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We present a detailed experimental study of high-temperature self-propagating fronts using image process-
ing techniques. The intrinsic features of the wave propagation are investigated as a function of the combustion
temperature TC for a model system made of titanium and silicon powders. Different front behavior is realized
by changing the molar ratio x of the mixture Ti+xSi. Outside the range x= �0.3,1.5�, no thermal front is
propagating while inside, three regimes are observed: steady-state combustion which is characterized by a flat
front propagating at constant velocity and two unsteady regimes. The combustion temperature �or the corre-
sponding ratio x� is thus playing the role of bifurcation parameter leading from stationary state to complex
behavior. In the titanium-rich mixture, the position of the front oscillates and hot spots propagate along the
external border of the sample. At lower amounts of Ti, localized bright regions appear randomly and deform
the front profile. The associated dynamical behavior is a relay-race mechanism which becomes more pro-
nounced close to the combustion limit. Methods are developed to characterize the structural and dynamical
properties of thermal waves near instabilities, with a special emphasis on the statistical aspects. It is clearly
demonstrated that the mesoscopic scale phenomena interfere significantly with the macroscopic behavior. The
experiments reveal front behaviors that cannot be described using the usual macroscopic theories.
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I. INTRODUCTION

Nonlinear phenomena are ubiquitous from physical to life
science �1�. Under nonequilibrium conditions, they are asso-
ciated with the development of complex behaviors such as
multiple states, abrupt transitions, periodic or chaotic oscil-
lations, waves, and spatial patterns �2–4�. These instabilities
are usually predicted in the framework of the macroscopic
description offered by the phenomenological equations. In
some cases, it nevertheless becomes crucial to develop a sta-
tistical approach for the complex transitions and instability
phenomena �5�. The statistical study of instabilities allows
one to identify situations in which the microscopic dynamics
interferes significantly with processes at the macroscopic
level. In such situations, the very possibility of a clear-cut
separation between macro- and micro-behaviors becomes
questionable. For instance, when reactive and transport pro-
cesses are taking place in low-dimensional supports, the in-
trusion of the microscopic dynamics into the collective be-
havior becomes especially striking and leads to the
breakdown of the usual mean-field description �6,7�. Another
significant case is given by transient phenomena associated
with explosive behavior. It appears that the sensitivity of
explosive systems to perturbations of various origin causes
new effects which have no analog in the macroscopic rate
equations, such as the randomness of the ignition time
�8–10�. In this paper, we present experimental results on the
emergence of instabilities in highly exothermic systems and

we develop the corresponding statistical analysis based on
image-processing techniques. By using a multiscale descrip-
tion, we will show to what extent the mesoscopic scale phe-
nomena interfere with the macroscopic behavior.

The most significant aspect of exothermic reactions is
thermal feedback. At the macroscopic level, it is manifested
through the strongly nonlinear dependence of the Arrhenius
factor on temperature and can lead to abrupt transitions. De-
pending on initial and boundary conditions, we may observe
abrupt phenomena in timelike explosions or steep propagat-
ing waves associated with the exothermic reaction. In this
paper, we will focus more specifically on the latter situation.

From the experimental point of view, we study the propa-
gation of reaction waves in a mixture of solid powders �par-
ticle size 40–150 �m� compressed into small samples �e.g.,
cylinders of 1 to 2 cm long with a diameter of about 1 cm�.
In many situations, the reaction between the solid reagents
say A and B can be approximated by a dominant one-step
irreversible scheme of the form

A + B → C + heat. �1�

After the initiation by heating the sample at one end, a highly
exothermic combustion starts locally. The resulting heat re-
leased propagates to the contiguous regions, initiating in turn
new seats of combustion. This mechanism leads quite rapidly
to the formation of a stable reaction front that propagates
through the system with a practically constant velocity, at
least in the steady combustion regime. Indeed, front oscilla-
tions about the average speed or even more complex phe-
nomena such as chaos and spinning waves may also occur
�11–13�. The propagation of the thermal wave is associated
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with the formation of compound C because the heat released
by the reaction supplies the energy for the synthesis. Such a
process is usually called combustion synthesis or self-
propagation high-temperature synthesis �SHS� �for a general
review, see �14,15��. The heating rate due to the exothermic
reaction can be quite high �103–106 K s−1� and the combus-
tion temperature may also reach extremely high values
�2300–3500 K�. The overall process thus takes place under
very strong nonequilibrium conditions in short reaction times
�on the order of seconds�. The main feature of this system
relies on the heterogeneous nature of the support which in-
troduces a natural mesoscopic scale associated with the size
of the particles. Despite extensive investigations, the mecha-
nisms of reaction propagation in heterogeneous media are
not completely understood.

