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Abstract: The interest in finding new methods for the preparation of nickel
ferrite (NiFe,Oy4) and nickel-zinc ferrite (Ni,Zn,_Fe,0,) powders has recently
increased, because the physical and chemical properties of these soft magnetic
materials depend strongly on the preparation conditions. In this study, powder
samples of ferrites were obtained by: 1) a classic sintering procedure
(Ni,Zn;_Fe,0y4, x = 0.9) and 2) planetary mill synthesis (both NiFe,O,4 and the
Ni,Zn;_Fe,04). The mechano-chemical reaction leading to the formation of
the spinel phase of Ni,Zn; Fe,O4 (x = 1 or 0.9) was monitored by scanning
electron microscopy (SEM), transmission electron microscopy (TEM), and X-
-ray diffraction (XRD) analysis. The values of the real and imaginary parts of
the permittivity and permeability were measured for the obtained nickel and
nickel-zinc ferrite samples in the 7-12 GHz frequency range. Based on the
obtained results, the electromagnetic radiation (EMR) absorption coefficients
were calculated for all three types of sample. It was concluded that the method
of preparation and the final particle size influence the EMR absorption co-
efficient of nickel and nickel-zinc ferrites.

Keywords: ferrites; nanocrystalline materials; mechano-chemistry; radar ab-
sorbers.

INTRODUCTION

It is well known that the properties of ferrite materials strongly depend on
the preparation conditions. Consequently, different methods for the preparation
of ferrite powders are described in the literature.!-3 By choosing a method that
leads to a reduction of the particle size, the magnetic properties (such as coercive
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field, Curie temperature, saturation magnetization and absorption coefficients)
may change significantly in comparison with those of the bulk material.

The basic structure of a spinel ferrite is A,B1_FeyO4, where A and B are
divalent metal ions (e.g., Mg, Mn, Ni, Zn, efc.). In a unit cell of the spinel lattice,
there are eight tetrahedral and sixteen octahedral sites occupied by A, B and Fe3™,
while the oxygen anions are arranged in a cubic close-packed structure. Site oc-
cupancy may range from the normal spinel structure, in which the A and B cat-
ions occupy the tetrahedral sites and Fe3" the octahedral ones, to the inverse
spinel, in which half the Fe3* cations occupy the tetrahedral sites, and three (A, B
and Fe3™) cations occupy the octahedral sites. In general, site occupancy in
NiFe>O4 and Ni,Zn;_Fe,O4 may be expressed by rewriting its generic formula
as (Nij_;Fep)[NL;Fe;_1]O4 and (NixZnj_y)12Fe))[(NixZnj_);Fe;]O4, where
the parentheses and square brackets denote the tetrahedral and octahedral sites,
respectively. A represents the so-called degree of inversion, defined as the frac-
tion of tetrahedral sites occupied by Fe3™.

Interest in nanoparticle materials permanently increases because of the sig-
nificant influence of large surface/volume ratio of nanoparticles on their physical
properties, compared to their bulk counterpart.# Recent investigations in the field
of mechano-chemistry have resulted in the mechano-synthesis of stoichiometric
and chemically pure nanoscale spinel ferrites,>~12 which were undertaken be-
cause this class of materials have significant permeability values over very nar-
row frequency ranges.!3:14 In most cases, the complete formation of spinel ferri-
tes was obtained only after milling followed by sintering, i.e., by employing two
processing steps. It was noted that the combined mechano-chemical-thermal
treatment yielded a well-ordered spinel phase in ferrites at lower annealing tem-
peratures and shorter durations, than those required for conventional ceramic me-
thods.15:16 Herein, an improvement of the method in order to obtain ferrites with
better properties, which can be employed in microwave electronics, is presented.

