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ABSTRACT: Modifying the surface properties of energetic materials
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significantly reduced the coefficient of friction of the 3-HMX surface by up to 63% and effectively suppressed the temperature rise
during friction by up to 83%. Further analyses reveal that under single scratch conditions, the frictional work-heat conversion rate of
the pristine B-HMX surface is approximately 42%, whereas that of the wax-coated surface increases to about 30% with the frictional
power density, which involves the contact pressure, sliding speed, and friction coefficient. In contrast, under reciprocating scratch
conditions, the frictional work-heat conversion rate of the uncoated 3-HMX surface decreases with increasing number of sliding
cycles, which is related to the increase in surface temperature and potential surface damage. The frictional work-heat conversion
rate of wax-coated surfaces increases with increasing number of sliding cycles until the contact pressure is high enough that the
lubricating effect of the wax layer diminish and the conversion rate begin to decrease. The obtained results not only pave the way
for understanding the friction energy regulation and desensitization mechanism of wax on the surface of energetic crystals at the
micro and quantitative levels but also provide a necessary basis for establishing friction hotspot models under dry friction and wax
lubrication conditions from the aspects of friction characteristic parameters, frictional temperature rise, and the work-heat
conversion rate.
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1 Introduction the surface and interface of EMs is a key mechanism that poses
safety risks in explosives and involves pressing, polishing,

As a typical representative of energetic materials (EMs), p- finishing, cutting, and usage during infiltration and drop processes

octahydro-1,3,5,7-tetranitro-1,3,5,7-tetrazocine  (B-cyclotetramet- [5-7]. For instance, during the grinding process of energetic
hylenetetranitramine, or $-HMX) has attracted great attention materials, the materials face frictional shear forces with the
because of its superior energetic performance and is widely grinding tools, which can easily lead to fragmentation, large-scale
applied in plastic bonded explosives (PBXs), solid rocket  deformation, and even accidental ignition of the energetic

propellants, civil civilian explosives, etc. [1-3]. The superior materials, thereby directly affecting their safety [8]. In the
energy properties of EMs not only facilitate efficient destruction granulation process of energetic materials, the friction between the

but also introduce safety concerns during their manufacturing and stirring rod and energetic material particles may cause a frictional
usage [4], which may lead to significant casualties, military temperature rise at the interface of the energetic particles, posing
equipment failures, and economic losses. Friction interaction at certain safety hazards [9]. In addition, during the transportation
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and use of energetic materials, special attentions should be given
to the risks of friction hotspots and even ignitions caused by
accidental stimuli such as accidental drops and impacts [10]. Once
the friction-induced temperature rise reaches a critical threshold,
violent reactions or even the ignition of EMs can occur [11]. Thus,
it is of great importance to gain insight into the friction properties
of EMs and explore methods to control both the frictional
temperature rise and their safety performance.

To date, numerous efforts have been made to improve the
safety performance of EMs under mechanical stimulus, such as
reducing internal defects [12] and surface roughness [13], as well
as the sphericalization of EMs [14] and surface modification [15].
As a simple and easy way to improve mechanical sensitivity,
coating treatment has been widely used to modify the surface of
EMs. For instance, wax [16], graphite [17], stearic acid [18],
carbon nanomaterials [19], and polymers [20] have been reported
to reduce the friction sensitivity of explosives. However, it should
be noted that the friction sensitivity of EMs is essentially a
statistical probability, and its underlying mechanism remains
unclear [4]. While surface coating treatments are known to alter
the friction coefficient and wear behavior of solid materials [21, 22],
the precise mechanism by which surface coatings affect friction
and the corresponding temperature rise at the EMs interface is still
poorly understood.

In addition, another important issue of the traditional friction
sensitivity of EMs is that such measurements are based on
micro/nanoscale particles with a given mass (e.g., 20 mg), which
complicates a thorough comprehension of the friction
mechanisms at the EM interface. To overcome this, it is
particularly important to carry out quantitative friction analysis
directly toward the interface of energetic crystals. Recently, when a
diamond tip was rubbed via nanoscratch tests, the friction
coefficient of B-HMX crystals, one of the most widely used
energetic crystals in the modern military industry, varied with the
applied pressure, scratch direction, and crystal planes [23].
Furthermore, in the presence of a 2 pum thick wax coating on the
B-HMX surface, the average friction coefficient on the B-HMX
surface decreased to ~0.2 compared with that on the uncoated
surface under the same tribological conditions [24]. The
fluctuation or anisotropy of the friction coefficient of the B-HMX
surface was also reduced by the wax coating. Note that the counter-
surface used in the nanoscratch was a rigid diamond tip with a
high thermal conductivity of 22 W/(cm-K) [25] compared with
that of B-HMX (~0.4 W/(cm-K)) [26], and the sliding speed was
relatively slow (in the range of pum/s). This can lead to a very
limited temperature rise, making on-site measurement of
temperature rise extremely difficult. Moreover, since friction
interactions between energetic crystals play a critical role in the
temperature rise [27], several important questions arise regarding
the friction sensitivity or safety of energetic p-HMX surfaces:
(1) How does wax coating treatment alter the friction coefficient
of the B-HMX surface when it is rubbed with the B-HMX surface
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itself? (2) How does the wax coating affect the temperature rise at
B-HMX interfaces?

