(@ Pergamon

Int. J. Heat Mass Transfer. Vol. 41, No. 13, pp. 1969-1981, 1998
© 1998 Elsevier Science Ltd. All rights reserved

Printed in Great Britain

0017-9310/98 $19.00+0.00

PII: S0017-9310(97)00288-3

Three-dimensional laser heating including
evaporation—a kinetic theory approach

B. S. YILBASt and M. SAMI

Mechanical Engineering Department, King Fahd University of Petroleum and Minerals, Dhahran,
Saudi Arabia

(Received 11 March 1997 and in final form 19 September 1997)

Abstract—In laser heating process, energy is transmitted to the lattice site molecules through successive
collisions. It is this collision mechanism, which describes the heating model. The present study is carried
out to develop 3-D laser heating model! including the phase change process. The probability of electron
and lattice site atom collisions is considered in the case of conduction heating process while the probability
of vacancy and molecular collisions is taken into account when dealing with the phase change process.
Consequently, the collision probability of each species is considered when describing the conduction,
melting and evaporation processes in laser pulse heating. Since the energy equation resulted is in the form
of integro-differential equation, a numerical scheme is introduced to solve the governing equation. The
temperature profiles predicted from the present study are, then, compared to the results obtained from the
previous study. It is found that 3-D model gives lower surface temperatures as compared to the previous
results obtained from 1-D model. © 1998 Elsevier Science Ltd. All rights reserved.

INTRODUCTION

Advancement in laser material processing in industry
encourages the development of several model cal-
culations of both spatial and temporal temperature
profiles in laser heated solids. The surface treatment
of engineering metals by laser heating becomes one of
the important rescarch fields in recent years [1-3].
Square-shaped temperature distribution induced by a
Gaussian-shaped laser beam was predicted by Lu {4]
using a Poisson equation with appropriate boundary
conditions. Diniz Neto and Lima [5] developed non-
linear 3-D heating model relevant to short pulse laser
heating process. The governing equation of energy
was solved numerically and the resulting temperature
distributions were computed. However, the laser heat-
ing process was examined analytically by Yiibas {6]
employing the intensity time dependent pulses. The
equation of heat conduction was solved in the Laplace
domain and the inversion was carried out using the
Dawson’s integral method. He showed that thermal
integration of pulse heating was possible when the
repetition rate of the heating pulse increased to 1 kHz.
Laser heating process including the phase change was
also investigated by several researchers [7-9]. Schulz
et al. [10] examined heat conduction losses in laser
cutting process. They solved the Fourier heat con-
duction equation through an analytical approxi-
mation. They showed that the power loss into sub-
stance through conduction was substantial and their
results agreed well with the experimental findings.
Moreover, analysis of heat conduction in deep pen-
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etration welding with a time-modulated laser beam
was introduced by Simon et al. [11]. Steady state solu-
tion of governing energy equation based on Fourier
cated that the heat affected zone was not influenced
by the temperature oscillations. Malian [3] introduced
the solution of Poisson equation for the dual-beam
CO, laser cutting process. He showed that theoretical
predictions were in agreement with the experimental
results. However, Yilbas and Sahin [12] introduced
analytical solution to laser heating including the evap-
oration process. The solution was limited to step-input
intensity and quasi-steady solution was attempted due
to complicated nature of the process. Yilbas [13] intro-
duced a numerical solution to laser heating appro-
priate to the laser drilling process. He employed 3-
D heating model and vapor ejection was introduced
through momentum equations. He showed that the
prediction for the temperature rise well agreed with
the experimental findings.

