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Rupturing the alumina shell (shell-breaking) is a prerequisite for releasing energy from aluminum powder. Thermal
stress overload in a high-temperature environment is an important factor in the rupture of the alumina shell. COMSOL
Multiphysics was used to simulate and analyze the shell-breaking response of micron-scale aluminum particles with dif-
ferent particle sizes at 650 °C in vacuum. The simulation results show that the thermal stability time and shell-breaking
response time of 10 um—100 pwm aluminum particles are 0.15 us—11.44 us and 0.08 pus—3.94 us, respectively. They also
reveal the direct causes of shell breaking for aluminum particles with different particle sizes. When the particle size is less
than 80 pm, the shell-breaking response is a direct result of compressive stress overload. When the particle size is between
80 pm and 100 pum, the shell-breaking response is a direct result of tensile stress overload. This article provides useful
guidance for research into the energy release of aluminum powder.

Keywords: aluminum particle, shell-core structure, thermal stress, shell-breaking

PACS: 61.66.Dk, 62.20.mq, 68.35.Rh, 61.43.Gt

1. Introduction

Aluminum has attracted an intense interest over the years
due to its high activity and high energy density in explosives

[1-6] Natural aluminum particles have a shell—

and propellants.
core structure and are wrapped in a layer of amorphous alu-
mina at room temperature.!’~!!l Breaking the shell is a pre-
requisite for energy release. Therefore, mastering the shell-
breaking mechanism is very important in order to study the
ignition and combustion of aluminum powder. [!%13]

The crystal transformation of the alumina shell has an im-
portant effect on shell-breaking. Eisenreich!!*!3] noted that
the alumina shell undergoes a crystal transformation in a high-
temperature environment, but the dynamic relationship be-
tween crystal transformation and the alumina shell has not
been explained. Others have conducted more in-depth re-
search into the relationship between crystal transformation and
shell-breaking. Trunov!'®!8 used x-ray diffraction (XRD) to
study the crystal transformation of the alumina shell due to the
heating process. It showed that the shell breaking is caused
by the transformation of amorphous alumina into y-Al,O3
(the new formed 7y-Al,O3 layer increases in density and de-
creases in volume, and cannot completely cover the aluminum
core, resulting in shell breaking). However, the thermal stress
caused by the different thermal expansion coefficients of the
aluminum core and the alumina shell in a high-temperature
environment has not been considered. Lipkin!'®! also found
that the transformation of the less-dense monoclinic crystal
structure 6-Al,O3 into the close-packed structure a-Al,O3

fCorresponding author. E-mail: zhouzhengqing @ustb.edu.cn
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is accompanied by a volume shrinkage of 10% and that this
volume shrinkage during crystal transformation causes shell
breaking.!?”) Guo!?!??) used differential scanning calorime-
try, thermogravimetric analysis and XRD to analyze the crys-
tal transformation of aluminum powder at temperatures of up
to 660 °C. The experimental results showed that during this
process, the crystal lattice arrangement, volume, and density
of the alumina shell changed, leading to the destruction of
the alumina shell and even shell breaking. Khan!?3! also be-
lieved that crystal transformation was one of the main factors
in shell breaking. Although crystal transformation is an im-
portant cause of shell breaking, its impact on shell breaking
has not been quantitatively considered.

However, others hold different views on the main fac-
tors responsible for shell breaking. Levitas>*2%! believed
that shell breaking was due to stress overload caused by the
difference between the thermal expansion coefficient of the
aluminum core (23.0 x 107°) and that of the alumina shell
(8.6 x 10’6). However, the influence of thermal stress on the
shell-breaking process has not been quantitatively analyzed.
Some researchers also studied the relationship between the
thermal stress of aluminum particles and temperature. Dudil”!
used an in-situ transmission electron microscope (TEM) to es-
timate the relationship between thermal stress and the temper-
ature of 100 nm aluminum particles by analyzing changes in
lattice distance. However, since TEM cannot observe micron-
scale particles, his method of estimating stress cannot be ap-
Overall, differ-

ent scholars have different opinions about the shell-breaking

plied to micron-scale aluminum particles.
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mechanism of aluminum particles, and there is a lack of re-
search that provides quantitative analysis of the thermal stress
of aluminum particles in high-temperature environments.

It appears that the shell-breaking mechanism of alu-
minum particles is still unclear and that no one has quantita-
tively explained the reason for shell breaking from a mechani-
cal point of view. Shell breaking is the result of a combination
of temperature, particle size, environmental conditions, and
other factors, and its process is complex and diverse. Earlier
research has described the effect of temperature on shell break-
ing, but the effect of particle size on shell breaking has rarely
been reported. Therefore, COMSOL was used to quantita-
tively study the causes of shell breaking and the effect of par-
ticle size on shell breaking from a mechanical point of view.

