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Abstract

Melting and vaporization phenomena during the laser drilling process are investigated in this paper[ The locations of
the solidÐliquid and liquidÐvapor interfaces were obtained by solving energy conservation equations at the interfaces[
The dependence of saturation temperature on the back pressure is taken into account by using the Clausius:Clapeyron
equation[ The conduction heat loss to the solid is also included in the model and is solved by using an integral
approximate method[ The results show that the fraction of the heat lost through conduction to the solid is very small
and its e}ect on the vaporization process is not signi_cant[ On the other hand\ the conduction heat loss signi_cantly
reduces the thickness of the liquid layer\ which becomes the recast layer after drilling[ Þ 0887 Elsevier Science Ltd[ All
rights reserved[

Nomenclature

a dimensionless curvature parameter of solidÐliquid
interface
cp speci_c heat ðJ kg−0 K−0Ł
dA dimensionless in_nitesimal cross section area
F fraction of heat
f functions in equations "1a# and "2a#
hlv latent heat of vaporization ðJ kg−0Ł
Hlv dimensionless latent heat of vaporization
� hlv:"RgTsat\9#
h?lv revised latent heat of vaporization
� hlv¦cpl"Tsat−Tm#:1 ðJ kg−0Ł
hsl latent heat of melting ðJ kg−0Ł
I laser intensity ðW m−1Ł
I9 laser intensity at the center of the beam ðW m−1Ł
k thermal conductivity ðW m−0 K−0Ł
MR material removal rate ðmg s−0Ł
n coordinate along normal direction of the interface
N grid number in radial direction
Ni dimensionless laser intensity of laser beam
� cplRaabsI9:klhlv

Np9 dimensionless ambient pressure
� gp9cplR:ð"g¦0#klzgRgTsat\9Ł

� Corresponding author[ Tel[] 990 759 375 1110^ fax] 990 759
375 9207^ e!mail] faghriÝeng1[uconn[edu

Na thermal di}usivity ratio � as:al

p9 ambient pressure ðPaŁ
Pmax peak power of the laser beam ðWŁ
r radial coordinate ðmŁ
R radius of the laser beam "at 0:e# ðmŁ
Rg gas constant of the metal vapor ðJ kg−0 K−0Ł
Rh latent heat ratio � hlv:hsl

s location of interface ðmŁ
S dimensionless location of interface � s:R
Sc subcooling parameter � cps"Tm−Ti#:hsl

Ste Stefan number � cpl"Tsat−Tm#:hlv

t time ðsŁ
tp pulse!on time ðsŁ
T temperature ðKŁ
Vn dimensionless solidÐliquid interface velocity along
n!direction
z axial coordinate ðmŁ
Z dimensionless axial coordinate � z:R[

Greek symbols
a thermal di}usivity ðm1 s−0Ł
aabs absorptivity
g ratio of speci_c heats of metal gas
d dimensionless thermal penetration depth in the solid
Dh grid size
Dt dimensionless time step
h dimensionless radial coordinate � r:R
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ul9 dimensionless surface temperature at the liquid
surface �"Tl9−Tm#:"Tsat\9−Tm#
um ratio of melting point and saturation temperature at
the ambient pressure � Tm:Tsat\9

us dimensionless temperature in the solid
�"Ts−Ti#:"Tm−Ti#
r density ðkg m−2Ł
t dimensionless time � alt:R1

tp dimensionless pulse!on time[

Subscripts
cr critical value
e vaporization
i initial
l liquid
m melting
s solid
sat saturation
sat\9 saturation value at ambient pressure
0 liquidÐvapor interface
1 solidÐliquid interface[

0[ Introduction

The laser drilling process is very important in many
industries which include automotive\ aerospace\ elec!
tronics and materials processing[ It is a very complex
process since both melting and vaporization are
accomplished[ Considerable research has been carried
out to develop a theoretical laser drilling model and many
detailed investigations are in the existing literature[ A
detailed review including various assumptions and sim!
pli_cations are discussed by Ganesh et al[ ð0Ł[ Paek and
Gagliano ð1Ł proposed a theoretical solution to predict
the temperature pro_le and tangential stress distribution
of the laser drilling process[ Von Allmen ð2Ł analyzed the
drilling velocity and drilling e.ciency by using a 0!D
transient gas dynamic model[ Chan and Mazumder ð3Ł
proposed a 0!D steady state model to predict the damage
done by vaporization and liquid expulsion due to laser!
material interaction[ Both phase change heat transfer and
gas dynamics were taken into account in their study[ The
limitation of the above works is that the laser drilling
process was modeled as a 0!D problem but actual laser
drilling processes are obviously transient 1!D or 2!D
problems[

