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Abstract The oxidation mechanism of aluminum powder particles was studied by

simultaneous TG–DTA analysis (under air atmosphere) at different heating rates

(10, 20 and 30 �C/min) and from an ambient temperature up to 1,400 �C. Also, the

rate of oxidation reaction (rate of weight gain; RTG) was obtained by the differ-

entiation of weight gain (TGG) curve. Additionally, SEM and X-ray diffraction

analysis (XRD) studies were performed on each of the above samples for their

structural and phase studies. The results obtained from TG–DTA and RTG curves;

microstructure and phase analysis studies indicated that the oxidation of aluminum

powders occurred during five stages. On the other hand, according to the results

obtained from XRD and TGG curves, aluminum particles after the thermal analysis

test, even heated up to 1,400 �C, were not entirely oxidized (i.e. less than 10 %).

Keywords Aluminum powder � Oxidation � Mechanism �
Non-isothermal reaction � Heating rate � Alumina

Introduction

Within the recent few decades, aluminum powders have been widely used for

aluminothermic processes, propellants, launch cost, fireworks, and explosives [1–7].

In fact, oxidation enthalpy, high combustion heat, low cost, and production of safe

products for ecosystem are of the specifications of the oxidation process of

aluminum powders [8]. For this reason, researchers have paid attention to the study
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of the mechanism of oxidation process in recent years and some studies have been

performed on this process and the combustion temperature of aluminum.

The combustion temperature for aluminum powders was reported to be from 650

to 2,000 �C during 1968–1997 by researchers [9–13]. Also, the combustion

temperature for the aluminum nano-powders was reported to be about 800 �C and

even less than that by Johnson et al. [14] in 2000. In fact, the discrepancy among the

obtained results shows the great complexity of this process. However, after the

protective role of the thin aluminum oxide film on the surface of aluminum particles

was cleared up, it was first believed that the oxidation of these particles must have

taken place around the melting point of Al2O3 (2,054 �C), i.e. when the continuous

uniformity of the surface crust was destroyed (because of melting or mechanical

tensions) [15, 16]. The studies performed in 2000 and 2002 specified that a thin layer

of aluminum oxide in amorphous form (non-stoichiometric Al2O3) was formed on

the surface of aluminum. At low thickness, this amorphous oxide film consists of

enriched aluminum and is thermodynamically more stable than the crystalline state

unless it reaches a critical thickness [17–19]. It is worth mentioning that the growth of

this amorphous oxide layer is controlled by the diffusion of aluminum cations to the

outer part [20], so that the presence of more aluminum in the structure prevents it

from crystallization. On heating the Al-lm particles begin to form a c-Al2O3 scale

before reaching the melting point and the molten Al is kept within the c-Al2O3 shell

[21]. In fact, by an increase in temperature (T [ 300 �C), the thickness of the

amorphous oxide layer reaches a critical point and at this point it is changed into

alumina with c-Al2O3 crystalline structure [19]. The critical thickness for this

amorphous oxide layer is reported to be from 0.5 nm [20] to 4 nm [22] in different

references. Additionally, by the formation of crystalline structure of c-Al2O3 phase

and appearance of grain boundary, the rate of oxidation is increased as a result of the

ease of oxygen diffusion through the grain boundary [23]. On the other hand, the

studies performed by Mikhaylo et al. [24] specified that the crystallization of

the oxide layer was related to c-Al2O3 phase which has a higher density than the

amorphous state. So, during this course of phase transformation, formation of micro-

cracks on the oxide crust is not surprising. Hence, the presence of grain boundaries

and probably the presence of the produced micro-cracks have facilitated the diffusion

trend for the preparation of the oxidation at this stage. After this stage builds a layer of

6–10 nm thickness composed of crystallites of the same size independent on the

initial particle size [25]. The same of results [20, 22] shown that at this stage, oxygen

diffusion is the controlling factor for the process and growth rate of c-Al2O3, while

Eisenreich et al. [25] shown that this reaction is dominated by chemical kinetics and

converts a substantial fraction of the particle. The reasons of this difference can be

because Influence of the metal particle size [25, 26]. By continuing the oxidation, the

micro-cracks present (i.e. the quick penetration paths) in the oxide layer are repaired

and a layer of c-Al2O3 oxide covers the surface of the aluminum powder particles. At

this time, the rate of oxidation is once more reduced.