The request that an absorber of electromagnetic radiation (EMR) needs to be
efficient can be satisfied by material with special properties. The material has to
not only attenuate electromagnetic (EM) waves penetrating its volume, but also
moreover present a good match to the incident waves at the air/material interface.
Good absorption is provided with &’, 4, tan d, and tan O as large as possible,
while good matching at the interface requires 4’ = &’ and tan J, = tan 0:17 The
present paper describes a technique for preparing nickel ferrite (NiFe;O4) and
nickel—zinc ferrite (Nig9Zng 1FeyO4), based on planetary mill synthesis, which
increases the absorption factor of ferrites obtained by the classical route, in the
frequency range 7—12 GHz.18-21
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EXPERIMENTAL

Powder samples of NiFe,0, and Nij 9Zn, ;Fe,0, soft ferrites were synthesized by classic
sintering (sample 1 (Nig¢ZngFe,O4), made in Ei Ferrite, Belgrade) and by planetary mill
synthesis (sample 2 (NiFe,O4) and sample 3 (Niy 9Zng ;Fe,04)).

In the classic sintering process, thermal diffusion occurs between NiO crystals (1-2 pm
in size) and the hematite, and the final size of particles should be larger than the size of crys-
tals in the starting components. The average particle size obtained by the conventional sin-
tering method (sample 1) was several microns.

Mixtures of crystalline powders of NiO and Fe,O5 for sample 2, and NiO, ZnO and Fe,0;
(purity 99 %) for sample 3, were used as the starting materials for the planetary mill syn-
theses. Mechano-chemical treatment was performed in a planetary ball mill (Fritsch Pulveri-
sette 5). A hardened-steel vial (500 cm? volume) filled with 286 hardened-steel balls (8 mm in
diameter) was used as the milling medium. The mass of the powders was 30 g and the balls-
to-powder ratio was 20:1. Milling was performed for 50 h, in air, without any additives.

Sizes and shapes of polycrystalline powder particle of samples 2 and 3 were examined
by scanning electron microscopy (SEM) (JEOL JSM-5200) and by combined field-emission
(scanning) transmission electron microscopy (TEM) (the grid was dried overnight at room
temperature and observed with a FEI Tecnai biotwin (120 kV)) and by X-ray diffraction
(XRD) analysis. Prior to the SEM surveys, the particles were gold-sputtered in a JFC 1100
ionic sputter coater. Prior to the TEM investigations, the powders were crushed in a mortar,
dispersed in ethanol and fixed on a copper-supported carbon film. The XRD analysis of
samples 2 and 3 was performed on a Philips PW 1730 automatic diffractometer with CuK,
graphite-monochrome radiation (4 = 0.1542 nm).

Values of the real and imaginary parts of the permittivity and permeability were mea-
sured for all three samples in the 7-12 GHz frequency range. Samples were prepared by
pressing the powder into aluminum holders (27 mmx27 mm) without thermal treatment. The
measurements were performed using a HP 8510 network analyzer system with simple-to-
-fabricate test fixtures, with the capability to measure simultaneously both £ and & at up to
400 frequency points. Based on the values obtained for f, and &, the EMR absorption coef-
ficient was calculated.

RESULTS AND DISCUSSION

SEM Micrographs of powder samples of NiFe,O4 (sample 2) and
Nig.9Zng 1FeyO4 (sample 3) synthesized by the planetary mill procedure are shown
in Fig. 1. It can be noticed that the nanoscale crystallites tend to agglomerate,
because of the dipolar field of each crystallite. TEM Micrographs of samples 2
and 3, presented in Fig. 2, show that the nanoscale crystallites form particles of
average size 10—15 nm, which is consistent with the average crystallite size de-
termined by XRD analysis. The shape of the majority of the crystallites appears
to be spherical. Agglomerated crystallites form particles with sizes mostly up to
50 nm.

The X-ray diffractograms of samples 2 and 3 are presented in Fig. 3. They
show that no peaks of the starting compounds were present after 50 h of milling,
only the full spectrum of the characteristic peaks of NiFe,O4 in sample 2 and
those of Nig9Zng 1FeyO4 in sample 3. The calculated lattice parameters were
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0.83369+10 for NiFe;O4 and 0.83401+10> nm for Nig 9Zng 1FesOy4, which are
consistent with the values obtained by other authors (ICPD 10-325; ICPD 22-
-1012).

(a) (b)
Fig. 1. SEM Images of the nanocrystalline mechano-synthesized samples after 50 h of milling:
a) sample 2 (NiFe,Oy4) and b) sample 3 (Niy 9Zng ;Fe,0y).