In order to overcome the drawbacks of the early
research works\ Armon et al[ ð4Ł formulated a 1!D metal
drilling problem based on the enthalpy balance method
and solved the problem by using the CrankÐNicholson
method[ They also conducted experimental investigations
on metal drilling with a CO1 laser beam ð5Ł and analyzed
the experimental results by using their theoretical model
in ref[ ð4Ł[ Kar and Mazumder ð6Ł proposed a 1!D tran!
sient model to predict the shape of laser drilled holes by

solving the energy conservation equation "Stefan con!
dition# at various points along the liquidÐsolid and
liquidÐvapor interfaces[ However\ the shape of the laser
drilled hole was simply assumed to be a combination of
a parabola at the bottom and straight line at the sides[
Kar et al[ ð7Ł improved the physical model of ref[ ð6Ł by
considering the e}ect of assist gas and multiple re~ection
inside the cavity[ However\ the assumption of hole
geometry used by Kar and Mazumder ð6Ł was not
removed by Kar et al[ ð7Ł[

The loss of energy due to conduction to the workpiece
on the laser drilling was not taken into account in Kar
and Mazumder ð6Ł\ Kar et al[ ð7Ł[ The e}ect of conduction
heat loss to the workpiece in laser cutting process have
been investigated by Modest and Abakians ð8Ł and Mod!
est ð09Ł[ They concluded that the e}ect of conduction
heat loss is signi_cant for the case of CW laser cutting
and is insigni_cant for case of pulse laser cutting[
However\ the change of phase of the medium from solid
to vapor was assumed to occur in one step at a single
vaporization temperature\ which was not true if metal
workpiece was cut by laser[ Gordon et al[ ð00Ł studied
the laser drilling on a diamond _lm numerically and
their result indicate a strong preference for pulsed laser
operation over CW laser because higher thermal
e.ciencies are attained[ Ganesh et al[ ð0\ 01Ł also
developed a very detailed numerical model and complete
physical model for the laser drilling process by employing
a free surface and phase change simulation[ The com!
puter time was relatively large since it took 80 h on a
SUN SPARC station to generate 170 ms of real time laser
drilling data[

Analytical model of laser machining process by con!
sidering the heat transfer in the melt and solid sim!
ultaneously were not found in the existing literature[ In
order to provide a simple and reliable model to predict
the geometric shape of the laser drilled hole\ a new model
describing the laser drilling process will be developed[
The restrictions of the hole geometry used in refs ð6\ 7Ł
will be removed[ The dependence of saturation tem!
perature on the back pressure will also be taken into
account[ The conduction heat loss to the workpiece will
also be included in the model[ The thermal modeling of
laser drilling process with the e}ect of conduction heat
loss to the workpiece requires appropriate modeling and
solution of a non!linear conduction problem with two
moving boundaries] liquidÐvapor and solidÐliquid inter!
faces[ In this paper\ melting and vaporization\ conjugated
with conduction in the workpiece\ will be solved ana!
lytically[ The e}ect of various parameters on the laser
drilling process will also be discussed[

1[ Interfacial energy balances

Figure 0 shows the physical model of the laser drilling
process[ A laser beam with a intensity of I"r\ t# is pro!
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Fig[ 0[ Physical model of laser drilling process[

duced and directed towards a solid target material at an
initial temperature of Ti ³ Tm\ which absorbs a fraction
of the incident light energy[ The laser beam produces a
very intensive heat ~ux to the solid which brings the
temperature of solid to its melting point and then melts
the solid and vaporizes the resulting liquid[ The following
assumptions will be needed in order to analyze the laser
drilling process]

"0# The target material is opaque\ i[e[\ the incident laser
energy is instantly converted into heat at the surface
of the target material and the laser beam does not
penetrate into the target materials[ This assumption
is valid for good conductor of electricity\ such as

metal\ because the damping of laser energy occurred
in a very shallow penetrate depth[

"1# No plasma is generated in the laser drilled hole[ This
assumption is somewhat questionable for metals tar!
get materials[ However\ the e}ect of plasma can be
ignored if pulse!on time is much shorter than the
pulse!o} time because the plasma can be extinguished
between pulses ð7Ł[

"2# Liquid metal ~ow inside the hole is neglected and
the temperature distribution in the liquid metal is
assumed to be linear ð7Ł[ The sensible heat that is
required to bring the liquid layer temperature to the
average value of saturation temperature and melting
point is added to the latent heat of vaporization to
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account for the unsteady state e}ect\ i[e[

h?lv � hlv¦
0
1
cpl "Tsat−Tm#[ "0#

"3# The liquid and solid properties are independent of
temperature and the density of the liquid and solid
phase are assumed to be identical^

