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Abstract

Laser heating and phase change processes in the substrate material are formulated using the energy method. Constant and temperature-dependent
thermal properties (variable thermal properties) of the substrate material are considered in the simulations for comparison. Temperature rise in the
substrate material and mushy zones formed across liquid—solid and liquid—vapor phases are predicted for constant and variable thermal properties
cases. Laser pulse intensity resembling the actual laser pulse is accommodated in the analysis. The recession velocity predicted from the present
simulation is compared with the results of analytical solution obtained previously for constant properties case. The cavity depth predicted is
compared with the experimental results. It is found that the simulation for constant properties results in early evaporation of the surface and
deeper cavities as compared to variable thermal properties case. The prediction of cavity depth for variable thermal properties case agrees well

with the experimental results.
© 2008 Elsevier Masson SAS. All rights reserved.
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1. Introduction

High power interaction with a solid substrate results in solid
heating of the bulk and consequent melting and evaporation of
the irradiated surface. Since the process is fast and involves
with high temperature phenomena for the laser short pulses,
modeling of the laser—solid interaction process becomes essen-
tial. Model studies also provide insight into the physical pro-
cesses taking place during the course of interaction. Moreover,
when modeling of such physical processes, phase change and
mushy zone formation across each phase should be considered.
Although the mushy zone generated between the co-existed
phases is small in size, the consideration of the mushy zone
is essential to capture the actual physical processes. Since the
material properties vary with temperature; therefore, tempera-
ture dependent thermophysical properties should be introduced
in the simulations.
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Considerable research studies were carried out to examine
the laser evaporative heating process. Yilbas [1] introduced the
analytical solution for the laser evaporative heating process
while assuming a thermal equilibrium during the evaporation at
the surface. However, the heating situation is three-dimensional
and energy transfer in the radial direction should be accounted
for. Yilbas et al. [2] examined the steady evaporation rate of
the surface analytically for laser machining applications. How-
ever, the analysis was limited with co-existing of two phases
and mushy zone consideration was neglected in the model study
due to the simplicity. Numerical modeling of a laser heating sit-
uation was considered by Yilbas [3]. He introduced the surface
functions to accommodate for the surface evaporation. How-
ever, temporal variation of evaporation rate was limited to the
considerable short durations due to the computational difficul-
ties.

A numerical approach for laser heating process in relation to
drilling is introduced by Ganesh et al. [4]. They used the flow
equations to predict the vapor front behavior during the evap-
oration process while accommodating the constant properties
of the substrate material in the analysis. A mathematical model
for the phase change in laser welding of solid substrate was
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Nomenclature
A ATCA ..ttt m?
a Gaussian parameter ..................co..... m
Cp,, specific heat capacity of liquid phase .... J/kg/K
Cp, specific heat capacity of solid phase ... .. J/kg/K
Cp, specific heat capacity of vapor phase .... J/kg/K
C various empirical constants in turbulence model
h convective heat transfer coefficient .. ... W/m?/K
sensible enthalpy ................ ... .. ... J/kg
1, laser power intensity .................... W/m?
k thermal conductivity .................. W/m/K
km thermal conductivity of liquid phase .... W/m/K
kg thermal conductivity of solid phase ..... W/m/K
kp thermal conductivity of vapor phase .... W/m/K
Ly, latent heat of melting ..................... J/kg
L, latent heat of evaporation ................. J/kg
r distance along the radial direction ............ m
ry reflectance
S SOUICE LeTM . ..ottt W/m?
T EMPETAtUIe ... ...vvteeiieeeeeeennn.. K
T melting temperature ......................... K
Ty evaporation temperature ..................... K

tm time at which melting starts in the solid phase .. s
tgl time at which solid-liquid mushy zone starts
converting into the liquid phase ............... S
tp time at which evaporation starts in the liquid
Phase ..o S
U energy content ..................iiiiiiiaa.. J
v volume ... m?
X quality
zc depthofcavity .............oooiiiiiii.. m
Z distance along the radial direction ............ m
Greek symbols
8 reciprocal of absorptiondepth ............. m~!
P density ...t kg/m3
Subscripts
b vapor-liquid mushy zone; vapor
m liquid—solid mushy zone liquid
max maximum; maximum cavity radius
ref reference
K solid, surface

