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Abstract In this study, the aluminothermic reaction of a
mixture of aluminum and zinc oxide powders ball milled at
ambient temperature was investigated employing X-ray
diffraction (XRD), differential thermal analysis (DTA), and
electron microscopy (SEM) techniques. The kinetics of the
reaction was studied based on DTA results to evaluate the
mechanism and the activation energy of the reaction.
The reaction mechanism was recognized to be an interface
controlled one. The activation energy as well as the igni-
tion temperature of the aluminothermic reaction was found
to decrease significantly with increasing the milling time.
The ignition temperature of the reaction was reduced from
1008 °C for the unmilled mixture to 563 °C for the mixture
milled for 60 min. This was rationalized in terms of the
microstructural changes observed in the milled mixtures.
The activation energy also decreased from 848 kJ/mol for
the unmilled mixture to 119 kJ/mol for the mixture milled
for 60 min.

Introduction

Thermite reaction is a general term used to describe the
displacement reaction between a metal and a metallic oxide
to form a more stable oxide and the corresponding metal of
the reactant oxide [1]. Aluminothermic reactions are a
well-known group of thermite reactions involving reduc-
tion of a metallic oxide with elemental aluminum [2]:
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2xAl + 3M,0, — 3yM + xALOs; + AH

The reaction products may find applications in certain
processes such as welding, coating, and composite
synthesis [1, 3]. For instance, the reaction can be utilized
to synthesize in situ aluminum/alumina composites, where
alumina acts as reinforcement and the reduced metal may
be dissolved in the matrix as an alloying element [4].
In fact, researchers have used a host of different metallic
oxides for this purpose which include, e.g., TiO; [5], MnO,
[6], SiO, [7, 8], CuO [9], B,O3 [10], MoO; [11], Fe,03
[12], ZnO [13-16], etc.

Many researchers have tried to use zinc oxide as the
reactant material to synthesize in situ aluminum/alumina
composite. For example, Kobashi and Choh [15] reported
that no chemical reaction occurred in the ZnO/Al system
as the metal oxide was added into molten aluminum. Chen
and Sun [16] studied ZnO/Al reaction by mixing, pressing,
and heating the reactants and showed that almost no
thermite reaction could take place in the system below
970 °C.

Still many aspects of this process remain unclear.
Among these, the authors were not able to find any
published work which investigated the kinetics as well as
the effect of mechanochemical processing on the thermite
reaction of zinc oxide with aluminum. This was the
motivation for a study to find out the reasons behind the
poor reactivity of zinc oxide with aluminum and to
facilitate the reaction through a novel in situ aluminum/
alumina composite synthesis method. Some aspects of the
study have been published previously [17]. In this article,
the mechanochemical reaction and kinetics of ZnO/Al
system 1is investigated. The reaction mechanism is
defined, and the activation energy of ZnO/Al reaction
before and after mechanical activation is determined.
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Experimental materials and procedures

Commercially pure aluminum powder (99.7% purity,
Khorasan PM Co., IRAN) with a particle size of <45 pm
and pure zinc oxide powder (>99.9% purity, Merck, Ger-
many) with particle size of less than 0.5 pm were used as
raw materials. Mixtures of aluminum and zinc oxide
powder with stoichiometric ratio of their aluminothermic
reaction (2Al 4+ 3ZnO — Al,O5; + 3Zn) were milled in a
planetary ball mill machine (Retsch PM100) using hard-
ened chromium steel vial and balls under argon atmosphere
for 20, 40, 60, and 80 min. A ball-to-powder mass ratio of
10 and rotation speed of 600 rpm was employed.

X-ray diffractometry (XRD) was used to detect the pha-
ses present in the powders before and after milling. A Phi-
lips diffractometer (40 kV) with Cu Ko radiation (4 =
0.15406 nm) was used for XRD tests. The XRD patterns
were recorded in 20 range of 25-75° with a speed of 3° per
minute. To investigate the effect of ball milling duration on
the reaction temperature, differential thermal analysis
(DTA) was performed on the mixtures under argon atmo-
sphere using a Shimadzu TG/DTA machine. About 10 mg
of each mixture was filled in a special alumina crucible.
A heating rate of 10 °C/min and temperature range of
25-1200 °C were used. DTA was also performed under
similar conditions on pure aluminum powder up to tem-
peratures of 800, 900, and 1000 °C. Zero baseline correction
was performed on DTA signals. In addition, XRD patterns of
the reaction products (mixtures after DTA) were taken to
study the phases formed during heating. The interaction
between the powder particles was investigated using Philips
XL30 scanning electron microscope (SEM).

