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Abstract

An analytical model is presented which incorporates the effects of using O2 as assist gas. The contribution of the enthalpy of oxidation
used in the model was determined experimentally by capturing the ejected melt and measuring the volume percentage of oxidation. The
formulation of recoil pressure used in the model takes into account hole diameter and depth, and the associated pressure variation. The
model presented also considers pulse width which is shown to affect the drilling velocity. The model enables the prediction of the velocity
of melt ejection, and the drilling rate, as well as the contributions of melt ejection and vapourisation to the overall drilling rate. The
calculated drilling rates are in close agreement with the experimental results.
� 2005 Elsevier Ltd. All rights reserved.
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1. Introduction

Laser drilling involves a number of physical processes,
typically melting, vapourisation, heat transfer by radiation,
convection and conduction, vapour and melt flow, droplet
formation and condensation of the vapour, absorption and
reflection of electromagnetic radiation. Numerous models
related to laser drilling have emerged over the last 40 years
[1–33]. Before the current availability of inexpensive com-
puting power, the emphasis was on finding solutions of
appropriately simplified models. Early work by various
researchers was mostly analytical in nature and laser dril-
ling was modelled as a one-dimensional heat conduction
problem [1,3,6]. This was adequate for low extraction effi-
ciencies and low repetition rates, which allowed drilling
of only shallow craters. Nevertheless, most of the one-
dimensional models matched experimental drilling rates
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reasonably well. The capabilities of modern lasers have
increased dramatically, and holes with aspect ratios beyond
10 can be easily drilled. The facts that analytical solutions
are not available for moving-boundary phase-change prob-
lems, that actual geometries can be very complex, that the
physical properties are invariably temperature-dependent,
and that computer power has become very inexpensive
have shifted current emphasis to numerical solutions. In
recent years, there continues a growing number of one-
dimensional models, with an ever-increasing development
of higher-dimensional numerical models published in the
open literature [8,9,12,30]. These models include both
steady state and transient conditions and evaluate the
effects of varying laser parameters on the temperature pro-
file [21,22], removal rate and drilling speed [18,27–29,31]
and the shape of the hole profile [11,12,20,28].

The model developed by Semak and Matsunawa [23]
and later adapted to include the effects of using an O2 assist
gas for laser drilling by Low et al. [33], are both integral,
steady-state, analytical models using mass and energy con-
servation as basis. The main thrust of the Semak and
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Nomenclature

a pre-exponential fitting parameter for friction
factor

A numerical coefficient
Aeff effective area of assist gas flow (m2)
Arl cylindrical area of radial loss of assist gas pres-

sure (m2)
b exponential fitting parameter for friction factor
B0 vapourisation constant (kg m�2)
Cc constant for forced convection
Cp,m specific heat of melt (J kg�1 K�1)
Cp,s specific heat of solid (J kg�1 K�1)
d hole diameter (m)
dn nozzle exit diameter (m)
fg assist gas flow rate (m3 s�1)
fvap friction factor of metal vapour

F
_

power per unit mass required to overcome fric-
tional forces (W kg�1)

g gravitational acceleration (9.8 m s�2)
h heat transfer coefficient (W m�2 K�1)
Iabs absorbed laser intensity (W m�2)
kb Boltzmann�s constant (1.38 · 10�23 J K�1)
kg thermal conductivity of assist gas (W m�1 K�1)
ks thermal conductivity of solid material

(W m�1 K�1)
L hole depth (m)
Lm latent heat of melt (J kg�1)
Lv latent heat of vapourisation (J kg�1)
mm mass of molten material ejected (kg)
mox mass fraction of metal in alloy
mox,i mass fraction of ith metal in alloy
ms total mass of material removed (kg)
mv mass of material vapourised (kg)
_mv mass flow rate of vapourised material (kg s�1)
Mm molar mass (kg mol�1)
Mr,ox relative atomic mass of oxidising element

(kg mol�1)
Mr,ox,i relative atomic mass of the ith oxidising element

(kg mol�1)
n number of mole
nc constant for forced convection
pc pressure of assist gas at the critical state (N m�2)
pr recoil pressure (N m�2)
peff effective static assist gas pressure (N m�2)
pi nozzle pressure (N m�2)
Pcond power lost to conduction (W)
Pconv power lost to forced convection (W)
Pin input power (W)
Pmelt power required for heating and melting (W)
Pout output power (W)
Pr Prandtl number
Pr power from chemical reactions (W)

Pr,ox heat generation rate due to oxidation of a par-
ticular element (W)

Pvap power required for vapourisation (W)
pvap vapour pressure (N m�2)
q convective cooling rate per unit area (J)
rl laser beam radius (m)
R gas constant (8.314 J mol�1 K�1)
Re Reynolds number
Rox reaction rate (mol s�1)
t time (s)
T absolute temperature (K)
T* average temperature within melt layer (K)
T0 initial temperature of material (K)
Ti temperature of assist gas inside nozzle (K)
Tm melting point of solid material (K)
Ts melt surface temperature (K)
Tvap vapourisation temperature (K)
U (MaLv)/Nakb) (K)
vg gas flow velocity (m s�1)
vv velocity of the vapour (m s�1)
V0 a constant (of the order of the speed of sound in

the condensed phase)
Vd drilling velocity (m s�1)
Vdm drilling velocity due to melt ejection (m s�1)
Vdv drilling velocity due to vapourisation (m s�1)
Vm melt ejection velocity (m s�1)
Vv velocity of vapourisation front along the z-axis

