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Gas-Assisted Laser-Metal Drilling: Theoretical Model

R. S. Patel* and M. Q. Brewsterf
University of Illinois at Urbana-Champaign, Urbana, Illinois 61801

A theoretical model for gas-assisted low-power laser-metal interaction is developed. The steady-state, one-di-
mensional heat transfer and two-dimensional axisymmetric flow equations for the gas and molten metal regions
are solved to obtain the melting front velocity. The model is based on the mechanism of gas-assisted molten
metal expulsion and does not apply to situations where incident laser fluxes are high enough to produce
significant vaporization at the metal surface. The times required to drill a hole in sheets of aluminum, copper,
304 stainless steel, and low-carbon steel for both argon and oxygen assist gases are obtained. In the case of
oxygen-assisted drilling, the effects of change in absorptivity of the surface due to oxide formation and the
difference in the melting point of the oxide and metal are considered. The competing effect of these two factors
determines whether use of oxygen as an assist gas improves the process efficiency. The model is compared with
experimental values of the drilling time obtained using a Nd-YAG laser, and reasonably good qualitative and
quantitative agreement is found, although better quantitative agreement could be obtained by adjusting the
absorptivity.

Nomenclature
a = nozzle parameter [see Eq. (26)]
/ = velocity function in gas region
H - thickness of the metal sample
h = velocity function in liquid region
k = thermal conductivity
L - liquid layer thickness
Lg = characteristic length scale in gas phase
Lm = latent heat of fusion
Pr = Prandtl number
q = absorbed laser flux
r - radial coordinate
r0 = radius of drilled hole
T = temperature
/ = time
WQO = melting front velocity
F = velocity in Z direction
Z = axial coordinate
a = absorptivity
K = thermal dif fusivity
v = kinematic viscosity
p = density

Subscripts
a - ambient condtion
b = boiling point
g = gas
L = liquid
m = melting point
ox = oxide
r = ratio
s = solid

Superscript
* = nondimensional quantity
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Introduction

M OST metals can be melted and vaporized by absorption
of the high-intensity pulse radiation of a focused laser

beam. Whether material removal is dominated by melting or
vaporization depends on the laser power and pulse duration.1
For low-incident laser fluxes, of the order of 105-106 W/cm2

or less and with long pulses (several milliseconds), melting
dominates. For high-incident laser fluxes, of the order of
109-1012 W/cm2 and with very short pulse duration (—10 ns),
vaporization dominates. If the object of the process is simple
material removal (as in drilling or cutting), the melting process
is more efficient since the latent heat of vaporization is much
higher than the latent heat of fusion for metals. In addition, if
a gas jet is used to remove the molten metal as it forms,
material removal can be achieved with substantially lower
laser power than if vapor pressure recoil forces are relied on to
expel the molten metal. This type of processing is referred to
as gas-assisted molten metal expulsion (also known as melting
and blowing) processing. This paper focuses on the process of
gas-assisted molten metal expulsion drilling of metals. A sche-
matic diagram of the process is shown in Fig. 1. The process
of gas-assisted cutting is discussed elsewhere by Schuocker and
Abel,2 and the process of high-power interaction (including
vaporization) is discussed elsewhere by Chan and Mazumder.3

In the low-power drilling process represented in Fig. 1 the
assist gas jet provided by the nozzle influences the processing
in several ways. As previously mentioned, the gas helps re-
move the molten metal and also protects the optics of the
system by keeping metal vapors and debris away from it.
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Fig. 1 Schematic diagram of gas-assisted molten metal expulsion
mechanism.
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Another possible effect of the gas jet is convective cooling of
the surface. An additional effect of the gas jet arises when the
assist gas happens to be oxygen. The heated metal reacts with
oxygen, and the oxide formed can change the absorption of
the; incident laser beam at the surface. Also, the exothermic
oxidation reaction generates additional heat at the surface.
Duley and Gonsalves4 have shown from the previously stated
effects associated with the assist gas jet that during laser
cutting of thin stainless steel using oxygen the rate of cooling
by the gas and the rate of energy generation by exothermic
oxidation are both small compared to the rate of laser energy
absorption by the metal. Therefore, the potentially important
factors associated with using oxygen as an assist gas that are
considered in this study are 1) the change in the absorptivity
during the early stages of heating due to oxide formation and
2) the difference in melting point of the oxide relative to that
of the metal.

