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1. Introduction

been studied [7,8]. Evi
sequences of pentaey, ate (PETN) and cyclotetram-

plosives under a drop-weight

mechanisms of the friction sensitivity
of an energ Ct to debate [11,12]. Friction
coefficie use it depends on the amount

p-expression was developed for the
dl in terms of parameters that control
explosive materials [13]. The effect of humidity
on the sensitivit clotrimethylene trinitramine (RDX) to initi-
ation by friction ha®Wbeen studied at different temperatures. It is
unclear if the effect is due to increased lubricity or water filling the
micro-cracks in the RDX [14].

Determining friction sensitivity is important for recently syn-
thesized explosive [15-18], as well as for energetic crystals,
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determined. The frictional surfaces
scope (ESEM) to analyze surface
coefficients vary considerably w,
slider shapes, crystal roughness
increasing loading forces, most fi

(ie., on HMX, etc.), crystals of dif-
and a well-polished gauge steel surface are

roperties of both the slider and the sample. With
ow surface damage, consisting of grooves, debris,
ome cases, a strong evidence of a localized molten
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including HMX, RDX and PETN, which are extensively used in
ilitary and industrial applications because of their high energy
performance, good stability, and low cost. Nitromine explosives,
such as RDX and HMX are so sensitive to friction stimuli such that,
for many applications, pre-treatment to decrease friction sensitiv-
ity may be beneficial [19]. Recently, research has been aimed at
developing new materials with decreased friction sensitivity, and
with sufficient energy densities to support combustion. These are
the paths for future applications [20].

A small-scale experimental facility has been designed to inves-
tigate interfacial dynamics at high sliding speeds to obtain kinetic
friction coefficients of metal materials [21]. However, data for sin-
gle crystal explosives are rare. The dynamic coefficient of friction
of the plastic bonded explosive (PBX) LX-04 was also measured
on stainless steel, aluminum, Teflon and on the explosive itself as
a function of temperature (ambient temperature to 135°C) at a
rotational speed of 0.225rads~! [22]. Analysis indicates that the
friction between the surfaces of closed cracks could result in a lin-
earincrease in compressive strength with an increase in hydrostatic
pressure, and a friction coefficient could be obtained from the linear
slope and the measured angle of the failure plane [23]. The stress
states for which all cracks are friction-locked increase with the fic-
tion coefficient. Some of these coefficients are provided in Refs.
[24,25]. Dienes et al. used different values for the static coefficient
of friction (0.8) and the dynamic coefficient of friction (0.2) for PBX
explosives [26]. Friction conditions could alter the results of both
drop-weight and Steven tests. Consequently, these tests could not
be modeled accurately.
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Fig. 1. As-received PETN, RD:!

Peterson et al. suggested that some types of high explosive

approximately 14ms~1 [28].
Amuzu et al. carried out some
explosive single crystal on sin

explosive crystals or com-
, PETN, RDX, which may be

the different explosive crystal surfaces inside
A thorough knowledge of the frictional prop-
erties of these explosive crystals will help in more accurately
estimating the ignition stage, the initial event for deflagration, and
detonation.

Frictional data for different explosive crystals are provided in
Section 3. Tracks and microstructural characteristics of different
sliders with different samples were observed under an optical
microscope and an environment scanning electronic microscope
(ESEM). The relationship between the coefficients of friction and
normal loading forces, combined with surface microscopic char-
acteristics, was analyzed to investigate different phenomena that
appear during friction.

iders and samples.

Typical images of good-quality HMX, RDX, and PETN single crys-
tals used in friction experiments are shown in Fig. 1. Some smaller
crystals with sharp tips or small flat surfaces were chosen as sliders,
and larger with reasonably sized crystals were selected as samples.
Widths were no less than 3.5mm to ensure full to-and-fro fric-
tion sliding. Sliders and samples were glued onto an Al stub using
Evostik multi-purpose instant contact adhesive for friction force
measurements. The coefficient of friction can be evaluated by vari-
ous methods. The approach proposed by Andersen [13] is based on
the following equation:

m="1-Be (1)

where fe is the effective compressibility of the bulk material,
between the loading surface and friction surface and t is the shear
stress necessary to break the contacts between the slider and the
sample.

