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Abstract—The properties of mechanoactivated energetic composites based on aluminum and potassium per-
chlorate with high rates of self-sustaining chemical reactions under conditions of combustion and detonation
are examined. The results of experiments on studying the combustion, deflagration-to-detonation transition,
and sensitivity to friction of these composites are reported. The activation duration and aluminum content in
the mixture are varied. The experiments on the deflagration-to-detonation transition of mechanoactivated
composites are supplemented by the results of numerical simulations. The calculations and experiments on
the dynamics of development of a blast wave and on the steady detonation velocity are found to be in quali-
tative agreement. It is shown that the velocity of the observed process is significantly (by about 40%) lower
than the normal detonation velocity obtained from thermodynamic calculations.
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INTRODUCTION

Currently, various research centers actively work on
developing new ways to produce energetic materials
with high-rate energy release. One such method
involves the mechanochemical treatment of micron-
sized oxidizer—fuel mixtures in ball mills. The compo-
nents are crushed to submicron sizes and mixed, a
process accompanied by the formation of defects in
the crystal structure of the materials. Previous results
on the mechanoactivation of such mixtures [ 1—4] have
demonstrated the prospects of this direction for pro-
ducing mechanoactivated energetic composites
(MAEC) with high-rate self-sustaining chemical reac-
tions during burning and detonation.

This paper reports the results of a study aimed at
creating MAEC based on aluminum and potassium
perchlorate (KC1O,, PP). The results of experiments
on studying the burning and deflagration-to-detona-
tion transition of such mixtures and on their sensitivity
to friction are presented. In the experiments, the dura-
tion of activation and the aluminum content in the
mixture were varied. The experiments on the deflagra-
tion-to-detonation transition in mechanoactivated
composites were supplemented by numerical simula-
tions and thermodynamic calculations of the detona-
tion parameters of the mixtures.
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EXPERIMENTAL RESULTS

The starting materials for preparation of the mix-
tures were chemically pure PP powder (50—100-pm
grains) and aluminum powders (PP-2 grade, with flaky
particles, 50—200 pm in transverse size and 2—5 pm in
thickness, and ASD-6, with spherical particles of aver-
age size ~3.6 um). The weight content of Al in the
mixture was varied from 30 to 40%, near the stoichio-
metric weight ratio of the Al/PP components, equal to
34.2/65.8.

The mixing and activation of the components was
carried out in an Activator-2SL planetary mill
(ZAO “Activator”, Novosibirsk) with steel balls and
drums. The weight of the mixture was 10 g, whereas
that of the balls was 300 g. The most important aspect
of mechanoactivation is to prevent the explosion of the
mixture, so it is necessary to create a liquid layer
between the components in order to reduce frictional
heating and overheating of the drums. To this end, the
hexane was added to the mixture, and the processing
was carried out under water-cooling of the drums in
60-s cycles. The total activation time 7, ranges from
2 to 60 min. After treatment, the product was dried.
Since the product contained relatively large agglomer-
ates after drying, it was sieved through a 0.4-mm-mesh
sieve. The starting materials and mechanoactivated
composites were analyzed by X-ray diffraction and
scanning electron microscopy.
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Fig. 1. Microphotographs of 40 : 60 Al/PP composites mechanoactivated for 30 min: (a) ASD-6-based and (b) PP-2-based.

X-ray diffraction analysis showed that, at activation
times shorter than 30 min, no chemical reaction
between the components occurs. The diffractograms
featured the presence of only two phases: PP and Al. In
addition, traces of Fe in a concentration of a few frac-
tions of a percent were detected. The admixture of Fe
in the product arises due to the attrition wear of the
steel drums and balls.