To address these challenges, this study conducted an in-depth
investigation into the impact of wax coatings on the frictional
behavior of p-HMX crystals and conducted a systematic analysis
from the perspective of friction, revealing the role of wax coatings
in this process. The effects of nominal pressure on the B-HMX
interface upon single scratching and reciprocating scratching were
studied, and the mechanisms of the friction coefficient, frictional
temperature rise, frictional work-heat conversion rate, and friction
sensitivity of B-HMX were investigated. The findings obtained can
provide critical information on the frictional safety of p-HMX
crystal surfaces, and their implications can be extended to other
EMs.

2 Materials and methods

The p-HMX single crystals used as the substrate and counter-
surface (upper friction pair) in the experiments were provided by
the Institute of Chemical Materials, Chinese Academy of
Engineering Physics, China. The basic crystal data of f-HMX can
be found in a previous publication [23]. To prevent the underlying
energetic HMX crystal (substrate) from shifting during the friction
process, owing to the fragility of the HMX crystal, it is challenging
to directly grip it with a metal fixture. To prepare the samples for
the tribological tests, both the B-HMX single-crystal substrate and
counter-surface were wrapped with cold inlay material (Meijun
Technology Inspection Co., Ltd., China), and the curing process
of the cold inlay material took place at room temperature, thereby
avoiding crystal damage caused by thermal effects [24]. The
samples were then embedded and polished via a grinding
machine (ZYP230, McCord Material Processing Equipment
Company, China). Wax particles were used as the lubricating
material, and the preparation process of the coating involved
melting the solid lubricant coating into a liquid state via a heating
platform (P-20A, Guangzhou Huanghua Electronic Equipment
Co., Ltd,, China) at a temperature of 60 °C. Then, the melting
lubricant was applied to the p-HMX single crystals before they
cooled to room temperature (Fig. 1(a)). Using optical profilometry
mounted on a universal tribometer (MFT300, Rtec, USA), the
surface roughness S, of the wax-coated surface was estimated to be
23.6+0.6 nm. The coating thickness was determined from the step
edge of the coating after partial removal of the coating on the
surface, as shown in Fig. 1(b). The thickness of the wax coating
was estimated to be 2.5+0.2 um (Fig. 1(c)). Uncoated B-HMX and
wax-coated B-HMX are referred to as “uncoated” and “wax” for
simplicity, respectively, hereafter.

Tribological experiments on the B-HMX surface were
performed with a universal tribometer (MFT300, Rtec, USA). The
counter-surface was p-HMX with a cylindrical shape and was
1 mm in diameter and 4 mm in height. Since the wear or damage
of both the counter-surface and substrate may occur during the
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Fig.1 Schematic drawing showing (a) the coating preparation process on 3-HMX surface and (b) coating thickness measurement. (c) Topography images and cross-
sectional line profile showing coating surface roughness and thickness of coatings on f-HMX surface.
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friction process, which may alter the accurate contact area, the
nominal contact pressure was used in the present study. The
initial contact pressure was set from ~30 to ~65 MPa, the sliding
speed was 50 mm/s, and the sliding distance was 15 mm. To
ensure the reliability of the experimental data, at least five
tribological experiments under each condition were performed,
and only the mean value and standard error were shown in this
paper. The room temperature and relative humidity (RH) were
20 °C and 50%, respectively.

The frictional temperature at the B-HMX interface was
analyzed in-situ by a fast infrared (IR) camera (Fast M200,
Canada), which was mounted in the upper front of the tribometer
for real-time monitoring of temperature changes at the friction
interface. The thermal emissivity of 3-HMX varied from 40% to
33%, and 35% of the thermal emissivity of 3-HMX was selected;
the relative error of the measured temperature remained relatively
low (< 5%), as shown in Fig. S1 in the Electronic Supplementary
Material (ESM). In the present study, the f-HMX substrate was
located ~440 mm away from the lens, and the focal length of the
IR lens was 50 mm, resulting in a magnification factor of 1.2 and a
resolution of 120 pm. The time resolution of the IR camera was 5
ms, and its spatial resolution was 15 pm. The inherent accuracy
error of the high-speed infrared thermometer was 1%.

To reveal the friction mechanism of f-HMX, surface damage to
B-HMX was analyzed with an optical microscopy (BX51-P,
Olympus, Japan), and the chemical structures of the wear debris,
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scratched region, and pristine f-HMX surface were detected via
Raman spectroscopy (InVia, Renishaw, England). The friction
sensitivity of the uncoated and wax-coated surfaces was
determined with a BM-B pendulum friction apparatus (China
Ordnance Industry 204 Research Institute, China), which was
based on the GJB 5891.24-2006 standard method. 20 mg samples
were placed between steel anvils and hit by a pendulum hammer
fixed with a 66° tilt angle, and the gauge pressure was 1.5 MPa.
Friction-induced ignition or explosion was defined as any
evidence of flash, flame, or explosion that occurred during friction
sensitivity measurements. Fifty samples were tested, and the
explosion probability (P) was used to represent the friction
sensitivity of the tested samples, where a greater P corresponded
to a greater friction sensitivity of the tested sample.

