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Abstract In laser material removal using a continuous wave
or long-pulsed laser, the primary material removal mechanism
melts with molten metal often ejected by an assisting oxygen jet.
Interactions between heat transfer, oxygen diffusion, and gas dy-
namics have been studied. In laser machining using a Q-switched
solid state laser with pulse width on the order of nanoseconds, the
primary material removal mechanism is ablation, but substantial
melting is still present if a metallic material is concerned. Two
mechanisms, ablation and melting, are modeled together and the
property discontinuity and boundaryconditions at the liquid/vapor
interface are provided. When the laser pulse width further reduces
to the order of picoseconds or femtoseconds, as in a Ti:sapphire
laser, the dominant material removal mechanism changes yet
again, with little thermal damage and wavelength independence
observed. Thermal aspects are examined in the context of the
short timescales of these pulses compared with the timescale of
photon-electron-lattice interactions. Research needs in laser ma-
terial removal in each of the three time regimes are discussed.
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Nomenclature

A surface absorptivity
b Kerf width
b� Laser beam radius
B Constant in Eq. 17
c Wave velocity
cf Friction factor
cp Heat capacity
cpe Heat capacity of electron
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cpl Heat capacity of lattice
cr Traveling speed of the wave
C Oxygen concentration
C� Plasma correction coef�cient
D, K Diffusion coef�cient and heat conductivity
f Wave frequency
Fa Absorbed laser �uence
Fth Threshold laser �uence for evaporation with femtosec-

ond pulses.
Geo Coupling coef�cients for electron-optical phonon
Gol Coupling coef�cients for optical phonon-acoustic

phonon
h Thickness of the liquid �lm
h� Sensible heat
H Enthalpy of the material
� H Latent heat
I Laser intensity
kw Wave number
kB Boltzmann constant
kc Heat conductivity
ke Electron thermal conductivity
kl Lattice thermal conductivity
ld Heat diffusion layer
ls Optical skin depth
L Ablation depth pre pulse
Lm Latent heat for melting
Lv Latent heat of vaporization
Mv Molecular mass
Mav Vapor Mach number
N Energy carrier number density
n Electron density
po Oxygen pressure
Pr , Si Normal and tangential stress parameters
Q Heat �ux
R Universal gas constant
Rl Re�ectivity
s Oxide layer thickness
sm Maximum thickness of the oxide layer
Te Electron cooling time
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Fig. 4. Schematic of the
molten front change at high
cutting speeds [8]

the gas �ow, and the liquid �lm will usually rupture since there
is not enough liquid �ow rate on the top part of the molten front.
This phenomenon has been observed and described by [5]. When
the cutting speed increases, the period of �lm rupture becomes
shorter. At some critical cutting speeds, there is not enough time
for instabilities to develop causing �lm rupture, and there is al-
ways a liquid �lm on the top of the molten front. This was
described by [5] as �steady cutting�, which corresponds to a cut-
ting speed above 2 m/ min. This thin liquid �lm for mild steel of
a certain thickness, however, may still be unstable and instead
of �lm rupture, slow waves may be generated (it is shown later
that the thickness of the liquid �lm is below the critical thick-
ness under which slow waves are generated). Once the crest of
the slow wave moves downwards from the top of the molten
front, much more melt is removed and oxidation, coupled with
heat conduction, begins to expand. The process is fast at �rst
and slows down until another wave crest comes and moves the
melt downwards. Thus an expansion-compression cyclic pattern
is still formed above the so-called critical cutting speed.

2.2 Quantitative prediction of striation depth and frequency

2.2.1 Prediction of striation frequency

The analysis of the instabilities generated on a liquid �lm by an
adjacent high speed gas jet begins with the linearized Navier-
Stokes equations of the liquid �lm. Only two-dimensional har-
monic disturbances are considered here. For neutrally stable dis-
turbances, the analysis gives the results of:

Pr + 3Si

2kh
= � sk2h , and (1)

cr = vinterface , (2)

where h is the thickness of the liquid �lm, vinterface is the inter-
face velocity, k is the wave number, � s is the surface tension. Pr

and Si are stress parameters such that

 yy = Pr � (3)

 xy = Si � . (4)

The sinusoidal disturbance � has the form of

� = � eik(x�ct) , (5)

where � is the initial disturbance of a small value, t is the time, k
is the wave number, c is the wave velocity, which may be com-
plex, and x and y are two-dimensional coordinates for the liquid
�lm.

