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Laser consecutive pulse heating of solid surface and the influence of the laser pulse parameter on the
melting and mushy zone formation in the irradiated region are investigated. The laser pulse parameter
(8) defines the spatial distribution of the laser pulse power at the irradiated surface; in which case, =0
represents the Gaussian profile while § =1 corresponds to the ring type of laser power distribution with
the peak intensity away from the center (symmetry axis). § is set in such a way that the energy content in

each pulse with different § values becomes the same. The control volume approach is used when
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modeling the heating and phase change processes. The laser pulse parameter is selected to alter the laser
power intensity distribution across the irradiated surface while modifying the location and magnitude of
the laser peak power intensity at the irradiated surface. It is found that the laser pulse parameter alters
the sizes of the melting and mushy zones in the surface region.

© 2009 Elsevier Masson SAS. All rights reserved.

1. Introduction

Laser heat treatment of metallic surfaces finds application in
manufacturing industry, which is because of the localized and
precise heating situations. The high power laser beam when
focused onto the solid surface, solid heating and subsequent phase
change process takes place at the irradiated surface. This process
can alter the composition of the substrate material and changes the
metallurgical structure in the irradiated region due to high cooling
rates resulted in the cooling cycle. In the surface treatment appli-
cations, the laser output power is either in continuous (cw) or in
consecutive pulses (pulse repetition) forms. In the application of
consecutive pulses, controlled melting in the irradiated region can
be possible through adjusting the duty cycle of the consecutive
pulses and altering the intensity distribution across the irradiated
spot. Moreover, the model studies provide information on the
physical process taking place during the laser irradiation. Conse-
quently, investigation into the effects of the pulse duty cycle and
radial distribution of the laser beam intensity at the surface on the
laser melting process becomes essential.

Considerable research studies were carried out to examine the
laser heating and phase change processes. The transport
phenomena and keyhole dynamics during pulsed laser welding
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was investigated by Zhou et al. [1]. They accommodated the Mar-
angoni shear force when modeling the keyhole formation and
indicated that predictions of weld depth agreed with the experi-
mental findings. The numerical analysis of the effects of non-
conventional laser beam geometries in relation to laser melting of
metallic materials was studied by Safdar et al. [2]. They predicted
temperature distribution and melt size in the irradiated region after
considering the surface heat source model. Zhou et al. [3] investi-
gated the heat transfer, fluid flow, and keyhole dynamics during
a pulsed laser melting process. They used the enthalpy method to
account for the phase change in the laser irradiated region. The
nano-scale machining using the electron and laser beam was
investigated by Wong et al. [4]. They used a Monte Carlo approach
and Fresnel reflections to simulate laser heating process. The
momentum, heat and mass transfer analysis in laser surface
alloying were carried out by Raj et al. [5]. They employed particle-
tracking algorithm and a simultaneous particle melting consider-
ation in the numerical simulations. A mathematical model for laser
powder deposition and prediction of the melt pool depth and
dilution was presented by Fathi et al. [6]. They showed that the melt
pool depth was the maximum at a certain process speed. An
analytical model for laser heating and melting was presented by
Shen et al. [7]. They indicated that discontinuity in the temperature
gradient was obvious due to the latent heat of fusion and the
increment in thermal conductivity in the solid phase. Van de Ven
and Erdman [8] investigated the laser transmission welding of
thermoplastics. They developed a mathematical model to simulate
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Nomenclature

a Gaussian parameter (m)

Amush ~ Mmushy zone constant

Cp specific heat capacity (J/kg K)

H total enthalpy (J/K)

h enthalpy (J/kg K)

href reference enthalpy (J/kg K)

hy heat transfer coefficient (W/m?K)
Iy laser peak power intensity (W/m?)
k thermal conductivity (W/mK)

T temperature (°C)

Tiiquidus  liquid temperature (°C)

Tsolidus ~ solid temperature (°C)

tc end of cooling period (s)

te beginning of falling period of the consecutive pulse(s)
t pulse length of the consecutive pulse (s)

t; end of rise period of the consecutive pulse (s)
radial distance (m)

reflection coefficient

momentum sink per unit mass flow rate (m/s)
source term (W/m?)

