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Introduction  
Synthesis of nanoscale intermetallic, oxide and nitride films is a new technological method for 
production of coatings with unique properties for a variety of practical applications. The Ni-Al system 
is one of the most widely studied. Because of high melting temperature (1638 oC) of NiAl and its high 
chemical stability, the films of this material can be used as protective coatings for various machine 
components. A new and rapidly expanding area of research and development is the application of Self-
Propagating High-Temperature Synthesis (SHS) in thin metal-metal films (including the Ni-Al 
system) for joining (soldering or welding) of temperature-sensitive and small-sized components [1,2]. 
Raw nano-scale layers have high reactivity due to a very short interdiffusion time. Because of this, 
carrying out the synthesis reaction in the regimes of combustion wave propagation or thermal 
explosion permits performing joining in a very short time (~ 10-1-10-2 s) and with small specific heat 
release (heating of the system as a whole does not exceed 10-20 oC). The latter is especially important 
for joining of such temperature-sensitive materials as metallic glasses. Local heating during SHS in 
nanofilms also permits joining materials with substantially different coefficients of thermal expansion, 
for example a metal to ceramics.  
 
Despite a large number of studies on the thermodynamics, kinetics and dynamics of SHS in Ni/Al 
nanofilms there are two problems related to this process which have not been solved in a sufficiently 
accurate way till now. The first problem is a detailed examination of the effect of heat losses into the 
substrate and the second one is a rigorous investigation of the growth of different phase layers taking 
into account both the diffusion processes and realistic phase diagram of the system. The latter problem 
is treated in full in a paper by B.B.Khina in these proceedings [3]. The former problem is analyzed in 
this work which is aimed at two-dimensional modeling of two conjugate processes: propagation of the 
synthesis wave in a multi-layer Ni/Al system and propagation of the thermal wave into substrate. The 
main question addressed in this work is the following: what are the conditions (first of all, the number 
of Ni/Al binary layers, initial temperature and heating rate) for the development of self-sustaining 
reaction towards complete formation of the final product.  
 
Description of the theoretical model 
Main assumptions 
In the present study, the theoretical model describing the synthesis of NiAl in a multi-layer nano-scale 
film deposited on a substrate is based on a number of main assumptions.  
 
The first of them is that the film is isothermal in the transverse direction during the synthesis. This 
assumption follows from the comparison of a minimal reaction time in a binary Ni/Al layer, tr , with 
the characteristic time of thermal relaxation thr ~ h2/af, where h is the total thickness of the film and af 
is its thermal diffusivity coefficient. Since the estimate of the reaction time tr is no less than 10-4-10-5 s, 
the thr value remains much lower for the film thickness up to 10 µm. For example, at af =4.8⋅10-5 m2/s 
and h = 10 µm thr is equal to 2⋅10-6 s. We also assume that thermal contact between the film and the 
substrate is ideal, i.e. the temperatures and heat fluxes at the interface are equal. 
 
The second assumption asserts that the growth of the product layer is determined by simplified 
diffusion kinetics (quasi-steady-state approximation). According to this model, the so-called parabolic 
kinetic law describes the macro-kinetic rate of the reaction between two neighboring layers of Ni and 
Al: 
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Figure 1. Simplified scheme of the product layer growth; z is the current 

thickness of product layer 

 According to the Eq. (1), the characteristic time of the reaction, tr, is determined as the time of the 
product layer growth up to the value δ/2 due to interdiffusion of reactants through this layer:  
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Here D(T) is the effective coefficient of interdiffusion of reactants through the product layer.  
Three different expressions for the interdiffusion coefficient in solid NiAl were used in the present 
modeling (Tab. 1).  

Table 1 
Effective interdiffusion coefficient in NiAl 

No. D0, m2/s E, kJ/mol Ref. 
1 1.0⋅10-4 221,96 [4] 
2 4,75⋅10-8 115,9 [5] 
3 2,18⋅10-6 137 [6] 

 
When the temperature of the reactants reaches the melting point of NiAl, the interdiffusion coefficient 
undergoes a step-like change to its value in the melt and then varies as a linear function of 
temperature: mmm TTDD 0= , where =0mD 5,0⋅10-9 m2/s [7], Tm= 1911 К. It is also supposed that the 
thermophysical properties of the system are constant. 
 
