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In this study, AI/Ni multilayer powders fabricated by cold rolling were subjected to heat
treatment to investigate the effects of the change in microstructure on their exothermic reaction
characteristics. Heat treatment at 180 °C for 48 h caused only minor crystallite growth but
significantly delayed the self-propagating exothermic reaction, suggesting that the expansion of
the AI/Ni interfacial mixing layer reduced the diffusion driving force and reaction rate.
Thermoreflectance (TR) measurements of powder cross sections revealed that Ni regions acted
as local thermal barriers in low-pass powders, while 40-pass powders exhibited uniform phase
lag distributions, indicating an improved continuity of thermal transport pathways. These
findings demonstrate that the exothermic characteristics of Al/Ni multilayer powders are
governed not only by crystallite size but also by nanoscale interface structure and local thermal
transport uniformity. The results newly clarify that reaction retardation under heat treatment
cannot be explained solely by grain growth but is strongly associated with the expansion of
interfacial mixing layers and the deterioration of heat transport.

1. Introduction

The rapid proliferation of electronic devices in modern society, driven by demands for
environmental sustainability and user safety, has brought about remarkable advancements in
electronic control technologies. Electronic control units have been increasingly integrated into
components and products that previously lacked control systems, greatly enhancing both
functionality and reliability. At the same time, the technologies that enable these devices are
required to meet increasingly stringent standards for performance and reliability. Among the
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essential processes in electronics manufacturing, the conventional reflow soldering process
remains indispensable; however, it inevitably involves prolonged heating and infrared
irradiation, leading to problems such as the thermal degradation of sensitive components, the
warping of substrates, and joint defects. These issues underscore the growing need for alternative
joining techniques that can achieve strong interfacial bonding while minimizing thermal
exposure.

One promising solution is the localized heating technique based on the self-propagating
exothermic reaction (SPER) in aluminum (Al)/nickel (Ni) multilayer systems.("17) AI/Ni
multilayer materials, as their name suggests, are characterized by a multilayer structure formed
by extremely thin Al and Ni layers. When adjacent Al and Ni layers receive minute energy from
a heat source such as a spark, atomic diffusion occurs, severing the Al-Al and Ni—Ni bonds.
This leads to the formation of Ni—Al intermetallic compounds with diverse compositions. The
amount of energy released during this reaction varies depending on the type of intermetallic
compound formed. However, as shown in the following equation, when transitioning from Ni—
Ni or Al-Al bonds to Ni—Al bonds, the difference in bond energy is released as heat.

AH = Hy; a1~ (H ap Hyi) O

Among Ni—Al intermetallic compounds, NiAl is cited as a representative example. When atomic
diffusion occurs upon the application of a small amount of energy, Ni and Al with face-centered
cubic (fcc) structures bond to form NiAl with a CsCl-type bee structure. Their difference in
bond energy is released as heat. The released energy induces the following reaction, causing the
exothermic reaction to propagate spontaneously. When NiAl forms from Al and Ni, the
formation enthalpy is -60—70 kJ/mol.(8-22 The formation enthalpy of NiAl is the highest among
Ni—Al intermetallic compounds. Therefore, to maximize the exothermic reaction characteristics,
Ni and Al must react in a 1:1 ratio by the number of atoms. Al/Ni multilayer materials have been
fabricated in various forms, such as cold-rolled powders and magnetron-sputtered multilayer
films. Previous studies have revealed correlations between the fabrication method, the resulting
microstructure, and exothermic properties, suggesting their potential for use in advanced joining
applications.

In our previous studies on AI/Ni multilayer powders fabricated by cold rolling and
pulverizing, we demonstrated that increasing the number of rolling cycles refines the multilayer
structure, reduces the number of unreacted Al and Ni regions, and enhances both the maximum
calorific value and the heat propagation rate, thereby clarifying the role of macroscopic
structural refinement in improving exothermic properties.0~%17) However, since the self-
propagating exothermic reaction proceeds through nanoscale instantaneous reactions, it appears
as intermittent propagation on the macroscopic scale. Therefore, understanding the exothermic
behavior of Al/Ni multilayers requires the consideration of heat transport at the nanoscale. In
Al/Ni multilayer films, for example, nanoscale Ni—Al interfacial mixing layers have been
identified as a key factor contributing to the discrepancy between the measured and theoretical
total calorific values. Similarly, in multilayer powders, the crystallite growth of several tens of
nanometers has been associated with enhanced heat propagation. The mass per mole of the NiAl



