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Aluminum (Al)-based thermite, due to its high energy density and low cost, has found wide applications
in aerospace propulsion, explosion, pyrotechnics, thermal batteries, and power generations. Though sig-
nificant efforts have been devoted to improving the ignition and combustion performance of Al-based
thermites by using nano-Al, micron-Al (m-Al) remains of practical importance over nano-Al due to its
lower cost and smaller dead mass. For m-Al based thermite, the main approach to improve its ignition

Keywords: and combustion performance is to bring Al and metal oxide as close as possible to facilitate the oxi-
Energetic materials dizer diffusion process. Herein, we demonstrated two simple synthesis methods, i.e., the precipitation
Thermites (PC) method and displacement (DP) method, to prepare m-Al/CuO thermites with the intention to bring
Synthesis Al and CuO to shorter diffusion distance and achieve better dispersion. The PC-thermites have flocculent
lcgonrg;)ounstion nanostructured CuO closely attached to the surface of m-Al, and the DP-thermites have a dense shell of

CuO coated on the surface of m-Al. Both PC- and DP-thermites have reduced agglomeration and diffusion
distance over the traditional mechanically mixed (MM)-thermites that have randomly distributed and ag-
glomerated CuO and m-Al. Consequently, both PC- and DP-thermites exhibit shorter ignition delay time,
lower reaction onset temperatures, higher heat release, larger pressure rise, and extended reactivity lim-
its than MM-thermites. Particularly, PC-thermites, due to their flocculent structures, exhibit the shortest
ignition delay time, lowest reaction onset temperature, and highest amount of heat release. Moreover, the
superior ignition and combustion performance of PC- and DP-thermites is more pronounced under high
heating rates over low heating rates. Similar PC and DP methods are applicable to prepare diverse ther-
mites with reduced diffusion distance and improved dispersion to improve their ignition and combustion
properties.

© 2018 The Combustion Institute. Published by Elsevier Inc. All rights reserved.

1. Introduction

Energetic materials composed of metal and metal oxide mix-
tures (e.g., Al and CuO) are generally referred as thermites. Ther-
mites have high energy density and large post-combustion temper-
ature and pressure rise, so they are extensively utilized to provide
heat and thrust in explosion, pyrotechnics, thermal batteries, and
power generation [1-4]. Nevertheless, thermites are difficult to ig-
nite and have slow energy release rates and incomplete reaction,
hindering them from reaching their full potential in those appli-
cations. Those drawbacks of thermites come from two main rea-
sons. Thermite reaction is a heterogeneous reaction that requires
the diffusion of oxidizer in the condensed phase, which is inher-
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ently slow [5-7]. Furthermore, as the metal fuel is oxidized, the
generated metal oxide accumulates on the surface of metal, in-
hibiting the further diffusion of the oxidizer into the metal [8,9].
To facilitate the diffusion process, a general approach is to re-
duce the diffusion distance by bringing metal fuel and metal ox-
ide as close as possible and/or reducing the size of components
to nanoscales [10]. Following these principles, much research ef-
fort has been devoted to the synthesis and characterization of
nano-sized thermites (nanothermites). A recent review by Dreizin
[11] summarized different synthesis methods for preparing nan-
othermites, including powder mixing [12-15], sol-gel [15,16], self-
assembly [17-20], layered vapor deposition [21-24], and arrested
reactive milling (ARM) [25,26]. In brief, the powder mixing method
is also known as the mechanical mixing (MM) method, in which
the component particles are physically mixed with or without lig-
uid carrier. In the sol-gel processing, the fuel particles are imbed-
ded in the pores of the oxidizer matrix to form a nanocomposite.
For the self-assembly, surfactants are utilized to functionalize the

0010-2180/© 2018 The Combustion Institute. Published by Elsevier Inc. All rights reserved.
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surface of component particles to achieve ordered arrangements. In
the layered vapor deposition, component layers are coated on top
of each other using vacuum deposition, forming layered nanofoils.
In arrested reactive milling, the feedstocks are often micron-sized
components and are refined to nanocomposites in a ball-milling
reactor.