2. Finite element model

Figure 1(a) shows that a natural aluminum particle has
a shell-core structure. The aluminum particles used in mil-
itary and industrial applications are in the micron size range
(10 um-100 pm). To obtain an accurate structural model of
the shell—core structure model, the shell thicknesses of 10 wm—
100 wm aluminum particles were measured using the gas vol-
ume method, 2! as shown in Fig. 1(b). Based on the results, a
calculation model for aluminum particles was established, as
shown in Fig. 1(c).
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Fig. 1. (a) Aluminum particle HR-TEM image. (b) Relationship between
the particle size of a micron-scale aluminum particle and alumina shell
thickness. 28! (c) Finite element model of the shell—core structure.

A solid heat conduction model and a solid mechanics
model inside COMSOL are coupled into a multi-physics field
for this research. The heat transfer and thermal expansion
equations built into COMSOL are used as the control equa-

tions for aluminum and alumina, as shown below:

pcp‘;—f =0+ (kVT), (1)

where p is the density, Cp is the constant pressure heat ca-
pacity, T is the temperature, ¢ is time, Q is the absorbed heat,
V is the Laplace operator, and £ is the coefficient of thermal
conductivity.

The thermal expansion control equation is

En = o(T —Tp), (2)

where Ey, is the thermal strain, « is the coefficient of thermal
expansion, Ty is the initial temperature, and T is the current
temperature.

The physical properties of aluminum and alumina are
shown in Tables 1 and 2.

During the heating process, the alumina shell undergoes
crystal transformation, which leads to a change of density. The
crystal transformation of the alumina shell can be divided into
four stages,['%! but in the temperature range of 0 °C-650 °C,
only the first two stages of crystal transformation should be
considered, as shown in Fig. 2. The thermal expansion coef-
ficient of alumina (&) was corrected to indirectly realize the
simulation of the crystal transformation process during the
heating process. Here, « is modified as

3
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where « is the coefficient of thermal expansion and pay,0, is
the density of alumina.
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Fig. 2. Relationship between the density of alumina and temperature.
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Table 1. Physical properties of aluminum.?!

Density (kg/m?) Elastic modulus (GPa)

Thermal expansion coefficient (K1)

Poisson’s ratio Thermal conductivity (W/(m-K))

2700 70-79 23.0x 1076 0.35 210
Table 2. Physical properties of alumina. 2]
Density (kg/m3) Elastic modulus (GPa) Thermal expansion coefficient (K1 Poisson’s ratio Thermal conductivity (W/(m-K))
30004000 300 8.6x 1076 0.21 18
2.25
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Fig. 3. (a) The quality of the mesh. (b) Relationship between the time step and the reciprocal step. (c) The relationship between the number of

iterations and the error of the solver.

In order to ensure the accuracy of the model, the mesh
quality and the convergence of the model were verified, as
shown in Figs. 3(a)-3(c). It can be seen from Fig. 3(a) that
the overall quality of the mesh is good, and there are no cells
with poor quality. Figure 3(b) shows that as the time step in-
creases, the reciprocal step size tends to be stable and there is
no growth fluctuation, indicating that the transient solver has
better convergence. Figure 3(c) shows that the error of the heat
transfer and solid mechanics solvers fluctuates in the range of
5% 1075-200 x 1072, which is an acceptable error.

Dudi!”! used in-situ techniques to analyze the relationship
between aluminum lattice distances and temperature. The re-
sults showed that the maximum pressure of an aluminum core
with a particle size of 100 nm at 600 °C is 0.051 GPa. In or-

(a) (b)

Max 650.0 °C

Min 17.9 °C
0.1 us 1 us

(d) Max 650.0 °C (e)

Min 319.3 °C
4 us 8 us

der to verify the accuracy of the aluminum particle model, a
model with the same particle size and alumina shell thickness
parameters was established (the particle size was 100 nm and
the thickness of the alumina shell was 4.6 nm). The simula-
tion results show that the maximum pressure of the aluminum
core at 600 °C is 0.044 GPa. Compared with the experimental
results, the error of the simulation results is 13.72%.

3. Results analysis
3.1. Heating process of micron-scale aluminum particles

The environmental temperature is 650 °C, and the initial
temperature of the aluminum particle is 0 °C. Figure 4 shows
the temperature distribution of a 100 pm aluminum particle
over time.

