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Abstract
This article reports an investigation on the thermal reactivity of nano-aluminum powder (NAP) in the air. We performed tests 
on the metallic powder in synchronous thermal analysis at four heating rates of 5, 10, 15, and 20 °C  min−1. Given the poly-
morphic phase change of aluminum, the oxidation process of NAP was divided into four stages. The results showed a notable 
effect from the heating rate on the oxidation of NAP. The mass gain decreased at stage II and increased at stage IV as the rate 
of heating increased. The maximum mass gain rate at 5, 10, 15, and 20 °C  min−1 was 2.38, 4.70, 33.79, and 53.38%  min−1, 
respectively, while the thermal release was 35,126, 27,955, 15,608, and 16,336 J  g−1, respectively. Furthermore, the average 
apparent activation energy, preexponential factor, and mechanism function were obtained by the kinetic integral method.

Keywords Thermal reactivity · Metallic powder · Polymorphic phase change · Maximum mass gain rate · Thermal release

Introduction

As a typical metallic powder, nano-aluminum powder 
(NAP) is substantially used in the top grade metal pigment 
and also has been widely applied in aerospace, chemical, 
metallurgy, and military industries [1, 2]. It has not only the 
properties of metallic aluminum powders but also the fea-
tures of nanosized particles, such as small particle size, high 
Brunauer–Emmett–Teller specific surface area, and high sur-
face energy. Thus, it also exhibits a significant potential risk 

of being inflammable and explosive. Dust explosion acci-
dents are prone to occur frequently, endangering human life 
and causing economic losses [3–5]. Therefore, an improved 
understanding of NAP explosions is vital for the prevention 
and control of industrial disasters in production, storage, 
transportation, and usage and has practical significance for 
the protection of life and possessions.

Numerous studies have focused on the explosion, igni-
tion, combustion, and thermal analyzes of aluminum pow-
der. Li et al. [6] analyzed the explosion characteristics of 
NAP-air mixtures in 20 L spherical vessels. Bernard et al. 
[7] delved into the ignition and explosibility of aluminum 
alloys applied in additive layer manufacturing. Wu et al. [8, 
9] investigated the dust explosion characteristics of agglom-
erated 35 and 100 nm aluminum particles. By using a 20 
L Siwek sphere, Denkevits et al. [10] revealed hybrid  H2/
Al dust explosion characteristics. Liu et al. [11] and Zhang 
et al. [12] analyzed the effect of turbulence on aluminum 
dust explosions. Castellanos et al. [13] explored the effect 
of particle size dispersion on the explosive properties of alu-
minum powder. These studies have mainly focused on the 
explosion characteristics of aluminum powder, namely the 
maximum explosion pressure (Pmax), the maximum rate of 
pressure rise (dP/dt)max, and the minimum explosion con-
centration (MEC).

Studies on ignition and combustion have been strictly 
dedicated to influencing factors, such as particle size and 
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oxygen concentration. Huang et al. [14] investigated the 
combustion of bimodal nano- and micron-sized aluminum 
particle dusts in the air. Yuasa et al. [15] studied the igni-
tion and combustion of aluminum in carbon dioxide streams. 
Bidabadi et al. [16] analyzed the effects of size distribution 
and ignition temperature on flame speeds in aluminum dust 
clouds. Zhu et al. [17] and Li et al. [18] analyzed the effects 
of oxygen concentration on combustion of aluminum. Gao 
et al. [19] investigated the flame propagation of 40 nm alu-
minum dust clouds by high-speed photography.