During the last decade, a new investigation method has
been developed to analyze the structural properties of the
thermal front associated with fast chemical reactions taking
place in heterogeneous media �16,17�. This allows one to
observe in situ rapid processes �up to 10−4 s� occurring at the
microscopic level �up to 1 �m�. Such microscopic studies of
gasless combustion have shown that at small time scales the
behavior of self-propagating high-temperature reaction
waves can become complex �18,19�. Accordingly to the
structure of the front, two modes of propagation have been
identified: the quasihomogeneous reaction wave �QRW�
which corresponds to a planar steady state of propagation
and the scintillating reaction wave �SRW� which cannot be
predicted by the usual macroscopic approach. The later is
characterized by short hot spots which randomly arise in the
vicinity of the front and induce the global propagation of the
front. Most studies are aimed at establishing a correlation
between the thermal heterogeneity of the reaction front and
the microstructure of the initial powder mixture. The influ-
ence of parameters such as density and porosity of the initial
medium has been investigated as well as the influence of
reactant particle size on the propagation properties �20�. In
this work, we have studied the dynamical and structural
properties of combustion synthesis fronts in the vicinity of
steady-state limits and instabilities. For this purpose, we
have developed a detailed statistical approach based on “in
situ” characterization to understand the influence of mesos-
copic processes on macroscopic instabilities.

The paper is organized as follows. The macroscopic mod-
eling of thermal waves in solid systems, as well as a brief
description of the instabilities associated with it, is presented
in Sec. II. The experimental procedure is explained in Sec.
III; we present the specific system we have studied, the ex-
perimental set up, and the imaging. Section IV contains the
detailed review of our results that are discussed in Sec. V.
The main conclusions are summarized in Sec. VI.

II. OVERVIEW OF THEORY

The traditional description of solid-phase combustion is
based on the heat-transfer equation combined with a source
term representing an exothermic reaction �22�. In experimen-
tal situations, the reacting sample usually has cylindrical ge-
ometry and in many circumstances the variation of the tem-

perature field T along the lateral direction is small and can be
ignored. Upon neglecting lateral heat losses, the one-
dimensional macroscopic equations that describe the evolu-
tion of the temperature of such a system read

�Cp
�T

�t
= �

�2T

�x2 + �Q��T,�� �2a�

��

�t
= ��T,��, 0 � � � 1, �2b�

where � is the mass density, Cp the specific heat at constant
pressure, � the thermal conductivity, Q the heat of reaction,
� the “degree of conversion” whose time evolution is defined
in Eq. �2b�, and � the reaction rate which is assumed to obey
the Arrhenius law. For a first-order reaction, the explicit form
of � reads

��T,�� = k0�1 − ��exp�− E/RT� , �3�

where E is the activation energy and k0 is a constant. Note
that there exist more complicated forms for � that are used in
order to take into account some specific aspects of the reac-
tive processes, such as higher order reactions, the porosity of
the media, etc. �23�. In this paper we shall restrict ourselves
to the simple form �3� and assume that all the parameters
�heat conductivity coefficients, heat capacity, etc.� remain
constant during the process.

The exothermic reaction is commonly initiated by heating
one end of the cylinder. From a theoretical point of view, this
is equivalent to setting the temperature at one of the bound-
aries, say x=0, to a specific value Ti, and the rest of the
sample at the ambient temperature T0 at t=0. The initial and
boundary conditions thus read

T�x,0� = T0, 0 	 x � L ,

T�0,t� = Ti; �� �T�x,t�
�x

�
x=L

= 0, �4�

where L is the length of the sample. Note that more realistic
boundary conditions may be adopted at x=L, which may, for
example, include the radiative energy transfer as well. How-
ever, our main purpose here is to analyze the behavior of the
temperature in the bulk �near the middle of the system�,
which proves to be quite insensitive to the adopted boundary
conditions.

It is instructive to consider first the case of a perfectly
homogeneous and adiabatically isolated system. Dropping
the heat transfer term in Eqs. �2�, one can easily check that
the quantity C=T�t�−��t�Q /Cp remains constant in the
course of time. Since initially �=0, one has C=T0. On the
other hand, the temperature reaches its maximum value, Tc,
once the reactive process has been completed, i.e., �=1, so
that C=Tc−Q /Cp. It follows that

Tc =
Q

Cp
+ T0, �5�

Tc is usually called “adiabatic temperature” or “combustion
temperature.” It represents an upper bound for the tempera-
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ture in real systems where lateral cooling and heat transport
processes are both present.