"4# Heat loss to the environment due to convection and
surface radiation is neglected[ These e}ects can be
very easily included in the thermal model[ However\
an early work in laser cutting ð8Ł indicated that the
heat loss due to convection and radiation is negligible
for all cases including a sonic assist jet blowing across
the surface[

The laserÐmaterial interaction can be divided into three
stages[ During the _rst stage\ the temperature of the solid
is below the melting point and therefore no melting or
vaporization occurs[ The solid absorbs the thermal
energy and the temperature of the solid is increased with
increase of time[ After the highest temperature of the
solid\ which is located at the center of the laser beam\
reaches the melting point of the target material\ the
irradiation of laser beam will result in melting of the
target material and the process enters its second stage[
At the second stage\ the surface temperature of the liquid
is below the saturation temperature and the vaporization
required by thermodynamic equilibrium is negligible[
When the highest liquid surface temperature reaches the
vaporization temperature of the material\ the vapor!
ization occurs at the liquid surface and the third stage
starts[ During the third stage\ the locations of both solidÐ
liquid and liquidÐvapor interfaces are unknown and need
to be determined[ From the above explanation\ it is clear
that the di}erent locations under the irradiation of the
laser beam can be at di}erent stages at the same time
since the intensity of the laser beam is varied with the
radial locations[

Assuming vaporization has started and the liquidÐ
vapor interface is formed\ the geometric shape of the
liquidÐvapor interface and solidÐliquid interface are\
respectively\ expressed as]

z � s0"r\ t# "1#

z � s1"r\ t#[ "2#

Equations "1# and "2# can also be written as

f0"z\ r\ t# � z−s0"r\ t# � 9 "1a#

f1"z\ r\ t# � z−s1"r\ t# � 9[ "2a#

The temperatures at the two interfaces satisfy the
following conditions

T � Tsat\ z � s0"r\ t# "3#

T � Tm\ z � s1"r\ t#[ "4#

The energy balance at the liquidÐvapor interface can be
expressed as

aabsI"r\ t# � rhlv

1s0

1t
−kl

1T
1n0

=9f0 =[ "5#

It should be noted that equation "5# is not convenient
in the determination of the location of the interface[ The
temperature gradient at the interface\ 1T:1n0\ can be
expressed as ð02Ł]

1T
1n0

�
0

=9f0 =
1T
1z $0¦0

1s0

1r 1
1

% "6#

where

=9f0 = �X 0
1f0
1z 1

1

¦0
1f0
1r 1

1

�X 0¦0
1s0

1r 1
1

[ "7#

Substituting equations "6# and "7# into equation "5#\
the energy balance at the liquidÐvapor interface becomes

rhlv

1s0

1t
� aabsI"r\ t#¦kl

1Tl

1z $0¦0
1s0

1r 1
1

% \ z � s0"r\ t#[

"8#

The intensity of the laser beam is considered as
Gaussian spatially and a step function of time[ For a
single pulse\ the intensity is not a function of time during
the pulse!on time\ i[e[

I"r\ t# � I9 exp 0−
r1

R11�
Pmax

pR1
exp 0−

r1

R11 t ³ tp

"09#

here I9 is the peak intensity at the center of the laser beam
and R is de_ned as radius that laser intensity is 0:e of the
peak intensity[ Pmax is peak power of the laser beam[

In reference to assumption number 2\ the derivative of
temperature along the z!direction is expressed as

1Tl

1z
�

Tm−Tsat

s1−s0

\ s0"r\ t# ¾ z ¾ s1"r\ t#[ "00#

When temperature gradient in equation "8# is sub!
stituted by equation "00#\ the latent heat of vaporization\
hlv\ needs to be replaced by h?lv to account for the sensible
heat absorbed by the liquid layer to bring its average
temperature to the average value of melting point and
saturation temperature[ Substituting equations "0#\ "09#
and "00# and into equation "8#\ one obtains

1s0

1t
�

aabsI9 e−
r1

R1−kl

Tsat−Tm

s1−s0 $0¦0
1s0

1r 1
1

%
r $hlv¦

0
1

cpl "Tsat−Tm#%
\

z � s0"r\ t#[ "01#

Similarly\ the energy balance at the solidÐliquid inter!
face can be expressed as ð02Ł

rhsl

1s1

1t
� $ks

1Ts

1z
−kl

1Tl

1z % $0¦0
1s1

1r 1
1

%
i[e[
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1s1

1t
�
$ks

1Ts

1z
¦kl

Tsat−Tm

s1−s0 % $0¦0
1s1

1r 1
1

%
rhsl

\ z � s1"r\ t#[

"02#

Kar and Mazumder ð6Ł and Kar et al[ ð7Ł assumed that
the vaporization temperature\ Tsat\ equals to saturation
temperature of liquid metal at ambient pressure[ In fact\
vaporization occurs after melting creates a back pressure
and therefore the vaporization occurs at a higher tem!
perature\ i[e[\ the saturation temperature corresponding
to the back pressure[ The e}ect of back pressure on the
saturation temperature can be considered through the
Clausius:Clapeyron equation[ Bellantone and Ganesh
ð03Ł and Ganesh et al[ ð0Ł derived an equation of satu!
ration temperature by a gas dynamic model\ i[e[

