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Abstract

A recently developed numerical simulation of self-propagating high-temperature synthesis (SHS) using an approach based on micro-
scopic reaction mechanisms and utilizing appropriate physical parameters is applied to the SHS of a fairly large group of transition metal
aluminides. The model was utilized to analyze temperature profiles and wave instability and the results were interpreted in terms of chem-
ical and thermal effects. The effect of the particle size of the transition metal, the porosity of the reactant mixtures, and the dilution was
investigated. The results are in good agreement with available experimental data.
� 2006 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.
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1. Introduction

Combustion synthesis or self-propagating high-temper-
ature synthesis (SHS) has received considerable attention
in the last two decades as an alternative method for the
synthesis of high-temperature materials. Beside its techno-
logical relevance, SHS is also of significant scientific inter-
est, being the only example of an extremely fast chemical
reaction completely confined in the condensed state.
Despite the large number of investigations, knowledge of
the microscopic reaction mechanisms involved in these
processes is still quite limited. The combination of high
reaction temperatures and high propagation rates makes
it difficult to investigate experimentally such reactions
using conventional techniques applied in solid-state reac-
tivity studies. The lack of knowledge of the reaction mech-
anism makes difficult to anticipate the behavior of the
reactions under conditions different from those employed
experimentally.
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Attempts to model SHS reactions to provide a better
understanding of the operative mechanism have been made
since the early 1970s. These approaches focused primarily
on the macroscopic features of the propagation process.
A simplified reaction mechanism based on the assumption
of a single reaction step, derived from homogenous gas-
phase combustion, was generally used in these earlier
investigations [1]. Only recently more complex and realistic
reaction mechanisms have been proposed. However, even in
these cases the parameters controlling the microscopic reac-
tion mechanism are usually optimized in order to obtain a
good ‘‘fit’’ to the experimental results, with little attention
to their intrinsic physical meaning [2,3]. A more useful
approach would be to utilize parameters with a sound phys-
ical basis in order to validate the proposed microscopic
reaction mechanism. When accomplished, such models
make possible the prediction of the reaction behavior in sit-
uations that cannot easily be investigated experimentally.

Such an approach has been developed in general terms
by the authors in previous publications [4–8]. In this work,
we apply this approach to a large group of reactions,
namely the formation of transition metal aluminides, to
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perform a systematic comparison with the available exper-
imental data. The group of transition metal aluminides
considered in this work (Ni–Al, Co–Al, Ti–Al, Nb–Al),
share the same SHS reaction mechanism but are character-
ized by different thermodynamics and kinetics properties
and hence show very different propagation modes.

The aim of the paper is twofold: to demonstrate the
validity of the microscopic heterogeneous mechanism
underlying the model and to show that a detailed micro-
scopic mechanism involving a large number of simple inter-
connected elementary processes can produce results very
close to the experimental observations, using experimental
parameters with physical meaning. In this regard, this work
represents a unique approach. As stated above, while com-
parisons between modeling and experimental results are
relatively common in the SHS literature, none of these
involves a detailed reaction mechanism. Typically, previous
studies have been focused on the macroscopic behavior of
the reaction.

Only parameters experimentally accessible will be dis-
cussed in this paper. The influence of parameters typical
of the microscopic reaction mechanism, such as the kinetics
of dissolution of the transition metal in liquid aluminum or
the thermodynamic parameters related to the shape of the
phase diagram have already been discussed elsewhere
[9,10].

However, it must be pointed out that experimental data
available in the SHS literature have significant limitations.
Although the synthesis of transition metal aluminides has
been extensively investigated, most of the available litera-
ture is qualitative in nature, with only few cases where
the influence of reaction parameters on the propagation
characteristics was investigated systematically and quanti-
tatively. The effect of stoichiometry of the reactant mixture
and the degree of dilution has been by far the most inves-
tigated aspect of these reactions. The dependence of com-
bustion on other parameters, for example particle size, is
virtually absent in the majority of the systems investigated.
This makes it difficult to perform a through comparison
with the modeling results even for systems that have been
studied extensively, such as the Ni–Al system.