On further heating h-Al2O3 can be detected, which forms simultaneously with the

c-Al2O3. The c-Al2O3/h-Al2O3 scale is stable and protective under isothermal

conditions up to 800 �C within the investigated times [24]. On further heating the

c-Al2O3 and h-Al2O3, transform simultaneously to a-Al2O3 in a temperature range
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of 850–1,100 �C [24]. The a-Al2O3 phase can be generated directly from the

c-Al2O3 phase or indirectly from the middle phases of h and d. The densities of c, h
and d phases are not so different from each other. Therefore, the phase changes

among the above phases will not bring about any changes in the oxidation process

[23]. During the c transformation to a-Al2O3 shrinkage occurs that leads to

formation of pores [24]. Finally, by the start of ignition temperature and with regard

to the size of the particles, intense oxidation takes place in the particles [23].

In spite of the extensive researches performed in this area, the role of aluminum

melt and its manner of affecting the trend of oxidation have not been taken into

consideration yet. Additionally, there is no good conformity between the proposed

mechanisms for this process and laboratory results, especially the microscopic

examinations. This lack of conformity signifies the necessity for more study to be

done on this process. For this reason, in this investigation it has been tried to study

the mechanism of the oxidation of aluminum particles more precisely by taking

advantage from the studies performed by TG–DTA thermal analysis, scanning

electron microscope (SEM), and X-ray diffraction analysis (XRD).

Materials and Methodology

The 99 % pure aluminum powder (Fluka Company) with a grain size of

100–200 lm was used in this study. To study the mechanism of aluminum

oxidation, the experiments were carried out in a STA device (STA503, Bahr)

capable of simultaneous TG–DTA analysis within the temperature ranges from 25

to 720, 900 and 1,400 �C. The aluminum powder samples were oxidized directly (as

non-isothermally and under air atmosphere) in the STA device. Different parameters

of these tests are presented in Table 1. In addition to that, in order to gain more

accurate information on the changes taking place within the specified temperature,

some consumable aluminum powders were isothermally heat treated. For this

purpose, the consumable aluminum powders were heat treated (under air

atmosphere) at 900 �C for 15 min. In the next stage, the microstructure of the

products was analyzed by SEM (XL30 SERIES, Philips) and the phase analysis was

performed by XRD (MPD-XPERT, Philips), respectively.

Table 1 The sample weight

and the specifications of

TG–DTA experiments

No. W0: the initial weight

of sample (mg)

Tmax (�C) Heating rate

(�C/min)

1 35.92 1,400 10

2 35.02 1,400 20

3 35.27 1,400 30

4 35.36 720 20

5 35.06 900 20
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Results and Discussion

Thermal Analysis

The typical TG–DTA curves of the sample (at a heating rate of 20 �C/min) are

shown in Fig. 1. This figure is presented to better understand and gain enough

recognition of the phenomena performed on the basis of these curves, including the

characteristic temperatures of oxidation process (T1 to T7). Each TG–DTA curves

can be divided into different regions (I to V). Hence, the results obtained from the

thermal analysis experiments, consisting of TG–DTA and the characteristic points

of the reaction curves, performed on the aluminum powders at the heating rates of

10, 20, and 30 �C/min (according to Table 1), are presented in Fig. 2a, b, c and

Tables 2, 3. As it is observed in Fig. 2a, b, c, in TG–DTA curves no change takes

place in the course of the stages of the oxidation process of aluminum powders at

different heating rates. Tables 2 and 3 show the influence of heating rate on the

characteristic temperatures and DW differences at the five regions of I to V. The

definition of TGG (weight gain of the sample) and rate of weight gain (RTG) are as

follows:

TGG ð%Þ ¼ DWt

DWmax

� 100 ð1Þ

RTG ð%=sÞ ¼ dðTGGÞ
dt

� 100 ¼ dðDWt=DWmaxÞ
dt

� 100 ð2Þ

where, DWt is the observed weight gain of the sample arbitrary time t (or temper-

ature T) and DWmax is the theoretical weight gain of the sample after completion of

Fig. 1 Typical results of TG (weight gain)-DTA curves and definitions of characteristic regions and
temperatures for the oxidation process of aluminum powders, with a constant heating rate of 20 �C/min
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the reaction. It means that the weight gain from the beginning of the experiment can

be determined by the following equations, respectively:

DWt ¼ Wt �W0 ð3Þ
DWmax ¼ Wmax �W0 ð4Þ

where, Wt represents the weight of the sample at arbitrary time t (or temperature T),

and Wmax is the weight of sample after completion of the reaction.

