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ABSTRACT: Extensive application of metal powder, particularly
in nanosize could potentially lead to catastrophic dust explosion,
due to their pyrophoric behavior, ignition sensitivity, and
explosivity. To assess the appropriate measures preventing
accidental metal dust explosions, it is vital to understand the
physicochemical properties of the metal dust and their kinetic
mechanism. In this work, explosion severity of aluminum and silver
powder, which can be encountered in a passivated emitter and rear
contact (PERC) solar cell, was explored in a 0.0012 m3 cylindrical
vessel, by varying the particle size and powder concentration. The
Pmax and dP/dtmax values of metal powder were demonstrated to
increase with decreasing particle size. Additionally, it was found
that the explosion severity of silver powder was lower than that of aluminum powder due to the more apparent agglomeration effect
of silver particles. The reduction on the specific surface area attributed to the particles’ agglomeration affects the oxidation reaction
of the metal powder, as illustrated in the thermogravimetric (TG) curves. A sluggish oxidation reaction was demonstrated in the TG
curve of silver powder, which is contradicted with aluminum powder. From the X-ray photoelectron spectroscopy (XPS) analysis, it
is inferred that silver powder exhibited two reactions in which the dominant reaction produced Ag and the other reaction formed
Ag2O. Meanwhile, for aluminum powder, explosion products only comprise Al2O3.

1. INTRODUCTION

Applications of metals are in demand for automotive,
electronics, aerospace, and 3D-printing industries due to
their high mechanical strength, thermal resistivity, electrical
conductivity, and excellent corrosion resistance properties.
Metals are widely used as the composition of plastics, paints,
inks, rubber, fibers, detergents, and even drugs.1 However,
wider use of metal powder could potentially lead to
catastrophic dust explosion, which would cause fatality and
properties destruction, due to its pyrophoric behavior, ignition
sensitivity, and explosivity, which should be taken into
consideration when they are in nanoscale sizes. To take
appropriate measures to prevent accidental metal dust
explosions, it is necessary to sufficiently understand the
mechanism of metal dust explosion, physicochemical proper-
ties, and the kinetic mechanism in this medium. Nanomaterials
have emerged in recent years, corresponding to the advanced
development of nanotechnology industries, and hence, it is
essential to take into account the influence of nanosize
particles on the ignition sensitivity and explosivity of the metal
powder to give some fundamental principles on nanometal
dust risk assessment particularly when more than two metals
are involved in a mixture.

To the best of the authors’ knowledge, there is a scarcity of
data on the explosion behaviors when metal mixtures are in
context. In a study conducted on iron nanoparticles and
carbon nanofibers, it was found that the lower heat dissipation
and pyrophoric properties of the metal nanoparticles triggered
an ignition of carbon nanofiber and facilitated the propagation
of combustion.2 Meanwhile, another study demonstrated that
pure aluminum powder has higher explosion pressure due to
its high oxidation kinetics, indicating higher explosion risk than
aluminum−silicon mixture.3 Additionally, it is noteworthy that
the explosion severity of mixtures may be enhanced due to
hydrogen production from the reaction of metals with water
vapor at high temperatures.4 These findings suggest that one
should not assume that the explosion severity of mixtures
normally corresponds with the dominant element properties,
but it can be deduced to many factors. This condition leads to
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many unanswered assumptions on nanoparticles explosion in
mixtures, particularly when both metals are from different
functional groups. The explosion severity of mixtures may be
higher than that of the pure powder due to the enhanced
oxidation reaction contributed by metal powder, or vice versa.
Further, studies on nanometal dust particles show that the
complexity of the physicochemical properties and the kinetic
chemical mechanism can be questioned when two or more
metal dust are mixed. On the other hand, the agglomeration
effects caused by different levels of attraction forces between
particles must result in different physicochemical behaviors in
dust explosion. Therefore, to give insight into the fundamental
principles of dust explosion when dust is in a mixture form, this
work will be solely focused on the investigation of the
combustion kinetic mechanism in relation to the explosion
severity of two metal powders from different functional groups,
namely, aluminum and silver, which can be encountered in a
passivated emitter and rear contact (PERC) solar cell. The
second part will discuss, in detail, about the effect of silver
inhibition on aluminum dust explosion that will be published
later.