Problem formulation 
The geometry of the computational region and boundary conditions are presented in Fig. 2. 
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Figure 2. Sketch of computational region and boundary conditions for the energy transfer equations. 
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It is supposed that the substrate with the deposited film lies on a heater, and the system is placed in a 
vacuum chamber with temperature T0. 
 
The equation for the heat transfer in the film has the following form:  
 

( η
ρ ,f

fff

rfsf
f

f TW
c
Q

ch
qq

x
T

a
t

T
+

+
−

∂

∂
=

∂

∂
2

2

),    (3) 

 
where qfs and qr denote the transversal heat fluxes from the film to the substrate and to the walls of the 
reaction chamber, correspondingly; Q is specific heat of the reaction (per unit mass); ρf, af and cf are 
the density, thermal diffusivity and specific heat capacity of the film.  
 
Heat transfer in the substrate obeys the following two-dimensional heat-conductance equation: 
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where as is the substrate thermal diffusivity.  

 
In accordance with the above described diffusion-kinetic model of the product layer growth, an 
equation for the conversion degree can be written as follows:  
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It is supposed that at the initial instant of the synthesis there is some amount of the product in the film, 
which was formed at the stage of film deposition. This product has a form of thin interlayers of 
thickness δ0 located between the layers of reactive components. Thus, it can be said that the system is 
characterized by the initial conversion degree:  
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The boundary conditions for the film and substrate are illustrated by Fig. 2. The radiant heat flux from 
the film surface to the camera walls is calculated by the Stephan-Boltzman law 
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where the emissivity factor of the film ε b  varies from 0.8 to 1.0. 
 
The heat flux from the film to the substrate is  
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Two types of initial and boundary conditions were considered. In the first case, the initial temperature 
of the substrate and film are assumed to be equal to the heater temperature, Th, which is hold constant, 
but the left boundaries of substrate and film have the temperature of igniter, Tig.  
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The second type of initial (and boundary) conditions describes fast heating of the substrate and film by 
the heater to attain the thermal explosion regime. In this case, the initial temperature of the system as a 
whole was set equal to a sufficiently low initial temperature of the heater, and then the heater 
temperature was increased linearly with a given rate up to the prescribed final temperature. In both 
considered cases, the heat exchange between the substrate and the film is governed by Eq. (7). 
 
Dimensionless equations 
Transition to the dimensionless form of above-obtained equations allows obtaining governing 
dimensionless parameters and gives certain advantages for numerical modeling of the process. The 
scales used for this purpose and characteristic dimensionless numbers are presented below. 
 
For the stoichiometric mixture of Ni and Al it is natural to choose the melting temperature of the 
product (NiAl) as a characteristic temperature scale: K  1911==∗ mTT .  
 
Basing on this choice of characteristic temperature we arrive to the following scales and dimensionless 
parameters: 
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After the transition to dimensionless form the master equations can be written as follows: 
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Boundary conditions to Eqs. (9),(10) are expressed below: 
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Initial conditions for the case of forced reaction ignition by an igniter look as: 
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The system of Eqs. (9)-(17) was solved numerically by a finite difference method using a combined 
explicit-implicit scheme and the alternating direction method. 
 
The physical properties of components of the modeled system, i.e. the reactants, product and substrate 
are presented in Tab. 2.  
 

Table 2 
Physical properties of the system components 

                                    Component 
            Property 

Ni Al NiAl Glass 
(substrate) 

Specific density,ρ,     kg/m3 8910 2700 5900 2500 
Molar mass, М,      g/mol 58,7 27,0 85,7 -- 
Thermal conductivity, λ, W/(m⋅К) 58,0 205,0 80,0 0.74 
Heat capacity, c,    J/(kg⋅К) 439,0 903,0 588,0 880 
Thermal diffusivity, a,     m2/s 1,483⋅10-5 8,408⋅10-5 4,850⋅10-5 2,96⋅10-7

 
It was also supposed that the temperature of reaction initiation was about 250-300 oC.  
 
