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The current work examines the heat-and-mass transfer process in the laser multilayered cladding
of H13 tool steel powder by numerical modeling and experimental validation. A multiphase
transient model is developed to investigate the evolution of the temperature field and flow
velocity of the liquid phase in the molten pool. The solid region of the substrate and solidified
clad, the liquid region of the melted clad material, and the gas region of the surrounding air are
included. In this model, a level-set method is used to track the free surface motion of the molten
pool with the powder material feeding and scanning of the laser beam. An enthalpy–porosity
approach is applied to deal with the solidification and melting that occurs in the cladding
process. Moreover, the laser heat input and heat losses from the forced convection and heat
radiation that occurs on the top surface of the deposited layer are incorporated into the source
term of the governing equations. The effects of the laser power, scanning speed, and powder-
feed rate on the dilution and height of the multilayered clad are investigated based on the
numerical model and experimental measurements. The results show that an increase of the laser
power and powder feed rate, or a reduction of the scanning speed, can increase the clad height
and directly influence the remelted depth of each layer of deposition. The numerical results have
a qualitative agreement with the experimental measurements.
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I. INTRODUCTION

LASER cladding is used widely to create various
surface coatings with a significant thickness that effec-
tively can protect substrates from harsh service condi-
tions,[1–4] However, the correct selection of the process
parameters for the building or printing of spatial
structures of the required geometry is a difficult task.
The processing parameters such as the laser beam
power, beam intensity in the processing zone, scanning
speed, and powder feed rate have a strong relationship
with each other through mutual interaction, and they
have a distinct influence on the mechanical properties of
the remelted materials and cladding qualities.[4–6] In
laser cladding, considering that the severe temperature
gradient and mass transportation in the molten pool are
caused by the convection of the liquid phase, the
geometry of the molten pool absolutely plays a vital
role in finally deciding the clad quality. For example, a
too-small molten pool resulting from insufficient
absorption of laser energy may result in a lack of
melting and thus, an insufficient bond of consecutive
layers. Conversely, an overlarge penetration will damage
the cladding quality because of the diffusion of substrate
material into the clad layer,[7] which makes the qual-
ity of the surface clad defective. In addition, many

intermediate physical phenomena in the laser cladding
process are extremely difficult to observe experimentally
because of the presence of intense laser irradiation.
Therefore, modeling combined with an experimental
validation is an effective way to reveal the complete
physical phenomena in the laser cladding process.
So far, most efforts of thermal modeling in laser

cladding have concentrated on the conduction mode of
heat transfer.[8–10] Strong sources of heat convection
definitely are in the molten pool as a result of temper-
ature-dependent surface tension variation over the
molten pool free surface and a density variation in the
bulk of the molten pool, respectively. However, a
limited attempt has been accomplished to study the
fluid flow combined with solute diffusion in the molten
pool of laser cladding. In the early work of the modeling
of laser cladding, Kar and Mazumder[11] developed a
one-dimensional conduction model to determine the
composition of the alloys and cooling process. Hoadley
and Rappaz[12] presented a two-dimensional (2D) model
to calculate the temperature in the steady-state condi-
tion during laser cladding. Later, Han et al.[13] solved
2D fluid flow and energy equations to predict the
temperature distribution and geometry of the molten
pool in the laser cladding process. Recently, Toyserkani
et al.[14] presented a three-dimensional (3D) transient
finite-element model for laser cladding with a powder
injection. They decoupled the interaction between the
molten pool and the powder to simplify the thermal
analysis and the molten pool boundary condition
calculation. In addition, many studies have been per-
formed that include convection in the laser melting and
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laser alloying processes but presume the free surface of
the molten pool to be flat with no material addi-
tion.[15,16] Moreover, most published solutions are
limited to a simplified case with a presumed clad
geometry.[17,18] The 3D numerical model presented by
He and colleagues[19,20] to study the temperature and
fluid flow in the molten pool during the laser cladding of
H13 steel powder used a level-set approach to track the
free surface evolution of the molten pool. Their work
focused on single layered cladding for the single-track[19]

and double-track[20] cases. For laser multilayered clad-
ding, including the laser remelting of subsequent layers,
the model becomes considerably complex. For subse-
quent layers, the growing distance from the base hinders
the heat conduction and promotes the convection and
radiation mechanisms.[21]

The simulation of the fluid flow of the molten pool,
temperature distribution, and thermal stress field have
been implemented mainly with high-power beam mate-
rial processing methods and are based on assumptions
that ignore some important physical phenomena. Con-
sidering laser cladding along with the molten pool, a
complicated interaction exists among the laser, substrate
material, and powder material. It is necessary to offer a
much more reliable numerical model to describe better
the related complicated physics, especially the heat
transfer and fluid flow in the molten pool area during
the laser multilayered cladding process.