g¦0
ghlv

zgRgTsat 0Iabs¦kl

1Tl

1n01
� p9 exp $

hlv

Rg 0
0

Tsat\9

−
0

Tsat1% "03#

where\ Iabs is the rate of energy absorption along normal
direction of the liquidÐvapor interface\ n0[ The terms in
the parentheses on the left hand side can be obtained by
energy balance in the normal direction of liquidÐvapor
interface\ n0\ which can be obtained from the energy
balance in z!direction[

By rearranging equation "5#\ one can obtain]

Iabs¦kl

1T
1n

�
aabsI"r\ t#

=9f0 =
¦kl

1T
1n

�
rhlv

=9f0 =
1s0

1t
[ "5a#

Substituting equation "7# into equation "5a# yields

Iabs¦kl

1Tl

1n0

�
rhlv

X 0¦0
1s0

1r 1
1

1s0

1t
[ "5b#

Substituting equation "5b# into equation "8#\ one can
obtain

g¦0
g

zgRgTsatr
1s0

1t

� p9 exp $
hlv

Rg 0
0

Tsat\9

−
0

Tsat1%X 0¦0
1s0

1r 1
1

[ "04#

By using the dimensionless variables de_ned in the
Nomenclature\ equations "01#\ "02# and "04# become

1S0

1t
�

Ni e−h1

−
Ste usat

S1−S0 $0¦0
1S0

1h 1
1

%
00¦

0
1

Ste usat1
\ Z � S0"h\ t#

"05#

1S1

1t
� $

Rh Ste usat

S1−S0

¦NaSc
1us

1Z% $0¦0
1S1

1h 1
1

% \
Z � S1"h\ t# "06#

zusat "0−um#¦um

1S0

1t
� Np9

×exp $Hlv 00−
0

usat "0−um#¦um1%X 0¦0
1S0

1h 1
1

[ "07#

The above dimensionless equations are not a closed
system because the temperature gradient in the solid is
still unknown at this point[

2[ Heat conduction in the solid phase

In order to _nd a simple approximate solution of con!
duction heat loss\ it is assumed that the conduction takes
place only in the local surface normal\ i[e[ the conduction
in the solid is assumed to be locally 0!D[ The conduction
equation in the solid phase will be given at a transformed
coordinate system\ n1\ which represents non!dimensional
distance from a solidÐliquid interface location pointing
into the solid along the local surface normal[ The coor!
dinate system\ n1\ rides at the solidÐliquid interface[ The
entire solid moves through the origin of n1 with the solidÐ
liquid interface moving velocity\ Vn\ into negative n1!
direction[ The heat conduction equation in the solid
phase is expressed as ð09Ł

1"dAus#
1t

−Vn

1"dAus#
1n1

� Na

1

1n1 0dA
1us

1n11 "08#

where dA"n# is a non!dimensional local conduction cross
section\ which is a function of n1 and allows one to
estimate the e}ects of curvature on the conduction heat
loss ð09Ł[ For the laser drilling problem\ dA"n# can be
expressed as follows

dA"n# c dA"9#"0¦an1# "19#

where

a � −
11S1

1h1 $0¦0
1S1

1h 1
1

%
−2:1

[ "10#

Integrating equation "08# with respect to n1 in the
interval of "9\ d#\ where d is the thickness of thermal
penetration depth along the n1!direction\ and consider
the following conditions from the de_nition of thermal
penetration depth ð02Ł

us "n1# =n1�d � 9 "11#

1us

1n1 bn1�d

� 9 "12#

one can obtain the integral equation of the conduction
problem
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d
dt g

d

9

"0¦an1#us dn1¦Vnus9 � −Na

1us

1n1 bn1�9

[ "13#

The temperature distribution in the penetration depth
is assumed to be a second!order polynomial function
and the constants in the polynomial function can be
determined by equations "11# and "12#[ The _nal form of
the temperature distribution is

us � us9 00−
n1

d 1
1

\ n1 ¾ d\ "14#

Substituting equation "14# into equation "13#\ one can
obtain a di}erential equation of the thermal penetration
depth as follows

d
dt $us9d 00¦

0
3

ad1%¦2Vnus9 �
5Naus9

d
[ "15#

It should be noted that both Vn and 1S1:1t are solidÐ
liquid interface moving velocities[ The di}erence between
these two velocities is that the former is velocity along n1!
direction but the latter is the velocity along Z!direction[
These two velocities have the following relationship ð02Ł