2. Modeling the SHS of transition metal aluminides

The simulation of an SHS process is based on the solu-
tion of a parabolic system of partial differential equations:
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where C represents the heat capacity per unit volume, v the
thermal conductivity, r the Stefan–Boltzmann constant, e
the emissivity (set to 0.9 in these simulations) and Ta the
ambient temperature (typically 298 K). In the present
work, the equation has been written for a cylindrical sam-
ple of radius R (typically R = 1 cm) and length L (typically
L = 2 cm). Eq. (1) is the Fourier law for heat transport,
while Eq. (2) is a kinetic equation that describes the as-
sumed microscopic chemical mechanism and, hence, the
rate of heat evolution. This second equation includes as
many chemical steps as required, taking into explicit ac-
count the heterogeneous aspects of the process.

The above system is solved for temperature, and hence
initial and boundary conditions are given for T also. Typ-
ically the initial conditions are expressed as

T ðx; t ¼ 0Þ ¼ T a for 0 6 x 6 L ð3Þ

with x the distance along the axis of the sample of length L.
The boundary conditions are given as

T ð0; tÞ ¼ f1ðtÞ
T ðL; tÞ ¼ f2ðtÞ

�
ð4Þ

with f2 accounting for heat input and output due to con-
duction, chemical reaction and phase transformation, radi-
ation to the surroundings, and f1 being an ignition function
that represents the energy pulse obtained from the igniter.
This latter is normally given as

f1ðtÞ ¼ T a þ ðT p � T aÞ exp �ðt � lÞ2

2r2

" #
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with Ta being room temperature, Tp the maximum temper-
ature reached by the igniter, r the time range and l the
time lag of ignition.

As graphically summarized in Fig. 1, the method chosen
basically uncouples the solution of heat transport (solved
for the whole sample and hence referred to as macrokinet-
ics) from the solution of the chemical steps, each being
solved at the level of a single particle and referred to as
microkinetics. The present simulation approach is specifi-
cally built to focus on the heterogeneous aspects of a
SHS process, and is based on a microscopic reaction mech-
anism that has been proposed by several authors on the
basis of investigations performed mostly using
the quenched front technique [11–13]. Such a model for
the SHS of transition metal aluminides includes: (a) melt-
ing of Al (before which no reaction occurs), (b) diffusion-
controlled dissolution of solid transition metal into liquid
Al (the irreversible step), (c) eventual melting of the phases
involved (if the temperature is sufficiently high), (d)
precipitation and (eventual) melting of the intermetallic
compound and (e) deposition of the Al + MexAl1�x eutec-
tic mixture. Steps (a), (c), (d) and (e) are simply considered
in terms of energy balance, while the dissolution of the
high-melting metal into the molten pool is governed by
an explicit kinetic law [14]. It should be noted that the dis-
solution coefficients used in the present work have all been
obtained from isothermal dissolution experiments per-
formed by our group [15]. The values used are reported
in Appendix A.

The Fourier equation describing the heat transfer on the
macroscopic scale is solved using the finite difference
Crank–Nicolson algorithm. At each time step of the



Fig. 1. Graphical scheme of the simulation process.
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solution the amount of transition metal dissolved in the
liquid (the irreversible steps) is calculated and the amount
and composition of the relevant phases according to the
phase diagram are calculated. The amount of heat associ-
ated with these processes is then passed back to the Fourier
equation, which is then solved for temperature of the next
time step. The thermodynamic description of the systems
assumes great relevance in such a chemically oriented
model and has been given using the widely accepted CALP-
HAD approach. Parameter values for each system have
been obtained from the literature as reported in Appendix
A. More information on the general concepts underlying
our computational approach can be found in previous
publications [4–10].

