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Dual-beam CO, laser cutting of thick

metallic materials

P. A. MOLIAN

Mechanical Engineering Department, lowa State University, Ames, 1A 50011, USA

A dual-beam technique involving two CO, gas lasers with a power capacity of 1.5 kW each,
was used to cut steel and superalloy. A comparison with single-beam CO, laser cutting
showed that dual beams were capable of enhancing the cutting thickness and speed without
deteriorating the quality of cut. Heat-conduction models, assuming the laser beams as line
sources, were used to estimate the cutting thickness and speed as a function of distance
between the two laser beams. Experimental data, coupled with theoretical modelling, have
provided a new concept, namely stretching the width of the laser beam in the direction of
cutting to cut thicker section solids at moderate speeds.

1. Introduction

The first practical applications of high-power lasers
were machining and welding, with machining cur-
rently constituting the largest single application (over
50%) of lasers in manufacturing. Laser cutting is a
thermal process that results in higher quality and
precision than other thermal processes. The laser is
capable of delivering a high concentration of energy
(> 10°Jcm™?) to a very small area (> 1 to several
hundred micrometres diameter) making it possible to
melt and evaporate almost all materials. Both high-
power CO, and Nd:YAG lasers are being used for
cutting in aerospace, automotive, electronics, and de-
fense industries. For example, it has been reported [1]
that an unassisted Nd:YAG laser was capable of
cutting 0.635 mm (0.025in) thick Hastelloy-X (a
superalloy) sheet at a rate of Smm s~ (12in min~ ')
as compared with the 0.42mm s~ ! (1 in min™') cut-
ting rate of a computer numerically controlled (CNC)
three-axis milling machine. In addition to the advant-
ages of high speed, tight tolerances, and good cut-
surface quality, the laser is ideal for interfacing with
robots in computer-aided design/computer-aided
manufacturing (CAD/CAM) systems, allowing the ef-
ficient and cost-effective manufacture of parts for spe-
cific applications. In fact, with proper software design,
each laser-manufactured part could be different with
little or no increase in machine time.

Other applications of lasers in machining depend
on the laser’s ability to produce structures and cut
materials not possible with conventional machining
methods, relying on such laser attributes as narrow
heat-affected zone, narrow kerf, shallow angle hole,
large aspect ratio holes, very small diameter holes, odd
shapes, cavities and slots, machining of inaccessible
locations, noncontact machining (no tool force),
machining of soft as well as very hard materials, and
cutting very brittle and very ductile materials. The
competitive machining methods such as electrochemi-
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cal machining, electrical discharge machining, and
chemical machining (which have been developed to
overcome some of the problems encountered with
conventional tool machining) suffer from drawbacks
such as low speed, low production yield, poor surface
integrity, difficulty in making deep and narrow cuts,
and marginal tolerances.

Commonly, a laser can be used in three different
ways to cut a variety of materials [2]: sublimation
cutting, fusion cutting, and gas cutting. In laser subli-
mation cutting, a focused laser beam evaporates the
material, and a jet of inert gas, coaxial to the beam,
carries away the vapour. Although narrow kerf width
with a high-quality surface can be generated by this
technique, it is limited to only thin sections. In laser
fusion cutting, the laser beam heats a material to
above its melting point and the use of a high-pressure,
inert gas blows the molten material out of the kerf, A
noteworthy advantage of this method is the increased
cutting rate, but drawbacks include striations on the
cut surface and solidified droplets of residual melt
clinging at the lower cut edge. In laser gas cutting, a
reactive gas such as oxygen is used coaxially with the
laser beam. Chemical energy released from the exo-
thermic reaction aids in cutting; thus, high cutting
rates are obtained. Other methods of laser cutting
involve burning in a reactive gas, thermal stress frac-
ture, and scribing,

The current thrust in laser cutting lies in extending
its limitations in terms of cutting speed, thickness and
quality. This will allow tighter tolerances and reduc-
tion in production costs. New laser-machining pro-
cedures are sought for cutting thicker iron and steel
( > 10 mm), and to increase the speed at which lasers
machine superalloys, ceramics and composites. It is
well known that a limitation is machining thicker
materials (in general > 6 mm for metals; see also
Fig. 1) with lasers. Most applications of laser cutting
utilize an oxygen or air-gas assist. The reaction of
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Figure 1 A comparison of thermal cutting systems with the thick-
ness of workpiece.

oxygen with the metal to form an oxide produces
additional heat that aids in melting the material, and
the gas jet cleans the cut by blowing the molten
droplets from the cut region, cools the unmelted ad-
joining regions by convection, reduces the heat-affec-
ted zone (HAZ), and protects the focusing lens from
droplets and reaction products.