The purpose of this work is to develop a solid–liquid–
gas-unified model of predicting the flow velocity of the
liquid phase and temperature distribution during the
laser multilayered cladding (LMC) process in which
the solid region of the substrate and solidified clad, the
liquid region of the molten pool existing in the clad, and
the gas region of the surrounding air are included.[21] An
enthalpy–porosity model is applied to deal with the
solidification and melting of the deposited layer, and a
level-set method is used to track the evolution of the free
surface of the molten pool with the powder feeding and
scanning of the laser beam. Moreover, the complicated
physical phenomena occurring at the liquid–gas (L/G)
interface, including the laser heat input and heat losses
from forced convection and heat radiation, are incor-
porated into the governing equations by source terms.

In addition, considering that a uniform fixed mesh took
considerable time to run the program that was applied
in He and colleagues’ model,[19,20] a nonuniform adap-
tive mesh will be used in our discrete model. The
adaptive mesh will reduce the computational cost and
reasonably improve the convergence efficiency to make
it available for running in a personal computer. Con-
sidering that H13 tool steel with a high wear resistance
has been used widely as a clad material to improve the
surface performance of carbon steel in machine parts, in
this study, H13 steel powder is deposited onto AISI 4140
steel substrate, and the obtained experimental results are
used to validate the developed model. The effects of the
laser power input, laser beam-scanning speed, and
powder feed rate on the geometry of the clad bead,
temperature distribution, and fluid flow in the molten
pool are investigated in detail.

II. MATHEMATICAL MODELING

Figure 1(a) shows the experimental setup of laser
cladding with powder injection, and Figure 1(b)
describes the relevant schematic view of the LMC process.
The computational domain initially consists of the
substrate (solid phase) and the air above the substrate
(gas phase). The powders of the controlled flow rate are
delivered onto the substrate concentrically with the laser
beam. A small area of the surface of the substrate or the
previously deposited layer is irradiated by the laser beam
to form the molten pool. A build-up with a designed
shape and composition is formed with the multilayered
scanning of the laser head and is controlled by a
computer numerical control (CNC) positioning system
with continuous metal powder feeding. Considering that
the microstructural and macrostructural interaction
mechanism among the laser beam, powder flow, and
substrate is complicated, many influencing factors exist
between the mass and heat transfer of the molten pool
and between the deposited layer and substrate. To
establish the mathematical model describing the whole
deposition process, some fundamental assumptions
are taken into consideration as follows: (1) the laser
power intensity and powder flow distribution obey the
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Fig. 1—(a) Experimental setup and (b) schematic view of the laser-based multilayered cladding process.
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Gaussian distribution, respectively; (2) the liquid flow is
incompressible and has a laminar flow, and the gas flow
is incompressible; (3) the mixture region of the solid
phase and liquid phase is considered to be the mushy
zone[9]; and (4) the effect of the shielding gas pressure on
the surface profile and fluid flow in the molten pool is
ignored.

A. Tracking of the Free Surface of the Molten Pool,
the L/G Interface

In the LMC process, the flow in the molten pool is
driven mainly by surface tension, thermocapillary force,
and impaction of the recoiling pressure of the metal
vapor on the molten pool surface.[9] To track the
evolution of the molten pool surface, a level-set
approach[19,20,22,23] is introduced to deal with the com-
plex physical phenomenon occurring on the free surface
of the molten pool, as shown in Figure 2. It is a
satisfying way of viewing the well-known kinematic
boundary condition of the interface. The equation,
which has been thought to be valid for the interface
only, can be defined for the entire space that contains
the interface by considering it as one level set of a well-
created function /.