introduced by Pecharapa and Kar [5]. They developed simpli-
fied expression for the shapes of the solid-liquid and liquid—
vapor interfaces during the quasi-steady state heating situation.
Laser ablation of solid surface and numerical simulation of va-
por front was carried out by Liu et al. [6]. They assumed the
equation of state for a vapor phase in a simplified form and
one-dimensional gas dynamic equations were accommodated
in the analysis. The semi-analytical approach for laser drilling
of metals was presented by Solana et al. [7]. They used a per-
turbation technique for temporal solution of the vaporization
process after the assumption of constant material properties.
Two-dimensional gas dynamic model for the laser ablation was
introduced by Gusarov et al. [8]. However, the solid heating
and phase change processes were modeled in one-dimensional
form. The laser alloying of metallic surfaces using a laser was
examined by Kim and Sim [9]. They indicated that mushy zone
developed between solid—liquid interface had significant effect
on the heat transfer rates from liquid metal to the solid bulk.
Temperature calculation in the melt during laser heating pro-
cess was carried out by Rostami and Raisi [10]. They showed
that the heat affected zone increased with increasing workpiece
transition speed. Laser key-hole formation during laser deep
penetration welding was formulated by Matsunawa and Se-
mak [11]. They showed that humps on the key hole occurred
when the speed of melt isotherms became higher than the trans-
lational speed. Laser evaporative heating of metallic surfaces
was investigated by Zhang and Faghri [12]. They indicated that
increasing conduction losses from the melt zone reduced sig-
nificantly the liquid layer thickness. Laser melting process and
flow circulation in the melt pool was investigated by Basu and
Date [13]. They predicted numerically temperature distribution
in the melt pool and obtained the mushy zone across the solid

and liquid phases using the enthalpy method. Shen et al. [14] in-
vestigated the laser induced heating and melting in solids. They
developed the expression for the melt depth after assuming tem-
perature profiles in the liquid and solid regions. The numerical
analysis of the effects of non-conventional laser beam geome-
tries during laser melting of metallic materials was carried out
by Safdar et al. [15]. They predicted the sizes of melt and mushy
zones after considering the surface heat source heating situa-
tion. The enthalpy-based lattice Boltzmann model for diffusion
dominated solid-liquid phase transformation was introduced by
Chatterjee and Chakraborty [16]. The proposed model provided
temperature predictions in the melt, mushy, and solid zones for
the constant properties case and the surface heat flux heating sit-
uation. Yilbas and Mansour [17] cavity formation and vapor jet
expansion from the cavity. They showed that the vapor pressure
close to 1 GPa occurred in the cavity for the short heating dura-
tion. Bin Mansoor and Yilbas [18] considered the laser induced
evaporation process and predicted the surface recession numer-
ically for constant material properties. However, the material
properties are temperature dependent and should be accommo-
dated in the analysis to secure the accurate results.

In the present study, an extension of the previous work [18],
laser non-conduction limited heating of steel surface is consid-
ered and phase change processes due to melting and evapora-
tion are modeled using the energy method. Temperature depen-
dent thermal properties are accommodated in the analysis and
predictions due to the constant properties are compared with
their counterparts corresponding to the variable thermal proper-
ties. The laser pulse used in the simulation resembles the actual
laser pulse used in the experiment. The predictions of recession
velocity and laser produced cavity depth are compared with the
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previous analytical solutions [19] and experimental results, re-
spectively.

2. Mathematical analysis

Energy equation for each phase is solved independently as
well as being coupled across the interfaces of the two-phases,
where both phases exist mutually (mushy zones). In the case
of constant properties, governing equations of heat transfer and
mushy zone are solved numerically while assuming all the ther-
mal properties are constant. The laser output power intensity
distribution at the workpiece surface is considered being Gaus-
sian and its centre is located at the centre of the co-ordinate sys-
tem. The temporal variation of laser power intensity resembling
the actual laser pulse is accommodated in the simulations. This
arrangement results in an axisymmetric heating of the work-
piece material. The heat conduction equation for a solid phase
heating due to a laser irradiation pulse with a Gaussian intensity
profile can be written as:

8( T 10 L oT n 0 ‘ oT +s 0
Z (o.c = kr— R A
at PsCrs ror\° or 9z \ " oz ¢

where S, is the volumetric source term and it is,

2
So = Io8(1 —ry) exp(—8z) eXp<_r_2) ”
a

I,, 8,7y and a are the laser peak power intensity, absorption co-
efficient, reflectivity and the Gaussian parameter, respectively.

