Chapter 2
Laser Beam Machining

Shoujin Sun and Milan Brandt

Abstract The cost of cutting hard-to-machine materials by conventional
mechanical machining processes is high due to the low material removal rate and
short tool life, and some materials are not possible to be cut by the conventional
machining process at all. Laser beam machining is the machining processes
involving a laser beam as a heat source. It is a thermal process used to remove
materials without mechanical engagement with workpiece material where the
workpiece is heated to melting or boiling point and removed by melt ejection,
vaporization, or ablation mechanisms. In contrast with a conventional machine
tool, the laser radiation does not experience wear, and material removal is not
dependent on its hardness but on the optical properties of the laser and the optical
and thermophysical properties of the material. This chapter summarizes the up-to-
date progress of laser beam machining. It presents the basics and characteristics of
industrial lasers and the state-of-the-art developments in laser beam machining.

Symbols

Ay re The relative atomic mass of iron (55.8 g/mole)
B Constant

b Depth of focus

(O Heat capacity of solid metal

Cy Volumetric specific heat of the melt

Cy Specific heat of workpiece

Desr Diffusion coefficient of oxygen in liquid iron
d Thickness of workpiece

E Critical energy density for the cutting fiber
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Critical energy density for the cutting matrix

Constant (0<F <1)

Focal length of focus optics

Gravitational acceleration

Height of nozzle from the workpiece,

Reaction heat

Laser beam intensity

The maximum beam intensity at r = 0 (W/ecm?)

Thermal conductivity of the melt

Bassel function of the second kind and zero order

Thermal diffusivity of workpiece material

Latent heat of fusion

Distance from the stagnation point

Rate of mass gain in melt layer

Rate of mass loss in melt layer

Incident laser power

Absorbed laser energy

Power provided by the exothermal reaction in reactive laser cutting
Energy loss including these to heat the solid controlled volume to the
melting temperature, latent heat of melting, and heat the liquid
controlled volume to cut temperature

Energy spent for vaporization, which is negligible for melting and blow
process

Stagnation pressure

Average cutting gas pressure in the cut kerf

Pressure gradient through the workpiece thickness

Ambient pressure acting on the bottom of the melt film
Radius of the beam (cm)

Radius of laser spot on workpiece

Melt layer thickness

The minimum thickness of melt if melt at the bottom of cut front by
acceleration of the molten material

The maximum thickness of melt film without evaporation
Room temperature

Melting point of workpiece

Boiling point of workpiece

Pulse duration

Duration of laser power off in a pulse

Cutting speed

Velocity of cut front

Velocity of the assist gas jet

Velocity of melt flow

Average velocity of melt flow

Weber number
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The beam radius at which I = Iye™? (86 % of the total energy is within
the beam radius w)

The collimated beam radius

Radius of focused laser beam

Kerf width

Rayleigh length distance

Angle of inclination of the cut front
Thermal expansion coefficient workpiece
Absorptivity of laser light

Cut front angles at the vertical planes
Cut front angle at the bottom

Percentage of melt film that is oxidized
Wavelength of the laser beam

Dynamic viscosity of the assist gas
Viscosity of melt

Angle of incidence

Density of the assist gas

Density of melt

Density of workpiece

Surface tension of melt

2.1 Brief Introduction of Laser Beam

2.1.1 Features of Laser Beam

Laser, Light Amplification by Stimulated Emission of Radiation, is a high-energy
beam of electromagnetic radiation. The light, photon, travels as a wave through
space, but behaves as a particle of energy when it encounters matter [1]. The laser
differs from other incoherent light because it is:

monochromatic

coherent

directional or collimated
bright

1. Monochromaticity

Although it is never composed of only a single wavelength in laser cavity, laser

beam can be considered to be monochromatic because the oscillating laser consists
of very closely spaced, discrete, and narrow spectral lines (laser modes or cavity
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Fig. 2.1 Power distribution and focusing of TEM, Gaussian-mode laser beam

modes) compared with conventional light source whose emission covers frequency
bandwidth in the order of gigahertz.

For better monochromaticity, single mode can be achieved by forcing laser to
oscillate on a single transverse (usually, the fundamental TEM,), Gaussian mode as
shown in Fig. 2.1) and longitudinal mode.

The intensity distribution in the Gaussian beam is expressed as

I(r) = Ipexp (- f:j) (2.1)

2. Coherence

The laser beam is coherent because of the fixed-phase relationship between two
waves at the wave front over time (spatial coherence) or between two points of the
same wave (temporal coherence).

3. Directionality or collimation

Laser beam is directional or collimated due to its small divergence angle (®
ranging from 0.2 to 10 milliradians except for semiconductor laser). The direc-
tionality of laser beam enables it to be focused to a very small spot over a long
distance. The divergence angle (®) for TEM,, beam is given as

A
O~
T Wy

(2.2)

The beam quality is characterized by M? or the beam parameter product BPP
(mm x mrad), given by

M2 = %WO .0 (2.3)

BPP = w; - © (2.4)
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Table 2.1 Characteristics of common industrial lasers for material processing [6, 153, 154]

CO, Excimer Nd:YAG High-power Fiber laser
diode
Wavelength (pm) 10.6 0.125-0.351 1.06 0.65-0.94 1.07
BPP (mm x mrad) 12 128, 25-45 100-1,000 034
Overall efficiency (%) 5-10 14 1-3 30-50 10-30
Output power in CW mode Up to 300 W Up to Up to 4 kW Up to
20 kW 16 kW 10 kW
Focused power density 1058 105772, 1033
(W/em?) 1057
Pulse duration (sec) 107 107° 10781072 10712 1071
Fiber coupling No Yes Yes Yes Yes

# Pumped by flash lamp
° Pumped by diode

4. Brightness

Brightness measures the capability of a laser oscillator to emit a high optical
power per unit area per unit solid angle, which is related to the directionality of the
laser beam. Smaller divergence angle results in higher brightness. Laser beam
machining process requires a laser beam with high brightness (BPP is generally
smaller than 20 at power level of kW).

Lasers are normally classified based on the physical states of the laser-active
(pumping) medium as gas lasers (CO, and excimer), solid state lasers (Nd:YAG),
semiconductor lasers (diode), liquid lasers, and fiber lasers (Yb:YAG). Charac-
teristics of the common industrial lasers are listed in Table 2.1.

The excimer laser may be characterized by its intense UV-wavelength pulses
which remove material by unique photochemical ablation process [2]. The excimer
laser is normally used to process organic materials.

Despite their high efficiency, diode lasers have low beam quality with high
beam parameter product, which limits these lasers being applied in cutting, dril-
ling, marking on metallic materials, and micromachining [3]. However, high-
power diode lasers are well suitable for preheating workpiece for laser-assisted
machining for example.

The most important characteristics of high-power laser for cutting are [4] as
follows:

1. The beam must as close as possible to the fundamental TEM, radial mode;
2. Both output power and its radial distribution must be temporarily constant in
the continuous wave mode.

2.1.2 Manipulation of Laser Beam

Laser beam can be manipulated through optics such as follows:
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Focusing: Laser beam can be focused by curved mirrors or lenses to reduce its
spot size. The radius of focused Gaussian-mode laser beam (wy) is the smallest
laser beam radius at the plane z = 0 as shown in Fig. 2.1:

_ i

M* =f; - O (2.5)
T-Wo

wr

The depth of focus (b) is twice the Rayleigh length distance zg, which is defined

as the distance from the focus at which the cross-sectional area of the laser beam
has doubled (or the beam radius increases by a factor of V2).

2
2 - wy

A M?

It indicates in Eqgs. (2.5) and (2.6) that both the focused radius and depth of
focus of a laser beam with Gaussian mode increase with the focal length of
focusing optics.

Shaping (spatial shaping): The commonly used laser beam for cutting purpose
is the Gaussian beam (TEM,), but it can be shaped into other profiles such as top-
hat and rectangular beams, which have a complex power distributions rather than a
Gaussian distribution as shown in Fig. 2.1.

Pulsing (temporal shaping): The laser beam can be emitted temporally in
either the continuous wave (CW) or pulse modes. The power of laser beam is
constant in the continuous wave mode, but intermittent in the pulse mode. The
pulse laser beam is characterized with peak power, pulse duration (length or
width), and pulse frequency (repetition frequency). The advantage of the pulsed
laser is its increasing peak power with shorter pulse duration without an increase in
the average output (except in the case of gated pulsing). From the processing point
of view, the depth of heat conduction (heat-affected zone) into workpiece is lower
compared with that of CW laser [5]. Laser pulse shape can be manipulated to
generate a rectangular, smooth, and triangular pulses.