(c)

Max 650.0 °C Max 650.0 °C

Min 23.3 °C Min 103.2 °C

Max 650.0 °C Max 650.0 °C

Min 532.4 °C Min 645.1 °C

11.44 ps

Fig. 4. Temperature distribution of a 100 pm aluminum particle at different time.
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Fig. 5. (a) Relationship between the minimum temperature of a 100 pm aluminum particle and time. (b) Relationship between the thermal stability time and

the particle’s size.

The heating rate of the aluminum particle is a process that
changes from fast to slow, as shown in Fig. 5(a). This is be-
cause as time increases, there is a decrease in the temperature
difference between the inside of the aluminum particle and the
environment. Figure 5(b) shows that the thermal stability time
(the time required for the minimum temperature of the alu-
minum particle to reach 645 °C) of 10 um—-100 pm aluminum
particles is in the range of 0.15 ps—11.44 ps. The fitting re-
lationship between the thermal stability time and the particle
size is as follows:

1=325¢70016) _39 100>d>10 (um), (4)

where ¢ is the thermal stability time and d is the size of the
aluminum particle.

Pressure
(GPa)
Max 3.635

(a)

Particle size 20 um

(d) ‘ . Pressure
7 (GPa)
Max 3.671

Particle size 50 ym

Particle size 30 um

Particle size 60 pm

3.2. Thermal stress of micron-scale aluminum particles

Figure 6 shows the compressive stress distribution of the
aluminum particle. It can be seen from the figure that the max-
imum compressive stress of 20 um—70 pm aluminum particles
is concentrated on two lines of 45° and 135°.

Figure 7(a) shows that the maximum compressive stress
first increases slightly and then decreases rapidly, reaching
a maximum at a particle size of 60 pm. This is because
the maximum compressive stress is determined by the mini-
mum temperature of the aluminum particles and the ratio R
together. The lower the minimum temperature, the smaller

the maximum compressive stress, and the greater the ratio R,

Pressure
(GPa)
Max 3.635

(c)

Particle size 40 um

Pressure Pressure
(GPa) (GPa)
Max 3.663 Max 3.551

Particle size 70 um

Fig. 6. Compressive stress distribution of aluminum particles with different particle sizes at 10 ps.
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the greater the maximum compressive stress. It can be seen
from Fig. 7(b) that when the particle size is less than 60 pm,
the minimum temperature decreases slightly, while the ratio R
increases greatly. The increase in the ratio R has a greater im-
pact on the maximum compressive stress than the decrease in
the minimum temperature. Therefore, the maximum compres-
sive stress increases, reaching its maximum value at around
60 um. When the particle size is 60 pm—100 pm, the mini-
mum temperature decreases greatly, and the ratio R increases
relatively slowly. Therefore, the maximum compressive stress
shows a downward trend, and the decline is extremely large.
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Fig. 7. (a) The relationship between particle size and compressive stress. (b)
The effect of the particle size on the ratio R and the minimum temperature of
the aluminum particle.

In a high-temperature environment, the compressive
stress of the alumina shell will change. The compressive stress
arises from the expansion and extrusion caused by the differ-
ent thermal expansion coefficients inside and outside the shell
and the crystal transformation of the alumina shell. Figure 8
shows that the growth rate of compressive stress on the inner
and outer surfaces gradually slows down and then stabilizes.
However, the compressive stress on the outer surface increases
slightly faster; this is because the change in compressive stress
originates from the change in the temperature field. A distance
corresponding to the shell thickness (about 50 nm) separates
the inner surface and the outer surface, and it takes some time

(less than 0.1 ps) for the temperature fields of the inner and
outer surfaces to equalize. As the temperature fields stabi-
lize, the compressive stress also tends to stabilize. This also
proves that the change of compressive stress originates from
the change in the temperature field. The ratio R is 556—1808
for particle sizes of 10 pm—100 pm. The larger the ratio, the
greater the expansion extrusion effect.

2.0

(a)

Inner surface pressure of shell (GPa)

Outer surface pressure of shell (GPa)

Time (us)
Fig. 8. (a) Relationship between compressive stress on the inner surface of
alumina shell and time. (b) Relationship between compressive stress on the
outer surface of alumina shell and time.