The initial and boundary conditions for Eq. (1) are given
below. Initially, the substrate material is assumed at a uniform
temperature, 7y, i.e.:

at time zero = t=0: T(r, z,0) =T, (specified)

At a distance considerably away from the surface (at infin-
ity) in the radial direction a constant temperature 7, is assumed.
Since the heating has no effect on the temperature rise at a
depth of infinity below the surface, temperature is assumed to
be constant and equals to the initial temperature of the substrate
material in this region. The respective boundary conditions are:

r at infinity = r =o0: T(00, z,t) =T, (specified)
z atinfinity = z=o00: T(r,00,t) =T, (specified)

At the symmetry axis, maximum temperature is assumed and
the convection boundary condition is considered at the work-
piece surface, i.e.:

oT (0, z,t
at symmetry axis = r =0: 7(8 %) =0
r
and
aT (r,0,t
at the surface = z=0: k% =h(T(r,0,1) —T,)
z

where £ is taken as 10 W/m? K due to natural convection from
the surface prior to evaporation [20].

Since the evaporation temperature depends on the pressure
and this relation is not known for steel vapor, it is assumed that
the substrate material has single melting and boiling tempera-
tures. Moreover, once the phase change initiates, a mushy zone

Mushy Cell Mushy Cell

Mushy Cell

Mushy Cell

Fig. 1. A schematic view of the mushy zone.

(mutually existence of two-phases) is introduced across the in-
terface of two phases (Fig. 1). During the phase change process,
including the mushy zone, temperature of the substrate material
remains the same, but its enthalpy changes in this region. This
situation can be formulated via energy balance in the mushy
zone. It should be noted that nominal laser pulse length is 24 ns,
therefore, the flow in the vapor and liquid layer during the heat-
ing process is neglected, i.e. 1 um of fluid motion, in radial or
axial direction, in the liquid layer requires the liquid velocity
in the order of 1000 m/s, which may not be the case that oc-
curs in the present simulations; consequently, during the short
heating period, the fluid motion in the liquid and vapor lay-
ers is assumed not to influence the heat transfer mechanism in
these zones. Consider a differential element in the mushy zone
(Fig. 1) and let x,, is the mass fraction of liquid present in the
element. Energy content (AU) of the differential element with
volume AV at melting temperature 7;, can be written as:

AU = pm AV [ X0 (L + ¢, (T — Tref))

+ ¢p (1 = x) (T — Trep) ] 3)
where
mm
Xp=—"—
" my, + mg

Trets Xm, My, my are reference temperature for enthalpy, quality
(mass fraction) of liquid, mass of liquid and mass of solid in
the element, respectively. After assuming specific heat of melt
is the same as the solid at the melting temperature (cp, = cp,,
at T =T,,), and differentiation of Eq. (3) with time yields:

ou 0Xm,

— = pmLpn— 4
a PmLm a 4
U

since cp,, (T — Tref) = const. and u = 3.

Substituting Eq. (4) into Eq. (1) and re-arrangement results
the energy equation for the differential element in the mushy
zone:

0x, 190 aoT d aT
Ly— =——\knr— —| bk — S 5
p’”’"at rar(’"rar>+az<’"az)+” ©)

Eq. (5) is valid in the mushy zone whereO < x,, < 1, i.e.
temperature of the cells with 0 < x,,, < 1 is set to melting
temperature (T = T,,). For the situation x,, = 1, liquid phase
occurs and Eq. (1) is used to determine the temperature rise in
the liquid heating with using the liquid thermal properties in
the equation. Moreover, the liquid heating continues until the
boiling point is reached in the substrate material; in which case,
a new mushy zone is formed. In this case, Eq. (5) is modified
for a differential element in the mushy zone subjected to evap-
oration, i.e.:

Laxb_13k8T+8k8T LS ©)
pbbat_rar brar 0z baz ¢
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Table 1

