagnetic properties
of Ni,_Co Fe,0, with x=0.2, 0.5, and 0.8 and found that
these materials are good candidates for application as
electromagnetic wave absorber in frequencies between
9-12GHz. The composition with x=0.2 had the best absorbing
properties. The intrinsic electromagnetic absorption properties
of a material are determined by its complex magnetic
permeability and complex permittivity. The authors showed
that both parameters of a Ni-Co ferrite increased when the
Co content decreased.

Considering the potential applications of Ni-Co ferrites,
especially the ones with low Co content, the aim of this work
is to study the microstructure, magnetostriction, complex
magnetic permeability, and flexural strength of Ni ,Co, Fe,O,.

2. Experimental

The Ni-Co ferrite was produced by the ceramic method,
with NiO, Fe O
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laboratory ball mill, with alumina milling media, was used

and Co,0, powders as raw materials. A

for mixing and milling. After wet mixing the raw materials
with distilled water, the powder was dried and calcined at
900 °C for 4 h. The calcined material was then wet milled
in the same mill and part of milled powder was sieved in
a 125 pum sieve. The calcined powder was observed by
scanning electron microscopy (SEM).

The powders were uniaxially compacted in round pellets
of 8 mm diameter for microstructural examination and
magnetostriction measurement. The samples for mechanical
tests were uniaxially compacted with a 40MPa pressure, in
the form of rectangular bars that had dimensions of 45 X
4.0 x 3.2 mm, approximately, after sintered at 1350 °C for
3h. The sample for complex permeability measurement was
compacted in tube shape, with outer diameter of 8.32mm,
inner diameter of 3.52mm and length of 15mm.The pellet
and the tube compacts were sintered at 1350 °C for 3 h.

After sintering, the tube-shaped sample had length of
12mm, outer diameter of 6.8mm, and the inner diameter
was machined to change from 2.9 to 3.1mm.

The ceramic samples in this work were identified as
"AM" and "S", referring to the production from the as-milled
and sieved calcined powder, respectively. The mechanical
evaluation of the material was made by four-point bend tests,
using an Instrom Universal Test machine, model 1332. The
number of tested specimens was 29 (AM) and 30 (S). Fig. 1
shows details of the experimental arrangement used in the test.
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Figure 1. Picture of the experimental set-up of the bend test.

The crystal structures of the sintered pellets were analyzed
by X-ray diffraction (XRD) analysis using Cu Ko radiation.
The lattice parameters (@) were calculated via Bragg's law'8
and the Ni-Co ferrites density (d,,

RD-

dyen = %, where M is the molecular weight of the ferrite
a

and N is Avogadro's number. The densities () of such pellets

) was calculated from

were measured by the Archimedes' method and the relative
density (D) was calculated as (d/d, ) x 100.

The microstructure of the pellets and the fracture surfaces
of'the bend test specimens were evaluated by a SEM equipped
with energy dispersive X-ray spectrometer (EDS). The grain
size of the ferrite samples was measured by a linear intercept
method, using images of the microstructure from a polished
surface of the sintered pellets. The grain size measurement
was made manually, with the aid of ImageJ software.

After mechanical evaluation, samples from the condition
of higher strength (which were the ones produced from
the sieved powder) underwent magnetic characterizations.

The magnetostriction () measurements of the sintered
ferrite pellet were carried out by the strain gauge method.
A represents the deformation of the material in a certain
direction, as effect of a magnetic field (A\=AL/L ). A PA-06-
060BG-350-LEN strain gauge from Excel Sensores was
glued to the pellet with a LOCTITE 496 glue. Afterwards,
the specimen was glued in a piece of cardboard and the
cardboard assembly (Fig. 2) was placed in a support located
between the poles of an EM4-HVA Lakeshore electromagnet.
The change of the resistance of the strain gauge due to the
magnetostrictive deformation was measured by a high speed
Wheatstone bridge of National Instruments, model NI 9237,
and the configuration used was 1/4 bridge, type 1.