Electron microscopy analysis showed that the
mechanoactivated composites prepared from PP-2 Al

RUSSIAN JOURNAL OF PHYSICAL CHEMISTRY B

powder were generally more homogeneous as com-
pared to the ASD-6-based ones. As an example, Fig. 1
displays SEM images of Al(ASD-6)/PP and Al(PP-2)/
PP 40/60 composites with the same composition, but
different grades of aluminum powder. In both cases, at
agiven activation time, PP particles are ground to a sub-
micron size dimensions, but Al particles are crushed
differently. While ASD-6 particles are deformed to
form sufficiently large particles (“tablets” a few
microns in size), located separately from PP grains, in

Vol. 9 No.4 2015
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Fig. 2. Dependence of the detonation velocity on the activation duration for Al/PP composites of various compositions: (/) 30 : 70,
(2) 35: 65, and (3) 40 : 60 (in 80%-porosity changes placed in 10-mm-diameter steel tubes).
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Fig. 3. Time profiles of the brightness temperature of the detonation products at the charge—PMMA window boundary for 30 : 70 Al/PP
mechanoactivated composite charges of various lengths. The numbers at the profiles indicate the charge length in mm.

the case of PP-2 Al particles, more homogeneous
composites arise, in the form of micron- and submi-
cron-sized fragments of Al flakes coated with oxidant.

The MAEC under study were tested for deflagra-
tion-to-detonation transition and mechanical impact
sensitivity. The experiments on deflagration-to-deto-
nation transition were performed in steel tubes with a
diameter of 10 mm and a length of 200 mm at a charge
porosity of ~80%. The test mixture was poured into
the tube in portions and tamped with a metal rod to
ensure that the changes be of the same density. The
burning was initiated with an electrically heated
Nichrome wire located near the closed end of the tube.

RUSSIAN JOURNAL OF PHYSICAL CHEMISTRY B
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The velocity of the combustion wave front was mea-
sured by recording the light emission of from the com-
bustion products transmitted through optical fibers to
photodiodes. The optical fibers were introduced
through holes in the tube walls to the axis of the
charge, a configuration that excluded the effect of a
possible flashback along the walls of the tube. The
velocity was measured over 20-mm measurement dis-
tances, starting from a point located at a distance of
70 mm from the initiation locus. Inspection of the
tubes after the experiments made it possible to deter-
mine the deflagration-to-detonation transition length
L and the steady detonation velocity D. Depending on
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Fig. 4. Dependences the burning velocity of pressed sam-
ples of 30 : 70 Al/PP mechanoactivated composites on (a)
the activation duration at the pressure of 3 MPa and (b) the
pressure at the activation duration of 10 min; U [mm/s] =
84.2(P [MPa])?1,

the activation time and the composition of the com-
posite, the value of L ranged from 10 to 80 mm,
whereas D from 1200 to 1500 m/s. For PP-2-based
MAEC, the detonation velocity was higher while the
deflagration-to-detonation transition length shorter
as compared to ASD-6-based MAEC, all other things
being equal. This is consistent with a higher homoge-
neity of PP-2-based composites, as noted above.

DOLGOBORODOV et al.

Therefore, most of the subsequent experiments were
performed with PP-2-based MAEC. Figure 2 show
how the detonation velocity D depends on the compo-
sition of the composite and 7,,. At T,, = 2 min
(charge length 200 mm), no deflagration-to-detona-
tion transition was observed—only explosive combus-
tion at 400—600 m/s took place, with the tube remain-
ing practically undamaged. At 7,., = 5 min or more,
deflagration-to-detonation transition occurred. The
maximum value of D was obtained for composites with
a slight excess of oxidizer, at Al : PP = 30: 70. At 7},
to 40 min or more, D decreased markedly, which may
be a consequence of the components having reacted
during mechanoactivation. Despite a rather large scat-
ter in the data, the results suggest that the optimal
treatment time ranges within 7, = 10—20 min. Most
of the experiments were carried out with composites
stored for 7—10 days. Increasing the storage time to
2—3 weeks did not affect the rates of the processes.