Thermal properties of substrate material and pulse parameters used in the simulations

ks 139.7356 — (0.1896) T + (0.0001)T2 (W/mK) (solid phase)
Ps 7860 (Kg/ m?) (solid phase)

Cpy 110.0215 + (1.2405)T — (0.0006)T2 (J/kg K) (solid phase)
Km 37 (W/mK) (liquid phase)

om 6891 7860 (Kg/m?) (liquid phase)

Cpm 824 (J/kg K) (liquid phase)

Ky (0.9)k;, (W/mK) (vapor phase)

Pb pm/15 (Kg/m3) (vapor phase)

Cpp (1.1)Cp,,, (vapor phase)

Ly, 247112 (J/kg)

T 1811 (K)

Ly 6213627 (J/kg)

T, 3134 (K)

T, 300 (K)

Too 300 (K)

b 6.17 x 10° (1/m)

Ty 0.5

ro 1.25 x 107> (m)

a 2ry/3 (m)

I, 5% 1012 (W/m?)

I o8 exp(—52) exp((—5)) (0.01057( 5 g) +0.01182(5--g) 4 750.00438 (1)) exp(— 1011068 (5——))
Nominal

pulse

length 24 (ns)

Eq. (6) is applicable for temperature 7 = T and 0 < x < 1
in the mushy zone (partially liquid partially vapor zone); in
which case, temperature of the cells with 0 < x5 < 1 is set to
the boiling temperature of the substrate material(7 = Tp). It
should be noted that x,, is replaced with xpin Eq. (5), which
represents the fraction of vapor phase in the differential ele-
ment. The calculation of x; is the same as x,,, provided that
latent heat of fusion is replaced with latent heat of evaporation
of the substrate material in Eq. (5) in the later.

The boundary condition at the evaporating surface is intro-
duced in relation to Eq. (6). In this case, the temperature along
the evaporated surface is kept at boiling temperature of the sub-
strate material, i.e., the cells in the evaporated region are kept at
boiling temperature, i.e.:

In the mushy zone, at z =z, = T (, zp,t) = T where z;
represents the axial location at the evaporated surface.

Eqgs. (5) and (6) provide the relative position of solid-liquid
and liquid—vapor interface in the substrate material. Liquid—
vapor interface determines the shape and size of the cavity
generated during evaporation process.

3. Numerical solution

Eq. (1) is applicable to solid and liquid heating, Eq. (5) is
applicable to mushy zone at solid-liquid interface and Eq. (6)
is applicable to mushy zone at liquid—vapor interface. To dis-
cretize the governing equations, a finite difference scheme is in-
troduced. The details of the numerical scheme are given in [21].
To compute the equations discretized for temperature field and
relative positions of solid-liquid and liquid—vapor interface, an
implicit scheme is used, i.e. using the initial conditions, the tem-
perature in the whole domain is calculated for following time

steps with the respective conditions. The discretization proce-
dure is given in the appendix. The temporal resolution for the
implicit scheme is set as 0.5 x 10~ s in the simulations.

The calculation domain is divided into the staggered grids
and the grid independence test is performed for the different
grid sizes and orientations. The grid size resulting the grid
independent solution is used in the simulations, i.e., the grid
containing 100 x 120 mesh points in the r and z-axes is accom-
modated. In the z-axis, a spacing of Az =3.2415 x 1078 m is
used while in the radial direction (normal to the laser beam axis)
Ar = 8.3333 x 1078 m increment is selected. A computer pro-
gram employing the implicit scheme is developed to compute
the temperature field and the relative positions of solid—liquid
and liquid—vapor interfaces. Since the first-order backward dif-
ferences for time derivatives are used, the discretized equations
constitute an implicit scheme. In the absence of convection
terms, which is the case in hand, this scheme is uncondition-
ally stable with respect to the size of the time step Az, given
that the spatial steps Ar and Az are fixed.

The material properties and pulse intensity used in the sim-
ulations are given in Table 1. It should be noted that the laser
pulse properties employed in the simulations resemble the ac-
tual pulse used in the experiment (Fig. 2).