Pulsed laser beam can be classified into three categories [6]:

b= ZZR == (26)

1. Gated pulsing: peak power is about the same with nominal output power in CW
mode

2. Superpulsing: The peak power is higher than the average output power
depending on the pulse frequency and duty cycle.

3. Hyperpulsing: High peak power pulses are superimposed on the CW output
power.

The pulsing is achieved by normal pulsing, Q switching (generation of ns
pulses), and mode locking (for the generation of pulses with pulse widths below
100 picoseconds down to a few femtoseconds).
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Fig. 2.2 Electric field vector in (a) linearly and (b) circularly polarized beams

Polarization: laser beam emitted from the laser cavity can be linearly polar-
ized, that is, the vectors of the oscillating electric and magnetic field of the
traveling photons are perpendicular to each other and to the propagating direction;
the electric field vector oscillates only in one plane (as shown in Fig. 2.2a).

In order to eliminate the effect of orientation of electric field vector, the laser
beam can be depolarized through optical device (depolarizer) as a circularly
polarized beam in which the direction of the electric field vector rotates about its
propagation direction while it retains constant magnitude. The tip of the electric
field vector, at a given point in space, describes a circle as time progresses (as
shown in Fig. 2.2b).

Splitting: A laser beam can be split into multiple beams with various power
ratios between beams by using an optical device (beam splitter) through the
methods of reflection, interference, or polarization.

Spinning: A focused beam is shifted laterally by rotating mirror or window to
cover wider area.
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2.2 Characteristics of Laser: Material Interaction
2.2.1 Photochemical (Photolytic) Process

When a material (normally an organic material) is irradiated by a short-wavelength
(in UV range, such as excimer laser) and short-pulse-length (shorter than the
thermal relaxation time in microseconds) laser beam, the molecular bonds in a
very thin layer of the material surface can be broken by the higher energy of
shorter-wavelength photon with minimum thermal effect, and this is also called
“cold-cutting.” The photon energies between 3.60 and 4.29 eV within the
wavelength between 344 and 288 nm are high enough to break C—C and C-H
covalent bonds (with average binding energies of 347 kJ/mol and 414 kJ/mol,
respectively) [7].

2.2.2 Photothermal (Pyrolytic) Process

When a laser beam irradiates the workpiece surface, part of the laser beam energy
is absorbed by the workpiece surface due to the interaction between the electro-
magnetic radiation and electrons of the workpiece materials. The remaining is lost
due to the reflection by the workpiece surface.

The absorption rate, or absorptivity, characterizes the percentage of incident
laser power that is absorbed by a solid workpiece material. It is affected by the
wavelength of laser beam (as shown in Fig. 2.3), polarization of beam, charac-
teristics of workpiece material (chemical composition, surface condition, and
temperature), and beam incident angle.

The laser beam absorption increases with surface roughness only when it
exceeds a roughness threshold, which is dependent on the type of workpiece
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materials, and the relationship between absorption and surface roughness is
affected by the beam incident angle [8].

The beam incident angle has a strong effect on the absorption of linearly
polarized beam, which is determined by Fresnel absorption [6, 9]. Generally, the
refection of s-polarized beam (the electric field vector is normal to the plane of
incidence) is higher than that of the p-polarized beam (the electric field vector is in
the plane of incidence) as shown in Fig. 2.4. Brewster’s angle at which the
absorptivity of the incident beam reaches maximum is very high and near 90°.

The dependence of absorptivity on angle of incidence for unpolarized laser
beam is strongly affected by the beam wavelength as shown in Fig. 2.5. The
Brewster’s angle is 79.6° and 87.3° for fiber laser with wavelength of 1.07 um and
CO, laser with wavelength of 10.6 pm, respectively. The absorptivity of molten

Fig. 2.5 Effect of angle of 60
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iron for fiber laser radiation is better than that for CO, laser radiation only when
the angle of incidence is smaller than 85.9°.

Surface directionality due to the mechanical surface finish is also found to affect
the absorption of polarized light [10].

The absorbed laser energy is converted to the thermal energy to cause a sig-
nificant temperature rise on the surface of the workpiece, which can

1. induce thermal stress in the heat-affected zone if the surface temperature is
lower than the melting point;

2. melt the surface of material when the surface temperature is higher than the
melting point, but lower than the boiling point;

3. vaporize the surface of material when the surface temperature is higher than the
boiling point.

Vaporization occurs on the material surface when the surface temperature
reaches its boiling point with high laser intensity (>10® W/cm?), which is usually
achieved with pulsed laser (superpulsing or hyperpulsing). Recoil pressure is
generated on the melt surface due to the vapor evolution, which can push the melt
layer from the molten zone when the tangential recoil pressure exceeds the surface
tension [11]. Because the material surface is partially melted and vaporized, the
material removal process without assist gas comprises both melt expulsion due to
the recoil pressure and vaporization [12].

A plasma plume may be formed at or near to the surface of the materials as the
result of interaction between laser beam and vapor. This plasma plume would
absorb most of the incident beam energy and lead to decoupling of the incident
beam from the workpiece surface [13], thereby lowering the process efficiency
[14]. The proportion of incident laser power absorbed by the plasma is lower with
a shorter wavelength of laser. Hence, the material removal rate is higher for
shorter-wavelength laser radiation during ablation [2].

2.3 Laser Beam Machining
2.3.1 Integration of Laser System for Cutting Operation

In order to process workpiece, the laser beam has to be delivered and integrated
with a motion control system. This system comprises the following:

1. Beam delivery system

Due to its long wavelength, CO, laser cannot be transmitted through optical
fibers. Therefore, it can only be delivered to the workpiece by a series of metallic
mirrors, whereas the other industrial lasers due to their shorter wavelength can be
delivered by optical fiber, which offers higher degree of freedom and flexibility in
a manufacturing environment.
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2. Cutting head

It consists of beam delivery optics, focusing lens and gas delivery nozzle, which
is usually assembled coaxially with laser beam. Two jets of gas are possibly
delivered by the nozzle: one to the laser spot to remove the melted metal and the
other to the surrounding of laser beam to prevent oxidation as shielding gas. The
head is positioned to ensure that the laser beam is incident perpendicular to the
surface of the workpiece. The gap between the nozzle and surface of workpiece
must be maintained constant and at a specified stand-off distance.

3. Workpiece positioning

The relative motion between laser beam and workpiece can be achieved by
either moving the workpiece only, or moving cutting head only or moving both
cutting head and workpiece (hybrid system).

Flying optics: the relative movement of the laser spot can be achieved by
moving only mirrors and the focusing lens while the workpiece remains stationery
for remote cutting without gas jet, which allows high positioning and processing
speeds with high precision and change in spot size.

2.3.2 Laser Beam Machining Processes

Some laser beam machining processes are summarized in Table 2.2. In photo-
thermal processes, material can be machined by the following:

(1) Controlled fracture process: brittle materials (ceramics) are separated by
thermally induced stress cracking, which requires very low energy. Cutting
speed or thickness of workpiece can be increased by employing dual-beam
CO, laser [15] or two lasers [16]. It can be done in air or with water jet
quenching after laser radiation [17]. The cutting speed with water assistance is
reported to be 500 % faster than that in dry machining [18]. However, crack
initiation and propagation at corners and curves during profile cutting is dif-
ficult to control and leads to cut deviation [19].

(2) Melting and blow process: The surface of workpiece is heated and melted by
laser beam (and exothermic heat if reactive gas is used) and forms an erosion/
cutting front (a layer of molten material). The erosion/cut front that extends
through the thickness of the workpiece is subsequently blown away by a
pressurized gas jet through a coaxial nozzle (positioned coaxially with the
laser beam) or off-axis nozzle as shown in Fig. 2.6. It is classified as laser
fusion cutting in the case of inert gas and reactive laser cutting when a
chemically reactive gas is used.

