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Abstract—The kinetics of the explosive decomposition of pressed pentaerythritol tetranitrate pellets contain-
ing nickel nanoparticles with various radii has been investigated experimentally, with the explosion initiated
by a neodymium laser pulse (wavelength, 1064 nm; pulse duration at half-height, 14 ns), and probability
curves for this process have been recorded. The experimental values of critical initiation energy density cor-
responding to 50% explosion probability are 0.9, 0.7, and 1.4 J/cm2 at a nickel particle radius of 67, 78, and
138 nm, respectively. The initial time interval in which the intensity of light emission accompanying the
explosive decomposition increases begins during the action of the pulse and is described by a Gaussian func-
tion with an effective constant of k = (1.4 ± 0.1) × 108 s–1, which is independent of the nanoparticle radius.
Experimental data of this study can be interpreted within the micro-hotspot model of thermal explosion.
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INTRODUCTION
The safety of blasting operations in the mining

industry can be enhanced by using optical detonators.
This approach that was suggested earlier [1, 2] and is
now being actively developed. The greatest effect of
employing optical detonators can be attained with
energetic materials that are selectively sensible to laser
radiation and have relatively high initiation thresholds
for other initiation types (shock, electric spark, heat-
ing, etc.). The problem of developing energetic mate-
rials that are selectively sensible to laser radiation is
addressed by synthesizing novel explosives, including
metal–tetrazole derivative complexes [3–5]. An alter-
native approach is introducing light-absorbing parti-
cles into the existing explosives [6–8]. In earlier stud-
ies [9–11], we experimentally determined the initia-
tion threshold for the explosive decomposition of
pentaerythritol tetranitrate (PETN) containing alu-
minum nanoparticles. It was demonstrated that this
material is sensible to laser radiation at the 1 J/cm2

level, which is two orders of magnitude lower than in
the case of pure pressed PETN pellets [12], for which
the critical initiation energy density is at least 100 J/cm2

(while the shock initiation threshold is unaffected by
aluminum nanoparticles). It was investigated how the
laser initiation threshold depends on the nature of the
metal and radiation wavelength [9, 10]. There have

been studies on the optical properties of pressed
PETN–aluminum [13, 14], PETN–cobalt [15], and
PETN–nickel [16] pellets and on the kinetics of the
explosive luminescence of pressed PETN–aluminum
pellets under laser initiation conditions was [11].

In order to explain the regularities of the laser initia-
tion of secondary explosives containing metal nanopar-
ticles, we modified the micro-hotspot model [17, 18],
which was initially formulated for the initiation of
heavy-metal azides [19, 20]. It was demonstrated that
promising admixtures are iron-subgroup metal parti-
cles with a radius of about 100 nm [17]. One of the
most important corollaries of the model is that the
critical initiation energy density as a function of the
radius of the nanoparticles introduced passes through
an extremum [17]. Here, we report the explosive
decomposition kinetics and critical initiation energy
density for pressed PETN pellets containing nickel
nanoparticles of various sizes and compare the experi-
mental data with the results of mathematical modeling.

EXPERIMENTAL
The experimental setup used in this work was

reported earlier [9–11]. The source of pulsed radiation
was a Nd : YAG laser operating in the Q-switching
mode. The pulse duration was 14 ns, the maximum
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pulse energy at the fundamental frequency was 1.54 J,
and the wavelength was 1064 nm. A beam with a uni-
form illuminance distribution and sharp contrast at its
boundaries was formed by the projection method,
which provides means to record light emission solely
from the sample area irradiated by the laser beam [21].
The method of detecting light emission from the irra-
diated area of a sample was suggested for, and tested
in, kinetic studies of the explosive decomposition of
primary explosives, and it made it possible to separate
the onset and development of the reaction and the
expansion of explosion products [22]. In this work,
this method was used to study the explosive decompo-
sition of pressed PETN–nickel pellets.

The kinetics of light emission resulting from explo-
sive decomposition was studied using a panoramic
photomultiplier, which registered light emission from
the entire cell volume, and a photomultiplier that reg-
istered light emission from the irradiated area [23].
The experimental samples were pressed PETN pellets
containing 0.1 wt % nickel nanoparticles. (The sam-
ples containing 0.1 wt % nanoparticles are characterized
by the lowest critical initiation energy density [9–11]. A
PETN powder with a particle size distribution maxi-
mum at 1–2 μm was mechanically mixed with a nickel
powder. The mixture was homogenized in an ultra-
sonic bath to obtain a uniform distribution of nickel
particles throughout the mixture volume. Samples
were pressed for 30 min at a maximum pressure of
1.8 GPa using a hydraulic press. The die was a 1-mm-
thick copper plate with a hole 3 mm in diameter at its cen-
ter [9–11]. The pellets obtained in this way were 3 mm in
diameter and 1 mm in thickness and had a mass of
(12.2 ± 0.2) mg and a density of (1.73 ± 0.03) g/cm3.