The formation of the detonation front in the course
of propagation of the combustion wave along the
charge was investigated by monitoring the visible
emission from the products. The experiments were
conducted with 80- to 82%-porosity charges in a dur-
alumin tube of diameter 18 mm. The burning of the
composite was initiated by an electrically heated
Nichrome wire placed at one end of the tube. At the
other end of the tube, an optical window was mounted
(plates of polymethylmethacrylate (PMMA), 8-mm-
thick LiE 30-mm K-8 glass). The intensity of the radi-
ation from the detonation products at the interface
with the window was recorded with a two-channel
pyrometer equipped with 627- and 420-nm-peak
interference filters and then converted into the bright-
ness temperature using standard procedures [5]. The
measured dependence of the brightness temperature
at the interface between an Al : PP = 30 : 70 composite
(activation time 7, = 10 min) and the PMMA win-
dows on the length of the charge is shown in Fig. 3.
The temperature values were obtained by averaging
over the two wavelengths. The error in determination
of the brightness temperature did not exceed the
instrument error, £150 K. The numbers in the figure
indicate the charge length; the temperature profiles

Results of the thermodynamic calculations of the ideal detonation parameters for a PP + 30% Al mixture at initial densities from

300 to 700 kg/m?>
Chapman—Jouguet detonation parameters
Initial density, kg/m?> Detonation velocity, m/s
density, kg/m> pressure, GPa speed of sound, m/s
300 483 0.34 1080 1735
400 617 0.52 1220 1900
500 762 0.74 1360 2070
600 897 1.0 1500 2245
700 1028 1.31 1650 2420
RUSSIAN JOURNAL OF PHYSICAL CHEMISTRY B Vol. 9 No. 4 2015
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are shifted along the time scale and arranged in accor-
dance with the charge length.

As compared to MAEC prepared from nanosized
silicon and ammonium perchlorate nSi/AP [3], a det-
onationlike process in Al/PP MAEC sets in much
faster. In particular, at a length as short as ~20 mm, the
signal intensity increases sharply (with a rise time of
t<5 us), with shock wave with a sufficiently steep
front (# < 1.5 ps) arising at a distance of 40 mm. At a
length of 60 mm, the signal amplitude reaches a max-
imum, and ¢ becomes less than 1 ps. At longer dis-
tances, the signal reduces slightly whereas its rise time
increases; at a distance of 150 mm, the characteristics
of the process become roughly constant, with the tem-
perature profile exhibiting a two-peak pattern.

With the LiF window, having a higher dynamic
impedance compared to PMMA, the maximum tem-
perature in the peak increases somewhat. With the
thick K-8 glass window, no two-peak structure is
observed. Why two-peak temperature profiles are
observed remains unclear. It can be supposed that the
first peak is associated with the burnout of the highly
activated part of the mixture on the surface of alumi-
num particles; however, why the peak is not recorded
in the case of the “thick” window is hard to say. In gen-
eral, based on measuring the emission from the prod-
ucts at the end face of charges of different lengths, it
can be assumed that the deflagration-to-detonation
transition in high-porosity charges of mechanoacti-
vated Al/PP composites occurs through the stage of
overdriven detonation.

Since preliminary experiments on deflagration-to-
detonation transition in 10-mm-diameter tubes
showed no effect of overdriven detonation, to eluci-
date whether the stage of overdriven detonation exists,
we carried out new experiments with 18-mm-diameter
300-mm-long tubes, in which the velocity of the wave
was measured with a set of contact sensors placed at
20-mm intervals. The measurements have shown that,
during the onset of detonation, the velocity of the wave
reaches a maximum value of 2000 m/s within the 40—
60-mm measurement distance, after which the wave
velocity gradually reduces to 1500 m/s, remaining at
this level constant up to the end of the charge. This
result confirms the assumption that the onset of deto-
nation in Al/PP charges occurs through the stage of
overdriven detonation.

