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ELECTROSTATIC REACTIVITY CONTROL OF POLYTETRAFLUOROETHYLENE-COATED ALUMINUM POWDERS
USING ANTISTATIC AGENTS

Aluminum (Al) powders are coated by polytetrafluoroethylene (PTFE), which replaces the naturally formed oxide layer,
enhancing thermal oxidation performance via simultaneous exothermic reactions doubling exothermic enthalpy energy compared
to uncoated Al powder. However, the PTFE coating significantly increases electrostatic charge, raising ignition risks. The incor-
poration of antistatic agents such as Bis-Hydroxyethyl Cocomonium Nitrate within a glycerol solution produced a 61% reduction
in the electrostatic charge due to surface charge modification of the powders. This study demonstrates the potential of PTFE in
enhancing combustion while addressing electrostatic hazards, ensuring safer handling. The findings shows the way for optimized

PTFE/Al powder in energetic applications.
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1. Introduction

Since aluminum (Al) powder is widely known for its high
energy release per unit mass during combustion, it is considered
as a promising material in the field of energetic applications
including propellants, pyrotechnics, and explosives [1-4]. How-
ever, the thermal oxidation behavior of aluminum powder is often
hindered by the densely packed surface oxide layer, which limits
oxygen diffusion from the external atmosphere and results in
incomplete combustion that is lower than theoretically expected.
This phenomenon reduces the overall heat energy output and
even leaves substantial aluminum residues post-combustion.

To address this limitation, fluorine-based polymers such
as polytetrafluoroethylene (PTFE) and polyvinylidene fluoride
(PVDF) have been investigated as potential coating materials
to replace the naturally formed aluminum oxide layer [1-3,5].
In particular, the fluorine-rich structure of PTFE facilitates
enhanced combustion by minimizing the barrier to oxygen
diffusion, thereby allowing for more complete oxidation and
higher thermal energy output due to simultaneous reactions be-
tween Al-O and Al-F. Differential Scanning Calorimetry (DSC)
analysis in our previous studies indicate that the PTFE-coated
Al powder demonstrates significantly higher exothermic activity
compared to uncoated Al powder, with an observed doubling of
heat release regardless of powder size [2,5,6].

The PTFE coating clearly enhances the heat-generating
capacity of Al powder; however, the electrostatic charges formed
on the powder surface, which are crucial from the viewpoint of
a practical application, have not been investigated. In general,
PTFE is widely used as an electron acceptor in triboelectric
generators due to its easy frictional electrification. Therefore,
studying the formation of electrostatic charges on the PTFE/Al
powder is essential [7,8]. Preliminary tests indicated that the
PTFE/Al powder exhibits up to a 20-fold increase in electrostatic
charge compared to that of uncoated Al powder. This necessi-
tated the addition of antistatic agents to improve handling safety.
In order to mitigate this electrostatic hazard, we investigated two
different antistatic agents, focusing on compounds that are both
effective in static charge reduction and safe for human contact
[9-18]. Glycerol and Bis-Hydroxyethyl Cocomonium Nitrate
were selected based on their hygroscopic properties and compat-
ibility with PTFE-coated powder [10,15,19]. These agents were
incorporated into the PTFE/AI powder via a mixing process.
Notably, the addition of Bis-Hydroxyethyl Cocomonium Nitrate
in a glycerol-diluted solution achieved a 61% reduction in static
charge due to the formation of a thick conductive surface layer.
Thus, this study explores the both the benefits and challenges
of PTFE/Al powder for practical use, presenting a solution
to enhance combustion efficiency while addressing electrostatic
risks through effective antistatic treatments.
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2. Experimental

A PTFE dispersion of 60 g was diluted with distilled water
to achieve a 20 wt.% concentration and stirred at 80°C for over
30 minutes. Separately, a 1 wt.% hydrofluoric acid (HF) solu-
tion of 1200 g was prepared for the aluminum powder coating
process, and 100 g of 35 um Al powder was added. Upon ad-
dition, heat and bubbles formed due to the dissolution reaction
of the aluminum surface oxide layer, and the bubble production
stabilizing within 2 minutes. Next, the diluted PTFE dispersion
was added to the HF solution, and the mixture was stirred for
30 minutes to allow the coating reaction to proceed thoroughly.
The slurry was then filtered to recover the synthesized PTFE/Al
powder, which was initially dried in a vacuum oven at 60°C for
24 hours, followed by heat treatment in a box furnace at 300°C
for 30 minutes.