In the analysis of the laser matchining mechanisms
which have been carried out to date the central feature,
in general, has been the use of the Fourier conduction
equation to describe the way in which photon energy
from the laser beam is transferred to the atomic lattice
of the workpiece material. It is this energy transfer
mechanism which defines the laser interaction process
and therefore the rate at which the material is removed
through the evaporation. The Fourier equation of

conduction for laser heating of solids is not strictly

valid, due to the assumptions made in the theory.
The heat flux through a given plane depends on the
electron distribution through the substance. On the
scale distance required to examine the conduction pro-
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dt time increment [s]

dx spatial increment [m]
specific heat [J (kg-K)™"]
E,, electron energy [J]

E., phonon energy [J]
. g, h fraction of excess energy exchange
Iy laser peak power intensity [W m™?]

k thermal conductivity [W (m-K)™']
kg Boltzmann’s constant
[1.38x 1072 J K]
M, m molecular mass or mass flux [kg]
N electron number density [ m 7]
N,  number density of lattice site [ m ]

P, probability of bound molecule
collision
P,  probability of free molecule collision

NOMENCLATURE

P, probability of vacancy

T(s,y,z,t) electron temperature in the x-
axis

T(x,n,z,1) electron temperature in the y-
axis

T(x,y,&, 1) electron temperature in the z-
axis

U potential energy [J]

14 electron mean velocity [ms™'].

Greek symbols

thermal diffusivity [m? s ']
mean free path of electrons [m]
absorption coefficient [l m~']
mean free path of molecules [m]
density (kg m~7.

TR O R

cess, the material can no longer be considered as being

a continunm Whan the machinino nower intencitieg
4 Conunuum. vwiacn i macniniinig power IMCnsitics

(~10" W m~?) are concerned the higher-order terms
in the heat transfer equation become important [14].
Consequently, the heating mechanism appropriate to
laser machining process should be examined on a
microscopic level and the development of a new model
describing the process becomes necessary.

The limitations in the application of Fourier heating
model is laser material processing led to the devel-
opment of a new heating model relevant to pulsed
laser machining process. The model involved essen-
tially an energy transfer mechanism, which occurred
during successive collisions of electrons with lattice
atoms [15]. In this case; the free electron gains energy
from the laser beam via absorption and makes suc-
cessive collisions with the lattice atoms. It is this col-
lision process which defines the energy conduction
mechanism. Qin and Tien [16] introduced an electron—
lattice atom collision process when modeling two-step
heat conduction model. However, the model
developed was based on Fourier heat conduction
equation and the electron—phonon collision was incor-
porated through a coupling factor. Yilbas [17],
developed the heating model, based on electron-kin-
etic theory approach, allowing the evaporation
process. The study was limited to 1-D heating process.
On the other hand, the motion of the electrons in the
vicinity of the surface is free and 3-D. Consequently,
3-D heating model should be considered for improved
accuracy. In the present study, 3-D laser heating
model is developed using an electron-kinetic theory

approach. Evaporation process is also taken into,

account and the numerical solution is attempted with
appropriate boundary conditions. In addition, the
surface temperature profiles predicted are, then, com-
pared to previous finding [17].

MODELING OF HEATING PROCESS

The electron kinetic theory approach in laser heat-
ing process relies on the electron—photon interactions.
In this case, laser beam energy interacts with the work-
piece electrons in the conduction band in the form
of photons. Absorption of the photon energy by the
electrons leads successive collisions between the
excited electrons and lattice phonons, which in turn
excite the lattice phonons to higher energies. Once the
phonon energy increases, phonon—phonon collisions
take place in such a way that the collisions tend to
restore the thermal equilibrium.

The mathematical formulation of the heating mech-
anism may be distinguished into two groups. These
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include heat conduction only process (conduction lim-
ited heating) and heat conduction and phase change
processes  (non-conduction  limited  heating).
However, before formulating each process, some use-
ful assumptions need to be introduced. Steady state
space change is assumed, in which exactly the same
number of electrons are emitted from the material as
are returning from the space charge, therefore, energy
losses due to thermionic emission is neglected. Local
equilibrium is assumed before the initiation of
heating (at ¢ = 0). The mean free path of electrons
is independent of temperature and electron—electron
collisions are assumed to be elastic. Finally, it is also
assumed that the solid is free from impurities.

The electron motion and relevant collision pro-
cesses are modeled using a cartesian coordinate
system. The mathematical model governing the heat-
ing process and based on the above assumptions are
given under the following sub-headings.