3 Results and discussion

3.1 Suppressed friction coefficient and temperature rise at
B-HMX interface upon single scratch

Figure 2(a) shows the friction coefficient on the uncoated and wax-
coated B-HMX surfaces as a function of sliding time. Clearly, the
friction coefficient of the coated B-HMX surface is much lower
than that of the uncoated B-HMX surface. To compare the
friction coefficients of the P-HMX surfaces under various
conditions quantitatively, Fig. 2(c) shows the friction coefficient of
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Fig.2 Variations in (a) friction coefficient and (b) maximum temperature T, as a function of sliding time. Friction experiments were performed with various initial
contact pressures and a sliding speed of 50 mm/s. Sliding distance was 15 mm. (c) Friction coefficient and (d) temperature rise as a function of contact pressure.
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the B-HMX surface under various coating conditions as a function
of nominal contact pressure. As the nominal contact pressure
increases from ~30.9 to ~51.7 MPa, the steady-state friction
coefficient on the uncoated p-HMX surface increases from ~0.32
to ~0.51, while that on the wax-coated p-HMX surface increases
from ~0.12 to ~0.26. These findings clearly show that the wax
coating can significantly reduce the friction coefficient of the p-
HMX surface by ~49%-63%.

Figure 2(b) shows the maximum temperature on the uncoated
and wax-coated B-HMX surfaces as a function of sliding time.
Similar to the friction coefficient, the maximum temperatures on
the wax-coated -HMX surface are much lower than those on the
uncoated B-HMX surface. Notably, during a single scratch
process, there are peak temperatures under various sliding contact
conditions. This is because there is an acceleration and
deceleration process of the sample stage to accomplish the single
scratch process under the given sliding contact conditions. The
sliding speed and acceleration process as a function of sliding time
can be found in Fig. 3(a). When the speed increases to the set
value, the friction speed reaches a constant value. The friction
work is calculated every 50 ms as a stage. The friction work
increases and then gradually stabilizes (Fig. 3(a)). The continuous
accumulation of heat leads to a continuous increase in
temperature. However, as the friction process progresses, the
speed and friction work gradually decrease (Fig. 3(b)), thereby
reducing the heat generated by friction. In addition, at this time,
the temperature difference between the frictional temperature and
the ambient temperature is large, and the heat loss also increases
[28, 29], resulting in a decrease in temperature rise. To
quantitatively compare the maximum temperature on the B-HMX
surfaces under various conditions, Fig. 2(d) shows the maximum
frictional temperature rise of the p-HMX surface under various
coating conditions as a function of the nominal contact pressure.
As the nominal contact pressure increases from ~30.9 to ~51.7
MPa, the maximum temperature rise on the uncoated S-HMX
surface increases from ~18 to ~43.7 °C, while that on the wax-
coated B-HMX surface increases from ~3 to ~16.9 °C. Clearly, the
wax coating significantly reduces the maximum temperature rise
on the B-HMX surface by ~61%-83%.

3.2 Suppressed friction coefficient and temperature rise at
B-HMX interface upon reciprocating scratch

In addition to the single scratch, the reciprocating scratch on the
B-HMX surface also represents a typical friction state in practical
engineering applications [30]. In our previous research, the
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friction coefficient and corresponding temperature rise between
B-HMX crystals significantly increase only when the contact
pressure approaches ~20 MPa [31]. To more clearly elucidate the
improvement effect of the lubrication interface on friction
characteristics, contact pressures of ~18, ~27, and ~62 MPa are
selected as typical contact pressure conditions in the present study.
These conditions allow us to study the friction behavior and
temperature responses of various friction interfaces under
relatively low, medium, and high contact pressure conditions.

To assess and compare the impact of the uncoated and wax
coatings on the friction coefficient and temperature rise on the
B-HMX surface upon reciprocating scratching, Fig. 4 shows the
friction coefficient and maximum temperature on the B-HMX
surface as a function of sliding time or number of cycles under
low, medium, and high contact pressure conditions. Under a
relatively low contact pressure of ~18 MPa, the friction coefficients
on the uncoated and wax surfaces remain stable at ~0.43 and
~0.17, respectively (Fig. 4(a)). This finding indicates that the wax
coating can reduce the friction coefficient by ~60%. Similar to the
single scratch conditions, it seems that there is a peak temperature
in the single scratch direction. Thus, two peak temperatures can
be found during one tribological cycle (Fig. 4(b)). To compare the
temperature variation on the f-HMX surface per sliding cycle, the
frictional temperature rise AT is calculated as the difference
between the lowest and highest temperature during each sliding
cycle, as shown in Fig. 4(c). The initial temperature rise on the
uncoated B-HMX surface is ~15.2 °C, while it gradually decreases
to ~8 °C as the number of sliding cycles increases to 10 (Fig. 4(c)).
In contrast, when the p-HMX surface is coated with wax, the
temperature rise is not decreased with increasing number of
sliding cycles; instead, it increases with increasing number of
sliding cycles, and the temperature rise increases from ~3.7 to
~5 °C (Fig. 4(c)). Under the given contact pressure and number of
sliding cycles, the total temperature rise is ~40.2 and ~22.9 °C for
the uncoated and wax surfaces, respectively (Fig. 4(b)). Notably,
the wax surface represents the wax-coated B-HMX surface
(Fig. 1(c)).