Thermogravimetic analysis (TGA) and Differential scan-
ning calorimetry (DSC) results were obtained by the experimen-
tal condition of heating rate of 10°C/min up to 1400°C under air
atmosphere (Model : Discovery SDT 650, TA instrument). TGA
and DSC of both powders produce the information of thermal
oxidation behavior

To impart antistatic properties to the PTFE/Al powder,
two types of antistatic solutions were prepared as follows: a 10
wt.% glycerol aqueous solution and a 5 wt.% glycerol solution
with an additional 0.05 wt.% of Bis-Hydroxyethyl Cocomonium
Nitrate. The synthesized powder was introduced into the prepared
solutions and stirred for 30 minutes. The powder was then dried

v
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PTFE layer

2.5 um

in a vacuum oven at 60°C for 24 hours, after which the electro-
static force was measured. Electrostatic force measurements were
conducted using a powder flow analyzer (Model : Revolution
Powder Analyzer, Mercury Scientific Inc.).

3. Results and discussion

Fig. 1 shows SEM images and powder size distribution of
both Al powder and PTFE/Al powder. Fig. 1a displays informa-
tion of surface morphologies and cross-sectional SEM images in-
cluding EDS result of one uncoated Al powder. Average powder
size of the Al powder used in this study was measured as 35 um
(Dsg) as shown in Fig. 1b. The PTFE coating layer was clearly
visible in the cross-sectional SEM image of PTFE/Al powder
in Fig. lc. The thickness of the PTFE layer was measured to be
approximately 150 nm. This study used 35 um Al powder for
the demonstration of oxidation reaction and the electrostatic
properties. Fig. 1d shows powder size distribution of PTFE/Al
powder, in which Dy, D5, and Dy, of the powder were 19.83,
32.86, 56.12 um, respectively. The particle size of the PTFE/Al
powder decreased slightly after coating; D¢, D5, and Dy, were
17.71,28.35,46.05 um, respectively. As a result, a slight decrease
in particle size was observed, with the D5, value reduced by ap-
proximately 4 um. Since the coating thickness of PTFE is greater
than that of the aluminum oxide layer, the minor reduction in
particle size is presumed to be due to excessive dissolution
caused by acid during the coating process.
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Fig. 1. SEM images and the powder size analysis result. (a) Shape, cross section image and EDS result of the Al powder, (b) powder size analysis
of Al powder, (c) shape, cross section image and EDS result of the PTFE/Al powder, and (d) Powder size analysis of PTFE/AIl powder



Fig. 2a compares the weight changes as a function of tem-
perature for both uncoated Al powder and PTFE/AI powder.
Figs. 2b and 2¢ show DSC results displaying heat flow as a func-
tion of temperature of uncoated Al and PTFE/Al powders.
Aluminum powder increased by 112.57%, while the weight of
PTFE/Al powder increased by 130.14%, indicating that a greater
amount of aluminum was oxidized. The PTFE coating acts as
an additional oxidizing agent, contributing to additional heat
generation during the oxidation of aluminum powder [4].

The increase in heat generation is verified through DSC
analysis, showing three primary peaks. The first peak at ~610°C
corresponds to the oxidation of the Al powder surface, the second
endothermic peak at ~650°C results from aluminum liquefaction,
and the main exothermic peak occurs between 800-900°C, con-
tinuing to ~1100°C due to the oxidation of liquefied aluminum.
When the exothermal enthalpy energy of aluminum powder
was 459.9 J/g, the PTFE/Al powder exhibited an increased exo-
thermal enthalpy energy of 940.1 J/g. (Fig. 2d) The exothermal
enthalpy energy increased by 204%, as a result of the coating.

