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Abstract In this work we report the phase formation
and magnetic properties of CoFe,O, nanopowder
prepared by mechanical alloying technique using
metallic cobalt and hematite powder (1:1 molar ratio)
as the initial raw material in ambient air atmosphere.
The formation of single phase cobalt ferrite of
(CO%HS Fe%fsz)[co%fgz Fe31.+18]o4 stoichiometry was con-
firmed for the samples milled above 15 h without any
heat-treatment by XRD and Mossbauer techniques.
The average crystallite size of the sample milled
for 30h was ~13 nm. The highest room temperature
value of the magnetization measured at 15T was
51 emuw/g for the sample milled for 25 h which was
much lower than the corresponding value of the bulk
cobalt ferrite (80.8 e.m.u/g at 300 K) due to the size effect.

Introduction

The synthesis of spinel ferrite nanoparticles has been
investigated intensively in recent years because of their
potential applications in high-density magnetic record-
ing, microwave devices and magnetic fluids [1, 2].
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Cobalt ferrite (CoFe,0O4) amongst various spinel type
ferrites is an interesting magnetic material because of
its very high magneto crystalline anisotropy accompa-
nied by a reasonable saturation magnetization. The
bulk material of CoFe,O, is known to be a typical
oxide compound with a spinel structure having a lattice
constant & = 8.395 A [3]. The saturation magnetization
of this compound at 5 K is 93.9 e.m.u/g and 80.8 e.m.u/g
at 300 K [4]. Various techniques have been developed
to prepare nanosized cobalt ferrite particles such as
co-precipitation [5], sol-gel [6], hydrothermal [7] and
mechanical alloying [8]. Mechanical alloying/activation
techniques lend itself very advantageous for the syn-
thesis of various alloys and oxide compounds including
electroceramic materials [9]. Of course, measures
should be taken regarding the introduction of impuri-
ties during milling process. Successful synthesis of
CoFe,0,4 nanoparticles was reported using a combina-
tion of chemical precipitation, mechanical alloying and
subsequent heat treatment by Y.Shi et al [10]. We,
based on our knowledge for the first time, however,
report here the phase evolution and magnetic proper-
ties of CoFe,O,4 nanoparticles prepared by mechanical
alloying technique using metallic cobalt and hematite
powder as the initial raw materials in ambient air
atmosphere.

Experimentals

The starting raw materials were a-Fe,O5 (> 99% purity,
Merck, Germany) and Co (> 99% purity, Merck,
Germany) powders. Mixture of Co and o-Fe,O3
powders with a molar ratio of Co to a-Fe,O5 1:1 were
loaded together with 10 mm diameter stainless steel
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grinding balls into a cylindrical hardened stainless steel
vial 50 mm in diameter and 10 mm in length. The ball to
powder weight ratio (BPR) was 10:1. The mechanical
alloying was performed in a Spex 8000 high-energy
vibratory mill for a maximum of 30 h. The activated
powders were collected after 1, 5, 15, 25 and 30 h of
milling. Phase development in the samples was moni-
tored using a Philips X-ray diffractometer (XRD) with
Cu-K,; radiation in the 20 angle range between 20 and
100 degrees. The lattice parameters were calculated
using Nelson-Riley (N-R) extrapolation method. In this
method the magnitude of the lattice parameter (a) was

found by plotting (a) against N-R function:
% + %920, which approaches zero as 0

approaches 90 "degree. Further, extra pure silicon
powder (99.99%) was also used as an internal standard
in these experiments. The errors of estimation of the
calculated lattice parameters were about + 0.002 A.
The average crystallite sizes of the milled samples were
also determined from the full-width at half maximum
(FWMH) of the strongest reflection, the (311) peak
using the Williamson-Hall method [11] after applying
the standard correction for instrumental broadening.
Room temperature Mossbauer spectra were recorded
on a conventional gamma-resonance spectrometer
operating in constant-acceleration mode with >’Co(Cr)
as source. Isomer shifts (IS) are reported relative to
o-Fe at room temperature. The spectra were computer-
analyzed using the standard program. Room tempera-
ture magnetic measurements were carried out using a
vibrating sample magnetometer at a maximum field of
15T.

