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Abstract

The effects of mechanical treatment on the phase transformation and sintering of nano-sized g-Fe2O3 powder were studied.
g-Fe2O3 powder was obtained by calcining iron tartrates at 300 �C. The mechanical treatment increased the contact areas in theg-
Fe2O3 powder, which acted as nucleation sites for the g!a-Fe2O3 phase transformation, and resulted in lowering the transforma-
tion temperature. The greater surface area and fine equiaxed particle of the milled powder thus obtained were due to the vermicular
microstructure development being inhibited. Consequently, the samples with mechanical treatment after sintering developed a

uniform fine-grained microstructure.
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1. Introduction

Iron oxide is widely used as a catalyst, pigment and
gas sensitive material [1]. In many cases nanocrystalline
iron oxide can enhance materials performance or
improve industrial processing. For instance, synthesis of
ferrites can be achieved at a much lower temperature by
using nano-sized iron oxide as a raw material [2]. Addi-
tionally, the gas sensitivity of a-Fe2O3 also can be
improved remarkably by using the ultrafine a-Fe2O3
powders [3]. Therefore it is of importance to control the
particle size, morphology, and texture of the iron oxide
system.
Recently, many different methods have been used in

preparing nanosized a-Fe2O3. Among the various
methods, the thermal decomposition of precursors, such
as tartrates [4] and ferrous oxalate dihydrate [5] have
been widely investigated due to the benefits of easily
controlled process and lower cost. There are two well-
known crystalline types of Fe2O3.: maghemite (the g
phase) and hematite (the a phase). The phase transition
of g!a-Fe2O3 takes place during calcination at about

400 �C [6]. The phase transformation which occurs
during calcination gives rise to transformed a-Fe2O3
powder which has undergone considerable aggregation
and grain growth [7]. The above characteristics are det-
rimental to the formation of nano-sized a-Fe2O3 powder.
Mechanical treatment (mechanochemical reactions)

of inorganic solids has become extremely important in
many processes in chemical technology, and materials
science [8,9]. Many solid state reactions, which normally
occur at elevated temperatures, can be facilitated by
mechanical treatment [10,11]. In mechanical treatment
induced polymorphic transformation, the transition is
from ametastable to a stable phase due to the strain energy
and shear energy induced by the mechanical treatment.
Mechanochemical effects on the g!a-Fe2O3 phase

transformation have been widely discussed in literature.
[12,13] The activation energy for the transformation is
generally reduced by mechanical treatment applied to
g-Fe2O3. However, the effects of mechanical treatment
on the morphology of the intermediate and final pro-
ducts and the microstructure development after sinter-
ing have not been reported.
The purposes of this study are to use the mechanical

activation of g-Fe2O3 to prepare the nano-sized a-Fe2O3.
and to investigate the mechanical treatment dependence
of the phase transformation and sintering of g-Fe2O3 in
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terms of strain energy using transmission electron
microscopy (TEM), X-ray diffractometer (XRD) and
scanning electron microscopy (SEM) techniques.

2. Experimental procedure

2.1. Sample preparation

Iron nitrate hydrate (reagent grade) was dissolved in
ethanol to prepare Fe+3 ethanol solution with con-
centrations of 0.2 mol/l. A mixture of 0.4 mol/l tartaric
acid ethanol solution was prepared. The Fe+3 ethanol
solution changed abruptly into a viscous sol as soon as
tartaric acid solution was added. By heating the sol at
50 �C, ethanol was evaporated off, and a dry iron tar-
trate powder was obtained. g-Fe2O3 powder was
obtained by calcining iron tartrate powder at 300 �C for
2 h. The mechanical treatments were carried out by dry-
grinding the g-Fe2O3 powder with a vibration agate
mortar and ZrO2 balls for 1 and 3 h. Both the g-Fe2O3
powders with and without mechanical treatment were
calcined at 400 and 500 �C respectively for 2 h, and then
compacted by a cold isostatic press at 200 MPa. The
green pellet densities determined by dividing the mea-
sured mass by the measured volume were approximately
55% of theoretical density (the theoretical density of the
g-Fe2O3 powder is 4.89 gm/cm3). The pellets were sin-
tered at 1200 �C for 2 h.

