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ABSTRACT: In order to improve the mechanical properties and thermodynamic ., \,
stability of the long needle-like raw material Nitroguanidine (NQ), it was pulverized \ \
by a mechanical pulverization method and dried by a spray drying method, and three -
ultrafine NQ samples with different aspect ratios (2.26, 1.87, and 1.25) were prepared.
The samples were tested and characterized by scanning electron microscopy, digital
imaging particle size analysis, X-ray diffraction, and differential scanning calorimetry
(DSC), and the impact sensitivity and bulk density of the raw NQ and ultrafine NQ_
samples were also tested. The results show that ultrafine NQ_has the smallest particle
size Dsy of 9.18 pm, with uniform particle size distribution, unchanged crystal
structure, and no introduction of impurities, and the impact sensitivity was the same as
that of the feedstock NQ, which was 0. In addition, with the decreasing aspect ratio of
the NQ particles, their apparent activation energy increased, and the energy required B e e,
to be absorbed in the thermal decomposition increased; their thermal stability was

also better.
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1. INTRODUCTION distribution and the regularity of the crystal shape. The

Nitroguanidine (NQ) is a low-vulnerability explosive with good recrystallization of NQ by dll.emical methods ‘ increases the
explosive properties and stability and is commonly used as an unsafe factor due to the volatility and combustion of organic
important component of launching charges and propellants.' solvents SAuCh as DMF ’ NMP, and acetone, as well as the
Raw material NQ is a kind of long needlelike crystal with a large consumption and recycling costs of solvents and new sources of

aspect ratio, which inevitably causes stress concentration at the pollution. Therefore, it is of practical significance to study the
tip, and its disadvantages of crystal defects and poor dispersion preparation method of ultrafine NQ that can effectively improve
adversely affect the mechanical properties and combustion the crystal morphology and particle size of NQ, and the
properties of the charge. Destroying its needle-like structure, preparation process meets the requirements of safety and green
eliminating stress concentration at its tip, and improving its chemistry.
dispersion properties are the keys to solving this problem.”” In this study, the raw material NQ was pulverized by a
The crystal morphology and particle size of explosives directly mechanical method and dried by a spray drying method, and
affect the physicochemical properties of explosives. A large ultrafine NQ with a shorter aspect ratio and better dispersion
number of studies have shown that, ultrafine explosives, due to compared with the raw material was successfully prepared by
the reduction of particle size and increase in specific surface area, controlling the process conditions. In this method, during the
have the advantages of more complete energy release, more pulverization process, the raw material NQ was directly put into
stable propagation of the explosion wave, and lower water, and the water was used as a stabilizing agent without
explosibility.”” Even for ultrafine explosives with a particle size adding any organic solvent, and the long needle-like raw material

O.f aboutg 10 pm, their physicochemical properties are very NQ is directly pulverized by the ultrahigh-speed shear effect of
different. the wet ultrafine pulverizer. In addition, using the spray drying

In re.cent years, the main ways to _improve the mechanical method for drying, hot air and spray material liquid contact, and
properties and thermodynamic stability of NQ have been

through physical and chemical methods, with ultrasonic
pulverization, grinding refinement, and impact crushing refine-
ment as the main physical methods and solvent—nonsolvent
recrystallization refinement and microemulsification refinement
as the main chemical methods.”~"* The use of physical methods
for pulverization suffers from the shortcomings of safety, energy
consumption, and the difficulty of controlling the crystal size
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Figure 1. SEM images of raw NQ (g, e), ultrafine NQ 1# (b, f), ultrafine NQ 2 (¢, g), and ultrafine NQ 3* (d) (h).

the temperature is rapidly reduced. Therefore, controlling the
hot air in a certain temperature range can ensure a higher drying
efficiency and also avoid the drying of materials subjected to
excessive heat, leading to thermal decomposition brought about
by safety issues.

2. MATERIALS AND METHODS

2.1. Materials and Instruments. Materials: raw material
NQ, chemically pure, manufactured in Shanxi Jianghuai Heavy
Industry Co., Ltd., China.

Instruments: $-3400N scanning electron microscope (SEM),
Hitachi, Japan; Camsizer X2 Digital Imaging Particle Size
Analyzer, Microtrac Retesh, Germany; D8 ADVANCE X-ray
diffractometer, Bruker, Germany; and DSC 204 F1 Phoenix
differential scanning calorimeter, Netzsch, Germany.