As it is observed in the TG and RTG curves in Fig. 2a, b, c, there is no peak or

any weight increase up to the temperature limit of 600 �C (Table 3). This is

indicative of the fact that no significant oxidation has taken place within the

temperature range of 25 �C to T1 (region I). With regard to the intense affinity of

aluminum to oxidation even at low temperatures (e.g. room temperature), therefore

the formation of an oxide crust on the particles of aluminum powder is certain.

Subsequently, the DTA curves also support the results obtained from the TG and

RTG curves within this region. In spite of this fact and observations, it can be

concluded that the oxide crust performs its role of protecting aluminum within the

temperature region I and thus no noticeable oxidation takes place at this stage.

Additionally, the studies performed by Jeurgens et al. [20] also show that the

structure of the oxide film is amorphous and because of the permeation of aluminum

cations within region I, the process of oxidation is limited to the outer part of this

crust.

According to TG and RTG curves (Fig. 2a, b, c; Table 3), as the temperature is

increasing a sudden increase in weight (TGG %) is observed around T1 (at the

beginning of region II). Along with this TGG (%) increase, an exothermic peak is

also observed in the DTA curves. These observations are indicative of the

intensification of oxidation within this heat limit. The studies done by Levin et al.

[27] show that the amorphous oxide film is changed into c-Al2O3 phase within this

heat limit; while the density of the amorphous oxide film and the c-Al2O3 is reported

to be 3.1 and 3.65 g/cm3, respectively. With regard to these results, it can be

concluded that due to this phase change and in spite of the structural change of

oxide film from amorphous to crystalline state and higher density of c-Al2O3 phase

Table 3 The results extracted from TGG and RTG curves; theoretical and observed weight gain of

samples at various heating rates

No. Heating

rate

(�C/min)

Oxidation experiment (TG–DTA)

Theoretical Observed

Wmax

(mg)

DWmax

(mg)

DWt (mg) (DWf/

DWmax) 9

100 (%)

RTGmax (%/s)

t = t1 t = t4 t = t6 t = t7 t = tf
a Region

II

Region

IV

1 10 67.87 31.95 0.10 0.18 0.70 1.80 1.95 6.10 0.25 2.20

2 20 66.17 31.15 0.10 0.19 0.75 2.11 2.33 7.50 0.30 2.80

3 30 66.64 31.37 0.12 0.38 0.88 2.76 3.07 9.78 0.40 3.00

a tf = tmax (or Tf = Tmax = 1,400 �C)
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Fig. 2 TGG, DTA, and RTG curves for the oxidation process of aluminum powders at different heating
rates; a 10 �C/min, b 20 �C/min, and c 30 �C/min
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in relation to amorphous phase (about 20 vol%), there appears to be some micro-

cracks in the crust. Generation of these micro-cracks means the loss of continuity of

the oxide protective cover on the surface of aluminum particles. Besides that,

because of the crystallization of the oxide layer, the grain boundary is generated in

the form of a fast diffusion network in the crust structure. Hence, the presences of

grain boundaries and probably micro-cracks have facilitated the diffusion trend for

the preparation of the oxidation in region II. In other words, by increasing the

temperature up to T4 (at the end of region II), there is a continuous TGG (%)

increase in the TG curve. While, in its corresponding DTA curve, the above

exothermic peak is suddenly affected by the latent heat of aluminum melting at

660 �C. In fact, this phenomenon is indicative of the overlapping of two peaks of

exothermic (resulting from oxidation process) and endothermic (resulting from the

aluminum melt). As it is observed in this region, the intensity of the endothermic

process of the aluminum melt has overshadowed the exothermic process of

oxidation. For this reason, the DTA curves cannot depict this stage completely.

By an increase in temperature from T4 to T6 (region III), this increase in rate of

oxidation reaction is reduced again, because the defects including the micro-cracks

created on the surface are repaired during oxidation at this stage. So, the diffusion of

oxygen to Al/Al2O3 interface will again face with difficulties. These changes in the

rate of oxidation are well presented in the RTG curves in Fig. 2a, b, c. Therefore, in

region III no noticeable TGG (%) (less than % 1.8) and heat flow (DTA lV) are

observed.