The interface shape function / is defined all over the
domain, but for a specific level set, the value of the
function is the constant B, which is expressed as follows:

/ ¼ /ðx; y; tÞ ¼ B ½1�

For example, B is zero for the zero level set /0. Given
the material derivative of a constant is zero, we have the
following:

D/
Dt
¼ 0 ¼ @/

@t
þ u

*�r/ ½2�

Here, we know that r/=jr/jis the surface normal n
*

on the given level set; thus, the earlier equation
becomes the following:

@/
@t
þ u

*�n*jr/j ¼ 0 ½3�

Here, u
*�n* is the speed of the interface in the normal

direction, which usually is named the speed function
or force function and written as FLV. Thus, we have
the following:

ut þ FLV ruj j ¼ 0 ½4�

Equation [4] is valid not only for the zero level set /0

but also for all other level sets because the equation
holds good for any values of B. Equation [4] is the
starting point of the level-set method. It is apparent
that the equation is a partial differential equation of
the hyperbolic type and is changed to capture the
interface in the one-order-higher dimensional space by
solving the equation.[23] According to the physics of
the LMC process, FLV can be divided into the follow-
ing parts:

FLV ¼ Fe þ Fcurv þ Fadv ½5�

where Fcurv = � 2j is a velocity function dependent on
the curvature of the L/G interface. Fadv ¼ U x; y; tð Þ � n

*

is a convection velocity function. Fe is a velocity func-
tion that is dependent on the motion of the L/G inter-
face based on the powder deposition. To simplify the
modeling procedure, it is assumed that the powder-feed-
ing process is consecutive and steady, and the powder is
fully melted when reaching the molten pool surface dur-
ing the LMC process. Under these conditions, Fe can be
expressed as follows:

Fe ¼
2g0 _m
pR02 exp �

2r02

R02

� �.
ðqlVsÞ r0 � R0

0 r0>R0

(
½6�

where r¢ is the distance from the center of the top surface
of the molten pool and R¢ is the effective radius of the
powder’s feeding flow; _m is the mass of the powder
feeding in the unit interval; g¢ is an efficient utilization
ratio of powder; ql is the density of the powder in the
liquid phase; and Vs is the scanning speed.
To simplify the level-set function, the term for the

surface tension is ignored. However, the impact of
surface tension on the convection of the molten pool is
taken into account in the Navier–Stokes function by the
level-set function /. Hence, the level-set function can be
updated as follows:

/t þ Fe r/j j þUðx; y; tÞ�r/ ¼ 0 ½7�

To extend the zero level set to the entire domain, the
level-set function should be well defined and the signed
distance is chosen as follows:

/ð~x; t ¼ 0Þ ¼ �d ½8�

where, d denotes a distance from a point ~x to the
L/G interface. The point exists in the gas region when
/(x, t)< 0, the point exists in the mixture of solid and
liquid region when /(x, t)> 0, and the point exists at
the L/G interface when /(x, t) = 0.
According to the inherent characteristics of the level-

set approach, the reinitialization of the level-set function
should be implemented at each time step, which could
update the level-set function / to reobtain the zero-
value position of the level-set function (i.e., the free
surface of the deposited layer).
To overcome the numerical difficulties at the inter-

face caused by the properties change, such as the
density and viscosity, it is assumed that the L/G
interface has a fixed transition thickness, and that theFig. 2—Schematic of level-set approach with adaptive mesh.
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physical properties change smoothly along the thickness
of the transition zone. The modified Heaviside func-
tion[8] employed to smooth the properties change is
expressed as follows:

Heð/Þ ¼
0 if /<� e

0:5 1þ /
e þ 1

p sin
p/
e

� �h i
if /j j � e

1 if />e

8<
: ½9�

where e is half of the transition zone thickness. Thus,
the density and viscosity in the whole calculation
region, including the surrounding air, molten pool
zone, solidified deposited layer, and substrate, can be
modified as follows:

q ¼ qslHeð/Þ þ ½1�Heð/Þ�qg ½10�

l ¼ lslHeð/Þ þ ½1�Heð/Þ�lg ½11�

where qsl denotes the density of the mixture region for
the solid and liquid phases, qg denotes the density of air,
lsl denotes the viscosity of the mixture region for the
solid and liquid phases, and lg denotes the viscosity of
air. Other physical properties in the unified model also
are complemented accordingly following Eqs. [10]
and [11].