2.2. Methods. Nitroguanidine is put into water in a certain
proportion (the mass ratio of NQ_to water is 1:9), a small
amount of surfactant is added, and the suspension slurry is
stirred thoroughly. The slurry is continuously fed into the
grinding chamber of the wet ultrafine pulverizer using a
circulating pump, and the speed of the working head of the
instrument is set to 6000 rpm through the friction and shear
force between the ultrahigh-speed rotating disk mill and fixed
disk mill of the equipment. It makes full use of shearing,
grinding, high-speed mixing, and other roles to break up and
disperse the long-needle NQ in the raw material liquid. The NQ_
internal defects at the formation of stress concentration are first
fractured, the particle aspect ratio decreases, and small particles
are formed. Then, through the material cycle, small particles in
the uniform crushing force field of repeated action ultimately
become a larger degree of sphericality, and obtain ultrafine
granular NQ with fewer crystal defects. The number of
pulverizing cycles was recorded, and the number of crushing
cycles of 3 times, 4 times, and S times of the material liquid
samples, respectively, were numbered as 1 # 2% and 3%

The refined NQ material liquid is discharged to the storage
tank through a 5 ym screen, the material liquid is continuously
input to the high-speed centrifugal spray dryer by a diaphragm
pump, the atomizer nozzle sprays out the mist droplets, and then
it drops with hot air in parallel flow, and the temperature of the
hot air is controlled to be below 60 °C. The surface area of the
material liquid is greatly increased after atomization, and the
rapid evaporation of water can be realized in the air flow. The
surface area of the material liquid is greatly increased after
atomization, the rapid evaporation of water can be realized in the
airflow, and the ultrafine NQ obtained by drying at the bottom
of the tower has uniform particle size, good dispersion, and there
is no agglomeration of particles.
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2.3. Characterization. The particle morphology and size of
the samples were observed using a scanning electron micro-
scope; the samples were sprayed with gold under vacuum
conditions; and the accelerating voltage for the test was 15.0 kV.

The particle size distribution of samples is examined using the
Camsizer X2 digital imaging particle size analyzer."” In the
particle size test, the X-Jet module is used. The sample enters the
test chamber through dry powder feeding and pressurized
dispersion (250 kPa) and is captured by the CCD lens in real
time. The reference lens (B-CCD) records the particle size and
morphology of the large particles, and the focusing lens (Z-
CCD) records the particle size and morphology of the small
particles.

The sample crystallites were characterized using an X-ray
diffractometer with a scanning step of 0.05° and a scanning angle
of 20 ranging from 10 to 50°.

The impact sensitivity was determined by the drop hammer
method,"* with reference to the Chinese military standard (GJB
772A-97 method), and a drop hammer mass of 10 kg was
selected with a drop height of 50 cm and a sample mass of 50 + 1
mg, and 25 rounds of each specimen were tested to make two
sets of parallel experiments. The standard container method was
used to measure the bulk density of the samples. At a certain
temperature, the specimen from the funnel free fell and was filled
with a volume of 20 mL of standard containers, with a scraper
vertically in contact with the upper edge of the standard
containers and one-way uniform scraping across the surface,
gently tapping the standard containers filled with specimens, and
standard containers of the outer surface of the powder wiped
away. The ratio of the mass of the specimen in the standard cup
to the volume it occupies is the bulk density of the specimen.

Differential scanning calorimetry (DSC) was used to
determine the decomposition temperature of the samples at S,
10, 15, and 20 K/min heating rates. The samples were heated in
a crimped aluminum crucible under a nitrogen atmosphere at a
flow rate of 40 mL/min for 0.7 + 0.2 mg samples, and the test
temperatures ranged from 220 to 300 °C.