Conduction limited heating
The electron motion in solid substance close to free
surface is shown in Fig. 1. The atom is fixed in a lattice
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Fig. 1. 3-D view of control volume.

site in solid state and its thermal energy is manifested
as vibrations of atom above the equilibrium position
[18]. When an atom vibrates, the periodic field of
lattice is continuously perturbed. Since the velocity
with which the atoms vibrate is much smaller than the
velocity of the free electrons, the atom may be
assumed to lie at its displaced position. Consequently,
in considering bound atom—electron collision process,
the bound atom may be situated at its displaced pos-
ition and will have a vibrational energy at this position
of:

ho
ho 1
exp T
which for hw = kO, where 0; is the characteristic

Einstein temperature and 7 > 60 yields:

E=kgT

E=

Energy increase of atom, due to electron—atom col-
lision, manifest itself as an increase in the amplitude
of the phonon vibration, which in turn forces the
neighboring atoms to new equilibrium positions.
Some energy, however, is also absorbed by the neigh-
boring atoms through damping the energy increase
of the heat collidsd atom. A stage is reached where
eventually the atoms in the region of the original col-
lision site are all in equilibrium and increased
vibrational energies, i.e. increased thermal energies.

In accordance with Fig. 1, the number of electrons
having the average velocity ¥, entering the control
volume in the x-axis through area dydz at time d¢ is:

N.V.dydzdr wheredydz = 4

The probability of electron traveling a distance x,
where x « 24 (4 being the mean free path), without
making a collision is:

dx

T
However, the arguments relevant to collision prob-
ability is not given here due to lengthy arguments, but
refer to [14]. Therefore, the total collision probability
of the electrons moving in x-direction can be written

as:
* _ (x—s)\dsdx
[t -0

The negative bound of the integral is due to minor
image introduced at the free surface of the workpiece
for the reflected electrons [15]. The net transfer of
energy during the electron—phonon collision through-
out the material in the x-axis is:

(x—y) ds dx
A

AE,, J NV A exp ( )(Eu E.)

where E, is the electron energy and E, , is the phonon
energy in the x-axis.

In a similar manner, the probability of total elec-
tron—phonon collision throughout the material in the
y-axis can be written as:

- [x— ;1] dq dx
NV, A,
J . exp ( A PR
The lower bound of the integral is set to —oco.
Although no-free surface is available in the y-axis, the
source of electrons extends to both directions of the
y-axis from the control element.

The transfer of energy in the y-axis during the col-
lision process is:

| AN\dn d
- ) Y(E,,~E,)

AE"*’ J Nv V.vAy exp ( 1 - —(E
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where E, , is the electron energy and E,, is the phonon
energy in the y-axis.

Similarly, the energy transfer taking place in the z-
axis during the collision process is:

|z~ él) d¢d:

AE:,! f NZ V:'Az exp ( j. /{ ;l, [EE,I —E:.t]

where E, , is the electron energy and E,, is the phonon
energy in the z-axis.

Energy increased per unit volume in the substance
due to area A, and in increment dx during the time
interval dt is:

AEY,[
A dxdt’

In a similar fashion, energy increase per unit volume
in the substance across the areas 4, and 4, and in
increments dy and dz during time interval d¢ are:

AE AE,

§Ne
A, dydt A.dz dt

respectively.

However, it is assumed that the process of absorp-
tion of laser beam occurs by absorption of photons
by electrons. The process can be described by Lam-
bert’s law. In fact, quantum mechanical analysis
shows that photons may be absorbed both by the free
electrons and by the bound electrons in the atomic
shells. This process can only occur with the transfer
of discrete quanta of energy. However, in order to
maintain the simplicity of the present model, these
quantum effects can be ignored and the electrons are
assumed to require merely by passing through the
electromagnetic field of the incident laser beam in a
manner described by Lambert’s law.