2. METHODS
2.1. Materials. Aluminum powder comprising three

particle sizes (i.e., 40, 70, and 100 nm) was supplied by
Hongwu International Group Ltd., China. Meanwhile, three
particle sizes of silver powder (i.e., 20 nm, 100 nm, and Ag 10
μm) were purchased from GetNanoMaterials, Oocap Inc.,
France. Both sample powders were stored in a desiccator to
prevent exposure to moisture that might affect the
experimental results. The specific surface area of all sizes of
aluminum and silver powder was identified using the
Brunauer−Emmett−Teller (BET) method. The results are
tabulated in Table 1.

2.2. Samples’ Characterizations. Field emission scanning
electron microscopy (FESEM), thermogravimetric analysis
(TGA), and X-ray photoelectron spectroscopy (XPS) were
conducted to identify the morphological structure, oxidation
reaction, and chemical compositions of the metal powder,
respectively. The oxidation reactions of the metal powder were
investigated by TGA in an air environment with a flow rate of
10 L/min and a heating rate of 10 °C/min. Meanwhile, XPS
was conducted at an anode voltage of 15 kV and a power level
of 300 W. The pass energy was 100 eV for survey spectra and
50 eV for high-resolution spectra. The spectra were curve-fitted
using the CasaXPS software. Original spectra were calibrated
by the reference energy of C1s signal at a binding energy of
284.6 eV and smoothed.
2.3. Experimental Apparatus and Methods. Dust

explosion experiments were performed in a 0.0012 m3 stainless
steel cylindrical test vessel with an internal diameter of 70 mm
and a height of 304 mm. The experimental setup is shown

schematically in Figure 1. The metal powder was placed in the
dispersion cup, and the test vessel was tightened up. The

sample was dispersed by compressed air at a pressure of 6 bar.
After the dispersion, the sample was ignited by a centrally
mounted igniter, following a 60 ms time delay. The powder
concentration varied from 300 to 1500 g/m3. Each test of both
aluminum and silver explosion was performed in at least three
replications for accuracy and reproducibility. The explosion
pressure evolutions were measured by a piezoelectric pressure
transducer (Keller Series 11, accuracy: ±0.001 s) and recorded
by a data acquisition system from National Instruments with a
sampling rate of 100 MHz. These data yielded maximum
explosion pressure (Pmax) from the pressure−time profiles.
Meanwhile, the maximum rate of pressure rise (dP/dtmax) was
calculated based on the tangent of the pressure−time profiles.

3. RESULTS AND DISCUSSION
3.1. Explosion Characteristics of Single Metal Powder

in a Confined Vessel. The pressure−time histories of
different particle sizes of both aluminum and silver powders
in various powder concentrations are shown in Figure 2a−f.
The experimental standard deviation in the maximum
explosion pressure (Pmax) and dP/dtmax (i.e., tangent of the
graph) values of each metal powder at different concentrations
was in the range of 0.001−0.005, implying that the data spread
was closer to the mean values and repetitive. All graphs in
Figure 2a−c display similar pressure−time profiles with
different maximum explosion pressure as a function of powder
concentration. It should be noted that 300 g/m3 is the
minimum explosible concentration (MEC) for both metal
powder. Meanwhile, the optimum explosion concentration for
all sizes of aluminum and silver powder is 500 g/m3. As
presented in Figure 2, it can be observed that the explosion
pressure increased with powder concentration at poor dust/air
mixtures until powder concentration up to 500 g/m3, before
decreasing at powder concentrations of 700 and 900 g/m3.
Meanwhile, stable values can be seen at concentrations of 1200
and 1500 g/m3. For instance, the corresponding Pmax of Al 40
nm to the powder concentration of 300 g/m3 is 1.324 barg.
When the powder concentration was 500 g/m3, Pmax reached