Results and discussion
XRD data

Figure 1 shows XRD multiplot pattern of Co/Fe,O;
powder blend mechanically activated for 0.0, 1, 5, 15,
25 and 30 h. As expected prior to mechanical activa-
tion, the powder mixture exhibited sharp crystalline
peaks related to metallic Co and hematite (a-Fe,O3)
phases. For the samples milled above 1 h, almost all of
previously observed sharp diffraction peaks vanished.
The pronounced broadening observed for various
diffraction peaks (Fig. 1) could be related to the
significant refinement in crystallite and particle sizes
of the constituting powders, increase of defect concen-
tration, as well as the formation of some solid solution
compounds. For the sample milled for 1 h, although
XRD pattern could not clearly detect the formation of
trace amounts of CoFe,O, phase formed but the
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Fig. 1 XRD multiplot patterns of Co/Fe,O; powder blend
mechanically activated for O h (a), 1 h (b), Sh (¢), 15h (d),
25 h (e) and 30 h (f)

Maossbauer spectra obtained confirmed the existence of
this phase in this sample (Fig. 2 and Table 1). Increas-
ing the milling time to 5 h gave rise to the appreciable
increase of the level of formation of cobalt ferrite
phase and the disappearance of the main diffraction
peak of metallic cobalt powder (Fig. 1c). However, the
XRD pattern obtained for this sample confirmed the
existence of some non-reacted hematite phase of
appreciably smaller average crystallite size (17 nm)
compared to that of the initial iron oxide (average
particle size 0.5 pm) used as the starting raw material.
Furthermore, increasing the milling time to above 5 h,
i.e., 15,25 and 30 h, caused a noticeable increase of the
intensities of the diffraction peaks related to cobalt
ferrite phase at the expense of the reduction of those of
o-Fe,O3 phase and the only major phase observed was
CoFe,0, for these samples, within the detection
accuracy limit of XRD technique.

Mechanical milling introduces high energy into the
material being processed. This energy can be stored in
the material as atomic disorder and/or grain bound-
aries. Additionally, grain refinement increases the
grain boundary area and this also raises the free
energy of the system. The sum of the energy of these
two effects i.e., disordering and creation of grain
boundaries will be the total energy introduced into
the material during milling. Further, considering the
two primary classes of point defects i.e., vacancies and
interstitials if there is sufficient activation energy
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Fig. 2 Room temperature
Mossbauer spectra of various
samples milled for 0 h (a), 1 h
(b),5h (c),25h (d) and 30 h
(e) in ambient atmosphere
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Table 1 Mossbauer parameters of the Fe sites for the samples
milled for 0, 1, 5, 25 and 30 h (IS-isomer shift, relative to o-
Fe; QS-quadruple splitting; ¢o-quadruple shift; I'-line width,

Hi,—internal magnetic field, sa/sg is the area ratio of the
tetrahedral and octahedral lines)

Hours Fe sites IS QS €0 T H;,, £ 0.5T Rel. cont., + 0.05 SA/SB
+0.03 MM/c

0 «-Fe,053 0.38 - 0.20 0.28 51.6 1.00 -

1 a-Fe,05 0.35 - 0.18 0.40 51.3 0.78 -
Fe’ *: CoFe,0, 0.36 - 0.04 ~0.70 47.8 0.20 -
Fe** (paramag.)® 0.34 0.88 - 0.60 - 0.02 -

5 a-Fe,03 0.38 _ 0.21 0.40 51.2 0.19 -
Fe’ *: CoFe,0, 0.39 - 0.04 ~1.20 47.0 0.74 -
Fe®* (paramag.)? 0.38 0.45 - 0.60 - 0.07 -

25 Fe’ * (B): CoFe,0, 0.32 - 0.02 0.66 478 0.59 0.69
Fe’ * (A): CoFe,0, 0.34 - 0.02 1.20 43.5 0.41

30 Fe’ * (B): CoFe,0, 0.31 - 0.01 0.65 478 0.59 0.69
Fe’ * (A): CoFe,0, 0.34 - 0.02 1.00 43.0 0.41

? The signal, most probably, arises from superparamagnetic component.

present, atom can move in crystal lattices from one
atomic site to another. When dislocations move along a
slip plane, the mechanical energy is transformed into
kinetic energy of the atoms, which excites the transla-
tional mobility of the atoms. All atoms receive addi-
tional energy and mobility. As a result of the formation
of large amounts of defects due to high-energy collision
of the powder particles, the total activation energy
required by diffusion is lower because part of the
activation energy required to form vacancies may or
may not be required completely. Further, during the
milling process the rise of defect concentration will
give rise to the increase of diffusivity D:

D =D, exp (%) (1)

@ Springer

Where Do is a material constant, AQ is the activation
energy, R is the universal gas constant and T is the
temperature.

In addition, or alternatively, the increase in the free
energy may promote transition to less thermodynam-
ically stable crystalline phase in compounds that show
polymorphism. The energy of any stress field formed
can change in to heat which, in turn initiate chemical
reaction and lead to the annealing of some defects. For
the samples prepared in this work, considering the
presence of air atmosphere in the vial and the rise of
local temperature of the powder during the balls
contact events, one could possibly postulate the in situ
oxidation of metallic cobalt to its oxide form and its
simultaneous inter-diffusion into the «-Fe,Oj3; phase
giving rise to the formation of cobalt ferrite phase. The
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postulation of simultaneous oxidation of metallic
cobalt powder and its instantaneous inter-diffusion in
to hematite phase is based on the fact that our XRD
results did not revealed any evidences of cobalt oxide
formation for the samples subjected to various mill-
ing time in this study. This assumption, however,
demands further study and justification by using other
techniques such as transmission electron microscopy
(TEM) for the samples milled for less than 1 h (currently
underway).