The CO, and Nd:YAG lasers are the two industrial lasers used for decades for
removing material by melting and evaporation. Despite its lower average power
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Fig. 2.6 Illustration of laser
beam cutting process (drawn
in reference to [148])
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compared with CO, laser (for cutting thick material >10 mm), the Nd:YAG laser
offers relatively high peak power in the pulse mode due to its shorter pulse
duration (as shown in Table 2.1) and better focusing properties and therefore the
better cut quality in terms of kerf width, heat-affected zone (HAZ), and cut edge
quality. Due to its smaller thermal load, Nd: YAG laser can machine brittle ceramic
materials which CO, laser cannot machine without cracks [20]. Due to its shorter
wavelength, pulsed Nd:YAG laser can be absorbed more effective by the highly
reflective metallic workpiece as shown in Fig. 2.3. Another advantage of Nd:YAG
lasers is their transportability by optical fiber, which makes the cutting system
more flexible and output beam non-polarized.

(3) Evaporation (sublimation cutting) process:

The material is removed by vaporization and the recoil pressure generated as
vapor evolution as the surface temperature reaches the boiling point. The energy
required for evaporation is estimated to be 6 times the energy required for fusion
cutting [21].

This chapter is concentrated on the laser beam machining with material
removed by melting and ejection because of its wide applicability to cut a large
variety of materials. Some examples involving partial vaporization are also briefly
discussed.

2.3.2.1 Process Analysis
The top and side views of a laser cutting process are shown in Fig. 2.7. A layer of

melt at an angle of inclination (o) is produced through the thickness of workpiece
as a result of heat input from laser beam in laser fusion cutting or laser power plus
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Fig. 2.7 a Top view and

b side view of cut front
(drawn in reference to [29,
48, 61, 149]). Note the
different scales in (a) and (b)
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Fig. 2.8 Boundaries in the cut front for (a) laser fusion cutting and (b) oxygen-assisted laser
cutting of mild steel (drawn in reference to [39])

exothermic heat in reactive laser cutting. A pressurized gas jet is used to eject the
melt out of the kerf in the direction of cut front plane in order to keep the process
ongoing when the laser beam is moving relative to the workpiece. Vaporization
and melt expulsion by recoil pressure can contribute to the melt ejection at cutting
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temperature above the boiling point as in laser fusion cutting and remote cutting
process, the material lost by evaporation due to recoil pressure is predominantly in
the direction perpendicular to the cut front [22].

The boundaries in the cut front are schematically shown in Fig. 2.8 for both
laser fusion cutting and oxygen-assisted laser cutting of mild steel.

1. The melt front: the boundary between solid and liquid moves depending on the
heat balance at the boundary [23].

2. The melt surface: the boundary between liquid and gas moves depending on the
heat balance affected by laser beam absorption, melt flow, and heat conduction
[23].

3. The oxidation front in reactive laser cutting: the boundary between liquid Fe
and oxide layer moves dynamically at the velocity determined by diffusion of
oxygen through oxide layer [24-27] or by the diffusion of iron through oxide
layer [28].

The laser cutting process involves the following balances as listed in Table 2.3
for both the steady state and dynamic state. The temperature is denoted as 7 and
thickness s of the melt fluctuate in the dynamic state.

The energy input includes the following:

1. the absorbed laser power at the cut front

Only partial laser beam is incident on the cut front (from x, at the bottom
surface to x; at the top surface as shown in Fig. 2.7). Therefore, part of laser power
is lost due to transmission through the kerf when the beam is outside the x;. Hence,
increase in the horizontal lag between the top and bottom of cut front (x; — xp)
enables more laser energy to be absorbed at the cut front. The absorbed laser
energy is written as [29]

xt 0
Pa:&/ I(nz:O)rndr—l—&/ I(r,z=d)rndr (2.7)
0 xb
Table 2.3 List of balances at the cut front
Steady state [29] Dynamic state [49]
Mass balance Mmelted = Mejected Minelted — Mejected = Py = d - Wi * i%
Energy balance P, + P, = Pioss + P, P, + P, — Pios + P,
dr ds
=c,-d wp-s ——+c,-dw T —
c Wi - S a +c Wi i

Momentum balance Fo+F,+F=F,+Fy+Fs+Fy,

Py, the energy losses including those to heat the solid controlled volume to the melting tem-
perature, latent heat of fusion, and heat the liquid controlled volume to cut temperature, and
power loss by heat conduction to the surrounding solid workpiece. The contributions of heat loss
by convection and radiation are negligible compared with conduction loss [30, 32, 39, 50], P,, the
energy spent for vaporization, which is negligible for the melting and ejection process
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The absorptivity & increases with workpiece thickness [21, 30]. This is the
result of change in the angle of incidence due to change in inclination angle of the
cutting front [31, 32]. The maximum absorptivity of iron (& = 0.41) is achieved at
the angle of incidence of 6 = 87.3° (the corresponding angle of inclination of cut
front is o = 2.7°) for the unpolarized CO, laser beam as shown in Fig. 2.5. The
increasing effect of multiple reflections with an increase in workpiece thickness
also enhances the beam absorption in the kerf [33].

2. the exothermic heat in reactive laser cutting

When oxygen is used as assist gas for cutting mild steel, significant heat is
generated during the oxidation of iron as

1
Fe + 502 = FeO, AH = —257.58kJ/mol (at 2,000K) (2.8)

The energy contributed by exothermic reaction becomes saturated with increase
in pressure of gas flow (the number of pure metal and oxygen particles in the
molten region) [34]. It is calculated as [29, 30]

_ Wk PV 2Dett - d-vm

A rFe

P, AH (2.9)

d-w-V-

P
' Ar,Fe

(2.10)

The contribution of exothermic heat to the total cutting energy is about 40 %
[35-37], 55-70 % [38], and 50-56 % and is independent of the workpiece
thickness calculated from [30] for cutting mild steels and 60 % for cutting stainless
steel [37]. Both the exothermic heat and absorbed laser energy increase with
cutting speed, but the percentage of exothermic heat to the total cutting energy
decreases with increase in cutting speed [26]. Therefore, the cutting process is
significantly enhanced in terms of lower laser power, low gas pressure, and higher
cutting speed with oxygen as assist gas compared with nitrogen as assist gas [39].
Application of oxygen as assist gas allows cutting speeds that are 3—6 times higher
than those in laser fusion cutting with inert gas [40, 41].

Not all the molten iron in the cutting front is oxidized [39], the percentage of
melt film that is oxidized increases with decrease in cutting speed due to the
thinner melt film and longer reaction time at low cutting speed. Only 30-35 % of
iron that undergoes oxidation contributes to the total energy balance of laser
cutting. The degree of oxidation is independent of the workpiece thickness [30].
But Ivarson et al. [37] believed 50 % of molten iron when cutting mild steel, 30 %
of iron and 30 % chromium when cutting stainless steel are oxidized, and the
majority of products of the exothermic reaction are FeO during cutting of mild
steel, Fe,O3, and Cr,O3 when cutting stainless steel. The oxidation levels in the
particles ejected from different parts of cut front are different because of the
difference in their exposure times to oxygen (stages of oxidation) [42]. The oxide
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melt, FeO, when cutting mild steel, is of low viscosity and low surface tension at
temperature above 2,000 K and therefore is easily removed from the cutting zone
by the mechanical action of the oxygen jet [24, 39], but the Cr,O3 formed when
cutting stainless steel is of high melting point (>2,700 K), which increases the
viscosity of melt and hinders the diffusion of oxygen into melt [36].

In the momentum balance,

F,, the gas static pressure [29],
v
2

F,, the normal component of dynamic gas force [29],

Fy=—=d-wy p, (2.11)

T
2

F,, the tangential component of dynamic gas force [29],

Fo=2mwiy/d - pg -ty - V3 (2.13)

F,, the force acting on melt due to ambient pressure [29],

Fy==d -wg-pg-vetana (2.12)

F,=5s wy p, (2.14)

F,, the surface tension force of melt [29],

Fy=mnd o (2.15)
F4, the dynamic force [29],
n 2
Fd:gwk-pm-vm-s (2.16)

F,,, the force due to the friction loss in the melt [29],

Fm = ZESWI( d- W = Vm (217)

2.3.2.2 Characteristics of Cut Front

Laser cutting is the process of formation and removal of the cut front. Therefore,
its characteristics, such as temperature, angle of inclination, and flow rate, deter-
mine the cut quality. Hence, the effect of processing parameters on these char-
acteristic must be fully understood.

