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The Ni-Co ferrites were prepared by the technology sol-gel with participation of auto-combustion and
sintered at temperature 1573 K in air. The effects of Ni2* ions addition on the microstructure and electric
properties of Ni.Coi-<Fe204 ferrites were systematically studied. The added of Ni%* ions significantly
affects the formation of pores and grain size of ferrites. By doping with nickel ions the pores decreased and
a dense material are obtained. The micro-hardness values increases from 5,16 GPa to 8,59 GPa with
increasing nickel contents. The Hall coefficient, conductivity type, concentration of charge carriers and
specific conductivity were found. In Ni-Co ferrites Hall mobility is within the limits from

7.04-10-! cm?/V-s to 4.38 cm2/V-s.
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1. INTRODUCTION

Ferrites are semiconductors in nature having a
wide range of resistivity from 10-3 to 101 Ohm-cm at
room temperature [1]. The high resistivity of ferrites is
explained on the basis of location of cations in the spi-
nel structure and also the hopping mechanism [2].
Most of the high frequency applications related to elec-
tric properties are concerned with dielectrics. The ad-
vantages of the ferrites, which are ceramic in nature,
over the other available dielectric materials are elastic
properties, and greater resistance to environmental
changes, particularly at higher temperature.

Mechanism of charge transport can be understood
from the measurement of electrical conductivity and
Hall coefficient. Concentration and mobility of charge
carriers are the key quantities for obtaining infor-
mation of the ferrite conductivity. Therefore the
knowledge of these parameters and the mechanical
properties are highly important for their use. The mi-
cro- hardness of material is an important mechanical
property because it relates how much the material will
inelastic deformed when a surface load is applied.
Sometimes, hardness is increased when the grain size
is decreased in the ultrafine range [3].

Hence, the present paper is devoted to studying the
effect of Ni?* ions substitution on the microstructure,
mechanical and electric properties of cobalt ferrite.

2. EXPERIMENTS

Ferrites with the general formula NixCo1-xFe204
(x=0.0, 0.1, 0.2, 0.3, 0.4 and 0.5) have been prepared
by SGA technique [4]. The X-ray diffraction (XRD) pat-
terns were recorded at room temperature on Dron 3
X-ray diffractometer using CuKa radiation. The scan-
ning was done in the 26 range from 15° to 60°. After
completing the process auto-combustion was obtained
one phase of ferrite powders which corresponded to the
cubic structure of spinel space group Fd3m.

The average size of coherent scattering regions of
powders was in the range 39-62 nm. The resulting
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powders were pressed under a pressure of 3,3-108 Pa
die to make pallets. The pressed samples were then
finally sintered at 1573 K for 5 h in air and cooled in
the furnace.

The microstructure of samples after etching was
analyzed by optical microscopy. Grain sizes were
determined with the aid of a digital image processor
program, hooked to the microscope. The mechanical
properties of pallets were obtained from Vickers micro-
hardness measurements using a NEXUS 412A tester
at the transverse surface of the sintered samples at a
time of 15 s, with a minimum of 3 indentations per
sample. A 3 N load was used to measure the micro-
hardness values. A computer program was used to
analyze the image and calculate the micro-hardness.

The measurement of Holl parameters of samples was
carried out in air at a temperature of 300 K in
permanent magnetic fields by using automated
installation, which provides processes for measuring
electrical parameters, recording and primary data
processing. The measured sample had two Hall and two
current contacts. The current through the samples was
about 100 pA. The magnetic field at an induction of 1.6 T
was directed perpendicularly to the pellets base.

The conducting characteristics of the investigated
samples were determined by the parameters of complex
impedance, the measurement of which was carried out
using the Autolab PGSTAT 12/FRA-2 spectrometer in
the frequency range of 10-2-106 Hz.

3. RESULTS AND DISCUSSION
3.1 Micro-structural Study

The microstructure and compositional analysis of
all the ferrite samples were studied systematically by
optical microscopy. The samples for optical microscopy
were prepared by polished in three stages of 6, 3, and
1 um on a polishing wheel using diamond spray. All the
samples were etched firstly with 2 % nitric acid solu-
tion for few seconds to reveal the microstructure of the
affected areas.
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According to analysis of X-ray diffraction patterns
of NixCoi-Fe204 pallets crystallite size was lying in
the range of 42 nm to 94 nm. Low magnification (x 400)
optical micrographs were attained to determine the
grain size. The results from optical micrograph show
the chemical homogeneities and porosity along with
grains formation. All the samples of Ni:Coi-:Fe2Os4,
except x = 0.0, are homogeneous and free from any sort
of macro-porosity (Fig. 1).

