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Abstract Lead/copper tannate (TA-Pb/Cu) and lead/copper salicylate (SA-Pb/Cu) interface cata-

lyst shells are established on the surface of 1,3,5,7-tetranitro-1,3,5,7-tetrazacyclooctane (HMX) via

in situ coprecipitation to prepare HMX@TA-Pb/Cu and HMX@SA-Pb/Cu composites. The struc-

tures and properties of the obtained HMX@TA-Pb/Cu and HMX@SA-Pb/Cu composites are

characterized in detail. Molecular dynamics simulations are performed to study the adsorption

mechanism of TA-Pb/Cu and SA-Pb/Cu on HMX surface. The residues after HMX@TA-Pb/Cu

and HMX@SA-Pb/Cu combusted in air are collected and characterized to study the catalytic effect

of TA-Pb/Cu and SA-Pb/Cu on combustion. The study results show that TA-Pb/Cu shells are

coated on HMX surface due to the excellent membrane-forming properties of TA, while SA-Pb/

Cu shells are embedded in the gullies and holes of HMX surface. TA-Pb/Cu and SA-Pb/Cu shells

can decrease the mechanical sensitivities and catalyze the decomposition and combustion of HMX,

and the catalytic effects of in situ coprecipitation are better than that of physical mixing. In addi-

tion, the phase transition temperature of HMX in HMX@TA-Pb/Cu is increased while that of
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Fig. 1 Molecular structure of HM
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HMX@SA-Pb/Cu is decreased, illustrating that TA-Pb/Cu can enhance the thermal stability of

HMX while SA-Pb/Cu can catalyze the phase transition of HMX.

� 2023 The Author(s). Published by Elsevier B.V. on behalf of King Saud University. This is an open

access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Over the past few decades, 1,3,5,7-tetranitro-1,3,5,7-tetrazacyclooctane

(HMX, Fig. 1a) is one of the most widely used energetic materials in

high energy weapon warhead and composite modified double base

(CMDB) propellants, because it successfully combines a relatively

low cost with excellent energetic characteristics such as high enthalpy

of formation, high density, high detonation velocity and high thermal

stability (Kosareva et al., 2022; Klapötke, 2018). Accompany with

excellent energy properties, HMX exhibits a considerably higher

mechanical sensitivity that restricts its handling, transportation, and

processing (Kosareva et al., 2022). Therefore, many researchers focus

on decreasing the sensitivity of HMX through recrystallization, explor-

ing HMX cocrystals, preparing microcapsules via in situ coating, etc

(An et al., 2014; Hou et al., 2018; Elbasuney et al.; Bolton and

Matzger, 2011; Lin et al., 2019; Yang et al., 2015; Li et al., 2020;

Gong et al., 2017). Among these techniques, in situ coating is an effi-

cient method because in situ chemical reaction can facilitate extraordi-

narily high coverage on HMX surfaces (Yang et al., 2015; Lan et al.,

2022). In addition, the thermal and combustion performances of

HMX can be ameliorated by introducing catalytic components to coat-

ing materials via in situ reaction, which can sufficiently utilize the cat-

alytic effect of catalytic components compared with physical mixing.

Former studies show that lead/copper composites salt can effec-

tively catalyze the combustion property of CMDB propellants (Liu

et al., 2001; Jiang et al., 2020). Therefore, both Pb2+ and Cu2+ are

expected to introduce to the surface of HMX via in situ reaction.

The coating material are expected to decrease the sensitivity and cat-

alyze the combution of HMX. Tannic acid (TA, Fig. 1b), a plant-

derived polyphenol bearing multiple pyrogallol groups, can provide
X (a), TA (b) and SA (c).
noncovalent, reversible, and specific interactions with metal ions

(Pb2+, Fe3+, Cu2+, etc.) to form robust metal-phenolic networks film

(Li et al., 2020; Xiao et al., 2021; Xiao and Liang, 2021). Under alka-

line conditions, TA can react with Pb(NO3)2 and Cu(NO3)2 to form

TA-Pb/Cu composites catalysts film. For TA-Pb/Cu, there are many

unreacted phenolic hydroxyl groups that can form strong hydrogen

bond with nitro group of HMX, resulting TA based metal-phenolic

networks film can compactly coat on the surface of HMX (Lan

et al., 2022). Salicylic acid (SA, Fig. 1c) can react with Pb(NO3)2
and Cu(NO3)2 to form SA-Pb/Cu composites salts, which is a common

used combustion catalyst of HMX based CMDB propellants (Niu

et al., 2022). However, SA-Pb/Cu composites catalysts have few func-

tional groups that can form strong non-bonding interaction with

HMX after reaction, resulting in SA-Pb/Cu composites salts are diffi-

cult to adsorb on smoothing HMX surface directly. In order to intro-

duce SA-Pb/Cu to HMX surface, it is initial to product roughening

treatment of HMX surface to provide more adsorption sites for SA-

Pb/Cu.