Sensors and Materials, Vol. 38, No. 1 (2026) 151

compound, calculated from the atomic masses of Al and Ni, is 42.84 g/mol. Experimental results
show that both multilayer powders and films exhibit total calorific values slightly smaller than
the theoretical value (the mass per mole of the NiAl compound, calculated from the atomic
masses of Al and Ni, is 42.84 g/mol, and the heat of formation per gram is estimated to be 1634
J/g); for instance, sputtered Al/Ni films with a bilayer thickness of 100 nm and a total thickness
of 30 pm exhibited 1617 J/g, which is comparable to that of 40-pass rolled powders.(!”) Although
this deviation was initially attributed to unreacted regions in the powders, synchrotron radiation
experiments revealed complete transformation into NiAl and confirmed crystallite growth with
increasing number of rolling cycles, suggesting that nanoscale structural factors such as
crystallite size and interfacial mixing, rather than incomplete reactions, govern the deviation
from theoretical values and the enhancement of exothermic behavior in AI/Ni multilayer
systems.

Considering the above findings, and given that the total calorific values of multilayer powders
and films are comparable, it is reasonable to infer that similar interfacial mixing layers may also
contribute to the deviation between the theoretical and measured calorific values in multilayer
powders. Furthermore, considering microstructure and bilayer thickness, the following equation
has been proposed for the heat propagation velocity in multilayer materials:

-1
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Equation (2), developed by Gavens et al.?® is based on the heat conduction equation and
accounts for the effects of atomic diffusion within the interfacial mixing layer of multilayer
materials. The symbols used in Eq. (2) are defined as follows: v, is the reaction propagation
velocity; &, and a,, are the Fourier expansion coefficients and eigenvalues, which depend on the
interfacial composition profile; 4 is the thermal diffusivity; R is the gas constant; 7,,,, is the
maximum temperature during the reaction; 7, is the ideal adiabatic temperature assuming no
intermixing or heat loss; T is the initial temperature; 4 is the Arrhenius pre-exponential factor
for diffusion; £ is the diffusion activation energy; and d’=d/4 represents one-quarter of the
bilayer thickness d (the combined thickness of the Al and Ni layers). This equation, which
extends the Armstrong and Koszykowski model,?® incorporates the effect of the intermixed
interfacial region on the reaction rate. As the interfacial mixing layer becomes thicker, the
released energy and the maximum temperature 7,,,, decrease, resulting in a reduction in the
reaction velocity v,. Therefore, Eq. (2) implies that, in addition to the effect of atomic diffusion
associated with the microstructure, changes in thermal conductivity properties caused by cold
rolling must also be considered.

Considering these findings, it remains unclear how microstructural factors—including
crystallite size, interfacial mixing layers, and rolling-induced structural changes—systematically
affect the exothermic reaction characteristics and nanoscale heat transport in Al/Ni multilayer
powders. Therefore, the objective of this study is to clarify these relationships by analyzing
powders subjected to different numbers of rolling cycles by X-ray diffraction, calorimetry, and
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thermoreflectance measurements. This approach allows a comprehensive evaluation of the
interplay between microstructure, thermal transport, and reaction propagation. In this study, we
systematically investigated how microstructural factors—such as crystallite size and
microstructural changes induced by cold rolling—affect the exothermic reaction characteristics
of AI/Ni multilayer powders. To clarify these effects, cold-rolled powders were subjected to low-
temperature annealing at 180 °C for 48 h followed by air cooling to modify their grain size and
internal structure, and the resulting changes in heat generation behavior were examined.
Furthermore, considering that atomic diffusion and microstructural evolution during cold rolling
can alter thermal conductivity, the thermoreflectance (TR) method was employed to visualize
nanoscale heat transport in powders subjected to different numbers of rolling cycles, and the
effects of cold rolling on both thermal transport and exothermic properties through changes in
microstructure and thermal conductivity were comprehensively evaluated.