(m s�1)
w
_

mechanical power (W)
zn nozzle–workpiece distance (m)
ac constant
aox fraction of oxidised material
aox,i fraction of ith oxidised material
c specific heat ratio
dm thickness of melt layer (m)
jm thermal diffusivity of melt (m2 s�1)
js thermal diffusivity of solid (m2 s�1)
lg viscosity of assist gas (N m�2 s)
lv viscosity of vapour (N m�2 s)
q density (kg m�3)
qg density of assist gas (kg m�3)
qm melt density (kg m�3)
qs solid density (kg m�3)
qv vapour density (kg m�3)
r surface tension (N m�1)
DHox enthalpy of oxidation (J mol�1)
DHox,i enthalpy of oxidation for ith metal (J mol�1)
DvapH enthalpy of vapourisation (J mol�1)
$forward �forward� component of conduction term
$radial �radial� component of conduction term
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Matsunawa approach was to elucidate the effect of recoil
pressure during the melt ejection process. The recoil pres-
sure is taken to be due to the build-up of vapour pressure
generated by surface heating. Low et al. extended the
model by bringing in the effect of assist gas, adding two
additional power terms, one for convective cooling and
the other for exothermic reactions between the assist gas
and molten phase, as well as by adding the pressure exerted
by the assist gas to the recoil pressure. The model presented
here further develops this approach and takes into account
the fact that only a small percentage of the drilled material
oxidises, and couples the vapour pressure at the drilled sur-
face to the rate of vapour flow through the drilled hole; not
previously considered. The new formulation of recoil pres-
sure takes into account hole diameter and depth, bringing
pressure variation into the model. Also, the contribution
of the oxidation enthalpy is readdressed with the aid of
experimental data.

2. Model description and assumptions

A schematic diagram to illustrate the model is given as
Fig. 1. The laser beam impinges on the workpiece surface,
is absorbed, and causes heating, melting and vapourisa-
tion. The recoil pressure generated by surface vapourisa-
tion, along with the pressure exerted by the assist gas,
initiate radial ejection of the liquid melt from the interac-
tion zone. When steady-state material removal is estab-
lished, the drilling front propagates into the material at a
drilling velocity determined by the absorbed laser intensity.
The model ignores the initial melt ejection and addresses
the processes taking place once the drilled hole reaches a
finite depth. The total pressure causing melt ejection is
taken to be the sum of the vapour pressure in the hole
and the pressure exerted on the melt by the assist gas.
The build-up of vapour pressure is relieved by the flow of
Fig. 1. Schematic diagram of the mod
the vapour through the drilled hole. Apart from aiding
melt ejection, the assist gas can also add energy to the pro-
cess if it reacts exothermally with the melt, typically oxygen
forming metal oxides, or remove energy from the process
by forced convective cooling.

In order to simplify the model the following assump-
tions were made:

1. Plasma generation was ignored. Only molten and
vapour-phase metal are accounted for.

2. The metal vapour is assumed to be optically thin,
thus absorbing none of the laser power.

3. Power absorption by the ejected melt is similarly
ignored.

4. The generation of shock waves was assumed to be
negligible.

5. The power distribution of the absorbed laser inten-
sity, Iabs, is assumed to be uniform, and approxi-
mated by a top-hat profile.

6. The change in surface absorptivity due to oxide for-
mation is ignored. The competing effects between
the possible change in absorptivity of the surface
due to oxide formation and the difference in the melt-
ing point of the oxide and metal considered, were
assumed to cancel each other.

7. The impinging O2 assist gas only interacts with the
melt surface defined by the area covered by the spot
size of the laser beam.

8. Not all the metal potentially available for oxidation,
reacts with the oxygen assist gas, due to mass transfer
constraints.

9. The metal vapour directly above the melt surface is in
thermodynamic equilibrium with the metal surface.

10. The vapour pressure build-up above the melt surface
is released by the vapour escaping through the drilled
channel.
el with the use of an O2 assist gas.
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11. The combined effect of the vapour pressure build-up
and assist gas pressure cause melt ejection. A high
percentage of the melt is ejected, leaving a thin melt
layer at the bottom of the hole, the thickness of which
is inversely proportional to the drilling velocity.

12. Quasi-steady-state melt flow and propagation of the
liquid–vapour and solid–liquid interfaces within the
interaction zone were assumed, i.e. the propagation
rate Vv of the vapourisation surface, the melt ejection
velocity Vm, and the drilling velocity Vd are calcu-
lated from average values.

3. Mathematical formulation

3.1. Mass balance

On average during the drilling process the rate at which
the solid metal melts is equal to the rate at which material is
lost from the hole by vapourisation and melt ejection.
Mathematically this is expressed as

dms

dt
¼ dmv

dt
þ dmm

dt
ð1Þ

Here ms is the mass of metal melted, mv is the mass of mol-
ten metal that is vapourised, mm is the mass of molten me-
tal that is ejected. Re-writing Eq. (1) for a hole diameter
equivalent to the laser spot diameter of 2rl one obtains

pr2l qsV d ¼ pr2l qmV v þ 2prldmqmV m ð2Þ

where Vv and Vm are the velocity of the vapourisation front
and the melt ejection velocity respectively. One assumes that
the melt front propagates with an average velocity, Vd, and
that the average melt thickness can be approximated by

dm � jm

V d

ð3Þ

where jm is the thermal diffusivity of the melt. Then by
substituting Eq. (3) into Eq. (2) and rearranging one
obtains

qsV d � qmV v �
2jmqm

rlV d

V m ¼ 0 ð4Þ

The approach taken by both Semak and Matsunawa [23],
and Low et al. [33], was to take the vapourisation velocity
front, Vv, to be dependent on the melt surface temperature.
Both used the following relationship, reworked from Fren-
kel [34], for calculating Vv

V v ¼ V 0 exp � U
T s

� �
ð5Þ

Here U = (MaLv)/(Nakb), Ma and Lv are the atomic mass
and latent heat of vapourisation of the metal respectively,
Na is the Avogadro�s number, kb is Boltzmann�s constant
and V0 is a constant whose value is quoted to be of the or-
der of the speed of sound in the condensed phase. It should
be noted that Eq. (5) is derived solely from the energy dis-
tribution of the atoms in the solid, and no account is taken
of the co-existing vapour phase beyond the surface, and the
relationship between the boiling point and the vapour pres-
sure is ignored.

Both Semak and Matsunawa [23], and Low et al. [33]
calculated recoil pressure using the expression

pr ¼ ApvapðT sÞ ¼ AB0T
�1

2
s exp � U

T s

� �
ð6Þ

A is a numerical coefficient and B0 is a vapourisation con-
stant. The value of the coefficient A is stated to vary be-
tween 0.55 for vapourisation in vacuum to unity for
vapourisation under high ambient pressure. However, the
derivation of Eq. (6) and of evaluating A appears not to
be part of the open literature and is based on private
communications.

