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Kinetics of thermite reaction in Al-Fe2O3 system
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Abstract

After non-isothermal differential scanning calorimetry (DSC) and X-ray diffraction experiments are carried out, the reaction kinetics of Al-Fe2O3

system is analyzed by a model-free Starink method. In our study, activation energy was determined as 145 kJ/mol for 8Al-3Fe2O3 thermite reaction,
the value is comparable to the activation energy for diffusion of Al in FeAl2O4 and is less than the activation energy for diffusion of Al in Fe3Al,
suggesting that the diffusion of Al into FeAl2O4 controls the product of the thermite reaction.
© 2005 Elsevier B.V. All rights reserved.
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. Introduction

The Al-Fe2O3 system is well known by the exothermic reac-
ion that it undergoes when submitted to thermal and/or mechan-
cal treatments[1]. According to the following stoichiometric
eaction:

Al + 3Fe2O3 → 2Fe3Al + 3Al2O3, (1)

he final phases, Al2O3 and Fe3Al intermetallics, are formed
y an in situ chemical reaction in which Al reduces the iron
xide. Thermite reactions have become important in the syn-

hesis of composites, in which the individual advantage of
ach constituent may be utilized to its best, achieving excellent
echanical properties of the composite as a whole. Moreover,

hermite reaction is one of the methods commonly used to syn-
hesize Fe-based magnetic particles dispersed in Al2O3. The
agnetic particle systems, with single domain magnetic par-

icles embedded in an insulating matrix, are interesting due
o their applications in recording media, magnetic fluids for
icro/nanoelectromechanical systems, catalytic reactions, or

However, due to the complexity of the reaction between
uid aluminum and Fe2O3, the preparation of composites w
controlled phases and microstructure in a reproducible ma
is still not satisfactory. The main difficulty is related to the co
plexity of the reaction with intermediate steps between the in
materials and the final product. Here, we investigate the rea
between Fe2O3 and Al by non-isothermal differential scanni
calorimetry (DSC).

2. Experimental

Powder mixture of 8Al-3Fe2O3 (given in mol%) was pre
pared. The reagents used in this study consisted of com
cial elemental powders of Al and Fe2O3. The powders wer
thoroughly mixed in a planetary mill for 30 min, and then co
pressed to pellets of 10 mm in diameter under a uniaxial pre
of 100 MPa. The green compacts (weighing typically ab
20–30 mg each) for thermal analysis were taken from the int
of the pellet.

Differential scanning calorimetry analyses at different h

lectromagnetic interference shielding and microwave absorb-

ng applications, etc.[2].
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ing rates from 5 to 20 K/min were carried out in a Netzsch
DSC404 calorimeter. The DSC measurements were performed
under a flow of high purity argon gas, utilizing high purity corun-
dum as a reference.

The phases of the products after DSC experiment were iden-
t an)
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Fig. 1. DSC curves of 8Al-3Fe2O3 powder mixture at different heating rates.

diffractometer using Cu K�radiation at 40 kV and 100 mA was
employed to obtain chart recordings in the 2θrange from 35 to
80◦.

3. Results and discussion

Fig. 1shows the DSC curves of the 8Al-3Fe2O3 powder mix-
ture at different heating rates. In each of the curves, the observed
endothermic peak at about 660◦C is associated with the melting
aluminum, while the exothermic peak represents the thermite
reaction. Interestingly, the peak position is influenced signifi-
cantly by the heating rates.

For the kinetics of thermally stimulated solid-state reactions,
the following formula has been widely accepted:

dα

dt
= A exp

(
− Ea

RT

)
f (α), (2)

whereα is the extent of reaction,t, the time,R, the universal gas
constant,T, the temperature,f(α), the kinetic model function,
andA andEa are apparent pre-exponential factor and apparent
activation energy, respectively.

In this paper, model-free approaches were used in kinetic
evaluation. Model-free methods allow evaluation of the Arrhe-
nius parameters without choosing the reaction modelf(α). The
best-known approaches, if several measurements with differen
h mad
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Fig. 2. Starink plot for the exothermic peak of the DSC curves, the determined
activation energy is 145 kJ/mol.

whereTP is the peak temperature of the DSC curve,φ, the heat-
ing rate,s, a constant, andA is a constant which depends on the
choice ofs. In the case of Kissinger’s methods = 2 andA = 1, the
Ozawa methodss = 0 andA = 1.0518, while the Starink meth-
odss = 1.8 andA = 1.0070− 1.2× 10−5Ea (Ea in kJ/mol). We
applied the latter method, and from the plot inFig. 2determined
Ea of the 8Al-3Fe2O3 thermite reaction to be 145 kJ/mol.

For many oxides, studies of oxygen self-diffusion as well as
metal ions diffusion show that Al and Fe are the more mobile
species[7]. For the thermite reaction of 8Al-3Fe2O3 system, the
most likely rate-controlling step is the diffusion of Al and/or Fe
atoms. The XRD patterns of the products after DSC experiment
is shown inFig. 3, indicating that the presence of FeAl2O4,
instead of thermodynamically predicted Fe3Al intermetallic.
Since the growth of product is governed by the diffusion of
atoms, the value of activation energy (listed inTable 1) typical
for the diffusion of Fe and/or Al in possible phase was used
to characterize diffusion through the product. The value of the
activation energy, 145 kJ/mol, for 8Al-3Fe2O3 thermite reaction
in our study is comparable to the activation energy for diffusion
of Al in FeAl2O4, and is less than the activation energy for dif-
fusion of Al in Fe3Al. It can be therefore be inferred that the
diffusion of Al into FeAl2O4 controls the product of reaction.

F ate of
2

eating rates and/or with different temperatures have been
re the isoconversional methods according to Friedman[3] and

he integral isoconversional method according to Kissinge[4]
nd Ozawa[5]. However, these methods are subject to app

mations which can introduce significant inaccuracies in
etermination ofEa. A new method for the derivation of activ

ion energies is proposed by Starink[6]. It was shown[6] that
his method is an order of magnitude more accurate tha
issinger and Ozawa methods. These methods all comply

he following equation[6]:

n

(
T s

P

φ

)
= A

Ea

RTP
+ constant, (3)
t
e,

e

ig. 3. XRD pattern of the products after DSC experiment at the heating r
0 K/min.
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Table 1
The diffusion activation energy (kJ/mol) of Fe or Al in Fe3Al, FeAl2O4 and
Al2O3

Diffuser Fe3Al [8] FeAl2O4 [9] Al2O3 [7]

Fe 219 273 545
Al 223 162 477

4. Conclusion

According to thermodynamic prediction, the thermite reac-
tion for 8Al-3Fe2O3 powder mixture results in alumina and
Fe3Al intermetallic when submitted to thermal treatments. Due
to the kinetic effect, however, FeAl2O4 is formed in the solid-
state reaction. Analysis of DSC data reveals that the activation

energy for the thermite reaction is 145 kJ/mol, suggesting that
the diffusion of Al into FeAl2O4 controls the product of reaction.
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