Nanosized nickel particles were prepared by reduc-
ing an aqueous solution of nickel chloride with hydra-
zine hydrate [24]. The reaction was carried out in a
Readleys chemical reactor fitted with a Lauda ECO
E4 thermostat and a Heidolph RZR 2102 Control
mechanical stirrer with a centrifugal impeller. This
reactor provides means to precisely regulate the reac-
tion temperature and stirring intensity, ensuring con-
trol over the synthesis parameters. Varying the reac-
tion conditions made it possible to obtain metal
nanoparticles of different sizes [24]. Experimental
samples were prepared using nickel powders obtained
under three different sets of conditions. The nanopar-
ticles had a near-spherical shape, and their radius (R) at
the size distribution maximum was 67, 78, and 138 nm,
respectively. The variances of the particle size distribu-
tions (δR data) are listed in the table.

RESULTS
In order to determine the critical energy density for

explosion initiation, we carried out tests at fixed values
of laser pulse energy density and determined the prob-
ability of an explosion taking place. Next (as in our
previous studies [9–11, 25, 26]), we plotted the explo-

sion probability as a function of the pulse energy den-
sity (explosion probability curve). The critical energy
density was taken to be the value corresponding to 50%
explosion probability.

Figure 1 plots the observed probability of the
explosion of PETN–nickel pellets (p) as a function of
laser pulse energy density (H). The curves indicate an
energy density region in which an explosion is not ini-
tiated. This region is followed by an H interval in
which the explosion probability increases from 0 to 1.
These probability curves are similar to those observed
for PETN [9–11, 26] and primary explosives [25], but
they differ in critical energy density and variance from
the latter. The p(H) curves were fitted to the integral
error function

(1)

where Hc is the critical energy density and σ is variance.
The parameters of the explosion probability curves are
listed in the table. It follows from these data that the crit-
ical initiation energy density takes the smallest value for
nickel particles 78 nm in radius (Fig. 1, curve 2). The
table includes the critical energy densities normalized to
the Hc value for a particle radius of 78 nm, Xexp =

(R = 78 nm). For the particles having a
larger radius (138 nm) or a smaller radius (67 nm), the
critical energy density is, respectively, 2 and 1.3 times
higher than for the R = 78 nm particles.

Prior to investigating the kinetics of the explosive
decomposition of the samples, we illuminated the
photographic film to determine the photomultiplier
signal synchronization time [11]. In case there were
variations in the synchronization time and in the
amplitudes of signals at their front, we minimized the
sum of the squared deviations for the photomultiplier
and laser pulse signals. The absorption of a laser pulse
gave rise to light emission, which was detected by the
zonal and panoramic photomultipliers. The observed
synchronization time was 12 and 16 ns for the zonal
and panoramic photomultipliers, respectively. The
time dependence of the power of the laser pulse inci-
dent on a nickel nanoparticle with a radius R, J(t), is
similar to the Gaussian function [27]. Setting the ini-
tial point in time to be the position of the pulse maxi-
mum, we obtain the following relationship:

(2)

where ki is the parameter characterizing the pulse
duration at half-height.

Irradiation of a PETN–nickel pellet with a pulse
whose power is insufficient for the initiation of explosive
decomposition causes cracking of the sample and an out-
burst of part of its matter, forming a cavity. Figure 2
shows a typical oscillogram of light emission under
subthreshold conditions. The signals from the zonal
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and panoramic photomultipliers are separated by the
synchronization time. The curves have one maximum;
the frontal sides of all of the three curves coincide,
and, therefore, the light emission intensity is propor-
tional to the absorbed pulse intensity. The effective
rate constants of the increase in the intensity of the
photomultiplier signals and laser pulse, as calculated
using the error function approximation, are similar
and are ki = (1.2 ± 0.2) × 108 s–1. On the tail side of the
peak, the intensity of light emission from the irradi-
ated area decreases at a lower rate than the intensity of
light emission from the entire cell.