4. Results and discussion

Laser evaporative heating and cavity formation in the solid
substrate is modeled. The energy method is used to identify
the mushy zones between solid-liquid and liquid—vapor phases.
Constant and variable thermal properties of the substrate mate-
rial are employed in the simulation to examine the influence of
the substrate properties on temperature field, formation of the
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Fig. 2. Laser pulse intensity used in the simulations.

mushy zones, and the cavity size. Table 1 gives the material
properties and laser pulse parameters used in the simulations.
Fig. 3 shows the temperature contours and cavity formation
in the surface region of the substrate material during two heat-
ing periods and for constant and variable thermal properties of
the substrate material. The cavity size enhances particularly in
the axial direction for the constant properties case, which is
more pronounced in the early heating periods when laser pulse

intensity increases with the time. The decrease in cavity depth
due to the variable thermal properties case is associated with
the decrease in thermal conductivity and increase in specific
heat capacity with increasing temperature, i.e., thermal conduc-
tivity is 134 W/m/K at 100°C and 31.2 W/m/K at 1500°C
while specific heat is 216 J/kgK at 100 °C and 654 J/kgK at
1500 °C. In this case, decreasing thermal conductivity results in
small heat diffusion from the irradiated region to the solid bulk.
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Fig. 3. Temperature counters for constant and variable thermal properties cases.

However, increasing specific heat capacity reduces temperature
rise in the irradiated region for the same internal energy gain
for both constant and variable thermal properties cases. This, in
turn, suppresses the melting and evaporation rates in the surface
region. Consequently, cavity depth becomes shallower in the re-
gion particularly where temperature rise in the substrate is high
for the variable thermal properties case than that of the constant
properties case. The high temperature region extends along the
axial direction in the symmetry axis where the absorbed laser
power intensity is high. It should be noted that laser power in-
tensity distribution at the substrate surface is Gaussian and the
peak intensity occurs at the symmetry axis. Increase in the cav-
ity depth because of constant properties case is almost twice of
that corresponding to the variable thermal properties case dur-
ing the heating pulse of 6 ns while it is only 1.35 times after
24 ns, which corresponds to the time of 15 ns after the laser
pulse ends. Consequently, enhancement in the cavity depth is
significant during the heating pulse and it slows progressing af-
ter the laser pulse ends. Moreover, increase in the cavity depth
after the laser pulse ending is associated with the convection
heating of the cavity surface by the vapor front present in the
cavity. Three-dimensional view of the cavity shape is shown in
Fig. 4 for variable and constant thermal properties case. Cav-
ity enhancement in the axial direction is more pronounced than
that of radial extension.

Fig. 5 shows temperature distribution along the symmetry
axis inside the substrate material for constant as well as vari-
able thermal properties cases at different heating durations. It
should be noted that temperature is limited to the evaporation
temperature of the substrate material along the temperature axis
in the figure. Temperature decreases sharply in the liquid re-
gion (T > T,,) as compared to the solid region (T < T,;,). The
sharp decay of temperature can be related to the energy ab-
sorbed by the substrate material from the irradiated filed in this
region. It should be noted that the laser absorbed energy de-
creases exponentially with the increasing depth below the sur-
face (Lambert’s law). In the solid region temperature decreases
with increasing depth below the surface due to the diffusional
energy transport in this region, since the solid region extends
beyond the absorption depth. Consequently, contribution of ir-
radiated energy to temperature rise in the solid region is not sig-
nificant; therefore, temperature decay in this region depends on
temperature gradient which is the only driving force for a dif-
fusional heating in this region. As temperature gradient reduces
with increasing depth from the liquid—solid interface, temper-
ature decay becomes gradual due to small diffusional energy
transfer in this region. The mushy zone developed between the
liquid—solid phases is evident for the constant properties case
(temperature remains constant at melting temperature at a short
depth). Moreover, the depth of the cavity is deeper for the con-
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Fig. 4. Cavity shape obtained for variable and constant thermal properties case
at 19.7 ns of heating duration.