A literature review of the various aspects of laser
cutting of solids reveals that the following should be
considered for cutting thicker-section solids.

1. Higher power lasers with a TEM,, mode beam
guality [3].

2. Lower Fresnel number or smaller beam size.

3. Optimal focusing. For example, the focus should
be at one-third of the cutting thickness [4].

4. Optimal reactive gas-flow conditions using a
modified nozzle design [S]. For instance, a three-way
nozzle generated supersonic gas flow and permitted
cutting of thicker steel plates [5]. '

5. Additional heat sources such as an electric arc
[6], or using organic gases such as acetylene [7].

6. Absorption of laser power by improving the
energy coupling.

7. Prevention of plasma formation.

8. Selection of a material with favourable thermal
and chemical properties.

9. Optimal cutting speed, because otherwise self-
burning or incomplete penetration of heat may occur.

10. Excellent fluidity of slag or molten metal for
easier removal,

Cutting thin sheets involves high temperatures and
results in a quasisublimation process. When thick
plates are cut, the temperature at the cutting front will

be less and the amount of vaporized material is negli-
gible. A considerable amount of slag forms during
cutting, in which case the reaction rate is controlled by
the diffusion rate of oxygen. Thicker-section laser
cutting may be considered to be a reactive gas fusion
cutting in which the laser beam creates a “key hole”
into the workpiece. The hole 1s surrounded by oxi-
dized molten metal which closes the hole when the
beam travels in the cutting direction. The melting
isotherm penetrates into the workpiece as the pressure
from the oxygen gas blows away the molten metal and
slag.

An understanding of heat and fluid flow, com-
bustion reaction phenomena, and gas-flow dynamics
is essential to develop a satisfactory theoretical model
for predicting thicker-section cutting. From the ex-
perimental point of view, additional energy, in the
form of a heat source, should be deposited for pre-
venting the “blind” cut in thicker sections. Hence, a
thorough understanding of the physical nature of the
problem through analytical and experimental treat-
ment is a prerequisite to the development of any
innovative technology for laser cutting of thick solids,
the basic objective of the paper.

2. Modelling of laser cutting

Laser cutting requires careful control of several para-
meters including beam mode quality, beam diameter,
focusing, distance between the nozzle and workpiece
and assist-gas pressure. It will be very useful, as a
result, to be able to predict experimental trends theor-
etically to achieve a better understanding of the phys-
ics of the process. Laser cutting models available in the
literature are essentially based on the classical conduc-
tion heat transfer equations and are analytically or
numerically solved by making the following assump-
tions.

1. Thermal properties of the material are independ-
ent of temperature.

2. A laser beam is considered to be a moving-point
source of heat.

Usually, the classical conduction theory can be
applied to the laser heating process because of the fact
that the heating time is much longer than the time
between collisions for the free electrons within the
workpiece [2]. The governing differential equation is

Vi + A*T(x, y,z,0) — 1/adT/0t(x, y, z, 0)
= - Q(xa Y, z, 6)/K (1)

where 7 is the temperature (K), « the thermal
diffusivity (m?s~'), K the thermal conductivity
(W m™1K™1), Vthe velocity of the workpiece (ms ™),
Q the heat source, heat per unit volume per unit time
(Jm ™3 s 'y and 0 the time (s). The equation has been
solved for several problems concerning thin sheet
metal cutting. In all analytical treatments, the non-
linear term due to radiation is neglected, and so is
convection loss. Furthermore, for thin sheets, the tem-
perature is assumed to be independent of depth, trans-
forming the problem into a two-dimensional one.
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Decker et al. [8] presented a simple thermal model
to estimate the maximum cutting speed, according to
which

Py

Vo= ets(AGs — AGy) @
where V is the cutting speed (m s 1), P; the absorbed
laser power (W), e the density (kg m~?), ¢ the thickness
of the workpiece (m), s the kerf width (m), AGg the
sublimation energy per unit mass (J kg~ '), and AGy
the heat of reaction per unit mass (J kg™ !). This model
assumes laser sublimation cutting in which the mater-
ial vaporizes and chemically reacts with the oxygen
gas. Neglected effects include heat loss due to the heat
transfer into the workpiece, thermal radiation, and
cooling by the assist gas. The cutting speed predicted
by this model underestimated the experimental value
and was explained [8] to be due to two reasons.

1. The kerf width is not equal to the beam diameter,
as assumed in the model.

2. All the cut material is not vaporized.

However, this model provides a rough estimate of
cutting speed, restricted to cutting of thin sections.