Modeling was performed for the above discussed three expressions for the effective coefficients of 
interdiffusion in the product taken from Refs. [4-6] (see Tab. 1). It should be noted that the choice of 
one or another of these coefficients leads not only to quantitative but also to qualitative differences in 
the dynamics of the synthesis process. In particular, for diffusion coefficient 1 and 3 from Tab. 1, the 
condition for stability of a 1D combustion wave, αst =9.1γ -2.5β > 1 [8], is not satisfied (αst is equal 
0.59 and 0.95, respectively), so the combustion process ought to be oscillatory. On the contrary, for 
diffusion coefficient 2 from Tab. 1, αst =1.12 and the combustion synthesis proceeds in a stable mode. 
The question about stability of the combustion synthesis mode for a real system is presently open and 
an answer can be found basing on experimental studies. The details related to a stable or oscillatory 
mode for modeled regimes is not discussed in the present paper.  
 
Conditions for different regimes of synthesis in multi-layer Ni/Al films 
Analysis of dimensionless parameters 
Synthesis in multi-layer nanofilms can be performed in three essentially different regimes (modes), i.e. 
(i) the regime of self-sustaining combustion propagation, or combustion wave, (ii) the thermal-
explosion regime and (iii) the annealing regime. The first two regimes are characterized by a high 
temperature and high reaction rate, whereas the last regime is low-temperature and slow. 
 
The regime of self-sustaining combustion wave is characterized by a high propagation velocity (from 
1 to 30 m/s), and the temperature in the wave is close to the adiabatic one. Local ignition (fast heating 
of a small part of a sample) is needed to initiate this regime.  
 
The regime of thermal explosion can be performed under sufficiently uniform and rapid heating of the 
film. In this regime, the temperature exhibits a very fast increase (at a rate of thousands K/s) almost 
simultaneously throughout the sample, which leads to rapid completion of the process. The heating 
that precedes the thermal explosion in the film should be sufficiently fast to exclude consumption of 
the components until the explosion starts. Thus, in practice one has to consider the thermal explosion 
with non-stationary boundary conditions.  
 
In the third regime, when the self-accelerating reaction is impossible due to heat losses and slow 
heating of the sample, the annealing regime occurs. In this case, both the reaction rate and conversion 
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are virtually controlled by the temperature increase in the heater.  
 
Analysis of the above-derived dimensionless parameters characterizing the system shows that the most 
important parameter which determines a boundary between the different synthesis regimes is 

( )( )ffss cchx ρρχ ∗= . Indeed, parameter χr describing the radiant heat losses is small and is not 
significant in high-rate processes. Parameter afs, the ratio of thermal diffusivities of the film and 
substrate, is fixed for given materials. Parameters β, γ and θ in related to the kinetics of the reaction and 
accompanying heat release are also fixed. Finally, variation of the substrate thickness does not affect 
the process because it is much larger than the thickness of the thermally affected zone of the substrate, 
which is heated by the reacting film.  
 
It is important that parameter χ does not depend on the period δ of a multi-layer structure but is 
determined by the value of interdiffusion coefficient at the characteristic temperature, T*, the number 
of the layers in the film, N, and the ratio of thermal effectiveness of the substrate and film ffss cc ρρ .  
 
This conclusion results from the definition of χ after substituting the expression for x* into the latter:  
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It is obvious that for synthesis in a self-sustaining mode parameter χ should be sufficiently low either 
due to the high interdiffusion rate or a large number of binary layers in the film. The fact that this 
conditions are independent of δ can be physically understood when taking into account that variation 
of δ (for example, increasing) changes (increases) the specific heat release (per unit film length) and 
the time of the reaction in a similar way. So, the relation between heat release and heat losses for the 
considered part of the film remains unchanged under variation of δ. Thus, the change of synthesis 
regimes in the film is determined mainly by the number of binary layers in the latter, at least until the 
film can be considered as isothermal in the transverse direction, i.e. for its width up to 10 µm. 
 