Vn �
1S1

1t >X 0¦0
1S1

1h 1
1

[ "16#

Substituting equation "16# into equation "15#\ the
di}erential equation of d becomes

d
dt $us9d 00¦

0
3

ad1%¦2us9

1S1

1t >X 0¦0
1S1

1h 1
1

�
5Naus9

d
[

"17#

The goal of the solution of the heat conduction is to
provide the temperature gradient in the solid at the solidÐ
liquid interface so that the e}ect of conduction heat loss
can be considered[ During the second and third stages\
the solidÐliquid interface temperature is kept at the melt!
ing point of the material\ i[e[

us9 � 0[

At second and third stages\ equation "17# is simpli_ed
as

d
dt $d 00¦

0
3

ad1%¦2
1S1

1t >X 0¦0
1S1

1h 1
1

�
5Na

d
[ "18#

The temperature gradient in the solid at the solidÐ
liquid interface can be obtained from equation "14#

1us

1n1 bn1�9

� −
1
d

[ "29#

The energy balance at the solidÐliquid interface\ equa!
tion "06#\ requires the derivative of the temperature in
the solid phase\ us\ with respect to Z[ Therefore\ the
following relationship ð02Ł is needed[

1us

1Z
�

1us

1h>X 0¦0
1S1

1h 1
1

[ "20#

Substituting equations "29# and "20# into equation
"06#\ one obtains

1S1

1t
�

Rh Ste usat

S1−S0 $0¦0
1S1

1h 1
1

%
−

1NaSc
d X 0¦00¦0

1S1

1h 1
1

\ Z � S1"h\ t#[ "21#

3[ Solving procedure

3[0[ Duration of preheatin` " _rst sta`e#

During the _rst stage\ the solidÐliquid interface moving
velocity is zero since melting does not occur[ In this case\
equation "17# can be simpli_ed as

d
dt

"us9d# �
5Naus9

d
[ "22#

An additional equation for us9 is required in order to
solve equation "22#[ This additional equation is obtained
by the energy balance at the solid surface before start of
melting[ Before start of melting\ the solid surface is a ~at
surface and therefore\ the coordinate system of n1 and Z
are identical[

The energy balance at the solid surface is expressed as

−ks

1Ts

1z
� aabsI9 exp 0−

r1

R11 [ "23#

Equation "23# can be nondimensionalized by using the
dimensionless variables de_ned in the Nomenclature\ i[e[

1us

1Z bZ�9

� −
RhNi

NaSc
e−h1

[ "24#

Substituting equation "14# into equation "24# and
noticing the fact of n1 � Z at _rst stage\ one may obtain

us9 �
RhNid

1NaSc
e−h1

[ "25#

Substituting equation "25# into equation "22#\ an ordi!
nary di}erential equation is obtained

dd1

dt
� 5Na[ "26#

Integrating equation "26# and considering the initial
condition of

d � 9\ t � 9 "27#

an expression of thermal penetration depth\ d\ for the
_rst stage is obtained

d � z5Nat[ "28#

It is noted that the thermal penetration depth is not a
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function of radial coordinate\ h[ The solid surface tem!
perature is obtained by substituting equation "28# into
equation "25#\ i[e[

us9 �
RhNiz5Nat

1NaSc
e−h1

[ "39#

During this stage\ the dimensionless solid surface tem!
perature\ us9\ should always be less than one[ The melting
starts when us9 reaches to one[ Thus\ the preheating time\
tm\ can be obtained by applying us9 � 0 in equation "39#
and solving for tm\ i[e[

tm"h# �
0

5Na 0
1NaSc
RhNi

eh1

1
1

[ "30#

It can be seen that the preheating time is shortest at
the center of the laser beam and the melting starts at the
center _rst[

3[1[ Meltin` before the start of vaporization "second sta`e#

At the second stage\ the liquid surface temperature is
below the saturation temperature and therefore the
liquidÐvapor interface velocity is zero[ The dimensionless
liquid surface temperature\ ul9\ which is de_ned as

ul9 �
Tl9−Tm

Tsat\9−Tm

"31#

can be obtained by energy balance at the liquid surface\
i[e[

ul9 �
NiS1 e−1h1

Ste
[ "32#

The energy balance at the solidÐliquid interface during
this stage can be obtained by replacing usat in equation
"21# by ul9 because the liquid surface temperature is actu!
ally ul9[ It is also noted that the location of liquidÐvapor
interface during this stage is S0 � 9[ Therefore\ the energy
balance at the solidÐliquid interface during this stage is
expressed as