Kamalu and Steen [2] presented Equation 2 in a
different form by considering that the laser energy is
used in melting and evaporating the material and
none is lost by conduction, convection, and radiation

Py

V = 3
ets(C,AT + Ly + m'Ly) 3)

where AT is the temperature rise to the melting point
(K), C, the specific heat (Jkg™' K™!), L; the latent
heat of fusion (J kg™'), m' the mass fraction evapor-
ated, and L, the latent heat of evaporation (J kg™ !).

The temperature distribution in the material during
cutting can be found by solving the conduction Equa-
tion 1. Ready [9] gives the one-dimensional solution
for the temperature distribution as

2P (a0)27] . zZ
T(Z,0) = |:_P_(Io<c)*:| ierfc I:W] 4)

where 0 is the interaction time (s), and Z the depth (m).

The solution of heat conduction Equation 1, assum-
ing the laser beam to be a point source located at
(x!, yt, z1), is given [10] by

Q(x', yt, zh)
T(x,y,2,8) = “(0)?
x—xY+(y—y)VP+—z2Y

400 ©)

X eXp —

For thin sheet metal cutting, Equation 5 is reduced to

0 s
—=— 6
dmkt® P\ 40l ©
where r = (x* + y?)'/? and t?/4ab« 1.

Assuming the laser beam to be a moving-point

source of heat, Duley and Gonsalves [11] have shown
that for thin-section metal cutting

Vx _ 2nktT )
exP(ﬁ) = (fP, + P, — P)K,(rV29)

T(r, 6 =
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where T is the temperature at the point (x, y) (K), K,
the Bessel function of second kind and zeroth order,
r = (x* + y?)!/%, f the fraction of the laser beam actu-
ally striking the sheet, P, the chemical power, P, the
power dissipated because of the cooling effect of the jet
=P F'K, (T — T,), (where B = fraction of the inci-
dent gas that cools the material and F! is the collision
rate of oxygen molecules with the material, = (6.03
x 1022 F/60 x 2.24 x 10*) where F = gas flow rate,
(m*®s™1), T the material temperature (K), 7, , the gas
temperature (K) and K, is Boltzmann’s constant).
Using approximate calculations, Duley and Gonsal-
ves [11] have shown that P, is generally small except
at large values of F.

Babenko and Tychinskii [12] have developed a
heat flow model for cutting of relatively thick plates
that takes into account the chemical reaction energy.
They started with the power balance equation as
P =P 4+ P, — P,, where P is the total power, and
wrote the classical heat conduction equation incor-
porating the chemical power as

P, —P Vx Vr
= e — (s )< ()

2 vy
- n‘b<£> ®)

2nKtT,
where T, is the temperature at the kerf wall (K), and \
the thermochemical parameter = Q./(C, T;,) where Q.
is the specific energy yield of chemical reactions.

An approximate numerical solution of Equation 8 is
given by

W, = 3<Q>(1.9 — ) + 03 9)

T\ 20

Equation 9 shows that if yy < 1.9 then 01 /0v > 0,
which means that an increase of (vy/20) results in a
rise of W, and corresponds to steady-state cutting
conditions. If the quantity W} is negative, then cutting
is accomplished solely at the expense of chemical
reaction energy.

Kamalu and Steen [2] compared the results of
simple heat balance, moving line source, and moving
cylindrical source models with experimental data and
concluded that the simple heat balance and line source
models exaggerate the cutting speeds. Bunting and
Coinfield [13] attempted to establish a more general
theory of thermal cutting by assuming the laser beam
as a cylindrical heat source. They developed a rela-
tionship between the power density and the cutting
speed in terms of thermal properties of the material.
Bunting and Cornfield [13] claimed that Equation 7
will give inaccurate results if the characteristic length
of line source (20/v) is equal to or less than the cut
width, S. These investigators modified Equation 7 and
established a relationship as

8K (T, — To)
P]‘S2

1 pA
1
J‘ 7’1 drl Jv (e — wr cose) KO
0 0

xw(rl® — 2rtsin® + 1)V/2d6

Iw) = (10)



with w = V§/4a, and T, is the melting point (K).
Schuécker and Abel [14] analysed the mechanisms of
material removal during laser cutting and developed
several equations of heat and gas flow. From movies
showing the laser cutting process, erosion takes place
at a nearly vertical plane at the momentary end of the
cut. That plane is covered by a thin molten layer that
is further heated by absorbed laser radiation and by
chemical reaction. The removal of material from that
layer is carried out by evaporation and by ejection of
molten material due to the friction between the melt
and the reactive gas flow. This description indicates
that the high-temperature molten layer is the actual
cutting tool. Schudcker’s model, described above,
yielded the energy and mass balance equations from
which all information on the details of the cutting
process can be obtained.