Figure 3 demonstrates the lattice parameter varia-
tions versus milling time for the cobalt ferrite phase
formed. As can be realized from this figure, the lattice
parameter declined for the samples milled up to 25 h
and again increased for the samples milled above this
period. The observed trends in this graph could be
related to the complex variations of atomic site
occupancy, concentration of structural defects, levels
of stresses introduced and the degree of crystallinity of
the cobalt ferrite formed during the milling process.

Figure 4 displays the variations of the average
crystallite sizes of the cobalt ferrite phase formed
versus the milling time. As can be realized from this
figure, increasing the milling time from 5 h to 30 h gave
rise to a rather linear increase of the average crystallite
sizes of this compound. A similar crystallite size rise
due to the increase of milling time is also previously
reported for magnetite samples prepared by mechan-
ical alloying technique [12].

The observed increase of the average crystallite sizes
of the formed cobalt ferrite is possibly related to the
increased injection of energy and diffusion rate of
previously formed nuclei [13]. The formation of struc-
tural defects and disorder induced by mechanical
activation will favor diffusion and atomic rearrange-
ments at considerably low temperatures. The reaction
rates are influenced by the initial contact area and
diffusion of the reactant species through the product
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Fig. 3 Variations of lattice parameter versus milling time for
cobalt ferrite phase
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Fig. 4 Average crystallite size variation of CoFe,O, phase
versus the milling time

phases [14]. For most solid-state processes, the initial
contact area is fixed and diffusion rate is limited. This is
not the case for the reactions induced by mechanical
activation. Further, a reaction can actually increase with
increase in mechanical activation duration and change
of phases [15, 16]. Considering that diffusion process
during mechanical activation is a dynamic process one
can assume that the inter-diffusion layer is broken by
the activation process, thus enabling new surfaces with
very different compositions to contact each other.
Therefore, repeated fracturing and rebinding enlarge
the diffusion area, resulting in the enhancement of the
diffusion kinetics. Mechanical activation minimizes the
effect of product barriers on the reaction kinetics and
provides the condition required for the promulgation of
solid-state reaction at low temperatures.

Magnetic data

Figure 5(a) and 5(b) display the room temperature M-
H loops as well as the variations of the measured
magnetization at 1.5 T and intrinsic coercive field ((H¢)
versus the milling time respectively. For the non-
activated sample (0 h milled) the magnitudes of the
measured magnetization at 1.5 T and ;Hc parameters
were 27 e.m.u/g and 100 Oe, which are related to the
presence of metallic cobalt powder used. As can be
seen in Fig. 5(b) increasing the milling time gave rise to
the increase of the measured magnetization at 1.5 T as
well as ;Hc.

The magnitude of the latter showed a sharp rise for
the samples mechanically milled up to 25 h. Further,
the observed rising trend for the measured magnetiza-
tion at 1.5 T with increasing milling time is due to the
increased rate of formation of cobalt ferrite as

@ Springer
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Fig 5. Room temperature (M-H) loops (a) as well as the
variations of the measured magnetization at 1.5 T and intrinsic
coercive field (;Hc) of the activated powders at various milling
time (b)

confirmed with XRD (Fig. 1) and Mdssbauer results
(Fig. 2 and Table 1). However, it should be mentioned
that the rate of increase of magnetization is influenced
by the volume fraction of CoFe,O,4 phase formed. The
highest value of magnetization measured at 15T
(51 e.m.u/g) was obtained for the sample milled for
25 h. This value is much lower than that of the bulk
cobalt ferrite (80.8 e.m.u/g at 300 K). The lower values
obtained for our nanocrystalline CoFe,O4 powders
could be attributed to the structural distortions in the
surface compared to the bulk [17]. The net magnetic
moment is reduced in ultra fine particles as the surface
has significantly large surface to volume ratio. Thus a
large proportion of metal ions are in structurally
distorted particle surface, where in, the bond lengths,
and bond angles would be different compared to the
bulk to give reduced magnetic moment. It is also likely
that the cation site occupancy in nanosized CoFe,O4
could be different from the bulk to give reduced
magnetic moment [18].