Some studies on the characteristics of aluminum powder 
thermal reaction in different environments have been con-
ducted. Qu et al. [20] carried out the research on the ther-
mal reaction characteristics and microstructure evolution of 
aluminum nanopowder in various mixtures of oxygen and 
nitrogen atmosphere. Tseng et al. [21] researched the ther-
mal reaction characteristics of metal nanopowders by using 
differential scanning calorimetry (DSC). Zhu et al. [22] 
investigated the thermal reaction characteristics of micron-
sized aluminum powders in  CO2 by using synchronous ther-
mal analysis (STA) and analyzed the effect of heating rates. 
Johnson et al. [23] conducted an experimental investigation 
of the thermal reaction characteristics of the 30–500 nm 
aluminum powder in the air, oxygen, and nitrogen by using 
thermogravimetric (TG) analysis. Vlaskin et al. [24] demon-
strated the oxidation kinetics of the micron-sized aluminum 
powder in high-temperature boiling water.

Profound theoretical and experimental investigations 
have been conducted for aluminum powders, particularly the 
micro-sized powder. However, few reports have analyzed the 
oxidation kinetics of NAP and the effects of heating rates. 
Recently, the characteristics and mechanisms of NAP at dif-
ferent heating rates were studied by using STA, based on 
thermal reaction kinetics. The results can provide theoretical 
support for the ignition and combustion of NAP.

Experimental method

Sample

The NAP was characterized by high purity, high spheric-
ity, less impurity, and high activated aluminum content. 
The sample used in these experiments was from Chaowei 
Nanotechnology, Inc. (Shanghai, PR China), and its purity 
was greater than 99.9%. It was prepared by changing cur-
rent, laser ion beam and gas phase method. In this study, the 
nominal particle size of aluminum powder was 100 nm. In 
order to avoid the influence of wetting and agglomeration 
in the process of experiments, the NAP was stored in a dry 
and dark vacuum environment, under the protection of inert 
gases for antistatic packaging.

By using analytical reagent (AR) anhydrous alcohol as 
the dispersion agent, the particle size distribution of NAP 
was determined using Mastersizer 2000 laser particle size 
analysis (Malvern, UK) after ultrasonic dispersion. The 
microstructure of NAP was identified with JSM–6460 scan-
ning electron microscope (SEM) at 20.00 kV acceleration 
voltage, 5.9 mm working distance, and 200 KX magnifica-
tion. The particle size distribution and SEM are presented 
in Fig. 1. The granulometric properties are given in Table 1.

Specific surface area is a crucial index to evaluate the 
physical and chemical properties of NAP. It has an apparent 
influence on thermal properties and chemical stability. As 
presented in Table 1, the specific surface area of NAP was 
ca. 36.4  m2  g−1. The median particle size was 0.168 µm.

As shown SEM image, the aluminium particles were 
approximately spherical. This is because the cohesion of the 
particles (electrostatic, Van der Waals, and Coulomb forces) 
had an important effect on the agglomeration of NAP [25]. 
If the agglomeration is severe, certain chemical or mechani-
cal energy can be utilized to eliminate the agglomeration 
[26]. However, the instantaneous agglomeration is unavoid-
able when the dust explosion actually occurs. Therefore, the 
agglomeration of NAP was not eliminated in this study.

Experiments

The tests were performed on an STA 449 F3 simultaneous 
thermal analyzer (STA, Netzsch, Germany), which could 
simultaneously measure the mass change and heat release 
rate. The schematic diagram of STA mainly included the 
intake and exhaust system, the weighing system, the heating 
furnace, and the data collection system, as shown in Fig. 2. 
The intake system consisted of three channels.  N2 was used 
as a protection gas. In addition,  O2 and  N2 were applied as 
two-way purge gases. The electric furnace heating, water 
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Fig. 1  Particle size distribution and SEM of NAP
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circulation cooling. The maximum heating temperature is 
1000 °C. 

In order to ensure adequate reaction of the sample, the 
mass of sample was 5.0 ± 0.1 mg and the flow rate of 
the gas supply volume was 100 mL  min−1. The tests 
were performed in ambient air under the conditions 
with 5, 10, 15, and 20 °C  min−1 from 30 to 1000 °C. 
TG, DTG, and DSC measurements were obtained.

