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Peculiarities of solid-phase synthesis in aluminum-sulfur and aluminum-fluoroplast mixtures in cylinder ampoules under 
explosive loading have been studied in experiments and numerically. In experiments the chosen parameters of explosive 
loading were similar to those which are usually used for explosive compacting of the inert porous materials in cylinder 
ampoules. The results of experiments show that cylinder ampoules are destructed in explosive loading conditions when 
mixture used as a filler is capable of very fast exothermal reactions. To find out the reasons of ampoules destruction 
numeric calculations have been carried out by the method of finite elements on the base of multicomponent media. While 
studying the deformation of multicomponent media it is necessary to take into account the state and reaction of each 
component and components displacement inside a chosen released volume of the mixture. As a condition of compatible 
deformation of the components a pressure balance of mixture components was chosen. Synthesis reaction in the mixture 
was described by the phenomenological model of irreversible chemical transformations based on zero-order kinetics. 
Simulation of compaction of the porous mixture was carried out on the base of a kinetic model of active type, which 
describes the growth or collapse of the pores resulting in a permanent change of the material properties and stress relaxation.  
It was found that pressure is increased sharply at the bottom of the ampoule when shock wave is reflected from the bottom 
ampoule lid as a compressive wave which is followed by chemical transformation rate growth. High rate of heat release during 
reaction in a lower ampoule part resulted in gas phase formation which leads to a further pressure increase and becomes the 
reason of ampoules destruction.
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1. Introduction

Nowadays the processes connected with mechanic and 
physicochemical transformations caused by shock waves 
passed through metals, minerals, polymers and other solids 
[1-4] attract an undoubted interest. It is caused by the 
development of new technological processes to get advanced 
materials and necessity to reduce the costs in aviation 
and space engineering, power and machine engineering, 
chemistry and mining. Besides, to initiate these processes 
explosive charge is used being a compact, light and cheap 
energy source. Explosive technologies are developed mainly 
in metalworking production for molding, welding, cutting, 
hardening and compacting. Research in the sphere of 
explosive compacting of ceramic powders presented mainly 
by experimental works are promising [5]. Experiments aimed 
to get new materials by a combination of different physical 
processes are carried out. For instance, in [6] a technology 
has been developed to get composites on the base of titanium 
and chromium boride by one-stage method combining 
self-propagating high temperature synthesis (SHS) and hot 
product compacting. The possibility to combine welding and 
explosive compacting with SHS to get layered metal-ceramic 
materials has been shown [7].

Many of these methods have been already introduced 
into production, while the potentials and perspectives of 
solid-phase synthesis of materials under explosive loading 
have not been studied thoroughly yet, so far this direction has 
not become a technology due to the lack of experimental data 
and numerical methods to describe this process correctly. 

Actually, synthesis of new materials according to 
equilibrium phase diagrams is exhausted. The perspectives 
are connected with getting of metastable combinations in 
nonequilibrium conditions. Explosive loading gives big 
opportunities to create and control such conditions. High 
pressure and speed of substances make extreme conditions to 
get materials with unique properties. But substance reaction 
to such extreme effect can vary depending on substance 
characteristics. It is necessary to take into account short 
duration of explosive loading process (~10-6 s). As various 
processes and their stages require different time intervals for 
their development, not all the processes have enough time 
to develop within a short period of time which explosive 
loading is characterized by [8].

Currently the possibility of solid-phase chemical 
reactions in detonative regime remains underinvestigated 
[4, 8-10]. During shock compression, exothermic reactions 
with considerable heat production can take place in reaction 
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mixtures that can result in self-sustaining detonation-like 
propagation of chemical reaction in the mixture. If reaction 
rate is high enough, the conditions for solid-phase (or gas 
free) detonation can be formed.

The development of mathematic models with introduction 
of additional parameters and equations to describe 
kinetics of chemical transformations taking into account 
initial parameters and characteristics of interactive media 
components as well as development of appropriate computing 
algorithm are required for analysis of these processes. In this 
connection, a mathematical model of multicomponent media 
was suggested and numerical code, which allows to simulate 
the behavior of reacting porous mixtures taking into account 
variations of initial components dispersion, explosion load 
duration and geometrical dimensions of materials under 
study was developed [11-14].

The following dependencies have been obtained: chemical 
transformation efficiency in reacting mixture; compacting 
level in inert mixture; relation between geometrical 
dimensions of recovery ampoules after loading on the layer 
thickness of explosive in both the axial and radial directions 
[15,16]. This approach, along with available experimental 
data, expands application area of the designed models and 
provides the possibility to get reliable information on reacting 
medium behavior including mechanisms and kinetics of 
physical-chemical transformations and ways of formation of 
new states of the substances. 