HMX particles with many gullies are benefit for the adsorption of

small molecular material during in situ coprecipitation. HMX-DMF

complex can be obtained by allowing a warm saturated solution of

HMX in DMF to cool to room temperature (Cobbledick and Small,

1975), and the DMF of HMX-DMF complex can be easily removed

through stirring in water (Ren, 1994). HMX particles with many holes

and gullies can be obtained by removing DMF in HMX-DMF com-

plex. The gullies and holes are ideal adsorption sites for in situ deposi-

tion coating. In this study, spherical HMX particles with many holes

and gullies are first obtained through removing DMF in HMX-

DMF complex. Then TA and SA are used to react with lead and cop-

per via in situ coprecipitation to prepare HMX@TA-Pb/Cu and

HMX@SA-Pb/Cu composites. The performance of HMX@TA-Pb/

Cu and HMX@SA-Pb/Cu composites are compared with physical

mixtures of HMX/TA-Pb/Cu and HMX/SA-Pb/Cu to study the cat-

alytic effects of in situ coprecipitation process.

2. Experimental details

2.1. Materials

HMX, provided by Gansu Yin Guang Chemical Industry

Group Co. Ltd, were purified by recrystallization, and their
mass fraction purity was greater than 0.99. TA, SA, N,N-
dimethylformamide (DMF), acetic acid, sodium laurylsul-
fonate, lead nitrate, copper nitrate and Tris-Bis were analytical

grade and purchased from a local reagent factory without fur-
ther purification.

2.2. Preparation of HMX particles with high specific surface
area

In ambient temperature, 100 g HMX samples was added to

1000 mL DMF, and then heated to 85 �C to dissolve. When
HMX particles are completely dissolved, 3.0 g sodium lauryl-
sulfonate was added to the above solution and stirring at

85 �C until the suspension became clearly transparent. Subse-
quently, 5 g HMX seed crystal was added when the solution
was cooled to 80 �C, and stirring 2 h at 80 �C. Then, cool
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the suspension to 20 �C with a cooling rate of 2.5 �C�h�1. The
suspension was filtered and washed with deionized water. The
transparent spherical HMX-DMF complexes with smooth sur-

faces were obtained. Then, add the obtained spherical HMX-
DMF complexes to 500 mL deionized water and heat to
30 �C stirring for 2 h to remove DMF from HMX-DMF com-

plexes. Then, the HMX particles with high specific surface area
can be obtained.

2.3. Preparation of HMX@TA-Pb/Cu and HMX@SA-Pb/Cu
composites

2.3.1. Preparation of HMX@TA-Pb/Cu composites

At 25 �C, 1.0 g TA and 50 mL deionized water were added into
250 mL three-necks flask and stirred at this temperature until
TA is completely dissolved. Then, 10 g HMX particles were

added to TA solution and stirred for 30 min to disperse. Then,
180 mg Cu(NO3)2 and 320 mg Pb(NO3)2 were added to the
above suspension and stirred for 30 min to supply Cu2+ and

Pb2+. Tris-Bis was then added into the above suspension to
adjust the pH value to 7–8. The resulted suspension was stirred
at 25 �C for 1 h and then filtered and washed with deionized

water. The obtained HMX@TA-Pb/Cu composites were dried
in a vacuum oven at 50 �C for 8 h. Repeat above procedures
five times to increase the thickness of TA-Pb/Cu.

2.3.2. Preparation of HMX@SA-Pb/Cu composites

At 25 �C, 1.0 g SA and 50 mL deionized water were added into
250 mL three-necks flask and stirred at this temperature until

SA is completely dissolved. Then, 10 g HMX particles were
added to SA solution and stirred for 30 min to disperse. Then,
180 mg Cu(NO3)2 and 320 mg Pb(NO3)2 were added to the
above suspension and stirred for 30 min to supply Cu2+ and

Pb2+. Tris-Bis was then added into the above suspension to
adjust the pH value to 6–7. The resulted suspension was stirred
at 25 �C for 1 h and then filtered and washed with deionized

water. The obtained HMX@SA-Pb/Cu composites were dried
in a vacuum oven at 50 �C for 8 h. Repeat above procedures
five times to increase the content of SA-Pb/Cu.