Evostik multi-purpose instant contact adhesive can form strong
interface joints. The friction force F in this experiment was too
low to cause relative motion between Al stub and crystal slider.
Consequently, the effect of the adhesive on the shear stress T was
negligible. Due to its dimensional instability, however, the adhe-
sive will cause Be to drop. As a result, the adhesive lowered the
resulting coefficients of friction to some extent. In order to mini-
mize its influence, the adhesive was applied as thinly and uniformly
as possible.

The friction machine used in the study was designed and fabri-
cated at the Cavendish Laboratory (University of Cambridge, UK).
The experimental setup is shown schematically in Fig. 2. The upper
slider assembly was supported by a load-cell at one end of a sen-
sitive beam balance. Loading forces from 1.5 to 28 g were applied
on the Al stub using various combinations of different standard
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Fig. 2. A schematic graph of the friction machine presenting how to perform the
friction test. The normal force is applied by various combinations of many weights.
The lever needs to be adjusted horizontally prior to the experiments. The sample’s

HMX, RDX, and
assembly is driven by a motor drive set at an average velocity of 0.22 mms~'.

weights. Balance of the suspended beam was adjusted using a sim-
ple optical method, prior to performing the friction experiment.
Samples were placed on a polymethyl methacrylate plate rigidly
mounted on a goniometer, so that the horizontal orientation could
be adjusted. Samples were driven by a motor drive at an aver-
age velocity of 0.22mms~!. The measured frictional force was
then outputted into a chart recorder (Unicorder-U329) at a record-
ing velocity of 40 mm min~!. The experiments were performed at f
about 20°C. Each data point under the same loading force was th
repeated at least five cycles.

Calibration was performed using some known weights on
suspended by a pulley with nylon line. The calibrated lines in F
show that the two calibration factors are 0.00224 and 0.00227
at50and 100 mV, respectively. Frictional surfaces were also studie

act mechanics. As indicated by the
elow a certain loading force, the friction coef-
otonously with increasing applied forces for
s. Above this value, the friction coefficients
increasing loading forces.

nt 0.22 coefficient of friction, even with increasing loading
ever, HMX and RDX crystals show an increase in the
iction coefficients when the loading force increases to the plastic
regime. HMX has the highest friction coefficient, followed by the
PETN, then by RDX. Generally, in the plastic regime, the friction
oefficient does not change remarkably with increasing loading
force. The values for the coefficient of friction, are mostly in the
range 0.20-0.25 for these three explosive crystal pairs. The origin
of the plastic contact in HMX, RDX, and PETN crystals are estimated
to be 10.58, 7.9 and 9.41 gf loading forces, respectively.

forces.
3. Measured results of coefficients of fri

3.1. Identical crystal pairs

on an HMX sample, an R] 3.2. Dissimilar crystal pairs

slider on a PETN sampl

loading force, combi i As shown in Fig. 5, no elastic stage is detected in the plots of
sive crystal pairs, are p ig. 4. frictional coefficients for dissimilar crystal pairs. This may be due
of 1.2 gf, the fr to the non-simultaneous entry of the slider and the sample into the
0.35. The rg i in friction coefficients for plastic region.

Fig. 3. Calibration curves for two full scale deflection (a) 50 mV; (b) 100 mV which were used in the friction test.
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Fig. 5. Dependences of the fiction coefficients on normal loading forces fof{
on the (011) and (010) of HMX crystal planes; (b) HMX slider on PETN sa
and PETN slider on RDX crystal.

Fig. 5(a) shows the friction coefficients betwg

are shown in Fig. 5(a). With an H
the friction coefficients increase wj

from 0.20 to 0.15, when
27.9 gf. In comparison,

a PETN samp well as a PETN slider on an RDX sample. Two
different crystal@@anes, (101) and (110), of PETN were used to
measure the friction coefficients. When an RDX slider rubs on the
(101) PETN crystal plane, the friction coefficients decrease from
0.40t00.29, when the loading force increase from 1.2 to 27.9 gf. This
pairing has the highest friction coefficients among all the reported
cases. With an RDX slider on the (1 10) PETN crystal plane, the coef-
ficients of friction are from 0.21 to 0.26. Similarly, when a PETN
slider is tested on an RDX sample, the friction coefficients also
change slightly which are in the range 0.20-0.23 with increasing
loading forces.