In; the present model the material removal by an impinging
assist gas jet has been analyzed. As the laser beam heats the
metal surface, its temperature increases toward its melting
point. Once the metal melts, the stagnation gas flow from the
nozzle forces the metal away and expels it sideways. A balance
between the rate of molten metal production at the solid-liquid
interface and the radial flow rate of molten metal sheared
away by the gas jet establishes a quasisteady-state situation
under which the thickness of the molten metal layer remains
constant and the melting front (solid-liquid interface) ad-
vances into the solid with a constant velocity. For typical
metals and absorbed (not incident) laser fluxes on the order of
104-105 W/cm2, the liquid layer is thin compared to the fo-
cused spot diameter. Under the assumption of a thin molten
layer, the liquid layer thickness and interface velocity depend
on the gas velocity at the nozzle exit, the laser power, and the
thermophysical properties of metal and gas. The molten mate-
rial removal can be modeled by assuming one-dimensional
heat transfer and axisymmetric opposing stagnation flow. The
mathematical formulation of this problem involves two mov-
ing boundaries: the solid-liquid interface and the liquid-gas
interface. The solid-liquid interface problem has been solved
as a conventional Stefan problem. The treatment of the liquid-
gas interace involves solving the one-dimensional heat transfer
equation to obtain the temperature distribution in the liquid
phase and solving the continuity and momentum equations in
the liquid and gas phases to account for the material removal
due to the shearing action of gas on liquicj. Since the present
model is based on the gas-assisted molten metal expulsion
concept, its validity requires that the vaporization rate be
negligible compared to the molten metal expulsion rate. One
way to guarantee this is to limit the maximum surface temper-
ature to the boiling point of the material. If appreciable evap-
oration occurred, it would be necessary to account for the
material removed directly by vaporization and indirectly by
molten metal expulsion induced by the added recoil pressure
generated because of vaporization.

Once the velocity of the melting front has been determined,
this quantity is used to calculate the time required to drill a
hole through a sample of a given thickness. The theoretical
value of drilling time is actually calculated in two parts. First,
the time required to raise the metal surface from room temper-
ature to the melting temperature is obtained from the one-di-
mensional solution for a flux-heated semi-infinite solid. In the
case of oxygen assist, the melting temperature of the oxide is
used, and for argon assist the melting temperature of the metal
is used. Second, the time taken by the melting front to reach
the bottom of the sample is calculated using the melting front
velocity. The total drilling time is taken to be the sum of these
two times. Drilling times predicted by the model have been
compared with measured drilling times for A16061 (aluminum
alloy), copper, 304 stainless steel, and low-carbon steel with a
Nd-YAG laser. The effect of beam power, thermophysical
properties of metal, and assist gas on liquid layer thickness
and drilling time are also presented and discussed.
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Fig. 2 Diagram of mathematical model.

Mathematical Formulation
The governing equations describing the process are derived

in this section. A diagram of the model is shown in Fig 2. As
the spatially uniform laser beam irradiates a target, the tem-
perature of the target increases toward its melting point. As
soon as the material melts, the assist gas jet from the nozzle,
impinging on the target as a stagnation flow, shears the molten
metal away in the r direction. Conduction is the dominant
mode of heat transfer in both solid and liquid phases. The
problem considered is basically a Stefan problem with two
moving boundaries. In steady state, the thickness of the liquid
layer is constant and the propagation speeds of solid-liquid
and liquid-gas interfaces are the same and are referred to as
the melting front velocity in the problem. The thickness of the
liquid layer and the melting front velocity depend on the
incident laser flux and thermophysical properties of metal and
gas.

By using moving coordinates attached to the liquid-gas in-
terface, the governing equations in nondimensional form are
obtained as follows. The conduction equation in the solid
phase is

d2T* dT*_____£_ _j_ ____£_ _

dZ*2 dZ*

subject to the boundary conditions

* —5 — r* = i
r?=o

(i)

(2)

(3)

where T* = (Ts-Ta)/(Tm-Ta) is the dimensionless solid tem-
perature, and Zf = (Z—L)/(Ks/Uoo) is the dimensionless mov-
ing spatial coordinate in the solid phase. The conduction
equation in liquid phase is

= 0

subject to the boundary conditions

Z* = 0,

= 1,

(4)

(5)

(6)

where r* = (TL-Tm)/[(q/kL)L] is the dimensionless liquid
temperature, and Z* = Z/L is the dimensionless spatial vari-
able in the liquid phase. The Stefan boundary condition at the
solid-liquid interface is given as

M5 =

Z, = 1
dZ* (7)

Z 5 = 0
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where u* = (u^L)/KL is the dimensionless drilling velocity,
Tm = ks (Tm — Ta)/psLmKs is the dimensionless melting temper-
ature, and SiQf=qL/psLmKs is the Stefan number for the
melting front.

