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The mathematical model is based on the physical and chemical mechanism of the fusion penetration of
welded joints involving the energy of chemical interaction in a powder mixture in the self-propagating
high-temperature synthesis (SHS) mode. The reacting mixture located inside the joint between ther-
mal-conducting metal plates is initiated with a laser beam moving simultaneously along the plate contact
boundary. The minimum power of the laser radiation and physical and chemical properties of the powder
mixture needed to provide the sufficient velocity of the welding and depth of plate joint penetration have
been determined. Numerical simulation has enabled to ground theoretically the possibility of realization
of the SHS welding of both homogeneous and heterogeneous plates from aluminum and titanium with no
steam–gas channel in the stable mode, when the intrinsic velocity of the SHS propagation does not
exceed the welding velocity.

� 2008 Elsevier Ltd. All rights reserved.
1. Introduction

The self-propagating high-temperature synthesis (SHS) is ap-
plied to weld refractory and heterogeneous metals; the welding
is carried out due to the exothermic interaction between the com-
ponents of the reaction mixture located in the clearance between
the jointed materials [1–4]. The reaction mixture can contain metal
and non-metal powders forming carbides, borides, silicides, inter-
metallides and other compounds.

Synthesis reactions are normally initiated either through the
local thermal action followed by the propagation over the whole
mixture in the self-maintaining mode [1,2], or due to the elec-
tric-thermal explosion, when the reacting mixture is heated to-
gether with the units to be connected up to the temperature
at which all reagents begin to interact in the whole mixture
simultaneously [1–4]. In both cases, a large amount of heat is
released.

The formed high-temperature region of the SHS products
fuses the surfaces of the jointed materials. During the welding,
material synthesis and welded joint are carried out simul-
taneously.

The main advantages of the method are: high heat release, high
heating and cooling rates. Now almost any methods of heteroge-
neous metal welding involve the increased pressure, and only the
SHS-method permits to weld at atmospheric pressure [4].
ll rights reserved.
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).
Among the disadvantages of the SHS-method, there is impossi-
bility to control the processes because of the physical parameters
variety and no agreement in their choice, and also the need to heat
the connected units up to the temperature of the reaction start,
which inevitable results in permanent strains of the whole con-
struction after cooling.

The method of laser SHS welding of the materials [5] is based
on the local dynamic laser heating and initiation of SHS reac-
tions directly in the clearance between the connected plates.
Reaction initiation is carried out on the joint surface in the re-
gion of action of the laser beam moving with the constant veloc-
ity. The fusion steadiness in the joint region and welding quality
are guaranteed by the thermal balance, which is constituted by a
heat flux applied by the radiation, heat release directly in the
reacting mixture, and heat consumption due to the thermal con-
ductivity of the metal. The thermal balance is provided by the
agreement between the speed of propagation of the SHS reac-
tions and welding rate. Welding energy is considerably provided
by the exothermic SHS reactions, laser radiation may be just
auxiliary.

The practical realization of the laser SHS welding is difficult be-
cause of the absence of stable initiation of the chemical SHS reac-
tions and its propagation in the narrow clearance between the
thermal-conducting plates.

The development of this method is restrained by the absence of
proper techniques of simulation and calculation in the conjugate
tasks of heat- and mass-exchange and heat- and mass transfer dur-
ing the laser SHS welding.

mailto:belyaev@itam.nsc.ru
http://www.sciencedirect.com/science/journal/00179310
http://www.elsevier.com/locate/ijhmt


Nomenclature

A absorption factor
c specific heat
d metal plate thickness
Ea activation energy
f(t,x,y) phase transition surface
H latent heat of the phase transition
I density of radiation intensity
kp pre-exponential factor
Lx, Ly sizes of the calculation domain by the coordinates x, y
~n surface normal vector
Nu Nusselt number
p reaction order
Qc heat effect of SHS reactions
R gas constant
r half-width of the clearance filled with the combustible

mixture
T temperature
Tm melting temperature
T0 initial temperature
t time
Vw velocity of beam motion (welding rate)

W radiation power
x, y, z Cartesian coordinates
a angle of joint surface deviation from the vertical
b coefficient of the plate and ambient heat exchange
c angle of incidence
D temperature interval of the numerical approximation of

the Dirac’s d-function in the fusion point
d clearance gap between the plate and substrate
e emissivity
k thermal conductivity
q density
g substance transformation degree
r Stefan–Boltzmann constant
x0 laser beam radius in the focal plane
X sub-region

Sub-indices
air air
s solid phase
m liquid phase
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Fig. 1. Welding layout. 1, 4, Metal plates; 2, powder; 3, laser beam.