The set of equations �2� have been the subject of exten-
sive analysis, both theoretically and numerically. Basically,
once the reaction is initiated, one observes the formation of a
heat front that, after a short delay, starts to propagate with a
constant speed up to the vicinity of the outer boundary, x
=L. However, under some particular circumstances, this “sta-
tionary regime” may become unstable.

From a theoretical point of view, the stability of the sta-
tionary regime can be characterized by two dimensionless
parameters, 
 and �, which are sometimes called, respec-
tively, the Arrhenius and the Todes parameters. They are de-
fined as


 =
RTc

E
, �6a�

� =
RTc

2

E�Tc − T0�
. �6b�

In particular, it has been shown analytically that Eqs. �2�
admit a stable propagating wave solution with a constant
speed as long as the following inequality holds �11,24�:

� � �5 − 2 � 0.236. �7�

If the value of � is below this threshold, the system first
undergoes a Hopf bifurcation, resulting in a front that moves
with a pulsating speed. As � decreases further, higher order
bifurcations gradually occur, leading to a succession of pe-
riod doubling transitions, that may eventually end up in a
chaotic regime.

The criterion �7� was derived analytically and is only ap-
plicable to one-dimensional systems, where the main rel-
evant variable is the speed of the front. A more precise sta-
bility criterion was obtained with the help of extensive
computer simulations �25�. In particular, it has been shown
that the overall stability of the front can be characterized by
a single parameter 
st, defined as


st = 9.1� − 2.5
 . �8�

For 
st�1, the heat front propagates with a stable plane
shape at constant speed. As soon as 
st	1, the plane shape
of the heat front becomes unstable, leading to the formation
of a variety of exotic complex waves. This regime is called
spin combustion and is considered as a two-dimensional dis-
turbance of the flat front. In a cylindrical geometry, Maksi-
mov et al. �26� suggest that there is steplike distortion of the
front along the radius, which rotates like a beam of light
from a lighthouse. Ivleva and Merzhanov �13,27,28�, pro-
posed rather more complex shapes which can be associated
with a spiral-helix motion of a localized combustion center
occurring along the lateral surface of the cylinder, very much
like a rotating wavy bowl. In any case, the rotation is smooth
with a constant angular speed.

The traditional way of exploring the stability properties of
the system is to start with a stable front propagation regime
and lower 
st gradually. This can be done either by increas-
ing the value of the activation energy E or lowering that of

the combustion temperature Tc. From an experimental point
of view, the latter proves to be much easier to achieve than
the former. There are three ways to lower Tc: decrease the
initial temperature T0, decrease the reaction heat released Q
by adding inert components to the sample, and, finally,
modify its initial composition. In this experimental study, we
have chosen the last one mainly because it is the easiest way
to monitor the initial state of the system.

III. EXPERIMENTAL PROCEDURE

We consider a solid phase reaction involving a mixture of
silicon and titanium powders, known as “Ti-Si system.” The
reactive process is commonly represented in the form Ti
+xSi, where the stoichiometric coefficient x can be consid-
ered as the bifurcation parameter �36�. For instance, it is
known that combustion occurs for values of x ranging from
0.3 to 2.4 �29,30�. An oscillatory regime has also been ob-
served at the higher end of this range �29�, while spin com-
bustion was reported at x�1 for coarse Ti powder �30�. A
nice characteristic of the Ti-Si system is that the amount of
gas released during the reaction turns out to be relatively
small, making the experimental visualization of the front
quite accurate. It is therefore well-suited for video recording
that allows a detailed analysis of the development of front
instabilities near the combustion limits. Since it is relatively
easy to visualize the propagating reaction front, this system
has already been used for the study of the reaction front’s
microstructures, as a function of the size of the particles and
the porosity of the sample �20�. In what follows, we explain
the experimental procedure and the image analysis.