The decrease of porosity by increasing Ni%* concen-
tration in this series of ferrite is again clear from opti-
cal electron micrographs. The grain size of the ferrite
pellets is about 0,5-1,4 pm. It is to be noted that for all
the compositions of the studied ferrites the addition of
Ni ions suppressed the grain growth and causes the
grain size to decrease.

Fig. 1 — Optical micrograph of Ni-Co ferrites: a — CoFe204,
b - Nio,5000,5F6204

3.2 Micro-hardness Study

Micro-hardness tests of all the compositions of
ferrite were performed on the same samples prepared
for the optical microscopy. The Vickers micro-hardness
in [MPa] depends on the size of the indentation and the
applied load, and is determined by the formula:

F
H, =1 1
S (eY)
where F is load in [N], S is indentation area in [mm?],
from here we have:

. _2F-sin(%)

Vv = dz ’ (2)
where a is a dihedral angle of a diamond pyramid at its
top (@=136°), d is the arithmetic mean of the both di-
agonal lengths of the indentation (d = (d1 + d2)/2).
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Then

F
H, =1,854- . 3)

On the other hand, the Vickers micro-hardness in
[kg'mm ~2] is determined by the formula:

2F -sin(%}) 7

Hy =0102: —— = =01891—;. (&)

It is well known that microstructure greatly affect-
ing the material properties such as micro-hardness. It
is revealed that the hardness measured on all the sam-
ples of Ni-Co ferrite compositions showed values, in the
range of 5,16-8,569 GPa (Fig. 2). It is clear that the
hardness of samples increased with increasing Ni2*
content. This is because NiO form double bonding due
to some ionic character with Og, which further increas-
es its polarity and generate strong interaction among
ions. The micro-hardness has a maximum value at x =
0.5 which will result in a material being more re-
sistance to the indentation at a given load, which will
signify that the material will be able to plastically de-
form more so than the CoFe204 ferrite. The effect of Ni
addition on hardness of different compositions of fer-
rites has also been studied by other researchers [5, 6]
and observed that the micro-hardness was increased
with Ni addition.

0,0 0,1 0,2 0.3 0,4 0,5

Composition x

Fig. 2 — The microhardness of NiiCoi-xFe:04 ferrites as a
function of Ni content

The micro-hardness values obtained are better than
those reported in the literature for different composi-
tions of ferrites [7]. In addition, the method of material
synthesis also influence on the micro-hardness of fer-
rites. For example, in the work [8] Mno.sZno.2Fe204 fer-
rites were obtained in two ways. At first, Mg-Zn ferrite
was obtained by ball milling method with oxides MnO,
Zn0 and Fe203. The sample was annealed at 973 K for
4h. The second method was to prepare solutions
Mn(NOs)2-4H20, Zn(NOs)2 6H20 and Fe(NOs)s3 9H20
with 65 % HNOs. The sample was then dried in an over
at 383 K and annealed at 973 K in argon for 4 h. In the
first case the micro-hardness values is 293,2 MPa, but
in the other — 758,3 MPa. Therefore, self combustion
method leads to higher micro-hardness and better me-
chanical properties. This is due to the small size of the
grains.
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It is well know that relation between yield stress
and grain size is described mathematically by the Hall-
Petch equation:

®)

Ky

0,=0,+ % ,
where oy is the yield stress, oo 1s a materials constant
for the starting stress for dislocation movement (or the
resistance of the lattice to dislocation motion), Ky is the
strengthening coefficient (a constant unique to each
material), and d is the grain diameter.

The Hall-Petch law gives a quantitative description
of an increase in the yield stress of a polycrystalline
material as its grain size decreases. This relationship is
based on dislocation mechanisms of plastic defor-
mation: grain boundaries hinder the movement of dis-
locations. It is important to note that for nanomaterials
with grain sizes of several tens of nanometres this law,
to a certain extent, is not observed, giving way to the
so-called inverse Hall-Petch effect, whose mechanisms
are not well understood yet.