174 V.V. Belyaev, O.B. Kovalev / International Journal of Heat and Mass Transfer 52 (2009) 173–180
The simulation of these processes permits to calculate the
optimum fuse welding modes, to predict the values of such
physical parameters as radiation power, rate of beam scanning,
beam sizes, and also the physical and chemical properties of
the reacting powder mixture.

General SHS theory and practice have been developed in a
number of fundamental works [6–12]. Multidimensional
numerical simulation of the SHS processes permits to study
the mechanisms of the layer propagation of a gas-free flame
[6,11] and spin combustion [6,8,9], as well as to investigate
the peculiarities of the thermal explosion of the powder mix-
ture [10,12]. The results of above fundamental researches have
are commonly used in various applied tasks. One such task
involving the methods of SHS [6,8,9] description has been con-
sidered in this paper.

The paper is devoted to the study of peculiarities of interacting
laser radiation and reacting mixture under the conditions of inten-
sive heat sink from the reaction area. Experimental and calculation
findings of other authors within these themes, which would di-
rectly refer to the laser SHS welding, remain unknown for the
authors of this paper.

The present work offers the mathematical statement of the
problem and results of numerical simulation of the welding of
both homogeneous aluminum and titanium plates and heteroge-
neous metals – titanium and aluminum.

2. Problem statement

The problem of interaction between the laser radiation and
metals is difficult because of the variety of the physical pro-
cesses, which cannot be described in details at the moment.
The present problem statement is based on the following
assumptions.

– The used density of the laser radiation power does not exceed
105 W/(cm2), so it is assumed that the energy of the absorbed
radiation is consumed only for the metal heating and fusing.
The effects of evaporation and interaction between radiation
and metal vapors are beyond our consideration.
– Due to weak power of the used radiation, with no external
dynamic action, the convective motion in the liquid med-
ium is neglected; this motion may appear owing to the
thermocapillary convection or pressure. So, the hydrody-
namic phenomena in the welding area are neglected too.

– Radiation heat losses and heat exchange with the ambient
and substrate material, on which the welded plates are set,
are taken into account.

– The material of the jointed plates and powder mixture are
isotropic and possess homogeneous thermophysical proper-
ties in solid and liquid states.

Fig. 1 shows the layout of the fusion welding, when the mixture
of reacting powders is set in the clearance between the jointed
plates. The arrows show the direction of radiation action, which
heats locally the material and initiates the SHS reactions. Let us
designate the sub-region occupied with the powder mixture as
X1, and the sub-regions occupied with the metal as X2 and X3:
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X1 ¼ fx; y; z : �Lx 6 x 6 Lx; �r � z � tga 6 y 6 r þ z � tga;
0 6 z 6 dg;

X2 ¼ fx; y; z : �Lx 6 x 6 Lx; r þ z � tga 6 y 6 Ly; 0 6 z 6 dg;
X3 ¼ fx; y; z : �Lx 6 x 6 Lx; �Ly 6 y 6 �r � z � tga; 0 6 z 6 dg;

where Lx, Ly are the sizes of the region by the coordinates x, y; r –
the half-width of the clearance which is filled with the combusti-
ble mixture; d – the thickness of the metal plates; a – the angle of
joint surface deviation from the vertical.

The mathematical problem definition is reduced to the consid-
eration in the conjugate definition of the processes of powder
mixture ignition and combustion in the clearance, with the
simultaneous heating and melting of the plate’s metal. Let us con-
sider the moving coordinates associated with the laser beam
moving along the OX axis with the velocity of Vw, Fig. 1.