initial temperature (°C)

time (s)

velocity (m/s)

axial distance (m)

NS TN LR

Greek symbols

I’} laser pulse parameter

v the liquid fraction

€ porosity

p density (kg/m?)

a(= ﬁ) thermal diffusivity (m?/s)
b) absorption depth (m™1)

the laser transmission welding process through which temperature
was predicted in the welding section. The enthalpy based lattice
Boltzmann model for dominated solid-liquid phase transformation
was introduced by Chatterjee and Chakraborty [9]. They modified
the latent heat updating procedure to integrate with the lattice
Boltzmann equation predicting the liquid fraction during the
continuous evolution of the solid-liquid interface. Thermal
behavior and melt pool model in laser material processing were
investigated by Sarkar et al. [10]. They model the phase change
process using a fixed grid enthalpy-porosity technique, which was
capable of predicting continuous evolving solid-liquid interface.
Laser heating and phase change in the irradiated region was
examined by Yilbas and Ben Mansoor [11] and Yilbas et al. [12]. The
model studies provided useful information on the phase change
process and cavity formation. However, the analysis was limited
with the nanosecond laser pulses and cannot be applicable for
millisecond laser pulses, which are often used in practical surface
hardening processes [13]. Consequently, further investigation of
laser heating and phase change processes for the millisecond laser
pulses becomes necessary. Moreover, in laser practical applications,
laser heating source consists of consecutive pulses with almost
identical intensities and pulse lengths, which need to be accounted
in the analysis. In laser surface treatment process, the type of the
focusing lens and the focus setting of the lens are important factors
to achieve the required size of the melt layer. The Gaussian distri-
bution of the laser power intensity at the irradiated surface results
in a melt layer with evaporation at the surface, which enhances the
roughness of the resulting surface and limits the practical appli-
cations. This situation can be avoided via altering the laser power
intensity distribution at the surface; in which case, the peak power
intensity can be moved away from the irradiated spot center.
Moreover, the special aberration of the lens and defocusing of the
focal setting alter the laser power intensity distribution at the
irradiated surface. Consequently, investigation into the influence of
laser power intensity distribution on the melt size becomes
essential.

In the present study, laser consecutive pulse heating of steel
surface is considered. The phase change including melting is
modeled using the enthalpy method. The influence of laser pulse
parameter (8), which modifies the laser pulse intensity distribution
at the irradiated surface, on the melting process is examined. It
should be noted that =0 is the Gaussian power intensity distri-
bution and (=1 is a ring type power intensity distribution with the
peak intensity away from the irradiated spot center (symmetry
axis). A numerical method employing a control volume approach is

introduced to predict temperature field in the liquid and mushy
zones as well as in the solid phase.

2. Mathematical modeling

Laser heating situation is shown in Fig. 1. The enthalpy-porosity
technique is used to model the melting/solidification process. In this
case, the melt interface is tracked through a quantity, which is the
liquid fraction. It is the fraction of the cell volume, which is in liquid
state to total volume of the concerned cell, which is computed at
each iteration through satisfying the enthalpy balance. The mushy
zone is a region in which the liquid fraction varies in between 0 and
1. The mushy zone can be modeled as a “pseudo” porous medium, in
which the porosity changes from 1 to 0 as the material solidify.
Upon fully solidification of the material, the porosity becomes zero
in a cell and the fluid velocity drops to zero [14].

2.1. Energy equation

The energy balance in the substrate material can be presented
through the enthalpy balance. The enthalpy of the material is
computed as the sum of the sensible enthalpy, h, and the fraction of
the latent heat of fusion, AL (AL = yL, where L is the latent heat of
fusion), in case if the material undergoes melting:

H=h+AL (1)
where
T

h = hyg + /cpdr )

Tref
and hpr=reference enthalpy; T.f=reference temperature;
¢p = specific heat at constant pressure.

The liquid fraction, v, can be defined as:
¥ =0 if T < Tgppigys
y=1 ifT> Tliguidus
T — Ty .

