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Abstract 
 

From the standpoint of the classical theory of combustion, the analysis of the electro-thermal explosion (ETE) of 
heterogeneous condensed systems has been carried out. The ETE is one of the variants of a dynamic thermal explosion in 
which an exothermic reaction proceeds under conditions of heating a substance by passing an electric current. The rate of 
solid-phase interaction of reagents in condensed mixtures is very low due to low values of diffusion coefficients and 
undeveloped contact areas of solid particles. A sharp acceleration of the reaction occurs when one of the reactants melts and 
spreads in the pore space. In the approximation of a negligibly small rate of interaction of solid-phase reagents, estimates of the 
main characteristics of an electro-thermal explosion were obtained. The critical power of the current separating the steady state 
and the explosive mode of the process has been determined; the explosion induction period has been calculated; the maximum 
temperature of the reaction products has been estimated. It is shown that the ETE in mixtures of refractory reagents can lead to 
extremely high temperatures of the reaction medium. 

 
 
Keywords  
 

Combstion macrokinetics; thermal explosion; reactions in powder mixtures; synthesis of refractory compounds. 
 

©   A.P. Aldushin, 2019 
 

 
Introduction 

 
The electro-thermal explosion (ETE) is one of the 

options for the implementation of the synthesis of 
refractory compounds. Unlike layer-by-layer 
combustion of a substance in the process of self-
propagating high-temperature synthesis (SHS), with the 
ETE, the reaction proceeds simultaneously throughout 
the entire volume of the reaction mass as a result of 
direct transmission of electric current through the 
sample. The principal possibility of the synthesis of 
compounds by the ETE method was demonstrated both 
on binary [1, 2] and composite [3] systems. In addition 
to technological interest in the original direction of the 
synthesis of compounds, the ETE process attracts 
attention in terms of an effective method for studying 
the macrokinetics of high-temperature exothermic 
transformations in the SHS. In ideological terms, the 
methods of studying the macrokinetics of reactions in 
the ETE processes use the same scheme as in the 
classical thermal explosion (TE) with surface heating 

of the reacting volume. In the latter case, the 
information obtained on the kinetic characteristics of 
the process refers to the low-temperature interval in the 
vicinity of the ambient temperature. The ETE method, 
which uses the rapid volume heating of the medium, is 
aimed at studying the macrokinetics reaction in a wide 
temperature range, including the high-temperature 
stages of the process. The experimental studies of the 
ETE in SHS systems have been performed in many 
papers, see, for example [4, 5]. Mathematical modeling 
of the process was carried out in [6] under the 
assumption of the Arrhenius dependence of the reaction 
rate constant on temperature without taking into 
account possible phase transformations of the 
components of the mixture. 

The features of the interaction macrokinetics in 
SHS systems are associated with the heterogeneity of 
the medium and the need for strong heating for the 
reaction to proceed at a significant rate. Among 
researchers of the SHS process, it is widely believed 
that the intense exothermic interaction in condensed 
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mixtures begins only after one of the reagents melts. 
Direct experimental confirmation of this thesis can be 
found in [7] on the ignition of titanium filaments coated 
with a layer of soot. The results of the study of the ETE 
in the Ti–C system [4] lead to a similar conclusion.  
The authors of [4] recorded the absence of noticeable 
reaction heat generation at temperatures below the 
melting point of titanium Tm and a sharp jump in the 
reaction rate at T > Tm. The influence of the phase 
transition on the rate of heat generation is associated 
with an increase in the surface of heterogeneous 
interaction as a result of the spreading of the molten 
reactant through solid particles and the transition from 
a solid-phase reaction to a solid-melt interaction. In the 
present study, the analysis of the ETE is carried out, 
taking into account the specificity of the kinetics of 
heat release in the systems with a meltable reactant 
mixture. 
 