The liquid phase is set into motion by the stagnation flow of
an assist gas jet. Under the steady-state situation, the flow
problem reduces to solving two axisymmetric opposing stag-
nation flows in a moving spatial coordinate system. The di-
mensionless forms of the momentum equations for the gas
and liquid phases are

/*'" + (u */PrL vr) /* " + 2/*/* " -/*'2 + L *4 = 0 (8)

/**"' + (u*/PrL) h*" +h*h*" -h*'2/2 + 2PrL*\2 = 0 (9)

subject to the coupled boundary conditions

Z* = 0, /*=0, / z * = 0 (10)

Z* = 0, /*' = h*'/2vn /* " = h*"/2v2
Pr (11)

Z^-oo, /*'=L*2 (12)

Z£ = l, h*' =0 (13)

where the prime denotes the differentiation with respect to Z*.
The quantities/*, h*, PrL, L*9 pr, and vr are defined as

f*=f/(rg/L)

h* = h/(vL/L)

PrL = VL/KL

Pr = Pg/PL

Vr=Vg/VL

The quantity Lg is the characteristic length scale in the gas
phase and is defined as

The functions /and h are directly related to the axial velocities
as given by

VL(ZL) = -h(ZL) and Vg(ZL) = -2f(ZL) (14)

The boundary condition in Eq. (10) ensures no penetration at
the liquid-gas interface, whereas Eq. (11) ensures equal gas
and liquid velocities in the r direction and also matches the
shear stresses at the liquid-gas interface. The boundary condi-
tion in Eq. (12) ensures that the gas phase velocity matches the
gas velocity at the nozzle exit. Finally, the boundary condition
in Eq. (13) imposes the no-slip condition at the solid-liquid
interface. Equating the molten metal mass flow rate generated
at the solid-liquid interface over a circular area Tir2 (with
arbitrary radius r) to the mass flow rate crossing the curved
surface area 2irrL gives

u* = PrLh*(l)

Equations (1) and (4) can be readily solved to give

r?=exp(-Z?)

TL = I-Z*

Substituting Eqs. (16) and (17) into Eq. (7) gives

u* (1 + 7*) = Stef(Ks/KL)

(15)

(16)

(17)

(18)

Solve equation (9)
using RK4 method
to solve for h *

Fig. 3 Flowchart of the solution procedure.

The four unknowns of the problem are the dimensionless
liquid layer thickness Lf, the dimensionless melting front ve-
locity u£, the dimensionless velocity function in the gas region
/*, and the dimensionless velocity function in the liquid region
h*. The four equations used to solve for these four unknowns
are Eqs. (8), (9), (15), and (18). The flowchart of the solution
procedure is sketched in Fig. 3. The fourth-order Runge-Kutta
(RK4) method described by White5 has been employed to solve
the nonlinear momentum equations, Eqs. (8) and (9), with
coupled boundary conditions described by Eqs. (10-13).

The theoretical value of time required to drill a hole of
radius r0 into a metal sheet of thickness H is obtained as
follows.

Argon Assist Case
In the case of argon-assisted laser drilling, before the metal

reaches its melting temperature, the heat transfer is assumed
to be governed by one-dimensional conduction with constant
heat flux at the surface. This problem has a known solution
given by Car slaw and Jaeger6:

T(Z,t) =
2q( M exp

(19)

Therefore, the time t\ required to reach the melting point of
the metal at the surface under the influence of the absorbed
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laser flux at the surface is obtained as

- Tg) ks

2q
(20)