2.4. Characterization of HMX@TA-Pb/Cu and HMX@SA-

Pb/Cu composites

X-ray photoelectron spectroscopy (XPS), X-ray diffraction
(XRD) and Fourier-transform infrared spectra (FT-IR) were
used to characterize the structure of HMX@TA-Pb/Cu and
HMX@SA-Pb/Cu composites. Scanning electron microscope

(SEM) and atomic force microscope (AFM) were used to
investigate the surface morphology and surface roughness of
HMX@TA-Pb/Cu and HMX@SA-Pb/Cu composites. High-

performance liquid chromatography (HPLC) was used to
study the content of HMX@TA-Pb/Cu and HMX@SA-Pb/
Cu composites. Differential scanning calorimetry (DSC) was

used to study the non-isothermal decomposition properties
of HMX@TA-Pb/Cu and HMX@SA-Pb/Cu composites.
Accelerating rate calorimeter (ARC) was used to study the cat-
alytic effects of TA-Pb/Cu and SA-Pb/Cu on HMX thermal

decomposition process. The combustion residues of
HMX@TA-Pb/Cu and HMX@SA-Pb/Cu composites are col-
lected and characterized by SEM and energy dispersive spec-
troscopy (EDS) to further study the catalytic effect of lead/
cupric salt shells on combustion.

2.5. Adsorption mechanism of TA-Pb/Cu and SA-Pb/Cu on
HMX surface

Molecular dynamics (MD) simulations were performed to ana-

lyze the interaction between HMX surface and TA (or SA)
layer. The geometry of HMX lattice and TA (or SA) molecule
were optimized through COMPASS Ⅱ force field (version 1.2)

(Sun, 1998) with energy, force and displacement convergence
tolerance of 10-4 kcal�mol�1, 0.005 kcal�mol�1�Å�1 and
5 � 10-5 Å. The most uneven surface {100} of HMX was

selected to study the interaction between HMX surface and
TA (or SA) in this work. 1000 ps MD simulation was con-
ducted in NVT ensemble at 298 K with Andersen thermostat
(Andersen, 1980) to search the most stable structure between

HMX surface and TA (or SA). The systems were first per-
formed for 500 ps with a time step of 1 fs in the equilibration
runs, then followed by the production runs of 500 ps. The elec-

trostatic interaction was calculated by Ewald method with an
accuracy of 0.0001 kcal�mol�1 (Ewald, 1921), and van der
Waals force was computed by the atom based method with

the cut-off distance of 15.5 Å (Kitson and Hagler, 1988; Lan
et al., 2018; Li et al., 2019). In this study, the dynamic trajec-
tory was recorded every 200 fs, during which the data were col-
lected for subsequent analysis.

3. Results and discussions

3.1. Crystal structure and surface element analysis of
HMX@TA-Pb/Cu and HMX@SA-Pb/Cu composites

XRD and FT-IR are adopted to characterize the crystal form
and chemical structure of HMX, HMX-DMF, HMX@TA-
Pb/Cu and HMX@SA-Pb/Cu. XRD patterns and FT-IR

spectra of different samples are summarized in Fig. 2a and
Fig. 2b, respectively. The characteristic peaks of XRD and
FT-IR of HMX still exist after coating with TA-Pb/Cu and

SA-Pb/Cu shells, illustrating that the crystal form and chemi-
cal structures of HMX in HMX@TA-Pb/Cu and HMX@SA-
Pb/Cu composites are not changed during in situ coating pro-
cess. The characteristic peaks of DMF on FT-IR spectra are

disappeared, illustrating that DMF are completely removed
from HMX-DMF complex. In addition, the strong response
of HMX and low content of TA-Pb/Cu and SA-Pb/Cu shells

result in that it is hard to detect the response of TA-Pb/Cu
and SA-Pb/Cu in XRD patterns and FT-IR spectra. There-
fore, TA-Pb/Cu and SA-Pb/Cu shells have few influences on

the detonation properties of HMX, in that the content of
TA-Pb/Cu and SA-Pb/Cu are low. The mass content of TA-
Pb/Cu and SA-Pb/Cu shells are measured by HPLC, and the

mass fraction of TA-Pb/Cu and SA-Pb/Cu are 1.96% and
1.88%, respectively.

XPS is used to analysis the surface element of HMX,
HMX@TA-Pb/Cu and HMX@SA-Pb/Cu composites. Full

XPS spectra can be used to judge whether TA-Pb/Cu and
SA-Pb/Cu have been introduced to HMX surfaces, because
the element types of TA-Pb/Cu and SA-Pb/Cu are different

with HMX. Full XPS spectra of HMX, HMX@TA-Pb/Cu



Fig. 2 XRD patterns (a) and FT-IR spectra (b) of HMX, HMX-DMF, HMX@TA-Pb/Cu and HMX@SA-Pb/Cu.

