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Abstract—The results of an experimental study of shock wave (SW) attenuation in mixtures of magnesium and
aluminum with solid metal oxides upon contact blasting of explosive charges are presented. Faster attenuation
is found in reactive mixtures compared to homogeneous materials of similar compressibility and inert mix-
tures, which is related to the occurrence of fast reactions of components behind the SW front with an increase
in the density and, correspondingly, unloading wave velocities.
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INTRODUCTION
Detonation of condensed explosives (CEs) leads to

the formation in the environment of shock waves
(SWs) that cause irreversible destruction. Protective
structures made of various materials are used for pro-
tection against the effects of SWs and explosion prod-
ucts. To determine the effectiveness of the use of cer-
tain materials, information is needed on their behavior
under shock loading concerning the laws of SW atten-
uation in homogeneous, porous, or composite materi-
als of a different compressibility and structure. Various
methods of attenuation of SWs at a considerable dis-
tance from explosive charges have been studied in
detail (see, for example, [1, 2]). As for the attenuation
of SWs in the near zone during a contact explosion, in
most experimental studies of attenuation, various
experimental settings, which were determined by the
specific conditions for the use of certain devices, were
used. The use of such data to obtain general regulari-
ties is rather difficult, since quite often in experiments
there is non-dimensional loading or interaction with
side rarefaction waves [3, 4]. The results of studying
the attenuation of plane SWs under conditions of one-
dimensional loading using explosive charges or plate
impact are presented in a number of works (see, for
example, [5–7]); however, the data were obtained
mainly for solid materials (metals, rocks, and some
plastics) without taking into account the possible
physical and chemical transformations of substances
behind the front of the SW.

During the shock compression of a number of sub-
stances and mixtures, various physical and chemical
transformations can occur in them, accompanied by

effects that are useful in terms of the attenuation of the
SW’s amplitude. Since the attenuation of strong SWs
at the time scales characteristic of a contact explosion
of the explosive charge occurs mainly due to unload-
ing in the back and side rarefaction waves, the types of
transformations that lead to an abnormal increase in
the density of the medium behind the shock front are
of interest. Such types of transformations lead to an
increase in the velocity of rarefaction waves in such
materials and, consequently, to an increase in the
attenuation of SWs in comparison with other materi-
als. Earlier, we studied the efficiency of the attenua-
tion of plane SWs in organic, porous, and composite
materials with a change in the density and content of
the fillers and binders [8–11]. It was shown that in the
case of polymorphic transformations in substances
with a decrease in the specific volume behind the SW
front, it is possible to obtain higher attenuation coeffi-
cients compared to substances without transforma-
tions. This paper presents the results of a study of the
attenuation of plane SWs in samples of thermite mix-
tures based on magnesium powders with titanium, sil-
icon, and iron oxides (TiO2, SiO2, Fe2O3), as well as
aluminum powder with Fe2O3, which react with the
formation of products with a lower specific volume
than the initial material.

EXPERIMENTAL

In the experiments, attenuation of plane SWs with
a triangular pressure profile with the increasing thick-
ness of the samples was studied. Shock waves were cre-
ated upon the contact detonation of explosive charges.
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Fig. 1. Setting the experiments to determine the attenua-
tion of plane SWs in various samples: (1) sample; (2) octo-
gen charge; (3) TNT charge; (4) lens; (5) aluminum foil;
(6) indicator. 
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The mixtures were prepared by the mechanical mix-
ing of powders of Mg of the MPF-1 (milled irregular par-
ticles with the average size of about 310 μm) and MPF-3
(130 μm) brands, Al powder of the ASD-1 brand
(50 μm), and powders of chemically pure TiO2, SiO2,
and Fe2O3 oxides. The average particle size of the oxi-
dizing agents was 10–20 μm. Samples with a diameter of
40 mm and a thickness of 1 to 10 mm were made by cold
pressing.

