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Nij sCo, sFe,0, (NCF) powders were obtained employing two alternative synthesis routes: solid-state reaction and Pechini’s
methods. The ceramic powders were pressed and sintered in the temperature range of 1100°C to 1250 °C. Microstructural and
structural properties were evaluated by SEM, XRD, and Raman spectroscopy. Magnetic hysteresis loops of sintered samples were
also recorded. A secondary phase was observed in samples synthesized by Pechini’s method, whereas samples obtained by the
solid-state reaction method, with the mechanochemical activation of the reagents, only produced the spinel structure. Magnetic
properties of samples obtained by the solid-state method displayed higher magnetic saturations and lower coercive fields than

those obtained from the Pechini’s method.

Keywords: Ferrite; Pechini; Raman spectroscopy; magnetic properties.

1. Introduction

Cobalt ferrite is a well-known hard magnetic material with
AB,O, spinel structure, relatively high coercivity (H.), and
magnetic saturation (M,), while nickel ferrite is a soft mag-
netic material with both low coercivity and magnetic satu-
ration. Consequently, the combination of these hard and
soft ferrites could be useful for a variety of applications.!-3
Besides, Ni—Co ferrites are frequently employed in electronic
devices suitable for high-frequency applications in the tele-
communications field. These materials are commercially used
in high-quality filters, radio frequency circuits, transformer
cores, and read/write heads for high-speed digital tape. The
excellent electromagnetic properties of these materials make
them suitable for the size reduction of high-frequency appli-
cation devices.*

It is known that the magnetic character of these materials
crucially depends on the size and shape of their grains, the
purity, and the magnetic stability.>® Therefore, their magnetic
properties can be designated by modifications in the starting
particle size, selecting the appropriate soft and hard ferrite
composition,®’ or employing several synthesis methods,?
according to the specific requirements. Indeed, the complete
knowledge of the influence of the synthesis method on the
final magnetic properties of these ceramics could improve the
device properties.

It is known that magnetic properties can be controlled by
using different synthesis methodologies, such as sol-gel,’

*Corresponding author.

coprecipitation,'® or hydrothermal routes.!! Specifically,
the auto combustion Pechini’s method is a promising route
due to the required low processing temperatures, the high-
stoichiometry and particle-size control of the products,'?
and the homogeneous starting materials distribution.!?
Nevertheless, considering that many chemical synthesis
routes are expensive, the mechanical activated solid-state
reaction is an operational technology for the preparation of
high amounts of powders.!* Moreover, a high-energy ball
mill is an excellent technique for nanomaterials’ synthesis
at low temperatures.!> In all cases, a complete understand-
ing of the synthesis route on the structural, microstructural,
and magnetic properties of sintered samples should be
achieved.

In this paper, the final properties of Ni,sCo,sFe,O,
(NCF) magnetic ceramics synthesized by two alternative
routes, solid-state reaction and Pechini’s methods, are pre-
sented and compared. For the complete discussion, structural,
microstructural, and magnetic properties are related to the
employed synthesis route.

2. Experimental Procedure

Two alternative routes for the NCF synthesis were carried
out: the solid-state reaction method, including the mechano-
chemical activation of the reactants (M1), and the auto com-
bustion Pechini’s method (M2).
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The reagents for the solid-state reaction method (M1) were
Co(C,H;0,),-4H,0 (p.a. Biopack, Argentina), Ni(C,H;0,),-
4H,0 (Aldrich 99%; Argentina), and Fe,O; (Mallinckrodt 97%,
USA). All the reactants were weighted according to the stoi-
chiometric ferrite formula and milled for 6 h in a planetary mill
(Fritsch, Pulverisette 7, 900 rpm) using steel jars. The resulting
powder was dried at 150 °C for 24 h and calcined at 1050 °C for
2 h. The resulting powder was milled again for 3 h, dried, and
sieved.

For Pechini’s method (M2), the used reagents were
Ni(NO;),-6H,0 (Baker 99.8%, USA), Co(NOs);-6H,0
(Biopack 98%, Argentina), Fe(NO;);-9H,0 (Aldrich 98%,
USA), and citric acid (Cicarelli 99%, Argentina). For the
synthesis, hexahydrated nickel nitrate, hexahydrated cobalt
nitrate, nonahydrated iron nitrate, and citric acid were sep-
arately dissolved in water in a solvent ratio of 12.5 mL per
10 mmol solute (H,O) with a stoichiometric ratio of
0.5:0.5:2:3. All the solutions were separately stirred for
30 min. After that, they were mixed together and ammonium
hydroxide was added to maintain the pH = 7. The solution
was kept at 200 °C for the auto combustion where a fine black
powder was produced. Subsequently, the powder was ther-
mally treated at 850 °C for 2 h to obtain the desired phase.

The ceramic powders obtained by both synthesis methods
were uniaxially pressed at 150 MPa into disks of 9 mm diam-
eter and 1 mm thickness. Finally, the pressed samples were
sintered at 1100°C, 1150°C, 1200 °C, and 1250°C for 2 h, in
an air atmosphere, and employing a heating and cooling rate
of 5°C/min.