stant properties case than the variable thermal properties case.
This situation is also seen from Fig. 6, in which cross-sectional
view of the heated regions is shown. This indicates that temper-
ature dependent properties have significant effect on the melting
and evaporation rates. In this case, thermal conductivity reduces
with increasing temperature, which, in turn, results in small heat
diffusion from the irradiated region to its neighborhood. How-
ever, increased specific heat capacity with temperature reduces
temperature rise in the irradiated region suppressing the melting
and evaporation rates in this region. Consequently, increasing
specific heat capacity and reducing thermal conductivity with
increasing temperature yield the small cavity depth for the vari-
able thermal properties case. The small size of the liquid—solid
mushy zone is associated with the low rate of heat diffusion
from the liquid to the solid phases as well as low temperature
rise in the liquid phase in the region next to the solid phase, i.e.,
reducing thermal conductivity with increasing temperature sup-
presses the diffusional energy transport from the liquid phase
to the solid phase while increasing specific heat capacity with
increasing temperature lowers temperature rise in the liquid re-
gion next to the solid phase.

Fig. 7 shows temperature distribution in the radial direc-
tion at the surface for constant and variable thermal properties
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Fig. 5. Temperature distribution inside the substrate material along the sym-
metry axis obtained from variable and constant thermal properties cases for
different heating durations.

cases at different durations. The extension of the cavity size, as
judged by the radial distance corresponding to the evaporation
temperature, is evident for constant properties case due to high
heat rate of diffusion and high rise of temperature due to high
thermal conductivity and low specific heat capacity. Moreover,
convective cooling as well as energy diffusion from the surface
region to the solid bulk after pulse ending results in decay of
temperature in the radial direction. This situation can be ob-
served when comparing temperature profiles at 12 ns and 24 ns
heating durations, i.e., cooling of the surface results in the tem-
perature profile to move towards the symmetry axis (r = 0) in
the radial direction. The radial temperature gradient in the lig-
uid phase is large for time period ¢ > 12 ns, which corresponds
to duration after the laser pulse ending. This is true for tem-
perature profiles in the liquid and solid phases. Consequently,
cooling of the surface results in sharp decay of temperature in
both phases after the laser pulse ending. However, the size of
mushy zone in the radial direction is larger than that of axial
direction due to laser power intensity distribution in the radial
direction at the surface, which is Gaussian. This situation is also
observed from Fig. 2. In this case, laser power intensity at the
surface reduces with increasing radial distance from the sym-
metry axis. This, in turn, enhances the size of the mushy zone
in the radial direction.
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ties cases.

Fig. 8 shows temporal variation of temperature at the sym-
metry axis at different depths below the surface for constant and
variable thermal properties of the substrate material. In the case
of constant properties, the rise of the temperature is rapid in the
solid as well as in the liquid phases. This is more pronounced in
the surface vicinity where the power intensity absorption is the
highest. Increasing depth below the surface lowers the rise of
temperature in both phases, in particular in the liquid phase.
This is associated with the amount of absorbed radiated en-
ergy by the substrate material, which reduces with increasing
depth from the surface (Lambert’s law). Moreover, the dura-
tion of constant melting temperature remains almost the same at
different depths below the surface. This indicates that the dura-
tion of mushy zone formation in the substrate material remains
almost constant with increasing depth, provided that the reces-
sion of the mushy zone in to the substrate material may not be
constant, since the time required for melting changes in a non-
linearly form as the depth below the surface increases. When
comparing constant and variable thermal properties cases, tem-
perature rise is slower in both phases for the variable thermal
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Fig. 7. Temperature distribution along the radial axis for variable and constant
thermal properties cases.

properties. This is more pronounced with increasing depth be-
low the surface. The slow rise of temperature at the surface,
despite reducing thermal conductivity with increasing tempera-
ture, is because of the increase of the specific heat capacity with
temperature. In this case, reducing thermal conductivity with
increasing temperature results in less energy dissipation from
the irradiated surface towards the solid bulk, i.e., temperature is
expected to rise in the surface region. However, increasing spe-
cific heat capacity with increasing temperature suppresses tem-
perature rise in the surface region. Consequently, large increase
in the specific heat capacity with increasing temperature lowers
temperature rise in the surface region despite the decrease in
thermal conductivity. It should be noted that the magnitude of
decrease in thermal conductivity between 100 °C and 1500 °C
is 101.9 W/m K while the magnitude of increase in specific heat
capacity between 100 °C and 1500 °C is 438 J /kg K. Therefore,
large magnitude of increase in specific heat capacity is response
for slow rise in temperature in the surface region. Moreover, the
slow rise of temperature in the solid phase in the region close to
the melting temperature as well as the in the liquid phase close
to the vapor temperature is because of the mushy zones formed
across the liquid—solid and vapor-liquid phases. Therefore, the
mushy zones act like a heat sink at the inter-phases lowering the
temperature rise in the inter-phase vicinity.
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Fig. 8. Temporal variation of temperature obtained for variable and constant
thermal properties cases.