We measured kinetic characteristics of light emis-
sion accompanying the explosive decomposition of
pressed PETN–nickel pellets under the action of a
laser pulse with an overcritical energy density. The
explosion is accompanied by a loud sound and by an
outburst of the entire energetic material pressed in the
cooper plate. The initial increase in the light emission
intensity measured by the zonal and panoramic photo-
multipliers (Fig. 3) is described by a Gaussian function
with an effective constant of k = (1.4 ± 0.1) × 108 s–1. The
kinetics of light emission from the irradiated area
shows two extrema; the first maximum almost coin-
cides with the maximum of the laser pulse, while the
second one is an extensive plateau up to 700 ns in length
followed by a 200-ns-long decay. The maximum of light
emission from the entire cell is observed earlier than the
pulse intensity maximum. A specific kinetic feature of
the explosive decomposition of the pressed PETN–
nickel pellets is the absence of an induction period (time
interval between the end of the pulse and the onset of
intensive decomposition). Light emission (like radiolu-
minescence) begins without any delay. The absence of an
induction period is a feature differentiating thermal
explosion from chain explosion: in the latter case, there is
a distinct induction period after the end of the pulse [17].

MICRO-HOTSPOT MODEL
OF THERMAL EXPLOSION

The micro-hotspot model is a variant of the ther-
mal explosion model and is based on the assumption
that, in the bulk of the transparent energetic material,
there are inclusions that readily absorb laser radiation.
The system of differential equations describing con-
ductive heat transfer in a metal nanoparticle and in the
exothermally decomposing surrounding matrix takes
the following form for spherical symmetry [10, 11]:

(3)
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where T is temperature, n is the undecomposed frac-
tion of the explosive (initial condition: n = 1), α =
1.1 × 10–3 cm2 s–1 and  = 0.23 cm2 s–1 are the ther-
mal diffusivities of PETN and nickel,  is the Boltz-
mann constant, E = 165 kJ/(mol K) is the activation
energy, Q = 9.64 kJ/cm3 is the heat of decomposition,
k0 = 1.2 × 1016 s–1 [28] is the pre-exponential factor,
and c = 2.22 J/(cm3 K) is the volumetric heat capacity
of PETN.

Spherical symmetry was accepted for the reason
that laser light is multiply scattered by grain boundar-
ies and metal nanoparticles. Because of the random-
ness of light reflection events, illuminance is averaged
over all directions, so it is possible to use spherical
symmetry in the calculations (as was done in earlier
works [10, 11]).

At the nanoparticle–matrix boundary (x = R),
light absorption takes place, implying the following
boundary condition:

Mα
Bk

Fig. 1. Experimentally observed explosion probability p for
PETN–nickel pellets as a function of the laser pulse energy
H for nickel particles with a radius of (1) 67, (2) 78, and
(3) 138 nm. The points represent experimental data, and
the lines are fits to Eq. (1). 
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(4)

where cM = 3.96 J/(cm3 K) is the volumetric heat
capacity of nickel and Qabs is the laser radiation
absorption efficiency [14–19].

→ − → +

∂ ∂− α + α =
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abs
2

0 0
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4
M M

x R x R
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The values of Qabs were calculated within the Mie
theory via the procedure described in our earlier works
[13–17] for the complex refractive index of nickel at a
wavelength of 1064 nm, which is 2.61–5.84i [29], and
for the refractive index of the medium (PETN), which

Fig. 3. Oscillograms of light emission from PETN–nickel pellets during their explosive decomposition: (1) initiating pulse,
(2) zonal photomultiplier, and (3) panoramic photomultiplier. 
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Fig. 2. Kinetics of light emission by PETN–nickel pellets under subthreshold conditions: (1) signal from the initiating pulse,
(2) signal from the zonal photomultiplier, and (3) signal from the panoramic photomultiplier. 
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is 1.54. At the boundary of the region examined
(inclusion and an energetic material layer with a thick-
ness of 7R), we accepted a Dirichlet boundary condi-
tion, namely, T = 300 K. The procedure of solving
model equations (2)–(4) for calculating the critical
and kinetic regularities of the explosive decomposition
process was reported earlier [30].

Figure 4 plots the calculated dependences of the
light absorption efficiency Qabs (for a wavelength of
1064 nm) and the critical energy density for explosion
initiation, Hc, on the radius of the nickel nanoparti-
cles. It follows from these data that, in the particle
radius range examined, Qabs passes through a maxi-
mum at R = 96.1 nm, with Qabs = 1.09 at this point.
The critical energy density as a function of particle
radius passes through a minimum at R = 90.9 nm. The
lowest critical energy density in the radius range exam-
ined is 0.069 J/cm2. Similar dependences were calcu-
lated for aluminum nanoparticles in the PETN matrix
[10, 11]. The position of the maximum in the Qabs ver-
sus R curve is close to the position of the minimum in
the Hc versus R curve (96.1 and 90.9 nm, respectively),
indicating that the optical properties of the nanoparti-
cles play a dominant role under the given conditions.
The calculated Qabs and Hc values for the nanoparticles
radii examined in the experiments are listed in the
table. The critical energy density for the R = 67 and
138 nm nanoparticles is higher than the minimum Hc

value, observed for R = 78 nm, by a factor of X th = 1.2
and 1.4, respectively.