Rothe and Sepold [4] presented the important
requirements for cutting thick plates with oxy-assisted
lasers. Assuming the beam as a line source, they
developed a model that yielded the following
conclusions.

1. The focus should be positioned at one-third of
cutting thickness.

2. The kerf width, S, is written as S = (o, d, t)!/?
where o, is the focusing angle, 4, the depth of field,
and ¢ the thickness of the plate.

3. The minimal laser power, P_;,, for oxygen-assist-
ed cutting depends on the material properties and on
cutting thickness. For steel, P.,;, = 80 ¢ where P, is
in watts, ¢ in millimetres.

4. The chemical reaction of steel and oxygen is lim-
ited by the mass transport coefficient M = 6 mm s~ .

S. The maximum cutting speed for a supersonic gas
flow velocity of 450 ms™!is V,,,, = 5.3 ms ™! (S/1).

3. Concept of thicker-section metal
cutting with dual beams

In laser cutting, two significant problems are the coup-
ling of laser energy into the workpiece and plasma
formation at the workpiece surface. Most metals tend
to reflect 90% or more of the CO, laser energy. When
the intensity of the laser beam becomes sufficiently
high ( > 10®* W cm™2), plasma formation occurs and
prevents coupling of the laser energy into the work-
piece. A prudent approach is to use two high-power
CO, laser beams (separated by a small distance) in
order to increase the coupling efficiency by minimizing
laser/plasma interactions, and taking advantage of the
increased absorptance of the melt relative to the solid
metal.

Let us now consider the cutting of thick solids by
the application of two laser beams (Fig. 2). In this
process, the first beam partially penetrates into the
moving workpiece, causing regions of the material to
be melted and vaporized. A cylindrical ‘keyhole”
bounded by the melting isotherm is created by the first
beam. As the material moves under the beam, the
“keyhole” also moves with a cutting speed in the
steady-state condition. There is some vaporization
due to the formation of the keyhole. The first beam
creates a “blind” cut because of inadequate energy
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Figure 2 Proposed mechanism of laser cutting with dual beams.

input. As the second laser beam hits the molten region
produced by the first beam, it vaporizes some material
and superheats the remaining molten material. The
combined action of the exothermic reaction of oxygen
and the second laser beam aids in drilling through the
melt, thereby allowing molten droplets to be ejected.
Furthermore, the oxygen gas flow causes some con-
vection currents. The second beam actually cuts
through the liquid metal, which means surface re-
flectivity is not a limitation. As a result, a clean, good
quality cut can be expected.

Thermal modelling of dual-beam laser cutting re-
quires considerations of a moving heat source conduc-
tion equation and thermodynamics of oxygen—metal
chemical reactions. Such equations may be used to
estimate the size of “blind cut”, D, thickness of ero-
sion front, D,, and temperature of the cutting front.

4. Experimental procedure

4.1. Materials

The materials used in this work were a plain carbon
steel (AISI 1018) and a superalloy (Hastelloy C). Car-
bon steel was chosen because it was extensively used in
industries for laser cutting but was limited to a thick-
ness of § mm. Superalloys are difficult to machine and
cause rapid tool wear in conventional tool machining.
The properties of superalloy that contribute to the
machining difficulties include: high shear strength that
results in high cutting forces at the cutting edges of
tools; high capacity for work hardening; the presence
of hard, abrasive intermetallic compounds in the
microstructures; and low thermal conductivity res-
ulting in heat concentration at the cutting zone and
thereby damaging the tool. Conventional tool-machi-
ning processes require greater cutting forces and con-
siderable improvement in tool design for machining
superalloys.

In laser machining, superailoys do not react with
oxygen gas as efficiently as does carbon steel; hence
laser-cutting speeds for superalloys are lower than
those for comparable thicknesses of carbon and low-
alloy steels. Further, the presence of nickel or cobalt
raises the viscosity of the molten metal, thus causing it
to migrate and adhere to the rear side of the cut. The
thermal properties of the alloys used in this work are
given in Table I.
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TABLE I Thermal properties of the alloys used

Material Specific heat Conductivity Density Diffusivity Melting temp.
Jkg 'K (Wm~ 1K) (kgm™?) (1076 m2s7%) (K)

Carbon steel 550 50 7877 11.55 1750

Hastelloy 450 15 8940 3.73 1577

Figure 3 A photograph showing the two laser systems. A, Spectra-
physics laser; B, Control laser; C, Five-axis workstation.