The PTFE/AI powder exhibits relatively higher heat gen-
eration compared to uncoated Al powder with a similar aver-
age particle size. In the case of Al powder, a dense oxide layer
naturally forms on the surface, which thickens as oxidation
progresses with increasing temperature. During combustion,
this oxide layer tends to impede the oxidation reaction, leading
to incomplete combustion of Al core. Therefore, heat genera-
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tion was lower than expected. On the contrary, in the case of Al
powder where the oxide layer is replaced by PTFE, fluorination
leading to AlF; formation preferentially occurs compared to the
surface passivation effect by oxidation. Consequently, combus-
tion proceeds continuously rather than being stopped by surface
oxide, increasing heat energy.

Especially for Al powder, spontaneous combustion can oc-
cur in ambient air under specific conditions. Among these, spon-
taneous combustion could be triggered by electrostatic sparks,
making it necessary to measure the electrostatic force of PTFE/Al
powder. Electrostatic force was measured using an electrostatic
charge measurement device, an accessory of the powder flow
analyzer. By loading powder samples into a cylindrical drum
and observing the change in charge over a set time and rotation
speed, the electrostatic force can be measured (Fig. 3a). Fig. 3b
shows the electrostatically measured voltage as a function of
time for the uncoated Al powder, PTFE/Al powder and PTFE/Al
powder treated with two different types of antistatic agents. Since
the absolute value of the electrostatic force can vary depending
on the measurement conditions, we compared the relative elec-
trostatic force between PTFE/Al powder and Al powder. The
results showed that PTFE/Al powder exhibited approximately
20 times higher electrostatic force than Al powder, indicating
a relatively lower safety level during storage and the need for
improvement. To decrease the electrostatic force, the antistatic
agent solution was applied by simply mixing the solution with
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Fig. 2. TGA/DSC analysis results. (a) TGA results of Al and PTFE/AI powders, (b) DSC result of Al powder, (c) DSC result of PTFE/Al powder,
and (d) total summary of TGA and DSC results. Labeled value of DSC results indicates the oxidation energy of the main peak



1150

(a) Rotation (b) Zil 1767 V
‘";; 1000 | an2v
ff"i%o” 682V
1 () o,
B N \\3 500}
Al Powders = G
Electrostatic force measurement

among powders

(c)

2%

Conductive surface layer

_r‘/gg

5

PTFE

Moisture “

Al(s) PTFE PTFE

A Solvent(Glycerol)

% % $22833%0 S—
Al(s) PTFE PTFE

\\/#® Antistatic agent

Fig. 3. Electrostatic charge test methods and the scheme of the antistatic agent working mechanism. (a) Scheme of the electrostatic charge meas-
uring method: The sample drum is rotated at a programmed velocity and the charge of the contact plate is measured at programmable intervals.
(b) Measured electrostatic voltage of four types of powders after 1 minutes of drum rotation. (¢) Scheme of the glycerol on PTFE/Al powder, and
(d) scheme of the glycerol and Bis-Hydroxyethyl Cocomonium Nitrate(Spray) on PTFE/Al powder

the powder. (Fig. 3¢). As in TABLE 1, various surfactants with
static-elimination properties have been reported, and from these,
a safe and effective option for aluminum powder was selected.
If the target has surface resistivity in the range of 10° to 10'
Ohms, it is considered antistatic. On the other hand, a sample hav-
ing surface resistivity over 10'* Ohms is considered insulative.

Compared to the initial electrostatic force of PTFE/Al pow-
der, treatment with glycerol achieved a 50% reduction, while the
addition of a small amount of Bis-Hydroxyethyl Cocomonium
Nitrate to glycerol resulted in a 61% reduction. Notably, even
a minimal addition of Bis-Hydroxyethyl Cocomonium Nitrate
(0.05 wt%) to the glycerol solution was sufficient to further
decrease the electrostatic force effectively. Glycerol is an or-
ganic compound with three hydroxyl(-OH) groups. Due to the
abundance of hydroxyl groups, it exhibits high hydrophilic-
ity, providing moisturizing effects, and is safe for human use,
making it a key ingredient in cosmetics. After brief mechanical
mixing, residual glycerol on the PTFE/Al surface absorbs trace
moisture from the atmosphere. The absorbed moisture includes
trace amounts of salt, forming a conductive surface layer that
reduces clectrostatic force (Fig. 3¢). Therefore, even a diluted
glycerol solvent alone can effectively reduce electrostatic force.

