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Abstract: In this paper, the reasons why nanometer RDX showed lower sensitivity
than micro RDX is discussed. Herein we supposed two factors affect the sensitivity
of nanometer RDX. Firstly, according detonation physics models, a nanometer
particle size results in small hot spots and a high critical temperature. These features
suggested high safety for nanometer RDX based on the hot spot theory. A further
factor is the thermal reactivity of nanometer RDX, which considerably affects the
safety of nanometer energetic materials. Employing the Kinetic Compensation
Effect, we calculated the kinetic parameters of micro and nanometer RDX. The
results indicated that there was no obvious distinction between the activation
energies of micro and nanometer RDX, which implies almost the same reactivity
of micro and nanometer RDX. Incorporating the results of small hot spots, high
critical temperature, and the unchanged reactivity of micro and nanometer RDX,
we concluded that nanometer RDX should exhibit low sensitivity as an intrinsic
feature.
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1 Introduction

Cyclotrimethylene trinitramine (RDX) is the most important explosive used in
various munitions, such as main charges, booster explosives, solid propellants ezc.
Its performance almost exceeds that of TNT; but then, it has a fatal disadvantage
restricting the practical application of this nitramine, i.e. the safety of RDX is
considerably lower than that of TNT. The most direct method for improving
safety is surface coating. Wax, fluoro-rubber, HTPB, even TNT have been used
as the coating materials to lower the sensitivity of RDX [1-3]. However, the
added layers also obviously decreased the energy performance of the explosive.
Another method is to ameliorate the crystalline qualities of the explosive, namely
to elevate the safety level by modifying the properties of the explosive itself.
Usually, the particle density of a coarse explosive is lower than its theoretical
value, because many inclusions (air and solution) remain within the crystals of
the explosive [4-6]. These hetero materials adversely affect the shock sensitivity
of the explosive particles. In addition to inclusions, crystal defects (internal),
stress, and particle shape also affect the sensitivity of explosives. Some explosive
particles, which obtained via crystallization or recrystallization processes, may
contain few defects (such as tiny pores and voids) in their crystals [7, 8].

In fact, besides the factors mentioned above, there is another important
property which can potentially influence the shock sensitivity of explosives,
viz. particle size and size distribution. In previous studies, we tried probing the
effect of particle size on the mechanical sensitivity of RDX and HMX [9, 10].
Czerski and Proud studied the relationship between the granular morphology of
nitramines and their shock sensitivity [11]. Their experimental data illustrated
that the shock sensitivity of nitramine particles was determined by their surface
smoothness rather than by their particle size. The critical gap of an HMX sample
with mean size 237 pum is even smaller than the value of a sample with mean
size 16 um; no regular tendency dominated the dependence of shock sensitivity
on particle size. This was ascribed to the creation mechanism of hot spots (i.e.
the viscoplastic deformation theory). The theory is very complex, inasmuch as
many parameters of the explosive charge are concerned, such as density, pore
size, thermal conductivity, and viscosity etc. [12-14]. When the particle size is
small enough, the micron morphology of explosive particles cannot significantly
affect the creation of viscoplastic work. In this case, the very important factor is
pore size. If the pore size is lower than the critical size, initiating a detonation in
the explosive charge is difficult. The pore size is determined by the explosive’s
particle size. If the particle size is lower than the submicron (even nanometer)
scale, the size of the majority of pores may be smaller than the critical size.
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Therefore, it seems that decreasing the particle size is a very promising method
for increasing the safety level of explosives. In fact, this method does not apply
to some energetic materials unless a certain precondition is met.

This precondition is the steady kinetic characteristics. In any shock sensitivity
test or mechanical sensitivity test, the detonation events are attributed to the
creation of hot spots, i.e. the explosives are ignited by heat. Therefore, the tendency
for thermal decomposition significantly influences the sensitivity of explosives.
In respect of nitramines, the rate-limiting step of thermolysis is activation of the
explosive molecules, and the activation should be almost independent of changes
in the specific surface area. As a counter-example, ammonium perchlorate (AP)
shows a different characteristic of thermal decomposition. Its “activation”
process is proton transfer, i.e. the protons in NH," transfer to Cl1O0, to produce
NH; and HCIO, (NH," + ClO4 =NH;(a) + HC1O4(a)=NHj;(g) + HC104(g));
however the rate-limiting step is the oxidization of NH;(a) by HCIO4(a) (NH;(a)
and HClO4(a) mean the ammonia and perchloric acid which are in adsorbed
layer on the surface of AP) [15-17]. This step would be obviously promoted by
increasing the specific surface area. Accordingly, the sensitivity of AP increases
as its particle size is reduced.