By continuing to increase the temperature from T6 to T7 (region IV), a noticeable

increase in TGG (%) as well as in heat flow (in the form of exothermic peak) is

obtained (Fig. 2a, b, c; Table 3). Also, as mentioned in ‘‘Introduction’’ section, by

entering this region (the temperature from 1,000 to 1,100 �C), the c-Al2O3 phase is

transformed to a-Al2O3 phase [27]. However, the issue ignored by researchers is the

situation of the aluminum turned into a melting state from 660 �C and remains

Fig. 3 The variation of thermal expansion coefficient for aluminum, c-Al2O3 and a-Al2O3 versus
temperature
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imprisoned inside the oxide crust. As shown in Fig. 3 (adopted from Ref. [17]), by

increasing the temperature, the melt starts expanding and by this change of volume,

an added tension is exerted on the crust. Additionally, according to the result

obtained by Jeurgens et al. [17], it can be reasoned that the aluminum thermal

expansion coefficient is ten times larger than c-Al2O3. In addition, we know that the

expansion in liquid phase is generally much more than in a solid phase.

Consequently, according to Fig. 3, this melt expands more than the oxide crust

(c-Al2O3) when heat is increased. On the other hand, when c-Al2O3 (cubic-fcc high

disorder structure) transforms into a-Al2O3 (ordered structure with hexagonal close

packed oxygen lattice and higher atomic density), volume shrinkage of 13.8 %

occurs [21]. As shown in Fig. 4a, b, now if the tension resulting from shrinkage of

crust and expansion of melting are so much that it can overcome the strength of the

crust, so that pores and cracks [21] form in the crust scale during this

transformation. In other word, forced by the oxide shell shrinkage and expansion

of melting, molten aluminum can now penetrate outside through the pores and

cracks and is immediately oxidized when getting in contact with air. For this reason,

within region IV, intense exothermic peaks in the DTA curves and an intense TGG

(%) increase in the TG curves are observed. In fact, the tension resulting from the

oxide shell shrinkage and expansion of melting is able to tear the oxide crust within

the temperature limit of 1,000 �C. This oxidation causes the liberation of a great

amount of heat and a sudden and great amount of increase in weight. In other words,

according to Table 3, the main stage of the oxidation of aluminum powder particles

is done at this region. By the continuation of oxidation in the region, the cracks

resulting from the tear of the oxide layer is repaired and the aluminum inside is

protected against further oxidation. Hence, from T7 to 1,400 �C (region V), no

noticeable change is observed in any of the curves (Fig. 2a, b, c).

As observed in Fig. 2a, b, c and Table 3 (within regions II and IV), by increasing

the heating rate, the intense peaks in the RTG curves also increase. This means that

the rate of oxidation of aluminum powder particles is strongly dependent on the

heating rate. Additionally, the maximum TGG (%) of the samples at different

heating rates is only about 10 % (Table 3) up to 1,400 �C. Therefore, it can be

concluded that the complete oxidation process did not take place even up to

1,400 �C.

Microstructure Observations

Figure 5 is related to the initial aluminum particles (before being exposed to oxide

conditions). As it is observed in this figure, the surfaces of these particles enjoy high

smoothness. In order to collect more precise information about the manner of the

phase change and the phenomenon of the crystallization of the amorphous oxide

layer in region II, the morphology of the product obtained from TG–DTA

experiment at the maximum temperature of 720 �C using the heating rate of 20 �C/

min, is shown by Fig. 6a, b. In this figure the change of amorphous oxide film to the

crystalline c-Al2O3 phase (as it was pointed out in the previous studies [27]) within

this region is clearly depicted. In other words, the formation of c-Al2O3 grains and

grain boundaries during heating is well observed in the figure. Also, the size of the

Oxid Met (2012) 78:179–195 187
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formed grains in this state is about 1–10 lm. Therefore, by comparing Figs. 5, and

6a, b, it can be concluded that due to the development of these grain boundaries and

micro-cracks, the penetration paths in the oxide layer are increased which in turn

brings about an increase in the rate of oxidation within region II. Figure 7 also

shows the product obtained from TG–DTA experiment, using the heating rate of

20 �C/min at a maximum temperature of 900 �C. But, as it is observed in Fig. 7, by

increasing the temperature and by the continuation of the oxidation trend in region

III, the grain boundaries and micro-cracks present in the oxide crust are repaired and