1S1

1t
�

Rh Ste ul9

S1 $0¦0
1S1

1h 1
1

%−
1NaSc

d X 0¦0
1S1

1h 1
1

\

Z � S1"h\ t#[ "33#

Substituting equation "32# into equation "33#\ the
energy balance at the solidÐliquid interface becomes

1S1

1t
� RhNi e−h1

$0¦0
1S1

1h 1
1

%−
1NaSc

d X 0¦0
1S1

1h 1
1

\

Z � S1"h\ t#[ "34#

Vaporization will not occur if the surface temperature
of the liquid\ Tl9\ is below the vaporization temperature\
Tsat\9\ i[e[\ ul9 − 9[ Therefore\ the critical value of S1\ below
which vaporization will not occur\ can be obtained by
applying this condition to equation "34#[

S1cr "h# �
Ste
Ni

eh1

[ "35#

The critical value\ S1cr obtained from equation "35# is
a criterion to determine if vaporization occurs[ It can be
seen that the vaporization starts from the center of the
laser beam[ The solution of the second stage requires
solving equations "34# and "18# simultaneously[

3[2[ Vaporization and meltin` in the third sta`e

The solution in the third stage is most complicated
because vaporization\ melting and conduction in the solid
have to be solved simultaneously[ These partial di}er!
ential equations can be discretalized by an implicit _nite
di}erence scheme ð04Ł and solved by an iteration method[

4[ Results and discussion

The absorptivity of target materials is a very important
property for thermal modeling of the material processing[
It depends on the wavelength of the laser beam and the
target material[ It is usually higher for a laser beam with
shorter wave length "such as Nd ] YAG# and lower for a
laser beam with longer wavelength "such as CO1#[ Its
value is usually very low for most metals at room tem!
perature\ but it increases with increase of the target
material temperature ð05Ł[ While no general expression
can be applied\ Ganesh et al[ ð0\ 01Ł assumed that the
surface temperature of the target materials is high enough
so that the re~ectively can be neglected and therefore the
absorptivity was set to unity in refs ð0\ 01Ł[ It is rather
high because the absorptivity can become unity only for
deep holes with plasma "keyhole#[ Kar et al[ ð7Ł gave a
very detailed review of the absorptivity of metal under
irradiation of laser beam in the existing literature[ They
recommended that the appropriate value of absorptivity
for laser drilling would be 9[74[ The reason for such a
high absorptivity is that the laser beam can propagate
through the liquid _lm present in the cavity to cause
volumetric heat generation and result in a high value of
e}ective absorptivity[ It should be noted that the absorp!
tivity does not appear in the dimensionless governing
equations and therefore the results of parametric study
based on the dimensionless governing equations per!
formed in this paper will not be a}ected by the value of
absorptivity[

The laser drilling on a workpiece made of Hastelloy!X
is _rst simulated and the results are compared with the
experimental data in ref[ ð03Ł[ The thermal properties
of the liquid Hastelloy!X are available from ref[ ð03Ł[
However\ the thermal properties of solid phase\ which is
very important to calculate the conduction heat loss\ are
not available[ This problem can be overcome by using
the properties of superalloy ð3Ł which are more or less
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closer to that of Hastelloy!X ð01Ł[ In order to obtain
dimensional results for comparison\ the value of absorp!
tivity of the target materials is needed and it will be taken
as 9[74 as recommended by Kar et al[ ð7Ł[ In order to
obtain high accuracy numerical results\ double precision
variables are used in the FORTRAN code[ The results
in Fig[ 1 were obtained by using a grid number of N � 59
with a dimensionless time step of Dt � 09−5[ Although a
larger grid number and smaller dimensionless time step
"N � 89\ Dt � 09−6# were also used to simulate a few
cases\ no distinguishable di}erences were found[ The
average material removal rate in the laser drilling process\
which is obtained by the following integration

MR �
1pr

tp g
�

9

s0"r\ tp#r dr "36#

will be compared with experimental data[ It should be
noted that the dimensional form of variables are used in
equation "36# in order to compare with the experimental