For Al : PP = 30 : 70 pressed charges, we also mea-
sured the layer-by-layer burning velocity. The charges,
12 mm in height and 9 mm diameter, were prepared by
pressing to a relative density of 0.85—0.9. The lateral
surface of the charges was coated with a thin layer of
epoxy resin. The charges were burnt in a constant-vol-
ume bomb under nitrogen at pressures of 0.5 to
8.0 MPa. Burning was initiated with an incandescent
coil. The burning time of the charge was determined
from the time history of pressure in the bomb. The
average burning velocity was calculated by dividing the
charge height by the burning time. The data obtained,
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in the form of the dependences of the burning velocity
on the activation time (at an initial pressure in the
bomb of 2 MPa) and on the initial pressure in the
bomb (at T, = 10 min), are displayed in Fig. 4. As can
be seen, with 7, increasing from 2 to 17 min, the burn-
ing velocity increases sharply, from 25 to 200 mm/s;
however, with a further increase in 7, the burning veloc-
ity growth slows down. The highest value of the burning
velocity, 220 mm/s, was obtained at T, = 30 min. The
dependence of the burning velocity on the pressure at
T, = 10 min can be represented as U [mm/s] =
84.2(P [MPa])?>! (burning velocity, in mm/s; pres-
sure, in MPa).

In general, the available data on the burning veloc-
ity of pressed composites show that mechanoactiva-
tion enables to vary this parameter over a wide range
and to reach record velocities of combustion of pyro-
phoric compounds (burning velocity of unactivated
formulations typically does not exceed 10 mm/s). A
sufficiently strong pressure dependence of the burning
velocity of activated composites indicates that a large
amount of intermediate combustion products is pro-
duced in gaseous form, despite the fact that, at room
temperature, the final combustion products (Al,O;
and KCl) exist in the condensed state.

We also studied the sensitivity of mechanoactivated
Al/PP composites to friction. The experiments were
performed as described in [4], on a K-44-1II pendu-
Ium impact testing machine. The test conditions con-
formed to the GOST R50835-95 state standard: the
sample weight was 20 mg, the roller displacement,
1.5 mm, the pendulum drop angle, 90°. The sensitivity
was characterized by the lower limit of sensitivity to
friction P,. This parameter was defined as the maxi-
mum contact pressure in a series of 10 experiments in
which no one explosion occurred. The step of varia-
tion of the contact pressure was 5.0 MPa. The effects
of aging and activation time on P, were examined. The
results are shown in Figs. 5 and 6.

As can be seen from Fig. 5, freshly prepared com-
posites (storage time, 4 days) are most sensitive. The
value of P for such a composite is very low, only
5 MPa, which is considerably less than the lower sen-
sitivity limit of lead azide, P, = 30 MPa [6]. The effect
of aging (an increase in the lower sensitivity limit due
to passivation during exposure to air) manifests itself
within the first six weeks after the preparation of the
composite. A further storage does not lead to a change
in P, which remains at a level of 24 M Pa, indicative of
an extremely high sensitivity to friction. The explosive
conversion of the composites upon shear displacement
was accompanied by a strong sound effect and a bright
flash. During the tests, an explosive conversion in the
detonation mode occurred one time, causing the
destruction of the striker pin. For comparison, Fig. 5
shows a similar dependence of P, on the storage time
for nSi/PP mixtures. It is seen that the aluminum
composites are more sensitive to shear friction than
the composites containing nanoscale silicon.

No. 4 2015
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Fig. 5. Effect of aging on the lower limit Py: (O) 30 : 70
Al/PP composite (7T, = 10 min) and (A) 30 : 70 nSi/PP
composite [3].

The experimental dependence of P;on the activa-
tion time is displayed in Fig. 6. In these experiments,
formulations aged for 56—59 days after preparation
were used. In general, with increasing activation time,
P, distinctly reduces. It is noteworthy that even a
“soft” mechanoactivation treatment, for 2 min, pro-
duces composites with sensitivity similar to that of lead
azide. Note that the increase of the treatment time
from 5 to 10 min did not affect the lower limit sensitiv-
ity. However, a further elongation of the treatment
time causes an increase in sensitivity; in particular, for
an activation time of 17 min, P; = 19 MPa, which is
higher than the sensitivity of lead azide.