In the aforementioned physical model, the striation fre-
quency is equivalent to the oscillation frequency of melt ejection
and oxidation. Under high speed cutting conditions, the fre-
quency should be equivalent to the slow wave frequency. The
wave number of the slow wave is approximately taken as the crit-
ical wave number at which the mean shear stress � attains the
minimum value. Undamped disturbances for the liquid �lm of
thickness h are sustained at such a minimum value. Substituted
by the proper stress evaluation, Eq. 1 becomes

�
cf

[
k�
�

+ 3
� 2/ 3

2h

(
k�
�

)2/ 3
]

= � k2

�
, (6)

where cf is the friction factor, and � is the density of the melt.
The expressions for 	 and 
 are:

� =
�∫

0

(
U(y)/ Ug

)
e�� yd(� y) , and (7)


 = 1.188
( � g

�

)2/ 3
(

� g

�

)
, (8)

where � = kh is the dimensionless wave number, U(y) are gas
velocity pro�les, which are assumed to follow the 1/7th power
law [9], Ug is the streamwise gas velocity, � g and � are kinetic
viscosity of the gas and the melt ,respectively, and � g is the gas
density.

Taking the derivative ��/� k of Eq. 6, one obtains the positive
critical wave number:

k = I�
4cf �

. (9)
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The mean stress is evaluated according to:

� = µ
vinterface

h
, (10)

where µ is the viscosity of the melt. The interfacial velocity can
be calculated using the 1/7th power law of the mean velocity
pro�le [9], that is,

Ug

v�
= 8.74

(
bv�
2� g

)1/ 7

(11)

� gv2� = µv interface

h
, (12)

where b is the kerf width, and v f is the friction velocity.
The properties of the gas phase should be taken at the local
temperature.

Theoretical result shows that the wave speed is equal to the
interfacial velocity (Eq. 2). However, the experimental measure-
ments show that the wave speed is actually less than the in-
terfacial velocity. A reasonable approximation is obtained by
considering a coef�cient of, say, 0.8 [10]:

c = 0.8vinterface , (13)

where c is the wave velocity and v the interfacial velocity. This
takes into account the nonlinear effects which may reduce the
wave velocity. Thus, we can use v calculated from Eqs. 11 and 12
to approximate wave velocity. The wave frequency is then,

f = 0.8vinterfacek/ 2� . (14)

2.2.2 Prediction of striation depth

As mentioned before, striation formation has been found to be
strongly related to oxidation in laser cutting. The exothermic ox-
idation typically contributes nearly half of the total energy input.
The heat conduction and oxidation take the same parabolic forms
as:

� C

� t
+U(y)

� C

� x
= �

� y

(
D

� C

� y

)
, and (15)

�
� cpT

� t
+ � U(y)

� cpT

� x
= �

� y

(
K

� T

� y

)
, (16)

where C is the oxygen concentration, � the density, cp the heat
capacity, and D and K are diffusion coef�cient and heat conduc-
tivity.

If the quasi steady state approximation that the concentration
on the oxide surface is independent of the oxide �lm is valid, the
diffusion controlled oxidation process can be described as:

ds

dt
= BD

(Co �Cs)
s(t)

� BD
Co

s(t)
, (17)

where s is the oxide layer thickness, subscript s denotes the
metal-oxide interface and o the oxide-oxygen interface, Cs is
near zero because of consumption of oxygen at the reaction

plane, and B is a constant. The temperature T dependence of the
diffusion coef�cient is due to an exponential factor containing an
activation energy W and Boltzmann constant kB:

D � exp

(
� W

kBT

)
. (18)

Note that Co is also temperature dependent (T ):

Co � exp

(
� w

kBT

)
, (19)

where w is the internal energy. The oxidation equation can be
written as:

ds

dt
= A ( p0)

exp (�T0/ T )
s(t)

, (20)

where A is a coef�cient, which has presumably a linear relation-
ship with the oxygen pressure po at the surface of the molten
front. T0 is the activation temperature for the diffusion. An esti-
mate for s can be achieved by neglecting temperature variation
and simply integrating Eq. 20 to give the well known parabolic
equation:

s2
m = A ( p0) tp , (21)

where sm is the maximum thickness of the oxide layer. The time
period tp is the inverse of frequency from Eq. 14. If one calcu-
lates the striation frequency from Eq. 14, the maximum depth of
the striations can be estimated from Eq. 21 if the coef�cient is
experimentally calibrated.

2.3 Typical results and further work

The predicted striation wavelength and the experimental results
are given in Fig. 5, and they are in agreement. The increase in
cutting speed causes the liquid �lm thickness and thus causes
the interfacial velocity to increase. As a result, the striation fre-
quency increases, but not as much as the increase of the cutting

Fig. 5. Striation wavelength versus cutting speed [8]
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Fig. 6. Maximum striation depth versus cutting speed [8]

speed. The net result, therefore, is that the striation wavelength
increases with the cutting speed.

Striation depth is evaluated using Eq. 21. This assumes that
the parabolic growth of the oxide layer is directly related to the
striation depth. Figure 6 shows the predicted maximum striation
depth against the experimental measurements. The coef�cient in
Eq. 21 is calibrated to be a constant of 4×10�8. The increase of
the striation frequency with the cutting speed gives a shorter in-
teraction period for the oxidation and the melting process; thus,
reduces the striation depth. The prediction is consistent with the
experimental results.