The experiments were carried out according to a
scheme similar to the one used previously [10] (Fig. 1).
The SW in the sample was created upon detonation of
the charge of a powerful CE (PCE) of a hexogen (den-
sity 1.71 g/cm3) or octogen (1.80 g/cm3) with a diam-
eter of 40 mm and a height of 10 mm. To initiate the
PCE, a charge of trinitrotoluene (TNT) with a
reduced density of 1.35 g/cm3 and a height of 50 mm
was used, which in turn was initiated by a plane front
generator (a lens made from a TNT/RDX mixture).
The duration for which the increased parameters in a
shock-compressed sample are retained is determined
by the height of the charge of the PCE. The decay of
the parameters behind the detonation wave front in
the PCE charge outside the lateral expansion zone is
determined by the centered rarefaction wave from the
contact boundary between the PCE and TNT charges
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until the states related to the TNT charge’s detonation
parameters are reached. The temporal profile of the
mass velocity behind the wave front is close to triangu-
lar, and the characteristic lengths of the region of the
centered rarefaction wave at the end of the PCE
charge are about 1 mm. Such a setting of the experi-
ments made it possible to create plane SWs in the stud-
ied media that effectively attenuated at a thickness of
several mm and to exclude the influence of side
unloading waves at the initial stage of attenuation with
a duration of up to 2–3 μs, which allowed us to com-
pare the obtained attenuation data with the simple
one-dimensional calculations.

The value of the pressure transmitted through the
samples was measured by the indicator method [12]
using bromoform CHBr3 or carbon tetrachloride
CCl4. Aluminum foil with a thickness of 20 μm was
placed between the samples and the indicator. The use
of a liquid indicator makes it possible to exclude the
influence of loading inhomogeneity at the contact
boundary with a porous sample, which occurs when
pressure sensors are used due to their destruction at
the boundary with a porous sample. The glow of the
front of the SW in the indicator liquid was recorded by
an electron-optical pyrometer through a 5 mm diam-
eter diaphragm located in the central part of the sam-
ple and was converted to the brightness temperature T.
The pressure value P at the SW front in the indicator
was determined from the known dependences [12]:
T = 237 + 112 P for CHBr3 and T = 343 + 121 P for CCl4,
where T is in K and P is in GPa. The temporal resolu-
tion of recording the radiation was 20 ns and the accu-
racy of determining the pressure was 0.2–0.3 GPa. In
a number of experiments, the brightness temperature
of the products of the shock-induced chemical reac-
tion was also measured. In this case, instead of an indi-
cator, a lithium fluoride (LiF) window was placed on
the contact boundary of the sample without foil,
which retained the transparency under shock com-
pression in the pressure range under consideration.

RESULTS AND DISCUSSION

The experimental pressure drop curves in the indi-
cator with increasing sample thickness x were approx-
imated by the exponential dependence of the pressure
on the sample thickness: P(x) = P0exp(–αx), with the
minimization of the deviations by the least squares
method, where P0 was the pressure at zero sample
thickness and α was the attenuation coefficient. The
value of P0 was determined in experiments with sam-
ples of the minimum thickness (less than 2 mm) at a
charge height of the RDX or HMX of 50 mm. The
form of the dependence P(x) is determined by tradi-
tional considerations about the exponential nature of
the attenuation, and, in addition, the experimental
data are described by the exponential dependence with
the highest correlation coefficient within the pressure
l. 14  No. 4  2020
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Fig. 2. Pressure profiles in the indicator (CHBr3) located
after the samples of the termite mixture Mg/TiO2 (1) and
the mixture of inert components Al/KI (2).
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drop in the indicator to P = 0.5Р0. The experimental
data processing for various mixtures are presented in
Table 1. This table shows the type of metal powder; the
weight composition of the mixture; ρ0, the density of
the samples; ε, the porosity; α, the attenuation coeffi-
cient with the thickness of the samples; αm, the atten-
uation coefficient per specific mass; the asterisks
denote the data were obtained with the CHBr3 indica-
tor; the rest of the data were obtained with CCl4. For
comparison, the data are also presented here for mix-
tures of inert Al components with polymethyl methac-
rylate (PMMA) and potassium iodide KI, as well as
for porous Al.