The total amount of energy which is absorbed in a
depth with area A4 in time d¢ due to laser irradiation
is:

N,
IoAdAdY (%) 52

It is possible that electron density may vary through
the material and, in particular, the number of elec-
trons travelling from ds to dx (Fig. 2) may not be the
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same as that from dx to ds. Therefore, the proportion
of energy which is absorbed by the electrons which
travel from ds to dx in time dzis:

Nv\‘

Iy-A-dtAd¥Y - f (V) N—m—

where f (W) is the absorption function, which is:

d

- @[exp(—éll//l)]

and N, is the number of electrons travelling from dx
to ds. The average energy absorbed by the electrons
in dy is:

S )=

AE | =1I,-A-dt-

abs

SN (P)d¥
j; (Nsx +Nw) )

However, a spatial distribution of the power intensity
at the surface may be assumed Gaussian, i.e. :

1] 2 2
AE | =—2 exp(—y 4;2 )-A
abs zﬁa a
s N,
'dt I S 4 d .
fr Nt Ny T W

Consequently, the energy absorbed by the substance
per unit volume and unit time becomes :

AE |
abs
AEa!zs - Ax'dx'dt
or
Il 2 2

AE | =22 exp(—#)i

abs 2 /ma a dx
XL(NMJer) Ty

Therefore, total energy increase per unit volume is
related to internal energy gain of the substance, i.e.:

Nem — | «— Nim
Ni-Nev | Ni,-Nev
A B ¢ ’
dc —» le— “----- Vs
—pf dx L,
—H ds l—
) 3 X X=0

Fig. 2. Electron movement in the surface region (x = 0 is the free surface).
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AE,, + AEy‘, AE,,
A, dxdt Aydydz A.dzdt
AE |
abs

A dxdt a_t[pCpT(x5y7zst)]'

It should be noted that
A, =dydz, 4,=dxdz and A4, =dxdy.

Furthermore, assuming that the thermal properties
are independent of temperature. The total energy
equation yields:

d © N, V.A,
pCoy Tx,1,2,10) ==J —

< exp ( - '—;—S—') ds dx[E,, ~E..)

© N,V,A

; f %zexp( = ”')d dylE,— E,]
A
o NZVZAZ IZ 6'

+LO ’ exp< >d§d[E;,— »

( +z2\ d
—a exp e

s N,
XJ <m, > ) - dy.
It should be noted that
Ev,l = kB T(S, Y, 2, t) N

E,, =kgT(x,n,2,1)
and Ef,l = kBT(xa Y, é’ t)

introducing a fraction ’f for the energy transfer and
explicit formulation of the total energy equation may
be written as:

1] 2 2
T(x,y,z,t+df) = [ 9 exp (_y —tz >
Zﬁa a

di[* N,
XEEU VoW dw]

[jw exp( Ix : l) T(s,y,2,t)ds
0

+J exp(— h%) T(s,y,z,t)ds

fE At
4;* pC,

‘yinl)T(x n,2,1) dnjl

- =)0

LSk e
227 pCo [ o P
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22 M

+T(x,y,2,0) l:l — M]
where k is the thermal conductivity [k = (N/3)/kgV2]
and o is the thermal diffusivity [a = (k/pC,)].

The details of the arrangement of total energy equa-
tion and fraction ‘f” are given in [15].

However, the equation governing the relation
between the molecules was developed using standard
scattering rate equations, in which electron—phonon
coupling parameters were introduced [19]. In this case
the resulting equations may be written as:

In the x-axis:

aT(s’ y, z’ t)
T(S, ¥z, l) _T—

h
= T (s, 3,2 )= T(x, 3,2, )],
kg

In the y-axis:

0T(x,n,z,1)
T(x,n,2,1) =

h
= — —?’—/l(wz)[T(x, 1,2, —T(x,y,z, D).
T[kB

In the z-axis:

0T(x, 3,6, 1)

T(x,y,¢,0 2

3h
= = o M0, 60 =T y,2,0] - @)

where w? is the second moment of the phonon spec-
trum, ky is the Boltzmann’s constant and A is the
electron—phonon coupling parameter.

To obtain a temperature field, relevant to heating
process, for lattice sites and electrons, equations (1)
and (2) should be solved simultaneously.