As represented in Fig. 3, the magnetostriction was
measured in a direction parallel to the applied field (2,)
and perpendicular to the applied field (1), after adjusting
the position of the sample/strain gauge with respect to the
applied field (parallel or perpendicular). The magnetic
field was measured with a transversal Hall probe and a
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Figure 2. Cardboard assembly containing the pellet sample and strain gauge.

Gaussmeter model 452 from LakeShore, placed in the
homogeneous region of the field. The magnetostriction data
segments from H=0 to saturation were filtered with Origin®
software, using the adjacent-averaging method and taking
the moduli values of H and A. The filtered segments were
fitted with Origin® in Boltzmann functions, with adjusted
R?=0.99918 for the A, curve and 0.99856 for the A, curve.
The magnetoelastic sensitivities S, and S, were calculated
with Origin® by derivation of the fitted curves with respect
to the applied field (H).

The complex magnetic permeability was measured
using a vector network analyzer, Agilent PNA N5231A,
which was calibrated for measurements in the 0.1-1GHz
and 1-13.5 GHz frequency ranges. The sample holder
utilized was an N-type coaxial air line (two-port device),
suitable for samples with lengths up to 30.00 mm, 7.00
mm outer diameter and 3.04 mm inner diameter. The NRW
algorithm'*?* was used in the PNA to calculate the complex
magnetic permeability.

Figure 3. Scheme of the magnetostriction measurement method.

3. Results and Discussion

Figs. 4 and 5 show the SEM images of the sieved and
as-milled calcined powders. From the micrographs it is
possible to notice that the presence of large aggregates in the
as-milled powder was eliminated with sieving. The sieved
powder contains sub-micron particles.

Fig. 6 shows the diffraction patterns of the AM and S
sintered pellets. Only peaks from the spinel phase were
observed. The calculated lattice parameters were 8.284 A
for the AM sample and 8.307 A for the S sample and the
respective calculated d,,, were 5.48 and 5.43 g/cm’. The
difference in the lattice parameters indicates that the sieving
operation may have influenced the chemical composition and,
consequently, the value of the lattice parameter measured
in the sintered pellets. Probably, it happened due to the
occurrence of local chemical heterogeneities in the oxide
mixture, which are very common in materials processed by
the ceramic method. During calcination, this heterogeneity
led to the formation of larger aggregates with a chemical
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Figure 4. SEM image of the as-milled calcined powder.

Figure 5. SEM image of the sieved calcined powder.

composition that was slightly different from the overall.
The removal of these aggregates supposedly led to a small
change in the composition of the sieved powder, thus
affecting the value of the lattice parameter measured in the
S sintered sample.

Figure 6. XRD patterns of the sintered ferrite pellets.

The measured densities of the AM and S pellets were
4.58 g/cm® (D = 83.6%) and 4.70 g/cm® (D = 86.5%),
respectively. The closed porosity of the samples may be
estimated as 100% - D, which means that the AM sample
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is more porous. These results indicate that sieving caused
the increase of the densification, caused by the removal of
large aggregates.

The microstructures of the sintered ferrite pellets are
shown on Figs. 7 and 8 and the results of the quantitative
analysis are shown on Figs. 9 and 10. The S sample had
slightly larger mean grain size and grain size distribution. The
porosity of both samples was predominantly intergranular.

Figure 7. Microstructure of the sintered ferrite sample produced
from the as-milled calcined powder.

Figure 8. Microstructure of the sintered ferrite sample produced
from the sieved calcined powder.

The porosity of a sintered ceramic is affected by the
porosity of the green body. The porosity within the large
agglomerates in the calcined powder will hardly be eliminated
during compaction and this is why sieving may favor the
attainment of greater green densities and sintered densities.

The results from the bend tests are represented in Fig. 11.
In Tab. 1, the mean values, modes, and standard deviations
are shown. The modes on Tab. 1 were defined after rounding
the strength values to integers. From all specimens tested,
the minimum strength reached was 35.6 MPa of AM sample
and the maximum was 116 MPa of S sample. We didn't find
data in literature for flexural strength of Ni-Co ferrite, but
there are several works about mechanical strength of spinel
ferrites. For comparison, the maximum strength obtained for
a Ni-Zn ferrite doped with 5 wt% ZrO, was ~ 110 MPa and
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Figure 9. Grain size distribution of the AM sintered sample.