In our experimental set up, we use typical commercial
grade powders with the following characteristics: Ti, 100
mesh Ð 010383 Alfa Aesas, and Si, 325 mesh Ð ERAG
S-1053. The size of Ti particles is about 150 �m whereas
that of Si particles is less than 50 �m. For both powders, the
impurity is less than 1%. They are dry-mixed in a wobbling
mixer �Dyno1000�, without milling bodies, to avoid any
change of the particle sizes, and then they are pressed uniaxi-
ally in a cylindrical die. The typical dimensions of the
sample are about 13 mm in diam and 12 mm in height. The
samples have a porosity of 40%–45%. With a hydraulic
press, it is difficult to prepare larger samples without intro-
ducing a porosity gradient. The composition of the mixture
of powders Ti+xSi, characterized by the stoichiometric co-
efficient x, ranges from x=0.3 to 2. We keep a fixed sample
porosity and dimensions in all our experiments. This can be
done by controlling the mass of the sample for each value of
the composition parameter x.

A schematic diagram of the experimental set up is shown
in Fig. 1. The sample is put in the reaction chamber, which is
filled with an inert gas. A tungsten coil connected to a power
supply is heated to initiate the reaction in a thin pellet made
with the most exothermic composition �x=0.6�; the thin pel-
let is in contact with the sample. The heat released by the
pellet initiates in turn the reaction in the sample. This experi-
mental procedure ensures the same ignition conditions for all
the experiments and ensures uniform heating of the sample’s
cross section.
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Front propagation is recorded through a window using a
high-speed video camera �Kodak motion corder analyzer SR-
500� in macro mode and equipped with appropriate filters
�red, blue, or both�. The recording rate is set to
250 frames /s, with a sensor input of 512�480 pixels. Each
pixel has therefore a spatiotemporal resolution of 40 �m and
4 ms, respectively. One pixel corresponds approximately to
the size of a silicon particle. Recording of the propagating
front is stopped manually by the operator when the combus-
tion looks complete. In this way, we get a set of digital im-
ages that correspond to the evolution of the propagation front
in the sample. The images are imported into a computer and
analyzed using MatLab.

Through image analysis, we study the location of the
front, its shape, and the propagation characteristics. The
pixel intensity matrix at time t is represented by z�i , j , t� in
which i is the row �horizontal line in Fig. 2� and j the col-
umn. To locate the position of the front, we use the following
method.

�1� For each row, we compute the mean value of the pixel
intensity

zm�i,t� =
1

NC
�
j=1

NC

z�i, j,t� ,

where NC represents the number of columns.
�2� We next define a given threshold intensity z*, typically

of the order of half of the maximum intensity. Going from
top to bottom �see Fig. 2�, the mean position of the front
Y f ,m�t� corresponds then to the value of the row index for
which the inequality zm�i , t�	z* occurs for the first time.

�3� The front shape Y f�j , t� is obtained using a similar rule
z�i , j , t�	z*. If this value is out of range, we set Y f�j , t�

=Y f ,m�t���, where � is chosen approximative as the vari-
ance of the position. This allows one to eliminate the spuri-
ous dark and bright spots not directly associated with the
front. Such spurious bright spots appear due to the presence
of burning dusts, isolated jets of ignition, or cavities in the
sample.

In Fig. 2, the front location �in white� is plotted directly
on the image. The straight line corresponds to the mean po-
sition of the front. The mean position as a function of time
gives directly an estimation of the propagation velocity.

IV. RESULTS

We first evaluate the macroscopic propagation velocity v
from the mean position of the front Y f ,m. The dependence of
v f on the stoichiometric coefficient is shown in Fig. 3, to-
gether with the predetermined adiabatic combustion tem-
perature Tc. The maximum velocity �about 38 mm /s� coin-
cides with the highest value of Tc for x=0.6. This is expected
from the phase diagram since the more exothermic alloy cor-
responds precisely to the synthesis 5Ti+3Si→Si3Ti5. The
formation of this alloy releases the largest amount of heat
which contributes to an increase of the corresponding com-
bustion temperature. The front velocity decreases in the
range x=1–1.4 although the adiabatic temperature is con-
stant. This indicates that the Zeldovich model which predicts
a dependence of velocity v f on the temperature Tc �ln�v f�
�−E /RTc, where E is the activation energy� is not always
valid in the case of a solid flame as shown in �21�. In het-
erogeneous mixtures such as Ti+xSi, the adiabatic tempera-
ture is not the only governing parameter for propagation ve-
locity where combustion is accompanied by complex
microstructural and phase transformations.

Outside the range x= �0.3,1.5�, no propagating combus-
tion front is observed. The existence of combustion limits is
well-known in the literature. Our results for the concentra-
tion limits in excess of Ti and Si are in good agreement with
previous studies �27,28�. Quantitative differences may follow
as the consequence of some microstructure properties, like,
for instance, the particle size of the powder.
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FIG. 1. Schematic diagram of the combustion chamber and the
digital high-speed video recording technique.