In the case of aluminum drilling using argon assist, the
residual low-temperature oxide layer present on the sample
surface is assumed to be too thin and weak to prevent mechan-
ical removal of underlying molten metal. Thus, the melting
point of the metal is used in Eq. (20) instead of that of the
oxide. Once melting is achieved at the surface, the assist gas
starts shearing the molten metal away, and quickly the steady-
state problem described earlier is established. The value of
drilling velocity uxf is used to find the time t2 required for the
melting front to reach the bottom of the sample, i.e., ZL - H:

= (H -

Therefore, the total theoretical drilling time is

(21)

(22)

Oxygen Assist Case
In the case of oxygen-assisted laser drilling, the oxide for-

mation during the early states of metal heating usually in-
creases the laser energy absorption at the surface. But because
of the presence of a relatively thick solid oxide layer, the
surface will have to be heated to the oxide melting point before
flow of the molten metal can occur. If the oxide melting point
is significantly higher than the metal melting point, a longer
heating time may be required to raise the surface to the melt-
ing temperature of the oxide. The time required to reach the
melting point of the oxide at the surface under the influence of
increased absorbed laser flux qox at the surface is obtained as

(23)

Once the oxide is melted, the role of oxygen then is just to
shear the molten metal away, and the steady-state condition as
described for the argon assist case is established. The drilling
velocity u^ is used to find the time required for the melting
front to reach the bottom of the sample:

(24)

Table 1 Thermophysical properties of metals and oxides

Aluminum Copper
Low C

304 S.S.a steel (Fe)

Tm, K
7/w,ox» K
7 & , K
Lm, J/kg
p5, kg/m3

ks, W/m-K
KS) m2/s
PL, kg/m3

kLt W/m-K
KL, mVs
VL> mVs

933
2345
2793

3.88 xlO5

2700
238

0.961 X 10~4

2385
100

3.88X10-5

5.45 XlO- 7

1358
1550
2833

2.05 x 105

8960
397

1. 148xlO-4

8000
170

4.293X10-5

5.0X10-7

1700
——
— —

2.7 XlO 5

7834
16.3

4.438X10-6

7015
16.3

2.923X10-6

7.84xlO~7

1809
1840
3133

2.72 XlO5

7870
78.2

2.179xlO~5

7015
30

5.346x10-6
7.84X10-7

aS.S., stainless steel.

Table 2 Thermophysical properties of gases and nozzle parameter

Argon Oxygen

pg, kg/m3

vgt m2/s
7TQ,K

R, J/kg-K
Ke, m/s
a, 1/s

1.784
1.272X10-5

1.658
300

208.15
279.112
279,112

1.429
1.448 XlO- 5

1.395
300

259.82
301.333
301,333

where Lox is the location of the melting front at time /3. The
location of the melting front Lox can be obtained from Eq.
(19) by substituting T = Tm of metal, q = <?ox, and t = t3 to give
Z = Lox. Therefore, total theoretical drilling time under oxy-
gen assist case is

(25)

Results and Discussion
Solutions are obtained for aluminum, copper, 304 stainless

steel, and low-carbon steel. The thermophysical properties in
the solid and liquid phases, obtained from Smithells Metals
Reference Book,1 are given in Table 1. In the case of 304
stainless steel and low-carbon steel, the value of properties
that were not readily available in the literature are approxi-
mated by the respective properties of iron.

The nozzle parameter a is calculated from

a = Ve/2y (26)

where Ve is the gas velocity at the exit plane of the nozzle, and
y is the distance between the nozzle exit and the metal surface
(y - 0.5 mm for the present study). The gas velocity at the exit
plane of a choked nozzle is calculated using

(27)

as described by Zucrow and Hoffman,8 where TQ is the stagna-
tion temperature of the gas at the nozzle inlet, R is the gas
constant, and 7 is the ratio of specific heats of the gas. The
thermophysical properties of the assist gas and the nozzle
parameter used in the calculations are given in Table 2.

Liquid Layer Thickness
The change in the liquid layer thickness as a function of the

absorbed laser flux for aluminum and copper is shown in Fig.
4. For both metals the liquid layer thickness increases as the
absorbed flux increases. Because of the lower dynamic viscos-
ity of oxygen gas compared to argon gas, the liquid layer
thickness when oxygen is used as an assist gas is slightly higher
than that when argon is used. Also, the liquid layer thickness
for copper is smaller than that of aluminum at a given ab-
sorbed laser flux because of the higher thermal conductivity of
copper compared to aluminum.

