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ENHANCEMENT OF EXOTHERMIC CHARACTERISTICS THROUGH NICKEL DISPLACEMENT PLATING
ON ALUMINUM POWDER DEPENDING ON PH AND PARTICLE SIZE VARIABLES

Aluminum (Al) powders are attractive fuel additives for energetic materials, but their native Al,Oj5 shell suppresses exothermic
reactivity. Here, we replace this oxide layer with a nickel (Ni) coating produced by displacement plating. After HF-based etching to
strip the oxide, Ni was deposited at pH 9-12 and characterized by FE-SEM/EDS. Then, we tested Nickel displacement coverage on
Aluminum powders with three different sizes (d ~ 10, 34, 68 um, respectively). We further quantified the exothermic heat release
of bare and Nickel-coated Aluminum powders as a function of pH and particle size. Our results show that Nickel-coated Aluminum
powders release substantially more heat(exothermic energy) than their bare counterparts, an increase attributed to a self-propagating
high-temperature synthesis (SHS) reaction between Aluminum and Nickel. Finally, we compared how the coating morphology
evolves with time when Ni is applied by displacement plating versus electroless plating.
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1. Introduction

Metal powders possess a significantly larger surface area
compared to their bulk counterparts, rendering them more
reactive and, consequently, more explosive. As a result, metal
powders have gained increasing attention for use in explosives
and rocket propellants in recent years. Among various metal
powders, aluminum (Al) is particularly attractive due to its high
energy density and excellent thermal conductivity, making it an
effective energetic material [1]. However, the presence of a natu-
rally formed passivation layer of aluminum oxide (Al,O3) on the
particle surface inhibits its reactivity. To overcome this limitation,
recent studies have focused on enhancing the explosiveness of Al
powders by removing the oxide layer and coating the particles
with reactive metals or polymers [2,3]. Notably, when a metal
coating is applied to aluminum powder, a phenomenon known
as self-propagating high-temperature synthesis (SHS) can oc-
cur near the melting point of aluminum, leading to rapid energy
release during ignition [4]. Displacement plating is a technique
that exploits the difference in reduction potentials between two
metals, enabling the spontaneous deposition of one metal onto an-
other. Since nickel (Ni, —0.25 V) has a higher reduction potential
than aluminum (—1.66 V), Ni can be deposited onto Al powder

through a displacement reaction. In this study, the native oxide
layer on Al powders was removed through chemical etching, and
displacement Ni plating was conducted under varying pH condi-
tions and Al particle sizes. The resulting Ni-coated Al powders
exhibited enhanced exothermic reactivity, which is attributed to
the SHS reaction between Al and Ni at elevated temperatures.

2. Experimental
2.1. Sample fabrication

In this study, displacement nickel plating was performed
using 5 g of aluminum (Al) powder with average particle sizes
of 10, 34, and 68 pum. To remove the native oxide layer (Al,O5)
from the powder surface, an etching process was carried out
by stirring the Al powder in a solution of deionized (DI) water
and 68% hydrofluoric acid (HF) for 2 minutes. The etched
powder was then filtered and thoroughly rinsed with DI water
to eliminate residual HF. Subsequently, the cleaned Al powder
was introduced into a pre-prepared displacement nickel plating
bath maintained at 40°C and stirred at 150 rpm for 30 minutes.
The plating solution contained 30 g/L nickel sulfate (NiSO4:6H-0),
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50 mL/L ammonium hydroxide (NH4OH, 25%), and 50 g/L am-
monium citrate (NH4C¢HsO). The solution pH was adjusted
to 8,9, 10, 11, or 12 using NaOH. After plating, the powder
was filtered and washed with DI water using a vacuum-assisted
filtration device. The resulting powder was dried in a vacuum
oven at 100°C for 24 hours to obtain the final product. For
comparison, electroless nickel coating was also performed using
a commercially available LSF solution.