Under a relatively moderate contact pressure of ~27 MPa, the
friction coefficient on the uncoated surface is ~0.52, and it slightly
varies with sliding time. Although the friction coefficient on the
wax surface is lower than that on the uncoated surface, it increases
from ~0.18 to ~0.37 as the sliding time increases (Fig. 4(d)), which
is different from that under low contact pressure conditions
(Fig. 4(a)). The initial temperature rise on the uncoated f-HMX
surface was ~25.4 °C, whereas it gradually decreased to ~9.4 °C as

0 100 200 300 400
Time (ms)

Fig.3 (a) Relationship between friction velocity and frictional temperature during single scratch processes and (b) the change in work done during a single friction

process.
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cycles. Friction experiments were performed with initial contact pressures of (a-c) ~18 MPa, (d-f) ~27 MPa, (g-i) ~62 MPa and a sliding speed of 50 mm/s. The sliding

distance was 15 mm.

the number of sliding cycles increased to 10 (Fig. 4(e)). When the
B-HMX surface is coated with wax, the temperature rise increases
from ~4 to ~10.4 °C (Fig. 4(f)). Under the given contact pressure
and number of sliding cycles, the total temperature rise is ~58.8
and ~26.4 °C for the uncoated and wax surfaces, respectively
(Fig. 4(e)).

As the nominal contact pressure increases to ~62 MPa, the
friction coefficient on the uncoated surface increases to ~0.57
(Fig. 4(g)). Similar to the case of medium contact pressure, the
friction coefficient on the wax surface increases from ~0.17 to
~044 as the sliding time increases (Fig. 4(g)). The initial
temperature rise on the uncoated B-HMX surface is ~39.2 °C,
whereas it gradually decreased to ~6.1 °C as the number of sliding
cycles increased to 10 (Fig. 4(i)). When the B-HMX surface is
coated with wax, the temperature rise increases from ~4.7 to
~13.5 °C (Fig. 4(i)). Under the given contact pressure and number
of sliding cycles, the total temperature rise is ~77.1 and ~45.6 °C
for the uncoated and wax surfaces, respectively (Fig. 4(h)).

The results in Fig. 4 clearly show that both the friction
coefficient and the temperature rise on the uncoated and coated -
HMX surfaces strongly depend on the nominal contact pressure
under reciprocating scratch conditions, which is similar to the case
of single scratch conditions. The discrepancy between the single
scratch and reciprocating scratch conditions is that the friction
coefficients with sliding time under single scratch conditions are
relatively stable (Fig. 2(a)), suggesting that one type of friction
mechanism dominates the friction process. However, under

https://doi.org/10.26599/FRICT.2025.9441063

reciprocating scratch conditions, the friction coefficient of the wax
surface significantly varies with sliding time under medium and
high contact pressure conditions (Figs. 4(d) and 4(g)), suggesting
that the counter-surface may penetrate the coating to the f-HMX
surface under certain conditions and thus alter the friction
behavior [24].

To verify this, Fig. 5 shows the Raman spectra of the scratched
region and debris from the uncoated and coated p-HMX surfaces.
The four main Raman features of the pristine f-HMX surface are
found at ~834, ~882, ~951, and ~1,312 cm”, which can be
assigned to the C-N bond, N-N bond, HMX ring, and -NO,
bond in the B-HMX crystal, respectively [32, 33]. Regardless of
various contact pressure conditions, no discrepancy is found in
the scratched region and debris of the uncoated surface (Figs. 5(a),
5(b), and 5(c)), indicating that no tribochemical reactions occur
under the given sliding contact conditions and that mechanical
interactions such as plowing and peeling are the dominant
mechanism during the friction process [23]. In the case of the wax-
coated surfaces, there is only one Raman feature at ~2,963 cm™ on
the pristine wax surface (Fig. 5(d)), which can be assigned to CH,
stretching of the wax [34]. Moreover, there is only one Raman
feature of wax in the scratched region and debris under a low
contact pressure of ~18 MPa, indicating that the counter-surface is
only scratched with the wax coating and does not penetrate into
the B-HMX. However, under a medium contact pressure of
~27 MPa and a high contact pressure of ~62 MPa, the Raman
features of both wax and B-HMX can be found in the scratched
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region and debris (Figs. 5(e) and 5(f)), indicating that the counter-
surface is scratched with B-HMX under these conditions.