Surface Temperature
The effect of absorbed laser flux on surface temperature

under steady-state conditions for aluminum and copper is
plotted in Fig. 5. For both metals the surface temperature

200
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i
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0
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10' 106
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Fig. 4 Liquid layer thickness vs absorbed laser flux.
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Fig. 5 Surface temperature vs absorbed laser flux.
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Fig. 6 Melting front velocity vs absorbed laser flux.

increases as the absorbed laser flux increases. The lower ther-
mal conductivity of liquid aluminum compared to liquid cop-
per results in a steeper change in temperature for aluminum. It
can be seen that, in the case of aluminum for absorbed laser
fluxes higher than about 2x 105 w/cm2, the surface tempera-
ture exceeds the boiling point of aluminum. Thus, the present
model calculates the upper limit of the absorbed laser flux up
to which the gas-assisted molten metal expulsion mechanism is
valid. The corresponding limit for copper is 2x 105 W/cm2.
Figure 5 also shows that for a given absorbed laser flux the
difference in surface temperatures for argon and oxygen is
very small. This can be attributed to the small difference in the
liquid layer thickness for the two gases.

Melting Front Velocity
The change in the melting front velocity as a function of the

absorbed laser flux is shown in Fig. 6. An increase in absorbed
laser flux results in an increase in the melting front velocity.
For a metal sheet of a given thickness, an increase in melting
front velocity results in a decrease in drilling time. The higher
value of velocity for aluminum compared to copper for a
given absorbed laser flux is again due to the difference in the
thermal properties of the two metals.

Temperature Distribution
The steady-state temperature field as a function of depth for

a given absorbed laser flux is plotted in Fig. 7. The tempera-

N

I
200
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Material: Cu
Assist Gas: AT

q = 1.432x105 W/cm2

L = 65.77 micron
TO = 100 micron

Fig. 7 Temperature profile in target material.

ture within the liquid phase decreases linearly from the surface
temperature to the melting temperature at the solid-liquid
interface. Below the solid-liquid interface in the solid phase,
the temperature exponentially decreases to the ambient tem-
perature. The discontinuity in the temperature gradient that is
due to the latent heat of fusion and change in thermal conduc-
tivities along the solid-liquid interface can be clearly observed.

Drilling Time Comparison
A 100-W average power pulsed Nd-YAG laser was used to

drill a hole in A16061 (aluminum alloy), copper, 304 stainless
steel sheets of thickness 1/32 in. (0.794 mm) and low-carbon
steel sheet of thickness 1/16 in. (1.588 mm). A square power
pulse shape with a "top hat" spatial profile was used. A
coaxial nozzle (1 mm diam) placed 0.5 mm above the metal
surface was used to supply an assist gas. The experimental
values of drilling times were obtained for three different inci-
dent laser power levels using argon and oxygen gases. Further
details of the experimental work can be found in the authors'
companion study.9 For theoretical calculation of drilling time,
the values of absorbed laser flux were obtained as follows.

Argon Assist Case
The room temperature values of the normal absorptivity

at 1.06 jum for A16061, Cu, 304 stainless steel, and low-carbon
steel samples studied were measured using an integrat-
ing sphere and are listed in Table 3. Therefore, t\ and t2 were
calculated based on the amount of absorbed laser flux
obtained by using the previously mentioned room tempera-
ture values of absorptivity (listed under argon assist case in
Table 3).

Oxygen Assist Case
As mentioned earlier, the oxide formation during oxygen-

assisted laser material processing changes the absorptivity of
the surface. Accordingly, during the period of heating the
metal from room temperature to the melting temperature of
the oxide, values of normal absorptivity at 1.06 /un more
representative of oxidized metal were used, as indicated in

___________Table 3 Target absorptivity___________

Metal Argon assist case Oxygen assist case

A16061
Cu

304 Stainless steel
Low C steel

0.28
0.02
0.32
0.45

0.4
0.2
0.32
0.6
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Table 3. The values listed in Table 3 were estimated based on
the authors' earlier work,10 where the effect of oxidation and
plume formation on laser energy coupling with the metal were
studied through reflectivity measurements, using an integrat-
ing sphere. The value of 0.6 (for the oxygen assist case) for
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Fig. 8 Drilling time for 1/32-in. (0.794-mm) A16061.
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Fig. 9 Drilling time for 1/32-in. (0.794-mm) Cu: a) «Cu = 0.02; b)

low-carbon steel was estimated from Ref. 11. To calculate £3,
the values of absorptivity listed in Table 3 for oxygen assist
case were used. To calculate /4, the values of absorptivity listed
in Table 3 for the argon assist case were used.