2.2. Sample analysis

A field emission scanning electron microscope (FE-SEM,
JSM-IT700HR, JEOL, Japan) was employed to examine the
surface and cross-sectional microstructures of the Ni-coated alu-
minum powders. The morphology and surface coverage of the Ni
coating were evaluated based on the SEM images. Additionally,
energy-dispersive spectroscopy (EDS) was conducted to analyze
the elemental composition of the coating layer, confirming the
presence and distribution of nickel. To assess the exothermic
reactivity of the plated aluminum powders, thermogravimetric-
differential scanning calorimetry (TGA-DSC, SDT 650, TA
Instruments, USA) was performed. The oxidation temperature
and total heat release were quantitatively compared across sam-
ples with different pH conditions and aluminum particle sizes.

3. Results and discussion

3.1. pH-dependent physical and exothermic properties of
displacement Ni-coated Al powders

Fig. 1 shows the SEM and EDS images of bare Al and
displacement Ni-coated Al powders prepared under different
pH conditions. According to the Pourbaix diagram of aluminum,
a passive oxide film forms at pH levels below 8, which hinders
the displacement Ni coating process [5]. This is consistent with
the EDS image at pH 8 (Fig. 1b), where minimal Ni coverage
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is observed, indicating that displacement Ni plating is ineffec-
tive under these conditions. As the pH increases, Ni deposition
improves, with the highest Ni coverage observed at pH 10
(Fig. 1d) and pH 11 (Fig. 1e). This is attributed to the reduced
extent of Al passivation compared to that at pH 8. Additionally,
Al,0O5 dissolves into AI(OH), in alkaline conditions, facilitating
the reduction of Ni?* ions onto the Al powder surface. However,
at pH values above 12, Ni*>* begins to precipitate as Ni(OH),(s),
which hinders the reduction of Ni onto the Al powders. Fig. 2 il-
lustrates the heat release profiles of raw Al powder and Ni-coated
Al powders prepared under different pH conditions. Two distinct
exothermic peaks are observed. The first peak appears around
660°C, corresponding to the melting point of aluminum. A simi-
lar thermal event was reported by Skolakovi et al. in their study
on Ni—Al alloy sintering, where it was attributed to interdiffu-
sion between Al and Ni in the vicinity of the Al melting point
[6]. The second peak, observed near 1000°C, is ascribed to the
self-propagating high-temperature synthesis (SHS) reaction
between molten Al and solid Ni. During the SHS process, the
high-temperature reaction between Al and Ni yields various in-
termetallic compounds, primarily AINi, along with phases such
as AINis, AlsNiz, and AL3Nis [ 7]. The molar enthalpy of formation
for the predominant product, AINi, during SHS has been reported
as —127.2 kJ/mol, indicating a strong exothermic reaction [8].
Fig. 3 illustrates the SHS reaction process between Al and Ni. The
energy released during this process is influenced by two key fac-
tors. First is the Ni coverage on the Al surface, which determines
the number of available reaction sites. Second is the diffusion
distance of molten Al, which governs the rate at which Al can
migrate to the outer Ni layer and participate in the reaction. Ad-
ditionally, a weight increase was observed at the temperatures
corresponding to the first and second exothermic peaks. This
phenomenon is attributed not only to the Ni—Al reaction but also
to the formation of an Al oxide layer. Across all pH conditions,
the heat released from the self-propagating high-temperature
synthesis (SHS) reaction was greater than that from solid-state
interdiffusion between Al and Ni. This can be explained by the
higher diffusivity of liquid Al compared to solid Al, as well
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Fig. 1. EDS images of Ni plated 10 um-diameter Al powder with different pH. (a) Raw Al powder, (b) Ni plated Al powder at pH 8, (c) Ni plated
Al powder at pH 9, (d) Ni plated Al powder at pH 10, (e) Ni plated Al at pH 11, (f) Ni plated Al at pH 12
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Fig. 2. TGA-DSC curves of Ni plated 10 um-sized Al powder with different pH (a) Raw Al powder, (b) Ni plated Al powder at pH 9, (c) Ni plated
Al powder at pH 10, (d) Ni plated Al powder at pH 11
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Fig. 3. Scheme depicting SHS reaction between Al and Ni

as the increased interfacial area in the liquid state, both of which ~ sample displacement-coated at pH 10 (Fig. 2¢). As confirmed in
facilitate the formation of intermetallic compounds (IMCs) the EDS images, Ni coverage was also greatest at pH 10, which
between Al and Ni [9].The total heat release, calculated as the  correlates with the enhanced interdiffusion between Al and Ni
sum of the first and second exothermic peaks, was highest forthe  under these conditions.
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3.2. Size-dependent physical and exothermic properties
of displacement Ni-coated Al powders