The thermal theory of SHS is used to describe the combustion
of the reacting mixture in the region X1; this theory is based on
the formally kinetic approach [6,8,9]:
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where t – time, x, y, z – the coordinates, T1(t, x, y,z) – the temper-
ature in X1, g1 (t, x,y, z) – the degree of substance transformation
into X1, q1s, k1s, c1s and q1m, k1m, c1m – the density, thermal con-
ductivity and specific heat of the powder mixture in the solid (s)
and liquid (m) phases, correspondingly, Vw – the beam motion
velocity (or welding rate), Qc – thermal effect of the SHS reactions,
kp – pre-exponential multiplier, p – reaction order, Ea – activation
energy, R – gas constant.

Thermal SHS theory (1), (2) suggests that the thermophysical
properties of the initial powder and product mixture differ
slightly, that is why we consider the values of density q1, thermal
conductivity k1, and heat capacity c1 mean for the mixture. The
model (1), (2) has shown itself when solving a number of practi-
cal tasks [6]. In particular, this model was used to research suc-
cessfully the peculiarities of combustion of industrial
pyrotechnical compositions under the conditions of the intensive
heat sink [13].

Heat propagation in the metal, metal heating and fusion in the
regions X2 and X3 are described with the two-phase Stefan’s
problem:
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Tiðt; x; y; fiðt; x; yÞ � 0Þ ¼ Tiðt; x; y; fiðt; x; yÞ þ 0Þ ¼ Tim; ð5Þ

where Ti(t,x, y,z) – the temperature in Xi, z = fi(t, x,y) – phase tran-
sition surface, ~n – normal to this surface, qi, ki, ci – the density,
thermal conductivity and specific heat of the metal, Hi – latent
heat of the phase transition, i = 2, 3.

Initial conditions. It is assumed that before the beginning of
radiation action the powder mixture and metal plate have the
constant temperature, i.e. at the initial time moment:

T1ð0;x;y;zÞ¼T2ð0;x;y;zÞ¼T3ð0;x;y;zÞ¼T0; g1ð0;x;y;zÞ¼0: ð6Þ

Boundary conditions. At any time moment, the following condi-
tions are satisfied on the region boundaries:
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where I(x,y) – the radiation intensity density, A(c) – absorption fac-
tor, c – the angle of incidence, b ¼ Nukair

2x0
– the heat-exchange coeffi-

cient between the heated section of the plate and ambient.
The sizes of the calculation domain Lx, Ly were chosen in such a

way to exclude the influence of the boundaries over the length and
width of the welded plates. Thus, Eqs. (7)–(9), (12), (13) describe
the thermoisolation conditions on the corresponding boundaries
of the calculation domain.

The conjunction conditions (10), (11) describe the heat ex-
change between the powder and metal on the interface. Their
validity is based on the assumption of homogeneous physical prop-
erties of the contacting media.

Eqs. (14)–(16) describe the heat exchange between the heated
plates and cold substrate. The plates and substrate contact is sug-
gested to be non-ideal. We assume that there is an air space be-
tween the plate and substrate, its thickness is d. Here, kair – the
thermal conductivity of the ambient air in normal conditions; T0

– the substrate’s temperature equal to the ambient temperature.
Eqs. (17)–(19) are the conditions on the top surface of the plates

where the laser radiation acts. The first term in the right part re-
gards the laser radiation absorption by the combustible mixture
and metal itself, two other terms account the heat losses from
the heated surface resulting from the heat sink into the ambient
and radiation heat losses. Here, Nu – the Nusselt number; e – emis-
sivity; r – Stefan–Boltzmann constant.

The continuously acting radiation of the CI2-laser is under con-
sideration. Its intensity density is described with the Gaussian’s
distribution:

Iðx; yÞ ¼ 2W
px2

0

exp �2ðx2 þ y2Þ
x2

0

� �
;

where W – the radiation power, x0 – beam radius in the focal plane.
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The variation of heat capacity factor, density and thermal con-
ductivity regarding the temperature in the phase-transition region
are taken into account. It is assumed that on the phase-transition
boundary at Ti(t,x,y,z) = Tim, i = 2, 3, the density and thermal con-
ductivity undergo a step rise, and the heat capacity is described
with the aid of the Dirac’s d-function [6].