Considerable efforts have been made to investigate the characteristics of cut
front by in-process visualization and monitoring [25, 43—47], and theoretical and
modeling analysis [29, 38, 48-54].
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Fig. 2.9 Change in cut front with increase in cutting speed from (a) to (c)

Angle of Inclination of the Cut Front

It is found that the angle of inclination of the cut front increases with increase in
cutting speed for both laser fusion cutting and reactive laser cutting [23, 29, 33, 45,
55], and the cut front becomes curved or kinked at high speeds [56] as illustrated in
Fig. 2.9. The curved cut front at the lower part (Fig. 2.9c) with larger angle of
inclination at high cutting speed is due to the lower laser irradiance in the lower
part of the cut front than that in the upper part when the laser beam is focused close
to the top surface of the workpiece [46] and will result in a change in melt flow
direction [56].

The fraction of the laser beam incident on the cut front increases as the result of
increase in angle of inclination of cut front at higher cutting speed.

In laser fusion cutting, the inclination angle increases with decrease in the linear
energy density (either increase in cutting speed or decrease in laser power). An
increase in the assist gas pressure increases the inclination angle probably due to
the consequence of energy losses of higher removal of molten material [46].

Due to the increase in the Rayleigh length with shorter wavelengths for a
Gaussian beam with M? = 1 as shown in Eq. (2.6), the angle of inclination of cut
front in the case of fiber laser (A = 1.07 um) fusion cutting is larger than that of
CO, laser beam fusion cutting, and the difference increases with increase in
workpiece thickness [31].

The angle of inclination of the cut front reduces locally due to the formation of
“shelves” on which melt accumulates and forms humps (as shown in Fig. 2.10).
The accumulations of melt are produced periodically leading to melt flow insta-
bility [45].

In the remote fusion cutting without assist gas, the cutting front angle (com-
plementary angle to angle of inclination o) decreases with increase in cutting speed
and decrease in laser power, but is independent of the workpiece thickness.
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Fig. 2.10 a Side view and b top view of formation shelves and accumulation of melt (humps)
(reprinted from Hirano and Fabbro [55] with permission. Copyright © Elsevier)

The maximum and the minimum cutting speeds are achieved at the minimum and
the maximum cutting front angle, respectively, which are dependent on workpiece
thickness [57].

The ratio of the area of cut front that is directly irradiated by the laser beam to
the total area of cut front decreases with increase in the angle of inclination of the
cut front after the full laser beam is incident on the cut front. The stable cut is still
possible with the cut front not completely covered by the laser beam [56, 57].

If the angle of incidence is far from the Brewster’s angle due to the change in
angle of inclination of the cut front with increase in workpiece thickness and cutting
speed, multiple reflections become significant and affect the cut process [33].

Temperature at Cut Front

In order to keep the cutting processing continuous, the temperature at the cut front
has to be maintained above the material’s melting point. The temperature at cut
front is measured at approximately 2,000 K and maintained below boiling point of
iron for reactive laser cutting of mild steel. FeO will not form (or, having formed,
it will dissociate) if temperature in the melt exceeds the dissociation temperature
(3,600 K), which makes the exothermic energy from the oxidation reaction not
available as an energy input to the cut zone [39]. However, some modeling
analyses show the melt temperature well above the boiling temperature [28, 38,
58-60].
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Cut front temperature increases with laser power [48, 61] and cutting speed for
both laser fusion cutting [29, 45] and reactive laser cutting [25, 39, 58, 62, 63].
This could be due to the following:

1. the greater beam coupling to the work material as the fraction of laser beam
transmitted straight through the kerf with no heating effect decreases because of
the increase in angle of inclination of the cut front [58];

2. increase in beam absorptivity with decrease in angle of incidence (increase in
angle of inclination of the cut front) before reaching the Brewster’s angle at
higher cutting speed;

. increase in exothermic heat in reactive laser cutting [26];

4. proportion of energy loss from cutting zone decreases with increase in cutting

speed [26, 64].

W

The temperature of the melt surface is not uniform through the thickness of
workpiece. Higher temperature is achieved at the region closer to the bottom
surface [62]. The melt surface temperature reaches the maximum temperature at
the maximum cutting speed. The process breaks down at cutting speed higher than
the maximum cutting speed because of abrupt drop in temperature of cut front at
the region near the bottom surface [62].

It is reported that cut front temperature decreases with increase in workpiece
thickness [48, 61]. The maximum thickness of a workpiece that can be cut at a
given laser power is when the cut front temperature reaches the melting point as
shown in Fig. 2.11 [48].

Cut front temperature is also found to be affected by beam polarization. It is
higher with circularly polarized beam than with the radially polarized beam
regardless of cutting speed [65].

It should be noted that the temperature of the melt surface fluctuates in reactive
laser cutting because of oxidation dynamics [26].
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The Melt Film Thickness

The melt film is very thin (of order of 107> m), and its thickness generally
increased from the top to the bottom of the kerf [62, 66] as the melt accumulates at
the bottom of cut front.

The melt film thickness, s, is formulated by Wandera et al. [54] for laser fusion
cutting as

24V - d* (g + )

2 w2
Py Vg Wi

5 (2.18)

and by Schudcker et al. [34] for laser reactive cutting as

% (T, Ko (Vwk/4k)
sv(l—)m (2.19)

T
It clearly shows that the melt layer thickness increases with

e increase in thickness of workpiece as shown in Fig. 2.12 [48];

e increase in cutting speed [53, 56, 62, 67, 68] since more material is melted per
unit time during cutting and higher mass flow rate at higher cutting speed, the
thickness will be distorted at the region near the bottom surface when the cutting
speed is close to the maximum cutting speed due to the inertial forces [62];

e decrease in gas velocity in laser fusion cutting [53].

However, Kaplan’s analysis shows that the melt film thickness decreases with
increase in workpiece thickness at a given cutting speed and laser power for laser
fusion cutting as shown in Fig. 2.13a [29].

In reactive laser cutting of mild steel, a layer of FeO is formed on the surface of
melt film, its thickness decreases with increase in cutting speed [69] and pressure

Fig. 2.12 Effect of laser 0.3
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permission. Copyright ©
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Fig. 2.13 Melt film thickness as function of cutting speed and workpiece thickness in (a) laser
fusion cutting and (b) reactive laser cutting (reprinted from Kaplan [29] with permission.
Copyright © American Institute of Physics)

of O, jet, but the fraction of oxide layer decreases with increase in cutting speed
(as shown in Fig. 2.13b) and increases with increase in O, jet pressure [29].

The thickness of the melt film in reactive laser cutting fluctuates with the same
pattern of the fluctuation of melt surface temperature [26].

The boundary layer thickness can be increased if shock structure in the assist
gas flow field is formed inside the kerf because of the reduction in the flow
velocity [70, 71].

In order to investigate the cutting conditions without evaporation, Olsen cal-
culated and compared two melt film thicknesses, the maximum thickness of melt
film in laminar one-dimensional melt flow (syc) and the minimum thickness of
melt at the bottom of cut front by acceleration of the molten material (sacc) as [66]

(Tg — Ty)Kin
Ty —T0)Cp + Lut) - po - V - By

sacc =V -d, [Pn (2.21)
Pg

Cutting without evaporation occurs when

SHC = (( (220)

SHC > SACC (222)

Thickness syc reduces with increase in cutting speed whereas sacc increases
with increase in cutting speed and workpiece thickness, but decreases with
increase in gas pressure as shown in Fig. 2.14.
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Melt Flow Velocity

When the highest melt surface temperature is lower than the boiling temperature,
the melt flows downstream in one dimension due to two driving forces acting on it

by the momentum transfer of the pressurized gas flow in laser fusion cutting with
high-pressure gas jet [50]:

1. pressure gradient of the gas flow
2. shear stress due to viscous friction within the boundary layer

Both mechanisms tend to remove the molten material in a direction parallel to
the cutting front, and both contributions are of the same order of magnitude and
increase with increase in gas velocity and angle of inclination of the cutting front
[50].

However, the gas pressure is much lower in reactive laser cutting, the pressure
gradient of the gas flow is negligible. The melt is considered to be removed
primarily by shear stress due to the viscous friction [72, 73]

The maximum melt flow velocity, v,,, at the gas/melt interface is found in laser
fusion cutting [54]:

1 V2
L piédg Vi (2.23)
g m
in laser fusion cutting [74]:
Po -l (F-v,\?
Vi = 22# ( i g) Wy (2.24)

and in reactive laser cutting [48, 61]:



58 S. Sun and M. Brandt

Fig. 2.15 Velocity of melt
film flow as a function of
cutting speed in laser fusion
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From the above equations, it can be concluded that high velocity and density of
gas is required to increase the melt flow velocity.