Analyzing the coefficient of friction curves in Fig. 5 reveals three
distinct relationships between the coefficient of friction and the

al pairs including (a) HMX slider on RDX sample and RDX slider
Jider on HMX sample; (c) RDX slider on the (110) (10 1) crystal planes of PETN

normal loading force. In the first type of pairing, the coefficients
of friction increase consistently with an increase in normal load-
ing forces. In the second type, the friction coefficients decrease
with increasing normal loading forces. In the last type, the friction
coefficients remain almost constant with varying normal loading
forces.

3.3. Crystal and steel pairs
Fig. 6 shows that the friction coefficients between the

HMX/RDX/PETN crystals and steel decrease with increasing loading
forces in the elastic regime, similar to that in identical crystal pairs.

Fig. 6. Coefficients of friction for the explosive crystal material sliders rubbing on
the smooth steel samples.
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Fig. 7. Surface tracks observed by E
slider on an HMX sample at the
PETN sample produced by a P

load of 21.6 gf; (c
ider; (f) the track in (e)

However, with a PET
is apparent in the
imally with ig
crystalsarg
tic stage) are lower than that of

the same : cients of friction for a PETN slider
on steel are o that of PETN on PETN at around 0.20-0.22.
A significa ature of the friction between explosive crystal

sliders and steel ples is the transfer of explosive material from
the slider to the ste€Psurface because steel is much harder than the
slider. We determined whether this transfer of material affects fric-
tion behaviors. When mass transfer occurs, the friction coefficient
between explosive crystals and steel is written as follows:

= XMer—cr + (1 — X)Mer—st (2)

where i is the weighted average friction coefficient, and 0< x <1
is the weight fraction contributed by the explosive crystal slider
that transferred the material. And ftcr—cr and per—st are the true
friction coefficients of the explosive crystal with steel and with
similar explosive crystals, respectively. Variations in coefficients

k produced by an HMX slider on an HMX sample at the normal load of 18.6 gf; (b) the track produced by an HMX
ks produced by an RDX slider on an RDX sample; (d) the track in (c) at higher magnification; (e) the track on a
ved at higher magnification. The double-arrow lines indicate the friction sliding directions.

of friction with loading force, shown in Fig. 6, are similar to those
for the same crystal pairs. The only difference is that the friction
coefficients of explosive crystals and steel are lower than those of
similar explosive crystals. These characteristics imply that picr—st iS
much lower than p¢—¢r because of the weighted average relation-
ship in Eq. (1). However, the existing friction data are insufficient
to calculate the weighted fraction and the true friction coefficients
of explosive crystals with steel.

4. Observations of surface frictional track
4.1. Identical crystal pairs

Surface observations using an ESEM (FEI) are important in
understanding complex phenomena in friction coefficient varia-
tions with loading force. Fig. 7 shows the typical tracks produced
by HMX-HMX, RDX-RDX, and PETN-PETN pairs. In Fig. 7(a) and
(b), the presence of many particles inside grooves at 18.6 and
21.6 gf loading forces imply that both mass transfer and ploughing
occurred. Furthermore, small particles inside the track result from
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Fig. 8. Surface tracks observed by ESEM (a) on an RDX samples showing
(b) the particles morphology observed at higher magnification; (c) differen
big fractured debris exist inside the track on an HMX crystal plane (01 0). The

curves in Fig. 5(a).

Fig. 9. Surface observations by ESEM on PETN and HMX crystals showing (a) one flat zone in the middle of the track surrounded by many particles on PETN sample surface;
(b) local flatten zone at higher magnification showing the characteristics of molten substance; (c) optical photograph of HMX sample in which no tracks were observed
when rubbed with a PETN slider; (d) PETN slider used for rubbing with HMX sample; (e) local abrasive damage zone at higher magnification inside the PETN slider. The
double-arrow lines in the graphs indicated frictional sliding direction. These photographs correspond to the curves in Fig. 5(b).
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Fig. 10. Surface track opserved by ESEM on PETN sample rubbed by RDX slidé
PETN crystal plane (101); (d) typical track characteristics observed at higher m§

observed and only few particles are
ier to follow the sliding path. M

. Fig. 7(f) shows
the middle part of the track.
When the PETN slider le, molten substances

may act like Iyl ots, S

crystal friction P Fig. 8(a) and (b) shows fractured debris found
inside the track olgPe RDX sample after rubbing with the HMX
slider. Many particles of different sizes are distributed along the
friction path. Because HMX is harder than RDX, contributions from
ploughing may not be neglected. Such characteristics could resultin
amonotonicincrease in friction coefficients with increasing loading
forces.