3. RESULTS AND DISCUSSION

3.1. Particle Morphology Characterization. Figure 1
shows SEM images of the raw NQ_ and ultrafine NQ samples.
From Figure 1a,e, the raw material NQ consists of long needle-
like crystals, the particle length is about 30—50 ym, the stress at
the tip is concentrated, there are crystal defects, the particles are
intertwined with each other, and the dispersion is poor. From
Figure 1b,F, for ultrafine NQ (1¥) samples, after three times of
pulverization, the particle size of the particles was in in teens of
microns; from Figure 1c,g, for ultrafine NQ (2%) samples, after
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four times of pulverization, the particle size compared to the 2
samples has been reduced, and the shape of the shape of the
rectangular; and from Figure 1dh, for ultrafine NQ (3%
samples, after five times of pulverization, the sample particles
have a diameter of about 10 um square-like. The test results
show that the NQ particles are first destroyed at the stress
concentration when crushed; with the increase of the number of
crushing cycles, the width of the particles does not change
significantly, but the long-needle structure is broken, the particle
aspect ratio decreases, the particles change from long-needle to
rectangular and then gradually change to square-like, the crystal
defects are modified, and the dispersion is improved.

3.2. Particle Size Distribution. From the SEM images, it
can be seen that the width of the ultrafine NQ particles did not
change significantly, and the aspect ratio decreased continuously
with the increase in the number of pulverization cycles.
Therefore, the test method of using the diameter of spherical
particles as the equivalent particle size to represent the diameter
of nonspherical particles in the particle size testing by laser
particle size instruments is not applicable to the particle size
testing of NQ_particles after pulverization by this mechanical
method."”

The particle size distribution of raw NQ_and ultrafine NQ_
samples was characterized using the Camsizer X2 digital imaging
particle size analyzer, and the results are shown in Table 1.

Table 1. Particle Size Distribution of Raw NQ and Ultrafine
NQ Samples

particle size (um)

pulverization average aspect
sample (times) Dy, Dy, Dy, ratio
raw NQ 0 21.52 3844  63.78 8.73
1# 3 7.28 12.54 18.79 2.26
2" 4 7.08 10.28 16.01 1.83
3 6 S.78 9.18 13.08 1.25

Figure 2 shows the particle size distribution of the raw NQ
and ultrafine NQ samples, and the horizontal coordinate Xg, .,
is the maximum Feret diameter, which indicates the particle size
defined in terms of particle length; the vertical coordinate Qj is
the cumulative volume percentage, which refers to the ratio of
the volume of the particles with a particle size less than Xg, 1., to
the total volume; and g5 is the bulk density profile, which refers
to the ratio of the volume of particles per unit size particle to the
total volume. "

As can be seen from Figure 2a, the particle size distribution of
the raw NQ_is wide, ranging from a dozen micrometers to
hundreds of micrometers, and the particle size distribution is not
uniform. From Table 1 and Figure 2b, it can be seen that the Dy,
of the ultrafine NQ samples (1#, 2* and 3*) are 12.36, 10.98, and
9.43 um, respectively, and the particle size distribution is within
25 um. In addition, the 3* sample with ultrafine NQ has the most
concentrated particle size distribution, more uniform particle
size, and the best effect of ultrafine. This indicates that with the
increase of the number of cycle pulverization, the particle size of
NQ particles keeps getting smaller, and the particle size
distribution is more uniform.

Figure 3 shows the width-to-length ratio curves of raw NQ
and ultrafine NQ samples, from which it can be seen that the raw
NQ has a smaller width-to-length ratio, that is, a larger aspect
ratio, while the ultrafine NQ_sample has a smaller length-to-
diameter ratio. Therefore, the stress concentration and crystal
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Figure 2. Cumulative particle size distribution of raw NQ_ (a) and
ultrafine NQ 1* 2 3* sample (b).
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Figure 3. Aspect width-to-length ratio curves of raw NQ and ultrafine
NQ samples.

defects of the original NQ_ brought on by the long needle
structure are modified.

3.3. Crystal Structure Analysis. X-ray diffraction (XRD)
analysis of the raw NQ and ultrafine NQ samples was carried out
to examine whether the crystal structure of the raw NQ changed
after pulverization, and the results are shown in Figure 4. As can
be seen from Figure 4, the diffraction peaks of the ultrafine NQ
samples maintained the same position as those of the raw
material NQ,'® indicating that the crystal structure of the
ultrafine NQ samples did not change and no impurities were
introduced during the mechanical pulverization process.