Non-conduction limited case

The evaporation process relevant to non-con-
duction limited heating may be explained in the fol-
lowing manner. In releasing the molecule from the
lattice, a vacancy is left behind. This vacancy can be
filled by other free molecules but in the process energy
is released. The molecule released from the lattice is
immediately captured in a new equilibrium position,
i.e. either in a vacant hole or in an interstice. When a
molecule leaves the lattice and fixes itself in an inter-
stitial position, the dissociation process is mnot
completed, since the molecule can easily return. It is
only when cither the molecule leaves this site for
another interstice or vacancy, or the vacancy moves
to another site by being filled with another molecule,
that the dissociation process is completed. In this way
a vacancy is created in the lattice. However, vacancies
can also be adsorbed from the surface, as interstitial
atoms. In the first case a surface atom may move
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from its equilibrium position outwards, as in normal
evaporation. However, instead of escaping, it is recap-
tured at a new position on top of the existing surface
layer. As a result a vacancy is formed at the original
lattice site which is quickly filled by a molecule from
the next row. In this way vacancy is adsorbed into the
material and can then move freely around the interior
lattice. It should be noted that evaporation process
(free molecular motion) takes place in 1-D that is
from the free surface. In this case free molecular
motion is considered as 1-D and in the axis per-
pendicular to the surface, i.e. the x-axis motion only.
The volumetric evaporation may be summarized as
that the interior process is 3-D, but it is modified at
the free surface by the fact that molecules may escape
in 1-D. The method of analysis considers the work-
piece as an infinite block of material. Moreover, the
surface is moving at a velocity V, in the x-axis and
molecules are escaping from the surface. Therefore,
a net mass flux through the surface of evaporating
molecules occurs. The assumption is made that this
net flow is reflected through out the material, an
assumption which corresponds to neglecting the
effects of shock waves. In this case, the coordinate
axes are moving with a velocity ¥V, and therefore all
mass transport processes involve relative velocities.

The average velocity with which the free molecules
move about in the lattice may be written as:

U
Ve=Vyexp T
B

where U and ¥V, are the energy required to form a
free molecule and thermal velocity, respectively. The
details of the analysis of molecular movement is not
given here due to length arguments, but refer to [17].
The number of free molecules per unit volume
throughout the material at temperature T is:

U,
Nim = Nyexp| — T
B

and the number of vacancies per unit volume is:

U,
Ny, = Noexp[— e T}
B

where U, are the activation energy and N, is the
number of lattice sites per unit volume. It is also evi-
dent that

Now + Ny = Ny

where N, is the number of density of bound
molecules.

When considering the molecular energy transfer
from the surface region (Fig. 2) through molecular
movement, the energy equation including the evap-
oration process may be resulted. The details of deri-
vation of the energy equation are given in [17]. Conse-
quently, the resulting energy equation is:
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oT(x,y,z,t) 1o

o 2 /rapC,

2+ [ N,
cop| ) [ rwan

kK APk + Pomg + 2P1)
- m#! m
222pC, | 2uipC, [ TP P

el
J exp(
J ( |x+s|
[J\ exp( |) ’7|) T(x,"],z,t)dy:l
jk At ¢
r o U ( ——)T(Ay,é,t)df}
k « Ptm
el e
k pbm
w5
k[ _lx—s
+Pcpj—oczﬂzexp< H )

x [U(s)—U(x)+3kgT(s,,2, 1) ds} 3)

l + l> T(s,y,z,t)ds

fx+3> T(s,y,z,t)ds

“T(s, v, 2,1) ds:l

2A pC

>T(s v,z,0)ds

> T(s,y,z, ) ds

It is evident that equation (3) has two parts includ-
ing conduction and phase change processes. The con-
duction part of the equation is identical to equation
(1), therefore, when solving the conduction part,
equation (2) should be taken into account, i.e. con-
duction part and equation (2) should be solved sim-
ultaneously to obtain electron and lattice site atom
temperatures.