Fig. 3 Full xps spectra (a) and c1s xps spectra (b) of hmx, hmx@ta-pb/cu and hmx@sa-pb/cu.
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and HMX@SA-Pb/Cu are listed in Fig. 3a. Compared with
pure HMX, Pb4f and Cu2p peaks are detected in

HMX@TA-Pb/Cu and HMX@SA-Pb/Cu composites, illus-
trating that TA-Pb/Cu and SA-Pb/Cu have been introduced
to the surface of HMX. In addition, XPS high-resolution spec-

tra of C1s region (Fig. 3b) are used to further evaluate the sur-
face structure of HMX@TA-Pb/Cu and HMX@SA-Pb/Cu.
C1s region of HMX can be divided into two peaks, assigned
to C–H (284.68 eV) and N-C-N (287.48 eV). Compared with

pure HMX, the peak shapes of C1s of HMX@TA-Pb/Cu
and HMX@SA-Pb/Cu have some differences. The intensity
of the peak around 284 eV are increased because of the intro-

duce of C–C and C–H on HMX surfaces, which further illus-
trates that TA-Pb/Cu and SA-Pb/Cu are introduced to the
surface of HMX. Above all, the emergence of Pb4f and

Cu2p peaks and the variation of C1s high-resolution spectra
peaks illustrate that TA-Pb/Cu and SA-Pb/Cu have been
introduced to HMX surface.
3.2. Surface topographies of HMX@TA-Pb/Cu and
HMX@SA-Pb/Cu composites

It can be concluded from XPS results that the surface elements
of HMX@TA-Pb/Cu and HMX@SA-Pb/Cu composites are

different with pure HMX due to the introduction of TA-Pb/
Cu and SA-Pb/Cu shells. In order to view the microstructure
of HMX@TA-Pb/Cu and HMX@SA-Pb/Cu composites,

SEM and AFM are further used to characterized their surface
topographies, and the characterization results are summarized
in Fig. 4. It can be seen from Fig. 4a that there are many gullies

and holes on HMX particles, which is caused by the removing
of DMF from HMX-DMF complexes. The average pore
diameter of the pore is 11.2458 nm. The gullies and holes are
ideal adsorption sites during in situ coprecipitation coating.

Fig. 4b and Fig. 4c displays the surface morphology of
HMX@TA-Pb/Cu and HMX@SA-Pb/Cu composites, which
is obviously different from HMX particles, illustrating that



Fig. 4 Surface morphology of HMX particle (a), HMX@TA-Pb/Cu (b) and HMX@SA-Pb/Cu (c). Topographical AFM images of

HMX particle (d), HMX@TA-Pb/Cu (e) and HMX@SA-Pb/Cu (f).
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TA-Pb/Cu and SA-Pb/Cu are introduced to the surface of
HMX. For HMX@TA-Pb/Cu composites, uniform TA-Pb/
Cu shells are formed and compactly coated on HMX surfaces,

due to the excellent membrane-forming properties of TA.
There are twenty-five hydroxyls in TA that can react with
Pb2+ and Cu2+ to form metal-phenolic networks film, but

the hydroxyls will not react with Pb2+ and Cu2+ completely.
The unreacted hydroxyls will form hydrogen bonds with
HMX surface and thus coating HMX well. In addition, coral-

loid TA-Pb/Cu shells can further increase the specific surface
area of samples, resulting in a significant improvement of
accessible area and thus a significant improvement of mechan-
ical properties and combustion properties. For HMX@SA-

Pb/Cu composites, SA-Pb/Cu particles are deposition into
the gullies and holes of HMX surfaces. Some HMX surfaces
are still exposed due to SA-Pb/Cu particles can not form con-

tinuous film. There are only one hydroxyl and one carboxyl in
SA that can react with Pb2+ and Cu2+. In addition, SA-Pb/Cu
particles will immediately precipitate and deposition into the

gullies or holes of HMX surface, when hydroxyl or carboxyl
react with Pb2+ and Cu2+. With the deposition going on,
the gullies and holes of HMX surface are gradually filled up.

The surface structure of HMX@TA-Pb/Cu and HMX@SA-
Pb/Cu are much different, resulting in that the performance
of HMX@TA-Pb/Cu and HMX@SA-Pb/Cu may different.
In addition, when the energy of electron beam is high, HMX

surface easily crack and become wrinkled, while the surface
of HMX@TA-Pb/Cu and HMX@SA-Pb/Cu composites are
much stabler under the same condition, indicating that

HMX surfaces become obviously resistant to electronic beam
under protection of TA-Pb/Cu and SA-Pb/Cu. AFM topo-
graphical image of HMX@TA-Pb/Cu (Fig. 4e) and
HMX@SA-Pb/Cu (Fig. 4f) have great differences from
HMX particle (Fig. 4d), which further illustrates that TA-
Pb/Cu and SA-Pb/Cu are introduced to the surface of

HMX. Compared with HMX particles, the mean value of
roughness (Ra) of HMX@TA-Pb/Cu and HMX@SA-Pb/Cu
increase from 31.4 nm to 549 nm and 628 nm, because of the

deposition and adsorption of TA-Pb/Cu and SA-Pb/Cu. Both
AFM and SEM images show TA-Pb/Cu and SA-Pb/Cu are
formed on the surface of HMX, and the roughness are remark-

edly increased after in situ coating. Such improvement in sur-
face roughness provides an additional benefit to the adhesion
of HMX crystals in energetic composites, which can be utilized
for further practical applications.