2. Experiments
2.1 Al/Ni multilayer powder and heat treatment

Al/Ni multilayer powders were fabricated by cold rolling and frictional pulverization.
Commercially available pure aluminum (>99.5%) and pure nickel (>99.9%) foils were prepared
and cut into pieces approximately 54 x 54 mm? in size. From their atomic ratio and density, the
required thicknesses of the aluminum and nickel foils were calculated to be 0.030 and 0.020 mm,
respectively, for effective interaction, and the foils were alternately stacked. The Al/Ni multilayer
foils, with a total mass of approximately 1 g, were cold-rolled into metal strips (100 x 100 x 1
mm?) to be used as sacrificial materials. The rolling gap was set to 2.3, corresponding to the
rolling condition for samples subjected to 40 passes in a previous study. After initial cold rolling,
the foils were folded in half and further rolled to prepare samples subjected to 10, 20, 30, and 40
passes (these numbers were arbitrarily selected). After rolling, the samples were pulverized in a
mill. The resulting powders were classified using sieves with mesh sizes of 75 and 250 pum; in
accordance with the Japanese Industrial Standard, only particles within the 75-250 pm range
were collected. The sample preparation conditions were consistent with those reported
previously.®—®

As shown in Fig. 1, the observed macroscale structure reveals that the SEM cross section of
the 20-pass rolled powder exhibits an inhomogeneous morphology and discontinuous reaction
interfaces, reflecting the limited number of rolling cycles and indicating unstable reaction
propagation. In contrast, the SEM cross section of the 40-pass rolled powder shows a uniform
structure with continuous reaction interfaces, suggesting that the reaction proceeds more stably.
Consequently, variability is considered to have been reduced. Here, the “uniformity of structure”
being defined is determined by whether the exothermic reaction occurs continuously and
completely. Specifically, in the 20-pass powder, the Al and Ni layers remain tens of micrometers
thick, whereas in the 40-pass powder, they are reduced to only a few micrometers. Previous
studies®~® report that such thin layers in the 40-pass powder enable a sufficiently uniform
exothermic reaction, leaving no residual pure Al or Ni after heating, as confirmed by X-ray
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(b)

Fig. 1. SEM cross-sectional views of Al/Ni multilayer powder material: (a) 20 and (b) 40 passes.

analysis. In contrast, residual Ni is observed in the 20-pass powder. Therefore, we consider the
20-pass powder to have a non-uniform cross section, while the 40-pass powder is regarded as
uniform.

Taking the temperature conditions reported to induce crystallite recovery in high-purity
aluminum®>) and the low-temperature annealing conditions known®? to promote the growth of
Ni—Al nanoscale mixing layers in multilayer films, the rolled multilayer powders were subjected
to heat treatment at 180 °C for 48 h, followed by air cooling. The crystallite size was analyzed by
the Halder—Wagner method using X-ray diffraction (XRD) profiles.

2.2 Determination of crystallite size

The crystallite size analysis method employed the Halder—Wagner method using X-ray
diffraction (XRD) profiles measured by powder X-ray diffraction (MiniFlex600, Rigaku). The
Scherrer equation, commonly used for analyzing typical crystallite size, is expressed as Eq. (3)
below. K is called the Scherrer constant, which is determined by the shape of the crystallite.
(520 ) b is the broadening of the diffraction peak profile owing to lattice distortion, and (529 ) s
is the broadening of the diffraction peak profile owing to the crystallite size D.

(659), =4etan (3)
KA
(320 )S " Dcosd @

Equations (3) and (4) express the broadening of the diffraction peak profile as a function of the
lattice distortion e and crystallite size D, respectively. The diffraction peak profile, characterized
by small crystallite size and lattice distortion, is the convolution of profiles arising from these
two factors. Therefore, to separate the profiles on the basis of each factor, it is necessary to
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assume the shape of each profile. The Halder—Wagner method is used to determine the crystallite
size and lattice strain.2%27) According to Halder and Wagner, the integral width of the Lorentz
function represents the crystallite size B..?”) On the other hand, the integral width of the
diffraction peak profile due to lattice distortion is assumed to be represented by a Gaussian
function B . It was proposed that the following approximate relationship holds between the
integral width B of the profile formed by convolving these functions:

Be . (BgY
B—I(Bj. 5)

Here, the profile spread is represented by the integral width, and since B = (529 ) p and Bg =
(529 ) s> Eq. (5) can be expressed as Eq. (6) based on Egs. (3) and (4).

