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Powder mixtures of Zn, NiO, and Fe,O3 are mechanically alloyed by high energy ball milling to produce Ni—Zn
ferrite with a nominal composition of Nig 36Zng g4Fe204. The effects of milling atmospheres (argon, air, and oxygen),
milling time (from 0 to 30 h) and heat treatment are studied. The products are characterized using x-ray diffractometry,
field emission scanning electron microscopy equipped with energy-dispersive x-ray spectroscopy, and transmitted electron
microscopy. The results indicate that the desired ferrite is not produced during the milling in the samples milled under either
air or oxygen atmospheres. In those samples milled under argon, however, Zn/NiO/Fe, O3 reacts with a solid-state diffusion
mode to produce Ni—Zn ferrite nanocrystalline in a size of 8§ nm after 30-h-milling. The average crystallite sizes decrease
to 9 nm and 10 nm in 30-h-milling samples under air and oxygen atmospheres, respectively. Annealing the 30-h-milling
samples at 600 °C for 2 h leads to the formation of a single phase of Ni—Zn ferrite, an increase of crystallite size, and a
reduction of internal lattice strain. Finally, the effects of the milling atmosphere and heating temperature on the magnetic
properties of the 30-h-milling samples are investigated.
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1. Introduction preparation of nanocomposites, advanced ceramics, amor-

Ni—Zn ferrites have been broadly used in electrical in- phous alloys, metastables, and other important powders in

. . . .. large tonnages.>~”! Furthermore, optimizing the variable pa-
dustries because of their special characteristics such as low & g p £ p

eddy current loss and high permeability. The cubic spinel Ni— rameters of the mill such as milling time, rotation speed,

.. . . and ball-to-powder weight ratio can reduce cost and time. 8!
Zn ferrite is one of the MFe;O4 phase family with a face- p & ) ) )
= . . A number of researches, including, but not restricted to,
centered Fd3m structure. A general formula for this ferrite

could be written as [Fe; ,>*Zn,>*]4 [Ni;_ 2" Fe; ]P0y,

where x denotes the degree of inversion, and B and A repre-

Refs. [9]-[12], have exploited this technique to produce the
Ni—Zn ferrite nanocrystalline. They investigated the effects of

. . . certain milling parameters such as milling time, but no study
sent the octahedral and tetrahedral sites, respectively. Nickel o
. ] . L has been reported yet on the effect of milling atmosphere on
ions exist at B-sites while zinc ions have a preference for A- . .
] ] ) . ] the products for the Ni—Zn ferrite system. The present study
sites, and iron ions, which depend on Zn concentration, are . . . .
o - ) is to produce Nig 36Zng c4Fe;O4 nanocrysatlline by using the
distributed between A and B sites. Generally speaking, two . s . .
) . ] . . high energy milling process and to investigate the effects of
main routes are being used to synthesize these spinel ferrites: e s
) 3] milling time and milling atmosphere on the final product and
wet chemical methods, such as sol-gel, coprecipitation,!'— . . .
. . . . . 1ts magnetic properties.

and solid-state routes such as conventional sintering at high

temperatures.[* Each of these techniques has its own advan-

tages and disadvantages. For example, the wet chemical meth- 2. Method

ods make it possible to produce very small particles at lower Zn, NiO, and Fe,03 powders were purchased from Alfa
sintering temperatures; however, these methods are not envi-  Aaser and directly used without further purification. The pow-
ronmentally friendly. On the other hand, a high sintering tem-  ders were weighed and mixed in molar ratios based on the

perature is required in solid-state methods, which make them  following reaction:
ical he highl ive fi ired. . .
uneconomlcaf due to t. e ‘1g y expensive furnaces requlreq 0.36NiO -+ 0.64Z1 + FeyOs = Nio 3Zno csFe2Os. (1)
Mechanical alloying is a good replacement for the solid-
state method with the additional advantages of reduced milling A ball to powder ratio was chosen to be 10:1. Then, a high en-

time and practicality which can be exploited for the speedy  ergy planetary ball milling machine was run at room tempera-
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ture under air, argon, and oxygen atmospheres. Mechanical al-
loying was carried out using four hardened steel vials (150 ml)
accompanied by five hardened steel balls, each 18 mm in di-
ameter. Finally, the rotational speeds of the vial and the disc
were fixed at 600 rpm and 400 rpm, respectively, and the pow-
ders were activated for different periods ranging from 0O to
30 h. It is worth mentioning that the milling machine is ad-
justed in such a way that it has a 15-min rest after each one
hour milling. This was to prevent the powder from agglomer-
ating. After the ball milling process, 30 h-milled samples were
selected to anneal at 600 °C temperatures for 2 h.