It should be noted that there is a qualitative differ-
ence in the nature of the increase in pressure profiles
in the indicator for mixtures of inert and reactive com-
ponents. Figure 2 illustrates examples of recording
pressure profiles in CHBr3 that were transferred
through a 1.7-mm-thick sample of a reactive
Mg(MPF-1)/TiO2 mixture from a 10-mm-thick RDX
charge and an inert Al(ACD-1)/KI mixture sample
1.5 mm thick from an RDX charge 50 mm thick. In the
case of loading samples during the detonation of an
elongated charge, a sharp increase in pressure (less
than 20 ns) was observed for inert mixtures, followed
by a monotonic decrease (Fig. 2, curve 2), and in the
case of reacting of Mg mixtures, profiles with a time-
delayed (about 0.21 μs) increase in pressure were
obtained (Fig. 2, curve 1). For the Al/Fe2O3 mixture,
the pressure increase is less pronounced (50–100 ns).

Since the pressure profiles in the experiments with
long and short charges differed in the character of the
RUSSIAN JOURNAL O

Table 1. Experimental data on SW attenuation in mixtures

* The asterisks denote the data were obtained with the CHBr3 indic

Mixture Weight 
composition ρ0, g/cm3

Mg(MPF-3)/SiO2 40/60 1.01
Mg(MPF-1)/SiO2 40/60 1.28

Mg(MPF-3)/TiO2 32/68 2.05
Mg(MPF-1)/TiO2 32/68 2.05

Mg(MPF-3)/Fe2O3 69/31 1.96

Mg(MPF-1)/Fe2O3 31/69 2.32

Al(ASD-1)/Fe2O3 35/65 2.79

Al(ASD-1)/ PMMA 50/50 1.15
Al(ASD-1)/KI 50/50 2.02

Al(ASD-1) 100 1.89
rise and fall, which could be related to the features of
the reaction during a rapid drop in pressure in the case
of short charges, the data were also processed for a
number of mixtures without taking into account the P0
values, obtained in experiments with long charges.
These values are given in Table 1 in brackets.

The reasons for the increase in the attenuation
coefficients in the reacting mixtures and inert samples
were analyzed. If the assumption that—in the case of a
plane SW, the attenuation mainly occurs due to the
F PHYSICAL CHEMISTRY B  Vol. 14  No. 4  2020

ator; the rest of the data were obtained with CCl4.

ε, % P0, GPa α, 10–1 mm–1

50 28.8* 1.71 ± 0.27
40 32.5* (24.0) 1.56 ± 0.38 

(0.93)
30 31.2* 1.43 ± 0.39
30 33.5* (29.6) 1.39 ± 0.20 

(0.72)
10 23.4 (20.4) 1.01 ± 0.18 

(0.72)
28 23.6 (18.9) 1.47 ± 0.34 

(0.92)
30 22.8 (17.1) 1.40 ± 0.43 

(0.70)
30 22.7 0.82 ± 0.16
30 20.6 0.86 ± 0.13

26.0* 0.85 ± 0.25
30 21.4 0.83 ± 0.10
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Fig. 3. The brightness temperature profiles (λ = 627 nm) at
the contact boundary with LiF for mixtures of Mg(MPF-3)/
TiO2 (1) and Mg(MPF-3)/Fe2O3 (2).
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rarefaction waves catching up [8]—is true, then the
ratio C/(C + u – D) is decisive for the rate of attenua-
tion, where C is the speed of sound behind the wave
front, u is the mass velocity, and D is the velocity of the
SW. The shock adiabats calculated on the assumption
of additivity of the specific volumes of the components
of the nonreacting mixtures of magnesium with tita-
nium oxides at their mass ratio of 32/68 and the mass
ratio of iron of 31/69 at pressures of 20 to 40 GPa in the
diagrams have the pressure–mass velocity behind the
front close to that of the shock adiabat of aluminum.
However, the SW attenuation in mixtures is much
faster than in pure aluminum. The most probable rea-
son for the faster SW attenuation in mixtures of mag-
nesium and aluminum with oxides is the occurrence of
chemical reactions behind the wave fronts with a sig-
nificant decrease in the specific volume, the conse-
quence of which would be a significant decrease in the
velocity of propagation of wave D and an increase in
the mass velocity u behind the front at equal pressures.
The reactions of the components of the mixtures pro-
ceed with the formation of denser products compared
to the initial mixtures: 2Mg + TiO2 → 2MgO + Ti;
2Mg + SiO2 → 2MgO + Si; 3Mg + Fe2O3 → 3MgO +
2Fe; and 2Al + Fe2O3 → Al2O3 + 2Fe. With a stoichio-
metric ratio of the components, the densities of the
starting mixtures under normal conditions are 2.75,
2.13, 3.20, and 4.25 g/cm3; and for the reaction prod-
ucts, 3.97, 3.25, 4.95, and 5.42 g/cm3, respectively.
Thermal heating as a result of the reaction, the differ-
ent compressibility of the components, and the poly-
morphic transitions in titanium and silicon at high
pressures slightly change these differences quantita-
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tively; however, the additional decrease in the specific
volume behind the wave front is maintained.

