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Abstract
It is very important to get the desired clad geometry characteristics and quality 

during the laser cladding. The thermal behaviour and clad geometry evolution of 
Inconel 718 during laser cladding (LC) have been studied using an enhanced 
three-dimensional (3-D) finite element model which includes attenuation of the 
laser heat flux due to the convection as well as surface to ambient radiation. The 
cladding layer formation process is simulated and by applying the temperature-
based decision-making approach to evaluate the cladding geometry which is very 
important to get high quality of the cladded layers on the substrate. During the 
simulation, observed that more heat is transferred into to the substrate at the 
higher laser power which results more dilution percentage and at the same time 
cross sectional view of the cladded powder showed higher temperature distribution 
when move downward from the surface of the substrate. With increasing laser 
power, the clad width, penetration depth reference to the surface and clad width 
increases at constant scanning speed. The dilution can be minimized by varying 
the scanning speed and laser power simultaneously.
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Introduction
A wide range of industries, which includes tools and machinery manufacturing, 

marine, aerospace, and automotive, have become increasingly interested in laser 
cladding in recent years. Various coating materials are used in LC which are 
responsible for enhancing the surface properties of the substrate [1, 2]. Due to 
the sufficient amount of heat available for melting the powder material and the 
substrate surface during the laser cladding, as a result metallurgical bond is formed. 
For harsh working environments, the protective layer increases the substrate’s 
corrosion resistance and wear resistance. A laser cladding coating performs better 
than conventional coatings because of fast heating, melting, and cooling of the 
melt pool. A high concentrated laser heat source is used to melt the powder or 
the cladded material to make a metallurgical bond with the substrate. Coaxial 
powder systems [3], preplaced powder systems [4], off-axis powder systems [5], 
and wire feeding systems [6] are classified based on the powder or fibre feeding 
mechanism. The coaxial powder system and the preplaced powder mechanism are 
the two most prevalent LC mechanisms. There are a few differences between pre-
placed powder beds and powder feedings. In the preplaced feeding method, there 
no complicated system is required to feed the powder. This method is an effective 
way to apply coatings to substrates without requiring a complex powder feeding 
system. It has a few advantages over powder blowing, since powder blowing 
requires a larger particle size and powder flowability. The powder preplaced system 
has some advantage over powder blowing method in the LC. Powder blowing 
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both materials are mentioned in the table 1. 3-D laser heat 
sources are used which is moving over the preplaced powder to 
analyse the thermal and clad geometry behaviour during the 
simulation and the mathematical expression [10] of the heat 
flux is shown in equation 1.
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Where, A is absorptivity, P is the laser power, Rs is beam radi-
us, rx and ry are distance in the radial and in-depth direction, 
respectively. The constant and variables process parameters are 
mentioned in the table 2 which is directly extracted from the 
3-D geometry where x0, y0 and z0 are the initial position of the 
laser beam.

Assumption for the thermal model

The melt pool geometry is considered as an elliptical cross 
section and width is considered equal to the diameter of the 
laser beam.

• Material loss due to evaporation is neglected.
• Heat loses due to the convection and radiation are con-

sidered.
• No heat is losing from the side faces of the substrate.
• Temperature dependent thermal properties of the mate-

rial are considered.

may not be suitable for some mixed metal powders due to 
particle size differences and powder flowability. Compared to 
the preplaced, there is no special requirement needed to place 
the powder on the substrate. As a result, more variety of the 
powder material is available for the preplaced powder feeding 
mechanism compared to the cladding with blown powder.

Meng et al. [7] used the preplaced method to analyse the 
microstructure and morphology of the Ni base composite on 
Ti-6Al-4V substrate and observed that at low laser energy a 
free from crack and pores cladded layer are formed. Ng et al. 
[8] used the Mo as cladding powder on the copper to enhance 
the wear resistance in the electrical contacts. Also, in their 
analysis they used the preplaced powder mechanism because 
high reflectivity of the Cu can be eliminated and absorb more 
energy easily. Tseng et al. [9] done a simulation study in which 
temperature distribution and clad bead profile is explored. 
Cobalt powder is preplaced on a steel substrate and observed 
that CO2 laser produced a deeper melt pool compared to the 
Nd-YAG laser. Thawari et al. [10] considered the preplaced 
approach to analyse the temperature distribution and stress on 
the melt pool of the cladded Inconel 718 on the SS316 sub-
strate and in their analysis, they did not consider the heat at-
tenuation due to the convection and surface to ambient which 
causes less clarity about the temperature distribution in the 
melt pool.

A proper manufacturing process for laser cladding should 
be studied due to the high processing temperature and su-
perfast changes in materials states and measuring thermal 
behaviour with help of experiments makes it very difficult 
and challenging. In order to resolve this type of problem, nu-
merical modeling and simulation is used to assess the thermal 
behaviour and clad geometry characteristics of the cladded 
material on the substrate. It was possible to solve the laser 
cladding problem numerically, it is not only interpreting the 
results of the experiment, but also to show the evolution of 
the experiment continuously and dynamically to facilitate the 
understanding of the overall process based on numerical sim-
ulation. In this paper, using the preplaced method for plac-
ing the powder of Inconel 718 on the SS316 substrate and a 
FEM is developed to analyse the thermal behaviour and the 
clad geometry characteristics of Inconel 718 alloy and SS316 
substrate during laser cladding. In the model, a modified 3-D 
FEM is used which considered the heat losses due to the con-
vection as well as radiation both.