Variation of «, the fraction reacted, with temperature for
aluminothermic reaction of the aluminum and zinc oxide
particles was also studied. o value of the reaction was cal-
culated using DTA graph of the reaction as following [18]:

OCT:ST/S (1)

where o7, S7, and S were the fraction reacted at temperature
T, the DTA peak area at temperature 7, and the total DTA
peak area, respectively. The resultant o—7 graph was used to
determine the reaction mechanism and its activation energy.

Results and discussion

Aluminum and zinc oxide can react in a displacement
reaction as following [14]:

2Al + 3ZnO — ALO; + 3Zn + AH
AG,gg = —601 kJ/mol
AH,gq = —625 kJ/mol

As can be seen, the change in the free energy of the
reaction is negative, and therefore, the reaction is thermo-
dynamically possible. That is, it may ignite even at ambient
temperature upon providing the required activation energy.
The role of ball milling applied to the mixtures in this study
was to provide the activation energy of the reaction.

Figure 1 illustrates XRD patterns of aluminum and zinc
oxide mixtures ball milled for 0, 20, 40, 60, and 80 min. As it
is evident from the figure, only aluminum and zinc oxide
peaks were observed in the diffractogram of the unmilled
sample. Ball milling for 20 min yielded a similar pattern only
with decreased peaks intensities which is attributed to peak
broadening phenomenon, a characteristic feature of ball
milling. The same trend was observed for powders ball milled
for 40 and 60 min. For these experiments either no new
phases have been formed or the amount of new phases formed
has been so small that they could not be detected by XRD.

Figure 1 reveals that once ball milling elapses 80 min, a
new peak associated with zinc formation appears in the
XRD pattern of the ball milled mixture indicating that the
reaction has been ignited. In fact when the reaction starts,
both zinc and alumina are formed as the reaction products
and one should expect new peaks to appear in the corre-
sponding XRD pattern. The new peak observed is the most
intensive peak of zinc proving the zinc formation during
80 min ball milling. However, alumina peaks cannot be
observed in the pattern. Indeed, it has been demonstrated
that the alumina formed at ambient temperature is amor-
phous and, therefore, does not induce any peak in the XRD
pattern [19].

Figure 2 illustrates DTA curves of the mixtures of alu-
minum and zinc oxide powders activated for 0, 20, 40, and
60 min and heated in a differential thermal analyzer system
up to the predefined temperatures of 1000 °C or 1200 °C.
Figure 3 exhibits XRD patterns of unmilled mixture after
heating up to 1000 °C and 1200 °C and that of the 60 min
milled mixture heated up to 1000 °C.

For the unmilled sample, Fig. 2 shows an endothermic
peak at about 660 °C, related to the melting of aluminum,
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Fig. 1 XRD patterns of aluminum and zinc oxide mixture ball milled
for 0, 20, 40, 60, and 80 min
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Fig. 2 DTA curves of aluminum and zinc oxide mixture ball milled
for 0, 20, 40, and 60 min

and then an exothermic peak beginning at about 1008 °C
indicating the start of the aluminothermic reaction. All the
peaks in the XRD pattern of the unmilled mixture heated
up to 1000 °C (Fig. 3a) are related to aluminum and zinc
oxide, which implies that no new phase has been formed up
to this temperature. However, when the reactants are
heated up to 1200 °C, alumina peaks appear in the XRD
pattern (Fig. 3b). It approves that the exothermic peak
started at 1008 °C (Fig. 2) is related to the aluminothermic
reaction. Since this temperature is fairly higher than the
zinc evaporation temperature (907 °C) [20], it seems that

all the zinc formed has been evaporated, and therefore, no
peak of zinc is detected in the XRD pattern (Fig. 3b).

The DTA curve of the mixture milled for 20 min reveals
an exothermic peak started at about 580 °C. This means
that activation for only 20 min has decreased the ignition
temperature of the aluminothermic reaction to temperatures
below the melting point of pure aluminum. No endothermic
reaction is observed in this graph suggesting that all the
aluminum has already been consumed by the reaction
before reaching the melting point of the aluminum powder.
By extending the milling time to 60 min the ignition
temperature decreased even further to about 563 °C.
Milling times of more than 60 min resulted in the reaction
being ignited in the vial at ambient temperature (Fig. 1).

Figure 3c illustrates the XRD pattern of the reaction
products of the 60 min activated powder. A number of
alumina peaks are present and no Al or ZnO peak is
detected demonstrating the completion of the reaction. No
zinc peak is detected in the figure because of the afore-
mentioned reason.