3.3 Suppressed frictional work-heat conversion rate at
B-HMX interface

Generally, the frictional energy that puts into the sliding interface
can be dissipated into wear or deformation and frictional heat
[35, 36]. From the perspective of the friction safety of EMs, the
friction-induced temperature at the EMs surface can be expressed
as [24, 37]:

d oT E, dv,  dT
s (—ka—y) + pAHZexp <_R7T> +auF 9y = N

where the first, second, and third terms represent the thermal
conduction, heat by thermal decomposition, and total frictional
energy (frictional work), respectively, whereas the right term
represents the energy needed for the temperature rise; « is the
frictional work-heat conversion rate; u is the friction coefficient; F
is the applied pressure, Pa or N-m?; v is the sliding speed, m-s;
AH is the explosion heat, J-kg™; Z is the preexponential factor, s';
E, is the activation energy; R is the gas constant, J-(K-mol)™; T is
the absolute temperature, K; ¢ is the specific heat capacity,
J-(kg-:K)™; p is the material mass density, kgm™; k is the thermal
conductivity, W-(m-K)™".

The thermal decomposition term, the second term on the left
side of Eq. (1), only starts to impact the temperature rise when the
local temperature of HMX surpasses the thermal decomposition
temperature (~220 °C) [38]. However, this was not achieved in
this study, and the heat generated by thermal decomposition
could be ignored. If we consider compensating for the heat lost
due to heat transfer in the first item on the left, the relationship
between the frictional work and heat required for actual
temperature rise AT, can be expressed as Eq. (2):

v, _ oT 9 (T
oy o Tay Moy

(1)

auF ()

The frictional work-heat conversion rate o can be expressed as

Eq. (3):
dT 0 oT v,
“ZV@*@@@”%Ww)

This means that if the frictional heat loss by thermal
conduction is well estimated, then the frictional work-heat
conversion rate o can be estimated as the energy ratio between
heat generation and frictional work under the given tribological
conditions. If we assume that the temperature loss at the f-HMX
surface as a function of time is independent of the tribological
conditions, then the temperature loss AT" during the tribological
process can be equal to that after the tribological process, and the
latter can be measured in situ after the tribological process, as
shown in Fig. S2 in the ESM. Consequently, the temperature loss
measured in Fig. S2 in the ESM was compensated for on top of
the original measured frictional temperature rise AT, and the
actual frictional temperature rise AT, at the p-HMX surface can be
corrected, as shown in Fig. S3 in the ESM, i.e., the actual frictional
temperature rise AT, is equal to the sum of the measured frictional
temperature rise AT and the temperature loss AT".

Theoretically, the temperature rise at the p-HMX surface upon
a single scratch, i.e., the frictional work completely converts into
frictional heat. Additionally, the physical effects of heat
partitioning during the friction process must be considered. In the
present study, the heat partitioning coefficient of theoretical
frictional work is assumed to be 0.5 since the physical properties
of the substrate and counter-surface are identical [39, 40].
Therefore, the theoretical temperature rise AT, can be estimated
by Eq. (4) [30]:

(©)

_05-P-u-v-pS-t
 cp-9¢S-9H

where P is the contact pressure; 4 is the friction coefficient; v is the
sliding speed; ¢S is the contact area per unit; ¢ is the sliding

contact time; c is the specific heat capacity; p is the density of the
B-HMX crystal; pH is the depth per unit. The frictional work-heat

AT, (4)
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conversion rate at the p-HMX interfaces upon a single scratch
process can be subsequently estimated by the ratio between the
actual temperature rise and the theoretically temperature rise.
Equation (5) indicates that the frictional temperature rise AT is
strongly dependent on the contact pressure (P), friction coefficient
(), and sliding speed (v). Figure 7(a) compares the theoretical and
actual temperature rise on B-HMX interfaces during a single
frictional process as a function of the product of the contact
pressure, friction coefficient and sliding speed, which represents
the frictional power density [41]. The frictional temperature rise of
the wax coating samples was consistently lower than that of the
uncoated samples as the friction power density varied, confirming
the effectiveness of the wax coating in suppressing the frictional
temperature rise. Under the given sliding contact conditions
during a single frictional process, the frictional work-heat
conversion rate on the pristine -HMX surface is ~42%, regardless
of the friction power density (Fig. 7(b)). When coated with wax,
the frictional work-heat conversion rate increases from ~19% to
~31% (Fig. 7(b)). As the power density increases, the temperature
also increases. This reduces the viscosity of the wax material and
requires less energy to overcome plastic deformation [27]. As a
result, the heat generated by frictional work progressively
increases, indicating that frictional heat is much lower than that of
the uncoated surface.

In contrast to the single scratch process, the reciprocating

Uncoated
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Initial

— 200 ym

(ay)
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(a3)
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(ay) §

62 MPa

Fig.6 Optical microscopy images of (a) uncoated and (b) wax-coated HMX surfaces under low, medium, and high contact pressures.
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scratch process may complicate energy consumption since the
microfriction interface structure evolves over the course of the
sliding cycle, as evidenced by the variation in the friction
coefficient and temperature rise with increasing number of sliding
cycles. The frictional work W; that is input into the B-HMX
substrate per unit area can be calculated by Eq. (5) [31]:

[ uFvdt

(5)
where p is the friction coefficient; F is the applied pressure; v is the
nominal sliding speed; ¢ is the sliding time. Here, the frictional
work to the upper and lower materials is assumed to be the same;
consequently, the average distribution of heat during frictional
work can be estimated. In addition, the local heating, or per unit
spatial dimension heating, of the B-HMX substrate caused by
friction can be estimated as Eq. (6) [42]:

Q= fjf:cpATadeH )

where c is the specific heat capacity; p is the density of the p-HMX
crystal; AT, is the actual temperature rise; S is the contact area per
unit; H is the depth per unit. Therefore, the frictional work-heat
conversion rate o per unit scale of B-HMX crystal can be
estimated as Eq. (7) [31]:
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Fig.7 Variation of (a) temperature rise AT and (b) frictional work-heat conversation rate as a function of frictional power density.
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Q
o )

As shown in Fig. 8(a), under a nominal contact pressure of
~18 MPa, the frictional work-heat conversion rate a on the
uncoated B-HMX surface decreases from ~46.3% to ~24.6% as the
number of sliding cycles increases. Similarly, the & on the
uncoated B-HMX surface decreases from ~45.8% to ~18.8% and
from ~42.2% to ~12.7% under contact pressures of ~27 and ~62
MPa, respectively (Figs. 8(b) and 8(c)). The decrease in « on the
uncoated B-HMX surface with increasing number of sliding cycles
can be explained by the higher initial surface temperature of the
uncoated B-HMX surface with increasing number of sliding cycles
(Figs. 4(b), 4(e), and 4(h)), and the higher initial surface
temperature is accompanied with the higher heat loss by thermal
conduction under the same conditions; thus, the obtained heat
decreases with increasing number of sliding cycles and thus
decreases a. The increased surface damage or wear of the f-HMX
surface with increasing number of sliding cycles may also
contribute to the lower « since the increased surface damage or
wear dissipates more energy [45, 46].

In contrast, when coated with wax, « increases with increasing
number of sliding cycles. Under a contact pressure of ~18 MPa,
the « of the wax-coated surface increases from ~24.2% to ~41.7%
(Fig. 8(a)). Under a contact pressure of ~27 MPa, the « of the wax-
coated surface increases from ~24.7% to ~29.8% (Fig. 8(b)).
Under a contact pressure of ~62 MPa, the « of the wax-coated
surface first increases from ~17.4% to ~27% and then decreases to
~14% (Fig. 8(c)). The initial work W; can be dissipated mainly
through plastic deformation, and the « of the wax-coated surface
is much lower than that of the uncoated HMX surface, which is

due to the friction interactions remaining at the wax layer and not
at the HMX surface, indicating a good lubrication state with a
relatively low COF (Fig. 4(a)). At this stage, the friction at the
absorption point of the wax layer at the interface (denoted as W,
in Fig. 9) significantly suppresses the frictional temperature rise
AT (Fig. 4(c)). As the number of sliding cycles increases, the wax
coatings provide excellent lubrication and protection, and under
the protection of the wax layer, they can effectively prevent
significant damage to the p-HMX crystal surface under low-
contact pressure conditions (Figs. 6(a,) and 6(b,)). Because the
friction interface is still in a good lubrication state with stable W
(stable low COF), the amount of interface wax available for plastic
deformation and heat absorption (W) is continuously reduced,
which leads to an increase in AT per cycle (Fig. 4(c)), implying a
greater Q and a higher a. Because stable lubrication that eventually
results from reciprocating friction, « tends to stabilize at a high
level.

In addition, as the contact stress increases to medium pressure
(~27 MPa), the wax layer can protect the crystal surface during the
first few friction cycles (Figs. 6(a;) and 6(bs)), but as the number of
friction cycles increases, the crystal surface gradually deteriorates,
and the friction process shifts to a mixed friction regime where
lubrication and dry friction coexist. Apparently, the mixed friction
effect can lead to greater frictional work W; corresponding to a
rising COF, along with a greater AT per cycle (Figs. 4(d)-4(f)),
which contributes to a greater Q. Accordingly, the synchronous
growth of Wy and Q could result in a relatively stable or slowly
increasing o (Fig. 8(b)). Notably, a decreases over the last few
cycles, which is possibly due to the severe brittle fracture of
energetic crystals, which represents another form of dissipation for
W (Fig. 6(bs)).
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Fig.8 Variation in frictional work-heat conversion rate as a function of number of sliding cycles under (a) low, (b) medium, and (c) high contact pressure conditions.
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Under high pressure (~62 MPa), the wax layer is more
susceptible to damage during the first few rounds of friction,
resulting in more severe damage and grain friction on the crystal
surface during reciprocating friction (Figs. 6(a,) and 6(b,)),
reflected in a rapidly increasing friction coefficient (from 0.17 to
0.45) and frictional temperature rise (Figs. 4(g)-4(i)), leading to an
increase in & during the initial cycles. In the middle-to-late stages
of reciprocating friction, severe crystal plasticity or brittle fracture
(Fig. 6(b,)) emerges as the primary mechanism (denoted as W, in
Fig. 9) for energy dissipation, approaching dry friction. At this
stage, AT per cycle stabilizes (Fig. 4(i)), yet the COF increases
(Fig. 4(g)), suggesting that an increasing proportion of W; is
allocated to crystal deformation and damage (W,), thereby
resulting in a continuous decrease in « (Fig. 8(c)).