Figure 9 shows the tensile stress distribution of aluminum
particles with different particle sizes at 10 pus. It can be seen
from Figs. 6 and 9 that the extreme value for the distribution of
the tensile stress is roughly the same as the extreme value for
the distribution of the compressive stress. Figure 10 shows that
when the particle size is less than 50 um, the tensile stress first
increases rapidly and then stabilizes; when the particle size is
greater than 50 pum, the tensile stress first increases rapidly
and then the growth rate slows down. This proves that both
the tensile stress and the compressive stress originate from the
change of the temperature field (the growth rate changes from
fast to slow). It can be seen from Figs. 8 and 10 that with
the change of particle size, the maximum compressive stress
varies little, but the maximum tensile stress varies greatly.
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Table 3. Comprehensive analysis of the structural response.

Particle size (pm) Shell thickness (nm) Ratio R TS time (ps) CS time (us) Direct cause of the structural response
10 18.0 556 Un 0.08 compressive stress overload
20 25.7 778 0.25 0.18 compressive stress overload
30 423 709 1.15 0.37 compressive stress overload
40 47.8 837 1.00 0.66 compressive stress overload
50 49.7 1006 221 1.05 compressive stress overload
60 51.3 1170 3.33 1.45 compressive stress overload
70 52.7 1338 241 1.98 compressive stress overload
80 53.1 1507 2.54 2.84 tensile stress overload
90 55.1 1633 2.79 3.27 tensile stress overload
100 55.3 1808 2.69 3.94 tensile stress overload

Note: The time required for compressive stress to reach the compressive strength is the compressive stress shell-breaking response time (CS time).

Similarly, the time required for tensile stress to reach the tensile stress strength is the tensile shell-breaking response time (TS time). Ratio R is the

ratio of the aluminum core particle size to the alumina shell thickness, and Un is undamaged. All the shell breaking in the Table 3 occurred on the

outer surface of the alumina shell.

(a)

(b)

Tensile stress
(MPa)
Max 30.39

Particle size 20 pm

(d) (e)

Tensile stress
(MPa)
Max 39.28

Particle size 50 pm

Particle size 30 um

Particle size 60 pm

(c)

Tensile stress
(MPa)
Max 40.72

Tensile stress
(MPa)
Max 37.12

Particle size 40 pm

Tensile stress
(MPa)
Max 48.54

Tensile stress
(MPa)
Max 43.24

Particle size 70 pm

Fig. 9. Tensile stress distribution of aluminum particles of different sizes at 10 ps.
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Fig. 10. (a) Relationship between tensile stress and time for the inner surface of alumina shell. (b) Relationship between tensile stress and time for

the outer surface of alumina shell.

Table 3 shows the shell-core relationships of aluminum
particles with different particle sizes, the shell-breaking re-
sponse time for compressive stress, the shell-breaking re-

sponse time for tensile stress, and the direct cause of the shell-

breaking response. The tensile strength of alumina is be-
tween 35.5 MPa and 53.1 MPa.[*l In this paper, 35.5 MPa

was used as the tensile strength of alumina, and the compres-

[31

sive strength of alumina is 2600 MPa.3!! The time required
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for the compressive stress to reach the compressive strength
is the compressive stress shell-breaking response time. Simi-
larly, the time required for the tensile stress to reach the ten-
sile stress strength is the tensile shell-breaking response time.
The smaller value of the two is the shell-breaking response
time. Therefore, the shell-breaking response times of 10 pm-—
100 pm aluminum particles are in the range of 0.08 pm-
2.69 us.

Figure 11 shows the relationship between the shell-
breaking response time and the particle size of the aluminum
particle. The fitting relationship is as follows:

3.15
(1+0.016d)390

where ¢ is the shell-breaking response time (is) and d is the

t=3.30— 100>d>10 (um), (5)

particle size of the aluminum particle (um).

3.5
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« ]
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| ]
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Fig. 11. Relationship between particle size and the shell-breaking response
time.

4. Conclusion

In this paper, the relationship between the thermal stabil-
ity time, the shell-breaking response time, and the particle size
was obtained. The conclusions are as follows:

(i) As the particle size of the aluminum particle increases,
the thermal stability time does not follow a process of uniform
growth, but a process that is fast and then slow. The ther-
mal stability times of aluminum particles with particle sizes of
10 pm—100 pm are in the range of 0.15 ps—11.44 ps.

(i1) The direct cause of shell-breaking has an obvious re-
lationship with the particle size, and there is a particle size
boundary (80 um): when the aluminum particle size is less
than 80 um, the direct cause of shell-breaking is compressive
stress overload; when the particle size is between 80 pm and
100 um, the direct cause is tensile stress overload.

(iii) As the particle size increases, the shell-breaking re-
sponse time follows a pattern of initial rapid increase, then

a slow increase, and finally stability. The breaking response
times of aluminum particles with particle sizes of 10 um—
100 pum are in the range of 0.08 ps—2.69 ps.
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