4.2. Equipment

Two continuous-wave (CW) CO, gas lasers with a
power capacity of 1500 W each were used in this
investigation. The lasers were manufactured by Spec-
tra-Physics (Model 820) and Control Laser (Model IL
1500). The lasers shared a large workstation that is
capable of moving in five axes (three linear, one rotary,
one tilting). Fig. 3 shows the lasers and the work-
station. The functions of laser and worktable were
controlled by a computer numerical controller. The
laser beams were circularly polarized to facilitate good
quality cutting.

As mentioned previously, one of the important re-
quirements for thicker-section cutting with lasers is
the beam’s transverse electromagnetic mode (TEM)
quality. TEM mode describes the cross-section of a
laser-beam profile and is comparable to the sharpness
of a cutting tool. TEM,, is the lowest order mode that
gives rise to a Gaussian energy distribution and is
ideal for cutting because it can be focused down to the
smallest spot size, thereby giving the maximum energy
density. Furthermore, the energy profile across the
beam is the same in all axes, an important requirement
in profile cutting. For equivalent laser power, the
power density of a TEM,, mode can be two orders of
magnitude greater than the multimode beams that
have wide energy distributions.

Both lasers used in this work produced beams with
a near TEM,, mode, although perfect TEM, is sel-
dom realized in high-power lasers. The rationale for
choosing the power levels specified above for this
study is its wider usage in metal cutting industries.
Higher power lasers than 1.5 kW generally tend to
produce a multimode beam configuration (equivalent
to a “blunt” cutting tool) with a low degree of output
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beam stability, generate plasma, and exhibit poor
energy-coupling efficiency. Furthermore, higher po-
wer lasers cause large thermal problems with optical
components in the resonator and in the beam path.

4.3. Dual-beam technique

This method consists in using two CO, laser beams
along with a supply of oxygen. Fig. 4 shows a schema-
tic illustration of the experimental setup. The two laser
beams were brought to the worktable by means of
mirrors and a 127 mm focusing lens. The power of
each beam was 1500 + 30 W. The distance between
the two beams on the metal plate was 6 mm. The beam
was focused at one-third the distance below the work-
piece surface. The focused beam size was 0.1 mm. The
focused beams were sent through a large nozzle of
diameter 10 mm. A reactive oxygen gas was intro-
duced coaxially with the laser beams. The gas pressure
was 137kPa g (20 p.s.i. g) at the nozzle exit. The
cutting speed was varied from 4.2-40 mm s~ !. The
distance between the nozzle and workplate was about
1 mm or less, to concentrate the oxygen gas in the cut
zone.

5. Results and discussion
Fig, 5 presents the experimental data obtained using

L
aser 2 45° mirror
Laser 1 \<<
/)"—ﬁ
Lens I’
0, gas—
Cutting
ﬂgction
Focus
/3¢
{ ',J T ¢
/11 -
Uncut
Cutsurface Molten metal ejection  surface

Figure 4 Experimental method for cutting thick solids using two
laser beams.
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single and dual CQO, lasers. The significant results are
as follows.

1. Dual beams were able to cut thick-sectioned steel
and superalloy.

2. For a given section thickness, dual beams in-
creased the cutting speed over the single beam.

3. Carbon steel can always be cut at higher speeds
than superalloy. This may be attributed to the oxida-
tion of carbon steel which contributes to increased
heat input. Because oxygen can pass freely through the
iron oxide layers, and the iron oxide has low viscosity
and low adhesion, the force of the oxygen gas jet can
readily eject the slag and molten metal. In the case of
superalloy which contains chromium and nickel, the
oxide layer does not allow oxygen to penetrate
through resulting in loss of energy from oxidation and
thereby reducing the cutting speed. Furthermore, the
viscosity of the superalloy melt is high and hence it is
difficult to eject the fluid.

The cut quality, in terms of kerf width, heat-affected
zone, surface roughness and taper, deteriorated with
an increase in section thickness. However, the kerf
at the top surface was narrow and in the range
0.4—1.1 mm. Typical values of kerf width at the top
surface are given in Table II. Kerf widths at the top
surface are slightly larger for superalloy than for steel.
But the kerf widths at the bottom surface are much
larger for superalloy than steel. Surface roughness
(RMS value) near the top surface was about 5 ym (200
x 107 ¢ in) and much higher near the bottom surface.