The bulk density of the pellets was determined by the
Archimedes’ method employing distilled water as the immer-
sion medium. The densification degree was calculated taking
into account the measured bulk density and the theoretical
density of the material. The crystalline structure and micro-
structure of the sintered samples were characterized by X-ray
diffraction (XRD, PANalytical, X pert Pro, CuKa), scanning
electron microscopy (SEM, JEOL 6460LV), and Raman
spectroscopy (Renishaw inVia microscope using a 514 nm
laser Ar-ion), respectively. Deconvolution and curve fitting
of the Raman spectra were achieved with Fityk software
using Lorentzian functions after performing a background
correction.

Before the observation by SEM, samples were mirror pol-
ished and heat treated at 50 °C below the sintering tempera-
ture for 20 min. Magnetization, at room temperature and as a
function of the magnetic field, was measured by a vibrating
sample magnetometer (Lakeshore 7300). The magnetic hys-
teresis loops were taken between +15 and —15 kOe at room
temperature.

3. Results and Discussion

Figure 1 shows the X-ray diffraction spectra of the sam-
ples (obtained by both methods) sintered between 1100°C
and 1250°C for 5 h. XRD patterns confirm that the NCF
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Fig. 1. XRD patterns of samples synthesized by M1 (left) and M2

(right) and sintered between 1100 °C and 1250 °C.

crystallizes in the cubic spinel structure of Fd3m space
group, according to the previously reported data for NiFe,O,
(JCPDF N° 74-2081) and CoFe,0, (JCPDF N° 79-1744).7-16
Interestingly, in samples obtained by the M2 method and sin-
tered at 1200 °C and 1250 °C, the small reflection at 33° can
be assigned to the presence of Fe,0; (JCPDF N° 39-1346), as
it was also reported by other researchers.!”-!3 This secondary
phase was also observed by Winiarska et al. in ferrite ceram-
ics synthesized by the sol-gel method.!8

Figure 2 shows the SEM micrographs and the grain-size
distributions of the samples, synthesized by both methods,
and sintered at 1250°C. Moreover, Tables 1 and 2 show the
average grain size, and the experimental density and the cor-
responding densification percentages of all sintered samples,
respectively. From the figure, it can be observed that the aver-
age grain size of samples obtained by M1 is larger than for
the samples obtained by M2. The larger grain size found in
the samples synthesized by the mechanochemically activated
solid-state reaction method (Fig. 2 and Table 1) could be asso-
ciated with both the initial particle size and the surface energy
of the synthesized powders. Besides, in samples synthesized
by method 2, the secondary phase formation (as the observed
Fe,0; presence) could modify the grain growth during the
sintering process. Moreover, grain growth increases with sin-
tering temperature in samples synthesized by M1, whereas
the grain growth was restricted in samples obtained by M2.

In addition, from Table 2 an increase in the densification
degree with the sintering temperature is registered. Generally,
the densification degree of samples obtained by M1 is
slightly higher than those observed for M2. Remembering
that the mechanochemistry phenomenon is based on the frac-
ture of the particles because of impacts of the milling media,
remarkable amounts of structural defects generated during
the mechanochemical process can reduce diffusion length
and subsequently increase the rate of atomic diffusion.!”
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Fig. 2. SEM micrographs and grain-size distributions of samples synthesized by M1 (a) or M2 (b) and sintered at 1250 °C.

Table 1. Average grain-size values of sintered
samples.
Sintering Average grain size (um)
temperature [°C]

M1 M2
1100 0.54+0.13 0.53+0.19
1150 0.71+£0.26 0.60+£0.21
1200 0.79+£0.26 0.59+0.24
1250 1.51+£0.75 0.57+0.31

Therefore, powders synthesized by the mechanochemically
activated solid-state method (M1) resulted in larger grains.

As an example, Fig. 3 shows the Raman spectrum of the
NCF sample synthesized by M1 and sintered at 1100 °C. The
presence of the five peaks associated with the characteristic
Raman modes (A,,, E,, and 3T,, modes) confirms the spinel
phase formation in the sample.?!-23

As shown in Fig. 3, the A, mode is the symmetric stretch
of (Fe/M)-O bond (in tetrahedral coordination), whereas T,,

Table 2. Experimental density and densification percentage of
sintered samples. Theoretical density is 5.36 g/cm3.20

Sintering M1 M2
temperature ) . . .
[°C] Density  Densification = Density  Densification
[g/cm?] [%] [g/cm?] [%]
1100 4.85+0.06 90.9 4.79 £0.06 89.8
1150 4.91+0.07 92.0 4.77+0.07 89.4
1200 494 £0.04 92.6 491 £0.06 92.0
1250 5.01 £0.05 93.9 4.97+0.03 93.2

(2) mode is an anti-symmetric stretch. The E, and T,, (3) are
symmetric and anti-symmetric bending modes of oxygen
concerning Fe (M), respectively. The fifth mode, i.e., T,, (1)
corresponds to the translatory movement of the whole MO,.2*
Considering that each Raman mode is related to a specific
vibration and that different cations (Ni, Co, and Fe) can
occupy the same position in the lattice, the contribution of
the vibrations corresponding to each of the cations results in
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Fig. 3. Raman spectrum of NCF ceramic synthesized by M1 and

sintered at 1100 °C with the deconvolution of the main bands.