FIG. 2. Image of the instantaneous profile of the front and mean
position �white line�. The height of the visualization window is
about 3 mm.
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FIG. 3. Combustion temperature TC �squares: scale in K, on the
left� and front velocity v f �bullets: scale in mm/s, on the right� as a
function of the stoichiometry x of the initial sample.
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It is interesting to compare the melting temperature of the
two reactants Tm�Ti�=1933 K and Tm�Si�=1683 K with the
combustion temperature. We see that TC�x=0.6� is higher
than both values. In the range x� �0.3,0.4� �excess of tita-
nium�, the combustion temperature is very close to the Si
melting temperature, while for x�1.2 �excess of silicon�, we
have Tm�Si�	TC	Tm�Ti�. These observations clearly show
that the reaction operates differently for different values of
the stoichiometric ratio x, ranging from nearly solid/solid
reaction �excess of Ti� to solid/liquid �excess of Si�. Only the
ratio x=0.6 corresponds to a liquid/liquid synthesis.

The appearance of the final synthesized material is radi-
cally different in the three situations of excess of Si �x
=1.4�, Si in stoichiometric amount �x=0.6�, and excess Ti
�x=0.32�, as shown in Fig. 4. The diameter of the samples is
only slightly modified, after the combustion is completed,
whereas the height might undergo significant changes. If the
Ti is in excess �x	0.6�, the sample tends to shrink, while in
the opposite case �x�0.6�, the sample may lengthen up to
10%. The video analysis clearly shows that the modifications
appear behind the front whose specificities are thus not al-
tered by the modifications of the shape of the samples. On
the other hand, the cross sections of the samples reveal a
specific structure that depends on the ratio x. For x=0.6, the
combustion product is characterized by a uniform distribu-
tion of fine pores. If Si is in excess �x�0.6�, we observe
large and irregular pores, while in the opposite case �excess
of Ti�, we get a dense product with a quite small amount of
voids. Thanks to the in situ characterization of the rapid
chemical reaction with the high-speed video camera, we will
show how the macrostructure of the final material is directly
related to the dynamics of the propagating front. To be able
to establish the correlation between macro- and microstruc-
ture, we will now present the results concerning the dynami-
cal behavior of the front in the three typical situations.

A. Ti+0.6Si composition

For this composition, the ignition is very rapid with or
without an ignition initiating pellet. One-tenth of a second
after initiation, a flat front starts to propagate steadily
throughout the sample. The overall process with the com-
plete conversion of reactants takes less than 1 s. Figure 5�b�
shows successive images of the front every 16 ms �every
four frames�.

We clearly observe a steady-state regime with a well-
defined velocity. The linear fit of the mean position as a
function of time is excellent. All positions along the front are
evolving in a similar way with a local velocity close to the
mean velocity. The influence of microheterogeneity could
eventually be observed at a smaller time scale using a better
spatial resolution.

B. Excess of silicon (x�0.6)

Images of the front at consecutive times are presented in
Fig. 5�a�. We note that in an interval of about 100 ms, the
front’s position changes very little. This is due to the drastic
reduction of its propagation speed, as shown by the measure-
ment of the velocity of the mean position which remains
possible beside the fact that the front structure is coarse �see
Figs. 2 and 5�a��. One can clearly see bright regions which
seem to appear randomly with no apparent correlation be-
tween them in the successive pictures.

The snapshot profile presented in Fig. 2 for the composi-
tion x=1.4 demonstrates the complex structure of the front.
We see the appearance of hot spots of different size just

FIG. 4. Cross sections of the synthesized samples for three rep-
resentative compositions: Si excess x=1.4 �left�, x=0.6 �center�,
and Ti excess with x=0.322 �right�.
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FIG. 5. Snapshots of the front every 16 ms for three represen-
tative compositions �a� in excess of Si �Ti+1.4 Si�, �b� Ti+0.6 Si,
and �c� in excess of Ti �Ti+0.322 Si�. The height of the visualiza-
tion window is about 10 mm.
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behind the border of the front. Their brightness is associated
with the local increase of temperature. The local instanta-
neous position Y f�j , t� as a function of time, for j fixed, is
plotted in Fig. 6 for values of x ranging from 1.2 to 1.5. For
x=1.2, the front propagates nearly uniformly and we can
measure a well-defined front velocity even locally. For larger
x values, it is no longer the case. The velocity along a line is
drastically reduced by a factor of 2 when the composition
changes from x=1.2 to 1.4. Moreover, we see that the front
may stop for a while before jumping to its next position. This
is particularly evident when there is a large excess of Si. For
these stoichiometries, we observe thus a relay-race mecha-
nism which is typical of microheterogeneous supports and
has no analog in the macroscopic description.