The combined action of two focused laser beams,
separated by a distance greater than the keyhole

TABLE II Average kerf width data (top surface)

Thickness (mm) Kerf (mm)
Steel Superalloy
6.35 0.38 0.46
9.50 0.51 0.65
12.70 0.71 0.83
15.90 0.81 0.94
19.00 1.10 -

width, may be modelled by considering the workpiece
preheating above the melting point, T, by the first
beam and actual cutting by the second beam. Accord-
ing to this model, workpiece preheating improves the
deep penetration effect, mainly due to an improve-
ment in the absorption efficiency of the keyhole and a
modification of the conduction characteristics inside
the workpiece. Because of the fast decrease in steady-
state temperature levels when moving off the beam
impact region (which is specific to high-power focused
beam processing), preheating can be restricted to a
limited zone in the vicinity of the interacting region.
When the cutting laser beam is moving along the path
of the preheating beam, with the distance between the
two beams more than the keyhole depth, the cutting
laser acts on a pool of cooling melt left by the first
beam. Under such conditions, the cutting effect (depth,
speed) will be dependent on the temperature distribu-
tion in the interaction zone caused by the preheating
beam, as well as the characteristics of the cutting
beam.

Material removal in laser cutting occurs by evapor-
ation near the top surface and by ejection of slag and
molten metal through the bottom surface. The sources
for energy input are absorbed laser power, chemical
power from the gas—metal reactions and mechanical
power from the gas flow for ejecting the fluids. The
energy dissipates by vaporization, melting, and ejec-
tion of the liquid, heat conduction into the sheet and
convection cooling by the gas flow. In our analysis, we
assume a moving line source thermal model to de-
scribe the temperature distribution in an isolated sheet
of the molten region of the workpiece which surro-
unds the keyhole of the first moving laser beam.
Carslaw and Jaeger [15], and Swifthook and Gick
[16] provided the steady state solution for a moving
line source as

aP
T(x,y) = :

sz SPOK(R) (1)

where T 'is the temperature (K), x the length dimension
(m), y the width dimension (m), z the thickness dimen-
sion (m), a the absorption coefficient, P, the laser
power of the first beam (W), K the thermal conductiv-
ity (Wm~™! K1), Z, the depth of keyhole (m), X a
dimensionless variable, xV/2a, V the cutting speed
(ms™'), o the thermal diffusivity (m?s™'), and R a
dimensionless variable (x* + y?)V2 V/2a.

The line source model ignores the cut-width vari-
ation in the z-direction. The temperature distribution
over the depth of workpiece near the keyhole was
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calculated previously [17]. The expressions obtained
connect keyhole and. melt-pool depths with the
characteristics of the laser beam. On the basis of these
expressions and experimental results given by Kamalu
and Steen [2], maximum keyhole depth may be estim-
ated at a level of 6 mm and less, for our case, depend-
ing on the speed of the workpicce. Also, the isotherms
obtained from Equation 11 may be considered to be a
proper representation of the volumetric temperature
distribution if the workpiece thickness, ¢, is near Zy.
At greater thicknesses the change from cylindrical
geometry of heat-wave propagation to the spherical
geometry near the tip of the keyhole becomes essen-
tial. Unfortunately, the above-mentioned model, re-
garding laser-beam penetration into a homogeneously
preheated metal workpiece, cannot be used to find an
exact solution to an inhomogeneous thermal distribu-
tion T(x, v, z). However, estimates can be made by
introducing an effective average temperature T/(x, y)
= (1/t)[ T(x, y,z2)dz. This average temperature is
close to the value T(x, y) obtained by using Equation
15 with factor Zg/t. Thus, the average temperature
over the thickness of the workpiece, resulting from the
action of the first laser beam, at the position of the
second “cutting” laser beam is given by

- P
T(x,0) = —!

S, POKG(X) + T,

(12)
where T, is the ambient temperature ( ~ 300 K). In
addition to the laser sgurce, the chemical energy evol-
ved from the oxidation of metal raises the average
temperature. Hence Equation 12 is modified by in-
corporating the oxidation reaction as

_ aP
T(x, 0) o Klt exp(X)K,(X) + T,

a

W +

(13)

where W = f, q/C (K), f; is the fraction of gas used for
oxidation, g the heat of formation (J kg™*), and C the
specific heat (J kg~! K™'). The quantity W is difficult
to estimate because of the complexity of oxidation
phenomena, especiaily the unknown quantities includ-
ing the composition of oxidation products, the pro-
portion of the molten metal that is oxidized, and the
latent heats of various phase transitions. The oxygen
gas also contributes to the cooling of the melt. But the
cooling effect has been shown to be negligible 2] if the
gas flow is subsonic.