The Delta function d(/) deriving from the Heaviside
function is applied to ensure the force acting on the L/G
interface is as follows:

Fn ¼ ðpv þ sjÞdð/Þ ½12�

Ft ¼ �
ds
dT
rsTdð/Þ ½13�

where s is the surface tension coefficient, j is the cur-
vature, pv is the shield gas pressure, and �s is the sur-
face nabla. Fn andFt refer to the tangent and normal
components of interface force, respectively. The Delta
function may be expressed as follows:

dðuÞ � cosðpjuj=ð2eÞÞ if juj � e;
0 otherwise

�
½14�

According to the level-set function /, the surface
normal and tangent vector of the molten pool may be
shown as follows:

n ¼ r/
r/j j /¼0

�� ½15�

j ¼ r� r/
r/j j

� �����
/¼0

½16�

B. Governing Equations

The calculation domain illustrated in Figure 2
includes the substrate and deposited layer (solid phase),
the molten pool (liquid phase), and part of the gas

region (gas phase). The continuum model, which intro-
duces the Darcian damping term, governs the conser-
vations of mass, momentum, and energy for the mushy
region, liquid region, and solid region. This model also
governs the conservation of the solute diffusion of the
solid and liquid region by the ‘‘mixture of material
property’’ method.[9] This method applies the average
physical parameters that consider the mass or volume
ratio of the solid and liquid phases in a certain cell to
represent the difference of the thermal physical property
of the material in the solid and liquid regions. The
continuum model may be described as follows:
Mass conservation equation:

@q
@t
þr�ðqV

*

Þ ¼ 0 ½17�

Solute diffusion equation:

@

@t
ðqCiÞ þ r�ðqV

*

CiÞ ¼ r _ðqflDrCiÞ ½18�

Momentum conservation equations:

@ðquÞ
@t
þ @ðquuÞ

@x
þ @ðqvuÞ

@y
¼ l

@2u

@x2
þ @

2u

@y2

� �
� @p
@x
þ Sx

½19�

@ðqvÞ
@t
þ @ðquvÞ

@x
þ @ðqvvÞ

@y
¼ l

@2v

@x2
þ @

2v

@y2

� �
� @p
@y
þ Sy

½20�

where the source terms are expressed as follows:

Sx ¼�
l
E
ðu�VsÞ þ e

*

x� �sjð/Þr/þrsT
ds
dT
� pv

� �
dð/Þ

½21�

Sy ¼�
l
E
vþ e

*

y� �sjð/Þr/þrsT
ds
dT
� pv

� �
dð/Þ

þ qgbðT� TmÞ ½22�

And the energy conservation equation is written as
follows:

q
@h

@t
þ q

@h

@x
uþ @h

@y
v

� �
¼ k

@2T

@x2
þ @

2T

@y2

� �
þ SE ½23�

In the aforementioned equations, q is the mean
density, V

*

is the velocity vector, and u and v are the
components of V

*

along the x and y coordinates,
respectively. Ci is the mass fraction of solute i, D is the
solute diffusion coefficient, p is the pressure, l is the
dynamical viscidity of the liquid phase, pv is the recoil
vapor pressure,[14] and e

*

x and e
*

y are the unit vectors
along the x and y coordinates, respectively. Tm is the
melting point of material, b is the buoyancy coefficient,
E is the permeability of the two-phase mushy zone, h is
the enthalpy, T is the temperature, k is the heat
conductivity, Vs is the scanning speed, and SE is the
source term of the energy equation including the
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laser heat input and heat losses caused by convection
and radiation occurring at the L/G interface as
follows:

SE ¼ ½q00laser � r " ðT4 � T4
1Þ � hcðT� T1Þ�=ð2eÞ�dð/Þ

½24�

where, r is the Stefan–Boltzmann constant, " is the
radiation emissivity, T¥ is the ambient temperature,
and hc is the convection coefficient. q00laser is the laser
energy at the L/G interface that obeys the following
Gaussian distribution:

q00laser ¼
2gPlaser

pR2
l

exp �2r
2

R2
l

� �
½25�

where, Plaser is the laser power, Rl is the effective beam
spot radius, r is the distance from the calculation cell to
the beam center, and g is the absorptivity coefficient.