In the current prediction of striation wavelength, the physical
properties of gas and liquid phases are assumed to be constant.
The approximation is valid only when the energy balance does
not change signi�cantly as the cutting speed or the gas pressure
varies. A more accurate model would incorporate the energy bal-
ance into the calculations. Also the calculation of heat transfer
and oxidation will be extended to three-dimensional realistic cut
geometry. The effect of vaporization and multiple re�ections will
be considered. The time-dependent calculation will take into ac-
count the time-dependent laser heat �ux so that the calculation is
applicable to pulsed laser machining.

Fig. 7. a melting depth
b ablation depth for Au,
Cu, and Al substrates sub-
jected to laser pulse of
26 ns duration and of dif-
ferent �uences; the ambi-
ent pressure is P = I atm
and the laser spot radius is
r = 0.5 mm [13]

3 Q-switched laser machining with pulse width on
the order of nanoseconds

In laser machining using a Q-switched laser with pulse width on
the order of nanoseconds, the primary material removal mechan-
ism is ablation, but substantial melting is still present if a metallic
material is concerned. The electron relaxation time � e for cop-
per is 7×10�17 s. The time for energy transfer from electron to
lattice � lattice is on the order of 10�12 s. So, for the 50 ns pulse
duration time, which is about 50 000 times of � lattice, the electron-
gas temperature and the lattice temperature in the target material
are about the same, and thermal equilibrium can be assumed. As
a result, traditional heat transfer can be safely applied to laser
machining using nanosecond pulses.

Many models of laser machining using nanosecond pulses
have also been developed. Paek et al. [11] developed a theor-
etical model to predict the temperature pro�le assuming a laser
beam of circular cross section and uniform intensity. Dabby et
al. [12] calculated the transient temperature and penetrating vel-
ocity during the vaporization process. The models more recently
developed [13] considered effects of gas dynamics and Knud-
sen layer discontinuity during the ablation process. These models
assume one-dimensional heat transfer in target material, recog-
nizing that the machining depth is much smaller than the diam-
eter of the hole, which is reasonable for relatively large holes
(a few hundred microns). Figure 7 shows the ablation depth and
melting depth for different materials [13]. It is clear that the
depth is much smaller compared to the laser spot size, which
is 0.5 mm and the one-dimensional assumption is validated. As
a result, however, the effects of beam pro�les and cavity pro-
�les are not considered. These factors are important when the
size of the hole is comparable to the drilling depth. The signi�-
cant challenge in the thermal aspect at this time scale is how
to model ablation and melting together. Also proper boundary
conditions and property discontinuity at the liquid/vapor inter-
face and laser/plasma interaction are necessary to be considered.
The model in this paper concentrates on heat transfer and associ-
ated phase changes inside the target material. Stefan and kinetic
boundary conditions are applied at the liquid-vapor interface, and
property discontinuity across the Knudsen layer is considered.
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Fig. 13. Lattice temperature at F = 1.5 J/ cm2 [20]

Many models assume that thermal diffusion is negligible. How-
ever, [21] has suggested that there are limits to these claims.
At �uences far above the threshold for ablation, thermal ef-
fects are observed, including the presence of material that has
melted and undergone viscous �ow. Moreover, the thermal prob-
lems become more complex if the energy delivered is such that
the plasma can deliver a signi�cant amount of energy to the
surrounding material. So, in the future, new problems such as
relaxation time approximation, high laser �uence ablation, and
plasma effect on thermal diffusion need to be studied more care-
fully and quantitative descriptions need to be developed.

5 Conclusions

Laser material interactions exhibit signi�cant differences when
the interaction time changes from continuous to an extremely
small time scale (femtosecond). In laser cutting using a contin-
uous wave or long-pulsed laser, the primary material removal
mechanism melts with molten metal ejected by an assisting oxy-
gen jet. The model developed quantitatively predicts the effects
of hydrodynamic instability coupled with oxidation, on the basis
of which, striation frequency and depth are predicted and vali-
dated. In the future, the calculation of heat transfer and oxidation
will be extended to three-dimensional realistic cut geometry, and
the effect of vaporization and multiple re�ections needs to be
considered.

In laser machining using a Q-switched laser with pulse width
on the order of nanoseconds, Stefan and kinetic boundary con-
ditions are applied at the liquid-vapor interface, and property
discontinuity across the Knudsen layer is considered. Heat con-
duction is calculated using the enthalpy method. A numerical
model is provided to simulate the microscale cavity formation
under a high-intensity, pulsed laser irradiation. The complete

thermal interaction between plasma and melted material is still
unclear and needs to be studied in the future.

When the laser pulse width further reduces to the order of
femtoseconds, as in a Ti:sapphire laser, thermal diffusion can
be neglected in most cases due to the ultrashort pulse dura-
tion and nonlinear absorption such as miltiphoton ionization and
avalanche ionization. These ionization processes need to be con-
sidered when modeling the material removal process. More prob-
lems need to be considered such as limitation of relaxation time
approximation, high laser �uence ablation, and plasma effect on
thermal diffusion.
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