Phase and structural evaluation were studied using an x-
ray diffraction (XRD) spectrometer in a diffraction angular
range of 26 = 20°-80° and using Cu Ko (wave length (1) =
0.154 nm). Field emission scanning electron microscopy (FE-
SEM) using a JEOL JSM-7600F machine was employed to
evaluate the powder particle morphology and microstructure.
Transmission electron microscopy (TEM) analyses of the sam-
ples were carried out using a Hitachi 7100 TEM (Tokyo,
Japan) at 75 kV. Brunauer, Emmett, and Teller (BET) were
used to measure the particle size. The vibrating sample mag-
netometer (VSM) was used to study the magnetic properties of
the samples at room temperature. The B—H hysteresis loops of
the bulk samples were studied using a MATS-2010SD Static
Hysteresisgraph.

3. Results and discussion
3.1. Phase and structural evaluation

The x-ray diffraction patterns of the as-received and ball-
milled powder of Nig.36Znge4Fe;O4 nanoparticles prepared
under different atmospheres are shown in Fig. 1. The diffrac-
tion patterns of the starting raw materials indicate the presence
of signature peaks of the three initial raw materials (i.e., Zn at
20 =36.29 (1 =39.6),39.04 (1 =23.3),43.22 (I = 100), 54.1,
70.09; NiO at 20 = 37.28 (I = 60), 43.22 (I = 100), 62.85
(I =30), 75.54; Fe;03 at 20 = 24.19, 33.18 (I = 100), 35.69
(I =171), 40.90, 49.52, 54.1 (I = 42), 57.61, 62.45, 64.03,
71.95, 75.54), which can be matched with ICDD PDF#01-
087-0713, ICDD PDF#04-0833, and ICDD PDF#01-1053 for
Zn, NiO, and Fe, 03, respectively.

In the case of the powder milled under air, all the peaks
of the starting materials, except for those of zinc, appear after
the milling time has increased to 2 h. The disappearance of Zn
peaks may be attributed to the fact that one of the three follow-
ing conditions happens: 1) Zn evaporating and escaping from
the system due to its low boiling point, 2) Zn becoming amor-
phous, and 3) Zn converting into other phases. The occurrence
of ZnO peaks in the XRD pattern indicates that Zn reacts with
the ambient oxygen and converts into the ZnO phase. By in-
creasing milling time to 6 h, the peaks in the ranges 20 = 35°—
36° and 61°-64° interfere with each other. Furthermore, slight
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Fig. 1. (color online) The x-ray diffraction patterns of the NiO/Zn/Fe;03
powder mixture after different milling times under (a) air, (b) oxygen, and
(c) argon atmospheres.

changes are observed at the positions of the diffraction angles
of the peaks. This may be attributed to the solid-solution for-
mation. Three broad peaks are observed around 26 = 35°,
41°, and 62° after the milling time has been extended to 12 h;
this might be due to either the formation of the (Zn, Fe)O
solid-solution or the presence of Fe O3, since the most in-
tense peak of FeyO3 at 20 = 33° disappears with increas-
ing the milling duration. Furthermore, all the small peaks at
other Bragg diffraction angle positions also diminished. This
indicates that the peaks are due to the solid-solution forma-
tion. The results are consistent with those obtained by Bid and
Pradhan,"? which indicates that the formation of ZnFe;Oy4
can take place within only 30 min of ball milling with homo-
geneous stoichiometric (1:1 mole%) powder mixture of Fe, O3
and ZnO phases. When the milling time goes up to 18 h, the
peaks move to the same Bragg diffraction position of Ni-Zn
ferrite. This suggests the likely formation of the ferrite. As the
most intense peak of Ni—Zn ferrite is located at 26 = 35°, a
comparison of intensity among the three peaks reveals that the
peak at 26 = 35° has the lowest intensity. Furthermore, the
small peak of Ni—Zn ferrite in the XRD pattern is also absent
at 20 = 30°. Thus, it may be concluded that those peaks can-
not be attributed to the Ni—Zn ferrite, rather, they correspond
to the (Ni, Zn)FeO solid-solution formation. By increasing the
milling time to 30 h, no new phases are observed, but the peaks
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decrease in intensity and their widths become broadened. The
same trend is somewhat observed in the phase formation of the
samples milled under oxygen.