Fig[ 1[ Comparison of predicted and experimental material removal rate[

data[ The comparison of calculated material removal
rate\ for the cases with and without conduction heat loss\
and that of experimental data is shown in Fig[ 1[ The
experimental material removal rate was obtained by
scaling micrographs of single shot drilled holes for pulse!
on time of 699 ms and radius of 9[143 mm at the Pratt
and Whitney drilling facility at North Haven\ CT ð03Ł[ It
can be seen that the predicted materials removal rate with
conduction heat loss is slightly lower than that without
conduction heat loss but the di}erence is less than 1)[
This suggests that the overall e}ect of conduction heat
loss on the material removal rates is not signi_cant[ As
can be seen from Fig[ 1\ the material removal rate pre!
dicted by the present model is higher than that of exper!
imental data for most cases[ The possible cause of the
over prediction may include uncertainty of absorptivity
and possible partial laser beam blockage due to plasma\
which is not taken into account in the model[ Considering
these complicated phenomena\ the agreement between
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calculated results and the experimental data is very good[
Figure 2 shows the e}ect of subcooling on the liquidÐ

vapor and solidÐliquid interfaces[ As can be seen\ both
vaporization and melting velocity is decreased due to the
e}ect of subcooling in the target material[ The e}ect of
subcooling on the velocity of vaporization is very small[
However\ the melting velocity is more a}ected by the
subcooling since the conduction heat loss directly reduces
the energy that can be used to melt the target material[
Since vaporization is the mechanism of material removal
and vaporization is less a}ected by subcooling\ the
material removal rate for the case with conduction heat
loss only 1) less than that without conduction heat loss
"see Fig[ 1#[ It is also noted that the e}ect of conduction
heat loss on the liquidÐvapor interface are the same at
di}erent locations[ However\ the conduction heat loss
has more signi_cant e}ect on the solidÐliquid interface at
the locations far from the center of the laser beam where
the laser intensity is weaker[ Therefore\ existence of sub!

Fig[ 2[ E}ect of conduction heat loss on the liquidÐvapor and solidÐliquid interfaces "Ni � 59\ tp � 9[93#[

cooling resulted in thinner liquid layer[ Figure 3 shows
the e}ect of subcooling on the liquidÐvapor and solidÐ
liquid interfaces for di}erent laser properties[ The total
laser energy absorbed by the target materials are the same
as Fig[ 2 because the laser intensity of the case in Fig[ 3
is half that in Fig[ 2 but the pulse!on time of the case in
Fig[ 3 is two times of that in Fig[ 2[ It can be seen that
the e}ect of subcooling on both liquidÐvapor and solidÐ
liquid interfaces is more signi_cant for the case of low
intensity and longer pulse!on time[ Another phenomenon
that we can observe from Figs 2 and 3 is that the laser
intensity and pulse!on time have very little e}ect on the
liquidÐvapor interface but their e}ect on the solidÐliquid
interface turns out to be more signi_cant[ Therefore\
lower laser intensity and longer pulse!on time would
result in thicker liquid layer[

It will be useful to analyze the e}ect of subcooling on
the thickness of the liquid layer because this liquid layer
will be resolidi_ed to form a recast layer after the drilling
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Fig[ 3[ E}ect of conduction heat loss on the liquidÐvapor and solidÐliquid interfaces "Ni � 29\ tp � 9[97#[

process is completed ð6Ł[ It can be seen that the liquid
layer is thinner if subcooling exists in the solid phase or
the laser intensity is higher and pulse!on time is longer[
Since the thermal and mechanical properties of the recast
layer may be di}erent from those of the original target
materials\ the thinner liquid layer is always desirable[
The higher laser intensity\ shorter pulse!on time and the
existence of subcooling will be helpful to reduce the recast
layer thickness[

The heat generated by the laser beam is divided into
three parts] conduction heat loss\ latent heat of solidÐ
liquid phase change and liquidÐvapor phase change[ If
the fractions of heat goes to these three parts are\ respec!
tively\ represented by Fc\ Fsl and Flv\ the following con!
dition has to be satis_ed[

Fc "h\ t#¦Fsl "h\ t#¦Flv "h\ t# � 0[ "37#

It should be pointed out that the fractions of heat goes
to three parts\ which is determined by analyzing equa!

tions "8# and "17#\ are the functions of both location and
time[ Figure 4 shows the variations of the fractions of
heat goes to three di}erent parts with time at the center
of the laser beam "h � 9# for the case represented by Fig[
2[ As can be seen\ all of the heat generated by the laser
beam at the _rst stage goes to the conduction heat loss
since no vaporization and melting occur in this stage[
During the second stage\ which is a very short period of
time as appears in Fig[ 4\ most of the heat generated by
the laser beam is used to supply the latent heat of melting
and only a small amount of heat is lost by conduction in
the solid[ At the third stage\ the heat used to vaporize the
melted liquid signi_cantly increases with time and the
heat used to melt the solid signi_cantly decreases with
time[ The heat lost through conduction to the solid is a
constant at the third stage[ The fractions of three parts
at the center of the laser beam will become constant when
the time is relatively large[ It should be pointed out that
the time axis in Fig[ 2 is signi_cantly exaggerated and