2.2. Characterization

The crystalline phases in the iron tartrate and calcined
powders were identified by the XRD powder method
using Ni-filtered CuKa radiation (D/MAX IIB, Rigaku,
Tokyo, Japan), 2� =20–60�. The morphology of the
powder was obtained using TEM (200CX, Jeol, Tokyo,
Japan) micrograph. The specific surface area was mea-
sured using the conventional nitrogen absorption (BET)
technique (Gemini 2360, Micromeritics). The micro-
structure development of the sintered pellet was
observed by SEM (S-4100, Hitachi, Tokyo, Japan).

3. Results

3.1. Phase identification

Fig. 1 shows the X-ray diffraction patterns of the gel
before and after heat treatment. It can be seen that the
phase of the powder calcined at 300 �C was g-Fe2O3. A
g!a-Fe2O3 phase transformation took place during
calcination between 300 and 400 �C. An abrupt increase
in the amount of a phase occurred when the calcination
temperature rose above 400 �C. a- Fe2O3 was the only
phase present for the powder calcined above 500 �C.

The X-ray diffraction patterns of g-Fe2O3 (obtained by
calcination at 300 �C) after various milling times are pre-
sented in Fig. 2. It shows no significant change in the
XRD patterns before and after milling. After 3 h milling,
initially small g-Fe2O3 crystals formed bigger agglomer-
ates (Fig. 3). On the contrary, a relatively weak influence
of the milling intensity on the crystallite size was observed.
Fig. 4 shows the X-ray diffraction patterns of g-Fe2O3

powders with various milling time after calcination at
400 �C. g- and a-Fe2O3 co-existed in the unmilled pow-
ders. However, only the a-Fe2O3 was observed in the
milled samples.

3.2. Morphology

Fig. 5 shows the morphology of powders calcined at
300–500 �C. In this figure, fine sub-rounded g-Fe2O3
particles with narrow particle size distribution are
observed at 300 �C. At 400 �C, the g!a-Fe2O3 phase
transformation started and produced a significant
alteration in the morphology. The a-Fe2O3 formed and
coarsened by a chain mechanism [7] induces many
neighboring g crystallites to form one a crystal. At
500 �C, the transformation occurred much more rapidly
and resulted in the formation of large colonies of ver-
micular a-Fe2O3.

Fig. 1. The X-ray diffraction patterns of the gel before and after heat

treatment.
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The particle morphology of the milled and unmilled
samples after calcination at 500 �C are shown in
Fig. 6(a) and (b), respectively. a-Fe2O3 powder without
mechanical treatment become coarsened and aggre-
gated, while the powder with mechanical treatment
exhibits very fine equiaxed 50–60 nm particles.
Fig. 7 shows the change in the specific surface area of

the milled and unmilled powders at different calcination
temperatures. The specific surface area decreased with
increasing calcination temperature. Such phenomenon
is due to the g!a-Fe2O3 phase transformation. At the
same temperature, the surface area of the milled powder
is larger than that of the unmilled powder because the
vermicular microstructure development is inhibited
[Fig. 6(b)].

4. Discussion

4.1. Effects of mechanical treatment on �!�-Fe2O3 phase
transformation

Fig. 4 illustrates that the temperature of g!a-Fe2O3
phase transformation for milled powder is lower than
that of the powder without mechanical treatment. Zie-
liński et al. [14] also obtained similar results for Al2O3
powder during g!a-Al2O3 phase transformation. The
temperature of g!a-Al2O3 phase transformation
decreased with increasing milling time. It was proposed
that the decrease in temperature resulted from the pre-
sence of internal stress induced by milling in the Al2O3
particles. In the present investigation, no broadening of
the peaks resulted from lattice strain and crystallite size
could be observed after milling (Fig. 2). Solid state
phase transformation typically proceeds via nucleation
and growth. The interface between two contacting
g-Fe2O3 particles can provide the sites for nucleation of
a-Fe2O3 phase. Thus the nucleation rate is determined
by the probability of contact of two g-Fe2O3 particles.