We have here described the fabrication of nanometer RDX and discussed
the influences of activation energy and particle size on mechanical and
shock sensitivities.

2 Experimental

The micro RDX was comminuted to tiny particles by superfine milling. The
specific method of fabricating nanometer RDX is described in [18]. The particle
size and size distribution were measured with a laser particle sizer, Master
Sizer Instrument. The morphology was observed with a transmission electron
microscope (TEM, JEOL JEM-200CX) and an S-4800 field-emission scanning
electron microscope (SEM, Hitachi, S4800). The phases of the samples were
investigated with an X-ray diffractometer (XRD, Bruker Advance D8), using
Cu Ko radiation at 40 kV and 30 mA. The purity of the comminuted samples was
characterized by X-ray photoelectron spectroscopy (XPS), PHIS000 Versa-Probe
(ULVAC-PHI). Differential scanning calorimetry (DSC) and thermogravimetry
(TG) were performed on a TA Model Q600 TG/DSC simultaneous thermal
analyzer. The impact test, friction test, and small scale gap test were used to
investigate the shock sensitivity of the RDX samples [18, 19].
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3 Results

3.1 Size and morphological analysis

The particle size distribution (PSD) profiles of micro and nanometer RDX are
presented in Figure 1. The difference between the two distributions was very
distinct. For micro RDX, the ds5, and do, were 84 and 182 um respectively; after
milling, the ds5y and dyy had decreased to 0.27 and 0.5 um respectively; nanometer
RDX shows a narrow size distribution. Because of the huge surface energy,
the nanometer RDX particles may agglomerate in the PSD test. Moreover, the
resolution of the PSD instrument is more than 0.05 pm. Thus, the measured
dsp and dyy are more than 100 nm. The reason why the size of some particles
is >100 nm was also discussed in [18]. TEM and SEM analysis remedied this
flaw. In the images (Figure 2), RDX nanoparticles are clearly observed. Most
of the pulverized RDX particles are nanosized (<100 nm).
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Figure 1. Particle size distribution of: (left) micro RDX; (right) nanometer RDX.
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Figure 2. TEM (left) and SEM (right) images RDX nanocrystals.
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3.2 Structure analysis
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Figure 3. XPS spectra of RDX nanocrystals: (a) the whole spectrum;
(b) spectrum of O element; (¢) spectrum of N element; (d) spectrum
of C element.

The purity of the milled samples was confirmed by XPS and XRD analysis.
For both micro-RDX and nanometer RDX, it was demonstrated that only N—O,,
N-N, N-NO,, and C—H groups exist in the explosive molecules. The XPS spectra
of the studied nanoexplosives are illustrated in Figure 3. In both spectra, there
are peaks associated with Ols, Cls, and N1s. The Ols peak allows the effect
that the nitrate nitrogen has on the electron excitation of Ols to be determined.
The Cls peak illustrates the influence that the hydrogen atoms in the CH, group
and the ammonia nitrogen have on the electron excitation of Cls. The excitation
of the N1s electron results in two peaks that represent ammonia nitrogen and
nitrate nitrogen respectively. The XRD pattern of nanometer RDX is almost the

same as that of micro RDX.
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Figure 4. XRD patterns of micro and nanometer RDX crystals.

4 Discussion

This paper is based on results described in Ref. [18]. Therein, the mechanical
and shock sensitivities were tested by the impact test, the friction test and the
Small Scale Gap Test. Compared with micro RDX, nanometer RDX presented
much lower sensitivities. In particular the shock sensitivity of nanometer RDX
was lowered by 44.8% compared to the sensitivity of micro RDX.