Table 1. Specific Surface Area of Aluminum and Silver
Particles

aluminum silver

chemical formula Al Ag

average particle size 40 nm 70 nm 100
nm

20
nm

100
nm

10
μm

BET surface area
(m2/g)

32.15 53.41 24.36 9.36 7.89 0.26

Figure 1. Experimental apparatus. 1. Test vessel, 2. Gas nozzle, 3.
Solenoid valve, 4. Time controller, 5. Pressure transducer, 6. Igniter, 7.
Data acquisition system.
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the maximum value of 1.438 barg. Then, Pmax decreases from
1.416 to 1.389 barg at 700 and 900 g/m3, respectively. A
similar trend is also demonstrated in silver powder explosion as
presented in Figure 2d−f. The Pmax value of Ag 20 nm
increases from 0.296 to 0.334 barg when the silver powder
concentration increases from 300 to 500 g/m3, before reducing
at 700 and 900 g/m3, and reaching constant Pmax values with a
further increase in the concentration (as indicated by the
overlapping pressure−time profiles). These results are due to
the fact that, at very high powder concentrations (700−1500
g/m3), in the rich-fuel limit, the shortened interparticle
distance attributed to the large number of particles per unit
volume and oxygen deficiency results in the reduction of the

heat transfer rate and subsequently its explosion severity.
These results are in good agreement with other investigation
elsewhere.5−7

3.2. Influence of Metal Particle Size on Pmax and dP/
dtmax. For the effect of the metal particle size on dust
explosion, it is found that the Pmax and dP/dtmax values of Al 40
nm are lower than those of Al 70 nm at similar powder
concentrations. As can be seen in Figure 2a,b, at a 500 g/m3

powder concentration, the Pmax value of Al 70 nm is 1.549
barg, 7.2% higher than that of Al 40 nm. Meanwhile, the dP/
dtmax of Al 40 nm is 28.721 barg/s compared to 31.567 barg/s
of Al 70 nm.

Figure 2. Explosion pressure−time histories of (a) Al 40 nm, (b) Al 70 nm, (c) Al 100 nm, (d) Ag 20 nm, (e) Ag 10 μm, and (f) Ag 100 nm at
various powder concentrations.

ACS Omega http://pubs.acs.org/journal/acsodf Article

https://doi.org/10.1021/acsomega.1c00967
ACS Omega 2021, 6, 17831−17838

17833

https://pubs.acs.org/doi/10.1021/acsomega.1c00967?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c00967?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c00967?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c00967?fig=fig2&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.1c00967?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


A decrease in particle size would enhance a particle’s specific
surface area, which gives a larger surface area for oxidation,
accelerating the particles’ burning rate and the overall kinetics
of the explosion reaction, hence increasing the Pmax value.

8−10

As presented in Figure 3, when the specific surface area of the

metal powder increases, the Pmax value increases. For instance,
increasing the specific surface area of silver powder from 7.89
m2/g (Ag 100 nm) to 9.36 m2/g (Ag 20 nm) resulted in a
corresponding increase in the Pmax values from 0.332 to 0.337
barg. Similarly, the higher Pmax value of Al 70 nm corresponded
to the larger specific surface area of Al 70 nm (53.41 m2/g)
compared to Al 100 nm (24.36 m2/g). The higher Pmax values
of Al 70 nm and Ag 20 nm were attributed to accelerated
explosion reaction kinetics, which cause the metal particles to
be oxidized easily, hence shortening the time to reach Pmax, as
illustrated in Figure 2. The changes in the Pmax and dP/dtmax
values subsequently lead to lower explosion severity index, Kst
(Kst = (dP/dtmax)V