3.3. Adsorption mechanism of TA-Pb/Cu and SA-Pb/Cu on

HMX surface

In statistical mechanics, radial distribution function (RDF) in
a system of particles (atoms, molecules, colloids, etc.) describes
how density varies as a function of distance from a reference

particle (Lan et al., 2018). The RDF analysis can be used to
analyze the contribution of hydrogen bonds, van der Waals
forces and electrostatic interactions on the total interaction

between HMX surface and TA (or SA). Generally, the distance
ranges of hydrogen bonding interactions, van der Waals inter-
actions and electrostatic interactions are within 3.1 Å, 3.1–
5.0 Å and beyond 5.0 Å, respectively (Lan et al., 2018; Lu

and Chen, 2012). The RDF diagram between HMX and TA
is displayed in Fig. 5a, The RDF diagram between HMX
and SA is displayed in Fig. 5b.

It can be seen from Fig. 5a that there are two peaks on
the RDF curve of HMX-NO2-O � TA-OH-H, within 3.1 Å



Fig. 5 A rdf diagram between HMX and TA, b RDF diagram between HMX and SA.
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and 3.1–5.0 Å, respectively, illustrating that hydrogen bonds
and van der Waals forces exist between oxygen atom of the
nitro group of HMX and hydrogen atom of phenolic hydro-

xyl group of TA. The hydrogen bonds are strong, because
the peak within 3.1 Å is stronger than other peaks. Within
3.1 Å, the RDF curve of HMX-NO2-N � TA-OH-H and

HMX-H � TA-OH-O emerge weak peaks, illustrating that
hydrogen bonds may exist between these atoms. In addition,
some weak peaks exist beyond 5.0 Å, illustrating electro-

static interaction exists in this system. Moreover, the inten-
sity is much larger for the peak on HMX-NO2-O � TA-
OH-H RDF curve within 3.1 Å, which indicates that the

interactions between TA and HMX surface are mainly con-
tributed by the hydrogen bonds between TA-OH-H and
HMX-NO2-O. Strong hydrogen bonds of HMX-NO2-
O � TA-OH-H result in high interaction between TA and

HMX surface, and thus good coating effects of TA on
HMX. Fig. 5b illustrates that hydrogen bonds, van der
Waals forces and electrostatic interaction may exist between

HMX and SA, in that some peaks exist on RDF curve
within 3.1 Å, 3.1–5.0 Å and beyond 5.0 Å, respectively.
The intensity of each peak is close and weak, illustrating

that the contribution of hydrogen bonds, van der Waals
forces and electrostatic interaction are close and weak. The
weak interaction between HMX and SA results in that
SA-Pb/Cu particles are difficulty to adsorb on HMX sur-

face. Comparing with HMX@SA-Pb/Cu, the interaction
between HMX and TA is higher, and thus the TA-Pb/Cu
can easily coat on HMX surface while SA-Pb/Cu can only

deposit in the gullies and holes of HMX surface.

3.4. Mechanical and thermal sensitivities of HMX@TA-Pb/Cu
and HMX@SA-Pb/Cu composites

XPS, SEM and AFM results show that TA-Pb/Cu and SA-Pb/
Cu have been introduced to HMX surfaces. In order to evalu-

ate the effects of TA-Pb/Cu and SA-Pb/Cu on mechanical and
thermal sensitivities of HMX, the impact sensitivity, friction
sensitivity and explosion point (5 s delay method) of raw
HMX, HMX particles with high specific surface area,

HMX@TA-Pb/Cu and HMX@SA-Pb/Cu are measured
according to GJB 772A (GJB 772A, 1997). The obtained
results are summarized in Table 1.