3. Results and discussion

3.1. Temperature profile

Experimentally, the temperature profile is generally
obtained at one point on the sample, using a thermocouple
or an optical pyrometer. As we will demonstrate, the shape
of the temperature profile is strongly dependent on the
details of the microscopic reaction mechanism. SHS pro-
cesses for the formation of transition metal aluminides
are characterized by a typical temperature profile, such as
the one shown in Fig. 2 for the SHS of NiAl. It is charac-
terized by a very sharp first peak, which is usually followed
by a much broader second peak or by a plateau. Although
this profile is quite common and has been reported in the
literature, no quantitative explanation has been presented
for the presence of the two maxima. Fig. 3(a) shows the cal-
culated temperature profile as a function of time for the
SHS of NiAl with xNi = 0.49, a particle radius r0 of
50 lm and a thermal conductivity v = vbulk/10. The tem-
perature profile reproduces reasonably well the shape of
the experimental curve of Fig. 2, showing an initial sharp
peak followed by the much broader second peak. However,
the timescale in this simulation is an order of magnitude
lower than the experimental data of Fig. 2. This is due to
the high value of thermal conductivity used for this simula-
tion compared to the conductivity values typical of powder



Fig. 2. Experimental profile of temperature for the SHS of NiAl. Ni grain
size <10 lm.

Fig. 3. Simulated temperature profile for the SHS of NiAl, with
xNi = 0.49, r0 = 50 lm and v = vbulk/10, and enlargement of the temper-
ature spike region for solid aluminum (continuous line, left axis), solid Ni
(dotted line, left axis), solid compound (dash-dot-dot line, left axis), total
amount of liquid (dashed line, left axis) and temperature (dash-dot line,
right axis). ni represents the moles per unit volume of a component in a
certain phase. For simplicity reasons, ni is normalized on the total number
of moles available ntot of the same component in the actual simulation run.
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compacts [16]. A detailed analysis of the propagation char-
acteristics of the SHS as a function of thermal conductivity
has been discussed in previous works [8,9,17].

Some aspects of the temperature profile can be related to
the chemical changes accompanying the process. Fig. 3(b)
depicts the phase evolution in the small region across the
combustion front. These results are obtained using a simu-
lation made with the same parameters as used in Fig. 3(a).
In Fig. 3(b) the front propagates from right to left. When
the temperature reaches the melting point of Al (point A
in the figure) the solid transition metal (dotted line, left
axis) begins to dissolve in the liquid leading to an increase
in the amount of liquid phase (dashed line, left axis) until it
reaches a maximum value, after which the solid intermetal-
lic compound (dash-dot-dot line, left axis) begins to precip-
itate. The large amount of heat released by the
precipitation of the compound is responsible for the first,
sharp temperature spike in the temperature profile (point
C in the figure). However, no further chemical reaction
or phase transformation takes place outside this region,
as shown on a larger scale in Fig. 3(c) where the amount
of all phases is seen to remain constant after the first sharp
reaction front. This implies that the second broad peak that
is observed in Figs. 2 and 3(a) cannot be related to any heat
release/absorption due to phase transformations and/or to
a chemical process.

An alternative explanation, however, can be found in
the complex mechanism that causes propagation instabili-
ties in this family of reactions. As discussed in more details
elsewhere [8,9,17], the SHS reaction of transition metal alu-
minides is frequently characterized by oscillatory propaga-
tion modes. The onset of these oscillations is controlled by
a balance between system characteristics (DHreact, dissolu-
tion rate and thermal conductivity) and process variables
(porosity and reactant grain size). The intrinsic system
properties for the SHS process for the formation of transi-
tion metal aluminides are such that oscillations are
observed for a large range of process parameters. Fig. 4
shows the combustion characteristics associated with a typ-
ical oscillating reaction in the formation of NiAl. As shown
in the graph at the top of the figure when this situation
occurs, the propagation rate of the combustion front
changes considerably with time. These oscillations, how-
ever, are often characterized by a time and space scale that
makes it difficult to observe them experimentally. Due to