In the powder milled under argon, Ni—Zn ferrite seems to
be produced when the milling time reaches 2 h. This is due to
the emergence of a new peak at 26 = 30°, which might be re-
lated to one of the ferrite diffraction peaks. On the other hand,
the presence of Fe; O3 at 20 = 24° leads to the conclusion that
the peak appearing at 26 = 30° cannot be associated with Ni—
Zn ferrite. By indexing the Bragg diffraction angle from the
JCPDS file (ICDD PDF#98-006-8765), it is clear that the peak
in question is related to the Fe3O4 phase. In fact, this line of
argument is based on the overlapping of the ferrite and iron
oxide peaks. When the milling time is increased to 6 h, all
the peaks of the Fe,O3 phase almost disappear. This can be
explained by the fact that the most intense peak of Fe,O3 at
20 = 34° also vanishes. Furthermore, the peak at 26 = 36°
becomes more intense and shifts to a lower diffraction angle
as well. This can be due to the diffusion of NiO or ZnO in the
lattice structure of iron oxides, which causes a change in its lat-
tice parameters. Fe, O3 peaks emerge in the XRD pattern when
the milling time is increased to 12 h. Furthermore, a slight re-
duction is observed in the intensity of the peaks of the Fe304
phase. This indicates that besides the formation of the solid-
solution phase, Fe,O3 and Fe3O4 converted to each other dur-
ing the 12 h of milling. By extending the milling time to 18 h,
no more peaks pertaining to iron oxides are observed in the

XRD patterns but new peaks appear at the diffraction positions
of Ni—Zn ferrite. Given the fact that the peak at 20 = 30° is
still not available and that the peaks in a range of 26 from 35°
to 36° interfered with each other, it may be concluded that the
Ni—Zn ferrite might be produced but that the reaction is not yet
complete. This may be due to the fact that the NiO compounds
diffuse in the lattice structure of iron oxides or ZnFe,O4 and
thus form the solid-solution. It has been reported that the dif-
fusion of zinc in the lattice structure of iron oxides is faster
than that of Ni.['?] Extending the milling time to 30 h leads to
the completion of the solid-solution stages and the occurrence
of a new peak at 260 = 30°. Given the overlapping of Ni-Zn
ferrite and Fe3O4 at this position of the diffraction angle, it
may be claimed that this peak is related to either Fe3O4 or Ni—
Zn ferrite. It can be seen that the diffraction peak at 20 = 63°
is less intense than at 20 = 36°. Therefore, it cannot be at-
tributed to Fe304. Eventually, the Ni—Zn ferrite single phase
is formed after 30 h of milling. This can be judged on the basis
of the occurrence of small peaks at 260 = 30° and the existence
of a high intensity peak at 26 = 35° as the major peak of the
Ni—Zn ferrite. Furthermore, all the peaks appear following
the Ni—Zn ferrite’s Bragg diffraction angles according to the
JCPDS file (ICDD PDF#98-006-8765). To further study the
effect of the milling atmosphere on the powders milled over
the same durations, FESEM and TEM images corresponding
to the 30-h-milling powders under air, argon, and oxygen are
taken.

quantitative results
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Fig. 2. (color online) FESEM images and EDX spectra of the 30-h-milling samples under (a) air, (b) argon, and (c) oxygen.
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Figure 2 displays the FESEM images of the 30-h-milling
samples under different atmospheres, accompanied by their
corresponding EDX spectra. The FESEM images show that
very fine particles are produced by the collisions of powder—
ball-vial with each other. On the other hand, a rise in tem-
perature inside the vial leads to stuck powder particles and to
agglomeration. The presence of peaks pertaining to Fe, Ni,
Zn, and O in the EDX spectra indicates that any impurities are
introduced into the samples during the preparation and milling
processes. The C peaks detected in the spectrum are because
of the carbon tape used on the Al stub.