For the aluminothermic reaction to ignite, the zinc oxide
particles should come in direct contact with the aluminum
particles. However, aluminum particles are usually covered
by an aluminum oxide film [3]. Therefore, the alumino-
thermic reaction cannot ignite before this oxide film is
removed or broken. When an aluminum particle is heated
up, both the oxide layer and the aluminum inside it start to
expand. Since the coefficient of thermal expansion (CTE)
of aluminum is higher than its oxide, the oxide film will
break at a critical temperature which depends on aluminum
particle size and on the thickness of the oxide film.

Figure 4 shows pure aluminum powder particles in as
received condition and after heating up to 800, 900, and
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Fig. 4 Pure aluminum powder

particles before heating (a) and
after heating up to 800 °C (b),

900 °C (¢), and 1000 °C (d) in a
DTA system

Fig. 5 SEM micrographs of the
powder mixture activated for
20, 40, and 60 min with low
magnification (left) and high
magnification (right)
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1000 °C in a DTA system. Despite the fact that the endo-
thermic melting peak of aluminum powder was detected at
about 660 °C, Fig. 4b, c reveals that the shape of aluminum
powder particles remained almost unchanged after being
heated up to 800 and 900 °C, respectively. Partial
agglomeration of aluminum particles resulted from the
rupture of oxide films and release of the molten aluminum
inside the particles was only visible after heating to
1000 °C (Fig. 4d). This confirms the presence of a sur-
rounding oxide film which prevents the direct contact
between the molten aluminum and the zinc oxide particles.

It seems that when the powder mixture is ball milled, on
the one hand, the oxide films on the surface of the alumi-
num particles are mechanically broken and, on the other
hand, some of the zinc particles are pushed into the alu-
minum particles. As a result the zinc oxide particles get in
direct contact with aluminum and a good interaction
takes place between the aluminum and zinc oxide particles.
At such a condition, the reaction kinetics tends to be
independent of the critical temperature required for
breaking the aluminum oxide film. Thus, the reaction may
ignite at lower temperatures.

Figure 5 shows the SEM micrographs of the powder
mixture activated for different times. SEM investigations
revealed a significant reduction in the size of the aluminum
particles by milling. Furthermore, after 20 min of milling,
aluminum particles were all covered with a layer of zinc
oxide powder while there were still some non-interacting
zinc oxide particles left. When milling time was increased
to 40 min, not only the aluminum particles were indented
more by the zinc oxide particles, but also the number of
non-interacting zinc oxide particles decreased as well [17].
Figure 6 shows a cross-section of a 60 min activated alu-
minum powder particle. The outer surface is the same as
micrographs in Fig. 5. It is evident from the cross-section

" Outer Surface

——
B.7mm 15.0kV x5.0k 10um

Fig. 6 Cross-section of a 60 min activated aluminum powder
indicating indented zinc oxide particles
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that the zinc oxide particles were indented inside the alu-
minum powder particles. The best interaction between the
powder particles occurred after 60 min of ball milling
where in fact a particulate composite of Al/ZnO was
formed and the minimum number of non-interacting ZnO
particles remained. As the milling was continued, the
reaction ignited in the vial as revealed by the XRD pattern
corresponding to 80 min ball milling in Fig. 1.

This interaction brought about by milling not only
causes a noticeable fall in the ignition temperature of the
reaction but also reduces its required activation energy.

Figure 7 shows the variation of «, the fraction reacted,
with temperature for aluminothermic reaction of aluminum
and zinc oxide particles. It is evident that for unmilled
mixture the reaction starts at a much higher temperature
than the milled ones. Furthermore, for the milled samples,
the « value at any given temperature is higher for longer
milling times. In other words, increasing the milling time
promotes the reaction kinetics.

The o—T graph can be used for determining the reaction
mechanism and its activation energy. Following Sarangis’
approach [21], three key equations need to be used for this

purpose:

(1) The differential equation as in the conventional
kinetics:

Fraction reacted (a)
o
w

1005 1010 1015 1020 1025 1030
Temperature (°C)

Fraction reacted (a)
o
o«

560 580 600 620 840 660 680
Temperature (°C)

Fig. 7 o-T plot for aluminothermic reaction of aluminum and zinc
oxide mixture activated for 0, 20, 40, and 60 min



J Mater Sci (2010) 45:5574-5580

5579

do/dt = k- f(a) (2)

where o is the fraction reacted, ¢ is time (min), k is a rate
constant (minfl), and f(o) is a particular kinetics function
whose form should be defined based on the reaction
mechanism.

(2) An Arrehenius expression relating the rate constant to
temperature:

k = A-exp(—Q/RT) 3)

where A is a pre-exponential factor, Q is the activation
energy, R is the universal gas constant, and 7T is
temperature.