The use of Eqs. (6) and (5) give very reasonable predic-
tions for the values of the drilling velocity and melt ejection
velocity, but leads to rather high predicted surface temper-
ature values. In addition the two models mentioned do not
take into account the depth of the drilled hole, and cannot
account for differences in pulse width. For this latter rea-
son, along with the desirability to use better-established
theory, and to take account of pressure relief through
vapour flow and the geometry of the drilled hole, a different
approach was taken for calculating the velocity of the
vapour front. Details are given in Section 3.5.

3.2. Melt ejection velocity

Assuming a uniform pressure profile within the laser
beam (the result of the combined effect the of the vapour
pressure and the assist gas pressure), the melt flow to be
one-dimensional, and zero pressure to exist outside the
beam, one can obtain an expression for the melt velocity,
Vm, from Bernoulli�s equation

pvap þ peff ¼
qmV

2
m

2
þ qmghþ

r
rl

ð7Þ

The second and third terms on the right-hand side of Eq.
(7) correspond to the hydrostatic and surface tension pres-
sures respectively. Both terms are assumed to be negligible
compared to the build-up of vapour pressure at the high-
temperature surface, pvap, and the assist gas pressure, peff.
The melt ejection velocity is thus calculated from

pvap þ peff ¼
qmV

2
m

2
ð8Þ
3.3. Vapour pressure

Vapour pressure can be directly calculated from the
well-established Clausius–Clapeyron equation (e.g.)
[35,36]:

pvap ¼ p0 exp
DvapH
R

1

T vap

� 1

T s

� �� �
ð9Þ



1362 G.K.L. Ng et al. / International Journal of Heat and Mass Transfer 49 (2006) 1358–1374
which relates surface temperature to vapour pressure. Tvap

is the boiling point of the liquid at atmospheric pressure,
p0. The equation is derived by assuming thermodynamic
equilibrium between the gas and the liquid phases, and al-
lows for an increase of the boiling point should there be a
pressure build-up. This expression is preferred to Eq. (6)
used by both Semak and Matsunawa [23], and Low et al.
[33]. The reason for this choice has already been given:
the method for deriving Eq. (6) is not part of the open
literature, and the exact functional dependence of the coef-
ficient A on pressure is not known.

3.4. Assist gas pressure

It is well known that melt-ejection-dominated material
removal is more efficient because the latent heat of vapouri-
sation is much higher than the latent heat of fusion for met-
als. It is energy efficient to eject the molten material before
excessive energy consumption by evaporation. Thus if a gas
jet is used in tandem with the laser beam, material removal
may be achieved with substantially lower laser power than
by relying on the vapourisation-induced recoil pressure
alone to expel the molten metal. As such, it is advised to
introduce the effect of the pressure induced on the melt sur-
face when an assist gas jet is used during laser drilling into
the model.

It can be shown that for isentropic gas flow, the total
pressure along a streamline is constant and equals the
sum of the static and dynamic pressures. The total pressure
is often called the stagnation pressure since it is the static
pressure of the gas if its velocity was isentropically reduced
to zero. The dynamic gas pressure can be neglected if the
hole bottom is assumed to be perpendicular to the gas axis
(Fig. 1) and if one assumes a uniform assist gas pressure
profile within the laser beam and zero outside the beam.
At the nozzle exit the gas has typically accelerated up to
the local speed of sound leading to the critical state, indi-
cated by the subscript �c�, due to adiabatic expansion of
the gas [37]:

pc ¼
2

cþ 1

� � c
c�1

pi ð10Þ

Here pc is the pressure of assist gas at the nozzle exit, pi is
the pressure inside the nozzle. For diatomic gases such as
O2, the specific heat ratio, c = 1.4.

For simplicity, the critical state is assumed to be found
at the laser-drilled hole entrance, but with a reduced pres-
sure due to the radial expansion of the gas outwards from
the hole. The estimation of the reduced pressure is made by
considering the geometrical areas of the gas flow entering
the hole cavity and the gas flow which flows radially out-
wards as shown in Fig. 1 and expressed in the following
equations:

Aeff ¼ pr2l ð11Þ
Arl ¼ dnpzn ð12Þ
Here Aeff is the effective area of flow entering the hole de-
fined by the laser beam radius, rl, (since zero assist gas pres-
sure outside the beam was assumed), Arl is the cylindrical
area where the radial loss of gas pressure flows as defined
by the nozzle exit diameter, dn and nozzle–workpiece dis-
tance, zn. As a result of these two flows, the assist gas pres-
sure, pc, at the nozzle exit is reduced to peff as follows:

peff ¼ pc
Aeff

Aeff þ Arl

¼ f ðpiÞ ð13Þ

where peff is the effective static gas pressure of the assist gas
acting in the same direction as the vapour pressure on the
melt surface and f(pi) stands for the functional dependence
on the inner gas pressure inside the nozzle. This formula-
tion is taken directly from Low et al. [33].

3.5. Vapourisation velocity

An expression for Vv, the normal velocity of the vapo-
urisation front, is now developed. Two coupled expressions
are used. Vv is directly related to the amount of power
taken up by vapourisation. In this section an additional
expression, based on the simultaneous condition, that the
mass flow of vapour through the drilled hole is related to
the pressure drop along the hole, is developed. The starting
point is the energy balance equation for flow through a
channel:

D
v2v
2
þ gDzþ

Z High

Low

dp
qv

þ F
_

¼ w
_ ð14Þ

Each term represents energy per unit mass for the fluid.
The first term on the left-hand side represents change in ki-
netic energy. Here vv is the vapour velocity (not Vv, the
velocity of the vapourisation front). Since the diameter of
the drilled hole is taken as constant, mass flux remains
constant through the length of the hole, and this term is
ignored. The second term represents work done to over-
come gravity, and is also ignored because of the shallow-
ness of the hole. The third term is the pressure drop,
between the channel limits, required to sustain the flow.
The fourth term represents the work done against friction.
On the right-hand side w