Kinetic integral method

Satava‑Sestak method

Differential expression of the first type of dynamic equations 
for thermal analysis, as shown in Eq. 1:

Considering that the initial reaction temperature is low, 
the two sides of Eq. 1 can be integrated in the range of 0–α 
and 0–T, Eq. 2 can be obtained:

In Eq. 2, ∫ T

T0
exp(−E∕RT)dT  is Boltzmann factor integral. 

It has no analytical solution, and we can solve the approxi-
mate solution.

(1)
d�

dT
=

A

�
f (�) exp

(
−

E

RT

)

(2)∫
�

0

d�

f (�)
= G(�) =

A

� ∫
T

0

exp
(
−

E

RT

)
dT

Let u = E∕RT , then T = E∕Ru . Logarithm on both sides 
of the equation as shown in Eq. 3:

Equation 3 is substituted into Eqs. 2, 4 is obtained:

where P(u) is expressed as Eq. 5.

and

Taking the logarithm of the two sides of Eq. 4, combin-
ing with Eq. 6, Satava-Sestak equation can be obtained, as 
shown in Eq. 7.

In these equations, α is the conversion rate of aluminum 
powder during thermal oxidation at time t, %; f(α) is the dif-
ferential mechanism function; G(α) is the integral mechanism 
function; Es is apparent activation energy by Satava-Sestak 

(3)dT = −
E

Ru2
du

(4)G(�) =
AE

�R
P(u)

(5)P(u) = ∫
u

∞

−e−u

u2
du

(6)logP(u) = −2.315 − 0.4567
E

RT

(7)logG(�) = log
AEs

R�
− 2.315 − 0.4567

Es

RT

Table 1  Granulometric 
properties of NAP

Sv is the specific surface area,  m2  g–1; d(3,2) is the surface area mean particle size, µm; d(4,3) is the volume 
average diameter, µm; d50 is the corresponding particle size when the cumulative distribution reaches 50%, 
also called the median particle size, µm; σ is the particle diameter distribution width, σ = (d90 − d10)/d50

Sv/m2  g–1 d(3,2)/µm d(4,3) /µm d10/µm d50/µm d90/µm σ

36.4 0.165 0.172 0.127 0.168 0.223 0.57

Fig. 2  Simultaneous thermal 
analyzer
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method, J  mol−1; A is the pre-exponential factor,  min–1; β 
is the heating rate, °C  min−1; R is a universal gas constant, 
8.314 J  mol−1  K−1; and T is the reaction temperature, °C.

Metal particles usually undergo heterogeneous gas–solid 
reaction during oxidation. The gas–solid reaction modes 
mainly include Jander, Shrinking global (volume), and Shrink-
ing cylinder (area) [27]. The corresponding Integral mecha-
nism functions G(α) were derived from mechanism functions, 
as described in Table 2.

With a fixed heating rate, log(AEs∕R�) is a constant. Equa-
tion 7 becomes a linear equation.

Let  Y = logG(�) ,  X = 1∕T  ,  a = −0.4567(Es∕R) , 
b = log(AEs∕R�) − 2.315 , and Eq. 7 can be expressed by 
Eq. 8:

Ozawa method

Ozawa formula is obtained by Eqs. 4 and 6, as expressed by 
Eq. 9.

where Eo is apparent activation energy by Ozawa method.
L e t  Z = log �  ,  X = 1∕T  ,  c = −0.4567(Eo∕R) , 

d = log
AEo

RG(�)
− 2.315 , therefore Eq. 9 can be expressed by 

Eq. 10:

(8)Y = aX + b

(9)log � = log(
AEo

RG(�)
) − 2.315 − 0.4567

Eo

RT

(10)Z = cX + d

Results and discussion

Thermal oxidation characteristics

The TG-DTG-DSC curves of NAP at a heating rate of 
10 °C  min−1 are depicted in Fig. 3. A small endothermic 
peak presented at 661.6 °C, which was near the melting point 
of aluminum at 660 °C. Considerable exothermic peaks also 
presented at 572.7 and 789.9 °C. With the increase of tem-
perature, the TG curve gradually increased, and the mass 
of aluminum powder continued to increase [23]. DTG and 
DSC indicated a bimodal curve with increasing temperature. 
The oxidation rate and releasing heat changed periodically. 
Therefore, the dynamic oxidation process of NAP can be 
divided into four stages, which are as follows:

At stage I, the initial stage of oxidation, the temperature 
was 30–500 °C and the TG and DTG curves changed slightly 
while the DSC curve did not exhibit obvious endothermic or 
exothermic peaks. The sample exhibited a small increment 
of only 5.78%. Oxidation was difficult, and the oxidation rate 
was low under 500 °C. At the initial stage of oxidation, the 
oxidation products of NAP were mainly amorphous alumina.

At stage II, the drastic oxygenation stage, the tempera-
ture was in the range of 500–650 °C, the TG curve exhib-
ited an apparent rise, and the sample indicated a signifi-
cant mass gain of approximately 23.24%. Shown as a DTG 
curve, the oxidation rate increased during 500–650 °C. 
The DSC curve appeared narrow and presented a sharp 
exothermic peak. At this stage, the oxidation products of 
NAP changed from amorphous alumina to γ-Al2O3. When 
the γ-Al2O3 did not form a continual full enclosure on the 
surface of the aluminum particle, the exposed aluminum 

Table 2  Mechanism functions adapted for heterogeneous gas–solid reaction

No Equations Mechanism Integral G(α) Differential f(α)

3 Jander Two-dimensional diffusion, n = 1/2 [
1 − (1 − �)

1

2

] 1

2

4(1 − �)
1

2

[
1 − (1 − �)

1

2

] 1

2

4 Jander Two-dimensional diffusion, n = 1/2 [
1 − (1 − �)

1

2

] 1

2 (1 − �)
1

2

[
1 − (1 − �)

1

2

]−1

5 Jander Three-dimensional diffusion, n = 1/2 [
1 − (1 − �)

1

3

] 1

2

6(1 − �)
2

3

[
1 − (1 − �)

1

3

] 1

2

6 Jander Three-dimensional diffusion, global symmetry, n = 2 [
1 − (1 − �)

1

3

]2
3

2
(1 − �)

2

3

[
1 − (1 − �)

1

3

]−1

29 Shrinking global (volume) Phase boundary reaction, global symmetry,  R3, deceleration α − t, 
n = 1/3

1 − (1 − �)
1

3 3(1 − �)
2

3

30 Shrinking global (volume) n = 3 (3D)
3

[
1 − (1 − �)

1

3

]
(1 − �)

2

3

31 Shrinking cylinder (area) Phase boundary reaction, cylinder symmetry,  R2, deceleration 
α − t, n = 1/2

1 − (1 − �)
1

2 2(1 − �)
1

2

32 Shrinking cylinder (area) n = 2 (2D)
2

[
1 − (1 − �)

1

2

]
(1 − �)

1

2
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directly contacted with the air, which caused the oxidation 
rate to increase rapidly. If γ-Al2O3 fully covered the alu-
minum particle, the oxidation rate was promptly reduced 
[28].

At stage III, the solid aluminum melting stage, the tem-
perature ranged from 650 to 670 °C, and the TG curve rose 
slowly. The sample exhibited a slight mass gain of only 
0.6%. A brief and weak exothermic peak appeared in the 
DSC curve located at approximately 660 °C, which corre-
sponded to the melting of the aluminum core of the parti-
cle, as proposed in [29]. The aluminum powder melted and 
absorbed heat while the oxidation reaction released heat. 
The two reactions proceeded simultaneously but alone. 
These two reactions offset each other; thus, the exothermic 
effect was not noteworthy [30].