Y= - Solidus_ lf Tsolidus <T< Tliquidus (3)

Tliquidus — Isolidus
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Fig. 1. A schematic view of laser heating situation.
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Equation (3) is referred to as the lever rule [14]. The latent heat
content can vary between zero (for a solid) and L (for a liquid).

For solidification/melting problems, the energy equation is
written as:

%(pH) +V-(pvH) = V-(kVT) + S, (4)

where H is the total enthalpy, p is the density, v is the fluid velocity,
and S, is the source term.

The volumetric heat source can be arranged to resemble the
laser repetitive pulses, i.e.,

So = 105(1 - rf)exp(—éz)exp( - (g + 6>2>f(t) (5)

where I, 6, 15, 8, a are the laser peak power intensity, absorption
coefficient, reflectivity, laser pulse parameter, the Gaussian beam
parameter, and the temporal distribution of laser pulse intensity,
respectively. However, the laser pulse energy is kept constant for all
the values of the laser pulse parameters considered in the simu-
lations. § =0 represents the Gaussian beam profile at the work-
piece surface. The temporal variation of the laser pulse shape
resembles almost the actual laser pulse shape used in the industry
[13], which is in trapezium shape in time domain. The laser pulse
parameters used in the simulations are given in Table 1 while Fig. 2
shows the temporal variation of consecutive laser pulses. The time
function (f{t)) representing the consecutive pulses is:

Table 1
Laser pulse parameters used in the simulations.
Laser pulse Laser pulse Cooling Pulse rise Pulse fall Pulse Gaussian
parameter length, t, period, t. time, t; time, ty intensity parameter,
(8) (ms) (ms) (ms) (ms) (W/m?) x 10° a (m) x 104
Duty cycle 0.05 0.05 0.0065 0.00325 1 2.997
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Fig. 2. Grid used in the simulations. The darker lines along the symmetry axis and in
the surface region are due to the large number of grid points used in these regions.

0, t=0
1, trgtg(tp—tf)
t) = 6
=1y (=t (6)
0, <t<t

where t; is the pulse rise time, t;is the pulse fall time, t; is the pulse
length, t. is the end of cooling period. f{t) repeats when the second
consecutive pulse begins, provided that time t = t¢+ t. corresponds
to the starting time of the second pulse. The same mathematical
arguments can apply for the other consecutive pulses after the
second pulse. In the simulations, 50 consecutive pulses are used,
which provides the sufficient liquid layer depth to examine the
phase change process in the laser irradiated region.

Since the heating problem is transient, the initial condition
should be defined. In this case, initially it is assumed that the slab is
at a uniform enthalpy, which can be specified as:

Att =0:T =T,

In order to solve equation (4), two boundary conditions for each
principal axis should be specified. The convective boundary is
assumed at the surface and radiation heat transfer from the surface
is neglected due to a short duration of the laser pulse (0.1 ms), and
at a distance considerably away from the surface (at infinity) it is
assumed that the heating has no effect on the temperature of the
slab; consequently, at a depth of infinity, the temperature is
assumed to be constant and equal to the initial temperature of the
substrate material. The boundary conditions become:

zat infinity=z = o« : T(r, =, t) = To(specified)

r at infinity=r = o : T(,zt) = Ty(specified)

At symmetry axis=1 = 0 : % =0
At the surface=z = 0: kM = he(Ts — To)

0z

where h is the heat transfer coefficient t at the free surface. The heat
transfer coefficient predicted earlier [15] is used in the present
simulations (h;=10*W/m?K). z = « and r = «» are selected
such that the boundary conditions do not affect the temperature
distribution in the irradiated region as numerically tested, i.e.
z=2 mm (thickness of the workpiece) and r=5 mm, which is 16
times the laser beam diameter at the irradiated spot, are selected.
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2.2. Momentum equations

The enthalpy-porosity technique deals with the mushy zone
(partially solidified region) as a porous medium. The porosity in
each cell is set equal to the liquid fraction in that cell. In fully
solidified regions, the porosity is equal to zero, which extinguishes
the velocities in these regions. The momentum sink due to the
reduced porosity in the mushy zone takes the following form [14]:

1 _ 2

S = ((,)B%BE)Amush(V) (7)
where v is the liquid volume fraction, ¢ is a small number (0.001) to
prevent division by zero, Amush is the mushy zone constant. The
mushy zone constant measures the amplitude of the damping;
the higher this value, the steeper the transition of the velocity of the
material to zero as it solidifies. The liquid velocity can be found
from the average velocity is determined from [14]:

—

v
Vig = (8)

3. Numerical solution

The solution for temperature is essentially iteration between the
energy equation (Equation (4)) and the liquid fraction equation
(Equation (3)). Directly using Equation (3) to update the liquid
fraction usually results in poor convergence of the energy equation;
therefore, the method suggested by Voller and Prakash [16] is used
to update the liquid fraction based on the specific heat. To discretise
the governing equation, a control volume approach is introduced.
The details of the numerical scheme are given in [17]. The calcu-
lation domain is divided into grids and a grid independence test is
performed for different grid sizes and orientation. A non-uniform
grid with 350 x 450 mesh points along z and r axes, respectively, is
employed after securing the grid independence. The finer grids are
located near the irradiated spot center in the vicinity of the surface
and grids become courser as the distance increases towards the
bulk of substrate material (Fig. 2). The central difference scheme is
adopted for the diffusion terms. A numerical code FLUENT is used to
simulate the heating situation. The convergence criterion for the
residuals is set as W/k — 1//’"1| < 1075 to terminate the simulations;
consequently, the converged results are obtained and presented.
Table 2 gives the thermal properties of material used in the
simulations.

4. Results and discussion

Laser induced phase change in the irradiated region of steel is
considered and the effect of pulse profile on the resulting
temperature profile and the melt size is examined.

Fig. 3 shows temperature contours for different pulse parameter
(). It should be noted that 8 = 0 corresponds to the Gaussian power

Table 2

Material properties used in the simulations [18,19].

Temp (K) 300 400 600 800 1000 1200 1500
G (J/kgK) 477 515 557 582 611 640 682
K (W/mK) 14.9 16.6 19.8 22.6 254 28 31.7
p (kg/m?3) 8018 7968 7868 7769 7668 7568 7418
L (J/kg) 6258154
Tsolidus (OC) 1400
Tliquidus (Oc) 1454

0 (1/m) 6.16 x 107

intensity distribution. This can be observed from Fig. 4; in which,
the normalized laser power intensity distribution is shown for
different § values. It is evident that energy input during each pulse
of consecutive pulses results in extension of high temperature
region further into the substrate material, which is particularly true
in the radial direction. However, the latent heat of melting beyond
the melting temperature suppresses the extension of high
temperature region into the substrate material. In this case, energy
absorbed from the irradiated field is dissipated through the melting
in the irradiated region rather than internal energy gain giving rise
to a temperature rise. Moreover, the differences in temperature
contours before and after the heating pulse become small in the
region close to the mushy zone. This is because of the large size of
melting region, in which case, absorption of the incident laser beam
takes place in the melting zone and energy transfer from melting
region to the solid phase of the substrate is governed by the
temperature gradient in this region. Since the irradiated energy is
absorbed in the liquid zone, temperature gradients become large
within this zone. In this case, temperature gradient remains almost
the same in the liquid region close to the mushy zone due to
constant temperature constraint across the melting and the mushy
zones. Therefore, heat diffusion from the mushy zone to the solid
phase almost remains the same during the short duration of
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Fig. 3. Temperature contours inside the substrate material for different 3.
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Fig. 4. Spatial distribution of normalized laser pulse intensity along the dimensionless
radial distance for different laser pulse parameter (). The intensity is normalized with
the peak intensity for 8 =0 while dimensionless radial distance 2 corresponds to the
twice of the laser beam radius.

a single pulse of the consecutive pulses. This results in temperature
distribution in the solid phase almost the same. The influence of
laser pulse parameter (#) on the temperature profile is significant;
in which case, increasing “f” changes the location of the peak
power intensity away from the symmetry axis. This lowers
temperature rise and size of the melting zone in the vicinity of the
symmetry axis.