3.4 Suppressed frictional sensitivity of f-HMX by coating

Since the friction coefficient, frictional work-heat conversion rate,
and temperature rise AT on the wax-coated surface are lower than
those on the uncoated surface under the given tribological
conditions (Figs. 2-9), it is reasonable to speculate that a similar
reduction in friction properties at the wax surface could occur
under extreme tribological conditions, such as friction-induced
ignition behavior. To verify this, Fig. 10(b) compares the friction
sensitivity of pristine and coated p-HMX. Under the given
conditions, the friction sensitivity of pristine p-HMX is 72%,
which is slightly lower than the previously reported value (100%)
[43]. There are two possible reasons for this. First, the raw f-HMX
used in the present study is high-quality f-HMX with fewer
internal crystal defects; thus, the frictional sensitivity of f-HMX
could be relatively lower [44]. Second, the tilt angle of the
pendulum hammer and the gauge pressure applied as the sliding
speed and normal force for the frictional sensitivity tests are
relatively lower; thus, the obtained frictional sensitivity of the -
HMX could be relatively lower.

More importantly, when the p-HMX crystals is coated with
wax, the frictional sensitivity is significantly decreased to 16%
(Fig. 10(b)). This finding indicates that wax can significantly
reduce the probability of friction-induced ignition or explosion.
One may question whether frictional sensitivity reveals the
probability of friction-induced ignition or explosion of EMs, and
this determination of ignition or explosion is dependent on the
subjective judgment of the experimenter via evidence of flash,
flame or explosion; thus, frictional sensitivity is not a reliable and
accurate parameter for understanding the role of a coating on the
friction behavior of P-HMX. Nevertheless, the significant
reduction in friction sensitivity caused by the wax coating
indicates that the local temperature at the sliding interface is
indeed suppressed by the presence of the wax coating.

During frictional sensitivity tests, the friction force comes from

(a)

Sliding pole

Sliding pole

Pendulum Plunger

Pressure

two sources: the friction between f-HMX and the sliding stainless
steel surface and the friction between p-HMX particle grains [45].
The former friction occurs due to the sliding motion of the sliding
pole (Fig. 2(a)), whereas the latter friction force makes the planes
of grains slide with each other [46]. Recent simulation results
revealed that the external friction heat between EMs and sliding
columns had little effect on ignition, whereas the friction
interactions between EMs themselves played a key role in ignition
[27]. This is because the sliding column has a relatively high
thermal conductivity that is detrimental to local heat or hot-spot
formation in EMs [27]. If the friction between p-HMX particle
grains dominated the temperature rise AT during the friction
sensitivity tests, the suppressed friction coefficient, frictional work-
heat conversion rate, and temperature rise AT caused by the wax
coating (Figs. 2-9) could support the lower friction sensitivity
since both the frictional work and frictional heat could be
suppressed by the wax coating (Eq. (1)).

3.5 Frictional safety assessment of EMs beyond the
temperature rise

Given the importance of safety concerns during manufacturing
and usage, the friction sensitivity of Ems, which is based on
statistical methods of friction ignition phenomena, has been
widely used to assess safety by engineers. For example, if 10
ignition phenomena of crystal powder are observed in 20 tests
under the same conditions, the friction sensitivity of the energetic
crystal is recorded as 50%. Clearly, this statistical result lacks any
physical information regarding the friction characteristics of EMs,
and it does not provide any information on the response patterns
of the friction temperature rise of EMs to the contact stress,
friction coefficient, and so on. Frictional hot-spot theory has been
widely used to analyze the friction safety of EMs, where friction
interactions play a key role in the initial temperature rise, while the
thermal decomposition plays a key role in the ignition of EMs
once the local temperature exceeds the critical temperature of
thermal decomposition [47, 48]. In the initial stage of the
temperature rise AT, the frictional heat at the sliding interface is
the only energy source. To simulate frictional hot spots on the
EMs’ surface, an appropriate value of the friction coefficient is
important for determining frictional work (Eq. (1)). When the -
HMX surface is rubbed against the 3-HMX surface, the friction
coefficient at the B-HMX surface is not a fixed value but rather a
dynamic parameter that depends on the nominal contact pressure
(Figs. 2(a), 4(a), 4(d), and 4(g)) and sliding speed [33]. Previous
investigations on the nanoscratch properties of the B-HMX
surface upon a diamond tip revealed that the friction coefficient
ranged from 0.2 to 0.7, depending on the contact pressure and
sliding speed as well as the surface damage and crystallographic
orientation [23]. However, in the simulation of the frictional heat
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Fig. 10 (a) Schematic drawing showing test principle of frictional sensitivity of uncoated and wax-coated p-HMX. (b) Frictional sensitivity of uncoated and wax-coated

B-HMX.
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of EMs, a friction coefficient of 0.1-0.2 was used [49—51], which is
not consistent with the experimental results. In addition to the
friction coefficient, the frictional work-heat conversion rate is also
a critical parameter for determining the friction-induced
temperature rise AT of EMs (Eq. (1)). Moreover, previous
numerical simulations of the ignition behavior of EMs considered
the work-heat conversion rate to be stable (usually ~0.9) [52, 53].
However, the results in Figs. 7 and 8 clearly show that the
frictional work-heat conversion rate is < 0.5 and could vary with
the number of sliding cycles and counter-surface. The
inconsistency of the friction coefficient and frictional work-heat
conversion rate in simulations and experiments reveals that a
more accurate value of the friction coefficient and frictional work-
heat conversion rate is needed to determine the frictional heat and
thus the friction-induced temperature rise AT of EMs, in addition
to the applied normal pressure and sliding speed (Eq. (1)).