In work [9] it was proposed that the hardness de-
pendence on grain size might follow directly from the
Hall-Petch relation. Thus the hardness-grain size rela-
tion is described by

H,=H,+ % , (6)
where Ho, and Kg are constants. In this case hardness
is proportional to d -~ 95,

Fig. 3 shows the Vickers micro-hardness as a func-
tion of the inverse square root of grain size for the Ni-
Co ferrites. The dependence is approximated by a line-
ar function y = A + B-x:

H,, =0,61856+5,50619-d ", (7

where Hy=A, Ky = B.
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Fig. 3 — Hall-Petch plot for the Ni-Co ferrites

In accordance with the Hall-Petch relation, the
hardness decreases linearly for ferrites sintered in
higher temperatures, because the grain size increases.
In work [10] it was found that for Ni-Zn ferrite samples
sintered at 1473 K the densification process in the ab-
sence of grain growth enhances the hardness of the
samples. The important grain growth is observed at
temperatures higher than 1473 K. It reduces the hard-
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ness, independently of the densification attained. On
the other hand, in work [11] it was found that the mi-
cro-hardness increases linearly with sintering tempera-
ture for both NiFe204 and MgFe204. The increase in
micro-hardness with sintering temperature in these
ferrites may be mainly due to the reduction in the po-
rosity of the samples.

J 4210

4 19,5

Composition x

Fig. 4 — Dependences of relative density and porosity from
content of Ni2+ ions

Fig. 4 shows the composition dependence of relative
density and porosity. Because the micro-hardness val-
ues are highly correlated with the relative density and
porosity, so reducing the number of defects in sample is
a common way of increasing its micro-hardness [7].

3.3 Hall Effect

The Hall effect in ferromagnets has been mainly
studied in metals. Meanwhile the study of the sponta-
neous Hall effect in semiconductors is of great interest
in at least two respects. First, there exist at present
two interpretations of the temperature variation of the
spontaneous Hall coefficient Ry in ferromagnets, one of
which associates Ry with the resistivity p, and the oth-
er with the square of the magnetization Ms: Ru(T) ~
pon(T), where n =1, 2; Ru(T) ~ Ms 2(T). The temperature
variation of the magnetization has the same character
both in metallic and in semiconducting ferromagnets,
whereas the temperature variation of the electrical
resistance is markedly different. Second, the conduc-
tion mechanism in ferrites is not yet entirely clear. The
study of the Hall effect, together with the electrical
conductivity, can give valuable information on this
question.

In the present paper the variation of Ry in nickel-
cobalt ferrites is calculated using formula [12]:

U
R,=—£.n, 8
"= g ®)

where Un — the potential difference arising between the
pallet bases, I — current strength, B — induction of
magnetic field, A — height of the pallet. On the other
hand, Hall coefficient is defined by expression:

RH =" (9)

where e — electron charge, n — concentration of charge
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carriers, A — constant (for semiconductors is equal
37/8). Thus Hall coefficient is inversely proportional to
the concentration of charge carriers. Using the formu-
las (8) and (9) we obtain the following expression for
the calculation n:

,_37 1B, (10)
8e U,h
where do we have:
n:7,36.1018-£. (11)
Uyh

In semiconductors, electrons and holes can partici-
pate in the formation of electric current. According to
Verwey the conduction mechanism in ferrites is due to
exchange of electrons between cations in the same site
in the lattice. In cobalt ferrite, the conduction can pos-
sibly be attributed to hopping of electrons
(e") between Fe?" and Fe3* at the octahedral (B) sites of
the spinel. At the tetrahedral (A) sites, hole (e*) is in-
volved in hopping process between Co?" and Co3* [13].
In nickel ferrite, the conduction can possibly be at-
tributed to hopping of electrons
(e’) between Fe?* and Fe?*, and hole (e*) is involved in
hopping process between Ni2* and Ni3* at the octahe-
dral sites.

Thus the probable conduction mechanisms in the
Ni-Co system are Fe2t« Fe3*+e (n-type) and
Ni3* < Ni2*+ et (p-type) at the B sites, and
Co?t — Co%™+ et (p-type) at the A site of the spinel fer-
rite. Assuming that two hopping mechanisms are in-
volved, the predominance of one over the other depends
upon the concentration of substituted cations. If the
electron exchange mechanism dominates to the hole
exchange mechanism the ferrite composition might
conductas n-type semiconductor (or vice versa).

In Table 1 are listed Hall coefficient, conductivity
type and concentration of charge carriers. For samples
with x < 0.4 the electronic conductivity type prevails,
and for Nio.4Coo.cFe20s and NiosCoosFe20s ferrites
holes conductivity type is predominates. The carrier
concentration decreases with increasing Ni content up
to x = 0.2 inclusive, after which it begins to increase.

The conduction mechanism in Nio4CoosFe204 and
Nio.5Coo0.5Fe204 ferrites is hopping of electrons between
Fe3* and Fe?* ions and hopping of holes between Ni+2
and Ni*, which is the dominant one. The number of
holes hopping between Ni*2 and Ni*3 ions increases with
nickel doping. This is because of Fe3* ions migration
from the octahedral to the tetrahedral sites.