Existing effective algorithms of the numerical solution of the
two-phase Stefan’s problem are based on the technique of enthalpy
jump or transport factors smoothing in the thermal-conductivity
equation, in the fusion point [14–16], and also on the solution of
the thermal-conductivity equation in the enthalpy onset [17]. Gi-
ven techniques allow performing the shock-capturing calculations,
i.e. with no explicit segregation of the melting front. Taking the dif-
ferences in thermophysical properties of the contacting media
(powder and metal), let us consider the auxiliary problem in the re-
gion of X1 [X2 [X3 with the variable coefficients in the thermal
conductivity equation.
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Here, the sought functions and transport factors are defined over
the whole region of X1 [X2 [X3:
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Boundary conditions.
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Eqs. (20), (21) with the initial (6) and boundary conditions (22)–
(26) were solved numerically on a non-uniform mesh, using the
explicit differential scheme with coefficients smoothing [15]. In
the calculation domain points, the mesh pitches by the coordinates
x, y were increased to reduce the total amount of mesh nodes and
calculation volume. The reliability of the presented results has been
repeatedly proven by the calculations wherein the mesh pitches
were reduces to the values when the temperature fields did not
change anymore.

The problem was solved by the pseudoviscosity method;
according to this method the numerical solution must be reduced
to the precise one, when the time t infinitely rises. Realized numer-
ical method is described in more details in [5].
3. Calculation results and discussion

3.1. Purposes of calculations and initial data

The mathematical model and solution method offered above are
purposed to carry out numerical experiments and to optimize the
physical parameters of the problem. It is necessary, with the as-
signed metal thickness and velocity of beam motion, to obtain
the stable modes of combustion of the reacting mixture and hence
to provide the fusion zone of sufficient size, which, upon cooling
down, forms the welded joint.

The regularity of SHS initiation and combustion front propa-
gation were studied in a number of papers which are reviewed
in [6,7,11]. The SHS is referred to the intractable initiated com-
bustion processes. With the assigned power of the sample
cylindrical heat flux locally applied to the end-face surface,
there is the delay time and ignition temperature, which starts
the gas-free combustion. Upon the initiation, a certain mode
of the combustion propagation is set; it features the linear
velocity of the front motion, maximum combustion temperature
and substance transformation degree. For the cylindrical sam-
ples, the stationary mode realizes in the most cases, the com-
bustion rate here is constant. It is known, however, that the
combustion rate depends on a number of physical parameters
(initial temperature of the sample, its diameter, porosity, com-
position and dispersity of the powder mixture), and that non-
stationary unstable modes may appear on the combustion limit,
up to combustion termination [6,7,11]. Mathematical simulation
of the processes of SHS initiation and propagation in 1D state-
ment were studied in [11].

The purpose of these calculations is to produce stable station-
ary modes of combustion of the reacting mixture in the clearance,
providing the full fusion of the joint of welded metal plates on
the boundary of the contact with the combustible mixture.

In the calculations, the following initial data were used: the fac-
tor of radiation absorption by the powder mixture A(c) = 0.14, ini-
tial temperature T0 = 300 K, welding rate or the velocity of beam
scanning along the plates joint Vw = 0.12 m/s. The thermophysical
properties of the materials are given in Table 1.

Kinetics of the chemical reactions of the high-temperature
synthesis of the powder mixture has been chosen from the ana-
lyzed results of the experimental investigations reviewed in
[6,7]: Qc = 13.125 � 109 J/m3, kp = 1.51 � 106 kg/(s m3), p = 0.8,
Ea = 34 kJ/mol.

The calculation experiments were performed, wherein the
physical parameters of the problem were varied within the wide
range – for example, the half-width of the clearance r, where the
reacting mixture is found, its thermophysical and physical and
chemical properties, the beam motion velocity, beam diameter,
etc. The temperature interval D = 50–100 K is conditioned by the
extension of a d-function maximum on 2–4 calculation cells.