Assuming that the effective laser power absorption
within the keyhole trap is approximately 0.8, and for a
distance of 6 mm travelled by the first beam, the
average temperature, T, can be written as

0.8)P, 0.006V
InKt ex"( 2 )
0.006V

KO( 2u > + 1
Equation 14 was solved and results are shown in
Figs 6 and 7 for various degrees of preheating. Note
that we have taken W = 0, because the gas jet nozzle
diameter was so large that only a small fraction of
oxygen was used for oxidation. Experimental data
superimposed on these plots indicate that steel follows
an isotherm of 500 K while superalloy preheats to an
isotherm of 900 K. Equation 11 may also be used to
estimate the kerf width if the second laser beam cuts
through the thickness. Preheating of the metal by the
first beam improves the absorption efficiency. Because
the vicinity of the second beam—workpiece interaction
is already in the melted condition, the absorption of
the second beam is enhanced, and energy transfer
through the keyhole becomes efficient, causing deep

T:

(14)

30

Workpiece thickness (mm)

.

|

23

Cutting speed (mms™1)

Figure 6 Workpiece thickness versus cutting speed for carbon steel at ((1) 500 K, (O) 600 K; (A) experimental data.
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Figure 7 Workpiece thickness versus cutting speed for superalloy at ((J) 800 K, (O) 900 K; (A) experimental data.

penetration. Swifthook and Gick [16] have given the
following solutions to Equation 11 depending on the
cutting speed.

Domain I For Y, < 0.55
Y, = exp(l.S — %) (15)
Domain 11 For 0.55 < Y, < 6.13
Yo = f(Xo) (16)
Domain III For Y, > 6.13
Y, = 0483 X, (17)

where X, = P,/KT,t, Y, = Vb/a, P, is the laser po-
wer of the second beam (W), and b the kerf width (m).
Note that the exact function is not defined in Domain
IL. In fact, Domain II is of more practical interest. In
this study, experimental data indicate that ¥ is some-
where between 0.4 and 4.

Peretz and co-workers [18-20] have done extensive
work on the effect of preheating on Swifthook and
Gick’s Equations 15, 16 and 17, and gave the following
expression in Domain 11

X, — 2

Y., =
© 19

(18)

Babenko and Tychinskii [12] obtained a similar
expression in gas-jet laser cutting as

X, — 1.885
Y, = %77 19
0 o (19)
If the workpiece is preheated, then
P, 1
Xg = — = —~ 20

Equation 18 has been modified by Peretz et al. [19]
to include the effect of latent heat of fusion. For
Domain II

1.67L
2+ [1.9 + . = T)}YO (21
where L is the latent heat of fusion, 275 x 103 J kg™!
for steel, 300 x 103 J kg~ ! for superalloy. Oxidation of
metal and power for mechanically ejecting the slag/
molten fluid should be included in the above equation
as W,. Equation 21 can be written as

1.67L
C(T, — T)

Xy =

Xo = Wy + [1.9 + }Yo (22)
where Wy = W, +2

Equation 22 can be simplified as

- P, 167LVb Vb
T (BT (1)

(23)

Fig. 8 was obtained from Equation 23 and shows
the variation of Vb as a function of workpiece thick-
ness, t. W, is the dimensionless empirical coefficient
equal to 0.2 for carbon steel and 7 for superalloy.
Equation 23 agrees well with experimental results and
can therefore be used to predict the maximum cutting
depth that can be obtained by an increase in the
degree of preheating or by a decrease in the distance
between the two laser beams. Fig. 9 shows the rela-
tionship between the maximum cut depth and the
distance between the beams, d, at the minimum cut-
ting speed, V.. Viin Was taken as 4.23 mm s~ ! be-
cause at lower speeds there was considerable deteri-
oration of the cut edges due to a “burn-out” effect.
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Figure 8 Workpiece thickness versus Vb for carbon steel and superallo
experimental data, (<) superalloy experimental data.

y: {(O) Carbon steel 500 K, (O) Superalloy 900 K; (A) Carbon steel
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Figure 9 Workpiece thickness versus distance between two laser beams

From Fig. 9 it seems obvious that the best way to use
two laser beams is to integrate them into one beam
that has twice the power of either of the two individual
beams. However, it should be noted that the model
from which Fig. 9 was obtained was of linear source
and may not be valid when the spacing between the
two beams is less than the keyhole width.

One of the problems in the application of dual beam
cutting is that due to the vibration of optical elements
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for carbon steel. V' = 4.23 mms .

it is very difficult to achieve a stable coincidence with a
precision better than the characteristic focal spot di-
mension (0.1 mm and less). In this case we obtain an
irregular space distribution that can be likened to
“dancing” TEM, , mode.