Fig. 4. Temperature and amounts of reactants and compound in the various phases as a function of time for space points corresponding to the maximum
(a–c) and minimum (d–f) of propagation wave speed. In (b–f) the continuous line shows solid Al, the dots solid transition metal, the dashed-dotted line
temperature (right axis), the dashed line total amount of liquid and the dash-dot-dot line solid compound.
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the presence of the oscillations the temperature profile will
be different at different locations of the sample. Fig. 4(a)
and (d) show the temperature profiles corresponding to
regions pertaining to the highest (Fig. 4(a)) and lowest
(Fig. 4(d)) propagation rates. The two temperature profiles
are quite different; Fig. 4(a) shows the presence of a sharp
spike at the leading edge of the combustion front while
Fig. 4(d) shows only a broad temperature peak. The phase
evolution accompanying the movement of the combustion
front in the two regions is shown in Fig. 4(b) and (e),
respectively. Since the reaction is confined to a very small
region, an expanded view of the combustion front is shown
in Fig. 4(c) and (f), respectively. From Fig. 4(c) it can be
inferred that the first temperature spike observed in
Fig. 4(a) is associated with the precipitation of the interme-
tallic phase from the melt. Fig. 4(c) shows that the heat
released by this process may be sufficient to raise the tem-
perature above the melting point of the intermetallic com-
pound itself, producing a quite complex phase evolution.
In contrast, no sharp temperature spike is observed when
the propagation wave velocity is at a minimum
(Fig. 4(d)–(f)). In this case the process of dissolution and
precipitation is spread over a fairly large region. It is also
important to point out that there is no apparent connection
between the broader temperature peak (following the lead-
ing edge) and any chemical reaction or phase transforma-
tion process. Thus the second peak can then only be
explained as a thermal front. This suggests that the oscillat-
ing behavior is the results of a ‘‘decoupling’’ between the
propagation of the thermal and chemical fronts. According
to this model the ‘‘chemical’’ front (associated with the dis-
solution–precipitation process) tends to ‘‘run away’’, hence
creating regions of localized high temperature that propa-
gate much faster than the thermal wave. These spikes then
fade away when they reach a region of the sample too cold
to sustain the chemical process. As a result of that, the
chemical front keeps moving back and forth with respect
to the thermal front producing the oscillating behavior
[9]. In these systems, however, this dynamic behavior is
too fast to be detected by the techniques usually used in
the determination of the temperature profiles.

3.2. Effect of particle size

The size of reactant particles has been recognized as an
important parameters in defining the dynamic behavior of
an SHS process, and hence the composition and microstruc-
ture of the resulting products [18–23]. Despite that, a sys-
tematic analysis of the dependence of wave velocity on the
particle size of the reactants has not been investigated for
most systems. An interesting exception is represented by
the relative abundance of investigations demonstrating a
lack of influence of the size of the Al particle on the macroki-
netic behavior of the SHS process, indirectly demonstrating
that Al is molten at the start of the reaction [11–13,24,25].

The influence of particle size r of the transition metal on
the velocity of propagation v for various aluminides as cal-
culated in this study is shown in Fig. 5, plotted as v vs. 1/r.
The figure also shows, for comparison, available experi-
mental results reported in the literature. For the Ni–Al sys-
tem, for which most experimental determinations are
available, wave velocity values were reported by Maslov
(3 < v < 9 cm s�1 [26]), Naiborodenko (v = 4 cm s�1

[24,25]) and Podergin (v = 1.23 cm s�1 [27]). In this figure
the experimental values are compared with a curve
obtained simulating the propagation for 0.1 < r0

(Ni) < 50 lm. Particle size values lower that 0.1 lm were
not considered since experimentally such sizes are difficult
to obtain, while the largest particle size for every system
corresponds to the ignition limit under standard ignition
conditions. In all the simulations reported in Fig. 5, an
effective value of thermal conductivity close to the
experimentally observed one for compact of powders
(veff = vbulk/70) was used for all systems.