Statement of the problem 
 

A cylindrical sample with a radius R and length l 
of the reaction condensed mixture is clamped between 
the electrodes to which a constant voltage U is applied. 
With a sufficiently large sample length, the end heat 
loss and temperature heterogeneity along the sample 
can be ignored. Assuming the high value of the Bi 
criterion, due to the high thermal conductivity of the 
medium, we can neglect the temperature difference 
between the wall and the center of the sample and 
consider the problem in the classical setting of  
N.N. Semenov. The thermal balance of the reaction 
mixture heated by electric current can be written as 
 

( )0TT
dt
dTC −α−Φ= ;      PQW +=Φ .         (1)  

 

The heat release rate Ф at the ETE is determined 
by the sum of two sources – Joule heating and chemical 
energy release. Here, t is time, T, T0 are current and 
initial temperatures, P is specific (per unit mass of the 
sample) current power, W is mass burnout rate, Q is 
thermal effect of the reaction. Value α, characterizing 
the heat loss from the reacting volume, is determined 
by the expression ,/Nu 2ρλ=α R  where Nu is Nusselt 
number, λ is ambient thermal conductivity, ρis density, 
R is sample radius. 

The specific thermal capacity C of the mixture, 
taking into account the phase transition, can be 
represented as ( )mTTLcC −δ+= , where c is ambient 
thermal capacity at mTT ≠ , L is specific heat of fusion, 
δ is delta function. Equation (2) is considered together 

with the kinetic equation (2), which determines the 
depth of completion of the reaction η 
 

;W
dt
d

=
η           ( ) ( )η= fTKW ; 

 

( ) 0m =<TTK ;    ( ) kTTK => m .             (2) 
 

Initial conditions for (1), (2): 
 

0;;0 0 =η== TTt .                        (3) 
 

The approximation of the rate constant by a step 
function was proposed in [4], based on the 
experimental data obtained in the study of the ETE in 
the Ti–C system. 
 

Adiabatic explosion 
 

With a large Joule heating power P, the heat loss 
can be neglected (α = 0) and the temporal 
characteristics of the adiabatic ETE and the maximum 
temperature Tmax  reached at the time of completion of 
the reaction (η = 1) can be measured. The development 
of the ETE process, determined by the solution of the 
problem (1) – (3) when P >> α(T – T0), is shown in 
Fig. 1. The left part of the figure shows the temperature 
change with time, the right part shows the dependence 
of the temperature on the reaction depth.  
The temperature curve T(t) includes three sections – 
inert heating of the mixture by electric current to the 
melting temperature of the most fusible reagent (1), 
isothermal melting (2), and heating of the mixture due 
to chemical and electrical heat sources (3). The period 
of induction of the explosion tind is determined by the 
moment of completion of melting and the beginning of 
an intense reaction. Having experimental information 
about the slopes of straight lines 1 and 2 at a given 
current power, it is possible to estimate the value of the 
reaction rate constant: 
 

1tg
tg

−β
α

= Pk . 

 

The right part of Fig. 1 illustrates the ETE process 
on the phase plane T – η. In contrast to the classical 
version of the thermal explosion (dashed line), which 
implies a final reaction rate at the initial temperature 
T0; under the ETE, the substance is heated during the 
induction period (the vertical part of the T(η) curve) by 
the electric current without spending the mixture 
reagents. 
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Fig. 1. ETE thermograms: 
a –  T0 is initial temperature,  Tm is  melting temperature, Tcom is combustion temperature; 

b –  correlations T(η) in the case of the classical thermal explosion of homogeneous systems (dotted straight line)  
and the ETE in heterogeneous condensed mixtures (solid line); Tmix is adiabatic combustion temperature of the mixture 

 
Period of adiabatic induction of an explosion indt  

(melt formation time), reaction time rt , and value 
,comT  found from the solution (1) – (2) are: 

 

( )
P

LTTct +−
= 0m

ind ;       
k

t 1
r = ;                (4) 

 

kc
P

c
QTT ϕ
++= mcom ;     ( )∫ ηη=ϕ −

1

0

1 df ,          (5) 

 

respectively. 
Coefficient ϕ characterizes the effect of the 

dependence of the reaction rate on η. In short-stop 
reactions with the depth of conversion the value ϕ > 1. 

The above estimate comT  shows that at a high 
melting point of the reagent in the ETE process, 
extremely high temperatures can be achieved. Even 
when the current is turned off after the induction 
period, the value comT  is 

 

0mmix
0

com TTTT −+= ,                        (6) 
 

where mixT  is the combustion temperature of the 
mixture at the initial temperature 0T .  

For the Ti – C system ( mT = 1943  K, mixT = 3210  K 

[8], 0
comT = 4880 K) in the course of ETE, temperatures 

above the boiling point of titanium carbide (4573 K) 
can be reached. 