The effects of transfer from TEM,, and TEM,,
mode on the cut quality were experimentally and
theoretically investigated [21, 22]. On the basis of
these results it may be concluded that for TEM,,



mode, a more stable cut quality may be achieved with
the mode-poles oriented along the x-axis, that is, in
the direction of the workpiece movement. This case
may be considered as a stretching of the heat source in
the direction of movement. By analogy, it looks pro-
mising, for the sake of cut quality, to introduce an
initial shift, of about one keyhole width, between the
two beams in the direction of movement. The result of
this doubling or stretching of beam-width in the direc-
tion of movement, is an increase in v, the angle be-
tween the cut front and the direction of the optical axis
(see Fig. 10). For simplicity, the beam shapes are re-
presented as cylinders. It is then quite obvious that y
depends upon the workpiece thickness, ¢, and the laser
beam transverse dimension in the direction of move-
ment, b, (x = b,/t), and is about 2° at t = 20 mm for
the usual one-beam case. From Petring et al. [23], it is
evident that at this angle of cut-front inclination,
Fresnel reflection causes a significant decrease in laser-
beam absorption near the cut front. Also, maximum
absorption is attained at angles that are approxim-
ately twice this angle. The results of the laser power
absorption calculations for TEMy; mode [23] offer
additional evidence to support the advantages of
laser-spot stretching in the cutting direction.

Thus, an important practical conclusion that may
be drawn, in the case of high-thickness cutting, is that
stretching the width of the laser beam in the direction
of cutting may favour increased power absorption and
hence increased cut speed. In addition, it should be
taken into account that the transverse dimension of
the laser beam is comparable with the thickness of the
melted layer on the cutting front. Pulsations of this
layer due to the instability of the melt ejection process
cause instabilities in the laser power input. The thick-
ness of the molten-layer pulsation is proportional to
the square root of the amplitude of the absorbed laser
power oscillations and is directly connected with the
width of the cut-edge striations [24]. It seems quite
obvious that in the case of increasing v, if the dimen-
sion of the laser beam is increasing in comparison with

Laser beams

S~ Wﬁ_//“_/\’

"

. Cut fronts

Figure 10 Schematic representation of the cut-front inclination
increase with two adjacent laser beams.

the molten layer thickness, there should be an im-
provement in laser-beam absorption stability and
hence damping of the striations.

Fig. 11 represents the possible configurations of a
two-beam optical system programmed for cutting
when lasers with stable and unstable resonators are
used. Mirror M, may be electronically tilted syn-
chronously with the CNC worktable so that the mov-
able beam always precedes the cutting one in the
direction of cutting.

From all that has been said, it would seem quite
logical to modify the two-beam concept into an ellip-
tical beam concept. Such beam configuration is espe-
cially promising in the case of cutting with high-power
laser beams ( > 5kW) when the effect of plasma
screening becomes essential. The elliptical focusing
gives, in this case, the best compliance of a high-power
laser beam with a narrow cut. It is known that the
greatest cutting depth can be obtained when the focal
point is submerged inside the workpiece. But it is
usually complicated by a resulting higher cut width at
the top edge of the cut slot and worse efficiency of
laser-beam admittance into the cut. Fig. 12 illustrates
an optical configuration for the elliptical beam cut-
ting., The additional concave cylindrical lens, L., is
fixed above the spherical focusing lens, L, with a focus
length of about several metres determined by the

{a) X
//“
—~
////
// -
///// —
E_\K ] II
] — -1
D‘d - ~_ j<'\l_
~_” [ |
Mt r'd/ H |
N\
\ |/
N
(b = X

Figure 11 Optical arrangements for the integration of laser beams
in a two-beam technique. (a) Two beams from stable laser cavities.
(b) One of the beams emerges from an unstable laser cavity.
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Figure 12 Proposed scheme for laser cutting with an elliptically
focused beam.

relation

F = Wjon (24)

where W is the diameter of the laser beam on a lens,
o the full angle divergency of the laser beam, and
n = I/l,. The cylindrical lens has a drive of angular
rotation in the xy plane that can be synchronized with
the CNC worktable for performing curved cuts.

In the present case, due to the guidance of radiation
by the walls of the cut slot, maximum intensity is
reached at the point Z, corresponding to a combined
focus of the cylindrical and spherical lenses. However,
at the same time the transverse dimension of the beam
(the yz plane perpendicular to the cut direction) on the
workpiece surface where the spherical lens is focused,
is minimal.

6. Conclusions

Experimental and analytical studies of dual-beam
CO, laser cutting of a carbon steel and a nickel-base
superalloy yielded several interesting results.

1. Dual-beam CO, laser cutting can be performed
at higher speeds than possible in single-beam CO,
laser cutting.

2. The dual-beam method enhanced cutting thick-
ness. This is especially useful for difficult to machine
metals and alloys.

3. Heat-flow models were developed to predict the
experimental results.

4. In the case of high-thickness cutting, stretching
the width of the laser beam in the direction of cutting
may favour increased power absorption and hence
increased cut speed.
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