In spite of the high reactivity of nanothermites, the production
of nano-Al (n-Al) is rather energy-intensive and costly [27]. n-Al
has a significant portion of dead mass due to its relatively thick
native oxide layer (2-6nm) [28]. n-Al is of safety concern due
to its sensitivity to electrostatic discharge, mechanical, and fric-
tion impact [29]. Moreover, n-Al particles are subject to agglomera-
tion, resulting in reduced specific surface area [30-32]. Given these
concerns of n-Al, thermites composed of micron-Al (m-Al) remain
highly relevant to practical applications. There is a still great need
to improve the ignition and combustion properties of m-Al based
thermites, for which the typical approach is to coat m-Al with flu-
oride or to use energetic additives. For example, Sippel et al. mixed
m-Al with fluorine-based additives to reduce Al agglomeration dur-
ing combustion and promote gas generation and burning rate [33].
Ohkura et al. reduced the minimum flash ignition energy of m-Al
by the addition of WO3 nanoparticles, which have better light ab-
sorption [34]. Ilunga et al. [35] and Parimi et al. [36] sensitized m-
Al/CuO thermite with more reactive energetic additives (Si/Bi,O3
thermites [35] and porous-Si/NaClO4 [36], respectively).

Those pioneering work indeed demonstrated the potential to
improve the ignition and combustion of m-Al, but there is a lack of
systematic study to investigate how the synthesis method affects
the morphology of m-Al thermites and how the morphology fur-
ther influences their ignition and combustion properties. The im-
portance of such a study was already demonstrated for n-Al ther-
mites by Monk et al. [32], and this study demonstrated that the
synthesis method of n-Al/CuO thermites (in the form of nanocom-
posites) significantly impact their combustion behaviors in differ-
ent gas environments.

Herein, we investigate the effect of synthesis method on the
morphology and ignition and combustion properties of m-Al based
thermites. We choose Al/CuO as our model thermite system, as
it is among the most investigated thermites due to their high
energy density and reactivity [37-39]. For the synthesis, we fo-
cus on three synthesis methods that do not require any special
equipment, ie., mechanical mixing (MM), the precipitation (PC)
method and displacement (DP) method. We characterized the ig-
nition and combustion performance of m-Al/CuO thermites pre-
pared by these three methods by analyzing the trends observed
in constant-volume vessel, bomb calorimetry, and differential scan-
ning calorimetry tests. In general, PC- and DP-thermites have bet-
ter dispersion and reduced diffusion distance of m-Al and CuO
than MM-thermites, leading to shorter ignition delay and more ef-
ficient combustion. In particular, PC-thermites, with uniform dis-
persion and flocculent structures, exhibit the shortest ignition de-
lay time, lowest reaction onset temperature, and highest amount
of heat release.

2. Experimental methodology

Our objective is to study the effect of composition and mor-
phology of m-Al/CuO thermites on their ignition and combustion
properties. We will tune the morphology of m-Al/CuO thermites
by using different synthesis methods. With the potential scalabil-
ity in mind, we chose three simple synthesis methods to prepare
m-Al/CuO thermites, i.e., mechanical mixing, precipitation, and dis-
placement methods, which are schematically illustrated in Fig. 1.
These three methods do not require any special equipment but
only beakers. The morphology and composition of the prepared
thermite samples were characterized with scanning electron mi-
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Fig. 1. The schematics of three different synthesis methods to prepare m-Al/CuO
thermites and their expected morphologies.

|

croscopy, energy-dispersive X-ray spectroscopy, X-ray diffraction,
and inductively coupled plasma mass spectrometry. Their ignition
and combustion properties were quantified with constant-volume
vessel, bomb calorimetry, and differential scanning calorimetry.

2.1. Sample preparation methods for m-Al/CuO thermites

2.1.1. Mechanical mixing (MM) method

Mechanically mixed m-Al/CuO thermites were prepared as a
control sample for comparison. For stoichiometric thermite mix-
tures (2Al+3CuO — Al,03 + 3Cu), 100mg of m-Al particles (99.8%,
3.0-4.5pm in diameter, Alfa Aesar, also used in other prepara-
tion methods) and 442 mg of CuO particles (<50nm in diameter,
Sigma-Aldrich) were mixed in 15ml of hexane and sonicated for
30min. Then, the solvent hexane was vaporized at 80 °C for 1h,
and the particles were fully dried in a vacuum desiccator for 12 h.

2.1.2. Precipitation (PC) method

The PC method forms copper complex on top of m-Al parti-
cles. The copper complex is further converted to CuO by anneal-
ing. Since the copper complex might also precipitate in the solu-
tion, the final m-Al/CuO thermite will be a mixture of CuO and
m-Al/CuO core/shell particles.