Figure 10. Grain size distribution of the S sintered sample.

the maximum strength of the bare ferrite was ~ 60 MPa in
the work from Besenicar et al.>'. Moreover, the strength of a
Mn-Zn ferrite ranged from ~ 60 - 110 MPa, depending on the
grain size and calcination temperature?? and a hot-isostatic
pressed Ni-Zn ferrite presented 206 MPa?.

It is well known that the mechanical strength of a ceramic
is dependent on the quantity of defects in the sample, such
as pores and cracks. So, to increase mechanical strength, the
ceramic processing and sintering must be adjusted in order
to obtain a dense and defect-free sample.

The presence of agglomerates and inhomogeneity in the
compact leads to differential densification, which develops
transient stresses during sintering. Following Rahaman
et al.?*, these transient stresses may have the following
effects in the compact during sintering: reduction in the
densification rate in the surroundings of the agglomerates
and inhomogeneities, cracking, and growth of pre-existing
flaws. Therefore, the occurrence of more failures in stresses
below 70 - 80 MPa in the AM samples, compared to the S
samples may be related to the fact that AM samples have a
more heterogeneous microstructure.

Figure 11. Histogram of the flexural strength measured in the
bend tests.

Table 1. Flexural strength (MPa) of the AM and S sintered samples.

Mean AM S
Mode 70.4 86.9
St. Dev. 79 13.4

In order to increase the strength of a ceramic, it is
necessary to increase its fracture toughness (K,C) and to
reduce the size of the largest crack in the ceramic body®.

The S sample had higher mean flexural strength, but the
microstructure of the samples from this batch (Fig.8) still
presents a significant fraction of pores. The flexural strength
improvement of the material through the reduction of the
porosity may be achieved with the use of non-conventional
sintering thermal cycles, such as the ones employed in
two-step sintering, rate-controlled sintering, and fast-rate
sintering??. In addition, isostatic pressing may also contribute
to the increase of flexural strength, because it increases the
green density, which favors densification during sintering.

Figs. 12-15 show the fracture surfaces of bend test specimens
that presented flexural strengths near the calculated mean
values presented in Tab. 1. A predominantly transgranular
character of the fractures near the surfaces and intergranular
or mixed character in the samples' center is evident. This
finding suggests that the intergranular porosity is greater at
the center of the samples. Indeed, the AM sample, which
had the lowest flexural strength, presented intergranular
fracture at the center (Fig. 12).

Having concluded that the sieving operation resulted in
samples with higher density and less defects, the magnetic
characterization was carried out in samples sintered from
the sieved powder.

Fig. 16 shows the magnetostriction curves of the S
sample. The saturation magnetostriction parallel to the
field was -36ppm, which is higher than the value reported
in*® for a cobalt-free Ni ferrite (A= -26ppm for NiFe,0,)
and very close to our previous result of -35ppm reported in
ref.” for an Al-free Ni-Co ferrite with similar composition.
The magnitude of the saturation magnetostriction value of
the NiCo ferrite is within the range from magnetostrictive



Figure 12. Fracture surface of an AM sample at the center, showing
intergranular character.

Figure 13. Fracture surface of an AM sample at the compression
surface, showing a transgranular character.

materials usually employed in sensors, such as amorphous
iron alloys (30ppm, ref.?).

For sensors applications, the magnetoelastic sensitivities
3—1’; are in fact the relevant parameter for sensor project.
Also, the magnetic field at which the maximum sensitivity
occurs indicates the point of optimum performance of the
material*™*!. The values of magnetoelastic sensitivity measured
depend on the magnetic properties of the material and on
the sample's geometry and dimensions®.

Fig. 17 shows the calculated magnetoelastic sensitivities
of the sintered sample. Taking as reference the parameters
measured parallel to the magnetic field, which are the more
relevant for device applications, the maximum magnetoelastic

sensitivity is 0.6x10° m/A, at 52 kA/m.