Fig. 2. The X-ray diffraction patterns of g-Fe2O3 (obtained by calci-
nation at 300 �C) (A) without mechanical treatment (B) with 1 h mil-

ling(C) with 3 h milling.

Fig. 3. Transmission electron micrograph of g-Fe2O3 before (A) and
after 3 h milling (B).

Fig. 4. The X-ray diffraction patterns of g-Fe2O3 powders (A) without
mechanical treatment (B) with 1 h milling (C) with 3 h milling after

calcination at 400 �C.
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Fig. 3 shows that the irregular aggregates of g-Fe2O3
developed after 3 h milling. It may be due to the cold-
welding process occurred during milling [15]. Therefore,
the g-Fe2O3 particles in the aggregates after milling are
expected to have larger average number of surrounding
particles in contact with a particle than those without
mechanical treatment. Consequently, the temperature of
g!a-Fe2O3 phase transformation decreased with
increasing milling time.

Fig. 5. Transmission electron micrographs of Fe2O3 powders calcined

at 300, 400 and 500 �C.

Fig. 6. Transmission electron micrographs of a-Fe2O3 powders cal-
cined at 500 �C (A) without mechanical treatment (B) with 3 h milling.

Fig. 7. The change in the specific surface area of the milled (A) and

unmilled (B) powders at different calcination temperatures.
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4.2. Morphology development

From the above discussion, it is clear that the contact
areas associated with the mechanical treatment, having
high concentration of defects and lower activation
energy barrier for nucleation, can act as nucleation sites.
Therefore, a large number of nucleation sites in the
milled powder begin growing at approximately the same
time during calcination. The high nucleation frequency
in the milled powder ensures that the propagation of
transformation fronts is arrested by closely spaced
adjacent transformation regions and results in the for-
mation of very fine equiaxed particles [Fig. 6 (b)]. Con-
versely, the unmilled powder has a much smaller
nucleation frequency and the nucleation sites do not all
nucleate and grow at the same time, thus resulting in a
very broad particle size distribution [Fig. 6(a)]. There-
fore, mechanical treatment appears to be a good process
to obtain nano-sized a-Fe2O3 powders.

4.3. Densification

The final microstructures in Fig. 8 show the samples
with mechanical treatment for 3 h compared with
unmilled samples after sintering at 1200 �C. Clearly the
milled sample is highly dense and the unmilled sample is
characterized by coarse grains with rather large pores.
From the above discussion, it is clear that the mechan-
ical treatment enhances the phase transformation and
sintering of g-Fe2O3. The excellent densification beha-
vior of the milled samples is a result of the uniform,
fine-grained microstructure that is developed during
transformation. Microstructural control is developed
through the mechanical treatment of g-Fe2O3 to
increase the amount of a-Fe2O3 nuclei formed during
the g!a-Fe2O3 phase transformation and to prevent
vermicular microstructure development as a result of
a-Fe2O3 growth front impingement from adjacent
nuclei. However, the large pores and coarse grains
found in the unmilled samples were attributed to the
development of a coarse, vermicular pore structure
during transformation to a-Fe2O3.

5. Conclusion

1. Mechanical treatment increased the number of
particle contacts, which acted as nucleation sites
for the g!a-Fe2O3 phase transformation and
resulted in lowering the transformation tempera-
ture.

2. Mechanical treatment of g-Fe2O3 powders could
be an attractive method for the production of
nano-sized and equiaxed a-Fe2O3 powders.

3. The mechanical treatment of g-Fe2O3 powder
enhanced microstructure development by pre-
venting the development of vermicular pore
structure during transformation, thus obtaining
uniform, fine-grained microstructures after sin-
tering at 1200 �C.
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