Based on the data obtained, it is impossible to esti-
mate the depth of the reaction during the time of the
shock compression; however, the temperature mea-
surement results are additional confirmation of the
presence of noticeable chemical transformations
behind the shock fronts in the mixtures under consid-
eration. In the experiments, the optical windows of
LiF were placed instead of the indicator at the contact
boundary of the samples. The shock adiabat of LiF in
the P–u coordinates does not differ much from the
calculated shock adiabats of the mixtures; therefore, it
can be assumed that the recorded temperatures are
close to the temperatures behind the shock front in the
mixtures. The shock waves in these experiments were
created upon the impact of a plate of duralumin, pre-
viously accelerated by the products of the explosion.
The waves’ intensities were approximately the same as
in the experiments with the elongated RDX charges.
The brightness temperatures of the contact boundaries
for the Mg/Fe2O3 and Mg/TiO2 mixtures at the sam-
ple porosity of about 10% were, respectively, about
1900 and more than 2000 K at pressures in the trans-
mitted wave of 27 and 26 GPa. These values   are sig-
nificantly higher than those that can be obtained in the
calculations for nonreacting mixtures. Examples of
the recording profiles of the brightness temperature at
the wavelength of λ = 627 nm are shown in Fig. 3.

In addition to the chemical reaction with the for-
mation of denser products, high sample porosity also
affects on high attenuation coefficients in termite mix-
tures. It is possible that the rapid attenuation of waves
in porous samples is related to the faster reaction
during collapse of the pores and mixing of the compo-
nents during the compression of the porous mixtures.
From this point of view, we should expect a slower
attenuation of the waves in low-porous samples of
mixtures, and their use to attenuate SWs under spe-
cific conditions should be accompanied by the appro-
priate experimental verification.

The course of a chemical transformation under
shock compression is generally determined not only by
the SW parameters at the front but also by the kinetics
of the course of this transformation and, accordingly,
depends on the change in pressure with time, which is
determined by the charge height in front of the sample
or the thickness of the impact plate. At similar values
  of the decay time of the parameters and the transfor-
mation time, the conversion rate realized in the pro-
cess and the degree of conversion achieved can be
expected to be lower with shorter times of the pressure
drop behind the wave front. For this reason, the exper-
imental results with the same ratio of the sample and
charge size but with a different real size can qualita-
tively differ, although for nonreacting media they
would be similar. It is possible that this is one of the
reasons for the difference in the attenuation coeffi-
l. 14  No. 4  2020
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cients obtained by processing data with only short
charges and taking into account the data for long
charges. A quantitative consideration of these features
requires special studies of the kinetics of the reaction
during the shock compression of thermite mixtures,
taking into account the real structure of the samples.

CONCLUSIONS

The result of the experimental study of the attenu-
ation of SWs formed by the contact explosion of RDX
and HMX charges in thermite mixtures of magnesium
powders with titanium, silicon and iron oxides, as well
as aluminum powder with iron oxide, showed an
increase in the SW attenuation coefficients in these
mixtures compared to mixtures of nonreacting com-
ponents. The elevated brightness temperatures (at the
level of 2000 K) of shock-compressed mixtures at the
contact boundary with a transparent window made of
LiF were also recorded, which is evidence of the
occurrence of shock-induced reactions in the mix-
tures. The increase in the attenuation rate can be
explained by the decrease in the specific volume of the
reaction products compared with the initial mixture,
which leads to an increase in the velocities of the rar-
efaction waves behind the shock front in the denser
substance.
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