From Figure 4, it can also be seen that the intensity of the
peaks of the ultrafine NQ_samples is different from that of the
raw NQ, and the diffraction peaks around 17.4° are significantly
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Figure 4. XRD patterns of raw NQ and ultrafine NQ samples.

shorter, which may be due to the change in the crystal structure
after pulverization of the NQ particles and the damage to the
crystal surface.'” In addition, the XRD diffraction peaks of the
ultrafine NQ samples were broadened relative to those of the
raw NQ. According to the Scherrer equation, the particle size is
inversely proportional to the half-peak width of its diffraction
peaks, and it is the reduction of the particle size of ultrafine NQ_
that leads to the broadening of its diffraction peaks.

3.4.Impact Sensitivity Tests. For impact sensitivity tests of
raw NQ and ultrafine NQ samples, the drop hammer mass was
10 kg, drop height was 50 cm, and sample mass was 50 + 1 mg.
Each specimen was tested for 25 rounds, and two sets of parallel
experiments were done. The result was that the impact
sensitivity of both raw NQ and ultrafine NQ_samples was 0,
and there was no significant difference between the two sets of
test results. Therefore, the impact sensitivity of the particles of
the ultrafine NQ_samples will not increase, and the safety is
better.

The lower sensibility of nitrog7uanidine is related to the
stability of its molecular structure.'”'® The structure of the NQ
molecule is shown in Figure S. The three intermolecular C—N

Figure 5. Molecular structure of NQ.

bonds are regionally averaged due to the influence of the off-
domain s-electrons between single and double bonds, and the C
atoms and the three surrounding N atoms converge to a single
plane, increasing the stability of the system.'” In addition, NQ
forms intramolecular and intermolecular hydrogen bonds, and
this mesh structure formed by hydrogen bonding is also the most
important reason for the stability of this explosive.

3.5. Variation of Bulk Density with Particle Size. The
bulk densities of the raw NQ and ultrafine NQ samples were
measured by the standard container method, and the results are
shown in Table 2. The raw NQ crystals are long needles with a
high aspect ratio, and their bulk density is lower. Ultrafine NQ is
more densely packed in the same volume due to the smaller
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Table 2. Bulk Density of NQ with Different Particle Sizes

bulk density (g-cm™)

0.36
0.69
0.77
0.54

sample shape of particles
raw NQ needle-like

1* rectangles

o
3

aspect ratio
8.73
2.26
1.83
1.28

rectangles

square-like

aspect ratio after pulverization, and the corresponding bulk
density is higher. However, the particle size of the 3* sample is
smaller than that of the 2* sample, but its bulk density is lower,
which is due to the increase of cracks on the surface of the
sample after the impact of multiple high-speed crushing and
shearing, resulting in a decrease in its bulk density. In addition,
when the particle size of ultrafine NQ is small to a certain size,
the particles are agglomerated due to the large van der Waals
forces between the particles, resulting in a decrease in the bulk
density of the particles.””*" Therefore, in the process of ultrafine
NQ, the number of cycle pulverization times should be
controlled so that the particle size of ultrafine NQ is within a
certain range.

3.6. Thermal Decomposition Property Analysis. The
DSC curves of raw NQ_and ultrafine NQ samples at different
heating rates were measured in an atmospheric pressure N,
atmosphere, as shown in Figure 6. The decomposition
exothermic peak temperature of the ultrafine NQ sample was
slightly shifted forward compared with that of the raw material
NQ, and the decomposition exothermic peak of NQ_gradually
decreased with the decrease of particle size. According to the hot
spot theory, the thermal decomposition peak temperature of the
ultrafine NQ sample was shifted forward due to the decrease of
NQ particle size and the increase of specific surface area, which is
favorable for heat conduction and makes the hysteresis effect of
the measurement result decrease.

Based on the DSC test data, the apparent activation energy of
the samgles_ was calculated to assess the decomposition
kinetics.””~>* The apparent activation energy of NQ decom-
position was calculated using the Kissinger method and the
Starink method.***’

The Kissinger equation describes the linear relationship
between In(f3/ sz) and 1/T, (Figure 7) as follows

p AR _ E
I P
T E. RI (1)

where f3 is the heating rate, K-min™"; T, is the peak temperature
of decomposition at the corresponding heating rate, K; E, is the
apparent activation energy, kJ-mol™'; A is the apparent pre-
exponential factor, min™'; and R is the gas constant, 8.3 14K
mol ..