NUMERICAL SOLUTION TO PULSE HEATING

The energy equations governing both conduction
and non-conduction limited heating processes are in
the form of integro-differential equations, which do
not yield analytical solutions. Therefore numerical
scheme should be introduced. An explicit method is
introduced to discritize the governing equations pro-
viding that it requires to meet a stability criterion for
a convergent solution. The discritization procedure is
not given here due to length arguments, but refer to
[17]. In the case of conduction limited heating, the
stability criterion is:
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3fdAt <1
242

The calculated time increment meeting the stability
criterion is 107'° s and this value is used in compu-
tation. On the other hand, the discritization procedure
for non-conduction limited heating is given in the
appendix. The stability requirements for this case is:

3fkAr
24%pC,

Pim bk AL
212 pC,

Pom gk At
2u*pC,

2ph'k'At] <l

2u*pC,

The time increment meeting the stability criterion is
107" s and it is this time increment, which is used in
computation.

In order to compare the present predictions with the
previous results, the pulse shaped used in the previous
study is employed in computing the temperature pro-
files in the present study. The pulse profile used in the
present study is shown in Fig. 3. It should be noted
that the pulse profile used in the present study
resembiles the actual pulse profile used in the previous
study.

The material selected in the present study is stainless
steel and the ambient gas effect during laser heating
process is omitted by assuming inert gas environment.

RESULTS AND DISCUSSIONS

3-D laser pulse heating process is successfully mod-
eled using an electron-kinetic theory approach. Con-
duction and non-conduction limited cases are intro-
duced and the respective governing equations are
solved numerically.

Figure 4 shows 3-D temperature profiles inside the
substance while Fig. 5 shows the temperature dis-
tribution inside the substance at different heating
times. As the heating time progresses, rapid decrease
in temperature occurs in the vicinity of the surface. In
this case, electron energy gain, due to laser radiation,
becomes considerably high in the vicinity of the
surface. Consequently, energy transfer to the lattice
site atoms is considerable during electron—atom col-
lision ; i.e. phonon energy in the vicinity of the surface
increases substantially. Moreover, the phonon-relax-
ation process is relatively slower as compared to elec-
tron relaxation. Therefore, the rate of thermal con-
duction to the solid substance becomes less than the
internal energy gain of the substance in the vicinity of
the surface due to collisional processes. However, as
the distance from the surface increases the energy of
the excited electrons reduces due to one or both of
the following reasons: (i) excited electrons loses their
excess energy when colliding with the atoms in the
surface vicinity, therefore, less energetic electrons may
reach to this region and (ii) the time at which the
energy conducted through the collisional process into
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this region progresses, which in turn results in more
energy transfer to the atoms situated into this region,
through phonon relaxation process. As the tem-
perature reaches to the melting temperature, energy
needed to form unbounded molecules (liquid mol-
ecules) becomes significant and energy gain from the
external field balances the losses due to heat con-
duction and formation of liquid molecules. Conse-
quently, the temperature of the substance remains
almost constant at certain depths. However, as depth
inside the substance increases further, the energy bal-
ance can no longer be sustained due to absorption of
incident beam which does not extend up to this region,
consequently conduction losses dominate and melting
ceases, i.e. temperature of the substance drops below
the melting temperature. On the other hand when
the temperature reaches the evaporation temperature,
molecules evaporate and leave vacancies behind. The
vacancies can be replaced by the molecules behind.
Consequently, probabilities of the vacancy—bond mol-
ecule and free molecule—vacancy collisions become
important. In this case, evaporating molecules take
energy from the surface resulting energy losses at the
surface. The energy gain due to absorption of incident
laser beam is substantial at the surface. Therefore, the
temperature of the surface rises at a relatively slow
rate as compared to no-evaporation case. It is also
evident from Fig. 5 that the rate of temperature rise
in the substance just before the evaporation (at time
0.3 us) is less than that corresponds to the after evap-
oration process (at time 0.6 us). This may indicate
that once the melting initiates the energy consumed
by heating the liquid becomes substantial, in addition
to this, energy required for the propagation of the
melt isotherms into the solid substance is considerable.
Therefore, the rate of internal energy gain, due to laser
radiation, reduces in the vicinity of the free surface.
Figure 6 shows the 3-D temperature distribution
across the irradiated spot while Fig. 7 shows the tem-
perature distribution at different heating times. The
temperature distribution along the y-axis is very
smooth before the melting temperature is reached
(¢t = 0.1 ps). Once the melting results, the temperature
remains constant at some distance away from the
heated spot center. In this case, the probability of
forming the melt molecules is considerable and the
energy gain by the external field is balanced by the
conduction and phase change processes as discussed
earlier. As the heating time progresses, the melt tem-
perature increases substantially in the region of 10 um
of the irradiated spot. When the evaporation process
initiates, energy required to form the free molecules
increases, which in turn results almost constant tem-
perature at the surface (+ = 0.6 us). The rate of decay
of temperature corresponding to 0.6 us heating time
is very small along the distance 2.6-7 um, on the other
hand, rapid temperature increase is resulted in the
vicinity of the center of the heated spot. This indicates
that the internal energy of the substance in the surface
region increases, therefore, the probability of the for-
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mation of evaporating molecules is not sufficiently
high causing substantial convective energy loss from
the surface.