Specifically, to prepare stoichiometric Al/CuO thermite, first,
100mg of m-Al particles were dispersed in 20ml of anhydrous
ethanol and sonicated for 10 min. Then, 4.5ml of ammonium hy-
droxide solution (NH40H, 15%) was added into the suspension.
After that, 12.9ml of 100g/l copper nitrate hemi(pentahydrate)
(Cu(NO3),-2.5H,0, Sigma-Aldrich) ethanol solution was added into
the suspension dropwise. After stirring for 3 h, the color of the sus-
pension changed from gray to purple, indicating the formation of
copper complex Cu(NHs3)4(OH), [40] in the solution and on the
surface of m-Al. All the solid particles were collected by filtration
and fully dried in a vacuum desiccator for 12 h. Finally, the dried
particles were annealed on a hotplate at 250 °C for 20 min, and the
color of the particles changed from purple to black, indicating the
decomposition of Cu(NH3)4(OH), to CuO [41].

2.1.3. Displacement (DP) method

The displacement method galvanically displaces Cu?* by Al,
forming Al/Cu core/shell particles. Then, Cu is further annealed to
be CuO, forming m-Al/CuO core/shell particles.

Specifically, to prepare stoichiometric Al/CuO thermite, the
CuSO4-based stock solution was first prepared by dissolving 6g
of CuSO4 (Sigma-Aldrich), 14 g of Ethylenediaminetetraacetic acid
(EDTA, Sigma-Aldrich) and 28g Triethanolamine (TEA, Sigma-
Aldrich) in 1 1 of de-ionized water. Then, NH4OH aqueous solution
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was added into the CuSO,4 solution dropwise until pH=9.7. Next,
100 mg of m-Al particles were added into 148 ml of the stock solu-
tion and sonicated for 1 min to form a well-dispersed suspension,
and subsequently, this suspension was stirred for 5 min. During the
stirring process, the color of the solution changed from blue to
clear and the grayish Al particles turned red, indicating that Cu2*
is reduced to Cu on the surface of Al (2Al+ 3Cu2t— 2AI13* + 3Cu).
These red particles were collected by filtration and washed by iso-
propanol. After fully dried in a vacuum desiccator for 12 h, these
particles were annealed in a box furnace at 350 °C for 1h under
air ventilation. The color of the particles changed from red to black,
indicating the conversion from Cu to CuO.

When we used these three methods to synthesize m-Al/CuO
thermites of other equivalence ratios, we followed similar protocols
but changed the mass ratio of Al and Cu precursors accordingly.

2.1.4. Expected morphologies of the thermite samples prepared by
these methods

As shown in Fig. 1, the m-Al/CuO thermite prepared by MM
is expected to have local agglomeration of Al and/or CuO [11,30],
because sonication cannot fully break all the particle clusters and
achieve uniform mixing. Also, the contact between Al and CuO is
mainly physical and not strong. Conversely, for PC and DP, Cu-
containing species is chemically deposited on the surface of Al par-
ticles, so the diffusion distance between Al and CuO is reduced. For
PC, CuO is expected to be in the form of fine particles as they are
precipitated out of the solution (Fig. 1). Some Cu complex are pre-
cipitated in the solution, and they will not be coated on m-Al but
will still be collected into the final sample. For DP, the CuO is ex-
pected to be a dense shell since Al is displaced by Cu on the sur-
face of m-Al particles and the Al/Cu undergoes a high temperature
annealing process to form Al/CuO (Fig. 1). Since the final color of
CuSO4 stock solution is transparent, we expect that nearly all the
Cu2* cations in the solution have been reduced to Cu and coated
on the surface of m-Al.

2.2. Characterization of the morphology and composition of
m-Al/Cu0O

The morphology and element distribution of the m-Al/CuO
thermites were characterized by scanning electron microscopy
(SEM, FEI XL30 Sirion) with energy-dispersive X-ray spectroscopy
(EDXS). The crystal phase and chemical compositions of all the
samples were analyzed by X-ray diffraction (XRD, PANalytical
X'Pert PRO). The equivalence ratio was determined by measuring
the mass ratios of Al and Cu in each sample by inductively coupled
plasma mass spectrometry (ICP-MS, Thermo Scientific XSERIES 2),
assuming that Cu is present only in the form of CuO. The ICP-
MS system was first calibrated with standard solutions (ICP multi-
element standard solution VIII, Sigma-Aldrich). Then, 1 mg of each
m-Al/CuO thermite was dissolved into 50ml of 2% nitric acid at
room temperature, and 15ml of this sample solution was loaded
into the test system following the standard operation procedures.
After testing every ten sample solutions, a quality control solution
was tested to validate the calibration.