3.2. Aluminum plates welding

When homogeneous plates are connected, the problem is sym-
metrical relative to the axial plane XZ, that is why only the half of



Table 1
Thermophysical properties of the materials

Material Density (g/cm3) Heat capacity (J/(kg K)) Thermal conductivity (J/(m s K)) Melting temperature (K) Melting heat (kJ/kg)

qs/qm cs/cm ks/km Tm Hm

Solid/liquid aluminum 2.7/2.6 910/960 233/62 933 167
Solid/liquid titanium 4.5/4.0 523/523 21.9/21.9 1941 315
Solid/liquid powder mixture 1.25/1.25 2100/2100 16/16 – –
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Fig. 2. Distribution of the intensity density of the laser radiation absorbed by the
material.
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the region is under consideration: y > 0. The linear sizes of the cal-
culation domain are: Lx = 1.5 cm, Ly = 3 cm, d = 0.2 cm, r = 1 mm,
a = 0. Radiation power W = 600 W, beam radius x0 = 850 lm.

In Fig. 2 one can see the distribution of the intensity density of
the radiation absorbed by the material A(c)I(x,y). Since the radia-
tion role is reduced, above all, to the initiation of the SHS reactions,
the laser beam parameters have been chosen in such a way to di-
rect the largest part of the energy in the X1 – region between the
plates. The metal (in regions X2, X3) is under the action of the radi-
ation with the power of about one order lower.

Figs. 3 and 4 show the results of the calculation demonstrating
the stationary mode of mixture combustion in the system of coor-
dinates related with the laser beam, as well as the heating and fu-
sion of the metal contacting with the powder. The dotted line
indicates the boundary between the powder and metal.
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Fig. 3. The isolines of the substance transformation degree g in the combustion
wave at y = 0.
The radiation power of 600 W acting on the joint surface is
sufficient only to initiate the chemical reactions in the top part
of the joint; the appearing combustion wave penetrates through
now the whole joint depth in the self-propagating mode. Fig. 3
presents the isolines of the substance transformation degree in
the combustion wave, the width of the chemical reactions zone
is 1 mm. The rate of the combustion wave coincides with the
speed of beam motion of Vw = 0.12 m/s. The combustion front in
the XZ plane has an inclination, which characterizes somehow
the combustion wave delay in the bottom part of the joint. Recall
that the beam axis passes through the coordinate origin and coin-
cides with the OZ axis.

Fig. 4 demonstrates the isolines of the temperature field in the
chemically active region. Due to the high thermal conductivity of
aluminum, the thermal wave propagates faster in the metal and
has time to heat up the bottom part of the joint.
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Fig. 5 shows the isolines of the temperature field on the powder
and aluminum boundary. The combustion wave propagating in the
powder heats up the contact surfaces of the aluminum plates
through the whole, above the melting temperature (933 K), which
results in the welded joint forming upon the cooling down. The
maximum temperature (2121 K) in the aluminum melt is much
lower than its boiling point (2723 K). This vindicates that the weld-
ing passes in the deep-fusion mode, with no steam–gas region
formation.

Fig. 6 presents the isolines of the maximum temperature
Tmaxðy; zÞ ¼max�Lx6x6Lx Tðy; zÞ, up to which each point of the region
was heated during the welding. It is seen that the width of the alu-
minum fusion zone (melt bath) is 0.6–0.7 mm.

3.3. Welding of heterogeneous metals – aluminum and titanium

The linear sizes of the calculation domain are: Lx = 1.5 cm,
Ly = 3 cm, d = 0.2 cm, r = 0.1 cm, a = 0. Radiation power
W = 2500 W, beam radius x0 = 0.1 cm.