Increase in cutting speed results in increase in cut front temperature (reduction
in viscosity of the melt), angle of inclination of cut front and melt film thickness,
and slight reduction in kerf width [24, 29]. The combination of these effects leads
to the reduction in melt flow velocity as show in Fig. 2.15 [45]. However, Chen
et al. shows that the melt surface speed increases with cutting speed [67].

When the highest surface temperature (at the bottom part of front) exceeds the
boiling temperature with increase in cutting speed, evaporation takes place, which

Cutting (b)
direction

U

Surface
everporation

Melt flow lines

Fig. 2.16 Contours of isothermals and melt flows in (a) one-dimensional flow without
evaporation and (b) two-dimensional flow with evaporation (reprinted from Olsen [66] with
permission. Copyright © SPIE)
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results in a local decrease in the melt thickness. If the evaporation is substantial,
that is, when the evaporation pressure exceeds the cutting gas pressure locally, the
melt flow will be forced not only downwards in the cut kerf (one-dimensional) but
also around the laser beam (two-dimensional) as shown in Fig. 2.16 [66].

Mobility of Cut Front

Cut front does not always move at the same velocity with laser beam. It could
move in front of or behind the laser spot depending on the heat balance affected by
laser beam absorption, exothermic reaction, melt flow, and heat conduction. In the
steady-state cutting, the melt front at a point moves at a velocity of Vj, depending
upon the angle between the cutting direction and the local normal to the melt front
as [66]

Vy = Vcosa - cos fi (2.26)

V) is proportional to the corresponding local temperature gradients in the melt.
The higher the V), the steeper temperature gradient is needed in the melt [66].

Difference in velocities of cut front and laser beam is also found during
acceleration and deceleration in profile cutting, which is related to the issue of non-
linear beam coupling to the workpiece [58].

Separation of Boundary Layer Flow

The melt velocity profile is dependent on the external pressure gradient through
the workpiece thickness (aP /@Z> [54]:

e when P /o7 = 0, the velocity gradient gradually reduces to 0 at the outer edge of
the boundary layer. The boundary layer is a perfect laminar flow;

Fig. 2.17 Poor surface
quality at lower region of cut
surface due to flow separation
(reprinted from Kovalev et al.
[75] with permission.
Copyright © Elsevier)

Flow separation
zone
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e when 9P, /o7 increases to an extreme adverse pressure gradient op /o7 > 0, the
velocity profile is significantly distorted at the kerf wall. The separation of flow
occurs at the point of velocity gradient of zero, from which the boundary layer
flow transitions into turbulent flow. The shear stress resulting from friction
between the gas stream and melt is reduced significantly at the separation point
[68].

When the depth of flow separation is smaller than the thickness of workpiece,
rough surface finish at the lower region and strong dross attachment to the lower
cut surface are produced as shown in Fig. 2.17.

In order to maintain a high cutting quality, a laminar boundary layer melt flow
must be maintained throughout the cut depth. Therefore, it is desired to have a
depth of flow separation being larger or equal to the workpiece thickness to obtain
clear cut. The depth of flow separation can be increased in laser fusion cutting [54]
by:

1. increasing the gas pressure to reduce melt film thickness [75];

2. increasing nozzle diameter;

3. focusing the laser beam close to the bottom edge of the workpiece for thick
workpiece with sufficient power intensity;

4. increasing melt surface temperature by increasing cutting speed and laser
power;

5. increase in the kerf width [68].

2.3.2.3 Characteristics of Cut Surface

The characteristics of cut surface are important because the quality of the sub-
sequent operations (such as welding) is strongly affected by the characteristics of
cut surface, which are described as striation, dross as shown in Fig. 2.18, and heat-
affected zone.

Fig. 2.18 A typical poor cut
surface showing striations in
zones 1 and 2 and dross

produced in cutting mild steel

- . Zone 1
by reactive laser cutting
process
Zone 2
Dross

5.0mm
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Striation

Striations are regularly periodic lines produced on cut surface (as shown in
Fig. 2.18) during both laser fusion cutting and reactive laser cutting processes. The
angle of the striations relative to the laser beam axis increases with increase in
cutting speed.

Two different patterns of striation are observed on the cut surface when
workpiece thickness is over 2 mm [24]. One is near the top surface adjacent to the
cutting head with a relatively fine pattern (short wavelength) and another is at the
lower part of the cut edge with a relatively coarse pattern (much longer wave-
length). The two patterns are separated by a straight line extending in parallel to
the surface of the workpiece [49]. The separation line is shifted toward the top
surface of the sheet metal with increase in cutting speed [43].

The subsurface in the striation at zone 1 does not show resolidified micro-
structures [24, 43], but the striation at zone 2 shows the resolidified microstruc-
tures in its subsurface, which indicates that the striation at zone 2 is formed as a
result of the turbulent melt film resolidification on the cut surface before it is
ejected from the kerf.

Deep striation affects the quality of the cut surface (high surface roughness,
geometry accuracy, etc.). Striation is characterized by its depth (surface rough-
ness) and wavelength. It is found that striation depth (surface roughness) increases
with increase in workpiece thickness [76] and oxygen jet pressure [26, 67, 77]

Variation of cut edge roughness - speed for 1.1 mm mild

steel
35
‘ +0.25 mm from bottom
3.0
l\ B0.25 mm from top
25

Cut edge roughness Ra (um)

15 20 25 30 35 40 45 50 55 60 65 70 7.5 80 85
Cutting speed (m/min)

Fig. 2.19 Variation of surface roughness at 0.25 mm from top and bottom surfaces with cutting
speed during fiber laser cutting mild steel with oxygen jet. Insert photographs were taken from the
lower regions at cutting speeds of 2.0, 5.5 and 7.0 m/min, respectively (reprinted from Powell
et al. [56] with permission. Copyright © Elsevier)
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because of excessive oxidation and decreases with increase in cutting speed in
reactive laser cutting [26, 67] and laser fusion cutting [45]. An optimum cutting
speed exists for minimum surface roughness (striation-free) for reactive laser
cutting of thin workpiece [56, 60, 78, 79] as shown in Fig. 2.19.

Change in the wavelength of striation pattern is controversial. Ivarson et al.
[24], Chen et al. [67], and Schuocker [49] reported that the striation wavelength
gradually increases with increase in cutting speed at constant laser power when
cutting mild steel with oxygen jet. Kaplan et al. [27], Poprawe et al. [43], and
Ledenev et al. [80] concluded that the wavelength of periodic striations in zone 1
is independent of the cutting speed, but strongly correlates with the beam radius at
the workpiece surface in reactive laser cutting of mild steel [27] and reduces with
increase in gas pressure in laser fusion cutting [80]. Hirano et al. [45] found that
the striation wavelength gradually decreases with increase in cutting speed during
laser fusion cutting.

The formation of striation is the result of dynamic change in cut front thickness
and temperature which can be brought by thermal dynamic instability (cyclical
heating) or hydrodynamic instability (dynamic melt removal). There are several
mechanisms for striation formation proposed as follows:

1. Thermal dynamic instability

The energy input fluctuates in laser cutting. It may come from (1) temporal
fluctuations of laser power (either due to periodic absorption, periodic distortion of
laser power, and coupling of reflected laser radiation with laser resonator) [23, 49];
(2) cyclical burning in reactive laser cutting due to oxidation dynamics at low
speed [24-26, 28, 56, 59, 60]. The temporal fluctuations of laser power can be
minimized by stabilizing laser output power and mode [23]. Instability in thermal
dynamic results in localized heating and intermittent melting in the kerf front in the
region where the kerf front wall becomes nearly vertical [45].

e Cyclical burning in reactive laser cutting

This was first observed by Arata et al. [25]. A sideways burning cycle of
ignition—burning—extinction (as shown in Fig. 2.20a) occurred in reactive laser
cutting when the cutting speed is below the velocity of the oxidation front, a
critical speed at typically 2 m/min (or 33 mm/s) for mild steel. Oxidation front
moves at velocity of V), faster than laser beam velocity of V during burning
process (process II), but slower during extinction process (process III).