_
is the energy directly supplied to

the fluid, e.g. by mechanical pumping. In the case of laser
drilling w

_
is zero, since the energy is supplied indirectly

by vapourisation, from the point of view of the fluid. Thus,
using the Moody expression for F

_

[38], Eq. (14) becomes

Z High

Low

dp
qv

¼ � F
_

¼ fvapLv2v
2d

ð15Þ

Here, fvap is the friction factor, L is the channel length, d its
diameter, and vv is the velocity of the vapourised material
moving upward through the channel. The friction factor
is relatable to the relative surface roughness and the Rey-
nolds number of the flow, and is either determined experi-
mentally, or taken from literature graphs, as e.g. given by
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Moody [38]. First, the vapour velocity is formulated in
terms of mass flow and density by

_mv ¼
vvqvpd

2

4
ð16Þ

An expression for v2v to substitute into Eq. (15) is easily de-
rived as follows:

vv ¼
_mv4

qvpd
2

ð17Þ

v2v ¼
_m2
v16

q2
vp

2d4
ð18Þ

Substituting Eq. (18) into Eq. (15) one obtainsZ High

Low

qv dp ¼ fvapL _m2
v8

p2d5
ð19Þ

Since

qv ¼
nMm

V
¼ pMm

RT s

ð20Þ

integration of Eq. (19) yields

1

2
½ðpvap þ peffÞ

2 � p2eff �
Mm

RT s

¼ fvapL _m2
v8

p2d5
ð21Þ

Isolating _m2
v on the left-hand side one has

_m2
v ¼

1

16

p2d5

fvapL
½ðpvap þ peffÞ

2 � p2eff �
Mm

RT s

ð22Þ

and accepting only the positive root one obtains the
expression

_mv ¼
1

4

pd
5
2

f
1
2
vapL

1
2

½ðpvap þ peffÞ
2 � p2eff �

1
2

Mm

RT s

� �1
2

ð23Þ

Since

_mv ¼
qmV vpd

2

4
ð24Þ

one can now find the required expression for Vv

V v ¼
4 _mv

qmpd
2

¼ 4

qmpd
2

� �
1

4

pd
5
2

f
1
2
vapL

1
2

 !
½ðpvap þ peffÞ

2 � p2eff �
1
2

Mm

RT s

� �1
2

ð25Þ

Simplification gives

V v ¼
d

1
2

f
1
2
vapL

1
2qm

 !
½ðpvap þ peffÞ

2 � p2eff �
1
2

Mm

RT s

� �1
2

ð26Þ

and

V v ¼
1

qm

Mmd
RT sL

� �1
2

½ðpvap þ peffÞ
2 � p2eff �

1
2f

�1
2

vap ð27Þ
An expression for the friction factor now needs to be
found. Over any limited Reynolds number range it has
the form of a decaying exponential. Thus

fvap ¼ aRe�b ð28Þ
and

f
�1

2
vap ¼ a�

1
2Re

b
2 ð29Þ

where a and b are empirical constants, dependent of the rel-
ative surface roughness of the channel. Since the surface
roughness of the drilled hole, especially during drilling, is
unknown, a and b will be used as fitting parameters and
the expression for Vv derived in terms of them. The Rey-
nolds number can be expressed in terms of mass flow by

Re ¼ qvvd
lv

¼ 4 _mv

pdlv

ð30Þ

Substitution of Eqs. (30) and (24) into Eq. (29) gives

f
�1

2
vap ¼ a�

1
2

qmV vd
lv

� �b
2

ð31Þ

Substitution of Eq. (31) into Eq. (27) gives

V v ¼
1

qm

Mmd
RT sL

� �1
2

½ðpvap þ peffÞ
2 � p2eff �

1
2a�

1
2

qmV vd
lv

� �b
2

ð32Þ

Eq. (32) can now be rearranged to provide a solution for Vv

V
1�b

2
v ¼ 1

qm

Mmd
RT sL

� �1
2

½ðpvap þ peffÞ
2 � p2eff �

1
2a�

1
2

qmd
lv

� �b
2

ð33Þ

and thus

V v ¼
1

qm

Mmd
RT sL

� �1
2

½ðpvap þ peffÞ
2 � p2eff �

1
2a�

1
2

qmd
lv

� �1
2

" # 1

1�b
2

ð34Þ

Finally an expression for hole depth, L, needs to be found.
Since the final hole depth is the product of the drilling
velocity and the pulse width, we estimate an average hole
depth from

L ¼ 1

2
V ds ð35Þ

Vv can now be expressed in terms of the drilling velocity,
Vd, and pulse width s

V v¼
a�

1
2

qm

2Mmd
RT ss

� �1
2

½ðpvapþpeffÞ
2�p2eff �

1
2

qmd
lv

� �b
2

" # 1

1�b
2 1

V d

� � 1
2�b

ð36Þ
3.6. Effect of the exothermic reaction

During laser materials processing, the assist gas jet influ-
ences the process in several ways. The gas helps to remove
the molten material and protects the optics of the system by
keeping away both the vapour generated and the ejected
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melt. An exothermic reaction is generated when the assist
gas contains O2 and if the material is reactive, e.g. a metal.
The additional heat generated at the melt surface enhances
process efficiency. Since O2 assist gas is used in most prac-
tical laser drilling processes, it is important to consider the
contribution of exothermic reactions in the model.