Fig. 5 shows a fairly good agreement between the rela-
tively few reported experimental data and the calculated
values for all systems for which experimental data are
available: (a) CoAl [28], (b) NiAl [24–27], (c) TiAl [29]
and (d) NbAl3 [30]. It is worth noting once again that the
numerical values for the parameters corresponding to the
individual physicochemical processes involved in the mech-
anism are experimental values taken from the literature
and have not been modified in order to obtain a good fit
with the experimental combustion rates. In all four SHS
reactions, the wave velocity has an almost linear depen-
dence with the inverse of particle size for large particle sizes
(r0 > 1 lm), the region in which experimental values are
available. No experimental data have been reported for
smaller particles sizes, where a plateau of the calculated
curves is reached. The velocity at the onset of the plateau
depends on the system examined, vCoAl = 5.3 cm s�1,
vNiAl = 8.7 cm s�1, vTiAl = 3.3 cm s�1, vNbAl3 = 3.0 cm s�1.
The lack of dependence on particle size over the range of
the plateau indicates that dissolution of the transition
metal into the molten pool is no longer the rate-determin-
ing mechanism of the SHS reaction, but other processes,
such as precipitation or dissolution of the formed com-
pound, become rate controlling.

3.3. Effect of porosity and dilution

In SHS experiments, a change in the porosity of the
reactants influences the effective thermal conductivity and
the energy per unit volume produced by the reaction
[9,16,31]. Thus in order to be able to perform a direct com-
parison with the experimental results, the effects of porosity
on energy per unit volume and thermal conductivity must
be taken into consideration. The dependence of thermal
conductivity on porosity has been modeled using the
approach of Cunningham and Peddicord [32]. The details
of such a model can be found in Appendix A. Modeling
of the effect of porosity and thermal conductivity has been
made previously for field-activated combustion synthesis
[33].



Fig. 5. Wave velocity as a function of the inverse of the high-melting
metal starting grain size (with v = vbulk/70) for the SHS of CoAl, NiAl,
TiAl and NbAl3. The continuous line refers to simulation results, the dots
to experimental results for CoAl [28], NiAl [24–27], TiAl [29] and NbAl3
[30].
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A comparison of the simulated data for CoAl with
experimental data reported by Yeh and Yeh [28] for a rel-
atively small particle size (2 lm) is shown in Fig. 6. In order
to reproduce the experimental conditions a temperature of
pre-heating of 373 K was used. The trend of the increase of
v with the relative density of the reactants is the same for
the simulation and the experimental values.

Fig. 7 shows the calculated dependence of wave velocity
on porosity (solid line) for the SHS of NiAl for the case of
a relatively large particle size (50 lm). Experimental data
for NiAl from Naiborodenko and Itin [24,25] are also plot-
ted for comparison with the simulation results. The wave
velocity increases as the porosity is decreased from
60% to 40%, reaching a maximum value (9 cm s�1 for
Fig. 6. Propagation speed for the SHS of CoAl as a function of per cent
theoretical maximum density (TMD) of the starting mixture. Experimen-
tal data are from Yeh and Yeh [28]; the continuous line represents
simulation results.

Fig. 7. Propagation speed for the SHS of NiAl as a function of porosity.
The points indicate two sets of experimental data from Naiborodenko
et al. [24,25] while the continuous line represents simulation results. Grain
size used is r0 = 50 lm.
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porosity = 40% in experiments, and 9.9 cm s�1 for poros-
ity = 30% in the simulation). When the porosity is further
decreased, the velocity of propagation decreases. Such a
behavior is largely expected and encountered in experi-
ments, but has not been obtained previously using simula-
tion methods that did not take into account the
heterogeneous nature of the process. An increase in propa-
gation wave velocity with a decrease in porosity reflects an
increase of the energy per unit volume up to the maximum
value. At that point, thermal conductivity and heat dissipa-
tion become dominant, leading to the decrease in propaga-
tion rate. With reference to Fig. 6, the occurrence of a
maximum in the velocity depends on the materials charac-
teristics and thus the absence of a maximum in this figure is
the consequence of the limited range of density considered.
It would be expected that at higher densities (>70%), a
maximum would be observed, consistent with experimental
observations, reported elsewhere [34].