Figure 3 displays the TEM micrographs of the samples
milled for 30 h under air, argon, and oxygen. The specific sur-
face area for the powders milled for 30 h under argon is found
to be 105.86 m?/g so that the particle size ranges from 5 nm to
19 nm with a mean size of 13 nm. For the powder milled under
oxygen, the specific surface area is 91.02 m?/g, whose particle
size is in a range of 7 nm—-24 nm with a mean value of 16 nm.
In the case of the powder milled under air, the particle distribu-
tion becomes slightly smaller and ranges from 5 nm to 21 nm

with a specific surface area of 95.69 m?/g and an average size

of 15 nm. In fact, a value of x-ray density is computed based
on the equation suggested by Smit and Wijn!!3! as follows:

Pxid = 8M /Nya®, 2

where a is the lattice constant, N, is the Avogadro’s number
(6.02 x 10%}), and M is the molecular weight of the sample.
The porosity of the sample is computed based on the follow-

ing equation
P = [1 — (Pexp/Pxra)] X 100%, ?3)

where pyq is the x-ray density and pexp is the experimental
density, which is obtained from the Archimedes principle. It is
found that the values of experimental density for 30 h-milling
samples under air, argon, and oxygen atmospheres to be 4.18,
4.36, and 4.12 g/cm 3, respectively. The specific surface area

of particles is estimated by using Eq. (3) to bel!#]

6000
S=-—"

D )

where p is the experimental density and D is the average par-

ticle size.

Fig. 3. TEM micrographs of the 30-h-milling samples under (a) air, (b) argon, and (c) oxygen.

3.2. Effects of milling time on the crystallite size and lattice
strain
As is well known, the powder particles become frequently

flattened, cold welded, fractured, and rewelded in the milling
process. In fact, the characteristics of the powder deformation
onset determine the occurrence of fracturing and cold weld-
ing processes, their kinetics and predominance at any step of
milling. In the early milling steps, ductile metals are prone
to flattening and work hardening due to the influence of the
grinding medium. The particle surface-to-volume ratio in-
creases as a result of sever plastic deformation, which rup-
tures the absorbed contaminants of the surface film. The brittle

material then fractures and becomes smaller in size.>! By in-
creasing the milling duration under all the three atmospheres,
the widths of the peaks are broadened and their intensities are
reduced. This is due to the fact that their crystallite sizes be-
come smaller and the internal lattice strains increase. In fact,
the ball/powder/vial collisions reduce the particle sizes in the
milling process. On the other hand, the creation of a large
number of lattice defects such as grain boundaries and dislo-
cations enhances the lattice strain.

The induced modifications in the size of crystallite and

lattice strain of the samples are evaluated by the x-ray diffrac-
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tion peak broadening, and using the following Williamson—
Hall equation!!3! and the X’Pert HighScore software:

KA
bcos9:7+2A\/?2sin9, (5)

where d, 1, A, b, and O are the average crystallite size
(nm), internal lattice strain (%), wavelength (0.145 nm), the
diffraction peak width at half-maximum intensity, and Bragg’s
diffraction angle (rad); A is a coefficient which relies on the
strain distribution; K is the Scherrer constant (usually taken to
be 0.91). Their results are listed in Table 1. In fact, by ploting
bcos 0 against 2sin 0 as shown for the 30-h-milling sample in
argon in Fig. 4, a lattice strain can be obtained from the slope
of the straight line, and the y-intercept yields 0.94 /d in which
the d is the average crystallite size. It is worth mentioning
that the details of this procedure were reported in our previous
work. [®]
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Fig. 4. (color online) Williamson—Hall equation calculation for 30-h-
milling sample in argon atmosphere.

As indicated in Table 1, lattice strains continuously in-
crease in the powder ball-milled under air and argon with in-
creasing the milling time so that their values rise from 0.520%
and 0.612% to 1.036% and 0.998%, respectively, with milling
time increasing from 2 h to 30 h. The lattice strain in the pow-
der milled under oxygen increases from 0.556% to 1.291%
for milling duration between 2 h and 18 h, but decreases to
0.844% when the milling time is extended to 30 h. The rea-
son for this increment in lattice strain is the enhancement of
lattice defects and the piling up of dislocations. Whereas the
reduction in its value can be associated with the dominance
of the recovery rate relative to the work hardening rate.[! A
comparison of the crystallite sizes in the powders milled un-
der the three atmospheres reveals that the powder milled un-
der argon has the smallest crystallite size whereas those milled
under the other two atmospheres have crystallite sizes approx-
imately close to each other, in which the one milled under air
has a smaller size. As can be seen in Table 1, the crystal-
lite sizes of the powders milled under air and oxygen decrease
steadily and drop to 9 nm and 10 nm, respectively, after 30 h
of milling. The crystallite size in the powder milled under ar-
gon, however, decreases to 7 nm after 18 h of milling before