During the drilling process, the elements within the
metal or alloy can be oxidised, forming various oxide
phases. In general the total chemical equation for the reac-
tion between a metal, Me, and oxygen gas, O2, to form an
oxide MeaOb may be written as aMe + (b/2)O2 ! MeaOb,
where a and b in this case are appropriate stoichiometric
coefficients. In order to quantify the additional thermal
input, the heat generated by each metal element in a given
metal matrix needs to be considered separately. The rate of
reaction is determined by the drilling velocity as it controls
the rate at which the parent material is made available for
the oxidation reaction. The reaction rate, Rox (in mol s�1),
for any particular metal element under consideration is

Rox ¼ aox
V dpr2l qmmox

M r;ox

ð37Þ

Here Mr,ox is the relative atomic mass of the metal element
in consideration and mox is the mass fraction in the solid
matrix of the element under consideration, and aox is the
fraction of the element actually oxidised. It should be
clearly grasped that the oxygen has to get to the metal sur-
face to react, and all the metal ejected from the drilled hole
cannot be expected to react with the oxygen. The oxidation
process should clearly be expected to be mass transfer lim-
ited. From Eq. (37) the heat generated due to the oxidation
of a particular element can be expressed as

P r;ox ¼ aox
V dpr2l qm

M r;ox

� �
moxDHox ð38Þ

where DHox is the enthalpy of oxidation to form a parti-
cular oxide. For example, a possible oxidation reaction
of low carbon steel is Fe + 1/2O2 ! FeO: DHox =
�242.758 kJ mol�1 [39]. The total heat generated during
the oxidation of a multi-element alloy can be described as
follows:

P r ¼
Xm0

i¼1

aox;i
V dpr2l qm

M r;ox;i

� �
mox;iDHox;i ð39Þ

Here one assumes that a distinct oxide is formed from each
element. The formulation above is different to that of Low
et al., in that the oxidation process is not assumed to go to
completion. The degree of oxidation is left as a variable
parameter which is to be determined experimentally.

3.7. Energy balance

The following section considers the energy balance in
the molten layer exposed to the laser beam when a quasi-
steady-state melt ejection from the interaction zone has
been reached. The melt front is moving into the solid with
average velocity Vd. The solid melts and then the melt is
partially ejected in the reverse direction by the trapped
vapour pressure and the assist gas pressure with velocity
Vm and partially evaporated from the melt surface. The
input power into the molten layer can be expressed as

P in ¼ Iabspr2l þ P r ð40Þ

where Iabs is the absorbed laser intensity, pr2l is the area (Al)
of the incident laser beam and Pr is the reactive power gen-
erated due to oxidation when an O2 assist gas is employed.
The output power of the molten layer is comprised of a
conduction term, Pcond, a forced convection term, Pconv,
the power required for heating and melting, Pmelt, as well
as the power required for vapourisation, Pvap, and can be
written as follows:

P out ¼ P conv þ P cond þ Pmelt þ P vap ð41Þ

Obviously the input power is equal to the output power.
A model for forced convection perpendicular to a plate

is introduced as a rough approximation. The heat transfer
by forced convection between the melt surface at the hole
bottom and the gas flowing perpendicularly to the melt sur-
face is addressed. The considered area is the laser beam
spot size, and the heat transfer between the hole walls
and the assist gas is assumed negligible. This is a reasonable
approximation since the main concern is to investigate the
cooling rate of the melt surface, which directly affects the
drilling velocity. Firstly, the Reynolds number for the assist
gas flow can be expressed as

Re ¼
qgvg2rl
lg

ð42Þ

where qg is the assist gas density, vg is flow velocity of the
assist gas, lg is the dynamic viscosity of the gas and the
width of the melt surface is taken as the laser beam spot
size 2rl. The convective cooling rate per unit area, q, be-
tween the impinging assist gas and the melt surface is

q ¼ �hðT s � T iÞ ð43Þ
where Ts and Ti are the melt surface and assist gas temper-
atures respectively, h is the heat transfer coefficient, which
can be determined from

h ¼ kg
2rl

ðCcRenc Pr
1
3Þ ð44Þ

Here kg and Pr are the thermal conductivity and Prandtl
number respectively of the assist gas, Cc and nc are experi-
mentally determined constants for forced convection per-
pendicular to the melt surface, and are taken to be 0.228
and 0.731 respectively [40]. The expression in bracket on
the right-hand side of Eq. (44) is the Nusselt number. Com-
bining Eqs. (42)–(44), the power lost due to cooling by the as-
sist gas, Pconv, within the melt surface area can be written as

P conv ¼
Cckg
2rl

qgvg2rl
lg

 !nc

Pr
1
3ðT s � T iÞðpr2l Þ ð45Þ



Table 1
Thermophysical properties of low carbon steel [23]

Material property Low carbon
steel

Density of solid, qs (kg m
�3) 7800

Density of melt, qm (kg m�3) 6980
Specific heat of solid, Cp,s (J kg

�1 K�1) 628
Specific heat of liquid, Cp,m (J kg�1 K�1) 748
Thermal diffusivity of solid, js (m

2 s�1) 0.014 · 10�3

Thermal diffusivity of melt, jm (m2 s�1) 0.007 · 10�3

Latent heat of melt, Lm (J kg�1) 276 · 103

Latent heat of vaporisation, Lv (J kg
�1) 6088 · 103

Initial temperature, T0 (K) 300
Melting point, Tm (K) 1808
Boiling point, Tvap (K) 3100
Molar mass, Mm (kg mol�1) 0.05575
Laser beam radius, rl (m) 0.26 · 10�3

Table 2
Thermophysical properties of O2 assist gas and gas nozzle parameters
[51–53]

O2 assist gas property Value

Nozzle pressure, pi (N m�2) 3 · 105

Gas flow rate, fg (l min�1) {m3 s�1} 40 {0.667 · 10�3}
Gas flow velocity, vg (m s�1) 377
Density of gas, qg (kg m�3) 1.3007
Viscosity of gas, lg (N s m�2) 2.01 · 10�5

Prandtl number, Pr 0.73
Thermal conductivity, kg (W m�1 K�1) 0.0259
Temperature of assist gas, Ti (K) 300
Nozzle exit diameter, dn (m) 1.5 · 10�3

Laser beam radius, rl (m) 2.6 · 10�4

Nozzle–workpiece distance, zn (m) 2.2 · 10�3
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It is important to mention that due to the complexity in the
evaporation of surfaces, the above forced convection cool-
ing analysis should only be regarded as a first approxima-
tion. For example, if substantial evaporation is achieved a
Knudsen layer may exist and the cooling effect may be af-
fected. Nevertheless, this is not an issue for concern as the
computed results below show that power losses due to con-
vective cooling to be minimal relative to other effects. This
formulation of forced convection is standard and was also
used by Low et al.