Fig. 5 shows the liquid and mushy zones in the irradiated region
before and after the ending of 50th pulse for different laser pulse
parameter (). The depths of the melt and mushy zones do not
change before and after the pulse beginnings of 50th repetitive
pulse. However, the radial size of the both zones change during the
duration of the 50th pulse. The occurrence of similar depths before
and after the pulse heating is because of the absorption of the laser
beam along the laser beam axis, which is limited within the liquid
zone. This, in turn, increases the melt temperature in the region of
the surface. However, in the bottom region of the melt zone as well
as in the mushy zone temperature remains the same as the melting
temperature of the substrate material. This lowers the temperature
gradient in this region, which in turn suppresses the heat diffusion
from the melt zone to the mushy zone. Consequently, melting zone
size remains the same before and after the heating process due to
the 50th pulse. Since the laser power intensity distribution is
Gaussian at the surface of the substrate material (6=0), laser
power reduces with increasing distance in the radial direction from
the symmetry axis. This results in relatively shallow melt depth
towards the edge of the irradiated spot. Consequently, absorption
depth extends towards the solid substrate in this region enhancing
the size of the melt and mushy zones in the radial direction during
the heating period of the 50th pulse. Moreover, the same argu-
ments are true for 8 = 0.4, provided that the sizes of the melt and
mushy zones at the end of the 50th heating pulse changes. This is
attributed to the shallow melt depth along the laser beam axis.
However, as the laser pulse parameter (8) increases further, the
melt zone disappears before the initiation of the 50th pulse and
melt as well as mushy zones appear after the end of 50th pulse
heating period. This is associated with the peak power intensity of
the laser pulse. It should be noted that the pulse energy is kept the
same for all pulse parameters () and increasing () lowers the laser
peak intensity in the pulse (Fig. 1). Consequently, solid heating and
small depth melting are observed in the surface region. Moreover,
the location of melting zone changes and moves away from the
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Fig. 5. Liquid and mushy zones inside the substrate material for different § and for the
time corresponding to the end of 50th pulse.

symmetry axis in the radial direction. This occurs because of the
laser peak power intensity, which is located away from the
symmetry axis (Fig. 4).

Fig. 6 shows temporal variation of the surface temperature at
the irradiated spot center for different laser pulse parameter (8).
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Fig. 6. Temporal variation of surface temperature for different § values. The location is
center of irradiated spot.
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The spiky appearance of temperature is due to the consecutive
pulses, i.e. temperature increases sharply during the heating period
of each consecutive pulse and it reduces sharply during the cooling
period between two consecutive pulses. Temperature increase is
faster in the early heating period and it becomes gradual as the
consecutive pulses progresses. The rapid rise of temperature during
the early repetition of the consecutive pulses is because of the
internal energy gain of the substrate material in the irradiated
region during the early heating period. In this case, internal energy
gain from the irradiated field in the surface region dominates over
the convective and conductive losses from the surface region. This,
in turn, enhances temperature rise in this region. Once the
consecutive pulses progressed further, the temperature gradient
increases in the surface region causing the diffusional energy
transfer from this region to the solid bulk. In addition, progressing
consecutive pulses result in increased losses from the surface due
to attainment of high temperature at the surface. Therefore,
conduction and convection losses from the surface region lower the
amount of internal energy gain from the irradiated field in
the surface region. This suppresses the rate of temperature rise in
the surface region. Moreover, once the melting initiates, the
amplitude of temperature oscillation reduces as well as the mean
temperature, which remains almost the same during the phase
change process. In this case, internal energy gain from the irradi-
ated field is partially converted to the latent heat of fusion in the
surface region during the melting process. Since the latent heat of
fusion is high (Table 1), this suppresses temperature rise in this
region. On the other hand, increasing the laser pulse parameter ()
lowers the amplitude of temperature oscillation. This situation is
related to laser peak power intensity, which reduces with
increasing f. Increasing the laser pulse parameter () further, solid
heating becomes almost dominant and small size melting in the
surface vicinity is observed.