At stage IV, the secondary oxidation stage, the tempera-
ture was 670–1000 °C, TG curve rose again, and the sample 
exhibited a notable gain of 36.13%. The DTG curve also 
increased considerably. The sample again revealed accel-
erated oxidation, and an exothermic peak appeared in the 
DSC curve. During this stage, aluminum oxide changed 
from γ-Al2O3 to α-Al2O3, which led to the shrinking surface 
area. In addition, molten aluminum expanded when heated. 
Consequently, the surface of the oxidized shell was cracked 
or broken, activated aluminum was released, and oxidation 
reaction reoccurred [31].

As the temperature increased more than 1000 °C, the TG 
curve continued to rise. With continuous heating, the oxida-
tion reaction also continuously proceeded. The academics 
[32] noted that aluminum powder could not be completely 
oxidized in the oxidation process because dense alumina was 
formed on the surface [32, 33].

The TG-DTG-DSC curves of NAP at heating rates of 5, 
15, and 20 °C  min−1 are depicted in Figs. 4, 5 and 6. In addi-
tion, the oxidation process of aluminum powder followed 
four stages at heating rates of 5, 15, and 20 °C  min−1.

Ignition temperature is a vital reference index to describe 
the combustion properties of combustible materials [34]. 
The sample started to burn at the ignition temperature Ti. 
Ti is determined by identifying the tangent line of the tem-
perature point on the TG curve corresponding to the maxi-
mum thermal mass gain rate; that is, the tangent line of the 
intersection point of the TG curve and the vertical line of the 
maximum peak of the DTG curve [35].

When the heating rate was 20 °C  min−1: the mass gain of 
the aluminum powder Δm was 51.56%. The ignition tem-
perature, the DTG peak temperature Tp, and the melting tem-
perature Tm was 481.75, 573.7, and 665.7 °C, respectively. 
The average rate of mass gain DTG|mean, and the maximum 
rate of mass gain DTG|max was 1.37%  min−1 and 53.38% 
 min−1, correspondingly. The thermal oxidation parameters 
of the NAP at multiple heating rates are listed in Table 3.

Effects of heating rates on thermal oxidation 
characteristics

The TG, DTG, and DSC curves of NAP were analyzed at 
multiple heating rates, as shown in Figs. 7–11. Figure 7 
presents the relationship between the mass gain of NAP 
and temperature at multiple heating rates, which demon-
strates the mass change at the four stages at a heating rate 
of 5 °C  min−1. The mass change of NAP at different stages 
with various heating rates is given in Table 4. As the heat-
ing rate increased, the mass gain at stage I barely changed: 

Fig. 3  TG-DTG-DSC curves of 
NAP at 10 °C  min–1
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Δm1 = 4.5%–6.17%. The heating rate had little effect on the 
mass gain of the NAP at the initial oxidation because the 
aluminum powder was readily oxidized in the air. A thin 
oxidation film, namely amorphous alumina, was formed 
and attached to the surface of the aluminum particle. As 
the temperature increased, the oxidation film thickened. The 
oxidation film did not thicken further after the amorphous 
alumina became relatively stable. The critical thickness of 
the amorphous alumina was approximately 4 nm [36, 37].

During stage II, the mass gain at the higher heating rates 
(15 and 20 °C  min−1) was considerably greater than that 
at the lower heating rates (5 and 10 °C  min−1) because the 
surface area shrunk during the transition from amorphous 
alumina to γ-Al2O3, causing cracks in the shell. With an 
increase in the heating rate, the transition from amorphous 
aluminum to γ-Al2O3 accelerated, then the surface area 
shrank severely and caused the increasing number of cracks 
in the shell. As a result, the oxidation degree deepened. 