it rises to 8 nm after 30 h of milling. The increase in the crys-
tallite size of the powder milled from 18 h to 30 h under argon
may be related to the formation of Ni—Zn ferrite and the heat
released from the completion of the reaction. In fact, two ac-
tions take place simultaneously in the ball milling process: 1)
refinement of powder particles due to the ball-powder colli-
sions and the associated work hardening, and ii) the increase
in temperature inside the vial due to long milling durations and
the completion of the reaction. These traits, therefore, cause
fine particles to stick together and agglomerate.

Table 1. The values of average crystallite size (d) and lattice strain (&)
for samples milled under different atmospheres.

Oxygen atmosphere Argon atmosphere Air atmosphere

Milling time/h
d/nm €/% d/nm /% d/nm  €/%
2 17 0.556 14 0.612 15 0.581
6 15 0.652 10 0.726 13 0.601
12 13 0.735 11 0.874 14 0.693
18 12 1.291 7 0.927 11 0.942
30 10 0.844 8 0.988 9 1.036

3.3. Evaluation of morphological changes in ball-milled
samples

The milled powder under argon atmosphere, for example,
is selected to further study the effect of milling time on the
powder particle by FESEM analysis. Figure 5 shows the FE-
SEM images of ball-milled powder morphology after different
milling times. It should be mentioned that all the images are
taken at the same magnification of 3 x 10* and on a scale of
100 nm. As can be observed, after the simple mixing of pow-
ders (0 h), the powder morphology exhibits an approximately
spherical shape with an inhomogeneous distribution. This is
due to the fact that no reaction takes place between the re-
actants only after simple mixing. By increasing the milling
time to 2 h, new phases burgeon, the sizes of the particles de-
crease, and the homogeneous distribution increases gradually.
After 6 h of milling, the powder particles frequently fragment
and are cold welded together. In fact, work hardening of the
powder occurs and fracturing overcomes the cold welding, re-
sulting in a much finer particle size and a more homogeneous
distribution. By increasing the milling time to 12 h and 18 h,
no significant changes are observed in the morphologies of the
powder. This can be associated with the equal rates of fractur-
ing and cold welding. By elevating the milling time to 30 h, the
powder particles stick to each other and agglomerate. This in-
dicates that for higher milling times, cold welding overcomes
fracturing. In fact, by increasing the milling time, the powder
particles become smaller and heat is released from the reac-
tants. Thus the increased temperature inside the vial leads to
the agglomeration of powder particles.
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Fig. 5. FESEM images of the powder particles after different milling times.

3.4. Annealing process (331) Ni—Zn ferrite W
]
The particle size, distribution, crystallization, and shape 2 (220) (511)(440)

of polycrystalline material are affected by the heating process, § I [ ] (222)(4:0) (122) W m (620)(533)
which results in the attainment of the right metal proportion :% u n "
at a proper valence, hence, thereby improving the desirable E milled in air

. [16] . . . '5
properties.''® To study the decisive role played by annealing E
in the microstructure, the mean crystallite size, lattice strain /5 pnilled in argo
evolution, and phase formation, the 30-h-milling powder un-

M (o)

der argon, oxygen, and air atmospheres are heated at 600 °C. 20 20 20 =0 80 70 20
Figure 6 displays the XRD patterns of the 30-h-milling sam- 20/(°)

ples under different atmospheres subjected to heat treatment at Fig. 6. (color online) XRD patterns of the 30-h-milling samples under dif-
a temperature of 600 °C. ferent atmospheres sintered at 600 °C.
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Fig. 7. (color online) TEM images accompanied with their particle size distribution histograms of the 30-h-milling samples under (a) air, (b)

argon, and (c) oxygen atmospheres after annealing at 600 °C.