THEORY

Numerical simulations were performed using the
quasi-one-dimensional-approximation program |[7]
developed for describing deflagration-to-detonation
transition in porous energetic materials (EM). The
model has been successfully applied to analyzing
imperfect modes of the burning and detonation of
black powder [8], the properties of which are formally
close to those of the composition under study. The
underlying concepts, governing equations, and the
method of their numerical integration can be found in
the cited papers—here, we will limit ourselves only to
a brief description.

Consider a cylindrical EM charge consisting of
spherical particles of the same diameter. As regards
mechanoactivated composites, it is assumed that alu-
minum and PP particles, mixed at the nanoscale level,
form aggregates of several tens of microns in size. The
charge is placed into a steel shell with closed ends. At
the initial moment, a small part of the charge adjacent
to one end of the shell begins to burn at the surface of
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Fig. 6. Dependence of the lower limit P, on the duration of
activation of the 30 : 70 Al/PP composite.

the particles. This qualitatively reproduces the initia-
tion of the charge with a wire coil inserted into the
shell.

The combustion of particles yields hot products,
which penetrate through pores (gaps between parti-
cles) into the unburnt part of the charge and ignite
neighboring particles, thereby generating a combus-
tion wave propagating along the charge. The propaga-
tion of the combustion wave was modeled within the
framework of two-phase reaction medium mechanics.
The EM particles comprise the solid phase. The com-
bustion products, along with the gas initially filling the
pores, constitute the gas phase. The volume fraction of
the gas phase, or porosity ¢, determines the ratio
between the medium phases. Each phase has its own
internal energy, temperature, density, and flow rate,
being described by its own equation of state (two-term
equations with constant Grineisen for the gas phase
and the Tait equation for the compressibility of the
solid phase [9]). The pressure in the solid phase differs
from the gas pressure by an amount determined by the
intergranular interaction between EM particles react-
ing with each other. All the characteristics of the
phases, as is customary in continuum mechanics, are
obtained by formally averaging over a volume contain-
ing a large number of EM particles.

An EM particle in the combustion wave ignites
when its surface temperature reaches the preset igni-
tion temperature. The particles are heated by convec-
tive heat transfer from the hot gas and due to the visco-
plastic collapse of pores. These factors may act
together or separately. Combustion occurs at the outer
surface of the particles, with the mass burning rate
being equal to the product of the layer-by-layer burn-
ing velocity (a function of pressure) and the specific
surface of the particles.

Vol. 9
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The simulations were performed at two levels. The
macroscopic level is represented by the equations of
mass, momentum, energy, and state for a two-phase
medium. The mesoscopic level is represented by a unit
cell that imitates a pore and the adjacent EM layer.
The heat conduction equation for the cell describes
the temperature distribution and heat generation in
the viscoplastic layer around the pore; it is used to
determine the ignition time.

The model takes into account the following pro-
cesses: the filtration flow of gas in the pores; convec-
tive heat transfer from the gas to the particulate mate-
rial surface; movement of the solid phase under the
influence of stresses, leading to compaction (porosity
reduction) and viscoplastic heating of the solid phase;
ignition and combustion of the particles; and radial
plastic expansion of the shell channel (in a quasi-one-
dimensional approximation) when the pressure
becomes higher than the tensile strength of the shell.

The problem is solved numerically using the tridi-
agonal finite-difference scheme in conjunction with
splitting into the macroscopic and mesoscopic levels.
The computational grid along the charge, homoge-
neous at the initial time, is transformed during com-
putation, being refined in areas where the gradients of
the variables increase and coarsened where the gradi-
ents decrease. At the mesoscopic level, the computa-
tional grid over the thickness of the cell web originates
at the inner boundary of the cell and has a step increas-
ing in geometric progression with distance from this
boundary.