The approach to conduction losses presented here is
similar to that of both Semak and Matsunawa, and Low
et al. The conduction term can be estimated from the
sum of forward and radial components:

P cond � �ksrforwardTpr2l � ksrradialTpr2l ð46Þ

where ks is the thermal conductivity of the solid metal and
the gradients of temperature are taken at the melt front
along (forward) and perpendicularly (radial) to the motion
of the retreating solid metal. The forward component can
be written as

�ksrforwardTpr2l ¼ ks
Tm � T 0

js=V d

pr2l ¼ qsCp;s Tm � T 0ð ÞV dpr2l

ð47Þ
here, js is the thermal diffusivity of the solid metal. The
radial component can be estimated from

�ksrradialTpr2l � ks
Tm � T 0ð Þpr2l
js
V d

rl þ jm
V d

� �h i1
2

� qsCp;s Tm � T 0ð ÞV dpr2l
jm
js
þ V d

js
rl

� �1
2

ð48Þ
Since the forward component is used to pre-heat the solid
metal, only the radial component is considered to be energy
lost from the melt layer.

The power spent on heating and melting can be
expressed as follows:

Pmelt � 2prlqm½Cp;mðT � � TmÞ þ Cp;sðTm � T 0Þ þ Lm�V mdm

¼ 2prlqm½Cp;mðT � � TmÞ þ Cp;sðTm � T 0Þ þ Lm�
V mjm

V d

ð49Þ

where T* is the average temperature within the melt layer
and is approximated by

T � ¼ Tm þ acðT s � TmÞ ð50Þ

Tm is the melting point of the solid metal and ac is a con-
stant smaller than unity. It is taken to be 0.5 in this work.
Taking into account the vapourisation front velocity, Vv,
the power used for vapourisation is given as

P vap ¼ qmV vLvpr2l ð51Þ
where Lv is the latent heat of vapourisation.

Combination of Eqs. (39)–(41), (45)–(49), (51), and divi-
sion by pr2l gives
Iabs ¼ �
Xm0

i¼1

aox;i
V dqm

M r;ox;i

� �
mox;iDHox;i

þ Cckg
2rl

qgvg2rl
lg

 !nc

Pr
1
3 T s � T ið Þ þ qsCp;sðTm � T 0ÞV d

þ qsCp;sðTm � T 0ÞV d

jm
js
þ V d

js
rl

� �1
2

þ 2qm½Cp;mðT � � TmÞ

þ Cp;sðTm � T 0Þ þ Lm�
V mjm

V drl
þ qmV vLv ð52Þ
4. Physical properties

The physical properties of the solid used for drilling and
the assist gas are tabulated in Tables 1 and 2.

5. Calculation procedure

The mathematical developments given in the paragraphs
above constitute a system of mostly non-linear equations,
the simultaneous solution of which yields relationships
amongst the various system parameters and were solved
using Mathcad. The approach taken to obtain solutions
is as follows:
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1. Assume a vapour pressure.
2. Calculate the corresponding surface temperature

from the Clausius–Clapeyron equation, Eq. (9).
3. Calculate the pressure exerted by the assist gas from

Eqs. (10) and (13).
4. Calculate the melt ejection velocity from Eq. (8).
5. Calculate the drilling velocity by solving for Vd in Eq.

(4) after inserting the calculated value of the melt
ejection velocity, and substituting Eq. (36) for Vv.

6. Then calculate the vapourisation velocity, Vv, from
Eq. (36).

7. Obtain the power lost to forced convection from Eq.
(45).

8. Calculate the power required for heating and phase
change from Eqs. (49) and (51).

9. Get the power added to the system by the exothermic
oxidation reaction from Eq. (39).

10. Calculate the forward and radial conduction power
losses from Eqs. (47) and (48) respectively.

11. And finally calculate the laser intensity to sustain the
process from Eq. (52).

6. Experimental procedures for model verification

The experimental results from Low et al. on drilling
velocity and melt ejection velocity measurement are used
for model verification [33], and a brief description is
provided.

6.1. Drilling velocity measurement

A fibre-optic delivered Nd:YAG laser emitting at
1.06 lm wavelength was used in the experiments. The laser
beam was focussed with a lens having a focal length of
120 mm, giving a spot size of approximately 520 lm diam-
eter. Low carbon steel plates were drilled with actual peak
powers ranging between 0.7 and 5 kW at three different
pulse widths of 0.5, 1.0, and 1.5 ms. Experiments were per-
formed with and without O2 assist gas. None-through holes
were produced so the drilling velocity can be determined by
cross-sectioning of laser-drilled holes. Precision fine cutter
(Struers Accutom-5) was used to section the workpiece at
0.5 mm from the edges of the holes. The sectioned holes
were then mounted in polymer resin and ground with SiC
emery paper until the edge of the holes were reached. This
was followed by grinding with finer SiC paper until the cen-
tre of the holes was reached.

6.2. Melt ejection velocity measurement

In order to estimate the melt ejection velocity, a Kodak
HS4540high-speed imaging system was employed to record
the single-pulse drilling experiments at 9000 frames s�1. The
melt ejection velocity was estimated by measuring the
distance travelled by the particles between two frames and
dividing it by the frame period. The final melt ejection veloc-
itywas taken from the average velocity of three particles dur-
ing the impingement of the laser beam.

6.3. Degree of oxidation measurement

Low carbon steel was drilled with 7 kW peak power,
0.3 ms pulse width, with O2 assist gas at 3 bar. A glass slide
was placed 40 mm below the workpiece to capture the melt
ejection material. The glass slide was then mounted in poly-
mer resin, ground with fine SiC emery paper to approxi-
mately the centre of the melt droplets. This was then
followed by polishing with 3 lm diamond paste. SEM
imaging and EDX analysis were performed for 10 randomly
selected droplets. The percentage volume oxidation was cal-
culated by measuring the percentage area of oxidation using
image analysis software and the SEM images obtained.

7. Results and discussion

The following sections present and discuss the results
obtained for the melt surface temperature, drilling velocity,
and melt ejection velocity, for drilling with and without O2

assist gas. In order to test the validity of the model, the
results of the current model are compared with those calcu-
lated using the model of Low et al. and their experimental
results. In addition, the investigation on the degree of oxi-
dation that determines the value of oxidation enthalpy used
in the model is discussed.