TABLE 1
Examples of antistatic agents

Classifications Antistatic agents Resistivity Ref.
[BMIM][PFq] 1.52x10" Q-cm | [16]
Surface [C,mim][TEN] | 9.4x10" Q-cm | [13]

modifier agents - 7
(lonic liquids) [Ci4mim]Br 2.60x10" Q-cm [9]
[Nyaa1 I TEN] 8.00x10"Q-cm | [18]
4.0%x10'° Q-ecm | [20]
GO 1.0x10° Q-cm | [14]
10° Q-cm [21]
Electrically 10° Q-cm [19]
conductive MWCNTs 10% Q-cm [22]
pillars 1.5x10" Q-cm | [17]
10* Q-cm [12]
CB 6.8x10° Q-cm | [23]
1.6x10°Q-cm | [11]
Conductive Polyaniline 32x10°Qem | [24]

polymers
Glycerol* 45x10'° Q-cm | [10]
Natural agents is-

5 | Covomonium Nitate | 10710 @em | 23]

* 5 wt.% addition of glycerol to the target (Polystyrene)




To achieve additional electrostatic reduction, a small
amount of Bis-Hydroxyethyl Cocomonium Nitrate was added
to the diluted glycerol solution. This compound, derived from
coconut oil, acts as an antistatic agent and is also safe for use
in products designed to reduce static in hair. It features typical
antistatic characteristics including a quaternary ammonium
salt and a nitrate (NO3) group, exhibiting higher polarity than
glycerol. As a result, even with half the amount of glycerol and
the addition of only 0.05 wt.% of the antistatic agent, further
reduction in electrostatic charge was achieved. This is attrib-
uted to the increased absorption of moisture and salt due to its
higher polarity, reducing the resistivity of the conductive surface
layer. However, excessive use of the antistatic agent may lead
to excessive surface moisture, potentially causing issues such as
reduced long-term storage stability due to surface oxidation or
a decrease in heat generation. Therefore, optimizing the amount
of antistatic agent is necessary.

4. Conclusion

To reduce the incomplete combustion rate of Al powder, the
aluminum oxide layer on the surface of Al powder was replaced
with PTFE. DSC analysis showed a successful doubling of heat
release; however, the electrostatic force on the powder surface in-
creased by up to 20 times as an unintended side effect. To prevent
spontaneous ignition due to static electricity, we explored anti-
static agents capable of reducing electrostatic force and selected
non-toxic chemicals, glycerol and Bis-Hydroxyethyl Cocomo-
nium Nitrate. The reduction in electrostatic force was attributed
to the formation of a conductive surface layer on the PTFE/Al
powder, achieved through the absorption of moisture and trace
amounts of salt by glycerol and Bis-Hydroxyethyl Cocomonium
Nitrate. The higher polarity of Bis-Hydroxyethyl Cocomonium
Nitrate enhances moisture and salt absorption, further decreasing
the resistivity of the conductive layer and improving antistatic
performance. Notably, Bis-Hydroxyethyl Cocomonium Nitrate
demonstrated excellent efficiency in reducing electrostatic force
with the addition of only a 0.05 wt.% concentration. As a result,
treating PTFE/Al powder with a solution of 5 wt.% glycerol and
0.05 wt.% Bis-Hydroxyethyl Cocomonium Nitrate led to a 61%
reduction in electrostatic force. However, overusing the antistatic
agent might cause excessive surface moisture, potentially lead-
ing to issues such as decreased long-term storage stability due
to surface oxidation or a reduction in heat generation. Therefore,
optimizing the amount of antistatic agent is crucial. In conclu-
sion, adjusting the proportion of antistatic agents further holds
potential for significantly reducing electrostatic force in future
applications.
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