Table 1.  Mechanical and shock sensitivities of raw and nanometer RDX [18]

RDX Impact sensitivity | Friction sensitivity | Shock sensitivity
Hj, [cm] Sev P, [%] Sev Tssor, [mm]
Micro 46.08 4.774 | 74.00 6.000 14.12
Nanometer 62.75 5.767 | 59.33 5.033 7.80

We will here discuss in detail why the nanometer nitramine exhibits a higher
degree of safety. As illustrated in Figure 5, there are many pores and voids located
in an explosive charge. When the charge is subjected to shock stimuli, the pores
and voids will be compressed to form “hot spots”. The formed hot spots will heat
the adjacent explosive and cause parts of them to decompose. However, if the
size of the hot spots are not large enough (i.e. do not reach the critical size), the
heat contribution will not be sufficient to make the decomposition self-sustained.
In Moulard’s opinion, the usual hot spot models for shock to detonation transition
agrees with a two step process [20]. The first step is the hot-spot ignition. This is
the limiting step for shock loading of large duration and low shock pressure. The
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second step is the chemical reaction growth. This is the limiting step for shock
loading of small duration and high shock pressure. Therefore, the differences
in pore size and the discrepancy of thermal decomposition properties between
nanometer and micron RDX particles, becomes very significant for interpreting
why nanometer RDX shows low sensitivities.
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Figure 5. Illustration of shock induced, hotspot formation and growth, in
aporous, condensed-phase, explosive-based energetic formulation.

In Partom’s theory, if the explosive particles show spherical micron
morphology and the charge has a high bulk density, the average pore radius
(7o) is a function of the average size of the explosive particles (dsy) and their
porosity (@) [21]. In Equation 1 it seems that the pore radius in a nanometer
RDX charge is significantly smaller than the pore size in a micro RDX charge.
After relating the 7y and dsy, the question becomes how large the critical size is.
Merzhanov considered that in an explosive charge embedding a chemical heat
source, the velocity of the whole heat change is equal to the summation of the
rate of heat conduction and the rate of heat release from the chemical source
(Equation 2) [22]. Based on this model (Equation 2), the relationship between
the critical size (d¢) and the critical temperature (7¢) was inferred as Equation 3.
Substituting the data obtained in our laboratory, we plotted the relationship of
ocvs Tcin Figure 6. The association of particle size, pore size, critical size, and
critical temperature were established, as the ) was set to dc. It can be deduced
that because the particle size of nanometer RDX is essentially smaller than the
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size of micro RDX, the critical temperature of nanometer RDX is considerably
higher than that of micro RDX. Therefore, when subjected to the same exoteric
stimulation, the pores in a micro RDX charge more easily form the effective hot
spots that can heat the adjacent explosive particles to decomposition.
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Figure 6. Dependence of critical hot-spot temperature (7¢) on critical hot-spot
diameter (d¢).

Now that the influence of the nanometer particle size has been addressed,
another question arises. In the above discussion, we ignored the differences
of reactivity between nanometer RDX and micro RDX. If nanometer RDX
is far more reactive than micro RDX, the hot spots with lower temperatures
(compared to the critical temperature) could also cause thermolysis of energetic
particles to occur. In that case, the positive action of the nanometer size would
be weakened to a large extent. So what is the reactivity? Obviously, it depends
on the decomposition temperature, activation energy, efc. In particular, the
kinetic properties are more important than the thermodynamic ones. To address
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this issue, thermal analysis of micro and nanometer RDX was performed by

thermogravimetry at different heating rates, and the TG curves are shown in
Figure 7.
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Figure 7. TG curves of samples at different heating rates: (a) for micro RDX;

(b) for nanometer RDX.

The plots of da/dT vs T can be derived from the TG curves [23]. The
Kinetic Compensation Effect (Equations 4 and 5) was used to calculate the pre-
exponential factor (4;,,) and the activation energy (E;,,). The specific calculation
method refers to Ref. [23]. Equation 7 can be inferred from the base formulation
(Equation 6). In Equation 7, fla)=m(1-a)". For example, when m=2 and n=0.5,
based on the four heating rates, four plots were fitted in Figure 9 (a for micro RDX,
b for nanometer RDX). In each plots, an E; and 4; can be obtained. By using
different f{a) values (i.e. different m and n values), many values of E; and 4; can be
calculated. The values of E; and 4;are listed in Tables 2 and 3. Using Equation 4,
plots of In4; vs. E; were fitted and values of a and b were obtained (in Figure 9
and Table 4). Then, using Equation 5, the value of 4;,, and E,, were obtained, as
in Figure 10. For micro RDX, E;,,= 168.482 kJ-mol ™! and 4;,,= 1.087x10"7 s7!;
for nanometer RDX, E;,,=152.658 kJ'mol™" and 4,,,=8.696x10'* s !,