The findings obtained in the present study also reveal that the
classic frictional parameter cannot be simply applied to the
friction safety assessment of EMs. A nominal contact pressure is
used in the typical friction sensitivity of EMs, or the critical
pressure or pressure can be used to determine the frictional safety
boundary of EMs under a given sliding speed [34]. These methods
for ensuring the frictional safety of EMs cannot explain the
dependence on both the contact pressure and the sliding speed
well [54]. The friction power, which involves the friction force and
sliding speed, is used to connect the temperature rise of the EMs
[48]. Although the integration of friction power over time
emphasizes the fricion work at the EMs interface and
incorporates the friction coefficient, applied pressure, and sliding
speed, the friction power at the EMs’ interface cannot explain local
ignition by friction or hot-spot formation [10]. More recently, the
frictional power density, which is defined as the friction power per
unit area, has been used to explain the frictional temperature rise
on the EMs surface [33]. The use of frictional power density at the
EM interface can also explain the hot-spot formation, which
depends on the local contact area [55]. To simulate the local
temperature rise of EMs under the given sliding contact
conditions, the frictional power density and work-heat conversion
rate can mimic more accurate frictional heat [55]. In addition to
the direction connection between the frictional power density and
temperature rise both below the critical point of thermal
decomposition and close to the ignition temperature, the
connection between the frictional power density and friction
sensitivity in engineering applications can also be helpful for fully
revealing the friction safety of EMs, which will be a research topic
in future studies.

Moreover, compared with the uncoated B-HMX surface, the
presence of a coating on the B-HMX surface can reduce the
friction sensitivity (Fig. 10), friction coefficient (Figs. 2(a), 4(a),
4(d), and 4(g)), frictional temperature rise (Figs. 2(d), 4(c), 4(f),
and 4(i)), and frictional work-heat conversion rate (Figs. 7(b) and
8). The reduced friction coefficient due to the presence of the
coating on the B-HMX surface indicates that the friction power
density also decreases; thus, the frictional work per unit area (uPv)
on the coated surface is lower than that on the uncoated surface.
Furthermore, the frictional work-heat conversion rate on the
coated surface is lower (Figs. 7(b) and 8), along with the lower
friction work per unit area on the coated surface, indicating that
frictional heat is much lower than that on the uncoated surface
and thus that the frictional temperature rise is lower (Figs. 2(d),
4(c), 4(f), and 4(1)).

Under reciprocating scratch conditions, the surface
temperature on 3-HMX increases with increasing sliding time or
number of cycles (Figs. 4(b), 4(e), and 4(h)), implying that the

42w | Sci@pen

Tsinghua University Press

initial surface temperature of B-HMX increases with increasing
sliding time or number of cycles. The friction behavior and
temperature rise on the subsequent friction cycles may affect the
surface temperature generated during the previous friction cycles.
This temperature effect on the friction behavior of B-HMX is
different from the environmental temperature effect, since there is
a local temperature rise on the B-HMX surface, and this
temperature is increased by the heat accumulation effect caused by
friction interactions in the present study, whereas the
environmental temperature can heat entire EMs rather than
locally temperature rise [4, 56]. How the environmental
temperature affects the friction sensitivity and friction behavior as
well as the temperature rise on EMs remains to be tested and will
be one of our research topics in future studies.

4 Conclusions

In this study, the influence of wax coating on the tribological
properties and temperature rise of p-octahydro-1,3,5,7-tetranitro-
1,3,5,7-tetrazocine  (p-cyclotetramethylenetetranitramine, or -
HMX) surfaces was investigated. The wax coating can significantly
reduce the friction coefficient of -HMX surfaces by as much as
49%-63% and effectively reduce the frictional temperature rise
during friction by 61%-83%. This effect was particularly
significant at medium and high contact pressures, not only under
single-scratch conditions but also during reciprocal scratching.
Notably, the friction coefficient of the wax-coated surface
exhibited large fluctuations at medium and high contact pressures
with increasing sliding time, which may be related to the gradual
penetration of the coating into the B-HMX surface and thus
altered the friction mechanism. In addition, the frictional work-
heat conversion rate of the wax-coated p-HMX surface increased
from ~19% to ~30% and increased with increasing number of
sliding cycles under specific conditions until the contact pressure
became too high and the lubricating effect of the wax layer failed.
This finding emphasizes the protective role of the wax layer in the
early stages of friction and its limitations under extreme friction
conditions.
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