The calculation was performed fora Al : PP =30: 70
mechanoactivated composite. Let us consider the
main input parameter of the calculation. The equation of
state of the detonation products of the mixture reads as

L ) (1)

m—1

Here, P is the pressure, and p, and e, are the density
and internal energy of the detonation products. The
equation includes four constants: the Griineisen coef-
ficient I, chemical energy e,, and the coefficients m
and B, which characterize the potential component of
the pressure of the detonation products. To determine
these constants, we used the results of thermodynamic
calculations of the detonation parameters for this
composition. The calculations were carried out using
the DNITERM program [10] with the BKWR equa-
tion of state. The calculation results at initial densities
from 300 to 700 kg/m?3, which covers the expected range
of characteristics, are listed in the table. The value of ¢,
average for the density interval is 6.3 MJ/kg; the detona-
tion temperature is slightly above 5500 K. The equilib-
rium composition of the detonation products (in mol/kg)
was found to consist of aluminum oxide Al,O5 (5.55)
and gaseous components, such as O, (1.86), KC1(3.4),
K,Cl, (0.51), KO (0.73), K (0.12) and CI (0.71). The
fractions of the remaining gas components, including
aluminum-containing ones, did not exceed 0.01 mol/kg.

P =Tp,le, —ey) + Bpj (1 -
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The coefficients of Eq. (1) were selected in such a
way as to achieve the best agreement with the charac-
teristics listed in the table at a given value of ¢,. The
values of coefficients used in the numerical simulation
areI’ =0.07, m=2.718, and B = 4.578.

The compressibility of the condensed phase in this
pressure range (up to 1 GPa) can be presented in the
linear form:

Pi/Pro =1+ Ps/K. )

Here, K is the compression modulus of the mixture,
which is additively calculated from compression mod-
ules and volume fractions of the components (for the
studied mixture with 30 wt % Al, K = 25 GPa); Ps is
the sum of the gas pressure P and intergranular stress
P, (arising due to the interaction of c-phase particles
with each other). The intergranular stress is a function
of the porosity ¢, which is defined as follows. For the
porosity range from 1 to the value corresponding to the
pour density (for the given composite, ¢ =0.8), P, =0.
In the range from the pour-density porosity to ¢ =
0.05, the intergranular stress is determined from a
static experiment on a press. For the composite under
study P, [MPa] = 120(1 — ¢/0.8)3. At a lower porosity,
the function P, [MPa] = 5/¢ is used, which provides
the unlimited increase of the stress as the porosity
tends to zero.

The ignition temperature of the test mixture is not
known exactly. The combustion of aluminum needs
oxygen, which is released during the decomposition of
PP. The primary event of abstraction of an oxygen
atom is endothermic by about 287 kJ/mol. According
to TGA analysis on a Netzsch STA 449 Jupiter thermal
analyzer equipped with a Aeolos mass spectrometer at
heating rate of 10 K/min, the decomposition of origi-
nal PP starts at ~840 K, whereas for mechanoactivated
PP, this temperature is ~740 K. In our calculations,
the ignition temperature was 1000 K, whereas the
average heat capacity of the composite, 1.5 kJ/(kg K).

After ignition, burning occurs at the outer surface
of composite particles at the layer-by-layer burning
velocity, which was measured to be described by the
expression U, [mm/s] = 84.2(P [MPa])*>! at an acti-
vation time of 10 min. This dependence was extrapo-
lated to the entire range of pressures, up to 1 GPa.
Material particles were aggregates of mixture nanopar-
ticles. In the calculations, the particle size was set equal
to 20 pm.

The shell of the charge was considered to be non-
deformable until the pressure exceeds its tensile

strength, which is calculated by the formula P, =
YIn(l + H,./R,). Here, H, and R, are the shell thick-
ness and initial channel radius, which were assumed to
be 1 and 5 mm, respectively; Yis the yield strength of
the shell material, the value of which, with allowance
for dynamic strengthening, was taken to be 700 MPa.
At higher pressures, the shell was assumed to expand in
the real plasticity mode.

No. 4 2015
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Fig. 7. Calculated trajectories of the wave for composites
with grain diameters of (/) 20 and (2) 40 pm.