Table 1 illustrate that the mechanical sensitivities of

HMX@TA-Pb/Cu are lower than that of raw HMX and
HMX particles due to the protection of TA-Pb/Cu shells. An
extraordinarily high coverage and hard TA-Pb/Cu shell is gen-

erated on HMX surfaces via in situ coprecipitation coating
technique. High strength TA-Pb/Cu shells endow HMX parti-
cles hard armours that can protect HMX crystals when suffer-

ing external mechanical stimulations and thus decrease the
mechanical sensitivities. The coralloid TA-Pb/Cu shells can
deform greatly and thus cushion the external mechanical stim-

ulations, resulting in the mechanical sensitivity of HMX@TA-
Pb/Cu composites are low. Compared with raw HMX and
HMX particles, the mechanical sensitivities of HMX@SA-
Pb/Cu are decreased as well, in that the non-explosive compo-

nent SA-Pb/Cu can share some stress when suffering external
mechanical stimulations. SA-Pb/Cu embedded in the gullies
and holes of HMX can decrease the collision probability

between HMX, which can decrease the probability of hot spot
formation. The mechanical sensitivities of HMX@TA-Pb/Cu
are lower than HMX@SA-Pb/Cu, because of the higher cov-

erage of TA-Pb/Cu and no HMX exposed. Compared with
raw HMX and HMX particles, the explosion points of
HMX@TA-Pb/Cu and HMX@SA-Pb/Cu are increased, illus-
trating that the thermal safeties of HMX@TA-Pb/Cu and

HMX@SA-Pb/Cu are increased. For coralloid TA-Pb/Cu
shells, there are many gases with low thermal conductive in
the pore, which can decline the heat transportation rate and

thus increase explosion points. For HMX@SA-Pb/Cu com-
posites, the heat generate by HMX thermal decomposition
can transport to SA-Pb/Cu and thus decrease heat accumula-

tion, resulting in higher explosion points. Above all, the
mechanical and thermal safeties of HMX can be obviously
enhanced by TA-Pb/Cu and SA-Pb/Cu.

3.5. Non-isothermal decomposition of HMX@TA-Pb/Cu and

HMX@SA-Pb/Cu composites

The introduction of TA-Pb/Cu and SA-Pb/Cu may affect the

non-isothermal decomposition properties of HMX. DSC mea-



Table 1 Impact sensitivity, friction sensitivity and explosion point of raw HMX, HMX particles, HMX@TA-Pb/Cu and HMX@SA-

Pb/Cu.

parameters raw HMX HMX particles HMX@TA-Pb/Cu HMX@SA-Pb/Cu

impact sensitivity/% 100 84 48 72

friction sensitivity/% 100 88 56 80

explosion point/�C 304 309 323 314
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surements are performed at different heating rate with nitrogen
atmosphere to evaluate the effects of TA-Pb/Cu and SA-Pb/

Cu on the non-isothermal decomposition properties of
HMX@TA-Pb/Cu and HMX@SA-Pb/Cu composites. In
addition, the non-isothermal decomposition properties of

HMX/TA-Pb/Cu and HMX/SA-Pb/Cu physical mixtures are
measured by DSC as well. The mass fraction of TA-Pb/Cu
and SA-Pb/Cu of physical mixtures are 2%, which are the

same with that of HMX@TA-Pb/Cu and HMX@SA-Pb/Cu
composites. The obtained DSC results of different samples at
a heating rate of 10 �C�min�1 are summarized in Fig. 6a and
Fig. 6b. The decomposition temperature (Tp) of different sam-

ples at different heating rate are summarized in Table 2. Based
on DSC results, the activation energy is obtained by Kissinger
and Ozawa methods (Kissinger, 1957; Ozawa, 1965).

Compared with pure HMX and HMX particles, there is no
significant change in phase transition temperature (Tt), melting
point (Tm) and decomposition temperature (Tp) of different

physical mixtures, illustrating that physical mixing has few
influences on non-isothermal decomposition properties of
HMX. Compared with pure HMX, the Tt of HMX@TA-Pb/
Cu composites increase from 191.17 �C to 201.83 �C, while
Tt of HMX@SA-Pb/Cu composites decrease from 191.17 �C
to 174.50 �C. These phenomena illustrate that TA-Pb/Cu shell
can enhance the stabilization of b-HMX due to the low ther-

mal conductivity and high decomposition temperature of
TA-Pb/Cu shell, while SA-Pb/Cu can catalyze the phase tran-
sition process of b-HMX due to the molecule structure of SA-
Fig. 6 A dsc results of hmx, hmx-dmf, hmx@ta-pb/cu composites an

hmx@sa-pb/cu composites and hmx/sa-pb/cu physical mixtures.
Pb/Cu is small and Pb/Cu can easily contact with HMX. In
addition, DSC did not detect the melting process of

HMX@TA-Pb/Cu composites, due to the high coverage and
heat insulation of TA-Pb/Cu shell. There is no significant
change in Tm of HMX@SA-Pb/Cu composites, demonstrating

that SA-Pb/Cu has few influences on the melting process of
HMX. The initial decomposition temperature of HMX@TA-
Pb/Cu and HMX@SA-Pb/Cu composites are close to that of

pure HMX, illustrating that TA-Pb/Cu and SA-Pb/Cu have
few influences on thermal stability of HMX. The full width
at half-maximum of decomposition peak decreases from
5.33 �C to 4.51 �C and 3.75 �C for HMX@TA-Pb/Cu and