This work is aimed to study the processes of materials 
synthesis in a solid-phase regime and to discover the reasons 
of destruction of cylinder recovery ampoules after explosive 
loading. Investigations are characterized by complex 
approach using experiments and numerical simulation.

2. Experimental results

2.1. Explosive loading of aluminum and sulfur 
mixture (Al/S)

Mixture of aluminum powder ASD4 grade PAP2 (flakes with 
sizes 20 μm, thickness several microns) and sulfur powder 
[11, 13] was used as a loading material for experiments. The 
powders were mixed in a planetary mill AGO-2U in mass 
proportion 35/65 (Al/S), which corresponds to stoichiometry 
of aluminum sulfide formation Al2S3. After that the powders 
were compressed into eight tablets with diameter 8 mm each 
and porosity 0,393±0,005. The tablets were placed in a steel 
cylinder ampoule with external diameter 20 mm, internal 
diameter 14 mm, length 95 mm. Both ampoule ends were 
capped. 

Explosive load parameters were chosen close to the ones 
usually used for explosive compaction of inert porous fillers 
in cylinder ampoules [17, 18]. During dynamic compacting 
pressure behind the shock wave front should exceed 2 HV, 
where HV – Vickers hardness of the material pressed [17]. In 
the present case ampoule was loaded by ammonite 6LH with 
addition of NaCl in mass proportion 1/1. Explosive density 
is 1.2 g/cm3. External diameter of explosive was equal to 50 
mm that slightly exceeds the critical one to avoid misfire. 
Measured detonation speed was 2.8 km/s.

During the loading the ampoule was broken (fig.1).
The ampoule first broke at the bottom part, then it broke 

along the full length. After the experiment many crystallized 
drops with sizes up to 4 mm were found on the ampoule 
internal surface. X-ray phase analysis of the material collected 
from the ampoule showed that this was aluminum sulfide 
(the phases alpha and omega).

2.2. Explosive loading of aluminum and fluoroplastic 
mixture (Al/Tf)

In this series of experiments the mixture of aluminum and 
fluoroplast (Al/Tf) put in cylinder ampoule was used as 
loading material. The powders were mixed in a planetary 
mill АGO-2U in mass proportion 30/70 (Al/Tf), which 
corresponds to stoichiometry of aluminum fluoride 
formation AlF3. Besides, the initial porosity of loaded 
mixture components was varied in experiments. The initial 
porosity was 0.5 in the first case and 0.045 in the second case. 
Ampoules identical to above mentioned ones were used. The 
ampoule was loaded by ammonite 6LH. The external charge 
diameter of explosive was equal to 45 mm. The explosive 
density amounted to 1.0 g/сm3, detonation speed to 3.85 
km/s.

The first ampoule was broken into coarse fragments  
(fig. 2).

The second ampoule cracked throughout the whole length 
(fig. 3). 

Fig. 1. Ampoule after explosive loading.

Fig. 2. Fragments of the ampoule after explosive loading.

Fig. 3. The ampoule and remained layer of the sample from the top of 
the ampoule after explosive loading.
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Only the upper sample layer of 5 mm has been preserved, 
which is presented on the right of the figure 3 including a 
scaled-up image. According to X-ray diffraction analysis, 
there are no traces of reaction in this part of the sample. 
Numerical computations based on multicomponent media 
model have been carried out to find out the reasons of the 
ampoule break.

3. Numerical results

3.1 Mathematical description of multicomponent 
media behaviour and physico-chemical 
transformations in them in the conditions of  
explosive loading

Equation system to describe unstable adiabatic motion of 
each component in some fixed in space volume of a solid 
compressible mixture V, limited by surface S, which takes 
into account appropriate exchange of mass, momentum and 
energy between the components inside the volume V, as well 
as generation and evolution of microdamages, consists of 
equations of continuity, motion, energy, the rate of change in 
the specific volume of microdamages [11-16].

In a heterogeneous mixture each component takes only a 
part of mixture volume (V1 + V2 + ... + VN = V). Hence, in the 
theory of multicomponent mixtures a value αi (i = 1,2,…,N) 
is used to characterize the part of each element in mixture 
volume: α1 + α2 + … + αN = 1, (αi ≥ 0), αi = ρi

*/ρi, where ρi
* is 

reduced density (the mass of the i-th component in one unit 
of medium volume) [19].

Also the theory of multicomponent mixtures uses the 
quantities βi (i = 1,2,…,N) to characterize the mass concentra-
tion of each mixture component: β1  +  β2  +  …  +  βN  =  1, 
(βi ≥ 0), βi = mi /m, where mi is the mass of i-th component, 
m is mixture mass [19].

Chemical reaction in a compressed porous multi-
component mixture is described by a phenomenological 
model of irreversible chemical transformations P based on 
zero-order kinetics [19-23]:
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where Ti is the temperature, P is the consistent components 
pressure, Tη, Pη, Kp, K0 are the constants, η is the degree of 
transformation of the substance. 