100 nm

(a) (b)
Fig. 2. TEM Images of the nanocrystalline mechano-synthesized samples after 50 h of
milling: a) sample 2 (NiFe,O4) and b) sample 3 (Niy 9Zng ;Fe,04).

Crystallite sizes of the powders were calculated from the XRD data by means
of the Scherrer Equation:22

094
BcosOg
where S is the crystallite grain size, 4 is the wavelength of the X-ray source, 0p is

the Bragg angle of the considered XRD peaks, and B represents the full width at
half maximum (FWHM) line broadening obtained as follows:

B*=Bx-B? )

(1
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where By, is the FWHM line broadening of the material and Bg represents the
FWHM line broadening of the internal standard (a-Al,O3). The resulting values
of crystallite size obtained from the strongest (111) reflections were in the range
of 10—15 nm for NiFe,O4 and Nig 9Zng 1Fe;0g4.
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Fig. 3. XRD Patterns of the mechano-synthesized samples after 50 h of milling:
a) sample 2 (NiFe,0O,4) and b) sample 3 (Nij 9Zng ;Fe,0y).
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The complex permittivity and permeability values of all ferrite samples were
obtained from measurements conducted using an HP 8510 Network Analyzer
system. From the obtained frequency dependence of the permittivity and permea-
bility, the EMR attenuation coefficient o was calculated using the formula:

o =27f \ HoEo N Er My | 2 X

X\/(tan O, tan & —1)+(1+tan2 6, tan2 J; + tan2 J,, + tan2 & )

3)

where the loss tangents are defined by tan &, = 4"/ and tan & = &"/&' (' and
&' being the real parts, and 4" and &" the imaginary parts of the permeability and
permittivity, respectively).

The real and complex parts of the permittivity exhibited frequency depen-
dency in all three samples, but without any marked maximum values; hence all
the examined materials could be used as wide-range absorbents. Samples 1 and 3
exhibited higher values of the real part of the permittivity than those of sample 2.
Conversely, sample 2 exhibited higher values of the imaginary part of the permit-
tivity than the other two sample types (Fig. 4). The real part of the permeability
was the highest in sample 3, and the lowest in sample 2. Sample 1 and sample 2
exhibited higher values of the imaginary part of permeability than those of samp-
le 3 (Fig. 5).
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Fig. 4. Values of the real, &' (a), and the imaginary part, &" (b), of permittivity for the ferrite
samples: < — Nij ;Zng gFe,04 (sample 1) obtained by the standard sintering route, (] —
NiFe,04 (sample 2) and B — Ni; ;Zng gFe,0, (sample 3) obtained mechano-chemically.
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Fig. 5. Values of the real, /' (a), and the imaginary part, 4" (b), of permeability for ferrite
samples: < — Nig 1 Zng gFe,04 (sample 1) obtained by the standard sintering route, (1 —
NiFe,04 (sample 2) and B — Nij ;Zn gFe,0, (sample 3) obtained mechano-chemically.

The values of the EMR attenuation coefficient (&) calculated from expres-
sion (3) are presented in Fig. 6, in linear and log scales. It may be concluded that
the EMR attenuation coefficient depended more on the method of preparation,
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Fig. 6. Values of EMR attenuation coefficient (a) for <& — Nig ;Zng gFe,O,4 (sample 1)
obtained by the standard sintering route, [J — NiFe,O,4 (sample 2) and Bl — Nij ;Zng 9Fe,04
(sample 3), presented in a) linear and b) logarithmic scale.
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i.e., on powder particle morphology than on the chemical content of the samples.
It can be seen in Figure 6b that the change of attenuation coefficient for sample 2
was within 30 dB, for sample 3 between 20 and 30 dB, and for sample 1 between
10 and 30 dB. The higher values of the EMR attenuation coefficient observed for
samples 2 and 3, obtained by the mechano-chemical process, are the result of the
extremely high specific granule surface (granule-weight to granule-surface ratio),
as well as of the large number of dislocations and impurities in the crystal struc-
ture concentrated at the granule surfaces, which is typical for powders obtained
mechano-chemically. Larger granules present in sample 1 resulted in lower va-
lues of the EMR attenuation coefficient.