HMX@SA-Pb/Cu, illustrating that the decomposition rate
of HMX is increased due to the introduction of lead and cop-
per. The activating energy are decrease after coating with TA-

Pb/Cu or SA-Pb/Cu shells, which further illustrates that Pb/Cu
shells can catalyze the non-isothermal decomposition of
HMX. In addition, the catalytic effect of SA-Pb/Cu is better

than that of TA-Pb/Cu, because the contents of lead and cop-
per in SA-Pb/Cu is higher than that of TA-Pb/Cu. The full
width at half-maximum of HMX/TA-Pb/Cu and HMX/SA-
Pb/Cu physical mixtures have few variations with HMX,

demonstrating that the catalytic effect of TA-Pb/Cu and SA-
Pb/Cu can not be sufficiently exploited by physical mixing.
Above all, TA-Pb/Cu shells can enhance the stabilization of

b-HMX and catalyze the non-isothermal decomposition of
HMX. SA-Pb/Cu can catalyze the phase transition process
of b-HMX and catalyze the non-isothermal decomposition
d hmx/ta-pb/cu physical mixtures, b dsc results of hmx, hmx-dmf,



Table 2 The decomposition temperature and activating energy of different samples.

heating rate/�C�min�1 Tp/�C

HMX HMX@TA-Pb/Cu HMX/TA-Pb/Cu HMX@SA-Pb/Cu HMX/SA-Pb/Cu

5 278.54 278.91 278.62 279.08 279.13

10 282.84 283.09 283.00 282.28 282.50

15 284.35 284.66 284.40 284.75 284.59

20 285.27 286.10 285.66 286.33 286.45

Ea/(kJ�mol�1) 493.15 477.39 480.84 470.82 474.68
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of HMX. Compared with physical mixing, the catalytic effect
of Pb/Cu can be exploited more sufficiently through in situ

coprecipitation technics.

3.6. Catalytic effects of TA-Pb/Cu and SA-Pb/Cu on HMX

Non-isothermal decomposition results illustrate that TA-Pb/
Cu and SA-Pb/Cu can catalyze the thermal decomposition
process of HMX, but the catalytic effect of TA-Pb/Cu and

SA-Pb/Cu are unclear. Heat-wait-search (HWS) procedure of
ARC is used to further study the catalytic effects of TA-Pb/
Cu and SA-Pb/Cu on thermal decomposition of HMX (Lan
et al., 2020; Li et al., 2021). As comparisons, the adiabatic ther-

mal decomposition performances of HMX/TA-Pb/Cu and
HMX/SA-Pb/Cu physical mixtures are studied by ARC as
well. 120 ± 1 mg samples are used to perform the HWS pro-

cedure with temperature increment of 5 �C. The obtained
exothermic processes of different samples are summarized in
Fig. 7. The obtained initial decomposition temperature (T0),

initial decomposition time (t0), final decomposition tempera-
ture (Tf), final decomposition time (tf), adiabatic temperature
rise (DTad) and whole decomposition period (Dt) are listed in

Table 3.
Compared with pure HMX, the T0 of HMX@TA-Pb/Cu

and HMX@SA-Pb/Cu composites increases from 225.65 �C
to 230.24 �C and 233.26 �C, while the T0 of HMX/TA-Pb/
Fig. 7 A arc results of hmx, hmx@ta-pb/cu composites and hmx/

composites and hmx/sa-pb/cu physical mixtures.
Cu and HMX/SA-Pb/Cu physical mixtures have few varia-
tions, demonstrating that in situ coprecipitation technics can

enhance the adiabatic stability of HMX and physical mixings
have few influences on the adiabatic stability of HMX. Com-
pared with pure HMX, the decomposition period (Dt) of

HMX@TA-Pb/Cu, HMX/TA-Pb/Cu, HMX@SA-Pb/Cu
and HMX/SA-Pb/Cu decrease from 28.88 min to 7.04 min,
10.24 min, 4.59 min and 9.97�min, respectively, illustrating that

TA-Pb/Cu and SA-Pb/Cu can catalyze thermal decomposition
of HMX. In addition, the Dt of composites are shorter than
that of physical mixtures, illustrating that the catalytic effects
of Pb/Cu cannot be exploited sufficiently through physical

mixing. For HMX@TA-Pb/Cu and HMX@SA-Pb/Cu com-
posites, the Pb/Cu are closely adsorbed on the gullies and holes
of HMX surface. When HMX@TA-Pb/Cu and HMX@SA-