Fig. 9 shows recession velocity of the vapor-liquid surface
along the radial direction for different heating periods. Reces-
sion velocity is higher along the symmetry axis and it reduces
gradually with increasing radial distance from the symmetry
axis. Recession of the liquid—solid surface towards the solid
bulk is higher in the case of variable thermal properties cases
than that of constant properties case. This is true for heating
periods # < 10.9 ns. The attainment of the high recession veloc-
ity for variable thermal properties case is because of the small
energy diffusion in the irradiated region due to low thermal con-
ductivity at high temperatures. However, once the laser pulse
intensity reduces significantly, it also reduces significantly. In
the case of variable thermal properties case, low thermal con-
ductivity at high temperatures results in higher recession ve-
locity than that of constant properties case in the cooling cycle
(t = 15.3 ns). Consequently, once the laser pulse intensity re-
duces, recession velocity decreases for variable thermal prop-
erties case. However, the decrease in recession velocity results
in small cavity depth because of small rate of evaporation from
the surface. In the case of temporal variation of recession veloc-
ity at different radial locations for constant and variable thermal
properties case (Fig. 9). Recession velocity initiates earlier for
the constant properties case because of the early start of evapo-
ration. In the case of variable thermal properties case, recession
velocity increases rapidly and reaches its maximum, and then
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Fig. 9. Recession velocity variation along the radial direction and with time
obtained for variable and constant thermal properties cases.

decays rapidly with progressing time. High recession velocity
occurs during the period of 6-10 ns, when the laser power inten-
sity is high. As the power intensity reduces with the progressing
time so that the recession velocity reduces. When comparing
recession velocity due to constant and variable thermal prop-
erties cases, recession velocity corresponding to the variable
thermal properties case attains higher values than that of con-
stant properties case during the time period of 6-10 ns. This
is because of increasing specific heat capacity with tempera-
ture, which in turn increases the internal energy gain of the
substrate material at vapor temperature. This accelerates the
rate of operation at the surface. Moreover, small conductiv-
ity at high temperatures suppresses the thermal diffusion from
the irradiated region to the solid bulk. This contributes to the
enhancement of internal energy gain in the surface region. Con-
sequently, evaporation rate increases further so that recession
velocity increases. Fig. 10 shows comparison of recession ve-
locity predicted from variable and constant thermal properties
cases and obtained from the previous analytical solution [19].
When comparing recession velocities, it can be observed that
recession velocity predicted for the constant properties case
agrees well with the result of the analytical solution. It should
be noted that analytical solution is obtained for the constant
properties case. Moreover, some small discrepancies between
the result of analytical solution and the predictions are because
of the one-dimensional consideration in the analytical solution.
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Fig. 11. Cavity profiles predicted from variable and constant thermal properties
cases and the experiment.

Fig. 11 shows cavity shape predicted from the variable and
constant thermal properties cases as well as obtained from the
experiment. It can be observed that cavity is obtained from the
variable thermal properties case agrees well with the experi-
mental results.

5. Conclusions

Laser pulse heating and cavity formation in the irradiated
region are examined. Temperature rise in the substrate material
and formation of the mushy zones across the liquid—solid and
liquid—vapor phases are formulated. Laser pulse shape resem-
bling the laser actual pulse is accommodated in the analysis.
The constant and variable thermal properties of steel are con-
sidered in the simulations and temperature predictions are com-
pared. An experiment is conducted to compare the cavity shape
predicted for constant and variable thermal properties cases.
The closed form solution developed in the early study for re-
cession velocity is accommodated to compare the predictions
with the results of analytical solution. It is found that variable
thermal properties case results in shallower cavity depth than