CONCLUSION

Based on the obtained results, it can be concluded that the nickel ferrite
(NiFeyO4) produced by the mechano-chemical process gave better results with
respect to EMR attenuation than the nickel-zinc ferrite obtained by both the clas-
sic and mechano-chemical sintering process. For the mechano-chemically pre-
pared nickel ferrite samples, the EMR attenuation coefficient showed a practi-
cally constant value (within a 30 dB margin) over the whole frequency range (7—
—12 GHz), which places these soft ferrites among the most favorable wide-range
microwave absorbents. The configuration of the soft ferrites obtained by this me-
thod is a single-layer one, as opposed to the complex multi-layer configurations
applied hitherto. Final judgment on the applicability of these materials for wide-
range radar absorbers demands an extension of this investigation toward higher
frequencies.

Acknowledgements. The Ministry of Education and Science of the Republic of Serbia
supported this work.

U3BOA

MEXAHOXEMMJCKA CUHTE3A HUKAJI 1 HUKAJI-LIMHK ®EPUTHUX [TPAXOBA CA
NICOLSON-ROSS AHAJIM30M ABCOPITHNOHUX KOEOUITNJIEHATA

YEJIOMUP JOBAJIEKUR', AJIEKCAHJIAP C. HUKOJIMR?, MAJA TPY IEH-ITABJIOBUR’
1 MUOJIPAT B. TIABJIOBUR®

' Uncmuimyim 3a myamiuoucyuiisunapra uciipaxcusarsa, Krnesa Buwecaasa Ia, 11001 Beozpad, > Xemujcxu
akyaimein, Ciniyoenitcxu wipz 12—16, 11001 Beozpao u 3Eﬂe}aﬂp0mexmmxu ¢hakyaitieid,
B. Kpawa Aaexcanopa 73, 11001 Beozpao

VY HoBHje BpeMme nosehaH je MHTepec 3a MPOHAIAKEHe HOBUX METO/A 33 CHHTE3y HHUKal-(e-
puta (NiFe,O4) u Hukan—uuHk-peputHux (Ni,Zn;_Fe,04) mpaxosa, 30or ynmennne na Gpuznika
U XEMHjCKa CBOjCTBa OBHX ,,MEKHX® MarHeTHHX MaTepHjajla y MHOTOME 3aBHCE O] YCIJoBa
npunpeme. JlobujeHn GpepuTHN MPaxoBH, OMUCAHH Yy OBOM Pajy, CHHTETHCAHH CY: 1) KIaCHYHOM
npouexypom cunrepoBama (Ni,Zn_Fe,04, x = 0,9 nnu 2) cuHTE30M y IUIAHETAPHOM MIIMHY
(NiFe,O4 u NiZn;_Fe,04). IIpoceuna BenuuuHa yecTHIA JOOMjEHUX HPBOM METOAOM H3HOCH
3—5 um, mok npyra Merona naje decrune ennunae 10-12 nm. Kapaxrepusanuja y3opaka npahena
je ckenmpajyhom enextpoHckoM MuKpockonrjoM (SEM), TpaHCMHCHOHOM €JIEKTPOHCKOM MHUKPO-
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ckojoM (TEM), xao u mudpaxumonom aHammsom X-3panuma (XRD). Peannun m nmarnaapau
JIeNoBH Koe(uImjeHaTa IEPMUTHBHOCTH M MEPMEaOMITHOCTH CYy MEPEHU Ha JOOWjEHUM Y30pIiMa
HUKaJ U HUKan-IHUHK-(eputa y ppexksentHoM omcery 7—-12 GHz . Ha ocHOBy mobujeHux pe3yd-
Tata, u3pauyHatd cy EMR ancopnunoHu KoeHIMjeHTH 3a CBe J00ujeHe y30pKe. 3aKk/bydeHo je Ja
j€ HauMH IpumpeMe, Kao U no0ujeHa Benu4yrHa dectuna, yrudy Ha EMR amcoprmone koeduiy-
jeHTe HUKaJ U HUKaJ-IIMHK-(epuTa.
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(ITIpumubeHo 2. MapTa, peBraupaHo 6. maja 2011)
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