7.1. Melt surface temperature

Fig. 2 shows the predicted melt surface temperature as a
function of absorbed laser intensity for drilling with and
without O2 assist gas. A general increase of melt surface
temperature with absorbed laser intensity can be noted.
Those drilled with O2 show higher melt surface tempera-
ture as a result of additional energy put into the system
through exothermic reaction. This was true for both Low
et al.�s model and the current model. It should be noted
that the model presented in this work predicts surface tem-
peratures substantially lower than those predicted by
Semak and Matsunawa [23], and Low et al. [33].

There is an increase in boiling point due to pressure
build-up at the melt surface. The relationship between boil-
ing point and vapour pressure is governed by the Clausius–
Clapeyron equation, built into this model. Unlike previous
models, the vapour pressure at the surface is coupled to the
mass flow of the vapour through the drilled hole, thus pro-
viding a mechanism for pressure relief, and pressure cannot
build-up indefinitely. Because of this, the increase in boiling
point, and hence surface temperature is substantially lower
than previous models.

At present, there exists no experimental data pertaining
to the surface temperature inside a laser-drilled hole. It is
thus difficult to come to an unambiguous decision as to
which temperature prediction is correct. Nevertheless, the
lower temperature seems more physical as from about
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5000 K ionisation should be expected, making any further
temperature increase extremely difficult, since the energy
would be consumed by the ionisation process rather than
by providing additional kinetic energy to the atoms.

7.2. Drilling velocity

Previous models inverted Eq. (4) to the form

V d ¼
qm

qs

V v þ
2dmqm

rl
V m ð53Þ
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in order to express Vd in its components

V dv ¼
qm

qs

V v ð54Þ

and

V dm ¼ 2dmqm

rl
V m ð55Þ

Figs. 3 and 4 contain predicted values for these quantities,
using both the current model and Low et al.�s model. The
variation of drilling velocity, Vd, and its corresponding
15 20 25
nsity, Iabs (MW cm-2)

d Vdv, and absorbed laser intensity for O2 assist gas drilling on low carbon



0 5 10 15 20 25
Absorbed Laser Intensity, Iabs (MW cm-2)

0

1

2

3

4

5

6

D
ri

lli
n

g
 V

el
o

ci
ty

 (
m

 s
-1

)

Low's Model Vd, Without Assist Gas
Low's Model Vdm, Without Assist Gas
Low's Model Vdv, Without Assist Gas
Current Model Vd, Without Assist Gas
Current Model Vdm, Without Assist Gas
Current Model Vdv, Without Assist Gas

Fig. 4. Relationship between drilling velocity, Vd, and its components, Vdm and Vdv, and absorbed laser intensity for drilling without assist gas on low
carbon steel.

1368 G.K.L. Ng et al. / International Journal of Heat and Mass Transfer 49 (2006) 1358–1374
components due to melt ejection, Vdm, and melt vapourisa-
tion, Vdv, with absorbed laser intensity; are shown for both
with and without O2 assist gas respectively. The result of
the current model shows similar trend to those from Low
et al. It should be noted that Low et al.�s model was repro-
grammed to reproduce his results. Because the exact values
of some of the coefficients used were not known (e.g. the
value of V0), therefore, the exact results are not repro-
duced. However, the trends and general features of the
curves correspond well.
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laser pulse width.
Our practical experience suggests that liquid ejection
from the drilled hole contributes significantly to the total
mass removed. This effect is confirmed in the literature
by e.g. Voisey et al. who quantified the vapour-to-melt
ratio [41]. This is confirmed by Fig. 3 which shows that
at low absorbed laser intensities (below 3.8 MW cm�2),
the drilling velocity due to melt ejection, Vdm, dominates
the process. Beyond 3.8 MW cm�2, the drilling velocity
due to vapourisation, Vdv, becomes the dominant compo-
nent. However, it should be noted that such absorbed laser
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intensity far exceeds the capability of the laser system used
in this experiment (�3 MW cm�2). Similarly, the threshold
value at which the vapourisation component becomes
dominant when laser drilling without assist gas is approxi-
mately 4.8 MW cm�2. The main difference between the
model presented here, and Low et al.�s, is that the onset
of the vapourisation-dominated regime is predicted to be
earlier. This is due to the fact that pressure relief is built
into the current model. From these predicted results, it
could also be deduced that the maximum drilling velocity
at 1.0 ms pulse width, is approximately 1 m s�1 when dril-
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ling with O2 assist gas, and 0.8 m s�1 when drilling without
assist gas.

Figs. 5–7 show the comparison between the predicted
model and experimentally measured results for drilling
velocity with and without O2 assist gas, using single pulse
with pulse widths of 0.5, 1.0, and 1.5 ms respectively. Low
et al.�s model over-predicts the drilling velocities in all
cases. Not only that, the model addresses steady-state con-
ditions and therefore does not account for pulse widths.
Hence, Low et al.�s results given in Figs. 5–7 are identical.
Whereas the model presented here does take pulse width
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into account via the hole depth. The deeper the hole, the
greater is the pressure build-up and, the greater will be
the melt ejection velocity and the drilling velocity. For all
three pulse width cases given in Figs. 5–7, excellent fits
are obtained. There does appear to be a consistent upturn
in the experimentally measured drilling velocities with oxy-
gen at high-laser intensities. This could possible not be an
artefact, but rather a non-linear effect not accounted for by
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the model. Curve fitting was done by adjustment of the
two parameters for the exponentially decaying friction
factor. These values were held constant for all curves
presented here. The values for a and b thus obtained
correspond to a rather high relative surface roughness.
This is acceptable since one would expect high flow resis-
tance due to the fact that two-phase flow takes place in
the drilled hole during the drilling process. It should be
1.5 2 2.5

nsity, Iabs (MW cm-2)

.5 ms)

.0 ms)

.5 ms)

0.5 ms)

1.0 ms)

1.5 ms)

cities for drilling on low carbon steel with O2 assist gas for 0.5 ms, 1.0 ms

1.5 2.0 2.5
tensity, Iabs (MW cm-2)

t = 0.5 ms)
t = 1.0 ms)
t = 1.5 ms)

(t = 0.5 ms)
(t = 1.0 ms)
(t = 1.5 ms)

cities for drilling on low carbon steel without assist gas for 0.5 ms, 1.0 ms



G.K.L. Ng et al. / International Journal of Heat and Mass Transfer 49 (2006) 1358–1374 1371
mentioned that Low et al.�s model data proved somewhat
difficult to reproduce since the exact value for V0 was not
stated.