1/3), values of Al 70 nm and Ag 20 nm
compared to Al 100 nm and Ag 100 nm, respectively (see
Figure 4).
However, it is noteworthy that the specific surface area of

silver powder is much smaller than aluminum powder (see
Figure 3b). Since nanoscale is prone to agglomeration effect,
the pre- and postexplosion morphological structures were
carried out using FESEM analysis. The agglomeration effect on
the silver powder is more pronounced compared to that of the
aluminum powder (as demonstrated in Tables 2 and 3),
implying that the mass burning rate is significantly reduced due

to the smaller specific area, hence justifying the lower Pmax and
Kst values. It also should be noted that for postexplosion, the
agglomeration effect of silver particles becomes more
significant, as can be clearly seen in Table 3 on the Ag 20
nm particle structure. Meanwhile, the irregular spliced
structures were demonstrated in the aluminum explosion
product. These morphological structures of aluminum powder
are consistent with the literature,11,12 which reported that the
aluminum morphology is formed as a result of the
condensation of gas-phase reaction. The agglomeration effect,
which tends to occur in nanodusts, is attributed to the
insufficient aerodynamic forces to obstruct the interparticle
attraction and subsequently inhibits the dispersion of particles
into a primary particle cloud.13,14

3.3. Oxidation Reaction of Metal Powder. Thermogra-
vimetric (TG) analysis was conducted to investigate the
oxidation reaction of the metal powder. Referring to Figure 5,
the trend of aluminum TG curves is similar to the literature,15

in which the oxidation reaction of aluminum particles is
divided into four stages. In the temperature range of 27−520
°C, a substantial weight decreases in stage I is due to the loss of
moisture. Meanwhile, a noticeable weight increase up to the
temperature of 650 °C can be observed in stage II, which is the
surface oxidation stage, prior to stage III, which is referred to as
the melt and broken stage. The last stage, i.e., stage IV, is the
burning stage.
It can be observed in Figures 5 and 6 that the oxidation

reaction of aluminum and silver, respectively, which was
indicated by particle weight gaining, was affected by the
agglomeration of particles. The reduction of the specific

Figure 3. Effect of specific surface area on Pmax values of (a)
aluminum powder and (b) silver powder.

Figure 4. Explosion severity index (Kst) of (a) aluminum powder and
(b) silver powder.

ACS Omega http://pubs.acs.org/journal/acsodf Article

https://doi.org/10.1021/acsomega.1c00967
ACS Omega 2021, 6, 17831−17838

17834

https://pubs.acs.org/doi/10.1021/acsomega.1c00967?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c00967?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c00967?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c00967?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c00967?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c00967?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c00967?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c00967?fig=fig4&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.1c00967?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


surface area of particles attributed to the agglomeration effect
causes a slower oxidation reaction of the metal powder and
hence reduces the particle weight gain. It can be observed in
Figure 5 that the proportion of particle weight gaining in stage
II increases with decreasing aluminum particle size. This result
showed a reasonable agreement with the literature15 that the
proportion of particle weight gain corresponding to the particle
oxidation reaction would be reduced significantly with
increasing aluminum particle size. When the particle size
becomes smaller, the proportion of particle weight gain would
increase due to the larger specific surface area for oxidation. A
closer look should be focused on the oxidation reaction of Al
70 nm and Al 100 nm. The change in the particle size of
aluminum from 100 to 70 nm results in an increasing particle
weight gain during the surface oxidation stage from 5 to 13%,
respectively. Nevertheless, decreasing the aluminum particle
size to 40 nm gives about ∼11% lower particle weight gain
than that of Al 70 nm. It can be depicted that the lower
proportion of particle weight gain of Al 40 nm compared to Al
70 nm correlates with the agglomeration of Al 40 nm particles
as stated earlier (see Table 2).
In contrast to aluminum powder, the TG curves of silver

powder in Figure 6 show a very small percentage in particle
weight gain, and this condition could imply that silver
experiences quite a sluggish oxidation process. A similar result
of the TG curve of silver powder was presented in the
literature.16 It is depicted that this result corresponds to the
smaller specific surface area of silver powder compared to
aluminum powder shown in the BET analysis. Due to this

sluggish oxidation reaction of silver, and how the aluminum
oxidation reaction provides a clear indication on the explosion
severity on both metal powders, it would be interesting to
determine the changes in the explosion severity if the silver
powder, in proportion, is added to aluminum, which will be
detailed in Part II of this paper for later publication.