KA B _16eztan2<9
SDcosé B?
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2.3 Characterization of exothermic reaction

The exothermic reaction characteristics were measured as follows, as shown in Fig. 2. A
multilayer powder was placed directly beneath the radiation thermometer, then the current from
a DC stabilized power supply was applied to it to generate a microspark. The powder was evenly
distributed over a layer of insulating material | mm deep and 7 mm in diameter. The focus of the
radiant thermometer (1.8 mm in diameter) was adjusted to align with the center of the powder.
The spark was generated at the outer edge where the powder was placed. By implementing these
precautionary measures during the measurement process, we established conditions under which
the temperatures of the materials can be compared on an equivalent basis. At this time, the
voltage used for the spark was 20 V and the current was 1 A. Additionally, the data logger’s
measurement interval was 10 ps. The exothermic reaction behavior was measured using a
radiation thermometer over the temperature range of 800-2300 °C.

2.4 Characterization of heat conduction in microstructure of Al/Ni multilayer

In this study, the thermal properties of the microstructure were measured using a thermal
microscope (TM, Bethel Co.) by the TR method, as shown in Fig. 3. The spatial resolution of the
probing laser was 1 pm and the modulation frequency of the heating laser was 100 kHz. The
principle of the TR method is briefly explained below.*® A thin metal film was first deposited
on the sample surface by sputtering. In the TR method, both the heating and probing laser beams
are coaxially focused on the sample surface. The metal film is periodically heated by the heating
laser, inducing small temperature oscillations that can be detected through changes in the
reflectivity of the metal layer. The surface temperature response is expressed as



Sensors and Materials, Vol. 38, No. 1 (2026) 155

|
1
\\ |
\ I
I \ H,dﬂimm I
H Tmm
Radiation Powder sample
DC Stabilized thermometer - _— -
Power Supply
20V, 1A
250
— “AUNi powd
i powder
spark 0.030g Data logger
insulation

Fig. 2. (Color online) Schematic of exothermic reaction test.
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Fig. 3. (Color online) Schematic of TR method.
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The temperature response on the sample surface is denoted as T (F,t ), which represents the
complex temperature oscillation at the radial position r and time t under periodic heating.

R(t)zcnormjzoﬂ (r,t)fp (r)21'crdr (8)

The TR signal R(t) is obtained as the convolution of the surface temperature distribution
A (l’,t ) with the spatial intensity profile of the probe laser f), (r) .



156 Sensors and Materials, Vol. 38, No. 1 (2026)

2
P
fp(r){ﬁ}xp —[ﬁj ©)
p P

Here, f, (r) represents the Gaussian intensity distribution of the probe beam with the power
P, and 1/¢? radius o, - The complex amplitude of R(t) provides both the amplitude 4 and the
phase lag o of the temperature response, expressed as

5=4rg[R(0)], (10)

where Arg [R(O)] denotes the argument (phase angle) of the complex number. The phase lag §
corresponds to the delay between the modulated heating laser and the measured TR signal, and it
depends on the thermophysical properties of the Mo thin film and the underlying sample. As the
thermal diffusivity of the sample increases, the phase difference between the periodic
temperature oscillation at the surface of the metal film and the modulated heating laser becomes
smaller. Because the reflectivity of the metal surface varies with temperature, the reflected
intensity of the probing laser also changes periodically in synchrony with the temperature
modulation. This reflected signal is referred to as the TR signal. The phase difference between
the heating laser and the resulting TR signal is defined as the phase lag. Molybdenum (Mo) is
commonly selected as a thin-film material because its reflectivity and transmittance are suitable
for both the probe laser and the heating laser. In this study, Mo was selected as the thin-film
material for cross-sectional measurements of Al/Ni multilayer powders composed of an Al-Ni
mixed phase. Furthermore, since the calculation formula assumes a homogeneous single phase,
it can explain why phase lag correlates with thermal conductivity. However, since the evaluation
region consists of a mixed phase of Al and Ni, conversion to thermal conductivity was
intentionally avoided. Instead, the relative difference in thermal conductivity was examined.

The calorific values of the 20-pass and 40-pass rolled powders were measured using an
isothermal calorimeter, following the procedures reported in previous studies. An average
calorific value of 1364 J/g with a variance of 317 J/g was obtained for the 20-pass rolled samples,
while an average calorific value of 1509 J/g with a variance of 83 J/g was obtained for the 40-
pass rolled samples. In addition to the average values, attention should also be paid to the
variances. The samples with a higher number of rolling passes exhibit not only greater heat
generation but also lower variance.

