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Abstract—Self-consistent numerical model of laser cladding with coaxial powder injection has been devel-
oped. The model takes into account the heat transfer, hydrodynamics, solute transport, and phase transition
kinetics. The additive process is numerically analyzed using the open-source computational f luid dynamics
(CFD) package. The S-CLSVOF program is adapted for modeling heat and mass transfer and free boundary
evolution of the melt pool. The phase transition is modeled using the Johnson–Mehl–Avrami–Kolmogorov
equation with allowance for nonuniform temperature distribution on the melt pool surface. The clad-layer
microstructure is investigated as a function of the process parameters. High scan rate is shown to result in a
finer grain size of clad layer structure. The data obtained can be used for construct a cladding process map.
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INTRODUCTION
Powders of heat-resistant alloys are widely used to

repair parts of gas-turbine engines by laser gas-powder
cladding [1, 2]. The microstructure of claddings is
most often studied by analyzing experimental cuts [3,
4]; however, these methods are extremely complicated
and expensive. Nondestructive fault detection meth-
ods are also used [5]. To search for the optimal regimes
of formation of a defect-free material and products
with a quality comparable to that of cast forms, one
must gain a deep insight into the corresponding phys-
ical processes and phenomena. The development of
physical and mathematical models based on numeri-
cal methods makes it possible to efficiently investigate
and optimize laser cladding.

The multiscale approach (when the temperature
history calculated on macroscale is used for micro-
scopic calculations) is widely used to simulating
microstructure at laser cladding [6, 7]. Another popular
approach is the phase-field method, which is applied to
describe the shape and sizes of the grains formed. How-
ever, this method is rather complicated, whereas it is
often sufficient to know the average grain size of the
product for real qualitative estimation of microstructure;
therefore, simpler models can be used.

In this paper, we report the results of parametric
study of laser cladding of powders of heat-resistant
alloys in order to develop a microstructural map of the
process. This map, which can be applied in wide
ranges of various parameters, is efficient for finding
the optimal treatment regimes. The microstructure
was calculated using the adapted Johnson–Mehl–
Avrami–Kolmogorov equation [8], the solution to
which is in agreement with the equations of hydrody-
namic heat transfer and clad bead free surface.

BASIC EQUATIONS
The macromodel is based on the model proposed

in [9]. The main driving forces are surface thermocap-
illary and capillary forces [10], which play the role of
volume sources in the velocity equation [11]. The free
metal–gas interface is traced using the method that
was reported in [12] and verified in [13] for multiphase
media with thermocapillary forces. The PISO algo-
rithm [14] is used to provide pressure‒velocity cou-
pling. The melting is assumed to be isothermal and the
hydrodynamics in the transition regions is simulated
by introducing a porous layer [15]. Powder is assumed
to be captured by only the melt pool. The system of
equations for the developed self-consistent model of
laser cladding can be written as follows.

Continuity equation:
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Heat-transfer equation:
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Fig. 1. Longitudinal cross-section of the clad bead at the substrate level for (a) low- and (b) high-speed sets of process parameters.
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Here, t is time; p is pressure; T is temperature; c is the
specific heat; ρ is the density; λ is the thermal conduc-
tivity;  is the liquid-phase volume fraction; ui is the
liquid-velocity component along the corresponding
axis (i = x, y, z); μ is the viscosity; α is the VOF (Vol-
ume of Fluid) function for a free surface; Fpowder is the
free-surface velocity due to powder addition; and Cbig

and Csmall are constants equal to 108 and 10–6, respec-
tively. The phase transition is simulated using the
Johnson–Mehl–Avrami–Kolmogorov equation [16, 17].

(5)

where  is the volume fraction of the “extended”
liquid phase. The details of this approach, which were
reported in [18, 19], are omitted here.

We should dwell on the method for determining the
initial crystallization conditions. If  is the local
nucleation rate, which depends on time t in terms of
temperature, the number of particles arising in the
crystallization-zone volume V for this time is:

(6)

It is believed that crystallization is initiated when
the number of nuclei reaches a specified value. A too
large number of initial nuclei delays the crystallization
onset and affects the average crystallite size. Too small
N values lead to longer thermal history (and call for a
higher memory space to store it); however, they do not
affect the result. Therefore, one should find the opti-
mal N value that does not affect the result and corre-
sponds to not very long thermal history. In this study,
we took the N value to be 1.
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RESULTS AND DISCUSSION

High-quality laser cladding can be performed
under various laser irradiation conditions. This pro-
cess may have several windows of optimal parameters:
at high and low scan rates. The laser power must be
chosen proceeding from the scan rate. Figure 1 shows
the melt pools for different scan rates and laser powers.
Two sets of parameters were used: power P = 400 (640) W,
absorption coefficient 0.45, beam radius R = 1 mm,
powder feed rate F = 4 (10) g/min, trapping coefficient
0.9, powder-flow width d = 2 mm, and scan rate V =
20 (50) mm/s (the parameters for the high scan rate
are given in parentheses). The laser radiation distribu-
tion in the beam was assumed to be uniform (unless
otherwise specified) in the calculations. The parame-
ters of materials were the same as in [18]. The average
crystallite size is mainly affected by the activation
energy Ea and phase interface energy γ. We used the
following values: Ea = 1.25 eV and γ = 70 erg/cm2.