(3) The temperature variation as a function of time:

T=To+ p-t (4)
then

dr/dt = f (5)
or

dr = dT/p (6)

where Ty is the initial temperature and f is a constant
depending on the heating rate.
Combination of Egs. 2, 3, and 6 results in Eq. 7:

doa/dT = (A/ B) - exp(=Q/RT) - f(2) (7)

From Fig. 7 it can be seen that o-T curve is almost linear
at its middle part (for instance 0.2<x<0.8). Therefore,
ignoring the initial and final stages of the reaction, do/dT
could be considered constant (C).

do/dT = C (8)
Thus Eq. 7 is written as:
f(o) = (B - C/A) - exp(Q/RT) ©)

Inf(e) = In(p - C/A) + (Q/RT)

Dickinson and Heal [22] have proposed a number of
equations for f{x), each of which corresponds to a certain
reaction mechanism. Therefore, the mechanism of the
aluminothermic reaction in this study can be determined by
substitution of different f(o) equations in Eq. 10. The
function which results in the most linear graph of In f{«)
versus 1/T will define the reaction mechanism. The
activation energy of the reaction will then be easily
found by multiplying R by the slope of In f{oe) — 1/T line
(i.e., O/R).

The mechanism and activation energy of the reaction of
unmilled powder mixture and the powder mixture milled for
20, 40, and 60 min were determined using aforementioned

(10)

In f(a)
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Fig. 8 In f(x) — 1/T plot for aluminothermic reaction of aluminum
and zinc oxide mixture activated for 0, 20, 40, and 60 min

approach. It was confirmed, consequently, that the reaction
satisfied phase boundary controlled reaction equation
(notation R2 in reference [22]) better than other equations. It
was concluded then that the reaction kinetics was controlled
by the interface of the reactants. Figure 8 shows In f{o)
versus 1/T x 10* graph for mechanism R2 [22]. The cor-
responding equation for this mechanism is:

fl@) =2(1- o) (11)

The phase boundary controlled mechanism for this
reaction is in agreement with the experimental observa-
tions in this study where reaction of uninteracting
(unmilled) aluminum and zinc oxide mixture could only
take place at a high temperature. This was due to the fact
that the interaction of the interfaces could occur only
above a critical temperature where the breakage of alu-
minum oxide films on the aluminum particles would allow
for the wetting of the zinc oxide particles by the released
molten aluminum. On the other hand, ball milling caused
a mechanically induced interaction between the aluminum
and zinc oxide particles which created fresh interfaces
capable of reacting at lower temperatures. The decrease in
the reaction temperature has been also observed by other
researchers when aluminum and zinc oxide were com-
pacted under pressure [13]. This suggests that mecha-
nism R2 may also be applicable to the results of those
studies.
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Table 1 Activation energy of aluminothermic reaction of aluminum
and zinc oxide mixture ball milled for different times

Activation
energy (kJ/mol)

Milling time (min)

0 848
20 198
40 150
60 119

Table 1 represents the activation energy of the alu-
minothermic reaction after different milling times of the
powder mixture. Evidently mechanical activation signifi-
cantly decreases the activation energy of the reaction and
as the milling time increases, the activation energy
decreases. Table 1 shows that the activation energy has
decreased from 848 kJ/mol for the unmilled mixture to
119 kJ/mol after 60 min of milling. This is attributed to the
increased interface between aluminum and zinc oxide
(formation of particulate Al/ZnO composite), as well as to
the change of aluminum oxide film breakage mechanism
from a temperature-dependant mechanism to a mechani-
cally induced one.

Conclusion

The aluminothermic reaction of an aluminum and zinc
oxide mixture with and without mechanical activation was
investigated. The results revealed that:

1. The ignition temperature of the aluminothermic reac-
tion of non-activated aluminum and zinc oxide mixture
was found to be about 1008 °C which is much higher
than the acceptable working temperature range for
aluminum melts.

2. Ball milling improved the interaction between alumi-
num and zinc oxide powders and significantly decreased
their reaction temperature. Ball milling could reduce the
ignition temperature of the aluminothermic reaction
from 1008 °C for the unmilled mixture to 563 °C for the
mixture milled for 60 min.

3. The mechanically induced interaction between alumi-
num and zinc oxide particles decreased the activation

@ Springer

energy of the reaction. The activation energy decreased
from 848 kJ/mol for the unmilled mixture to 119 kJ/
mol after 60 min of milling.

4. Investigation of the reaction kinetics revealed that the
aluminothermic reaction was phase boundary con-
trolled (mechanism R2) and confirmed that improved
interaction between aluminum and zinc oxide particles
accompanied by aluminum oxide film breakage could
result in decreased ignition temperature and activation
energy of the reaction.
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