Figs. 7 and 8 show that the combustion wave propagating in
the powder heats up the contact surfaces of the plates through
the whole, above the melting temperature (933 K for aluminum
– Fig. 7, 1941 K for titanium – Fig. 8, correspondingly), which re-
sults in the formation of the welded joint upon the cooling down.
The maximum temperature in the aluminum melt is 1948 K, in
titanium melt – 2436 K. It means that the welding also passes
in the deep-fusion mode and the steam–gas region does not form
either.
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Fig. 7. The isolines of the temperature field on the powder–aluminum boundary.
Fig. 9 presents the isolines of the maximum temperature
Tmaxðy; zÞ ¼max�Lx6x6Lx Tðy; zÞ; each point was heated up to this
temperature during the welding. As is seen, titanium is fused
to the less depth than aluminum. Fig. 10, which shows the tem-
perature field isolines, demonstrates the heat propagation in
the powder and metals in the XY plane at z = 0.1 cm. Lower
thermal conductivity of titanium (comparing to aluminum) re-
sults in the fact that the heat there propagates not that deep,
but instead the temperature in the contact with the powder
is higher.

3.4. Titanium plates welding

The linear sizes of the calculation domain are: Lx = 2.5 cm,
Ly = 3 cm, d = 1 cm, r = 0.1 cm, a = 0. Radiation power W = 2500 W,
beam radius x0 = 0.1 cm.

Fig. 11 presents that the contact surfaces of the titanium plates
are heated through the whole above the melting temperature of
1941 K, which causes the welded joint formation. The maximum
temperature reached in the melt is 3054 K. Fig. 12 shows the iso-
lines of the maximum temperature Tmaxðy; zÞ ¼max�Lx6x6Lx Tðy; zÞ,
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up to which each point of the region was heated during the weld-
ing. The depth of titanium fusion is about 0.25 mm.

4. Conclusions

At the moment, the challenge of welding of thick-sheet
refractory and heterogeneous metals is topical. In this connec-
tion, the potentiality of existing welding technologies turned
out to be strongly insufficient. In this paper we propose the the-
oretical basis of one method of the laser SHS welding with deep
fusion. The obtained results are directly related with the chal-
lenges of the high-speed welding of aluminum, its alloys, and
titanium.

The mathematical model of the high-temperature synthesis of
the powder mixture in the narrow clearance between two metal
plates, supported by the laser radiation, is offered. The problem of
plate joint fusion is solved to realize the fusion welding of them.
The model allows to evaluate the needed constants of the gener-
alized kinetics of the chemical reactions in the powder mixture,
its thermophysical characteristics, minimum power of the laser
beam and the velocity of its scanning.

3D numerical simulation has enabled to determine the ther-
mal modes of the laser ignition and combustion of the mixture,
which provide the fusion of the joint details for both homoge-
neous and heterogeneous metals. The calculations have demon-
strated (see the figures) that at low-power laser radiation, metal
evaporation is absent. So, the welding passes without any va-
por–gas channel. Note that the boiling points for the metals
are: 2723 K for aluminum, and 3535 K for titanium. The thick-
ness of the chemical transformations region is about 1 mm,
Fig. 3, the rate of the propagating combustion wave does not ex-
ceed the rate of beam motion of 0.12 m/s. The powder mixture
in the joint region manages to react completely. The effective-
ness of joints fusion shows itself in the temperature isolines
on the powder and metal interface, Figs. 5, 7, 8, 11, and also
in the isolines of the maximal temperature which has ever been
reached in the calculation domain points, Figs. 6, 9, 12. For this
purpose, the isolines of the metal melting temperatures have
been marked in figures: 933 K for aluminum and 1941 K for
titanium.

The compound and properties of the powder mixture are of
special interest. The calculated stable modes of welding as well
as obtained constants of the kinetics of the reaction interaction
of the mixture Qc = 13.125 � 109 J/m3, kp = 1.51 � 106 kg/(s m3),
p = 0.8, Ea = 34 kJ/mol can be used to calculate the chemical
and disperse composition of the powder.

The strength of these welded joints is yet an open question,
since no experimental investigations have been done. We can
only note that the quality of the welded joints should depend
on the compound and properties of the synthesized SHS prod-
ucts. The laser SHS welding is especially effective to weld
thick-sheet materials, since it enables to reduce the power of
the applied laser radiation.
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