Fig. 4 a, b Schematic representation of cracks and pores formation

188 Oxid Met (2012) 78:179–195

123



changed again into a continuous oxide crust (according to Fig. 2a, b, c). On the

other hand, as it was noted in ‘‘Introduction’’ section, due to the higher density of

c-Al2O3 phase relative to the amorphous oxide film [27], there is the possibility of

crust cracking and development of micro-cracks during this transformation. Hence,

in order to obtain more precise information about the manner of the micro-cracks

Fig. 5 SEM observation of the
aluminum particles before
experiment at the ambient
temperature

Fig. 6 SEM micrographs of an
aluminum particle (by various
magnifications) after being
oxidized at the maximum
temperature of 720 �C using the
heating rate of 20 �C/min;
surface structure at the various
magnifications

Oxid Met (2012) 78:179–195 189
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formation. It should be mentioned that after the change of the amorphous crust

phase to the c-Al2O3 crystalline structure, the aluminum in the crust melted. With

regard to this point, if the theory of the formation of micro-cracks at higher

temperature (i.e. region III) were true for reasons other than those mentioned, then

they would be accompanied by the permeation of inner melt through the micro-

cracks.

It was also mentioned that when the temperature reached about 660 �C, the melting of

aluminum could not bring about a noticeable change in the trend of oxygen diffusion

through the oxide crust. But this fact cannot be ignored that by increasing the

temperature, the volume of the molten aluminum is also increased in a way that it exerts

great tension on the oxide crust. Additionally in this stage, the shrinkage in the alumina

scale during the c-Al2O3 to a-Al2O3 transformation increase tension on the oxide crust.

The molten Al can now penetrate outside through the pores and cracks and is

immediately oxidized when getting in contact with air. Therefore, the needles and plate

on the surface of particle can be shown in Fig. 8.

Figure 9a and b, depicts the product obtained from TG–DTA experiment, at the

maximum temperature of 1,400 �C using the heating rate of 20 �C/min. Therefore,

as it is observed in Fig. 9a, b, if the temperature is increased (in region IV) so high

that the applied force on the crust can overcome the strength of the crust, then the

Fig. 7 SEM micrographs of the
aluminum particles after being
oxidized at the maximum
temperature of 900 �C at the
heating rate of 20 �C/min;
surface structure (grain and
grain boundaries)

Fig. 8 SEM micrographs of
aluminum particles after being
oxidized at the maximum
temperature of 1,400 �C by the
heating rate of 20 �C/min; the
needles and plate on the surface
of particle aluminum

190 Oxid Met (2012) 78:179–195
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crust is broken and the melt will permeates out. As a result, the rate of oxidation is

suddenly and intensively increased. Microscopic studies performed on the

morphology of the products of these samples, tear of the crust, diffusion of the

melt, and intense oxidation resulting from it, are well substantiated according to

these images. Because of the weak and low strength of the grain boundary, it is

expected that the crack of the crusts starts from the grain boundary at the initial

stages. This phenomenon is observable in the microscopic image presented in

Fig. 9a. Additionally, according to Fig. 9b, it can be determined that the thickness

of the oxide layer in this state is about 1 lm.

Since the rate of the melt expansion inside the oxide crust is greatly dependent on

the volume of the melt remaining inside the particle and the heating rate (as

mentioned in ‘‘Thermal Analysis’’ section), therefore the size of the particles, the

thickness of the initial amorphous oxide crust, and the particles heating rate can

greatly affect it. To study it more precisely, an amount of aluminum powder at

isothermal conditions was heated at 900 �C for 15 min. The SEM images taken

from the place of the burst of the oxide crusts are well observed in Fig. 10a, b. As it

is observed in these samples, by increasing the heating rate of aluminum particles

(at isothermal conditions), the melt was able to tear the oxide crust at a lower

temperature relative to the samples under non-isothermal conditions. That is

Fig. 9 SEM micrographs of
aluminum particles after being
oxidized at the maximum
temperature of 1,400 �C by the
heating rate of 20 �C/min; a the
permeation of melted aluminum
to the outside of the oxide crust
(especially at grain boundaries)
and its oxidation immediately
after exiting the crust and b the
burst of an aluminum particle
and the remaining part of the
torn oxide crust
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because of the lower strength of the oxide crust and the added heat tension in these

conditions. For this reason, an intense thermal shock is exerted on the Al2O3

ceramic crust when the samples are placed in the furnace at isothermal conditions;

therefore, under the influence of this factor, the tear of the oxide crust takes place at

a lower temperature.