Y[ Zhan`\ A[ Fa`hri:Int[ J[ Heat Mass Transfer 31 "0888# 0664Ð0689 0674

Fig[ 4[ Fractions of heat used to conduction heat loss\ melting and vaporization at the center of the laser beam "Ni � 59\ tp � 9[93#[

only re~ect the very beginning of the drilling process[ In
fact\ the variation of the heat goes to the three parts is
very fast and therefore the fractions of the heat go to the
three parts are constants for most periods of the drilling
process other than the very beginning period[ The frac!
tions of heat that goes to three parts for the case rep!
resented by Fig[ 3 is shown in Fig[ 5[ Basically\ the vari!
ation of the fractions is similar to that in Fig[ 4 except
the times of _rst and second stages are longer and the
fraction of conduction loss is higher than that in Fig[ 5[

Figure 6 shows the fractions of the heat lost through
conduction\ melting and vaporization with di}erent
locations at a _xed time t � 9[93 for the case represented
by Fig[ 2[ As can be seen\ the fraction of conduction heat
loss at the center of the laser beam is very small "9[4)#
and increases with increase of h since the laser intensity
decreases with increase of h[ At edge of the laser beam\

where no vaporization and melting occur due to low laser
intensity\ the conduction heat loss becomes 099)[ The
fraction of heat used to supply the latent heat of melting
is about 2) at the center of the laser beam and increase
with increase of h[ At h � 1[0\ Fsl reaches 24) and then
drop to zero since melting does not occur for larger h[
The fraction of heat used to supply the latent heat of
vaporization are maximum at the center of the laser
beam\ 85)\ and decreases all the way to 9) at the edge
of the laser beam[ Although the fraction of heat used to
supply latent heat of melting and lost through conduction
becomes very large at the locations far from the center of
the laser beam\ it has very little contribution on the over!
all heat goes to latent heat of melting and conduction
loss[ The overall conduction heat loss is very small for
this case[ Figure 7 shows the fractions of the three parts
with di}erent locations at a _xed time t � 9[97 for the
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Fig[ 5[ Fractions of heat used to conduction heat loss\ melting and vaporization at the center of the laser beam "Ni � 29\ tp � 9[97#[

case represented by Fig[ 3[ It can be seen that the fraction
of heat lost through conduction\ which is 0) at the
center\ is larger than that of the case represented by Fig[
2[ Therefore\ lower laser intensity and longer pulse result
in larger conduction heat loss[

Figure 8 shows the e}ect of the dimensionless laser
intensity on the locations of the solidÐliquid and liquidÐ
vapor interfaces at the center of the laser beam[ The
e}ects of subcooling on the velocities of liquidÐvapor
interface are almost the same for di}erent laser intensity[
On the other side\ the e}ect of subcooling on the velocity
of solidÐliquid interface is slightly signi_cant for lower
laser intensity[ This is due to the fact that the amount of
heat which is required to bring the temperature of solid
to its melting point is approximately the same for di}er!
ent laser intensity[ Therefore\ the e}ect of subcooling on
the laser drilling process is more signi_cant for the case
using lower laser intensity and longer pulse!on time[
Regardless if the subcooling exists in the solid\ the thick!

ness of the liquid layer at the center of the laser beam is
signi_cantly decreased with increase of laser intensity
especially for lower laser intensity[ For lower laser inten!
sity\ the liquid layer thickness at the center of the laser
beam is signi_cantly thinner if subcooling exists in the
solid[ However\ liquid layer thickness is almost not a}ec!
ted by both laser intensity and subcooling parameter if
the laser intensity is very high[

5[ Conclusion

A thermal model of the melting and vaporization
phenomena in the laser drilling process has been
developed by energy balance analysis at the solidÐliquid
and liquidÐvapor interfaces[ The dependence of satu!
ration temperature on the back pressure was accounted
for by the Clausius:Clapeyron equation[ The conduction
heat loss to the workpiece is also included in the model
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Fig[ 6[ Fractions of heat used to conduction heat loss\ melting and vaporization at di}erent locations "Ni � 59\ tp � 9[93#[
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Fig[ 7[ Fractions of heat used to conduction heat loss\ melting and vaporization at di}erent locations "Ni � 29\ tp � 9[97#[
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Fig[ 8[ E}ect of the dimensionless laser intensity on the locations of the solidÐliquid and liquidÐvapor interfaces at the center of the
laser beam[

and is solved using an integral approximate method[ The
predicted material removal rate qualitatively agreed very
well with the experiment data[ The amount of heat lost
through conduction is found to be very small and its
e}ect on the vaporization is not signi_cant[ However\
the locations of melting front is signi_cantly a}ected by
conduction heat loss especially for lower laser intensity
and longer pulse[ The existence of subcooling in the solid
is helpful in reducing the thickness of recast layer[
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