3. Results and Discussion
3.1 Effect of heat treatment on crystallite size

Figure 4 shows the changes in crystallite size observed before and after heat treatment.
For aluminum, a marked increase in crystallite size was observed in the 20-pass and 30-pass
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Fig. 4.  (Color online) Change in crystallite size per rolling pass.

rolled powders after heat treatment, whereas the 10-pass and 40-pass rolled powders exhibited
only a slight increase of approximately 2 nm, showing no significant change overall. A similar
tendency was observed for nickel. Although the crystallite size increased by approximately 20—
40 nm in the 20-pass and 30-pass rolled powders, no marked change was observed in the other
samples. This limited growth in crystallite size is considered to result from the insufficient
temperature—time conditions of the annealing treatment, as well as the stored strain energy
introduced by severe plastic deformation in both Al and Ni layers. No significant grain growth
was observed in either the 10-pass or 40-pass rolled samples. The increase in grain size is
generally considered to occur through a mechanism similar to recrystallization, which is a
softening process that occurs after recovery and is primarily driven by the release of strain
energy accumulated during deformation. This process is powered by the strain energy stored in
dislocations generated by plastic deformation. For specimens subjected to relatively low strain,
such as those rolled only ten times, the accumulated energy is limited. Consequently, the driving
force may be insufficient to overcome the high thermal activation energy required for
recrystallization. Conversely, in the 40-pass rolled specimens that experienced severe
deformation, the available thermal energy may be insufficient to promote the migration of high-
angle grain boundaries (HABs) necessary for recrystallization, since much of the thermal

energy is consumed during the recovery process.(23-2%30)

3.2 Effects of heat treatment on exothermic reaction characteristics

Figure 5 shows the temperature variation from the onset of the exothermic reaction (800 °C,
corresponding to the lower probing limit of the radiation thermometer) to 0.2 s after initiation for
the 30-pass and 40-pass rolled powders. Although slight fluctuations were observed among the
measurements, the heat-treated samples exhibited a notable delay in reaction.

Figure 6 indicates the average elapsed time (n = 3) required to reach the target temperature
for the highly reactive 30-pass and 40-pass rolled powders. The heat-treated multilayer powders
exhibited more than twice the average elapsed time at each temperature compared with the as-
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Fig. 5. (Color online) Changes in exothermic reaction characteristics observed before and after heat treatment.
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Fig. 6. Average elapsed time required to reach target temperature for the highly reactive 30-pass and 40-pass
rolled powders.

rolled powders, indicating that the reaction propagation rate decreased after heat treatment.
Furthermore, grain growth was observed in the 20-pass and 30-pass rolled samples, whereas the
40-pass rolled sample exhibited almost no grain growth. However, the reaction propagation rate
was found to be higher in the 40-pass rolled powder than in the 20-pass and 30-pass rolled
powders.

These results suggest that factors more influential than grain growth affected the exothermic
reaction characteristics under the heat treatment conditions employed in this study, and since no
significant change in crystallite size was observed while the reaction time was clearly delayed, it
is highly likely that an interfacial mixing layer between Al and Ni expanded during heat
treatment, similar to that observed in multilayer films, thereby reducing the reaction propagation
rate. The exothermic behavior of Al/Ni multilayer materials can be described by the modified
heat conduction equation proposed by Gavens ef al., which incorporates atomic diffusion
perpendicular to the multilayer structure. Gavens et al. suggested that the presence of a mixing
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layer decreases the available energy for the self-propagating exothermic reaction of Al/Ni,
resulting in a lower maximum reaction temperature and a reduction in atomic diffusion driving
force, consequently slowing down the reaction. From the results of this experiment, it is
considered that Gavens et al.’s approach can similarly be applied to multilayer powders.

3.3 Heat conduction in microstructure

The phase lag mapping of the cross sections for the 20-pass and 40-pass rolled powders is
shown in Fig. 7.