The drilling time vs incident laser flux for the A16061 sample
is plotted in Fig. 8. Good quantitative as well as qualitative
agreement between the theoretical and experimental data can
be seen. The drilling time decreases as the incident power
increases. It should be noted that the drilling time for the
oxygen assist case happens to be longer than that for the argon
case. Generally it is believed that the use of oxygen as an assist
gas improves the efficiency of the process that would result in
a lower drilling time for oxygen. But, as stated earlier, if the
oxide melting point is significantly higher than the melting
point of the metal, then a longer heating time is required to
melt the oxide. Thus, the competing effects of change in the
absorptivity of the surface due to oxide formation and the
difference in the melting temperatures of oxide and metal
determines whether or not the use of oxygen improves the
process efficiency. Also, as the incident laser flux increases,
the difference between the drilling times for argon and oxygen
decreases, indicating that the role of the oxide becomes less
important as the laser flux increases.

Results for Cu are plotted in Fig. 9a. The drilling times for
the oxygen assist case are shorter than those for the argon
assist case, indicating that, in the case of Cu, oxygen improves
the efficiency of the process (unlike A16061). The experimental
value of the drilling time at the lowest power level using argon
as an assist gas was not obtained because of the pulse width
limitation of the laser (<20 ms). For copper, the quantitative
agreement in the results is not as good as that for A16061.
However, it should be noted that better quantitative agree-
ment could be obtained by properly adjusting the values of
absorptivity used in the calculations. Figure 9b shows the
results for Cu obtained by using aCu = 0-035 f°r tne argon
assist case, instead of 0.02, which was used for the results for
Fig. 9a. It can be seen that better quantitative agreement
between the experimental and theoretical drilling time is gener-
ally obtained in Fig. 9b. However, the drilling time with argon
at the lowest incident flux in Fig. 9b is significantly underpre-
dicted. This is believed to be due to radial conduction, which
was ignored in the analysis. Results for other metals also
indicated that, for longer drilling times (> 10 ms), which usu-
ally occurred at lower incident fluxes, the analysis tended to
underpredict the drilling time.

When the analysis of this study is extended to samples that
are thicker than those previously discussed, the drilling time is

Theo. - Ar Assist

Exp. - Ar Assist

Material: A16061
Thickness: 1/16 inch

(1.588 mm)
p = 40 psig (275.88 kPag)
TO = 200 micron

103 10° 10'

Incident Laser Flux, W/cm

Fig. 10 Drilling time for 1/16 in. (1.588-mm) A16061.
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Fig. 11 Drilling time of 1/64-in. (0.397-mm) Cu (aCu = 0.035).
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(0.794 mm)
Assist Gas: AT or 62
p = 40 psig (275.88 kPag)
TO = 150 micron
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Fig. 12 Drilling time for 1/32-in. (0.794-mm) 304 stainless steel.

generally underpredicted. For example, Fig. 10 shows the
results for thicker A16061 samples (1/16 in. or 1.588 mm) with
argon assist. It can be seen that the analysis underpredicts (by
about 30-50%) the experimental drilling time. The underpre-
diction of the drilling time is believed to be due to two factors.
One factor is the neglect of the work necessary to expel molten
material up out of the hole against gravity. As the hole depth
increases (due to the increase in sample thickness), the molten
material at the bottom of the hole needs to be driven up the
sides of the hole by the assist gas in order to expel it. Since the
model takes into account only the shearing of molten metal in
the radial direction, the predicted drilling time is lower than
the actual experimental value. The other factor is the neglect
of flow penetration effects. The flow assumed in this study is
stagnation flow over a flat surface. As the hole depth in-
creases, the actual flow becomes more like a jet penetrating a
hole than stagnation flow over a flat surface. To overcome
these deficiencies in the model, the energy needed to drive the
molten metal up the sides of the hole and the penetration of
the gas flow could be taken into account. However, doing so
would make the problem much more complex, demanding a
more sophisticated solution, whereas the relatively simple
analysis described here is a capable of predicting drilling times
that are in reasonably good agreement with the experimental
values (within the range of validity of the analysis).