The calculation results are shown in Figs. 7—10.
For calculations at a grain diameter of 20 um, which
was chosen as a reference, the trajectory wavefront
(Fig. 7), the wave velocity (Fig. 8), and the maximum
values of the pressure and mass flow rate for the gas-
eous and condensed phases behind the wave as func-
tions of the distance traversed (Fig. 9) are shown.
Before reaching the steady mode of propagation, the
wave passes through two stages of evolution. Immedi-
ately after initiation, the wave accelerates quickly, with

P, GPa; U, km/s

1.2

1.0

0.8

DOLGOBORODOV et al.

Velocity, km/s
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Fig. 8. Calculated dependences of the wave velocity on the
distance traversed for composites with grain diameters of
(7) 20 and (2) 40 pm.

the characteristics of the wave reaching 80% of their
steady-state values already at a distance of 10 mm. The
subsequent, much slower growth ends at a distance of
~50 mm. There is agreement with experiment in the
predetonation length (no more than 10 mm) and det-
onation velocity (~1.36 km/s). Note, however, that the
calculations do not predict the stage of overdriven det-
onation observed in the experiment.

Typical spatial profiles of the main characteristics
of the wave when it reached the steady state are shown

2
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Fig. 9. Calculated dependences of the maximum values of the (7, 4) pressure, (2, 5) gas velocity, and (3, 6) c-phase velocity on
the distance traversed for composites with grain diameters of (/—3) 20 and (4—6) 40 um.
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Fig. 10. Calculated spatial profiles of the wave at time 62.5 ps for a composite with a grain diameter of 20 ps.

in Fig. 10. Here, Pis the pressure, ¢ is the porosity, U,
is the velocity of the gas phase, U, is the velocity of the
condensed phase, e/e, is the internal energy of the gas
referred to the chemical energy of the composite,
(d/dy)? is the fraction of unburnt composite, and
(575, — 1) is the relative expansion of the cross section
of the shell channel. The results displayed in Fig. 10
demonstrate a leading growth of the gas velocity com-
pared to the gas pressure rise and c-phase velocity
growth (by ~0.15mm). The ignition of the composite
occurs in the wave front before the maximum pressure
is reached. The reaction zone width is ~1 mm. The
calculated peak values of the pressure, gas velocity, and
c-phase are 1.1 GPa, 1.2 km/s, and 0.95 km/s.

The graphs also display the calculation results for a
version in which the grain size was doubled, to 40 pm.
The characteristics of the wave in the steady mode are
lower: detonation velocity, 1.23 km/s; peak pressure,
0.78 GPa; and predetonation length, 20 mm.

Thus, the numerical simulation results on the
dynamics of evolution of the blast wave and the steady
detonation velocity are in qualitative agreement with
the experimental data. However, thermodynamic cal-
culations suggest that the detonation velocity is signif-
icantly (by almost 40%) lower rate than the normal
detonation velocity. Such a strong deviation the non-
ideal detonation velocity from the thermodynamically
calculated value can be accounted for by various rea-
sons, including a relatively weak pressure dependence
of the burning rate. However, to achieve full under-
standing of these aspects, additional studies, including
those with charges of larger diameters, are needed.
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CONCLUSIONS

The properties of mechanoactivated aluminum—
potassium perchlorate energetic composites were
studied. The experimental results on the burning,
deflagration-to-detonation transition, and sensitivity
to friction of these composites were examined. The
activation duration and aluminum content in the mix-
ture were varied. The results obtained suggest mecha-
noactivation is an effective method for controlling the
burning rate and deflagration-to-explosion transition,
while mechanoactivated aluminum—potassium per-
chlorate composites may be of interest as promising
energetic materials for new ignition and incendiary
formulations with high demands on the energy release
rate.

Experiments on deflagration-to-detonation transi-
tion in mechanoactivated composites were supple-
mented by the results of numerical simulation and
thermodynamic calculations. The observed velocity of
the detonation process was found to considerably (by
nearly 40%) lower than the normal detonation velocity
obtained from thermodynamic calculations. The
numerical simulation results are in qualitative agree-
ment with the experimental data on the dynamics of
the blast wave and the steady detonation velocity.
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