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a b s t r a c t

The aim of this work was to investigate the kinetics of structural transformations during mechani-
cal high energy ball-milling of Fe2O3 with Ga in order to reveal the mechanism of the process. The
structure of formed intermetallic phases and intermediate oxide compounds were studied by means
of Mossbauer spectroscopy, IR spectroscopy and X-ray diffraction. After 8 min of attrition a large part
of Fe2O3 still remains in mixture. This fact could be explained in view of melted Ga spreading over
vailable online 6 December 2008

eywords:
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a
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freshly prepared surfaces during milling process and incorporating into the Fe2O3 and intermediate oxides
structures.

© 2008 Elsevier B.V. All rights reserved.
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. Introduction

Mechanoactivated reducing reactions of iron oxides with metals
e.g. Al, Ti, Fe) in planetary ball-mills are usually used for the pro-
uction of complex oxide ceramics, dispersion-strengthened with
etal nanoparticles [1–4]. For this purpose different elements may

e chosen as reducing agents. The basic chemical reaction features
re mainly determined by the thermodynamical and kinetics fac-
ors such as melting temperature and the interfacial enthalpy for
issolution in Fe.

For the stoichiometric proportions of components hematite/
allium reduction reaction can be written as Fe2O3 + 2Ga = Ga2O3 +
Fe (�H = 480 kJ/mol). Unlike the Fe2O3 + Al reaction, which has
een realized by different authors [5–7] for different mill con-
tructions, the reaction features of Fe2O3 and Ga have not been
tudied.
Ga, which is an element of the IIIA group like Al, is an inter-
sting candidate for reducing agent in solid state reaction, not
nly because Fe–Al and Fe–Ga equilibrium phase diagrams show
he same trends in solid solutions concentration and structures

∗ Corresponding author. Tel.: +7 495 9391226.
E-mail address: adidornwald@mail.ru (A.N. Falkova).
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f intermetallic phases. But their extremely different melt points
Ga T = 29.6 ◦C, Al T = 660.2 ◦C) might be the key for the drastic
hange in the kinetics of reduction process. That is why it is impor-
ant to establish the kinetics features of this reduction process
o enable further possible variation of the final composite struc-
ure.

It is a well known that temperature of milling bodies can rise
y several hundred degrees in high energy activators of the plane-
ary mill type [8]. And under such conditions one can obtain solid
olution formation in the grain boundary region even for the immis-
ible at equilibrium elements, if one of the elements is easy melting
9]. So the same mechanism of reduction by liquid phase might
e expected in Fe2O3–Ga system, when the reduction is achieved
ainly in grain boundary region.

. Experimental

High energy milling was carried out in a planetary ball-mill AGO-2 under an
rgon atmosphere during different time intervals from 40 s to 8 min. Vial vol-

me was 20 cm3. Balls diameters and mass were 5 mm and 200 g, respectively.
he mass of every sample was 8.4 g. The ball to powder mass ratio is approxi-
ately 20/1. The speed of drum rotation was ∼1000 rpm. Average particle sizes

f initial Fe2O3 and Ga powders were in the micrometer range. The weight con-
entration have been chosen as stoichiometric with 3.9 g of Fe2O3 and 3.5 g of
a.

http://www.sciencedirect.com/science/journal/09258388
http://www.elsevier.com/locate/jallcom
mailto:adidornwald@mail.ru
dx.doi.org/10.1016/j.jallcom.2008.10.057
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Fig. 1. IR-spectrum of Fe2O3 + 2Ga mixture milled during 4 and 8 min.

The as-milled products have been characterized by X-ray diffraction (XRD) on a
IGAKU DX/Max diffractometer using Cu K� radiation. The mean crystallite size and
he value of microstrain were estimated by X-ray line broadening by well-known

illiamson–Hall procedure [10]. The detailed quantitative structural analysis of
ntermetallic phases and intermediate oxide-compounds at different stages of attri-
ion was performed by means of Mossbauer spectroscopy. Mossbauer spectra were
btained at room temperature using a constant acceleration spectrometer with a
7Co(Rh) radiation source. Mossbauer spectra have been fitted by means of UNIVEM

S Software. The 57Fe isomer shifts are given with respect to �-Fe at room temper-
ture. To reveal the kinetics of the Fe2O3 → Ga2O3 transformation IR-spectroscopy
as used, because of its unique ability to determine the presence of Fe–O and
a–O chemical bonds. The IR absorption spectra were recorded with a Specord-75IR
pectrometer.
. Results and discussion