The addition of a diluent is commonly practiced to
decrease the exothermicity of an SHS reaction without
influencing all the other parameters. In reality, however,
the effect of such an addition to the starting mixture has
three aspects: (a) it reduces the total amount of heat released
by the process per unit volume, (b) adsorbs heat in propor-
tion to the heat capacity of the diluent and (c) it alters the
thermal conductivity of the system. Quantitative data on
the effect of dilution in intermetallic systems are not found
in the literature. Due to the low exothermicity of these sys-
tems, the addition of diluent is counterproductive. An
exception comes from the work of Maslov et al., in which
the effect of dilution on propagation velocity for the SHS
of NiAl was investigated [26]. A comparison with our sim-
ulation performed taking into account all the effects caused
by the addition of the diluent is shown in Fig. 8. The data
refer to a starting Ni particle size of 10 lm, v = vbulk/70
Fig. 8. Propagation speed as a function of dilution for the SHS of NiAl.
Black dots refer to experimental data from Maslov et al. [30], while the
continuous line shows results obtained from simulations. rNi = 10 lm,
v = vbulk/70 and room temperature of 298 K were used in simulations.
and Ta = 298 K (chosen to reproduce experimental condi-
tions). The black circles in the figure are the experimental
data of Maslov et al. [26], while the continuous line repre-
sents the simulation results. It can be seen that both the
trend and the value of the velocity are in very good agree-
ment for the simulation and the experiment.
4. Concluding remarks

Using a model based on microscopic heterogeneous
reactions, and on a solid–liquid interaction between liquid
Al and solid transition metal, the SHS reactions of alumi-
nides were simulated and compared to available experi-
mental data. Based on appropriate physical parameters,
the model provides results that are in good agreement with
available experimental data. The model considered and
interpreted the shape of the temperature profile associated
with the reaction. The observed sharp and broad peaks are
interpreted in terms of chemical and thermal effects. The
observed instability of some reactions, giving rise to oscil-
latory wave propagation, was analyzed by the model and
explained in terms of the chemical and heat transfer pro-
cesses accompanying the reaction. The role of the particle
size of the transition metal was modeled and the results
were found to be in good agreement with experimental
data. The effects of porosity (or relative density) of the
reactant mixtures and the added diluents were considered,
with the results shown to be in agreement with experimen-
tal observations.
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Appendix A

The relevant input parameters used in the present simu-
lations are reported in this appendix.

� Thermodynamic data for the Ni–Al [35], Ti–Al [36], Co–
Al [37] and Nb–Al [38] systems have been obtained from
the literature using the SGTE standard and the CALP-
HAD (calculation of phase diagrams) approach. Details
concerning this method and its application to the pres-
ent simulation method can be found in previous papers
[10,31] and in references therein.
� Dissolution coefficients X are given in an Arrhenius

form. The pre-exponential term and activation energy
have been obtained from experimental measurements
in isothermal conditions performed by our group [15]
and are as follows. Ni–Al: X0 = 3 · 10�7 m2 s�1,
Ea = 45.4 kJ mol�1; Co–Al: X0 = 2.64 · 10�6 m2 s�1,
Ea = 68.9 kJ mol�1; Ti–Al: X0 = 4.1 · 10�7 m2 s�1,
Ea = 19.9 kJ ml�1; Nb–Al: X0 = 1.9 · 10�9 m2 s�1,
Ea = 26.6 kJ mol�1.
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� Thermal conductivity data for pure elements were
obtained from the literature [39]. Thermal conductivity
values for the mixture are given as a weighted combina-
tion of phases. Thermal conductivity values explored
in the present simulations span the range vbulk/
70 < v < vbulk. For a more reliable comparison with
experiments, the effect of porosity p has also been modeled
taking into account both its effect on energy per unit vol-
ume and on v. The relationship between the two variables
is given following the model of Cunninghan and Peddi-
cord [32] for low porosity values, asv = vbulkf(p), with

f ðpÞ ¼ e�2:14�p 0 6 p < 0:30

f ðpÞ ¼ 0:92� 1:34 � p 0:30 6 p < 0:50

�

and the model of Koh et al. [40] for high porosity values,
as

f ðpÞ ¼ 1� p
1þ 11p2

.

� Starting high-melting metal grain size values used in the
present work are 10�7 < r0 < 5 · 10�5 m.
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