Phase Analysis

The X-ray diffraction pattern of the aluminum particles at the ambient temperature

and that of the aluminum powders oxidized as non-isothermal by TG–DTA

experiment at the maximum temperatures of 720, 900 and 1,400 �C at the heating

rate of 20 �C/min are depicted in Fig. 11a–d, respectively. In Fig. 11a, b, the

crystalline aluminum without a trace of the aluminum oxide is observed. While,

according to Fig. 6a, b, the amorphous oxide layer is changed into alumina with

crystalline structure at 720 �C (according to Fig 1). In fact, it can be reasoned that

this is done due to a little amount of the aluminum oxide in the sample. But, as it is

observed in Fig. 11c, d, by increasing the temperature from 900 to 1,400 �C, the

X-ray diffraction patterns of these samples confirm the presence of a great amount

of aluminum residual with a small amount of a-Al2O3 phase among the products.

Fig. 10 SEM micrographs of
the burst of the aluminum
particles and the remaining part
of the torn oxide crusts
(isothermally heat treated at
900 �C for 15 min), by various
magnifications

192 Oxid Met (2012) 78:179–195
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Fig. 11 XRD patterns of the aluminum particles a before experiment, and after being oxidized at the
maximum temperature of b 720, c 900 and d 1,400 �C by the heating rate of 20 �C/min

Fig. 12 XRD patterns of the aluminum particles after being oxidized; a at the maximum temperature of
900 �C by the heating rate of 20 �C/min, and b at 900 �C for 15 min (under isothermal conditions)

Oxid Met (2012) 78:179–195 193
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Then, it can be concluded that only a part of the particle oxidation is taken place and

the major part remains non-reacted. Another point well inferred from Fig. 11 is that,

the c-Al2O3 phase is changed into a-Al2O3 phase up to 900 �C.

The products of the two oxidized samples under non-isothermal (heating rate: 20 �C/

min and Tmax: 900 �C) and isothermal (heated at 900 �C for 15 min) conditions were

analyzed through XRD (Fig. 12a, b, respectively) to study the effect of the particles

heating rate on the aluminum oxidation process. By comparing the X-ray diffraction

patterns of the two samples in Fig. 12a, b, it is observed that the diffraction peak intensity

of a-Al2O3 phase becomes more intense as heating rate increases. This means that the

rate of oxidation of aluminum powder particles is greatly dependent on the heating rate

which can be confirmed by the microstructure observations (Figs. 7, 10) and intense

peaks in the RTG curves (Fig. 2).

Conclusions

The following conclusions can be drawn from this study on the mechanism of the

oxidation process of pure aluminum powder particles within the temperature range

of 25–1,400 �C.

The oxidation of aluminum powders occurred at different stages. In the initial

stage, the rate of oxidation was very negligible; wherein the amorphous oxidation

crust properly protected aluminum up to this limit. In continuation, the amorphous

oxide crust was changed into crystalline phase by increasing the temperature up to

the limit of 600 �C. Because of the formation of grain boundary in the structure

of the crust through crystallization, the oxidation rate is increased. But, by

increasing the temperature up to 700 �C, the diffusion paths were destroyed by the

effect of oxidation process so that the rate of oxidation was abruptly reduced. So,

there was no noticeable sign of mass gain increase resulting from oxidation. Also,

during this stage, the remaining aluminum present in the particles was melted. In

continuation, the melt within the crust was expanded by an increase in temperature.

Also in this stage, the shrinkage of crust occurred during c-Al2O3 to a-Al2O3

transformation. Due to this expansion of molten aluminum and shrinkage of crust, it

created an intense tension on the crust. Within the temperature range of

1,000–1,150 �C, the melt ruptured the crust and permeated outward. The contact

of this melt with oxide atmosphere made an intense oxidation. The main stage of the

oxidation of aluminum powder particles was oxidized at this stage.

Therefore, considering the temperature at all stages, it can be concluded that the

mechanism of oxidation on the surface of aluminum particles was the controlled

diffusion. On the other hand, it can also be concluded that the complete oxidation of

aluminum particles did not take place even up to 1,400 �C. But, it should be added

that the total value of oxidation can be changed by the heating rate.
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