The obtained IR spectra (Fig. 1) of MA mixtures do not show
he formation of Ga2O3 up to 4 min. There are two bands near 460
nd 568 cm−1 associated with Fe2O3, but no distinct absorption

o
m
F
o
t

able 1
alues of the isomer shift ı (mm/s), quadrupole splitting Q (mm/s), hyperfine field Heff (k
n samples of the series.

hase ı (mm/s) Q (mm/s)

-Fe2O3 0.37 −0.18
-Fe 0 0
olid solution of Ga in Fe3O4 0.35 −0.10

0.60 0.90
isordered Fe3Ga 0.28 −1.09

0.18 −0.34
olid solutions of Ga in �-Fe2O3 0.34 0.69
isordered Fe1−xGaxO 0.95 1.12
eGa3 0.28 0.40
Fig. 2. XRD patterns of the 8-min-milled mixture of Fe2O3 with Ga.

ands near 725, 790 and 928 cm−1 corresponding to gallium oxide.
n the contrary after 8 min there are no distinct absorption bands
ssociated with �-Fe2O3. All features shift to higher wavenum-
ers and change significantly in shape in becoming broader. Similar
ffects have already been reported in [11], where powders have
een prepared via a conventional coprecipitation method. Such
ffects are associated with Fe substitution by Ga in the structure
f Fe2O3.

X-ray diffraction pattern (Fig. 2) obtained after 8 min of milling
stablishes the presence of Fe3Ga, FeGa3 and unreacted Fe2O3. The
ean crystallite size and the microstrain estimated by X-ray line

roadening brings out that the produced composites contain Fe2O3
hase of ∼80 nm in size with the microstrain value of ∼2.35 × 10−3

nd intermetallics phases of ∼40 nm in size with the microstrain
alue of ∼3.45 × 10−3.

The Mossbauer spectra obtained after various milling time at
00 K (Fig. 3) show evolution of mixture microstructures in the
ourse of attrition. The spectra were fitted with superposition of
ight sextets and three doublets. Their parameters (isomer shift ı,
uadrupole splitting Q, effective hyperfine magnetic field Heff and
ine width � ) are shown in Table 1. Sextets are associated with �-
e2O3, �-Fe, number of solid solutions of Ga in spinel Fe3O4, and
isordered Fe3Ga. Doublets correspond to solid solutions of Ga in
-Fe2O3, disordered Fe1−xGaxO, and FeGa3.

The quantitative analysis allowed to estimate the kinetic curves
f phase evolution (Fig. 4) and to reveal the features of the reduction

echanism. The stages of initial Fe2O3 reduction are observed with:

e2O3 → Fe2−xGaxO3 → Fe3−xGaxO4 → Fe1−xGaxO → bcc-Fe. On the
ther hand, the interaction of reduced bcc-Fe with gallium leads to
he progressive formation of intermetallics.

Oe) and line width � (mm/s) for the fits to the Mossbauer spectra taken at 300 K

Heff (kOe) � (mm/s) Ref.

517 0.32
330 0.33
480 0.36
445 0.36
312 0.36 [12]
205 0.36

– 0.45 [13]
– 0.34
– 0.70 [14]
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Fig. 3. Mossbauer spectra (at 300 K) of the mixture of Fe2O3 + 2Ga milled during 40 s, 1 min, 2 min, 4 min and 8 min (a) and bar diagrams of the phase as obtained from the
analysis of the Mossbauer spectra (b).
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Fig. 4. Kinetics curves for phase evolution.

. Conclusion

Obtained results allow us to conclude that high energy mechan-
cal activation induces the reduction reaction in Fe2O3 + Ga powder
ixtures (just like it was in Fe2O3 + Al system): reduction of Fe from
nitial Fe2O3 goes through intermediate oxide and intermetallics
ompounds formation. The difference in rate of reduction in these
wo systems could be estimated from difference in quantity of
ormed phases: 34% and 17% of intermediate oxides; 7% and 30%

[
[

[
[
[

d Compounds 480 (2009) 31–34

f intermetallics in system with Al and Ga, correspondingly. This
rastic difference in kinetics of Fe2O3 + Ga system reduction allow
s to conclude that spreading of easy-melted Ga over freshly pre-
ared surfaces and its interaction with reduced Fe results in the
ormation of nanosize-grained FeGa-intermetallics and a number
f solid solutions (Fe, Ga)2O3.
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