Because the solid phase and liquid phase exist
simultaneously as one cell in the mushy region, a
mixture of properties are used for the density, specific
heat, conductivity, enthalpy, and velocity vector, and
are defined as follows:

qsl ¼ gsqs þ glql ½26�

csl ¼ fscs þ flcl ½27�

ksl ¼ gsks þ glkl ½28�

hsl ¼ fshs þ flhl ½29�

Vsl ¼ fsVs þ flVl ½30�

where, fs and fl refer to mass fractions of the solid and
liquid phases, and gs and gl are the volume fractions
of the solid and liquid phases. When the corresponding
volume fractions approach the value of zero or one,
the mixture properties reflect the presence of the mol-
ten pool or solid region. The phase enthalpy for solid
and liquid can be described as follows:

hs ¼
ZT

0

csdT ¼ csT ½31�

hl ¼
ZTs

0

csdTþ Lm þ
ZT

Ts

cldT ¼ clTþ ðcs � clÞTs þ Lm

½32�

where Lm is the latent heat of melting, and Ts and Tl are
the solidus and liquidus temperatures, respectively.

In the Eqs. [21] and [22], the first set of terms on the
right-hand sides are the Darcian damping terms, and
E is the permeability of the two-phase mushy zone,
which is modeled as a porous media. Following the
method presented by Bennon and Incropera,[24,25] the

current study employs the following Kozeny–Carman
equation for permeability:

E ¼ E0g
3
l

ð1� glÞ2
½33�

where, E0 is the permeability coefficient dependent on
the material microstructure. The calculation of the
permeability coefficient E0 requires the knowledge of
the growth morphology specific to the alloy[25]. The
value of E in the damping term approaches infinity while
in the liquid region, whereas, the value of E approaches
zero while in the solid region.

C. Boundary Conditions

As mentioned previously, the physical phenomena
occurring at the S/L interface and in the L/G interface
are implemented implicitly as part of the source terms of
the energy and momentum conservation equations,
correspondingly. In the present study, it is assumed
that the gas phase boundaries DC, DE, and CF are
thermally insulated boundaries; however, there convec-
tion and radiation heat transfer exists among the solid
phase boundaries AB, AE, BF, and ambient that also
are shown in Figure 2.

D. Numerical Procedure

Much of the published literature has paid attention to
predicting numerically the transient heat transfer and
fluid flow phenomena in laser-based material processing.
However, considering that the fixed mesh is used in
those numerical works,[19] a large amount of grids are
needed throughout the whole model to keep enough of
the mesh density at the deposited layers where the
moving molten pool passes through to acquire enough
computational accuracy. Therefore, the expensive com-
putational cost limits the further expansion of the
numerical modeling to include multilayer or multitrack
deposition. To improve further the calculation efficiency
of the numerical modeling, a self-adaptive asymmetric
grid is applied in this work (Figure 2). Finer nodes are
distributed near and inside the molten pool in order to
acquire the precise simulation. Much sparser nodes are
distributed far from the molten pool so as to reduce the
whole calculation cost.
In this study, the numerical implementation of the

transport equations is based on the Semi-Implicit
Method for Pressure-Linked Equation-Consistent
(SIMPLEC) algorithm with staggered grids, initially
presented by Patankar.[26] The detailed procedure can be
depicted in Figure 3. A computationally cost-effective
procedure known as the line by line was developed to
solve the discretization equations for a group of points
along the same row or column. This method of solving a
group of nodes all at the same time is, in essence, a
combination of the tridiagonal matrix algorithm and the
Gauss–Seidel method.[26] At the same time, the level-
set equation is solved to track the evolution of the
L/G interface that is coupled with the solution of
the momentum and energy equations. The detailed
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procedure can be depicted through the following itera-
tive steps[19,22,26]:

(a) Initialize the calculation node variables: let the level-
set function / be the signed normal distance to the
surface. Set u and v as the divergence-free velocity,
identically zero in the whole calculation domain;

T as room temperature; and p as the relative refer-
ence pressure.

(b) Compute the source terms induced by the surface
tension and thermal capillary force in which the
effects of the shielding gas pressure and recoil vapor
pressure are neglected to track the evolution of the
surface profile of the deposited layer.

(c) Use the SIMPLEC algorithm[26] with staggered grids
to solve the energy conservation equation and use
the momentum conservation equation to acquire the
new temperature distribution, velocity, and pressure
values.

(d) Based on the convergence values of the temperature
and fluid velocity in step (c), solve the solute diffu-
sion equation to acquire the new solute distribution
value.

(e) Advance the level-set function in time using a
second-order space convex scheme,[26] and update
the free surface to the new location represented as
/n+1/2. Update the material physical parameters
under the new temperature condition.