Fig. 8(c) and (d) presents the track on the (010) HMX crystal
plane produced by an RDX slider. This track consists of many par-
ticles and fractured debris inside the track. Compared to Fig. 8(a)
and (b), the particles are expected to come from the RDX slider,
instead of the HMX sample. In the latter case, the coefficients
of friction decrease from 0.21 to 0.19 with increasing loading

rystal plane (11 0); (b) local zone morphology at higher magnification; (c) on
ahotographs correspond to the curves in Fig. 5(c).

forces. As shown in previous tests, when an RDX slider rubs against
an RDX crystal sample, the friction coefficient also ranges from
.19 to 0.21. Since particles are transferred from the RDX slider
to the HMX sample, the frictional interaction between the RDX
slider and the (010) HMX crystal plane may likely be from the
friction between the RDX slider and the RDX fragments, causing
a decreasing trend in the friction coefficient given an increasing
loading force.

In Fig. 9(a) and (b), surface observations of the (11 0) PETN plane
rubbed by an HMX slider show a flatten zone in the middle of the
track, instead of a groove due to ploughing. Such features partly
result from the emergence of amolten substance, which may lead to
a decreasing curve observed with the HMX slider on PETN sample.
This canbe explained by a decrease of the shear stress as the amount
of molten substance increase.

No tracks are found on the surface of the HMX crystal after rub-
bing with a PETN slider. As shown in Fig. 9(c), many regular subgrain
pits are present on the surface of the HMX sample. This indicates
that the surface of the HMX sample is rough and has many regularly
arranged subgrains. In contrast, serious abrasive damage is found
on the surface of the PETN slider (Fig. 9 (d) and (e)). The PETN slider
surface appears to have been ploughed by the rough HMX surface.
If the asperities on the harder surface ploughed the surface of the
softer material with no apparent melting, an extra force may be
involved in the friction force. This may account for the increase in
friction coefficients with increasing loading forces. Aside from the
additional force, no other phenomenon can explain the increasing
curve of the PETN slider on HMX.

Fig. 10(a) and (b) shows the track characteristics on the (110)
PETN crystal plane after being rubbed with an RDX slider. The track
width was about 50 wm. In Fig. 10(b), typical features of a flowing
molten substance can be observed at the edge of the track, thus
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Fig. 11. Observations of the tracks showed (a) by an optical phoiagsa
rubbed with by an RDX crystal slider and (c) by ESEM amo
were found on the Gauge steel sample after rubbed with
double-arrow lines indicate the frictional sliding direcg

observed with the RDX slider
plane. The effects of the
explain the decreasing

Fig. 10(c) and (d
plane caused by a
track is surrounde

01) PETN crystal
e flat zone in the middle of the
. This track is comprised
ith the surrounding par-

play a lubriC&@ae role, whereas the particles added the frictional
force. No track found in the PETN slider on the RDX sample.
Microscopic observations showed that most molten substances are
located in the middle of the track. During the friction generation,
materials from the edge zones of the track are likely extruded from
the track, whereas substance at the center of the track tends to be
trapped.