The oxidation when the cutting speed is below the velocity of the reaction front
is a dynamic process. When the oxidation front moves well ahead of laser spot (in
extinction process III) due to the release of exothermic heat during burning process
IL, it increases the instantaneous thickness of FeO and decreases the oxygen gra-
dient as shown in Fig. 2.20b. The reduction in oxygen gradient with growth of
liquid volume (thickness) during burning process contributes to the extinction.
Reignition occurs after the molten layer is removed from cutting zone and laser
beam recatches the cutting zone [24].
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Fig. 2.20 Schematic illustration of (a) top view, (b) side view and oxygen gradient across melt
film during a cycle of (I) ignition, (II) burning, (III) extinction, and (IV) reignition during
formation of striation by sideways burning (drawn in reference to [24, 25])

2. Hydrodynamic instability

The ideal flow of the melt out of kerf is laminar flow with uniform thickness
and temperature. However, the melt layer oscillation which leads to striation
formation at high cutting speed with inert gas could occur due to:

e fluctuation in gas flow (to be discussed in Section “Assist Gas” in details) [49];

e transition of gas flow from laminar to turbulent due to increase in angle of
inclination of cut front, which could result in reaction energy intensity instability
and metal removal instability [81];

e increase in molten layer thickness, which may lead to spatial distortion on the

cutting edge due to liquid oscillation and turbulent flow near the bottom surface
[56, 81];
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the onset of ripple formation on the cut edge is caused by the time-dependent
movement of the width of the cutting front as a response to fluctuations of the
processing parameters [52];

melt flow transition from one-dimensional to two-dimensional melt flow due to
evaporation, which causes liquid layer oscillation [23, 81];

melt flow is hydrodynamically unstable if the flow is dominantly driven by
pressure gradient of the gas flow [53];

cyclical formation, growth of liquid droplet, which is separated (broken away)
from the melt layer when the weight of the forming droplet and the melt flow’s
starvation pressure overcome the surface tension [82] or the critical radius of
droplet is reached [80], the critical drop size is reached when the balance
between capillary forces and forces exerted on the melt by the gas stream in the
vicinity of the upper edge of the cutting front is achieved [83];

the periodic growth of the humps (as shown in Fig. 2.10), which start to flow
when the gas force exceeds the surface tension force [45];

Because the cut surface quality is important in some applications, the following

strategies have been developed to reduce or eliminate the striation formation:

High-pressure cutting, where the high gas pressure efficiently ejects the melt
film, resulting in a thin melt film. Thereby, the amplitudes of the melt film
oscillations are limited [23].

Low pressure cutting, applying subsonic gas jets, where the melt film thickness
is relatively large, but the smooth gas flow reduces the melt film oscillations
[23].

The melt flow dominantly driven by shear force is stable and can be achieved by
either decreasing cutting speed or increasing gas velocity. This is proven only
for the striation formation at high cutting speed [53].

e Cut at speed higher than the speed of combustion-front motion [25, 72].
e Carefully control the pulse frequency of laser beam (in the order of twice the

striation frequency under the CW laser cutting condition) [84, 85].

Material is mainly removed by vaporization due to the suppression of melt flow
formation, which can be achieved with high brightness and the small beam
divergence of the fiber laser [28, 60, 79] or pulsed laser with high average power
and high pulse repetition rate [86].

Dross

When the momentum of molten layer transferred from the pressurized gas is
higher than the surface tension force, clear cut is made by removing the molten
metal from the bottom of kerf [87]. Formation of dross at the bottom cut edge is
the result of high surface tension and viscosity of the melt film. Therefore, the melt
cannot be expulsed completely from the bottom of the kerf.
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Fig. 2.21 Process window for high-quality cut in reactive laser cutting mild steel with thickness
of 3 mm (reprinted from Chen [90] with permission. Copyright© Elsevier)

Similar to striation formation with respect to cutting speed in reactive laser
cutting, there is an optimal cutting speed to achieve minimum dross cut as shown
in Fig. 2.21. The larger amount of dross produced at cutting speed below or above
this optimal cutting speed is due to the solidified large amount of backward flow of
melt and strong disturbance of the melt flow [88], respectively.

In order to deform, break up, or detach the melt droplet at lower cut edge by
shear action of the gas to achieve a dross-free cut, the Weber number (We) of the
melt in the lower part of the cutting front must exceed a critical value [46].

Dross formation when cutting thick workpiece when laser beam is focused at
the top surface is due to insufficient energy. This leads to difficulty in separating
melt from the lower cut edges. Increase in laser power can eliminate the dross at
the expense of poor cut quality because of poor beam-mode quality of CO, laser at
high laser power [89].

The dross attachment on the lower cut edge can be reduced by increasing the
depth of flow separation as discussed in Section “Separation of Boundary Layer
Flow”.

Melt flow velocity increases and the melt film thickness decreases with increase
in assist gas pressure or kerf width. This leads the boundary layer separation point
moving down the cut kerf. Therefore, the dross attachment on the lower cut edge
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reduces with increase in assist gas pressure and cut kerf width in laser fusion
cutting [54, 90].

During reactive laser cutting of thick workpiece, the oxygen jet is kept at low
pressure (maintaining the gas flow developed in the cut channel to be subsonic,
transonic, or slightly supersonic) in order to control the regime of metal burning.
The ambient air is entrained in the oxygen flow [73, 91], which increases the
impurity of oxygen jet and retardation of oxidation reactions.

Vortex is formed when pressure in the peripheral nozzle is lower than a critical
value. The vortex flow can entrain and accumulate the liquid melt, which restrains
its removal from the cut even induces the reverse motion of the melt and
is responsible for slagging at the bottom of the cutting kerf and adhesion of dross
[73, 75].

Heat-Affected Zone (HAZ)

Laser beam cutting is a thermal process. The heat conduction loss to the sur-
rounding solid part results in temperature rise in the subsurface at a depth from the
cut surface [32], which may results in change in the microstructure and phase
composition such as martensitic transformation, change in grain size, and carbide
formation in the HAZ. These changes are normally undesirable because of higher
tendency of cracking, surface hardening, decrease in weldability, corrosion
resistance, and fatigue life [87, 92, 93].

The width of HAZ increases with increase in workpiece thickness because of
the higher heat conduction loss when cutting thicker workpiece [94].

Increase in cutting speeds causes the energy density to decrease and less heat
conducted to the bulk workpiece resulting in reduction in thickness of HAZ layers
if no resolidified material is attached to the cut edge [93].

The width of HAZ is affected by the type of cutting nozzles used. The HAZ
obtained when using conical coaxial cutting nozzle is larger than that obtained by
using the supersonic cutting nozzle. The reduction in HAZ by using Laval nozzle
is more significant when cutting thicker workpiece [94].

The thickness of HAZ layer decreases with the increase in gas pressure during
laser fusion cutting due to the effective removal of the melt from the laser-material
interaction region by the strengthened shearing stress of the gas flow and the
strengthened cooling effect [93].

The melting point of some products of the chemical reaction during reactive
laser cutting is very high, for example, 2,017, 2,230, and 2,435 °C for Al,O3, AIN
and Cr,03 [36, 94], respectively. They are repeatedly fractured due to the turbulent
nature of the melt flow out of the cut zone and dispersed in the melt, which results
in increase in the viscosity and surface tension of the melt. Therefore, the velocity
of melt flow is reduced, which causes the larger HAZ [94].

The dross attached at the lower cut edge is the melt that is not completely
extracted by the assist gas from the cut kerf and solidifies on the cut edge. This
produces significant HAZ at the lower region of cut edge as shown in Fig. 2.22.
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Fig. 2.22 HAZ at the lower
region of the cut surface due
to heat by the adhered
resolidified layer (reprinted
from Riveiro et al. [95] with
permission. Copyright ©
Elsevier)

The amount of resolidified material on the cut surface increases with increase in
laser power and cutting speed because of the higher rate of melting and higher
recoil pressure which expels more molten material backwards toward the cutting
front [46]. The proportion of distance X (the distance from the upper surface of the
plate up to the beginning of the HAZ) to the thickness of workpiece increases with
increase in laser power, gas pressure [95], and optimum pulse frequency [96].

HAZ due to the heat conduction can be reduced when cutting with pulsed laser
at high pulse frequency [93, 97] and low duty cycle [97], because of lower heat
input.

However, the HAZ due to the adhesion of resolidified melt layer on the cut
surface during pulsed laser cutting of ceramics increases with increase in pulse
frequency because of the thicker resolidified layer at the end of laser pulse [22].
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The plasma formation also increases the HAZ, and this is more significant when
cutting titanium alloys compared with mild steel because of the significantly lower
thermal conductivity of titanium alloys [98].