Hieda et al.
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Figure 14. Fracture surface of an S sample at the center, showing
mixed character (trans- and intergranular).

Figure 15. Fracture surface of an S sample at the compression
surface, showing a redominantly transgranular character.

Figure 16. Magnetostriction curves of the sintered ferrite sample.
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Figure 17. Moduli of magnetoelastic sensitivities of the sintered
ferrite sample.

Figs. 18 and 19 show the complex magnetic permeability
of the S sample. The real part (n') is a function of the
component of magnetization that is in phase with the AC
magnetic field. The imaginary part (u"), which relates to
the magnetic losses, is a function of the component of the
magnetization with a phase lag of 90° in relation to the field”.

Figure 18. Complex magnetic permeability of the sintered ferrite
sample, in frequencies between 100MHz-1GHz.

According to Figs. 18-19, p' of the ferrite varied between
2.2-2.3 in frequencies from 100MHz to 1GHz. In frequencies
higher than 1GHz, p' decreased sharply and reached 1 at
3.9GHz. Xu* measured the complex magnetic permeability
ofNi, ,Co, Fe,O,, prepared by the citrate sol-gel technique,
in frequencies below 1.5GHz and obtained p' varying from
0.7-1.3.

The value of the magnetic permeability of a ferrite is
highly dependent on the chemical composition, grain size, and
porosity. Keeping the same processing conditions, grain size
and porosity are determined by the sintering parameters. There
are few data in literature for complex magnetic permeability

Figure 19. Complex magnetic permeability of the sintered ferrite
sample, in frequencies between 1GHz-13.5GHz.

of Ni ,Co, ,Fe,O, but there are a lot of data for NiFe,0, and
some for NiCo ferrite with low Co fractions. Smit and Wijn*
reported values of initial permeability ranging from 3 to 40
for NiFe,O, with sintering temperature varying from 960
to 1450 °C, which resulted in porosity varying from 42%
to 10%. The same authors, when studying the complex
magnetic permeability of magnetic ceramics, reported a value
of 10 for p' of NiFe,O, in frequencies from 0.1 to 100MHz.
Chan et al." reported p'=15 in a similar ferrite, in the same
frequency range. The authors showed that p' decreased to
10 adding Co in a fraction of 0.05 and increased to 22 with
0.01 Co fraction in Ni_ Co Fe ,O,.

Chen et al.” studied the electromagnetic properties
of NiCo ferrites in frequencies from 2 to 18 GHz. In this
frequency range, Ni  Co ,Fe,O, had a maximum p' of 2.1
in a frequency near 3GHz, following a steep decrease until
6GHz. p' reached 1 at 12GHz.

The p' value at 100 MHz of the NiCo ferrite studied in
this work was considerably lower than the values obtained
by other authors for NiFe,O, and Ni, Co Fe O, with x<0.2.
However, in gigahertz frequencies, our results are closer to
literature of those ferrite compositions.

In addition to factors such as difference in synthesis
method, difference in porosity/grain size, and the presence
of Co in the composition in a fraction of x=0.1, there is
another factor that must be taken into consideration when
comparing our complex permeability results to other from
literature: EDS analysis (Fig. 20) detected the presence
of Al in the ferrite, deriving from the alumina grinding
media, and it certainly influenced the complex magnetic
permeability results of our ferrite. Based on this analysis,
the Al fraction in the sample was estimated as 1.12 wt%. It
has been reported®** that the increase of the Al fraction in
a Ni ferrite decreases the net magnetization because of the
substitution of Fe** by AI** in the crystal lattice.
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Figure 20. EDS spectrum of the sintered ferrite sample.
4. Conclusions

The results from this work indicate that sieving the
calcined Ni-Co ferrite powder before the forming operation
increased the flexural strength of the material. The use of
alumina grinding media inserted Al in the ferrite composition
and it apparently affected the magnetic permeability of the
material, especially in the lowest frequencies studied. In spite
of the Al content, the magnetostrictive properties of the ferrite
were very close to other Al-free Ni-Co ferrites in literature
with similar composition. The results also confirmed the
potential applications of low-Co Ni-Co ferrites in sensors.
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