Regime of combustion wave propagation  
 

Numerical modeling has allowed calculation of 
critical values of parameter χ, which determine 
the parametric boundary for synthesis in the 
combustion wave regime. In Fig. 3, these critical 
values are marked on the plots of parameter χ as 
a function of N. Calculations were made for three 
aforesaid expressions for the effective 
interdiffusion coefficients for Ni/Al films 
deposited on the glass substrates having 0.2 mm 
in thickness. Figure 3 shows that the SHS wave 
can propagate in the considered system only at a 
sufficiently large number of binary layers. The 
data for critical numbers N are given in Table 2. 
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Figure 3. Parameter χ vs. the amount of binary
layers in a Ni/Al film on a glass substrate. Numbers
at curves correspond to different values of the
interdiffusion coefficient: 1, Ref.[4]; 2, Ref.[5]; 3,
Ref.[6]. Rhombs denote the limits of SHS for initial
temperature 300 oC and circles for 450 oC.

 
Table 2. 

The numbers of binary Ni/Al layers 
providing SHS-mode on the glass substrate.  

 Number of binary layers, N 
Th, oC D1 D2 D3

300 450 175 73 
450 125 100 36 
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 can be seen that a lower number of binary layers allowing synthesis in the SHS-mode corresponds to 

umerical modeling has also shown that propagation of an SHS wave in Ni/Al films deposited on 

egime of thermal explosion 

It
the 3rd expression for the diffusion coefficient. This expression was found in Ref. [6] by comparison of 
experimental data with numerical results obtained for the model much similar to the one proposed in 
this paper. Apparently, the results of our calculations with this diffusion coefficient can be considered 
as most close to the reality. However, final conclusion should be made after performing more detailed 
experiments. 
 
N
metallic substrates is much more difficult in comparison with glass substrates. From the physical 
viewpoint it can be attributed to a considerable increase of heat transfer from the film to metallic 
substrate, which becomes apparent from the changes of parameters χ and afs. For example, afs changes 
from 164 to 0.58 and parameter χ changes from 0.080 to 132 when the glass substrate is replaced by 
aluminium one (for the diffusion coefficient D2). As a result of numerical modeling it is found that the 
number of binary layers needed for SHS-mode in the case of an aluminum substrate is 950 at Th=300 
oC and 510 for Th= 450 oC.  
 
R  

regime of thermal explosion it is necessary, along with having a large To carry out synthesis in the 
number of binary layers, to perform fast uniform heating of the film and substrate. The thermal 
explosion regime can be obtained only if at the instant of a sharp increase of the film temperature the 
initial reactants are not consumed substantially. Figures 4, 5 illustrate the dynamics of the film 
temperature and conversion for thermal explosion at different heating rates. Parameter χ for the 
example presented in Fig. 4 is equal to 0.016 that corresponds to 500 binary layers at the diffusion 
coefficient D3 (most favorable conditions for the development of a self-sustaining reaction). As can be 
seen from the plots, a transition to the thermal explosion regime becomes distinct for a heating rate not 
less than 15 K/s. In films with relatively lower numbers of binary layers, the thermal explosion regime 
can be performed only at a high heating rate. Thus, for χ =0.1, that corresponds to 75 binary layers for 
diffusion coefficient D3, the thermal-explosion synthesis occurs at heating rates about 200 K/s (Fig. 5).  
 

Figure 4. The film temperature vs. time for different heating rates in the thermal explosion regime
for χ=0.016 (500 binary layers with the interdiffusion coefficient taken from Ref. [6]). The
heating rates are 34 К/s (curve 1), 25.4 K/s (2), 20.4 К/s (3), 16.9 К/s (4), 12.79 К/s (5),. 10.2 К/s
(6).
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he obtained results mean that it is impossible to realize the self-sustaining synthesis wave in a single T
binary layer of a film deposited on a substrate or to initiate a regime of thermal explosion in such films 
at heating rates below ≈20 K/s. This finding contradicts the interpretation given in works [9-11]. The 
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authors of these studies assert that they observed 
SHS-mode in two-layer films of Ni/Al, Al/Fe and 
Al/Co. Apparently, in these experiments, not an SHS 
wave was observed but just displacement of the 
reaction zone, which goes after the zone of non-
uniform heating of a sample. This interpretation is 
supported by the values of the reaction zone 
displacement velocity found in the cited papers. This 
velocity was not higher than a few centimeters per 
second whereas the characteristic velocity of an SHS 
wave in multi-layer films should be, according to 
our calculations and experimental results by other 
authors, about tens meters per second.  
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egime of annealing R  
 binary layers in a deposited At a small number of

film (N ~ 10) and low heating rates (VT ~ 1−50 K/s), 
the synthesis can be performed only in the annealing 
regime. Estimations of the time of film heating-up 