2.3. Characterization of the ignition and combustion properties of
m-Al/Cu0O

For all the ignition and combustion tests, the as-prepared ther-
mite samples were first sieved through a mesh (US Standard Sieve
Series No. 325) to break up large clusters and to obtain particles
smaller than 45 pum.

2.3.1. Ignition delay and pressure rise measurement in a
constant-volume vessel

We used a constant-volume vessel (volume: 13.5 cm3) to de-
termine the ignition delay time and pressure rise of various m-
Al/CuO thermite samples. The constant-volume vessel is commonly
used to investigate the combustion progress of thermites, and its
schematics can be found in our previous work [36]. For a typical
test, 30 mg of m-Al/CuO particles were loaded in a 100 ul alumina
crucible with a hotwire (NiCr heating filament) embedded at the
bottom. The sample was mechanically agitated in the alumina cru-
cible to achieve a uniform porosity (86.6% for ® =2 samples) be-
fore the test. The vessel initially contains ambient air. A constant
current of 3.15 A was applied to the hotwire for ignition. The dy-
namic pressure from combustion was recorded by a pressure trans-
ducer (603B1, Kistler Inc.).

2.3.2. Heat of combustion measurement in a bomb calorimeter

The amount of heat release from various m-Al/CuO thermites,
which is an indicator of combustion efficiency, was characterized
by a bomb calorimeter (6725 Semi-micro Calorimeter, Parr Instru-
ment Company). For a typically measurement, 100 mg of m-Al/CuO
sample was placed on a pan with a NiCr filament embedded,
achieving a similar porosity for samples with similar equivalence
ratio by different methods (~85.8% for ® =2 samples). The sam-
ple was encapsulated in a stainless-steel test cell. The test cell
was flushed with helium to remove oxygen and to maintain at-
mospheric pressure during the test. The bomb calorimeter mea-
surement provides the specific heat release of the thermite sample
with the unit of k]/g of thermite.

2.3.3. Reaction onset temperature measurement in a differential
scanning calorimeter

The isothermal ignition behavior of various m-Al/CuO thermites
was investigated by differential scanning calorimetry (DSC, Setaram
Labsys Evo). For each test, 5mg of sample particles were placed
in a 100 pl alumina crucible. The porosity is similar for samples
with similar equivalence ratio (~88.2% for samples with ® =2 by
different methods). The DSC chamber was first flushed with argon
(100 sccm) for 30 min to remove the residual oxygen, and then the
sample was heated in an inert argon environment (40 sccm) from
room temperature to 1100 °C at a heating rate of 10 °C/min. After
cooling down to room temperature, the sample was reheated with
the same process, and the reheating curve was used to correct the
baseline of the first heating process [36,42]. The baseline correc-
tion is necessary because the specific heat capacity of the sample
changes as the reactants are converted to products.

3. Results and discussion
3.1. Material morphology and composition characterization

Figure 2 plots the actual equivalence ratio determined by ICP-
MS versus the theoretical equivalence ratio calculated from the
precursor mass compositions. For MM-thermites, the two equiva-
lence ratios are the same as expected. For PC-thermites, the actual
equivalence ratio is higher since not all the Cu precursor is precip-
itated and utilized. For DP-thermites, the actual equivalence ratio
is lower since Al is consumed and dissolved in the alkaline so-
lution during the displacement process. Overall, the deviation be-
tween actual and theoretical equivalence ratio is less than 20% for
PC and DP methods. These correlations (Fig. 2) are then used to
choose precursor mass compositions to prepare thermites with the
desired equivalence ratio. It should be noted that we use the actual
measured equivalence ratio (®) by ICP-MS hereafter for all the dis-
cussion to illustrate its effect on the morphology and performance
of m-Al/CuO thermites.
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Fig. 2. The actual equivalence ratio measured by ICP-MS versus the theoretical
equivalence ratio calculated from precursor compositions for three synthesis meth-
ods.
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Fig. 3. SEM and EDXS images of m-Al/CuO thermites (® =7) prepared by the MM,
PC, and DP methods.