Table 1 — Hall parameters for Ni.Coi - .Fe2O4 system

x Ru, cm3-C-1 type n,cm-3
0.0 —2.34-108 n 8.66-1011
0.1 —5.48-108 n 3.74-1011
0.2 —6.05-108 n 3.45-1011
0.3 —4.10-107 n 5.09-1012
0.4 +2.34-107 p 8.93-1012
0.5 +6.47-106 p 3.17-1013
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3.4 Specific Electrical Conductivity Study

For nickel-cobalt ferrites the specific conductivity of
the direct current oqc is estimated using the diagrams
0"(0") by extrapolation of the relations between ¢” and
o', which in the region of low frequencies have the form
of straight lines (Fig. 5). It is obvious that up to x = 0.2
the specific electrical conductivity on a direct current
decreases, after which it begins to increase monoto-
nously. The high specific resistivity of samples
Nio.1Co0.9Fe204 and Nig2Coo.sFe204 is likely to indicate
their high stoichiometry and the presence in the octa-
hedral sites of a small amount of Fe?* ions, as com-
pared to other ferrite compounds.
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Fig. 5 — The diagrams 0"(0") for Ni:Coi-.Fe:04 ferrites at
T=298 K

The temperature dependence of specific conductivi-
ty for nickel-cobalt ferrites is investigated in work [2].
It was found that the clearly pronounced fracture of
dependence In cuc(103/7) in the range of temperatures
425-445 K is inherent by all substituted of Ni%* ions
ferrites. This is due to the change in the conduction
mechanism.

W. Chen [14] has observed that in cobalt ferrites
the transport properties differ considerably from those
of normal semiconductors, as the charge carriers are
not free to move through the crystal lattice but jump
from one ion to the other ion. It was further observed
that in this type of materials the possibility of a change
in the valency of a considerable fraction of metal ions
and especially in that of Fe ions. In the jump mecha-
nism of conductivity, the activation energy is associat-
ed with change in the mobility of carriers, and not with
their formation. Thus the temperature dependence of
conductivity arises only due to increase of mobility and
not due to the number of charge carriers in the
CoFe204 sample. The linear dependence of In cuc(10%/7)
is by confirmation of this result, which we found also in
the work [15].

It is known that in semiconductor materials Hall
mobility is within the limits from 10-%cm?2/V's to
10% cm?2/V's. In oxides of transition elements the Hall
mobility is small and is in range
10-5cm2/V-s — 10-1 cm?/V-s [16]. Low mobility values
are characteristic from the mechanism of conductivity
of these substances [17].

To determine the mobility of current carriers, we
write the expression for the semiconductor specific
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electrical conductivity o [18]:
o=eny, (12)

where un — Holl mobility of charge carriers, which is
determined by the average ratio of the speed of the
charge ordered movement to the intensity of the elec-
tric field, which caused this movement.

Using the expression (12), we obtain:

My =0,85-0Ry . (13)
450 F
°

3,75 F "
T'.Ii
= 3.00 ¢
-
5, 225

1,50

e
0,75 F
0,0 0,1 0,2 0,3 0,4 0,5

Fig. 6 — The dependence of Holl mobility from content of Niz*
ions

Fig. 6 shows the composition dependence of Holl
mobility. The sharp decrease in Hall mobility with Ni
addition can be attributed to the increase in the carrier
concentration.
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4. CONCLUSION

The NixCo1-:Fe204 ferrites were synthesized by the
technology sol-gel with participation of auto-combustion
at low temperature. The optical micrograph shows the
chemical homogeneities and porosity along with grains
formation. The nickel addition increase had major effect
on the surface morphology of the ferrites. The addition of
Ni ions suppressed the grain growth and causes the
grain size to decrease from 1,4 um to 0,5 pm.

The micro-hardness of all the samples was con-
sistent from top to bottom of the ferrite matrix. The
hardness values obtained were comparable with those
reported in the literature and found better results due
to using of sol-gel auto-combustion method for synthe-
sis of the Ni-Co composition, which suppressed the ce-
ramic grain growth and enhanced the micro-structural
and hardness properties. Microstructure and micro-
hardness properties were correlated. Porosity decreases
and hardness value increases with increasing Ni con-
centration of Ni-Co ferrite systems

The Hall coefficient demonstrates that for samples
with x < 0.4 the majority of charge carriers of n-type,
suggesting that the mechanism of conduction is pre-
dominantly caused by hopping of electrons between
Fe?* and Fe3* ions. Hopping of holes between Ni*2 and
Ni*3 ions is the dominant one for x> 0.4, which indi-
cates the advantage of the conduction p-type in these
ferrites. The value of dc-conductivity decreases when
increases in Ni contents up to x =0.2, after which it
begins to increase. In the CoFe204 sample Hall mobility
is the highest and is equal 4.38 cm?/V's.