a wider band due to the influence of individual bands. This
effect, due to the contribution of the bands generated by the
cations (Fe, Ni, and Co), can be observed in the Raman spec-
trum between 600 cm™!' and 750 cm™!. In particular, the band
at 700 cm™!, which includes two shoulders at 657 cm™' and
620 cm™!, can be assigned to the Alg mode, while the remain-
ing four bands are related to the T, (3), Ty, (2), E,, and Ty,
(1) modes. Moreover, according to previously published
papers, the deconvolution of the A, band the most intense
band at ~700 cm™! is related to the Fe—O bonds, and the
bands at 660 cm~' and 620 cm™! are associated with Fe—O and
Co-0 bonds, respectively.?> The low intensity of the band
assigned to the Ni—O bond hinders its complete deconvolu-
tion. The E, and T,, (3) modes correspond to the symmetric
and antisymmetric bending of the oxygen atom in M—O bond
at octahedral sites, respectively. Specifically, the overlapped
bands close to 457 cm™" and 482 cm™! are assigned to the T,
(2) mode of the nickel, cobalt, and iron at octahedral sites of
the spinel structure. It is known that Co?* forces the Fe3* to
migrate from the A-site to the B-site inducing the transforma-
tion of the nearly inverse spinel structure characteristic of the
NiFe,0, to a mixed spinel structure in NCFE.2> Furthermore,
the displacement of the T,, (3) mode can be related to defects
in the sample (such as the presence of vacancies and inter-
stitial cations or possible nonstoichiometries).>* Finally, the
T,, (1) mode is observed for wavenumbers close to 200 cm™!.

In Fig. 4, the spectra evolution of the sintered samples
synthesized by both methods is presented. Interestingly, in
samples synthesized by M2 a new peak at 150 cm™' asso-
ciated with A;, mode of the Fe,0; phase® is observed for
the complete set of sintering temperatures. This peak indi-
cates that the Fe,O;, secondary phase is formed in all the sam-
ples synthesized by M2 and it is only registered by XRD at
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Fig. 4. Raman spectra of samples synthesized by M1 (left) and

M2 (right) and sintered at temperatures ranging between 1100°C

and 1250°C including the bands’ deconvolution using Lorentzian
functions.?*26

the highest temperatures due to the increased crystallinity.
Considering the A, band related to the Co-O bond, for sam-
ples synthesized by method 2, the increasing intensity with
the sintering temperature could be attributed to the cobalt
incorporation into the lattice displacing iron ions.

Figure 5 shows the magnetic hysteresis loops of the sin-
tered samples. All the samples exhibited typical ferromag-
netic behavior. Similar magnetic saturation (M,) is observed
for samples synthesized by both methods and sintered at
1000°C and 1150 °C. However, for higher sintering tempera-
tures, larger M, values for samples synthesized by the sol-
id-state route (M1) are registered. Taking into account that the
reduction in particle size causes an increase in the proportion
of the noncollinear magnetic structure on the particle surface
layer, in which the magnetic moments are not aligned with the
external magnetic field, the magnetic saturation behavior can
be attributed to the increased grain growth in samples synthe-
sized by M1 as observed in Table 1. Furthermore, as noted in
other works,!3 the secondary phase content in samples syn-
thesized by the Pechini method (M2) could also decrease the
magnetic saturation. Although the coercive field decreased
in all samples with the increase in sintering temperature, the
samples obtained by M2 recorded the highest coercive values
in the entire temperature range. Remembering that a com-
bination of various microstructure factors such as grains or
pores parameters, microstrain, impurities, or defects affects
the values of H_,'3 the observed behavior can be related to the
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Fig.5. Magnetic hysteresis loops, at room temperature, of NCF ceramics sintered between 1100 °C and 1250 °C. Method 1 (a), M,,,, versus
sintering temperature (b) and H, versus sintering temperature (c) comparative graphs, and Method 2 (d).

reduced grain growth, lattices parameters (stiffness and mag-
netocrystalline anisotropy) and the secondary phase presence
in samples obtained from the Pechini’s method which results
in increase in pinning sites for the spins and could lead to an
increased coercive field.

4. Conclusion

In this study, NCF magnetic ceramics were obtained using
two alternative routes: solid-state reaction and Pechini’s
methods. The stabilization of the spinel structure was con-
firmed, by Raman and XRD techniques, in the full set of
sintering temperatures studied. In samples synthesized by
Pechini’s method, Fe,O; as a secondary phase was detected
in all the sintered samples. Moreover, samples obtained by
the solid-state reaction method presented improved mag-
netic properties (high magnetic saturation and low coercive
field) due to the absence of secondary phases, and larger
grain size than those obtained from Pechini’s method. In
conclusion, the solid-state reaction method, including the
mechanochemical activation of the reagents, brings better
results than Pechini’s synthesis method for the complete sin-
tering range.
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