2.3.2.4 Processing Parameters
Cutting Speed

Laser cutting can be conducted in a wide range of cutting speeds, which strongly
depends on the workpiece material and its thickness as shown in Fig. 2.23 [43].
The maximum cutting speed decreases with increase in workpiece thickness.
There are three regions in Fig. 2.23 with respect to cutting speed for laser fusion
cutting [43] as follows:

e In Region I at low cutting speed range where Weber number We = 1, the
capillary forces become comparable with the inertia of the melt. Therefore, the
melt flow does not separate completely from the cut kerf and dross attachment
occurs at the bottom of cut edge.

e In Region III at high cutting speed range from 7y where vaporization of melt
film occurs to the maximum cutting speed limited by energy (E.) for a given
thickness of workpiece, melt flow is interrupted by the onset of vaporization.
The melt flow becomes two-dimensional due to the vapor pressure (as shown in
Fig. 2.16) leading to rough cut at the lower region of the cut surface [66].

e In Region II at the middle cutting speed range, workpiece is melted and melt
flow is stable one-dimensional.

The maximum cutting speed is limited by the workpiece thickness and laser
power [43]. At a given laser power, the maximum cutting speed decreases with
workpiece thickness. It should be noted that the evaporation contribution to the
maximum cutting speed reduces with increase in workpiece thickness [48].

The optimal cutting speed is defined as the highest speed for the best quality
cut. It is generally 80-90 % [99] or between 70 and 80 % [78] of the absolute
maximum cutting speed.

The maximum cutting speed without evaporation can be theoretically calcu-
lated by combining Egs. (2.20), (2.21), and (2.22) as follows [66]:

B (Te — Ti) K /Py
Vel = \/((TM 101Gy + )7 d By (2.27)

The empirical relationship between incident laser power (P), cutting speed (V),
thickness of workpiece (d), and width of kerf or diameter of laser spot (wy) can be
written as follows:

P = B w01 4021y016 (2.28)
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which is valid to a high degree of accuracy for laser cutting of different workpiece
materials (steel, glass, plastic, wood PVC, etc.) with variation of B only [100, 101].

Laser Beam

Cutting performance is strongly affected by the characteristics of laser beam,
which can be operated with different wavelengths, polarizations, and modes,
focused with different optics and different focus position relative to workpiece
surface.

Polarization of Beam

Due to the difference in absorption with the polarization and incident angle for
linearly polarized laser (such as CO, laser in Fig. 2.4), the maximum cutting speed
when the cutting direction is parallel to the plane of polarization (V),) is higher than
the maximum cutting speed when the cutting direction is perpendicular to the
plane of polarization (V;). Therefore, the plane of polarization should be parallel to
the cutting direction for straight-line cut, but a circularly polarized beam should be
used for profile or contour cutting in order to avoid the directional effect [6, 102].

Since the p-polarized laser beam is almost completely absorbed at the Brew-
ster’s angle (about 87.3° as shown in Fig. 2.4) and change in angle of inclination
with cutting speed (as shown in Fig. 2.9), the fastest cutting speed can be achieved
with inclination angle of cut front at 2.7° [32].

Because the difference in absorptivity between p-polarized beam and s-polar-
ized beam changes with the workpiece thickness as the change in angle of inci-
dence with workpiece thickness, the ration of maximum speeds, VS/Vp, decreases

with increase in workpiece thickness, reaches a minimum at a critical thickness,
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and then increases with increase in workpiece thickness (as shown in Fig. 2.24).
The maximum effect of beam polarization is achieved at the critical workpiece
thickness. This could be due to the fact that the contribution of exothermic heat is
stronger when the workpiece thickness is larger than its critical value during
reactive laser cutting [103] or the angle of incidence is equal to Brewster’s angle at
the critical workpiece thickness.

Muys et al. [104] conducted simulation to verify a model proposed by Niziev
and Nesterov [105] and conclude that radial polarization of laser beam can either
increase cutting speed for the same thickness or increase the cutting depth for the
same laser power.

Wavelength of Laser Beam

It has been reported that the cutting with fiber laser is more effective because of the
smaller severance energy (linear energy per unit sheet thickness) during fusion
cutting with fiber laser compared with CO, laser [21]. Cutting speed is remarkably
increased with high-brightness fiber laser compared with CO, laser in cutting thin
workpiece [21, 106, 107]. The cut quality with fiber laser is worse when cutting
workpiece thicker than 5 mm as shown in Fig. 2.25.

However, the cut quality and cutting performance during reactive laser cutting
of steel sheet with thickness up to 20 mm are not significantly affected by the
wavelength [107], which indicates the contribution of oxidation in reactive laser
cutting is more pronounced than the contribution of the characteristics of laser.

The difference between fiber and CO, lasers is their wavelength and absorption
behavior. The shorter wavelength of fiber laser enables it to be focused for longer
distance (longer depth of focus as calculated by Eq. (2.6)) which provides high
energy intensity to cause the workpiece vaporization and create a keyhole [108].

Fig. 2.25 Cut surface of 4-mm stainless steel with laser fusion cutting by (a) fiber laser and
(b) CO, laser at power of 2.5 and 3.0 kW, respectively (reprinted from Poprawe et al. [107] with
permission. Copyright © Elsevier)
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Almost complete melt ejection can be achieved in thin sheet by the vapor pressure
gradient, which leads to clear cut [107]. The smaller Brewster’s angle with fiber
laser (79.6°) compared with CO, laser (87.3°) as shown in Fig. 2.5 enables the
better laser absorption at larger angle of inclination of cut front (with higher
cutting speed), which can be achieved with thin workpiece sheet [31]. In order to
achieve the better efficiency in fiber laser cutting thick sheet, the inclination angle
of cut front needs to be increased, which can be achieved by adapting the
beam oscillation strategy with a longitudinal beam deflection during the cutting
process [31].

The more efficient cutting and higher cutting speed with fiber laser is attributed
to the better beam coupling and increased laser beam absorption as result of
multiple reflections [109, 110], which is more severe with thicker workpiece. The
multiple reflection contribution typically starts at the depth of 1-2 mm below the
surface and causes the curved and kinked cut front as shown in Fig. 2.9 [56]. It
destabilizes the lower cutting zone and leads to coarser striations [109].

Because of the narrower kerf with fiber laser due to its longer depth of focus
[31], the gas pressure reduced significantly down through the cut kerf, which
lowers the melt flow out of the kerf [111]. Multiple laser beams were developed by
Olsen et al. [108] when cutting with fiber laser. The laser intensity is tailored as a
central high-intensity melt beam followed by several beams in an appropriate
beam pattern, which guide the melt flow out of the cut kerf by creating local
evaporation as in the keyhole. Cut quality is improved over a wide range of cutting
speeds, and dross-free cut is achieved with this beam configuration compared with
single beam cutting.

Pulsed Laser Beam

Pulsed laser provides a high instantaneous power for a period of pulse duration and
followed with a period of power off. This offers some benefits in laser materials
processing compared with CW lasers [5]:

1. The high pulse peak power results in improved laser coupling for some
materials with high reflectivity such as aluminum alloy.

2. The temporal limitation in energy input leads to reduced heating of workpiece
and small depth of heat conduction into the workpiece. This is more prominent
for materials with low thermal conductivity such as titanium and nickel alloys.

The small heat input with pulsed laser cutting also benefits the reduction in
stress-induced cracking in the brittle materials such as ceramics.

These advantages are achieved at the cost of reduced cutting speed at low pulse
frequency compared with CW laser cutting [5, 112].

Under the optimized conditions (pulse frequency range of 400-600 Hz and
power on-time/off-time ratios of between 5 and 9 to 1), the optimal cutting speed
with pulsed laser is higher than that with CW laser by 10 % or more at the same
average laser power due to the higher temperature in the cutting zone associated
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with higher peak laser power in reactive laser cutting mild steel. Furthermore,
fluctuation in maximum cutting speed induced by oxygen shock wave during
reactive laser cutting is smaller when using pulsed laser compared with CW laser
[113].

Laser spot overlap is important for pulsed laser cutting. The spot overlap
required for cut decreases with increase in pulse energy and a minimum of 45 %
spot overlap is required for clearly through cutting. The kerf width increases and
surface roughness decreases with increase in spot overlap [114].

For a given pulse energy, it was found that the maximum cutting speed
increases with reduction in pulse duration for cutting nickel-based superalloy [114]
as the higher peak laser power with shorter pulse duration. Bicleanu et al. [115]
and Lee et al. [116] reported that cutting speed increases with increase in pulse
width in pulsed Nd:YAG laser cutting of mild steel and stainless steel.