Fig. 4  TG-DTG-DSC curves of 
NAP at 5 °C  min–1
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Fig. 5  TG-DTG-DSC curves of 
NAP at 15 °C  min–1
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Fig. 6  TG-DTG-DSC curves of 
NAP at 20 °C  min–1
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Table 3  Thermal oxidation 
characteristic parameters of 
NAP at multiple heating rates

β/°C  min–1 Δm/% Ti /°C Tp /°C Tm/°C DTG|mean/% 
 min–1

DTG|max/%  min–1

5 66.74 311.96 561.3 661 0.29 2.38
10 65.75 317.41 572.0 661.6 0.68 4.7
15 53.39 434.06 567.9 664.7 0.95 33.79
20 51.56 481.75 572.4 665.7 1.37 53.38

Fig. 7  TG curves of NAP at the 
multiple heating rates
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Therefore, the mass gain of the aluminum powder increased 
[38, 39].

During stage III, as the heating rate increased, the mass 
barely changed at the beginning and then later decreased. 
Even when the heating rate was 20 °C   min−1, the mass 
change was 0%. The melting endotherm and the oxidative 
exotherm of the NAP interacted, and the mass loss and mass 
gain of the aluminum powder offsetted each other [30].

During stage IV, the process of aluminum powder oxida-
tion was mainly due to the transformation from γ-Al2O3 to 
α-Al2O3. The mass gain at the lower heating rate was notably 
greater than the higher heating rate. Based on our analysis, 
the aluminum powder was oxidized by a diffusion layer at a 
lower heating rate. The oxidation reaction reached a higher 

degree of completion. As shown in Table 3, within the tem-
perature range of 30–1000 °C, the lower the heating rate, 
the greater the mass gain Δm. At multiple heating rates, a 
bimodal appeared in all the DTG curves. With the increase 
in temperature, the aluminum powder underwent secondary 
oxidation (Fig. 8).

Based on Table 3 and Fig. 9, the value of the DTG’s first 
peak rapidly increased from 2.38%  min−1 at 5 °C  min−1 
and 4.7%  min−1 at 10  °C   min−1 to 33.79%  min−1 at 
15 °C  min−1 and 53.38%  min−1 at 20 °C  min−1, increased 
by 97.48, 618.93, and 57.96%, respectively. The heating 
rate notably affected the value of the first peak. When the 
amorphous alumina was converted into to γ-Al2O3, the 
greater the heating rate was, the higher the oxidation rate 

Fig. 8  DTG bimodal curves of 
NAP at multiple heating rates

0 100 200 300 400 500 600 700 800 900 1000

0

2

4

20

30

40

50

60

D
TG

 /%
 m

in
-1

β  =  5 °C min–1

β  = 10 °C min–1

β  = 15 °C min–1

β  = 20 °C min–1

Temperature °C

500 520 540 560 580 600 620 640
0

10

20

30

40

50

60

D
TG

/ %
 m

in
–1

Temperature °C

β  =  5 °C min–1

β  = 10 °C min–1

β  = 15 °C min–1

β  = 20 °C min–1

(567.9 °C, 33.79 % min-1)

(561.3 °C, 2.38 % min-1)

(572.0 °C, 4.7 % min-1)

(572.4 °C, 53.38 % min-1)

Fig. 9  DTG first-peak curves of NAP at stage II
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was. Moreover, as the heating rate increased, the peak 
temperature was gradually increased [21]. At the heating 
rate of 5, 10, 15, and 20 °C  min−1, Tp was 561.3, 572.0, 
567.9, and 572.4 °C, respectively. Hysteresis occurred 
because some amorphous alumina could not be converted 
in time, and the crystalline oxide drifted to a high tem-
perature. However, this had little effect on the sub-peak 
value [26]. As shown in Fig. 10, the values of the sub-
peak were between 0.98%  and 3.03%  min−1 for different 
heating rates.

Figure 11 delineates the variation among heat outputs of 
the NAP with the temperature at multiple heating rates. The 
DSC curves fell sharply at 550–600 °C. The NAP oxidized 
rapidly and released considerable amounts of heat. The ther-
mal release of the NAP differed at multiple heating rates 
[21]. The thermal released was 35,126, 27,955, 15,608, and 
16,336 J  g−1 at heating rates of 5, 10, 15, and 20 °C  min−1, 
respectively.