Figure 3 compares the morphology and element distribution of
Al and Cu of m-Al/CuO thermites (® =7) prepared by the MM, PC,
and DP methods. The EDXS signals of both Al and Cu elements are
uniform in the view globally for all three samples (Fig. 3). Nev-
ertheless, the SEM images reveal their structural differences. For
MM-thermites (Fig. 3a), m-Al can be clearly identified as large par-
ticles with rather smooth surface. Small amount of CuO nanopar-
ticles are attached to the surface of m-Al, but most are agglomer-
ates and lie in between m-Al particles. For PC-thermites (Fig. 3d),
the precipitated CuO particles are nanoporous and less agglom-
erated and they mostly cover the surface of m-Al particles. For
DP-thermites (Fig. 3g), CuO presents in the form of a dense shell
coated around m-Al. The estimated averaged CuO shell thickness
based on the SEM images varies from 1pm to 100 nm for ¢ from 1
to 9. These SEM images show that PC- and DP-thermites have bet-
ter dispersion of m-Al and CuO than MM-thermites. PC-thermites
have more nanostructured CuO than DP-thermites. These morphol-
ogy differences among the m-Al/CuO thermites are expected to
lead to different ignition and combustion behaviors. We further

measured the specific surface area (SSA) of these samples with
BET, and the results show that the PC sample has the largest SSA
(6.3 m?/g), which could be attributed to the reduced agglomera-
tion and/or finer CuO particles. MM sample exhibits the smallest
SSA (3.7 m2/g), revealing the severe agglomeration of CuO parti-
cles in the thermites. While CuO in the DP sample exists in the
form of a condensed shell, DP sample shows an SSA (4.6 m?/g)
higher than MM, which may be due to the reduced agglomeration
and the rough surface of the CuO shell. The BET results are consis-
tent to the images of SEM.

Figure 4 shows the XRD spectra of m-Al/CuO thermites pre-
pared by the three synthesis methods for ® =2 and 7. For these
six samples, all the XRD peaks are assigned to either Al or CuO,
confirming that all three synthesis methods have achieved the de-
sired chemical compositions. The XRD intensity ratio between Al
and CuO for ® =2 (Fig. 4a) is smaller than that of ® =7 (Fig. 4b),
which is consistent with the smaller Al to CuO mass ratio for
O =2,

3.2. Ignition and combustion characterization

3.2.1. Ignition delay time and peak pressure measured in the
constant-volume vessel

We use a constant-volume vessel with a hotwire igniter to de-
termine both the ignition delay time and pressure release of ther-
mites. Representative pressure time history plots are shown in
Fig. 5. The ignition delay time is defined as the time difference be-
tween the initiation of the constant current applied to the hotwire
and the rise of pressure (typically 3kPa, but the choice of this
threshold value does not affect the qualitative trend) detected by
the pressure transducer. The peak pressure is defined as the max-
imum pressure recorded during combustion. Figure 5 shows that
the ignition delay time increases in the sequence of PC < DP < MM
for the slightly fuel-rich condition (®=2) and in the sequence of
DP < PC < MM for the very fuel-rich condition (® =7). Clearly, the
synthesis method affects the ignition delay time differently for dif-
ferent equivalence ratios, and the same applies to the peak pres-
sure. Details about the effects on ignition delay time and peak
pressure are discussed in the following paragraphs.