The XRD patterns reveal that the single phase of Ni-Zn
ferrite is formed in each of all the samples after having been
heated at 600 °C. In fact, the high-energy ball milling induces
a large amount of energy to transfer from a grinding medium
of the mill to the powder particles by frequently fracturing and
cold welding. This action gives rise to obtaining a smaller
crystallite size and higher surface area. Consequently, it re-
markably increases the reactivity among reactants and signifi-
cantly reduces the synthesis temperature and vaporization tem-
perature compared with those samples prepared by the solid-
state method.>!7]

The XRD results indicate that the annealing of the 30-h-

milling sample at 600 °C leads to two main variations in sam-
ple structure, i.e., increasing crystallite size and reducing lat-
tice strain. It is determined that the average crystallite sizes in-
crease to 18, 17, and 19 nm while the lattice strains decrease to
0.615%, 0.588%, and 0.558%, respectively in the 30-h-milling
samples under air, argon, and oxygen atmospheres annealed at
600 °C.

The TEM images of the 30-h-milling samples in different
atmospheres and annealed at 600 °C with their corresponding
particle size distribution histograms are shown in Fig. 7 to bet-
ter display the effects of milling atmospheres and annealing

temperature. However, the particle growth takes place in each
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of all the milled samples by the heating process, they present
different distributions of particle sizes. By closely looking, the
milled samples under argon atmosphere exhibit smaller parti-
cle sizes than those under the two other atmospheres after an-
nealing at the same condition as confirmed by the XRD spec-
tra. It is determined that the particle sizes are distributed in a
range of about 12 nm—46 nm with an average size of 25 nm
in the milled samples in the argon atmosphere while they are
distributed in ranges of about 7 nm—70 nm and 15 nm—96 nm,
with average sizes of 29 nm and 37 nm, respectively, in the
milled samples in air and oxygen atmospheres.

3.5. Magnetic property characterization

With the particle size decreasing to a few nanometers,
which is equivalent to increasing the surface-to-volume ratio,
a crystallite lattice also extends only over a few nanometers.
Consequently, the uncompensated magnetic spins attributed to
the surface atoms become more important and may cause a net
magnetization. 821 Therefore, for nonostructured Ni—Zn fer-
rite samples obtained from the different milling atmospheres,
the magnetic properties are expected to depend strongly on the
average particle size.

Room temperature M—H and B—H hysteresis loops for the
30-h-milling samples in different atmospheres are shown in
Figs. 8(a) and 8(b), respectively. As seen from Fig. 8(a), the
M—H hysteresis loops of the milled samples in argon, air, and
oxygen atmospheres, with average particle sizes of 13, 15, and
16 nm, respectively, are shaped like an “S” with very small
coercivity (H.) values of about 89.2, 87, and 53.5 Oe (1 Oe =
79.5775 A-m~'), respectively. According to Refs. [18] and
[20], these are the characteristics of superparamagnetic mate-
rials. The Langevin equation is applied to nonlinear least fit-
ting of the initial magnetization curves of the milled samples,
and is expressed as

) -2 ©)

M(H) = M; [coth (KBT> Wi

where M, M(H), T, Kg, and u denote the saturation mag-
netization, the magnetization for an applied field H, the ab-
solute temperature, the Boltzmann’s constant, and the uncom-
pensated magnetic moment, respectively./?!! The M; value for
the 30-h-milling samples in argon, air, and oxygen are esti-
mated to be about 5.33, 4.53, and 3.44 emu/g, respectively,
and their corresponding uncompensated magnetic moments
are obtained to be about 0.192 ug, 0.164 ug, and 0.116 ug,
where pp is the Bohr magneton. The variation of u with aver-
age particle size indicates the effects of milling atmosphere on
the milled samples microstructure and the cation distribution.

The lower values of saturation magnetization (Ms) in
the milled samples can be related to the surface distortion of
the small particle size because of the interaction of transition

metal ions with oxygen atoms, which results in the reduced net
magnetic moment in the particles. This is more obvious in ul-
trafine particles because of their larger surface-area-to-volume
ratios.!??! A comparison of the M values reveals that the sam-
ple milled under argon has the highest M; value whereas those
milled under oxygen have the lowest ones. This may be due to
the fact that the extra oxygen in the vial leads to the formation
of non-stoichiometric products.

o
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Fig. 8. (color online) Room temperature (a) M—H and (b) B—H hystere-
sis loops for 30-h-milling powders in different atmospheres.