The heat absorption of the DSC curve was different in the 
solid aluminum melting stage of the NAP at multiple heating 
rates. As presented in Table 3, the melting temperature of 

the NAP was 661.0, 661.6, 664.7, and 665.7 °C for 5, 10, 15, 
and 20 °C  min–1 heating rates, respectively. The temperature 
was approximately 660 °C, which is the melting point of 
aluminum powders. For solid aluminum to melt into liquid 
aluminum, it must gain heat. However, an oxidation reaction 
causes it to lose heat. The two reactions cannot be separated 
from each other and did partly overlap. Therefore, the endo-
thermic effect of the aluminum powders was not obvious.

Kinetic characteristics

With a fixed heating rate, the mechanism functions in 
Table 2 were introduced into Eq. 7 and 9, respectively. The 
kinetic parameters of apparent activation energy (E, J  mol–1) 
and pre-exponential factor (A,  min–1) were calculated using 
the Satava-Sestak and Ozawa method, respectively.

Compared with Es obtained by Satava-Sestak method and 
Eo obtained by Ozawa method, apparent activation energy 
was obtained when meeting the following conditions:

Correspondingly, the mechanism function was also 
obtained. According to Arrhenius equation in Eq. 11, the 
reaction rate constant (k) was obtained:

The kinetic parameters of thermal oxidation of NAP 
are listed in Table 5. E characterizes the ease of oxida-
tion reaction. The smaller the E is, the easier the reac-
tion occurs [31]. The E was 875.12, 1556.80, 5701.00, 

||(Eo − Es)∕Eo
|| ≤ 0.1

(11)k = A exp(−E/RT)

Fig. 11  DSC curves of NAP at 
multiple heating rates
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Table 4  Mass gain at four heating rates of 5, 10, 15, and 20 °C  min–1 
at different stages (%)

Stage Δm 5/°C  min–1 10/°C  min–1 15/°C  min–1 20/°C  min–1

I Δm1 4.5 5.78 5.92 6.17
II Δm2 24.63 23.24 23.62 35.79
III Δm3 0.88 0.6 0.23 0
IV Δm4 36.74 36.13 23.61 9.59
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and 9739.21 J   mol–1 at heating rates of 5, 10, 15, and 
20 °C  min–1, respectively. Therefore, the average E ( E ) 
was 4468.03 J  mol–1. Furthermore, A was 19.31, 24.93, 
26.01, and 49.63  min−1 at heating rates of 5, 10, 15, and 
20 °C  min–1, respectively. Thus, the average A ( A ) was 
29.97   min−1. Under the same conditions, the smaller 
the heating rate was, the easier the oxidation reaction 
occurred.

The non-isothermal oxidation of NAP conformed 
to the number 29 contraction ball (volume) function 
model. The most probable mechanism function was 
G(�) = 1 − (1 − �)1∕3.

Conclusions

The dynamic oxidation process of NAP can be divided into 
initial oxidation (I), severe oxidation (II), solid aluminum 
melting (III), and secondary oxidation (IV) in the tempera-
ture range from 30 to 1000 °C. The path of polymorphic 
phase transformations of aluminum was amorphous → γ → 
α-Al2O3 in the dynamic oxidation process.

The heating rate has a considerable effect on the oxidation 
process of NAP. The mass gain was mainly concentrated 
at stages II and IV. As the heating rate increased, the mass 
gain reduced in stage II and increased in stage IV. The mass 
gain rate was 2.38, 4.7, 33.79, and 53.38%  min–1 at 5, 10, 
15, and 20 °C  min–1, respectively. The thermal release was 
35,126, 27,955, 15,608, and 16,336 J  g–1 at 5, 10, 15, and 20 
°C  min–1, respectively.

Based on the kinetic integral method, E and A were 
calculated as 4468.03 J  mol–1 and 29.97  min−1. The non-
isothermal oxidation of NAP conformed to the number 29 
mechanism function.
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