Mexaniuni Ta enexkrpuuHi BiaactusocTi pepuris NixCoi - xFe204

B.C. Bymrosa, L.I1. Apemiit, P.B. Inmpuuusrwmii, 5.C. Iayunza, O.M. MaTkiscbKuit

JIBH3 «IIpurkapnamcoruii HayloHabruil yHigepcumem imerni Bacuns Cmegpanuray,
eya. Illesuenrxa, 57, 76025 lsano-@Opankiscvk, Ypaina

Ni-Co deputu onepskaHo 3a TEXHOJIOTIEI 30JIb-TeJIb 32 YYACTi ABTOTOPIHHS TA BIANAIEHO 3a TEMIEPATypU
1573 K B armocdepi moBitTps. Busueno Brme nomasanss foHie NiZt Ha MIKPOCTPYKTYPY Ta €JIEKTPUYHI BJIa-
crusocti peputiB Ni.Coi - ~Fe2O4. IIpucyrnicrs itonis Ni2* 3uauno BrsnBae Ha POPMYBAHHS IIOP Ta PO3MIp
3epeH ¢epuTiB. 3a IOIMOMOrom0 JEryBaHHSI HOHAMM HIKEJI0 IIOPUCTICTH 3MEHIIMYEThCA 1 YTBOPIOETHCA IMiJIb-
HAM MaTepiaj. 3HaYeHHsA MIKPOTBEPIOCTI 301IbIIyeThes 31 30iablleHHAM BMicTy Hikemao 3 5,16 I'lla mo
8,69 I'Tla. BeramosiieHo koeditienT XoJiia, TAN IIPOBISHOCTI, KOHIIEHTPAII0 HOCIIB 3apsay Ta IHTOMY
mposiguicte. ¥ Ni-Co deprrax XosTiBcbKa PYXJIMBICTH 3HAXOMUTHCS B Me:kax Bix 7.04-10-1!cm/B-c mo

4.38 cm2/B-c.

Kmiouori ciosa: @epur, Mikpocrpykrypa, Mikporsepmaicts, Ederr Xosna, Enexrpruna mpoBigHicTb.

Mexanuueckue u anekrpudeckune csoiicrea pepputos NixCoi - xFe20y

B.C. Bymrosa, N.I1. Apemuii, P.B. Unsaunkwuii, B.C. Jayunsa, O.H. MaTtkusckmit

I'BH3 «[Ipukapnamckuli HayUOHAIbHbLIL YHUBepcumem umenu Bacunus Cmegpanuran,
ya. Illesuernko, 57, 76025 Hearno-Opankosck, Ykpauna

Ni-Co deppHTHI MOIYyUEHO 10 TEXHOJIOTUN 30JIb-T'eJIb C yIYACTUEM aBTOIOPEHHS U OTOMKIKEHHO IIPU TeMIIe-
parype 1573 K B atmocdepe Bosmyxa. Uayueno adpdertsr mobasiieHust moHoB NiZt Ha MUKDPOCTPYKTYPY H
amekTpruueckue ceoiictBa peppuroB NixCoi-.Fe20s. IlpucyrcrBre noror Ni2* cyimecTBeHHO BIIMsSET Ha obpa-
30BaHMe IOP W pasmep 3epeH deppuTos. IIpu JlernpoBaHUM MOHAMYU HUKEJIS IIOPUCTOCTh YMEHBIIAETCS U
[OJIyYaeTcsl IUIOTHBIA MaTepuasl. SHaYeHne MUKPOTBEPIOCTH YBEJIUIMBAETCS C YBEJIUYEHUEeM COJepKaHus
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9.
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uukessa ¢ 5,16 I'Tla mo 8,59 I'lla. Veranosieno koadpdurrmenT XoJwia, TUII IIPOBOJUMOCTH, KOHIIEHTPAIIMIO
HocHTesel 3apsaaa u yaesbHyo mposogumoctb. B Ni-Co deppurax Xom0BCKas MOIBAMKHOCTD HAXOAUTCS B

mpenesnax ot 7.04-10-1 em?/B-¢ mo 4.38 cm?/B-c.

Kmiouessie cioa: @eppur, Mukpocrpykrypa, Mukporsepmocts, Oddert Xosma, DiieKTpuieckas mpoBo-

AUMOCTB.
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