Development of Thermal Model
FEM-based thermal model is developed which is depen-

dent on the time to assess the clad geometry characteristics 
and distribution pattern and values of the temperature in the 
melt pool during the cladding of the Inconel 718 powder on 
the SS316 substrate. The spatial dimension of the SS316 sub-
strate were selected as 120 x 65 x 8 mm3 and 0.3 mm thickness 
of the Inconel 718 powder is placed on the substrate to per-
form the FEM-based simulation using standard COMSOL 
Multiphysics to assess the distribution of the temperature in 
the melt pool of the powder when applied the heat source 
which is shown in the figure 1. The compositional details of 

Figure 1: Geometry for thermal model.

Table 1: Chemical composition (wt%) [2].

Elements Inconel 718 SS316

C 0.08 0.08
Cr 19 17
Cu 0.3 0.3
Fe 16.7 65

Mn 0.35 2.0
Mo 3.1 2.5
Ni 52.5 12
Si 0.35 1
Al 0.5 -
Co 1 -
Nb 5.2 -
Ti 0.9 -
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depth from the centre of the laser beam shown in the figure 3a 
which indicate that as move downward from the top surface, 
the temperature get reduces. The correlation between the laser 
power and temperature distribution is shown in figure 3b. 

Clad geometry evolution

Under the influence of laser light, the cladding powder 
melts and solidifies fast on the substrate surface. To obtain a 
uniform clad geometry is very important at the LC process 
which is directly influence the mechanical properties and 
quality of the cladded material on the substrate [1]. Many of 
the experiments was performed by the various researcher to 
obtain a high quality of the clad geometry and optimum dilu-

Governing equation

The transition heat transfer model in the powder and 
substrate are mentioned in the equation 2 which is utilized 
to assess the pattern of the temperature distribution and clad 
geometry.

. Qp p
TC C u T q
t

ρ ρ∂
+ ∇ +∇ =

∂
         (2)

Where, u is velocity field related to the motion of the laser 
beam, t is interaction time, Cp, q, ρ and T are specific heat 
transfer coefficient at constant pressure, volumetric heat gen-
eration, density, and temperature. The heat losses due to con-
vection and radiation is considered on the top surface of the 
substrate and neighbouring powder particles which are pre-
placed on the substrate and their expression are mentioned in 
the equation 3 and equation 4.

( )c ambQ h T T= −            (3)

( )4 4
r ambQ T Tεσ= −            (4)

Where, ε is the emissivity, Tamb is ambient temperature, σ is 
Stefan-Boltzmann constant, and h is convective heat transfer 
coefficient.

Results and Discussion
Thermal analysis

The laser heat source is applied on the preplaced pow-
der and the initial position or coordinate of the laser spot is 
(10,32.5,10.30265) with scanning speed of the 12 mm/s. To 
complete a single clad on the substrate needed nearly 8.3 s. The 
laser power is varied from 4200 W to 6200 W and observed 
a direct correlation between the temperature distribution with 
increasing laser power. The isometric, top, and cross-sectional 
view of the temperature distribution is shown in figure 2. As 
the power increases the temperature distribution of the clad-
ded portion is increases because of the more heat addition 
into the melt pool. From the figure 2b observed that as move 
away from the centre of applying heat flux observed that, in 
radial direction the magnitude of temperature get reduces 
and the variation of the temperature with distance along the 

Table 2: Process parameters used during simulation.

Name Expression Unit

P 4200 - 6200 W
x0 10 mm
y0 32.5 mm
z0 8.30265 mm
f 12 mm/s

sqrt((x – x0- f*t)^2) m

sqrt((y – y0)^2) m

sqrt((z – z0)^2) m

W/m²
Figure 2: Temperature distribution representation of clad in (a) Isomet-
ric view, (b) Top view, and (c) Cross sectional view.

Figure 3: Temperature variation with (a) In depth direction from top 
surface and (b) Laser power.

Figure 4: Clad geometric characteristics.
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variation of the temperature as increases the domain elements 
therefore normal meshing is considered during the simulation 
to analyse all the responses.

Conclusion
In this research, thermal behaviours and clad geometry 

evaluation is made which gave a clear idea about the clad 
geometry characteristics and temperature distribution in 
the weld zone of the cladded material as well as within 
the substrate. The direct correlation showed between the 
temperature variation and laser power on the melt pool. The 
clad geometry characteristics and temperature distribution can 
be controlled by selecting optimum laser power and scanning 
speed. The percentage of dilution observed more for higher 
laser power at constant scanning speed. The maximum error 
appeared about 5.2% for temperature distribution with the 
simulation time.
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