To facilitate the comparison, Fig. 6 plots the measured ignition
delay time as a function of ® for thermites prepared by the three
different synthesis methods. First, for the entire equivalence ra-
tio @ range from 1 to 10 investigated, the ignition delay time of
PC- (red circles) and DP-thermites (blue triangles) is smaller than
that of MM-thermites (black squares), confirming that better mix-
ing between Al and CuO facilitates ignition. Second, the equiva-
lence ratio @ in Fig. 6 can be further divided into two regions.
In Region [ (® <4.5), PC-thermite has smaller ignition delay than
that of DP-thermite. The reason is that, in both cases, CuO is rel-
atively abundant and in close contact with m-Al particles. How-
ever, the CuO for PC-thermite is more porous than that for DP-
thermite, so the former can provide oxygen more readily and allow
combustion product to diffuse out more efficiently. In contrast, for
Region II (® > 4.5), CuO is rather scarce so the proximity and con-
tact area between Al and CuO are more crucial to ignition. There-
fore, DP-thermites have the shortest ignition delay time. Third,
both MM- and PC-thermites achieve the shortest ignition delay
time under slightly fuel-rich condition (~ & =2). This rich-shift for
m-Al/CuO thermites is consistent with previous results [14,43,44].
Previous equilibrium calculation showed that the adiabatic flame
temperature of Al and CuO peaks at ®=1.05 [14]. The best per-
formance of nano-Al/CuO (in terms of burning rates, propagation
speeds, and pressure generation measured in various apparatus)
peaks around ® =1.2 to 1.9 [14,43,44]. The amount of rich-shift for
m-Al/CuO thermites here should be more than previously studied
nano-Al/CuO, since m-Al particles generally react less completely
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than nano-Al. Finally, the ignition delay of DP-thermite is insensi-
tive to @, since ignition is controlled by the interface between Al
and CuO, which is nearly invariant with ® for the core/shell DP-
thermites (Fig. 3g).
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Fig. 7. The peak pressure of m-Al/CuO thermites as a function of equivalence ratio
for three synthesis methods.

Figure 7 plots the measured peak pressure as a function of &
for samples prepared by three different synthesis methods. The
pressure rise is caused by both the gas production and thermal ex-
pansion from the thermite reaction, which is an indicator for the
combustion intensity and efficiency. First, for samples prepared by
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Fig. 8. Comparison of the specific heat of reaction and combustion efficiency of m-
Al/CuO thermites prepared by three synthesis methods with the equivalence ratios
of 2 and 7.

all three synthesis methods, the peak pressure during combustion
peaks around @ = 2. This indicates that the optimal combustion ef-
ficiency is mainly determined by ® when the morphology is simi-
lar. The optimal combustion condition of ® =2 also matches with
the optimal ignition condition of ® =2 in Fig. 6. Second, the equiv-
alence ratio ® in Fig. 7 can also be divided into two regions. In
Region I (® <2.5), the trend of the peak pressure is PC~MM > DP
for the same ®. In Region II (® > 2.5), the peak pressure trend is
PC > DP > MM. PC-thermite has the highest peak pressure in both
regions. The reason is that combustion is more sensitive to the
morphology of CuO, rather than the interface distance between Al
and CuO. After ignition, CuO decomposes and releases O,, which
is a key factor contributing to the pressure rise. Hence, CuO with
large specific surface area, such as in PC-thermite, will have a
higher pressure rise. Finally, DP-thermite has the best core/shell
structure but the lowest peak pressure for relative lower ®. One
possible explanation is that the CuO shell is rather dense and thick
at these equivalence ratios, so the generated gaseous products at
the Al/CuO interface cannot easily escape from the shell, inhibiting
further reactions. The inhibiting effect gets less pronounced as the
CuO shell gets thinner for higher .

3.2.2. Ignition and combustion performance of the best thermites of
® =2 and the most fuel rich cases of ®=7

The above results show that m-Al/CuO of ® =2 has the low-
est ignition delay (Fig. 6) and the highest peak pressure (Fig. 7).
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When applications desire high amount of loading of m-Al, rich
thermite, such as m-Al/CuO of ®=7, is of interests since it has
smaller amount of CuO. For ® =7, CuO can be regarded as a sen-
sitizer to initiate and promote m-Al combustion with other oxidiz-
ers such as air. Due to the importance of both ® =2 and 7 cases,
we conducted additional experiments to further characterize their
ignition and combustion properties. We conducted these experi-
ments under inert environment to assess the sole exothermicity
and onset temperature of m-Al/CuO thermite reactions by elimi-
nating the reactions between m-Al and air.