Pb/Cu suffer thermal stimulations, the effective catalytic com-
ponent (PbO/CuO) will generate by TA-Pb/Cu and SA-Pb/Cu.
The generated PbO/CuO will closely attach to HMX and cat-

alyze the decomposition of HMX. Compared with pure HMX,
the DTad of HMX@TA-Pb/Cu, HMX/TA-Pb/Cu,
HMX@SA-Pb/Cu and HMX/SA-Pb/Cu increase from
29.50 �C to 31.46 �C, 31.93 �C, 34.32 �C and 30.63��C, illus-
trating that Pb/Cu can make the decomposition of HMX more
complete, and thus release more heat. Above all, in situ copre-
cipitation technics can enhance the adiabatic stability of

HMX, while physical mixings have few influences on the adia-
ta-pb/cu physical mixtures, b arc results of hmx, hmx@sa-pb/cu



Table 3 Adiabatic thermal decomposition parameters of HMX, HMX@TA-Pb/Cu, HMX/TA-Pb/Cu, HMX@SA-Pb/Cu, HMX/

SA-Pb/Cu.

parameters HMX HMX@TA-Pb/Cu HMX/TA-Pb/Cu HMX@SA-Pb/Cu HMX/SA-Pb/Cu

sample mass/g 0.1202 0.1207 0.1204 0.1202 0.1205

T0/�C 225.65 230.24 227.07 233.26 228.95

t0/min 452.49 459.22 456.96 473.52 462.13

Tf/�C 255.15 261.70 259.00 267.58 259.58

tf/min 481.37 466.26 467.20 478.11 472.10

DTad/�C 29.50 31.46 31.93 34.32 30.63

Dt/min 28.88 7.04 10.24 4.59 9.97
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batic stability of HMX. Both physical mixing and in situ copre-
cipitation can catalyze the thermal decomposition process of

HMX, while the catalytic effects of in situ coprecipitation tech-
nics are better than that of physical mixings.

In order to study the catalytic effect of TA-Pb/Cu and SA-

Pb/Cu on HMX combustion performances, HMX,
HMX@TA-Pb/Cu, HMX/TA-Pb/Cu, HMX@SA-Pb/Cu
and HMX/SA-Pb/Cu are combusted in air atmosphere, and

the solid residues after combustion are collected for further
SEM and EDS analyses. The obtained SEM and EDS results
are summarized in Fig. 8 and Fig. 9 respectively. Fig. 8 shows
that porous structure Pb/Cu oxides residues are obtained after

HMX@TA-Pb/Cu and HMX@SA-Pb/Cu composites com-
busted, and the porous structure residues are distributed in
Fig. 8 SEM images of the residues of HMX@TA-Pb/Cu (a), HMX
the residues. For HMX/TA-Pb/Cu and HMX/SA-Pb/Cu
physical mixtures, the distribution of Pb/Cu oxides are cen-

tered in some locals. These phenomena illustrate that the com-
bustion results of composites are better than physical mixtures.
Fig. 9 shows that Au peak is detected in EDS results, because

each sample is treated by spraying gold before EDS measure-
ment. The total peak area of C, N and O of physical mixtures
and composites are smaller than that of pure HMX, illustrat-

ing that the combustion is more sufficiently due to the catalysis
of Pb/Cu. In addition, the total peak area of C, N and O of
HMX@TA-Pb/Cu and HMX@SA-Pb/Cu composites are
lower than that of physical mixture, illustrating that the cat-

alytic effects of in situ coprecipitation is better than physical
mixing.
/TA-Pb/Cu (b), HMX@SA-Pb/Cu (c) and HMX/SA-Pb/Cu (d).



Fig. 9 A eds spectra of the residues of hmx, hmx@ta-pb/cu and hmx/ta-pb/cu, b eds spectra of the residues of hmx, hmx@sa-pb/cu and

hmx/sa-pb/cu.
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4. Conclusions

HMX@TA-Pb/Cu and HMX@SA-Pb/Cu composites are prepared

via in situ coprecipitation technics. XRD and FT-IR results show that

the physical and chemical structures of HMX have not changed during

in situ coprecipitation process. XPS, SEM and AFM results show that

TA-Pb/Cu and SA-Pb/Cu have been successfully introduced to HMX

surface due to the strong hydrogen bond between HMX and TA or

SA, among which TA-Pb/Cu shells are uniform coated to HMX sur-

face while SA-Pb/Cu particles are embedded in the gullies and holes

of HMX. The mechanical and thermal sensitivities of HMX@TA-

Pb/Cu and HMX@SA-Pb/Cu composites is lower than HMX, because

of the protection of TA-Pb/Cu and SA-Pb/Cu. TA-Pb/Cu can enhance

the stabilization of b-HMX, while SA-Pb/Cu can catalyze the phase

transition process of b-HMX. TA-Pb/Cu and SA-Pb/Cu can catalyze

the decomposition and combustion of HMX, and the catalytic effects

of Pb/Cu are better through in situ coprecipitation than physical

mixing.
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