A representative quantity to characterize this particular
behavior is the time delay. We define the time delay td as the
time the front stays in a position whatever this position is. In
Fig. 7�a�, we have plotted the histogram of time delays. In
the case x=1.2, the maximum of the td distribution is around
1. This means that the front stays locally in the same position
�pixel� during �t=4 ms. This corresponds precisely to the
measured velocity of the front mean position v f
=0.97 pixels /�t. For the composition Ti+1.4Si, the maxi-
mum is shifted to around 2 because the velocity is slower.
The relay-race mechanism is more pronounced as reflected
by the dispersion of the td distribution. The distribution be-

comes very broad for x=1.5, close to the combustion limit.
Locally the front may stop for 20 ms, or even more.

The shape of the propagation front is far from being flat.
The local deformations create holes and bumps which may
be very pronounced, even visible, up to 1 mm. In Fig. 8, we
have plotted the evolution of the front position Y f�i , t� for
two contiguous columns j1 and j2 in the middle of the sample
�with j2− j1=10 pixels�. After ignition, the profile Y f�j1 , t� is
ahead of Y f�j2 , t� for more than 100 �t �0.4 s�; but suddenly,
at t=120 �t, the local profile along j1 crosses the other. The
mutual crossing of propagation along contiguous columns
may happen several times during one run. This is clear evi-
dence of the local and instantaneous character of the strong
deformations along the front during its evolution. We can get
a more general picture of these properties by looking at the
statistics of local instantaneous velocities �see Fig. 7�b��.
This quantity is essentially defined as the difference between
two consecutive profiles v�j , t�=Y f�j , t+�t�−Y f�j , t�. If the
front remains in the same position for a while, the velocity
will vanish. If the front is distorted during the process, the
velocity may become negative. For the composition Ti
+1.5Si, the distribution is quite centered around zero with
possible positive and negative velocities. In comparison, for
the experiment with x=1.2, the distribution is dissymmetric
in the positive range and its mean value corresponds to the
mean velocity �1 pixel /s�.
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FIG. 6. Illustration of the relay-race mechanism: evolution of
the local front position Y f�j , t� on a given column j in the middle of
the sample for different compositions �a� x=1.2, �b� x=1.4, and �c�
x=1.5. Position is measured in pixels. Time unit is 4 ms.
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FIG. 7. �a� Histogram of time delays for different compositions: x=1.2 �black�, x=1.4 �gray�, and x=1.5 �white�. �b� Histogram of local
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FIG. 8. Evolution of the front position Y f�j , t� for two adjacent
columns j1=100 and j2=110 in the same sample. We observe many
crossings between the front positions Y f�j2 , t� and Y f� 1 , t� during
the propagation. This induces a pronounced roughness of the front.
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C. Excess of titanium (x	0.6)

Let us first consider the case x=0.4. When plotting the
mean position of the front Y f ,m as a function of time, a
strictly linear behavior is lost and two time scales are detect-
able as shown in Fig. 9. In a first stage, the front moves at
12 mm /s and then at speeds up to 16 mm /s. It indicates that
we are probably crossing the boundary of steady-state behav-
ior.

For smaller values of x, an instability regime clearly ap-
pears. Following a short transient period after initiation of
combustion, the mean instantaneous position of the front
Y f ,m�t� starts to oscillate around a linearly increasing value
y�. The Fourier transform of the signal �Y f ,m�t�−y�� demon-
strates a well-defined frequency corresponding to an oscilla-
tion period of 50 ms as shown in Fig. 10.

The snapshots �Fig. 5�c�� show that the limit between
burned products and fresh mixture is nearly flat. Neverthe-
less, the front structure is very different from those observed
for a larger stoichiometric ratio �see Fig. 5�a��. While the
front is moving slowly downward, hot seats are propagating
very fast in the lateral direction. After the passage of burning
regions in the side surface of the sample, the front seems to
stop before the appearance of a new set of hot spots in a
subsequent layer. The combustion is pulsating: propagation

steps alternate with static periods. If we had recorded this
process at a common speed of 24 frames /s, we would ob-
serve a “one-dimensional” oscillating regime. The fact that
ignition after depression does not occur simultaneously along
the front becomes visible only at a high enough speed of
video recording.