Under conditions of high-speed cladding the melt-
pool profile is elongated. A sharp temperature gradient
arises at the laser-spot edges, whereas at the melt-pool
periphery the temperature gradient ispractically zero.
The sharp temperature gradient is due to the finite size
of the laser source, and the weak variation in tempera-
ture is explained by the release of latent crystallization
heat beyond the source. In the case of low scan rate,
the temperature distribution in the melt pool is simi-
lar, but the melt pool is less elongated.

Figure 2 shows a typical pattern of hydrodynamic
flows in the longitudinal and transverse cross-sections
of the melt pool (the temperature gradient is indicated
in shades of gray) in the case of Gaussian beam distri-
bution. It can be seen that the hydrodynamic heat
transfer determines the clad-bead geometry and,
therefore, the crystallization-zone heat sink. An anal-
ysis of various laser beams (with Gaussian and uni-
YSTALLOGRAPHY REPORTS  Vol. 64  No. 4  2019
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Fig. 2. Typical hydrodynamic flow in the transverse and longitudinal cross-sections of the melt pool. 
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Fig. 3. Distribution of average crystallite sizes in the transverse cross-section of the clad bead.
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form distributions) shows that the hydrodynamic
heat-transfer intensity is determined by the radiation
distribution. Primarily, this phenomenon is due to the
fact that the thermocapillary forces, which depend on
the temperature gradient, provide hydrodynamic
motion in the melt pool. When a beam with a Gauss-
ian distribution is used, the temperature gradients are
somewhat weaker and shifted from the melt-pool
periphery.

The distributions of the average crystallite radii in
the clad-bead transverse cross section for the low- and
high-speed sets of parameters are shown in Fig. 3. The
clad-bead contour and level of metal substrate are
indicated by bright curves and the recrystallization
zones are shown by dark curves. The parameters are
chosen so as to make the bead geometries similar at
different scan rates. It can be seen that the average
crystallite radius is larger in the case of slow cladding.
Close scan rates barely affect the average crystallite
size; however, a strong difference between the process
CRYSTALLOGRAPHY REPORTS  Vol. 64  No. 4  201
parameters leads to an evident difference in the clad-
layer microstructures. Higher cooling rates result in a
finer grain structure.

One needs only few reference experimental values
of the average grain size at specified parameters to ver-
ify the results obtained. Thus, the process can be effi-
ciently mapped from the point of view of obtaining a
desired microstructure. Crystallization is initiated
only after supercooling at a certain rate. Figure 4
shows the dynamics of changes in the temperature and
volume fraction of the solid phase at a check point
(Y = 0.375 mm, Z = –0.025 mm) for two sets of clad-
ding parameters. One can observe a difference in the
cooling rate in the initial stage, when the latent heat of
crystallization is insignificant (Fig. 4a). In this stage,
the higher scan rate corresponds to a cooling rate of
about 15000 K/s, whereas the cooling rate for the low-
speed set of parameters is smaller by a factor of three:
~5000 K/s. When the necessary supercooling is
achieved, intense formation and growth of crystalline-
9
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Fig. 4. Dynamics of the (a) temperature and (b) new-phase volume fraction at the check point for (solid lines) low- and (dashed
lines) high-speed sets of parameters. 
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phase nuclei begin. At high and lower cooling rates,
the maximum supercooling in the initial stage is 8.2
and 7.7 K, respectively. Then the supercooling is elim-
inated due to the release of latent heat of crystalliza-
tion. At more intense supercooling, a larger number of
crystallites is formed, whose rapid growth reduces
supercooling to a greater extent (to 2 K). At a low cool-
ing rate, the supercooling is reduced to a lesser extent
(to ~4 K). This difference in the temperature dynam-
ics leads to a difference in the dynamics of the crystal-
lized-phase volume fraction (Fig. 4b) and, as a conse-
quence, to new microstructural characteristics and
stresses in the clad bead.

CONCLUSIONS

The distribution dynamics of the temperature,
concentration, and phase fields in the melt pool and
the free-surface motion under hydrodynamic forces
and with powder added were calculated. The hydrody-
namic heat transfer depends on the laser radiation dis-
tribution in the beam cross section. It determines the
clad-bead geometry and, therefore, the crystalliza-
tion-zone heat sink. The large difference in the pro-
cess parameters leads to a large difference in the clad-
layer microstructures. Higher cooling rates lead to
finer grain structures. The results obtained make it
possible to develop practical recommendations on the
realization of optimal regimes of processing and mon-
itoring the clad-material structure.
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