Figure 8 shows the surface temperature rise at the
center of the heated spot obtained from the present
and previous studies [17]. Both temperature profiles
almost coincides during the conduction limited heat-
ing phase of the process. Once the heating progresses,
the temperature corresponding to 3-D model becomes
lower than that correspond to 1-D heating model
developed previously [17]. In this case, heat transfer in
radial direction plays an important role. The electron-
collision takes place in all directions, and electron
energy reduces further through successive collisions
while the phonon energy in the radial direction
increases. Therefore, the temperature at the center of
the irradiated spot becomes less as compared to one-
dimensional heating process. As it is indicated before,
immediately after the initiation of the melting process
the rate of surface temperature rise reduces and the
probability of the formation of liquid molecules
increases, which in turn results in relatively slow rate
of internal energy gain as compared to the case occur-
ring in the conduction limited heating. As the heating
progresses beyond the point of evaporation, the rate
of internal energy gain further slows down and there
appears to be an energy balance developing among
the evaporating molecules, heat conduction losses and
internal energy gain of the substance. The con-
tribution of energy requirement to form the evap-
orating molecules on this energy balance is not
substantial. However, the discrepancies between the
results predicted from both 1- and 3-D models rel-
evant to conduction limited heating are not con-
siderable which may be due to the scale of heating
process, i.e. the diameter of the incident beam at the
free surface of the workpiece is 300 pm.

Figure 9 shows the temperature gradient (d77/df)
with dimensionless heating time (x%¢). As the heating
progresses three peaks (maximum points) in the curve

is evident. These maximum points are due to change
of slope of the curve, i.e. they indicate the initiation
of phase change processes, except the first maxima.
This may be due to the fact that in the pulse beginning,
the internal energy gain is considerable due to absorp-
tion of laser radiation. As the heating time increases,
the conduction of energy, through successive col-
lisions of electron—phonon, increases. In this case, an
energy balance may be attained, i.e. conduction losses
balance the internal energy gain of the substance in
the surface vicinity. At this point, an equilibrium time
may be introduced, i.e. the equilibrium time may be
defined as a time which energy losses balances the
internal energy gain via absorption of a laser beam.
However, a relation may exist among the equilibrium
time, material properties and heating pulse shape. This
relation may be written as:

fequip = const./ad>.

In this case, constant in the above relation may be
related to pulse shape.

CONCLUSIONS

Temperature gradient (d7/dx) is substantial in the
vicinity of the surface as heating progresses. In this
case electron gains considerable energy via absorption
of the incident beam and transfers their excess energy
to the lattice atoms through successive collisions in the
vicinity of the surface. The phonon relation process is
relatively slow, therefore, the rate of energy dis-
sipation (conducted) towards the bulk of the sub-
stance from the surface by phonon relaxation process
is relatively smaller than the internal energy gain of
the substance in the vicinity of the surface through
successive electron—phonon collisions, i.e. substantial
temperature gradient is resulted. As the heating pro-
gresses further, the rate of energy conducted, through
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the collisional processes to the bulk of the solid sub-
stance increases.