DISCUSSION

The measured critical energy density of the initiat-
ing laser pulse depends on the average size of the nickel
nanoparticles admixed to the explosive (Fig. 1, table).
A fundamental distinction here is that the lowest crit-
ical energy density is observed for an intermediate par-
ticle size and the critical energy density as a function of
particle radius passes through an extremum. The par-
ticle size effect is pronounced fairly well: as the radius
is changed by a factor smaller than 2, the critical
energy density increases by 30–100%. This increase
far exceeds the possible error of determination of crit-
ical energy density, which can be taken to be equal to
σ (table). This information is necessary for optimizing
explosive compositions for optical detonators, since
particle size turned out to be a significant factor that
can be tuned so as to substantially reduce the critical
initiation energy density and to optimize the perfor-
mance parameters of explosive devices.

Another issue to be considered is consistency
between theory and experimental data. The critical
energy density versus nanoparticle radius curve has a
minimum point, whose existence is mainly due to the
fact that the optical properties of the nanoparticles
(light absorption efficiency) vary as their radius

increases. This is indicated by the finding that the
position of the maximum in the Qabs versus R curve is
close to the position of the minimum in the Hc versus
R curve (Fig. 4). Theoretical calculations correctly
reconstruct the observed tendency and the region in
which the particle size effect shows itself. Therefore,
the observed correlation can be considered as strong
evidence in favor of the applicability of the micro-
hotspot model of thermal explosion to the laser initia-
tion of explosion in pressed pellets.

At the same time, there are two facts indicating that
it is necessary to further develop the model: firstly, the
experimental absolute values of critical energy density
differ from theoretical ones; secondly, the nanoparti-
cle radius effect predicted by the theory is less pro-
nounced that the observed effect. The difference
between the absolute values of critical energy density
may arise from the fact that the model involves an
insufficiently detailed conception of the mechanism of
the decomposition reaction. The rate constants of the
decomposition of explosives are typically measured at
350–450 K. A compensation effect appears in deriving
the pre-exponential factor and activation energy from
experimental data [31], and, because of this effect,
these parameters may vary widely. In the extrapolation
of rate constants to high temperatures at which the for-
mation of an explosive decomposition spot takes place
(~1000 K) [18], the error of determination of the rate
constant of the rate-limiting step of the reaction will
increase. In addition, it is necessary to take into
account the temperature effect on the pre-exponential
factor. Large values of the pre-exponential factor and,

Fig. 4. Calculated light absorption efficiency (Qabs) for the
first harmonic of the neodymium laser (1064 nm) and crit-
ical energy density for the initiation of the explosive
decomposition of the PETN–nickel composite (Hc) as a
function of the nickel nanoparticle radius.

0.6

0.8

1.0

1.2 0.12

0.10

0.08

0.06
60 80 100 120 140

Qabs Hc, J/cm2

R, nm



626

RUSSIAN JOURNAL OF PHYSICAL CHEMISTRY B  Vol. 10  No. 4  2016

ADUEV et al.

accordingly, a high activation entropy for the breaking
of molecules into radicals are known to be due to tran-
sition from hindered rotation in the ground state to the
free rotation of the leaving group in the activated com-
plex [32, 33]. As the temperature is raised, the effect of
the potential barrier to hindered rotation decreases
and so does the activation entropy. In the light of these
considerations, it would be expected that the pre-
exponential factor for free-radical abstraction reac-
tions, to which the primary step of PETN decomposi-
tion belongs [27], will decrease with an increasing
temperature. Another factor leading to a decrease in
the effective rate constant is that the mechanism of the
explosive decomposition reaction consists of a number
of steps. With an increasing temperature, there can be
a change of the rate-limiting step of the process and
variations in effective Arrhenius parameters of the
reaction.

A possible physical cause of the increase in the crit-
ical initiation energy density for the pressed pellets is
the partial disintegration of the sample under the
action of the laser pulse. Part of the pulse energy is
spent on matter outburst and cavity formation. Taking
these circumstances into consideration might ensure a
better agreement between the theoretical and experi-
mental absolute values of critical energy density.

CONCLUSIONS

Probability curves were obtained experimentally
for the explosive decomposition of pressed PETN pel-
lets containing nickel nanoparticles of various sizes
upon initiation with nanosecond laser pulses. The
critical initiation energy density was demonstrated to
be a nonmonotonic function of the radius of the
nickel nanoparticles. The critical energy density for
the particle radii examined in the experiments was
calculated within a modified micro-hotspot model of
the laser initiation of explosion. The results of mod-
eling are in agreement with the experimental data,
but the model needs to be further refined. The results
of this study are necessary for developing a procedure
for optimizing explosive compositions to be used in
optical detonators. 
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