When the analysis of this study is extended to samples that
are thinner than those previously discussed, the drilling time is
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Fig. 13 Drilling time for 1/32-in. (0.794-mm) low-carbon steel.

generally over predicted. For example, Fig. 11 shows the re-
sults of thinner Cu samples (1/64 in., or 0.397 mm) with
oxygen assist. The drilling time is overpredicted (by about
1.5-3 times), as seen in Fig. 11. The overprediction of the
drilling time in this case is a result of the fact that the semi-in-
finite solid assumption of the heat transfer problem is not
valid for the thinner samples. This problem might be corrected
by relaxing the quasisteady-state assumption of the model and
solving the unsteady one-dimensional heat transfer and two-
dimensional axisymmetric fluid flow equations with a finite
boundary condition in the solid region. The resulting equa-
tions for the model would be considerably more complex, and
a more sophisticated numerical solution would be required.
Alternatively, acceptable results may be obtained for the case
of "thin" samples from a simple one-dimensional, unsteady
heat-conduction model, neglecting fluid flow and the molten
metal shearing mechanism. [In this context a thin sample is
one for which the conduction length scale (V4*0 is of the
order of or greater than the solid region thickness (H—L),
where t is the drilling time.]

Results for 304 stainless steel are plotted in Fig. 12. For 304
stainless steel the drilling time for argon and oxygen are not
much different, which agrees with the experimentally observed
result. Also, the theoretical results for 304 stainless steel are in
reasonably good quantitative agreement with the experimental
results. Figure 13 shows the results for low-carbon steel. The
drilling time for 1/16-in.- (1.588-mm-) thick low-carbon steel
at low-incident laser flux is underpredicted, as seen in Fig. 13.
The reasons for the discrepancy are believed to be the same as
those already stated earlier for 1/16-in.- (1.588-mm-) thick
A16061 as well as radial conduction effects.

Conclusions
A steady-state model of the material removal by a gas jet

during laser-metal interaction is described. The experimentally
observed effects of change in absorptivity and change in tem-
perature required to expel the molten metal are incorporated
in the model. Results of drilling time are obtained for alumi-
num, copper, 304 stainless steel, and low-carbon steel. For an
absorbed laser flux of the order of 104 W/cm2, the liquid layer
thickness is of the order of 10 /*, but it becomes of the order
of 100 fji as the absorbed flux is increased to the order of 105

W/cm2. Results for aluminum and copper showed that for
absorbed laser fluxes of about 2-3 x 105 W/cm2 the surface
temperature exceeds the boiling point of the metal. Therefore,
the gas-assisted molten metal expulsion mechanism would be
expected to be valid up to these flux levels. The melting front
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velocity also increases as the absorbed laser flux at the surface
increases.

Reasonably good qualitative and quantitative agreement for
drilling time between the experimental and theoretically calcu-
lated drilling times is obtained as long as the model assump-
tions are satisfied. The drilling time is observed to decrease
with an increase in incident laser flux. It is also observed that
the use of oxygen as an assist gas does not necessarily always
improve the process efficiency. If a weakly absorbing oxide is
formed that has a high melting point relative to that of the
metal, then the use of oxygen tends to increase the drilling
time. On the other hand, if a strongly absorbing oxide with a
melting point similar to that of the metal is formed, then the
use of oxygen tends to decrease the drilling time. In either
case, the increase in absorptivity associated with the oxide
formation and the difference in the melting points of oxide
and metal seems to have more pronounced effect at lower
values of incident flux. At higher values of laser incident flux
(>2-3 x 106 W/cm2), the role of the oxide appears to be less
important, as evidenced by the negligible difference between
the drilling times for the oxygen-assisted case and the argon-
assisted case.

Because of the assumptions used, the applicability of the
model is restricted to sample thicknesses between 0.6 and 1.2
mm. For samples thinner than 0.6 mm, the drilling time is
overpredicted because the semi-infinite solid assumption is not
satisfied. It should be pointed out that this lower limit (0.6
mm) on sample thickness depends on the thermal diffusivity
of metal and, therefore, will vary to a certain extent for
different metals. For samples thicker than 1.2 mm, the drilling
time is underpredicted because flow penetration and radial
conduction effects are neglected.
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