The experimental heat of reaction of six thermite samples
(®=2 and 7, each case includes MM, PC and DP sample) in an
inert environment (helium) was determined with bomb calorime-
try and plotted in Fig. 8, where the error bars indicate the sam-
ple variation. The efficiency of combustion, which is defined as
the ratio of experimental heat of reaction to the theoretical heat
of reaction, was also presented. The overall trend of heat of reac-
tion and combustion efficiency are similar to those of peak pres-
sure in Fig. 7. PC-thermites have higher efficiency of combustion
since their CuO has a flocculent structure with better dispersion
and finer clusters. Under the slightly fuel-rich condition (& =2),
DP-thermite exhibits the lowest combustion efficiency due to the
dense Al,03 layer formed during the reaction that prevents further
combustion. However, under the fuel-richer condition (®=7), as
the thickness of CuO decreases, such a prohibiting effect becomes
less pronounced. The core/shell structure of DP-thermite is bene-
ficial to reducing diffusion distance and hence promoting reaction
between m-Al and CuO. Consequently, the DP-thermite sample has
a higher heat of reaction as well as combustion efficiency than the
MM-thermite. The increasing combustion efficiency of PC and DP
samples from ® =2 to & =7 also demonstrates the advantages of
PC and DP methods for Al/CuO under fuel-richer condition, which
is due to the reduced agglomeration of CuO (PC) and thinner CuO
shell (DP).

We also quantified the reaction onset temperatures of the six
samples in DSC under slow heating conditions to compare to the
trend of faster heating of the hotwire in the constant-volume ves-
sel. The DSC heat flow curves are plotted in Fig. 9, in which the
endothermic peak at 660 °C corresponds to the melting Al. For
all cases, there are a small exothermic peak before the Al melt-
ing peak and a larger one after, which come from different stages
of Al oxidization.

For the first exothermic peak, the slight right-shift (~20-30 °C)
of the first small peak in PC and DP may be due to two possi-
ble reasons. First, this peak is likely to be associated with n-Al
oxidation, for n-Al would have shorter diffusion length than m-Al

6
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24 s49°Cs78°C 754°C A
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Fig. 9. The specific heat flow of m-Al/CuO thermites prepared by different synthesis methods with the equivalence ratios of 2 and 7.
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Table 1
The average particle size and size distribution of the as-
received m-Al particles.

Average particle size  Dyo Dso Dgg

3.90 pm 2.21 pm 4.57 nm 10.38 pm

and hence lower onset temperature. The as-received m-Al parti-
cles have a size distribution shown in Table 1. Therefore, the loss
of nano-particles of Al during the synthesis of PC and DP may lead
to such right-shift of first peak in DSC. Second, the onset temper-
ature of first peak has been reported to be associated with phase
transformation from amorphous alumina to y-Al,05 [5,6,45]. Dur-
ing the synthesis of PC, a thin layer of alumina of another phase
may have formed due to chemical reaction or annealing, and there-
fore, the first exothermic peak may be slightly postponed. Similar
reason may also apply to the DP sample, as a thin layer of crys-
talline aluminum oxide or aluminum copper alloy may be formed
during synthesis or annealing and thus postpone the first exother-
mic peak in DSC. However, the scope of our current study is fo-
cused on investigating how the synthesis method affect the mor-
phological and thermal properties of m-Al particles. Besides, under
fast heating conditions, the thermites are heated above the melting
point of Al very rapidly, so this slight right-shift should be negligi-
ble.

The onset temperature of the second exothermic peak is in the
narrow range of 743 to 765 °C. The similar onset temperature is
likely due to the fact that Al has melted above 660 °C, so the initial
morphology is less important. Compared to the large ignition delay
difference observed in Fig. 5, the results indicate that morphology
plays a more important role for the fast heating case.

4. Conclusions

We developed two simple synthesis methods (i.e., precipitation
and displacement methods) to prepare micron-sized Al/CuO ther-
mites. Both methods produce thermites with reduced agglomer-
ation and shorter diffusion distance than the common mechan-
ically mixed thermites. Their ignition and combustion properties
were characterized by the constant-volume vessel, bomb calorime-
try, and differential scanning calorimetry tests. In general, PC- and
DP-thermites have shorter ignition delay and higher combustion
efficiency than MM-thermites. PC thermites, specifically, exhibit
the shortest ignition delay time, lowest reaction onset temperature,
and highest amount of heat release due to their flocculent struc-
tures. DP-thermites exhibit distinct ignition properties in that their
ignition delay is rather insensitive to the equivalence ratio. Re-
gardless of the synthesis method, m-Al/CuO thermites with ® =2
show the best ignition and combustion behavior. Finally, both PC
and DP methods only use beakers for synthesis and are potentially
scalable. Both methods demonstrate good control over the de-
sired chemical composition and morphology of the obtained ther-
mites. Hence, we believe that similar precipitation and displace-
ment methods are applicable to modify the morphology of various
other thermites (varying compositions and sizes) with enhanced
uniformity and interface between metal fuels and oxidizers.
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