When the temperature reaches to evaporation tem-
perature, the energy required for the formation of
free molecules becomes significant and internal energy
increase, due to absorption of the incident beam, slows
down. Therefore, an energy balance may occur among
the absorbed energy, internal energy gain of the sub-
stance and latent heat of melting and evaporation.
Consequently, energy gain from the external field may
be dissipated significantly due to the formation of
liquid and evaporating molecules. It should be noted
that the propagation of melt isotherms results in less
internal energy increase in the vicinity of the surface.

Surface temperature profile predicted from the pre-
sent study for the conduction only process is almost
similar to the temperature profile obtained from the
previous study (1-D heating model). Once the phase
change initiates, the surface temperature becomes less
than that obtained from the previous study. This may
be due to that in 3-D model, the electron—phonon
collisions take place in all directions. The electron
energy reduces further through successive collisions in
radial direction, therefore, the internal energy gain
due to absorption of incident beam reduces due to
radial heat conduction. Moreover, immediately after
the initiation of the melting process, the rate of surface
temperature rise reduces and the probability of the
formation of liquid molecules in all directions
increase, which in turn results in relatively low surface
temperatures as compared to the results of 1-D model.
It is evident that once the evaporation occurs, the rate
of increase of internal energy in the surface vicinity
reduces further.

In the initial phase of the heating process, an equi-
librium point may be attained, in this case; energy
balance between the internal energy gain and the con-
duction losses at the surface may occur. It may appear
that the equilibrium time may depend upon the heat-
ing pulse shape and the material properties.
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APPENDIX
The energy equation after applying an explicit scheme may

yield:
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Evaluation of the integrals

The integrals involved in the energy equation are com-
puted using the trapezoidal method. According to this
method, a function f'is computed from an initial point 1 to
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a final point » using the values of fat equally spaced discrete
points, i.e.:
Integral =

gLf,+2f2+2f3+~--+fn]

where 1\, f5, ...,/ are the values of the function at points I,
2,...,n and % is the spatial increment between successive
points. Hence if the integrals are denoted by

G, :f exp<—|i;—sl>'T(s,y,z,t)'ds
0

G, =j exp(—lx s]> T(s,y,z, 1) ds
0 p)

G, =f exp (— |X)LSI> T(s,y,z, 1) ds

G, =j exp (— y—/—’) T(s,y,2,0)-dn
[}

*T(s,p.¢,0-dg

) h .
Gy = 2[ ‘Bfm—exp<ﬂ%—s))~T(s,y,z, f)-ds
——eXp (—— Ii;—“) T(s,y,z,t)-ds

Gy =2J Prexp (—'iﬂ——'> ks T(s, v, 2, 1) -ds
0

then the approximation to one of these integrals, G, can be
written as

® Ax X+
G, = j T{GXP <“ ! 2 0|)' T(s4,y,2,1)
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where
8, = Ax
5, = 2AX%
s, = nAX

where Ax is the spatial increment. The expressions for G,—Gy
also involve the exponentials, so in order to generalize, the
exponential terms are defined as:
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Therefore, the integrals yield in a final form :
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As can be observed, the explicit representation gives the
future temperature at (x, y, z, t+dt) in terms of the current
temperatures at (x, y, z, f) and its surroundings nodes. Hence,
knowing only the initial temperatures for all the nodes, the
individual nodal temperatures for the next time step can
be calculated. However, the explicit formulation faces the
problem of stability, and careful choice of the time increment
is required. The upper limit of the allowable time increment
is given by )

kA
2i2pC,

so the second term of the right-hand side of the energy
equation remains positive. If we let

y I4At [ y2+22]
= exp| —
2/rapC, a*
kAL k

B=il1-- — —(Prh+ Pod + 2

[ 37pC, 2u2(me Dornd ph)]
ALY
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pC,

and G~G; are as defined above, then equation (4) can be
written as

T, (+Af) = A(0x)+ B T(x, 1)
+C(G,+G,+G3+2G,+2Gy)
+DQ2Gs+2G4+2G, +2Gs)
and from there we obtain the stability criterion as
B=0.

A computer program has been developed to solve the energy
equation.