that of constant properties case, particularly along the symme-
try axis where the laser power intensity is the highest. In this
case, increasing specific heat capacity with temperature is re-
sponsible for the shallow cavity depth despite reducing thermal
conductivity with increasing temperature. Rise of temperature
in the solid and liquid phases is larger for constant properties
case than that corresponding to the variable thermal proper-
ties case. The evaporation of the surface starts earlier for the
constant properties case than that of the variable thermal prop-
erties case. This, in turn, enhances the cavity depth along the
symmetry axis. Recession velocity attains high for the variable
thermal properties case during the time when the laser pulse in-
tensity reaches its maximum. However, as the heating duration
progresses, recession velocity for the constant properties case
becomes higher than that corresponding to the variable thermal
properties. When comparing recession velocity obtained from
the analytical solution and the present predictions, prediction
corresponding to the constant properties agrees well with the
result of analytical solution, since the analytical solution is ob-
tained for the constant properties. Moreover, when the depth
of cavity obtained from the experiment and predicted from the
simulations are compared, prediction of variable thermal prop-
erties case agrees well with the experimental result.
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Appendix A. Discretization of the governing equations

The relevant governing equations are Egs. (1), (3), (5),
and (6). These equations contain four main variables, Ty, T}, X,
and xp. In actual numerical implementation we treat 7y and
T; as the same variable since solid and liquid do not exist
simultaneously at a grid point. Where they do, they are de-
scribed by means of the quality. So we need to discretized only

three equations. These equations contain the following generic
derivative terms, 33—{, %%(r%), %275 and %—f. For a grid point
C, E and W are its r-direction neighbors, while N and S are
its z-direction neighbors as shown in Fig. A.1. For temporal
derivatives first-order backward differences are used whereas
for spatial derivatives second-order central differences have
been employed. These selections lead to an implicit scheme.

If we set p as the time index, i as the r-coordinate index and
J as the z-coordinate index then the discretized form of Eq. (1)

becomes:

P _ p P
acT;; =apT, ; +awT;

p p
—1,j +aNTi,j+1 +aSTi,j—l

+ 177 +ans!, (A1)

where

_ aAt(r; +0.5Ar)

aAt(ri —0.5Ar)
ag = e —

aw =

ri(Ar)? ' ri(Ar)?
a At At

aNy =as = ———=, = —

NER T a0 T o
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Fig. A.1. An internal grid point with neighbors for an axisymmetric laser heat-
ing of a substrate material.

ac=1+ag +aw +an +as

In the case of solid phase:

p=ps, Cp=Cp(T), a= L@
pApr(T)

In the case of liquid phase:

p=p, Cp=Cp(T), a= LI
p1Cp(T)

The discretize form of the equation determining the quality
(x;) in the solid-liquid mushy zone yields:

P P P P
Xm; j :bETH—l,j - bCTi,j +bWTi—1,j

+bz(T0 =210+ Ty +buS); + xhiy (A2)

where
b — anCp,, At(ri +0.5Ar) _ anCp,, At(r; —0.5Ar)
T L YT Lanar?
o, Cp,, At At
bc=bg+bw, by=bs=—"—, bpg=
Lm(AZ)2 OmLm

The discretize form of the equation determining the quality (x)
in the liquid—vapor mushy zone yields:

xif,-,_; = CETi’erj - cch-""j +CWT,-"11,]-
tez (T =20+ T ) +ensl +x) 1 (A3)
where
_apCpyp At(ri +0.5Ar) _apCpyAt(ri —0.5Ar)
R R PV o
cc=cg+tcw, cn= s=LCpbAt, H=i
Lp(Az)? P Lp

For all equations,

8P =1,()8(1 — rp) exp(—8z,) exp(—r} /a’) (A4)

During the laser heating of the substrate it is to be noted that
when evaporation starts, the metal vapor is ejected out and
leaves behind a cavity. The laser beam is now focused on the
deformed surface of the substrate, which constitutes the cavity.
This aspect has to be accommodated in the solution procedure.
In this case the heat source distribution has to be modified so
that its peak value always occurs at the substrate surface. The
appropriate modifications are,

S =181 —ry)exp(=8(z; — ze) exp(—r /a’)
O <7 < rmax, 2226)
Sl.”’j =1,(0)8(1 —ry) exp(—(Szj)exp(—r,-z/az) (r > rmax)

where zc; is the depth of the cavity, which varies with r; until
r = rmax Where zc =0.
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