From the B-H curves, different magnetization curves in
the milled samples in different atmospheres as compared with
the M—H curves derive from the interactions between the par-
ticles in a dense compact sample where the magnetization in
an applied field is not simply the sum of the magnetization of
isolated particles in that field. Furthermore, during compact-
ing the milled powders the particle sizes, shapes, strains, and
imperfections are all affected by the applied force which gives
rise to different magnetization curves. The B—H curves also
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indicate a lower value of saturation induction (By) for each of
the three types of samples but with a higher value in argon
about 0.02 T in an applied field of 1000 A/m. This also re-
veals the dependence of magnetic behavior on microstructural
characteristics especially particle size, which arises from the
different milling atmospheres. The linear-looking curve with
lower H, reveals the paramagnetic behavior of the sample with
probably some superparamagetisms. Furthermore, it also sug-
gests a very low amount of ordered magnetism in each of the
30-h-milling samples.

The values of volume fraction of the interfacial region
(Vi) as a function of average particle size (d) in the milled
samples in different atmospheres are estimated by using

3
vim1- |1 )

where ¢/2 is the thickness of the interfacial region, assumed
to be about 0.5 nm.!!8! The values of Vi are determined to be
about 21%, 19%, and 18% in the milled samples under argon,
air, and oxygen atmospheres, respectively. This indicates that
the volume fraction of the total interfacial region is maximum
for the sample milled in argon with the smallest average parti-
cle size of 13 nm and it reduces as the particle size increases in
the milled sample in oxygen. The interfacial volume fraction
is about 21% for the sample milled in argon, which is about
1.10-1.16 times larger than those for samples milled in air and
oxygen. This accounts for the more or less similar magnetic
response of the samples.

The M—H and B—H hysteresis loops of those 30-h-milling
samples in argon, air, and oxygen, which are annealed at
600 °C for 2 h, are shown in Figs. 9(a) and 9(b), respectively.
The M values increase to ~35 emu/g, 28 emu/g, and 25 emu/g
in the milled samples under argon, air, and oxygen after having
been annealed at 600 °C, respectively, while their correspond-
ing H. values decrease to 26.77, 22.74, and 20.9 Oe in the
M-H curves. These derive mainly from the heating process,
which can significantly lead to the particle growth and reduce
the lattice strain. Consequently, an order-cation distribution
is obtained. From the B—H curves, it can also be observed
that the magnetization is remarkably increased by heating the
milled samples, which suggests that the number of particles
with ferromagnetism is increased, thereby contributing to the
ordered magnetism in the sample. The developing crystallinity
of the annealed sample reveals a single spinel phase, which
suggests that there is a combination of superparamagnetism
(from small particles), paramagnetism (from the amorphous
phase), and ferromagnetism. However, due to the lower co-
ercivity and smaller particle size, the superparamagnetism is
still dominant over the two other magnetic behaviors for all

the milled-annealed samples at 600 °C.

oxygen (a)
air 30
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20
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o0
~
=
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—40
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0.02+
0.01
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2000 4000

Fig. 9. (color online) Room temperature (a) M—H and (b) B—H hystere-
sis loops for 30-h-milling powders in different atmospheres, which are
annealed at 600 °C.

4. Conclusions

The mechanochemical behavior of Zn/NiO/Fe;O3 pow-
der mixture is investigated during high energy ball milling.
It is found that the structure and phase formation are influ-
enced not only by the milling time but also by the milling at-
mosphere. The increasing of the milling time from 0 to 30 h
leads to the broadening of Bragg’s peak widths as a conse-
quence of the microstrain induced in powder particles, and the
decreasing of crystallite size. The smallest crystallite sizes are
achieved in the samples milled under argon while the largest
sizes are obtained in those smaples milled under oxygen. The
smallest crystallite size obtained under argon might be associ-
ated with either the formation of stoichiometric products or
the conversion of Fe,O3; and Fe3O4 into each other during
milling. The heat released from this conversion can also pro-
vide enough energy to produce a single phase Ni—-Zn ferrite
in the milling process. The VSM results indicate lower satu-
ration magnetizations, which suggests the superparamagnetic
behavior of the sample milled for 30 h, but higher M, values
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for samples milled under argon than those under the other two

atmospheres. The annealing of the milled samples at a lower

temperature of 600 °C not only keeps the desirable properties

of nano-sized ball-milled Ni—Zn ferrite but also improves the

magnetic properties.
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