Fig. 7 shows temperature distribution inside the substrate
material along the symmetry axis for different laser pulse param-
eter () at the end of the 50th consecutive pulse. Temperature
decays sharply from surface towards the solid bulk, which is more
pronounced for the laser pulse parameter (=1. Moreover,
temperature decay becomes gradual as the distance from the
surface increases towards the solid bulk. In this case, diffusional
energy transport from the surface region to the solid bulk becomes
the dominant energy transfer mechanism in this region, i.e., this
region extends below the absorption depth. The constant temper-
ature rise due to the melting process is not visible in the figure. This
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Fig. 7. Temperature distribution along the symmetry axis inside the substrate material
for different § values at the end of 50th pulse.
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Fig. 8. Temperature distribution along the radial direction at the surface for different
8 values at the end of 50th pulse.

reveals that melting process is rapid and smooth transition of
temperature occurs across the melt-mushy-solid zones. It should
be noted that energy content in each pulse with different pulse
parameters is kept the same in the simulations. Consequently,
temperature decay in the vicinity of the surface changes signifi-
cantly with the laser pulse parameter despite the fact that all the
pulses with different 8 values have the same energy content.

Fig. 8 shows temperature variation at the surface in the radial
direction for different laser pulse parameters at the end of the 50th
consecutive pulse. Temperature remains high in the region of the
symmetry axis, which is more pronounced for the Gaussian
distribution of the pulse intensity (6 = 0). However, as the radial
distance increases away from the irradiated spot center, tempera-
ture decreases for § > 0.4 while the opposite is true for § < 0.4. In
this case, the attainment of low temperature at the spot center and
increasing temperature in the radial direction around the
symmetry axis is attributed to the location of laser peak power
intensity, which moves away from the symmetry axis with
increasing the laser pulse parameter §. The constant temperature
region in the temperature profiles is evident for almost all the
6 values. However, the size of constant temperature region reduces
with reducing 8. The constant temperature line represents the size
of the mushy zone next to the melting zone at the free surface of the
substrate material. Consequently, the energy absorbed as well as
the amount of heat diffusion in the radial direction is modified by
the laser intensity distribution and the location of the corre-
sponding peak intensity at the surface.

5. Conclusion

Laser consecutive pulse heating and melting in the irradiated
region of steel is investigated. The influence of laser pulse param-
eter (#) on temperature distribution as well as melting and mushy
zone sizes is examined. Temperature field is computed by using the
control volume approach. It is found that high temperature field in
the irradiated region results in the formation of the melting and
mushy zones in this region, which is particularly true for the
Gaussian laser intensity distribution (8 =0). However, increasing
the laser pulse parameter (8) reduces and relocates the laser peak
power intensity at the irradiated surface. This, in turn, alters
temperature field in the surface region and changes the melting
and mushy zone sizes. Moreover, temporal variation of tempera-
ture appears in spiky form due to repetitive pulse heating.
However, the melting and mushy zones along the symmetry axis



1966 S.Z. Shuja et al. / International Journal of Thermal Sciences 48 (2009) 1960-1966

are not affected significantly by the last repetitive pulse (50th
pulse), since the depth of melting and mushy zones remains almost
the same at the pulse beginning and the pulse ending. This is
attributed to the temperature gradient developed in this region,
which remains the same before and after the pulse irradiation. This
suppresses the conduction heat transfer from the melting zone to
mushy zone as well as from mushy zone to solid phase of the
substrate material. It should be noted that the rise of the laser
intensity at the pulse beginning and the fall of the laser intensity at
the pulse ending are not the same. In addition, the consecutive
pulse begins after the cooling period of the pervious pulse due to
the duty cycle, which in turn, reduces temperature at the pulse
beginning. Temperature rise in the early heating period is rapid
while it becomes gradual as the consecutive pulses progress. This is
associated with the internal energy gain from the irradiated field
and conduction as well as convection losses from the surface
region. In this case, internal energy gain becomes high in the early
heating period promoting temperature rise during this period.
Moreover, temperature oscillation at the surface due to repetitive
pulses is suppressed during the melting process, which is associ-
ated with the latent heat of fusion. The radial distribution of
temperature at the surface reveals that mushy zone size increases
significantly with increasing the laser pulse parameter ().
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