4.3. The crystal and steel pairs

Fig. 11 presents the surface characteristics of steel samples after
rubbing with HMX and RDX sliders. This provides useful infor-
mation on the friction mechanisms between steel and explosive

el sample rubbed with an HMX crystal slider; (b) by ESEM on the Gauge steel sample
r magnification. (d) By ESEM many broken debris inside the PETN slider but no tracks
some regular-shaped transparent fractured PETN crystals at higher magnification. The

crystals. Fig. 11(a) shows a surface track of about 30 wm in width
on a roller steel sample after rubbing against an HMX slider. ESEM
images do not show this particular track. In Fig. 11(b) and (c),
images taken by ESEM show one track about 27.0 wm in width on
the gauge steel surface after rubbing with an RDX slider. The track
is composed of many amorphous particles. Because steel is much
harder than explosive crystal, mass transfer from the crystal to the
steel surface is responsible for such a track. The friction between
crystals and their fractured particles play a vital role in the genera-
tion of frictional between explosive crystals and steel. Accordingly,
the friction coefficients for crystal and steel pairs are close to those
for identical crystal pairs. With the PETN slider rubbing against the
steel sample, no tracks are found on the steel sample but damage
is visible on the PETN sliders. Fig. 11(d) and (e) presents the dam-
aged surface with fractured debris from the PETN slider. Friction
between the PETN slider and the steel sample provides a picture
of the frictional interaction between soft and hard materials. Wear
on the soft material (PETN slider) may contribute more to the fric-
tional interaction, leading to a decreased dependence of the friction
coefficient on the loading force.

5. Discussions and conclusions

The coefficients of friction as a function of loading force for iden-
tical crystal pairs, dissimilar crystal pairs, and crystal sliders with
steel were measured using a friction machine. For identical crystal
pairs, to provide an explicit formulation of the coefficients of fric-
tion as a function of loading force, an estimate of the contact area
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should first be performed. In elastic regime, assuming a Hertizian
contact of a spherical surface (with radius of R) indent on a flat
surface, the contact area A is given by [30],

2
A:nB(“E"z)FRr 3)

where E and v are Young’s modulus and Poisson ratio of the sample
material, and F is the loading force. Then, the coefficient of friction
in the case of two elastically deforming surfaces is given by,

. 2/3
(y, y, T)A . 3/1-12 -
u=(yﬁ)=r(y,y,r>n[2< . )R] IR ()
In the case of plastic contact,
oy, v, T
R (5)

where oy is the yield strength. In order to obtain the explicit results,
Molinar et al. [31] used a power-law- type of constitutive model,
with parameters like the shear strain (), shear strain rate (y), and
temperature (T),

'L'(]/, )./, T) = KymynT_U (6)

In the case of elastic contact during friction sliding, shear stress T
changes only slightly. According to Eq. (6), we can see that the coef-
ficients of friction (i) generally decrease with increasing normal
loading force (F). In comparison, from Eq. (7), for plastic contact,
i does not explicitly depend on F which is consistent with the
measured results.

The aforementioned analyses do not apply to dissimilar crystal
pairs. This may due to their different mechanical properties o
sliders and the samples. The contact surfaces do not enter into
plastic regime at the same time. It is, therefore, more difficult
express the explicit dependence of friction coefficie
force in dissimilar crystal pairs.

Some error bars in Figs. 4-6 seem to be too
attributed to two causes. The friction coeffici
by,

_(t-Ap)
~ (0-A)

where A¢ is the perfect adhesio

fhction Dewween former and latter cycles.

arried out some friction experiments involving
explosive single tal on single crystal, single crystal on glass, and
a thin film of explO§Pe material between smooth rigid substrates
[29]. However, additional information on the surface characteris-
tics of the material was not provided. As such, their results did not
completely agree with the data obtained in this study, especially
in terms of the effects of the shapes and surface characteristics of
explosive crystals. The HMX crystals had the highest friction coef-
ficients, followed by PETN, and then by RDX. For the same crystal
pairs, higher coefficients of friction were obtained at elastic stages,
whereas the coefficients of friction changed little with increasing
loading force when the yield point was exceeded. However, for dis-
similar explosive crystals, no obvious elastic stages were observed.
This may result from the non-simultaneous entry of the slider and

the sample into the plastic region. Observations of the frictional
sliding tracks on the sample surfaces, as well as on the sliders,
measured by ESEM, indicate different possible frictional mecha-
nisms. For the PETN slider on a PETN, the RDX slider on the (110)
and (101) PETN crystal planes, and the HMX slider on the (110)
PETN plane, molten substances were observed in the tracks. These
substances might act like lubricants leading to either constant or
decreased friction coefficients with increasing loading force. Some
orientation-dependent friction properties were also observed.
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