7.3. Melt ejection velocity

Figs. 8 and 9 show the comparison between the pre-
dicted model and experimentally measured melt ejection
Fig. 10. Typical SEM micrographs
velocities for drilling with and without O2 assist gas respec-
tively, using 0.5, 1.0, and 1.5 ms laser pulse widths. Whilst
Low et al.�s model does not make the distinction between
different laser pulse widths, the current model correctly pre-
dicts the observed trends; that is, the longer the pulse
width, the higher the melt ejection velocity.

Both predicted results and experimental results show
higher melt ejection velocities when O2 gas is used, the
of cross-sectioned melt droplets.
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result of the additional energy from the exothermic reac-
tion of the assist gas. This leads to an increase in the recoil
pressure and hence more efficient melt ejection. In drilling
with and without O2 assist gas, Low et al.�s model obtained
better agreements with the experimental results, albeit
under-predicting the melt ejection velocity when O2 gas is
used. It should be mentioned that despite the use of high-
speed imaging system, the method of measurement has
an error of ±30% due to the difficulty in the determination
of the direction of melt ejection [42]. Not only that, the
high-speed imaging method is biased towards higher veloc-
ities because the melt ejection beyond the end of the pulse is
not observed. Late ejected, slow moving droplets may
therefore either completely miss being recorded or will have
moved too small a fraction of the field of view to be
observed. It should also be borne in mind that there exist
two general mechanisms of melt ejection. A possible mech-
anism of material removal is the recoil-pressure driven flow
of molten material that travels along the walls of the hole,
followed by break up into droplets upon exiting the hole.
Alternatively, explosions due to nucleate boiling could
expel the material to form molten droplets [43]. If this
mechanism does in fact exists, then it is possible that the
ejected particles studied by the use of high-speed imaging
system had followed such particles rather than the slower
particles induced by the recoil pressure. Hence the mea-
sured ejection velocity will not correspond to the velocity
predicted by the model based on recoil pressure. Not only
that, the melt ejection process is stochastic and there exists
a particle size distribution. The ejection velocity of the indi-
vidual melt droplet is directly related to the particle size,
with larger droplets travelling at lower velocities and smal-
ler droplets traversing at higher velocities. An additional
unknown, not addressed by the model, is the effect of the
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Fig. 11. The effect of degree of oxidation on the predicted r
physical properties of the oxide film on the droplet trajec-
tory and velocity. To complicate matters further, there is
published evidence [44] that the assist gas has a decelerating
effect on the ejected droplets. To account for this an addi-
tional decelaration term would have to be added to Eq. (7).
The comparison with experimental drilling velocity data is
hence not entirely a clear indication of model validity.
Despite large deviation between predicted results and
experimental results, the model predicts a melt ejection
velocity of up to 13.1 m s�1, and up to 8.5 m s�1 for drilling
with and without O2 assist gas respectively, which never-
theless, corresponds well with published values of 1–
30 m s�1 [42,45,46].

7.4. Effect of oxidation

The enthalpy of oxidation used in Low et al.�s model
which referenced Barin and Knacke [47] refers to iron mon-
oxide and was �158.75 kJ mol�1 (at 1800 K). However,
this value appears to be erroneous. For this work the oxi-
dation product was assumed to be Fe2O3 (as discussed
below), and the value of enthalpy of oxidation (per mole
oxide) used was taken to be �826.72 kJ mol�1 [39,48,49].
Since not all the ejected material will be oxidised, aox is
introduced to take into account of the percentage of oxida-
tion. This percentage was deduced experimentally. Fig. 10
shows the cross-section of a number of captured molten
droplets, revealing the percentage area of oxidised material,
which is found to vary substantially from one droplet to
another. In general, the metal portion of the droplets are
encapsulated by a varying degree of oxidised material,
and in most cases, oxidised material are also distributed
within the metal. The oxidised material, which appears
darker than the metal under SEM were verified by energy
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dispersive X-ray (EDX) analysis and shows to possess
approximately 60% atomic percentage of oxygen. This sug-
gests that the oxidised material is in fact haematite, Fe2O3.
The oxidised material is characterised by cracks that runs
from the surface towards the inside of the droplet and cease
upon reaching the metal substrate.

The percentage oxidation was found to be 26 ± 18%.
This was the value used to generate the model data. Mod-
elling results presented in Fig. 11 show the huge impact the
degree of oxidation has on the power requirement. If 100%
oxidation is assumed, the contribution of the oxidation
reaction to the process is such that it completely dominates.
In fact, negative laser power requirement are predicted.
This is obviously non-sensical and one can conclude that
in theory not all the ejected material can be oxidised. Of
course, if it were oxidised in flight, then the reaction
enthalpy would serve to erode the wall rather than contrib-
ute to the drilling speed.

8. Conclusions

A one-dimensional analytical model previously devel-
oped by Semak and Matsunawa [23], and adapted for the
laser drilling process by Low et al. [33], has been modified
to include the effects of pulse width variation, and the
formulation of recoil pressure can take into account hole
depth and brings pressure variation into the model. The
fraction of enthalpy of oxidation was determined experi-
mentally. The model developed was based on the realistic
material removal mechanisms of vapourisation and melt
ejection for laser beam intensities used in this experiment.

The model identifies that the power lost due to the
cooling effect of the O2 assist gas was negligible, which
agrees with the finding of Duley and Gonsalves [3], and
Kamalu and Steen [50]. Instead, the O2 assist gas provides
additional energy to the system and results in higher melt
surface temperatures. In close agreement with the experi-
mental results, the analytical model predicts an increase
in drilling velocity and melt ejection velocities when O2

assist gas is used. It was also deduced from the model that
the percentage of oxidation has significant influence on the
drilling velocity and shows a marked increase in drilling
velocity with increase in the oxidised fraction.
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