3.4. Explosion Product Analysis and Kinetic Mecha-
nism of the Single Aluminum and Silver Powder
Explosion. To further justify that silver experienced slower
oxidation, the chemical composition of the explosion products
of aluminum and silver powder was analyzed using X-ray
photoelectron spectroscopy (XPS) analysis. The results from
this analysis will be used in proposing the kinetic mechanism of
the aluminum and silver powder explosion. The survey spectra
of explosion products of aluminum and silver are demonstrated
in Figure 7, and the corresponding binding energy values are
presented in Table 4. It should be noted that all three sizes of
both metal powders have similar survey spectra. For the brevity
and clarity in this segment, only survey spectra of Al 70 nm and
Ag 20 nm are presented. In the survey spectrum of 70 nm
aluminum explosion products, we can observe aluminum 2p
spectra (Al 2p) photoelectron peaks at a binding energy of
73.6 eV and oxygen 1s spectra (O 1s) at a binding energy of
530.6 eV. Meanwhile, in the survey spectrum of 20 nm silver
explosion products, we can observe the silver 3d spectra (Ag
3d) photoelectron peaks at a binding energy of 366 eV and O
1s at a binding energy of 529 eV.
By resolving the high-resolution spectra of 70 nm aluminum,

it was found that aluminum explosion products only comprise

Table 2. Morphological Structures of Various Sizes of Aluminum Powder
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Al2O3 at the binding energy Eb (Al 2p) of 73.6 eV. This finding
is consistent with the work by Gao et al. (2017), implying that
the aluminum explosion was completed in the gas-phase
reaction as shown in the TGA result (see Figure 5). The
resolved XPS spectrum of aluminum powder is presented in
Figure 8a. Meanwhile, the resolved Ag 3d spectrum of silver
powder explosion, as shown in Figure 8b, was composed of
two peaks situated at binding energies of 367.92 and 373.9 eV,
which corresponded to the binding energy of Ag and Ag2O.

Based on this explosion product analysis, it is inferred that
the explosion reaction of aluminum and silver powder was as in
R1 R1 and R2−R3, respectively. From the product
composition of 59.9% of Ag and 40.1% of Ag2O, it can be
said that the dominant reaction for silver is

Al (s)
3
4

O
1
2

Al O (s)2 2 3+ →
(R1)

4Ag(s) O 2Ag O(s)2 2+ → (R2)

Table 3. Morphological Structures of Various Sizes of Silver Particles

Figure 5. Oxidation process of aluminum particles based on TG
curves.

Figure 6. Oxidation process of silver particles based on TG curves.
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Ag O(s) 2Ag(s)
1
2

O2 2→ +
(R3)

4. CONCLUSIONS

The present work explored the explosion characteristics of
pure aluminum and silver powder. It was demonstrated that
the Pmax and dP/dtmax values of metal powder increase with
decreasing particle size. However, the agglomeration effect in
smaller particles reduced the specific surface area for the
oxidation reaction, reflecting the reduction of particle weight
gain in the thermogravimetric (TG) curve of the metal
powder. The particles’ agglomeration, which is more apparent
in silver compared to aluminum powder, elucidates the
sluggish oxidation reaction of silver powder, as illustrated in
the TG curve, and hence justifies the lower Pmax and dP/dtmax

values of silver than that of aluminum powder. These findings,
which provided a clear indication of the explosion severity on
both metal powders, will be a basis for the future work in
determining the changes in the explosion severity if the silver
powder, in proportion, is added to the aluminum explosion.
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