@ Springer

Mossbauer data

Figure 2 shows room temperature Mdossbauer spectra
of the samples obtained at various milling periods. The
results of computer fittings of the spectra are summa-
rized in Table 1. The spectrum in Fig. 1a was found to
be similar to the typical spectra normally seen for
polycrystalline hematite («-Fe,Os3) coarse grain parti-
cles. Mossbauer spectra of the sample milled for 1 h
revealed the coexistence of hyperfine structure (HFS)
lines arising from o-Fe,Os; as well as two new sub
spectra; HFS lines with relative content 0.2 that may
belong to octahedral B-sites of CoFe,O4 [19] and weak
“paramagnetic”’ doublet. The presence of the latter
suggests the presence of superparamagnetic particles in
the powder mixture. Increasing the milling time for 5 h
(Fig. 2¢), led to the progressive diminishing of signals
from hematite phase with an accompanied increase of
the relative content of nanosized CoFe,O4 phase in
agreement with XRD results.

The presence of a complex hyperfine structure in
which a quadrupole doublet is superimposed on a
magnetically split sextet suggest that these samples
(milled for 1 and 5 h) can be possibly divided in to two
components of superparamagnetic and ferrimagnetic
due to size distribution. Superparamagnetism is charac-
teristic of small crystallites, where in, the magnetization
is not fixed in any of the easy axes. It is a consequence of
the magnetic spins fluctuating among the easy axes of
magnetization in the absence of an external magnetic
field. The average time taken for the change of magne-
tization from one axis to another is the superparamag-
netic relaxation time (7). Both the crystallite size and
temperature determines the relaxation time, T which is
approximated as t = 19 exp (KV/kgT) where K is the
anisotropy constant of the crystallite, V, the crystallite
volume, kg, the Boltzman constant and T is the
temperature, 7, is a constant (10 '° s). When tempera-
ture is constant, the relaxation time varies as a function
of crystallite volume, V and shows changes in the
Maossbauer spectra. Further, the essential broadening of
the A-sites in the spectra 1d and le (Fig. 2) may be
interpreted as being due to a random distribution of
hyperfine fields caused by the distribution of Co and Fe
nearest B-site neighbors. Another reason for line
broadening is the disorder in CoFe,O, resulting from
the random site occupancy of magnetic Fe® ™ ions by
magnetic Co** ions during ball milling. For the samples
milled above 5 h i.e. 25 and 30 h the contribution of
super paramagnetic component were found to be
negligible. This was also in agreement with the obtained
calculated crystallite sizes for these samples. The average
crystallite sizes of the samples milled for 15,25 and 30 h
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were above the critical superparamagnetic size reported
earlier for CoFe,O,4 nanopowder [20]. It is also interest-
ing to note that the magnitude of the relative content
(Table 1) of the hematite phase for the sample milled for
5 h was about 4 times less than that of the sample milled
for 1 h which was also in agreement with XRD results.
Similar spectra (Fig. 2d, e) were obtained for the
samples milled for 25 and 30 h where only two super-
imposed six-line hyperfine spectra belonging to tetrahe-
dral (A) and octahedral (B) sites of CoFe,O,4 were seen.
It is noteworthy that the values of internal hyperfine
fields Hj,(A) ~43.2 T and H;,(B) ~47.8 T (Table 1) are
less than the corresponding values reported for
quenched bulk CoFe,O4 Hijy(A)=472 T and
H;y(B) =494 T [19]. The observed differences could
be related to the particle size effect. The calculated s5/sg
ratio, which is the area ratio of the tetrahedral to
octahedral lines, was found similar (0.69) for the samples
milled for 25 and 30 h. These ratios are proportional to
the ratio of the number of A- and B-site iron ions
assuming the recoilless fraction fis the same for the two
sites. It should be noted that the value sa/sg = 0.69
is close to the previously reported value for the
quenched sample of CoFe,O4 (sa/sg = 0.65) [19]. The
cation distribution in case of the samples milled for 25
and 30 h using the mixture of metallic cobalt and
polycrystalline hematite prepared in this work is there-
fore suggested to be considered as: (Copis Fed's)
[Co?is> Felhs]O4, where sa/sg = 0.69.

Conclusions

The below mentioned conclusions were withdrawn
based on the work presented here:

1. Single phase CoFe,O, ferrite nanopowder was
formed by mechanical milling of a powder blend
mixture of metallic cobalt and hematite (Co/a-
Fe,O5; molar ratio 1:1) above 15 h using a high
energy vibratory mill.

2. Mossbauer spectroscopy analysis confirmed the
coexistence of superparamagnetic and ferrimag-
netic particles for the samples milled for 1 and 5 h.

3. The highest room temperature value of magneti-
zation measured at 1.5 T was 51 e.m.u/g for the
sample milled for 25 h which is much lower than
that of the bulk cobalt ferrite (80.8 e.m.u/g at
300 K). This is believed to be related to the

structural distortions on the surface of cobalt
ferrite nanopowder.

4. The stoichiometry of the cobalt phase formed was
estimated to be (Codis Fed)[Cogin Feths]Oy , based
on our Mdssbauer analysis.
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