(f) Reinitialize the level-set function by solving the fol-
lowing equation to be steady state with an initial
level set value /(x, 0) = /n+1/2:

/s ¼ Sað/nþ1=2Þð1� r/j jÞ ½34�

where s is the artificial time, Sa(*) is the function that
gives the sign of the argument *, and a is the
smoothing factor.

(g) Update the old velocities, the pressure, the temper-
ature, and the level-set function with the new values,
and go back to step (b) for the next iteration until
the end of the simulation time is reached.

III. EXPERIMENTAL VALIDATION
AND CASE ANALYSIS

An AISI 4140 steel plate is used as a substrate, and
the H13 tool steel powder is used as a coating material.

Fig. 3—Flowchart of numerical procedure in the solid–liquid–gas
unified modeling.

Table I. Main Physical Parameters

Property Value of H13 Steel Value of AISI 4140 Steel

Ambient temperature, T¥ (K) (�C) 298 (25 �C) 298 (25 �C)
Solid viscosity, ls (kg 9 m�1 s�1) 7800 8000
Dynamic viscosity, ll (kg 9 m�1 s�1) 6.0 9 10�3 5.0 9 10�3

Solid specific heat, Cs (J 9 kg�1 K�1) 440 461
Liquid specific heat, Cl (J 9 kg�1 K�1) 440 461
Solid thermal conductivity, ks (W 9 m�1 K�1) 42.4 11.21+0.017*T
Liquid thermal conductivity, kl (W 9 m�1 K�1) 42.4 33.31
Solid density, qs (kg 9 m�3) 7900 8360
Liquid density, ql (kg 9 m�3) 7900 8360
Latent heat of fusion, Lm (J 9 kg�1) 3.3 9 105 2.1 9 105

Solidus temperature, Ts (K) (�C) 1623 (1350 �C) 1573 (1300 �C)
Liquidus temperature, Tl (K) (�C) 1673 (1400 �C) 1628 (1355 �C)
Radiation emissivity, " 0.1 0.1
Surface tension coefficient, s (kg 9 s�2) 0.836 (at 933 K (660 �C)) 0.860 (at 933 K (660 �C))
Surface tension coefficient with temperature, ¶s/¶T (kg 9 s�2 K�1) –0.43 9 10�3 –0.35 9 10�3

Stefan–Boltzmann’s constant, r (W 9 m�2 K�4) 5.67 9 10�8 5.67 9 10�8
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The original size of the H13 tool steel powder is 50 to
100 lm. The compositions of the AISI 4140 and H13
steels are referenced from the Reference 3. The physical
parameters of the H13 tool steel and 4140 steel are listed
in Table I. An Nd:YAG laser with a maximum power of
1 kW in a continuous wave form is used to produce the
coatings. Laser power is 150 W, 225 W, and 300 W,
respectively. An absorptivity of laser power is set at
30 pct according to the previous publication,[9] which
also is validated by the comparison between the numer-
ical simulation and the validation experiments in this
study. The effective diameter of the focal point of the
laser beam used in the modeling is 0.8 mm. In this case,
the laser beam scanning speeds are 8, 10, and 12 mm/s,
respectively. A powder feed system is used for the direct
injection of powders into the molten pool with argon
flow as a powder carrier. The H13 tool steel powder is
injected into the molten pool by the powder feeders
through four nozzles, each of which are 1 mm in
diameter. The effective diameter of the powder flow
stream used in the modeling is 1 mm. The effective
powder feed rates used in the modeling are 0.01, 0.02,
and 0.03 g/s, respectively, and are verified experimentally.

The three-layer beads are deposited at various scanning
speeds, laser powers, and powder feed rates.
The dimensions of the substrate are 25 mm 9 5 mm

(length 9 height); the dimensions of the simulation
region are 25 mm 9 10 mm. The experimental setup
of the deposited multilayer during the laser-based
powder deposition process is shown in Figure 1(a).
The clad, with a length of 20 mm, is distributed
symmetrically at the substrate. In this study, the three-
layer laser deposition manufacturing process is simu-
lated such that the surface tension gradient and the
buoyancy dependent on the temperature gradient are
considered the driving forces of flow field in the molten
pool. The transverse cross sections of the deposited
beads are cut for metallographic studies, and optical
microscopy is used for microstructure inspection of the
etched coupons.