InAd;=aE;+b 4)
bj = ln Ainv + Einvaj (5)
da A E

ac _ A cooyvexo(— 2 6
T ﬂf( )exp( RT) (6)
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Table 2.  Kinetic parameters for the pyrolysis of micro RDX. D is the residual
sum of squares of (da/dT); to k(T)[f(o)]a
E; Ax10716
[K-rﬁin’l] [KJ-mol']|  [s7] R Dx10* | fla) | Code
5 139.707 | 0.01513 | 0.9996 7.286 | 2(1-a)'? R,
10 143.847 | 0.04483 | 0.9993 6.063
15 141.444 | 0.02096 | 0.9966 3.397
20 119.346* [ 0.0001127%| 0.9713 8.578
Mean 141.666 | 0.02697 - - - -
Siev 2.079 0.01574 - - — —
5 165.47 3.129 0.9943 3.581 | 3(1-a)*s R;
10 162.40 1.436 0.9981 7.823
15 169.15 5.524 0.9983 8.154
20 150.05" | 0.05584" | 0.9951 2.117
Mean 165.67 3.363 - - - -
Seev 3.380 2.054 - - — —
5 179.543 78.48 0.9889 5290 | 4(1-a)¥ -
10 179.720 74.01 0.9968 1.368 -
15 184.912 184 0.9945 2.123 —
20 166.013% 1.868* 0.9971 1.049 -
Mean 181.392 112.163 - - - -
Sev 3.05 62.253 - - — —
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E; Ax10716
[K-min ] |[k'mol]|  [s7] R Dx10° | fla) | Code

5 221.191 | 1.02x107 | 0.9679 19.446 1—a F,

10 232.849 | 1.302x10% | 0.9747 16.378

15 242299 | 7.147x10% | 0.9717 | 20.999

20 221.502 | 3.958x10° | 0.9889 6.188
Mean 229.460 | 2.148x108 - - - -
Siev 10.133 | 3.385x10°® - - — —

# Abnormal data that were not adopted when calculating the mean value and S,.

Table 3.  Kinetic parameters for the pyrolysis of nanometer RDX. D is the
residual sum of squares of (da/dT); to k(T[]
E; Ax10716
[K-min" | [kJ'mol ]| [s] R | D<10° | flw) | Code
5 162.872 5.045 0.9984 6.393 | 2(1-0)'? R,
10 165.147 2.967 0.9963 3.818
15 168.327 5.922 0.9955 2.171
20 164.551 2.430 0.9982 3.821
Mean 165.224 4.091 - - - -
Sev 2.282 1.662 - - - -
5 181.32 167.7 0.9958 3.98 3(1—a)?3 R;
10 184.78 233.5 0.9955 1.34
15 187.44 389.9 0.9943 8.19
20 196.58* 3212% 0.9947 2.87
Mean 184.51 263.7 - - - -
Stev 3.069 114.137 - - - -
5 193.405 | 2.549x10° | 0.9919 4.841 | 4(1—0)** -
10 196.463 | 2.976x10° | 0.9931 1.935 -
15 197.405 | 3.195x10° | 0.9936 1.393 -
20 208.395% | 3.991x10* | 0.9924 5.642 -
Mean 195.758 | 2.907x10° - - - -
Sev 2.0912 | 0.329x10° - - - -
5 219.952 | 7.742x10° | 0.9856 8.096 1—a F,
10 217.360 | 1.940x10% | 0.9923 4.806
15 225.041 | 9.761x10° | 0.9892 3.630
20 234.534% | 8.089x107 | 0.9902 1.831
Mean 220.784 | 6.481x10° - - - -
Stev 3.908 | 4.060x10° - - - -

# Abnormal data that were not adopted when calculating the mean value and S




Foci for Determining the Insensitivity Features of Nanometer RDX...