The measurements were conducted by scanning a 5 x 5 um? area with a 0.5 um step size. As
described above, a smaller phase lag indicates superior thermal transport properties. The results
for the 20-pass rolled powder reveal clear differences in thermal transport characteristics
between Al and Ni: Al exhibits relatively high thermal conductivity, whereas Ni shows low
conductivity. This suggests that the inhomogeneous microstructure of the powder leads to
spatially nonuniform thermal transport across the cross section. In contrast, the 40-pass rolled
powder shows almost uniform thermal transport properties throughout the cross section. As
mentioned above, considering that the spatial resolution of the probing laser is 1 um, this
indicates that heat is transferred uniformly when the heat transfer distance is at least 1 um.
Figure 7 shows the phase delay distribution in the cross section of the powder “before reaction
(unreacted state)”, not after reaction. This comparison is important for evaluating the effect of
the uniformity of local heat transport properties on the stability of self-propagating reactions. In
the 20-pass powder, the heat transport properties differ significantly between Al and Ni, with Ni
acting as a local heat transport barrier. In contrast, the 40-pass powder exhibits thermal transport
homogenization on scales exceeding 1 um, which is considered to contribute to continuous heat
propagation during the reaction and high reaction stability. These findings indicate that, as the
cross-sectional structure becomes finer with increasing number of rolling cycles, the thermal
transport properties become more uniform. As previously mentioned, the self-propagating
exothermic reaction in actual Al/Ni multilayer materials occurs as a chain of instantaneous
reactions at the nanoscale and nanosecond timescale, which manifests as a discontinuous self-

S pm
‘ Thermal

“20kV_ - X800 >gopm ¢ 710 GOSE 15kV X800  20um /19 60 SEI L Low

Fig. 7. (Color online) Phase lag distributions in Al/Ni multilayer powder after 20 and 40 passes.
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propagating reaction at the macroscale. For a subsequent reaction to propagate from one reactive
region to the next, there must be no factors that impede thermal transport between these regions.
If any barrier exists during the instantaneous reaction, the continuous reaction is interrupted,
resulting in the formation of unreacted regions and a reduction in heat propagation speed.

The present measurements allowed the visualization of the differences in thermal transport
characteristics between Al and Ni at the micro- and nanoscales. In the low-pass (20-pass)
powders, Ni clearly exhibited lower thermal transport characteristics than Al. This suggests that,
in powders with fewer rolling cycles, Ni can impede heat transport during instantaneous
reactions, leading to the formation of unreacted regions and a delay in reaction propagation.

4. Conclusions

In this study, heat treatment at 180 °C for 48 h was conducted to evaluate how microstructural
changes affect calorific value characteristics. XRD analysis revealed a slight increase in
crystallite size for the 20- and 30-pass powders, whereas the 40-pass powder showed almost no
change, likely due to insufficient recrystallization at the relatively low temperature. Exothermic
measurements demonstrated that the heat-treated powders exhibited a reduced rate of
temperature increase rate and approximately twice the reaction completion time compared with
untreated powders. Because the change in crystallite size was minimal, the delayed reaction is
attributed to the expansion of the AI/Ni interfacial mixing layer during heat treatment, which
decreased the diffusion driving force and reaction rate.

Furthermore, TR measurements were employed to evaluate the microscale thermal transport
properties of powder cross sections. The results showed a clear difference between Al and Ni in
the 20-pass powders, where Ni acted as a local thermal barrier, while the 40-pass powders
exhibited uniform phase lag across the cross section, indicating an improved continuity of
thermal transport pathways. Since self-propagating exothermic reactions in Al/Ni multilayers
proceed as nanoscale, nanosecond chain reactions, such continuous heat transport paths are
crucial. These findings demonstrate that, in low-pass powders, Ni regions impede heat transport,
causing delayed propagation, whereas high-pass powders possess uniform microstructures that
enable stable and rapid heat release.

In summary, the results of this study newly revealed that the exothermic reaction delay under
heat treatment conditions cannot be explained by crystallite growth alone, but is closely related
to the expansion of the interfacial mixing layer and the local deterioration of thermal transport.
Moreover, the TR analysis newly uncovered that Ni regions in low-pass powders act as nanoscale
thermal barriers, clarifying the microscopic origin of the reduced reaction rate. On the other
hand, in this study, we also identified two remaining challenges. First, because the crystallite
size change was limited under the current heat treatment conditions, its effect on reaction
behavior could not be fully evaluated. Second, the thickness and composition of the interfacial
mixing layer were not quantitatively analyzed. Therefore, future studies should include heat
treatments at higher temperatures or with longer durations to enhance crystallite growth and a
combination of advanced nanoscale analysis techniques to precisely characterize the interfacial
mixing layer and its effect on thermal reaction kinetics.
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