IV. RESULTS AND DISCUSSION

The transient temperature field of the laser-based
multilayered cladding process is shown in Figure 4.

Fig. 4—Transient temperature distributions in the laser multilayer cladding of H13 powders (laser power is 225 W, scanning speed is 10 mm/s,
and powder feed rate is 0.02 g/s). (a) t = 0.8 s (the first layer deposition proceeding); (b) t = 2.0 s (the first layer finished); (c) t = 2.8 s (the
second layer deposition proceeding); (d) t = 4.0 s (the second layer deposition finished); (e) t = 5.0 s (the third layer deposition proceeding);
and (f) t = 6.0 s (the third layer deposition finished) (the temperature unit is Celcius degree).
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Because of the radiation of the laser beam with high
energy density, the melted powder is deposited in the
molten pool generated by the laser beam at the surface
of the substrate. A higher temperature gradient exists in
the molten pool of the deposited layer. A convection
cycle exists in the molten pool because of the presence of
a temperature-gradient surface tension, thermo-capil-
lary force, and buoyancy. The evolution of the geometry
and fluid flow of the liquid phase in the molten pool is
shown in Figure 5. The temperature gradient, fluid flow,
and profile of the molten pool reaches a steady state at
about 1.034 seconds for the first layer deposition with
225 W of laser power, a 10-mm/s scanning speed, and a
0.02-g/s powder feed rate.

The evolution curve of the maximum temperature of
the molten pool is shown in Figure 6. The temperature
of the molten pool steadily increases when the laser
beam advances along the deposition path. When the

laser beam reaches the end of the clad bead, the signal is
sent to the CNC positioning system to change the
direction of motion and adjust the height of the laser
deposition head to start the deposition with the second
bead. During the activities, the laser beam is on, the feed
of powder is on, and the substrate is stationary. These
conditions result in an adaptive increase in the temper-
ature of the molten pool and in an enlargement of the
width and height of the deposited head. The laser power
absorbed by the unit volume of the substrate during the
change of direction of the motion can double in
magnitude with respect to the laser power absorbed
along the bead far from the corner. At the same time,
the effect of laser power on the depth of the molten pool
in the LMC process also is studied. Generally speaking,
the depths of the molten pool tend to reach a steady
state with an increase in the processing time, and those
depths are larger with an increase in the laser power, as

Fig. 5—Evolution of fluid flow in the molten pool during the laser multilayer cladding of H13 powder (laser power is 225 W, scanning speed is
10 mm/s, and powder feed rate is 0.02 g/s). (a) t = 0.8 s (the first layer deposition proceeding); (b) t = 2.0 s (the first layer finished);
(c) t = 2.8 s (the second layer deposition proceeding); (d) t = 4.0 s (the second layer deposition finished); (e) t = 5.0 s (the third layer deposi-
tion proceeding); and (f) t = 6.0 s (the third layer deposition finished).
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shown in Figure 7. However, the depth of the molten
pool becomes unsteady when the laser power is too low.
For example, when the laser power is set at 150 W, the
depth of the molten pool in the first layer deposition
equals zero (Figure 7). This depth also is shown clearly
in the temperature field simulation in Figure 6. When
the laser power is set at 150 W, the lowest of three cases,
the maximum temperature of the molten pool is reduced
to no more than 1773 K (1500 �C), which is the melting

point of the material. As the molten pool becomes
weaker, the depth of the molten pool in the cladding
process becomes unstable. The related experimental
measurement also validates that the metallurgical bond-
ing between the clad layer and the substrate possibly
could fail, as shown in Figure 8.
The cross-sectional views of the clad under the

continuous deposition process are shown in Figure 9.
The relevant comparison of the clad height between the

Fig. 6—Evolution curve of maximum temperature of the molten
pool with processing time (laser power is 150, 225, and 300 W, scan-
ning speed is 10 mm/s, and powder feed rate is 0.02 g/s).

Fig. 7—Evolution curve of depth of the molten pool with processing
time (laser power is 150, 225, and 300 W, scanning speed is 10 mm/s,
and powder feed rate is 0.02 g/s).

Fig. 8—Photos of cross-sectional views of the clad obtained by variable layers deposition at laser power of 150 W, scanning speed of 10 mm/s,
and powder feed rate of S60 (~0.02 g/s).