 
The heat loss effect 

 
Considering the possibility of achieving extremely 

high temperatures in the ETE process, it is necessary to 
evaluate the effect of heat sink into the environment, 

considering the solution of problem (1) – (3) at the final 
value of the heat dissipation factor α.  

To analyze the ETE under conditions of heat 
exchange with the environment, N.N. Semyonov’ 
diagram, which for the accepted model of interaction of 
reagents has the form shown in Fig. 2, is proposed. 

The horizontal straight lines 1 – 4 in Fig. 2 represent 
the heat release rate at various values of the Joule 
heating power P. Line 1 corresponds to the absence of 
current (P = 0), line 2 – 4 corresponds to increasing 
values of heating power (0 < 2P < 3P < 4P ). 

The exothermic conversion begins after the 
melting of one of the reagents at a temperature mT , 
which corresponds to a jump in the reaction rate W, 
which, assuming a zero order reaction, remains 
constant at mTT >  and η < 1. The intersection of lines 
1 – 4 with a direct heat dissipation 5 determines the  
 

 
 

Fig. 2. N.N. Semyonov’ diagram for the ETE 
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potentially possible points S of the stationary state of 
the system. At insufficiently high heating rates, thermal 
equilibrium is reached at a temperature below the 
melting point (point AS2 ) and the substance burnout 
does not occur. To start the reaction it is necessary to 
exceed the critical power P3. With supercritical power  
(P4), ignition occurs and the transition to a high-
temperature burn-out mode. From equation (1) it 
follows that the critical value of the current power P3 
separating the inert heating and the combustion mode is  
 

( )0m3 TTP −α= .                         (7) 
 

The period of induction of an explosion, defined as 
the time required to melt the reagent, is equal to 

 

( ) ( )0m0m
ind ln

TTP
L

TTP
Pct

−α−
+⎥

⎦

⎤
⎢
⎣

⎡
−α−α

= .       (8) 

 

To determine the temperature comT  reached at the 
end of the reaction, it is necessary to integrate the 
equation (9) obtained by dividing (1) by (2) in the 
interval ( )comm10 TTT <<<η< : 

 

( )
cW

TTPQW
d
dT 0−α−+

=
η

.              (9) 

 

In the approximation of the zero order of the 
reaction temperature comT is determined by the 
expression 
 

( )
( )⎩

⎨
⎧

−
−

+
α
−

+=
kcTT

PkcTTTT
0mix

0mix
0com 1  

 

( )
( )

( ) ⎭
⎬
⎫
⎟
⎠
⎞

⎜
⎝
⎛ α
−⎢

⎣

⎡
⎥
⎦

⎤
−
−α

−
−

+−
ckkcTT

TT
kcTT

P exp1
0mix

0m

0mix
.  (10) 

 
When the current is turned off after ignition of the 

mixture, the temperature at the completion of the 
reaction reaches 
 

( )
+

α
−

+=
kcTTTT 0mix

0
0

com  
 

( )
( ) ⎭

⎬
⎫

⎩
⎨
⎧

⎟
⎠
⎞

⎜
⎝
⎛ α
−⎥

⎦

⎤
⎢
⎣

⎡
−
−α

−−+
ckkcTT

TT exp11
0mix

0m .        (11) 

 

The dimensionless parameter that determines the 
effect of external heat transfer on the ETE process is 
the value ckA /α= . For small values A the 
expressions (10), (11) tend to expressions (5) and (6), 
respectively. 

 
 

Fig. 3. Correlation of combustion temperature Tcom  
and the heat exchange parameter A  when the current  

is turned off at the time of the start of the reaction 

 
Conclusion 

 
In contrast to the classical thermal explosion of 

homogeneous systems, the maximum temperature at 
ETE of heterogeneous condensed mixtures can 
significantly exceed the thermodynamic temperature of 
combustion. An increase in temperature is achieved by 
heating the mixture with an electric current during the 
induction period preceding the start of the reaction.  
In systems with refractory reagents requiring heating to 
high temperatures to initiate a chemical interaction, the 
energy contribution of the current to the heating of the 
system can be very significant and lead to extreme 
states of matter during an electrothermal explosion. 

It should be noted that the effect of high 
overheating of the environment is a specific feature of 
the ETE process. Under wave modes of high-
temperature synthesis with melting of refractory 
reagent, this effect does not take place and the 
temperature of the products does not exceed the 
thermodynamic value. 
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