Fig. 4 presents the EDS mapping results of displacement Ni
coating on Al powders with different particle sizes under pH 10
conditions. For Al powders with average particle sizes of 10 um
(Fig. 4a) and 34 um (Fig. 4b), a high degree of Ni coverage was
observed. In contrast, the 68 um powder (Fig. 4c) exhibited
partial regions with no Ni coating. This behavior is attributed
to the larger specific surface area of smaller particles, which
increases the likelihood of Ni ions in solution reacting with the
Al surface. Similar trends were also reported by W.J. Iley et al.,
who demonstrated that smaller particle sizes facilitate the dis-
placement plating process more effectively [10]. Fig. 5 presents
the TGA-DSC curves for displacement Ni-coated Al powders
with different average particle sizes under pH 10 conditions.
As previously observed in the EDS analyses of displacement-
coated samples at varying pH levels, Ni coverage correlates
strongly with exothermic energy. Notably, the 10 pm Al powder
exhibited the highest first and second exothermic peaks, as well
as the greatest total heat release (Fig. 5a). This trend is attributed
to the enhanced Ni coverage on smaller Al particles during dis-
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placement plating, which increases the interfacial area available
for AI-Ni interdiffusion reactions. In addition, particle diameter
can be regarded as a diffusion path length for Al atoms migrat-
ing from the particle core to the Ni-coated surface. According
to the spherical diffusion model, diffusion time is proportional
to the square of the diffusion distance (z oc R?). Therefore, Al
atoms in 10 um particles reach the Ni interface more rapidly than
in larger particles, thereby facilitating faster and more extensive
interfacial reactions [11].

3.3. Time-dependent morphological evolution of
displacement and electroless Ni coatings on Al powder

Fig. 6 illustrates the morphological evolution of Al powder
over time when coated via displacement Ni plating and electro-
less Ni plating. In displacement Ni plating, Ni deposits on the
Al powder in a cotton-like morphology (Fig. 6a), whereas in
electroless Ni plating, Ni forms discrete, spherical particles
on the surface (Fig. 6b). Unlike the electroless process, which
produces isolated Ni particles, displacement Ni plating yields
a continuous, fibrous Ni layer. This interconnected structure
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Fig. 4. EDS images of Ni plated Al powder at pH 10 with different powder size. (a) Average Powder size 10 um, (b) Average Powder size 34 um,

(c) Average Powder size 68 um
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Fig. 5. TGA-DSC curves of Ni plated Aluminum powder at pH 10 with different powder sizes. (a) Average Powder size 10 um, (b) Average
Powder size 34 um, (c) Average Powder size 68 um

Displacement
0 min S min

Electroless
5 min 10 min

Fig. 6. Morphology changes of Ni plated (Electroless VS Displacement) Al with plating time elapsed. (a) Displacement Ni plated Al powders
with time (0~10 min), (b) Electroless Ni plated Al powders with time (0~10 min)
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provides more efficient diffusion pathways, thereby enhancing
the Ni—Al interfacial reaction. Notably, the Ni particles formed
by displacement plating are smaller in size compared to those
produced by electroless plating. Furthermore, after 10 minutes of
plating, the surface coverage of Ni on Al powder is significantly
higher in the displacement method. This increased Ni coverage
results in a larger interfacial contact area between Ni and Al,
which, in turn, leads to an expanded reaction interface during
the Ni—Al self-propagating high-temperature synthesis (SHS)
process.

4. Conclusion

In this study, a displacement Ni plating method was
employed to compare and analyze the extent of Ni coating as
a function of pH and Al powder particle size. The results were
further correlated with the exothermic behavior of the Ni-coated
Al powders.
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