Fig. 9—Photos of cross-sectional views of the clad obtained by variable layers deposition at laser power of 300 W, scanning speed of 10 mm/s,
and powder feed rate of S60 (~0.02 g/s).
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simulation and experimental measurement also is plot-
ted in Figure 10. The figure clearly indicates that the
proposed unified model in which the heat transfer and
fluid flow phenomena are considered accurately can
predict the geometry of the clad in the laser cladding
process. The errors shown in Figure 10 possibly lie with
the assumption that the efficiency of powder usage is
fixed in the multilayered cladding; however, the effi-
ciency of powder usage is variable and increases a little
bit with the increase of the deposition layer according to
the previous experimental measurements.[27]

The related experimental results also show that the
laser power obviously influences the geometry of the
clad. Figure 11 shows the comparison of experimental
and simulation results of the geometry of the three-layer
clad obtained by different laser powers at a scanning
speed of 10 mm/s and a powder feed rate of S60
(~0.02 g/s). Generally speaking, both the dilution and
the height of the clad increase with an increase in the
laser power. For laser power at 150 W, no dilution is
observed of the bead into the substrate, and the
metallurgical bond between the clad and substrate is
the lowest of all three cases. When the laser power is
300 W, the dilution of the clad into the substrate is the
largest of the three cases. In this case, the influence of
the laser power on the efficient use of powder is ignored
and kept as constant. But according to the related
experimental investigation reported in Reference 27, the
efficiency of powder usage is a function of the laser
power. Generally, it increases with an increase in laser
power.

The influence of the scanning speed on the geometry
of the clad also is studied based on the experiment and
numerical simulation. Figure 12 shows the related
experimental and numerical results of the geometry
sizes of the three-layer clad obtained under different
scanning speeds at a laser power of 225 W and powder
feed rate of S60 (~0.02 g/s). In general, the scanning
speed has almost no obvious influence on the dilution
and width of the clad for the fixed laser power and
powder feed rate. However, the height of the clad
reduces with an increase in the scanning speed. The
related numerical results have a qualitative agreement
with the experimental measurement.
The geometry of the clad is a function of the powder

feed rate at a constant laser power and scanning speed in
the laser multilayered cladding of H13 steel. With the
increase in the powder feed rate, the height of the clad
increases, and the dilution of the clad reduces. Figure 13
shows a comparison of the experimental and simulation
results of the geometry of the three-layer clad as a
function of the powder feed rate at a scanning speed of
10 mm/s and laser power of 225 W. A qualitative
agreement exists between the numerical and experimen-
tal investigation. Although several assumptions are
made to simplify the numerical model, a good agree-
ment still is acquired between the solid–liquid–
gas-unified model developed in this study and the
experimental investigation.
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Fig. 10—Comparison of clad height obtained by numerical predic-
tion and experimental measurement at laser power of 300 W, scan-
ning speed of 10 mm/s and powder feed rate of S60 (~0.02 g/s).
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Fig. 11—Comparison of experimental and simulation results on the
geometry of laser multilayered cladding as a function of laser power
at a scanning speed of 10 mm/s and powder feed rate of S60
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Fig. 12—Comparison of experimental and simulation results of the
geometry of laser multilayered cladding as a function of the scanning
speed at a laser power of 225 W and powder feed rate of S60
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geometry of laser multilayered cladding as a function of powder feed
rate at a laser power of 225 W and scanning speed of 10 mm/s.
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V. CONCLUSIONS

A transient multiphase unified mathematical model
with experimental validation is developed to investigate
the temperature field and flow velocity field of the liquid
phase in the laser-based multilayered cladding of H13
powder onto a substrate of AISI 4140 steel. A convec-
tion cycle exists in the molten pool during the laser-
based multilayered cladding process resulting from the
buoyancy force and temperature-gradient-induced sur-
face tension. The effects of the laser power, scanning
speed, and powder feed rate on the geometry of the clad
are studied. The numerical results show that the
exceedingly low power of the laser prevents the metal-
lurgical bonding between the deposited layer and the
substrate or the previous layer. However, the oversized
power of the laser beam increases the depth of the
molten pool and causes the deposited layer to collapse
and to reduce further the surface quality of the clad. The
relevant experiments also are performed to validate the
numerical model, and a reasonable match exists between
both sides. This model also can predict the whole heat-
and-mass transfer process of other laser-based material
processing technologies.
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