It is interesting to characterize this process more quanti-
tatively. The thickness of the burning layer is about 0.5 mm
which is significantly larger than the typical size of the big-
gest particles �150 �m� of the system. A new spot appears
every three or four frames ��1=50–60 ms� while the preced-
ing one has already reached the edge �see Fig. 5�c��. The
traveling time �2 of hot spots is significantly shorter
�20–30 ms� than �1. The overall front stops during a latent
period �2−�1. We can even further characterize the dynami-
cal behavior of hot spots by using the tools developed in the
framework of cluster size statistics in percolation theory. In
our case, a hot spot is defined as a region of connected pixels
whose brightness exceeds a predefined threshold value. The
application of the Hoschen-Kopelman algorithm �31� on the
images allows one to determine the number of clusters and
their size. We have plotted in Fig. 11 the time evolution of
the mean position Y f ,m�t�−y�, the number of clusters ncl, and
the total number of active sites nas. There is an evident cor-
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FIG. 9. Evolution of the mean front position Y f ,m as a function
of time in excess of titanium �x=0.4�. We observe a deviation from
the linear behavior represented by the dashed line.
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FIG. 10. �a� Evolution of the mean front position Y f ,m as a function of time in excess of titanium �x=0.324�. �b� Power spectrum of the
position �Y f ,m�t�−y�� as a function of the frequency. The maximum at �=0.08 corresponds to a period of 0.05 s.
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FIG. 11. Cluster dynamics as compared to position of the front:
mean position of the front around the linear regression values
Y f ,m�t�−y� �full line and dots�, number of clusters ncl �diamonds�,
and number of active sites nas divided by 100 �dashed line�.
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relation between the position evolution and the appearance
of hot spots. Their absence corresponds to the slowing down
of the front while the increase of the velocity arises just after
the first birth. The individual clusters are countable and their
total number never exceeds eight even if the bright sites
cover a complete layer. Obviously, we do not have a sponta-
neous generation of local combustion centers but rather a
collective behavior which affects the system layer after layer.
All these facts suggest that the observed behavior appears as
a consequence of the emerging instability.

V. DISCUSSION

The analysis based on the treatment of video frames re-
veals intrinsic features of the front propagation. In the com-
position range corresponding to an excess of Si, the rough-
ness of the front is detectable with the naked eye. The
complex structure of the front is not only the consequence of
the heterogeneity of the support, but it is directly related to
the spontaneous development of hot spots. These reactivity
centers initiate locally the propagation while there is no com-
bustion at all elsewhere. They are responsible for the relay-
race mode of combustion which affects directly the propaga-
tion.

After its birth, a hot spot may grow by initiating the re-
action in its neighboring regions. Then it spreads along the
lateral direction of the front where the temperature is already
high. Other spots may disappear without spreading. It ap-
pears thus that some hot spots are playing the role of precur-
sor in the propagation. The hot spots production seems to
have a purely random character. There is no systematic mo-
tion of hot spots along the front.

The support on which the reaction is taking place can be
viewed as a random network of particles. Some of the con-
nections between particles may be loose for the thermal
transfer. As soon as a particle captures enough heat from one
side, an exothermic reaction is initiated. If the heat transfer is
inefficient with the other contiguous reactants particles, the
temperature may increase and reach a value larger than the
expected adiabatic temperature. The heat released by the re-
action accumulates locally. This is the typical mechanism of
explosion: the heat transfer ceases to compensate the heat
production. Appropriate modeling such as the cellular model
has been developed to account for these aspects �32,33�.

Since the discovery of a new combustion regime associ-
ated with the heterogeneity of the reactive medium, most of
the studies have been dedicated to study the influence of the
support on the scintillating phenomena. The effects of par-
ticle size and porosity have been systematically investigated
�20�. The correlation between the microscopic properties and
the propagation characteristics has been demonstrated ex-
perimentally. In this work, we have developed a different
type of analysis. All the experiments were carried out on
samples that have the same microstructure. The only param-
eter that has been changed is the combustion temperature TC
which is typically a macroscopic control parameter. By
changing its value, one expects to observe the development
of instabilities before reaching the combustion limit. In ex-
cess of Si �x�0.6�, no oscillation phenomenon was ob-

served. When TC decreases, the front moves more slowly
until it stops completely and there is no combustion at all.
Nevertheless, the dynamical behavior is changing since the
relay-race mechanism becomes more pronounced. The peri-
ods of time during which the front does not propagate locally
�time delays� become more and more long as TC reaches the
combustion limit. This feature looks very similar to the criti-
cal slowing down that appears close to a bifurcation point. It
corroborates the picture of the system we have proposed: a
reactive network of loosely connected particles where ul-
tralocalized explosions occur. As the distance from the tran-
sition limit diminishes, we observe that the time delay in-
creases notably which means that the ignition time in each
“reactor” becomes larger. This situation supports the sensi-
tivity of the system to any perturbation and enhances the
random and spontaneous development of hot spots �9�.