In contrast, when the activation energy is calculated by the
Starink method, the equation expresses the linear relationship
between In(T,"*/f) and 1/T (Figure 7) as follows

T,"*) (10070 — 12x107°E,)E,
In| = + const
b R, 2)

The calculated results are listed in Table 3. The E, values
calculated using the Kissinger and Starink equations are basically
the same, indicating that the calculation of the activation energy
is reliable. As can be seen in Figure 3, the activation energies of
raw NQ and ultrafine NQ (1%, 2%, and 3¥) samples are 144.20,
159.25, 164.48, and 168.47 kJ-mol™, respectively, which
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Figure 6. Thermal decomposition curves of raw NQ (a), ultrafine NQ 17 (b), ultrafine NQ 2 (¢), and ultrafine NQ 3* (d).
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Figure 7. Correlation of apparent activation energy by the Kissinger equation and the Starink equation.

Table 3. Thermal Decomposition Temperatures and Apparent Activation Energies of Raw NQ and Ultrafine NQ Samples

T, (°C) E, (IJ-mol™")
sample S K/min 10 K/min 15 K/min 20 K/min Kissinger Starink (Ex + Eg)/2
raw NQ 246.3 255.1 261.8 267.6 143.75 144.66 144.20
1* 246.1 254.3 260.6 265.3 158.80 159.70 159.25
2* 246.1 253.6 260.0 264.6 164.04 164.93 164.48
3* 246.0 253.5 259.4 264.2 168.03 168.90 168.47

indicates that the smaller the particle aspect ratio of the NQ

crystals, the higher the energy required to reach the activation NQ particles decreases, the internal defects of the particles are
state. This is due to the fact that the particle size of the ultrafine modified, and when subjected to heat, the stress concentration
542 https://doi.org/10.1021/acsomega.3c06086
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suffered is improved, and the crystals become more difficult to
destroy, so their thermal stability becomes better.

Based on the calculation of the apparent activation energy,
other thermal property data such as entropy, enthalpy, and
Gibbs free energy were obtained using the equations. The eqs
3—S5 were calculated as follows

kyR
AG = RTIn(BT) +E,

(3)
AH = E, — RT (4)
AG=AH — TAS ()

where AH is the enthalpy change, kJ-mol™; AS is the entropy
change, J-mol™":K™'; AG is the Gibbs free energy change, kJ-
mol™%; kg is Boltzmann’s constant, J-K™%; and 4 is Planck’s
constant, J-s~". Calculations are given in Table 4.

Table 4. Thermal Performance Data Related to Raw NQ and
Ultrafine NQ

sample AH (kJ-mol ™) AS (J-mol™K™) AG (Ig-mol™")
raw NQ 140.03 —258.45 276.56
1* 154.71 —258.44 291.02
2* 159.82 —258.43 295.94
3* 163.70 —258.42 299.80

The AS and AG of the activation process of raw NQ and
ultrafine NQ samples are almost the same and greater than zero,
which indicates that the thermal decomposition process of NQ
is nonspontaneous and needs to absorb heat from the outside
world, and AH represents the heat energy absorbed by the NQ
molecules when they are transformed into activated molecules.
The AH and AG of the thermal decomposition of the ultrafine
NQ samples are smaller than those of the raw NQ, which
indicates that the raw NQ needs to obtain more heat than the
ultrafine NQ when thermal decomposition of the NQ_crystals
occurs, which further indicates that the thermal stability of the
ultrafine NQ is better.

4. CONCLUSIONS

Ultrafine NQ was prepared by the mechanical pulverization
method and the spray drying method, the Dy, of the resulting
samples could reach less than 10 um, the particle size
distribution was concentrated, no impurities were introduced
during the refinement process, and the samples were of high
purity. Compared with the raw NQ, the impact sensitivity of the
ultrafine NQ samples did not change significantly, the crystal
defects were reduced, the bulk density first became higher with
the reduction of the particle size, and when the particle size was
small to a certain size, the bulk density was reduced instead, so
the prepared ultrafine NQ should be controlled within a certain
particle size range. In addition, the thermal stability of NQ
samples becomes better with a decrease of the particle aspect
ratio.
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