811

60F 57
= j=5Kmin’ = j=5Kmin’
55 e i=10Kmin’ 54+ e i=10Kmin’
4 j=15Kmin’ A i=15Kmin’
50 * i=20Kmin’ 51+ % i=20Kmin’
plotted mean values* plotted mean values*
< 4 N <48
< c
= 4o} = 45l
35+ 20
30+ . ol
micro RDX . nanometer RDX
251 wl
1200k 1500k 180.0k 210.0k 240.0k 1600k 1800k 2000k 2200k 2400k
E,(J:mol”) E,(J-mol™)
a) b)
Figure 9. Plots of In4; vs. E;: (a) for micro RDX; (b) for nanometer RDX.
(*These plotted mean values are tabulated in Table 1.)
Table 4.  The invariant kinetic parameters for the pyrolysis of micro and
nanometer RDX
j Vo rh. rR2 Ny nh. np2
B, [K-min'] a; b, R a; b; R
5 2.517x10*| —3.221 | 0.9930 [2.514x10*| —3.167*| 0.9856
10 2.490x10*| —2.850 | 0.9947 |2.550x10*| —4.597 | 0.9904
15 2.436x10*| —1.655 | 0.9938 [2.533x10*| —4.468 | 0.9927
20 2.401x10%| —1.624% | 0.9952 |2.455x10*| —3.057 | 0.9937
Values* |2.635x107*| —5.098 | 0.9897 |2.571x107*| —4.745 | 0.9890
Mean 2.496x10* | —2.890 - 2.525x10*| —4.007 -
Ser. 0.090x10| 1.424 - 0.044x104| 0.824 -
"E;,=168.482 kJ-mol™! "E;n=152.658 kJ-mol!
"4, =1.087x10"7 5! "4in=8.696x10" 5!

* Values obtained from the plotted mean values presented in Figure 9.
"The parameters for micro RDX. " The parameters for nanometer RDX.
# Abnormal data that were not adopted when calculating E;,, and 4.
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The results of the kinetic evaluation indicated that the activation energy
of nanometer RDX was almost the same as that of micro RDX. This result
is certainly different from our expectation that we always considered the
decomposition of nanometer RDX should have much lower activation energy
than micro RDX. It is generally thought that nanometer energetic materials
should be easily ignited, decompose rapidly, and give a violent reaction, etc.
For example, nanometer thermites and even nanometer AP, increase in thermal
reactivity as their particle size falls into the nanometer scale range [24-26]. In
our previous studies, the impact and friction sensitivities of nanometer AP were
remarkably higher than that of micro AP [26]. This phenomenon cannot be
interpreted by any model. However, nitramine explosives behaved differently.
Their thermolysis begins with the activation and rupture of the weakest bond in
their molecular structure. This activation and rupture are independent of particle
size, despite the nanometer scale. Nevertheless, this is a positive indication
ensuring the high safety of nanometer nitramines, in that nanometer RDX
exhibited similar reactivity to micro RDX. We do not need to consider whether
nanometer nitramines are easily decomposed or ignited. Therefore, thermal and
kinetic analyses are very important for studying the safety of nanometer sized
energetic materials. They are the crucial complement to the detonation physics
models. In addition the plastic deformation on an anisotropic slip system is
much more localized in RDX than in AP [27].

In fact, many nanometer energetic materials have been fabricated in our
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laboratory, such as nanometer RDX, nanometer HMX, nanometer CL-20,
nanometer HNS, nanometer AP, nanometerAN, and various nanometer thermites
[18, 19, 26, 28-33]. Only nanometer RDX and nanometer HMX exhibit
considerably lower sensitivities (impact, friction, and shock sensitivities) than
their micron counterparts. Therefore we should not rely excessively on detonation
physics models to explain the safety properties of nanometer energetic materials.
The high reactivity of nanometer energetic materials cannot be ignored. In
conclusion, two foci, viz. the nanometer size and the reactivity, determine the
sensitivities of nanometer energetic materials.

5 Conclusions

Nanometer RDX was prepared by a mechanical method. After milling, the
average size (dsy) decreased from 87 pm (micro RDX) to 270 nm (nanometer
RDX). Particle agglomeration and the resolution of the PSD instrument
(> 0.05 pm) account for dsp> 100 nm. TEM and SEM images obviously
indicated that most of nanometer RDX particles were of the size <100 nm. Its
purity was confirmed by XPS and XRD analyses. In this paper, two crucial
factors that affect the safety of explosives have been discussed. One is the
nanometer size, another is the thermal reactivity. Using Merzhanov’s model, we
established a relationship of particle size, pore size, and critical temperature. It
was concluded that the nanometer particle size led to a very small hot spot size
and high critical temperature, which benefited a low sensitivity. The thermal
reactivity of nanometer RDX was not ignored in this study. Using the Kinetic
Compensation Effect, we calculated the activation energy and pre-exponential
factors. It was discovered that the activation energy of nanometer RDX is similar
to that of micro RDX. This means that nanometer RDX showed almost the same
reactivity as micro RDX, i.e. the reactivity was not boosted by the nanometer
size. These features ensured the high safety of this nanometer nitramine.
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