In the Ti-rich concentration region, in the vicinity of the
combustion limit �x�0.3�, we observe a radically different
behavior which shows some of the characteristics of a spin-
combustion regime: oscillations of the position due to the
alternation of static and fast burning periods as well as the
rapid circular motion of hot seats. As we have shown in the
previous section, the front position oscillation is clearly as-
sociated with the bright spots appearing on the lateral side of
the sample. The understanding of the mechanism responsible
for hot seats generation is challenging. To what extent do we
recover the behavior predicted by the macroscopic approach
in which the spin combustion arises either from spiral motion
of steplike disturbance of the combustion front �26� �see Fig.
12� or as a spiral-helix motion of localized hot spots moving
with a constant rotary velocity on the side surface?

FIG. 12. �a� Schematic illustration of the spin combustion re-
gime. The spin wave is propagating with a constant velocity along
the helical trajectory on the side surface of the sample. Egress of the
front on the end side of the sample looks like a growing sector of a
circle whose radius is precisely the radius of the sample and the
angle increases linearly with time. �b� Possible mechanism of the
quasispin combustion regime: local ignition and radial growing of
the reactive fronts. When the very reactive external layer of the
front crosses the side surface of the sample, hot spots become vis-
ible by the observer. Their motion on the side surface results from
the growing of the surface front.
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To figure out what happens inside the sample during the
experiment is a tricky problem. This is nevertheless the only
way to discover the characteristics of the reactive front. For
this purpose, we have titled the sample in the reaction cham-
ber and focused the camera on the end surface �Fig. 13�. In
this way, we were able to look at the formation of the exit of
the combustion wave. Results of this experiment show a ra-
dial growing distorted circle on the end-side surface and
multiple hot seats of different sizes propagating on the side
surface of the sample. We clearly observe that the combus-
tion arises due to a localized ignition. The reaction probably
starts within a thin preheated disk of the reaction mixture,
next to hot solid products of combustion. While the exit front
is appearing, hot seats continue to move on the lateral side.
Combustion spots are observable together on the sample side
and at the border of the active front. A plausible scenario of
this quasispin regime is the following �see Fig. 12�b� and
�34��:

�1� local random ignition in preheated layers;
�2� radial expansion of the front; and
�3� high activities on the external layer which persist until

crossing the side surface of the sample.
In this combustion regime, the front surface becomes un-

stable and shows a nonuniform shape with moving external

combustion seats. Although we recover some features of the
complexity of the combustion surface predicted by Ivleva
and Merzhanov in their simulations of three-dimensional cy-
lindrical systems �13,28�, our experimental results suggest
nevertheless a slightly different interpretation.

VI. CONCLUDING REMARKS

In this paper, we have presented an experimental investi-
gation of the nonlinear behavior of self-propagating high-
temperature synthesis waves in the full range of combustibil-
ity. In situ imaging analysis allows one to study the
dynamical and structural properties of the fronts and to de-
tect the complexity of the combustion patterns. A quasispin
regime results from the instability of the process near the
metal-rich concentration limit while a pronounced scintillat-
ing regime occurs near the nonmetal-rich limit.

We have shown that the combustion temperature TC as
compared to the melting temperature of the reactants plays a
significant role in the emergence of instabilities. The qua-
sispin regime is clearly associated with a solid combustion,
while relay-race combustion is predominant for a liquid-solid
system. Moreover, the physical state of the reactants has cer-
tainly a strong influence on the reactive mechanisms at the
level of individual grains. Preliminary experimental results
show the formation of multilayers of intermediate com-
pounds. It would be interesting to investigate the role of the
temperature pulse and of the front dynamical behavior on the
observed microstructures �35�.

Our study demonstrates that the sensitivity of such reac-
tive fronts becomes especially striking in the close vicinity of
instabilities, like, for instance, the enhancement of time de-
lays in the relay-race regime near the combustion limit. It
appears thus that the modeling of these systems should not
be restricted to the usual macroscopic description but should
include the essential features of the intrinsic microheteroge-
neity as can be done in discrete models.
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