To account destructions in multicomponent media the 
model of damaged medium characterized by microcavities 
(pores, cracks) is applied.

The total volume of each component W consists of a non-
damaged part with volume Ws and density ρs and microcavities 
(pores) with volume Wf, where the material density is supposed 
to be zero. Average density of a damaged component relates 
to the introduced parameters as ρ=ρs (Ws /W). Component 
damage level is characterized by a microdamage specific 
volume Vf = Wf (W*ρ). All the microcavities are supposed 

to be located inside the components and not to be connected 
with the outside surface, and damaged medium model is 
used independently for each component.

Material destruction simulation is carried out with a help 
of kinetic destruction model of active type which determines 
pores growth or collapse resulting in permanent changes of 
material properties and stress relaxation. 

Pressure in undamaged mixture component is a function 
of specific volume, specific internal energy, it is calculated by 
Mie-Gruneisen equation of state within the whole range of 
loading conditions. 

While studying the medium deformation within the 
frames of multicomponent model it is necessary to take into 
account the state and reaction of each component and, unlike 
one-component mixture [21-23], not only displacement of 
external boundaries of the assigned volume but displacement 
of components inside the assigned mixture volume. That is 
why the theory of multicomponent medium motion should 
take into account the conditions of compatible deformation 
of components, which take into account not only physical 
properties of the components but generally their structure 
as well [19]. The present work studies the propagation of 
shock waves resulting in phase transition in solid mixture 
components, which in its turn leads to an increased with 
pressure but limited strength of material, and at high pressures 
the properties of the solid to some extent become similar to 
the properties of liquids. Apart from this, the compressibilities, 
densities and specific heats of the solids are fairly similar that 
reduces the effects of pressure differences in the components. 
In this case, the equilibrium state which the mixture every time 
comes to, is determined first of all by a balance of the pressures 
of the components, which in their turn are determined by the 
specific volumes and specific internal energies of the mixture 
components. The above mentioned suggestions allow the equal 
pressures to be used during the interaction of components as a 
condition for joint deformation of components in the mixture:

P = P1(V1, E1) = P2(V2, E2) = … = PN(VN, EN).

3.2 Cylinder ampoule explosive loading simulation

The task of explosive loading of cylinder ampoule with porous 
mixture Al/S was studied numerically in an axisymmetrical 
formulation. The temperature Tη = 933 К (aluminum melting 
point) and pressure Pη = 0.9 GPa [16] were chosen as criteria 
for the initiation of chemical reaction. The rate of chemical 
transformation K0 was set equal to 260.8  GJ/(kg*s), and 
Kp  =  20.0. Numeric calculations have been carried out by 
research software based on finite elements method modified 
for the purposes of high-speed loading simulation [24,25].

Figure 4 shows the distribution of pressure profiles in 
the mixture Al/S placed into a cylinder ampoule at different 
moments of time characterizing dynamics of shock wave 
process during the explosive synthesis of aluminum sulfide.

Shock wave propagates along the sample under the action 
of explosion products. In this process, the wave front in the 
filler remains behind the front in the ampoule body due to 
time required for pores collapse in the filler. Pressure at the 
sample bottom is considerably increased (fig. 4c) and exceeds 
6 GPa when the shock wave is reflected from the ampoule 
bottom as a compressive wave.
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Taking into account the analysis of experimental and 
numerical results it is possible to suppose the following 
dynamics of chemical transformations process development 
in exothermal mixtures at explosive loading. In the upper and 
central parts of the ampoule the reaction is initiated in the 
transmitting shock wave. When the shock wave is reflected 
from the bottom ampoule lid as a compressive wave, the 
pressure in the bottom is increased sharply that results in a 
rise of the chemical transformations rate in the lower part of 
mixture. High rate of heat release in the course of chemical 
reaction in the lower ampoule part causes gas phase formation, 
which in its turn brings to pressure increase in this part and 
ampoule destruction, and it is the lower ampoule part where 
the destruction process is initiated.

4. Conclusions

Peculiarities of solid-phase synthesis in aluminum-sulfur 
and aluminum-fluoroplast mixtures under explosive loading 
at variations of initial porosity of initial components have 
been studied in experiments and numerically. The results of 
experiments showed that cylinder ampoules are destructed 
in explosive loading conditions when mixture used as a 
filler is capable of very fast exothermal reactions. As a result 
of numeric studies it was found that pressure is increased 
sharply at the ampoule lower part when shock wave is 
reflected from the bottom ampoule lid as a compressive wave 
that is followed by a growth of the chemical transformation 
rate. High rate of heat release in the course of reaction in 
the lower ampoule part resulted in gas phase formation that 
brings to a further pressure increase and becomes the reason 
of ampoules destruction.
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