( fheating

t, s

1

2

43

Figure 5. The film temperature vs. time for
different heating rates in the thermal explosion
regime for χ=0.1 (75 binary layers with the
interdiffusion coefficient taken from Ref. [6]).
The heating rates are 339 К/s (curve 1), 203 K/s
(2), 102 К/s (3) and 33.9 К/s (4).

ah~t 2 ) show that under these heating 
e substrate. Th

rates the film temperature follows the temperature of 
th e synthesis rate for this case is given by Eq. (5) where the temperature is a time-
dependent function reflecting the substrate heating-up. In the present study, the linear heating 
functions were used. Heat transfer along the film is not important in the annealing regime, so it is 
possible to perform calculations of conversion in each point of the film independently. The 
dependencies of conversion degree on time and the film temperature found by the above described 
approach are presented in Fig. 6.   
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Figure 6. Conversion degree vs. time (a) and temperature of the substrate (b) at the number of 
binary layer N = 10 (χ=0.803 at diffusion coefficient D3); the heating rates are shown in the 
figure; the initial time (t =0) corresponds to the instant when the temperature becomes equal to 
that of reaction initiation Tin = 300 оС. 

 
 

creasing the heating rate brings about a decrease in the synthesis time and a rise of the temperature 
that corresponds to completion of the synthesis (Fig. 7).  
In
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 The calculated initial and final 

mperatures of synthesis in the 

he proposed model of synthesis in multi-layer thin (nano-sized) films combines conjugate heat 
e film and substrate with a simple diffusion-type kinetics of the reaction between film 

yer nanofilms on 
ubstrates should be taken into account when designing specific applications.  

rted by The State Scientific Program "Nanomaterials and Nanotechnologies 
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: a diagram 
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annealing regime are in good agreement 
with the experimental data obtained in 
Ref. [9] on the synthesis in binary Ni/Al 
films at the heating rate about 20 K/s. 
The data on the velocity of the 
synthesis wave propagation from work 
[9] can also be successfully interpreted 
within the frame of the annealing 
regime theory when assuming non-
uniformity of film heating. Thus, the 
synthesis wave velocities 0.5−1.0 cm/s 
reported in [9] correspond to the 
situation when the temperature at one of 
the edges of the film is by 20 oC higher 
than at the other edge. In our 
experiments on synthesis in multi-layer 
Ni/Al nanofilms deposited on glass and 
metallic substrates by the ion-beam 
method, the heating rate was 
approximately ten times lower and the 
observed synthesis wave velocity was 
correspondingly by the factor of ten 
lower, too.  

VT, K/s

Figure 7. Time and the temperature of synthesis completion 
vs. the heating rate. N = 10, χ = 0.803 (at diffusion 
coefficient D3); the initial time (t =0) corresponds to the 
instant when the temperature becomes equal to that of 
reaction initiation Tin = 300 оС. 

 
Conclusion 
T
transfer in th
components. The model permit predicting the conditions for performing synthesis in three different 
regimes, i.e. the SHS-regime, the thermal explosion regime and the annealing regime. It is shown that 
the regime of SHS wave can be performed only in films with sufficiently high number of binary layers 
regardless of the layer thickness. For the thermal explosion regime, high heating rates are needed 
(hundreds K/s for the films with a number of binary layers about 100). The annealing regime of 
synthesis has a number of distinctive features. One of the most important of them is a low temperature 
of the synthesis. This can be an essential advantage in such applications as welding of thermosensitive 
materials. Naturally, the time of synthesis in the annealing regime is much longer than in the self-
accelerated regimes. Also, it should be taken into account that in the annealing regime the substrate is 
heated uniformly over all its width whereas SHS-regime leads to heating only a thin substrate layer 
adjacent to the film. But in the last case the temperature of heating is much higher.  
 
The discussed distinctive features of different regimes of synthesis in multi-la
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