During pulse mode laser cutting, melt ejection occurs in each laser pulse on-
time while melt front cools during pulse off-time. Minimizing dross formation can
be achieved in pulsed mode cutting by using low duty cycle pulses which not only
provided low heat input that reduced the quantity of melt formed but also imparted
sufficient cooling between two successive laser pulses which prevented over-
heating of the cut front [97].

Cut quality is reported to be improved by using pulsed lasers [43, 84, 85]. The

laser pulse duration (zo,) has to be matched to the typical time (d/f/m) for the

propagation of a melt perturbation along the whole cut front down the workpiece
thickness in order to allow the melt produced in one laser pulse to be ejected
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Fig. 2.26 Effect of pulsed frequency on the cut surface roughness in laser cutting mild steel with
oxygen (reprinted from King and Powell [84] with permission. Copyright © Elsevier)
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completely for dross-free cut. The cycle time 7o, + foff has to meet the time-
averaged energy balance [43].

The interference of perturbation dynamic induced by pulsed laser with the melt
flow dynamics enable to minimize the striation formation. The reduction to
approximately one-quarter of surface roughness obtained under CW cutting is
achieved at the pulse frequency between 400 and 700 Hz (as shown in Fig. 2.26).
Higher roughness in the pulsed ranges below and above this range is attributed to
the small laser spot overlap and diminished effect of individual laser pulses,
respectively. The surface roughness is not significantly influenced by pulse length
(mark-space ratio) at the optimum frequency range [84].

The difference between the unfiltered and filtered roughness curves in Fig. 2.26
shows that contribution of a low-frequency periodic roughness (excluded with 0.5-
mm cutoff by a phase-corrected high-pass filter) with respect to laser pulsing
frequency.

Recrystallization in the heat-affected zone leads to deterioration of surface
characteristics. The width of recrystallization zone can be reduced with longer
pulsed width at a given pulse energy due to the lower peak power with longer
pulsed width [117].

During the pulsed laser cutting of ceramics, the melt is predominantly removed
by the momentum transfer from the pressurized gas jet at high pulse frequency and
recoil pressure at low pulse frequency [22].

Focusing Laser Beam

Kerf width increases if the focus of the laser spot shifts from the workpiece
surface. Minimum kerf width is achieved when the laser spot focus is on the
workpiece surface [111]. Wider kerf width can be obtained when laser beam
focuses either above the workpiece top surface or close to the bottom surface of
the workpiece. This enhances the melt flow velocity in the cut kerf so that the melt
flow clears the bottom cut edge before flow separation occurs and with minimal
dross attachment on the lower cut edge when cutting thick workpiece provided the
energy intensity is sufficient [54].

Due to the relative wider kerf width during laser reactive cutting as the result of
sideways burning and low viscosity of melt with FeO, laser beam is recommended
to focus at top with oxygen-assisted laser cutting [89].

For cutting thin metal sheet, the laser focus is recommended to be on the top
surface of the workpiece to get narrow kerf. However, the melt in narrow kerf is
difficult to be removed when cutting thicker workpiece. Therefore, it is suggested
that laser beam is focused at bottom of thick stainless steel with nitrogen as assist
gas to avoid burr formation [43, 89], with a disadvantage of increased roughness at
the lower cut edge [43].

With a single transmitting or reflecting optical element, a laser beam can be
focused at two fixed focal points at two different positions, spaced from each other
in the direction of material thickness. The concentric circular center surface areas
of the optics create a focal point near the bottom surface of workpiece. The amount
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of laser power focused near the bottom surface of workpiece depends on the
diameter of this area. The outer ring area of the optics focuses the remained laser
power close to the top surface of the workpiece. The possible thickness capable of
being cut with a certain laser power level increases with application of dual focus
lens [89].

The cutting speed increases by 23 % and kerf width reduces by 30 % with more
perpendicular edges and less dross by using dual focus lens in cut medium section
stainless steel with nitrogen compared by using single focus lens. This is attributed
to the fact that a long depth of partially focused collimated beam at above and
below the upper focal position. This deep-collimated beam increases temperature
of the melt at the central sloped cutting zone high enough (below boiling point) to
melt the material in the area is not directed irradiated by laser beam, which leads to
increase in melt viscosity [118].

Longer focal length is found to reduce the maximum cutting speed by a factor
ranging from 1.2 to 2.5 when cutting aluminum alloys [95]. This result can be
attributed to a reduction in the power density on the cutting front as the result that
spot size increases with increase in focal length.

Assist Gas

The functions of assist gas during laser cutting are to [119]:

1. protect the workpiece from undesirable reactions with the ambient gas and cool
the hot cut zone by the forced convection;

2. remove the molten material from cutting front through the narrow kerf to keep
the cutting process going. The flow need to be directed with a major component
of its velocity in the direction of the expulsion;

3. provide exothermic heating by chemical reaction if reactive gas used.

Table 2.4 Chemical reactivity of common used gases with the common metals
02 NZ
Fe Fe + 1/20, = FeO + 275 kl/mol
(at 2,000 K) [37]
4Fe 4 30, = 2Fe,0; + 822.2 kJ/mol*[156]
3Fe + 20, = Fe;04 + 1,117 kJ/mol*[155]

Al 4Al1 + 30, = 2A1,05 + 1,670 kJ/mol® [156] Al + N=AIN + 1050.4 kJ/mol
(at 1,103 K above) [157]
Ti Ti + 0, = TiO, + 912 kJ/mol® [156] 2Ti + N2 = 2TiN
Cr 2Cr + 3/20, = Cr,03 + 1163.67 kJ/mol
(at 2,000 K) [37]
Ni Ni + 1/20, = NiO + 244 kJ/mol* [156]
Cu 2Cu + 1/20, = Cu,0 + 166.7 kJ/mol* [156]

Cu + 1.20, = CuO + 155 kJ/mol” [156]

% at 293 K for comparison
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Table 2.5 Comparison of properties of inert gases for laser fusion cutting (reprinted from Rao
et al. [97] with permission. Copyright © Elsevier)

Ar He N,
Stagnant gas pressure (MPa) 0.6 0.6 0.6
Gas density (kg/m®) 1.3038 0.1306 0.9776
Specific heat capacity (J/kg K) 520 5,200 1,183
Thermal conductivity (W/m K) 0.0452 0.3765 0.0738
Viscosity (pPa s) 58 48.3 44
Critical gas velocity (m/s) 280 884 322
Shear stress (N/m?) 850 1,390 800
Heat transfer coefficient (W/In2 K) 2,080 10,680 3,690

The cooling of the melt due to the gas jet is shown to be negligible compared to
the incident laser beam power [50].

These functions are heavily dependent on the nature, pressure, and purity of the
assist gas.

Gas Nature

The chemical reactivity of the commonly used gases for laser cutting is listed in
Table 2.4. In addition to oxygen, nitrogen is chemically reactive with aluminum
and titanium.

The properties of inert gases for laser fusion cutting are listed in Table 2.5.
Helium shows the highest values of critical gas velocity, shear stress, and con-
vective heat transfer coefficients.
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Gas Purity

Contamination of the inert gas only causes degradation of the cut surface, such as
dross size, oxidation, or nitriding of the cut face. Cutting mild steel with mixture of
two inert gases does not show significant difference with pure inert gas in cutting
speed and dross formation at low gas pressure [41]. However, the impurity in
oxygen significantly affects the cutting process.

The cutting performance strongly depends on the percentage of impurity in
oxygen gas jet but not on the type of impurity gases, no dross-free cut can be
obtained at oxygen level lower than 75 % in cutting mild steel of thickness of
3 mm with laser power of 1.5 kW and gas pressure of 2 bar [41].

The cutting speed is very sensitive to the oxygen purity at high purity level
(99.998-95 %), 2 % of impurity is found to reduce the optimal cutting speed by
more than 50 %. Cutting speed is not significantly affected by further decrease in
oxygen purity from 95 to 90 % (as shown in Fig. 2.26) because the heat contri-
bution by oxidation reduces with reduction in oxygen purity [99].

The oxidation is significantly reduced by the formation of a boundary layer at
the gas—liquid interface in which the impurity gas is accumulated. This layer acts
as a barrier to inhibit the oxidation reaction by lowering the oxygen diffusion rate
in this layer [26, 99]. The thickness of the boundary layer can be reduced by
increasing the gas pressure. Therefore, the cutting speed is increased by increase in
gas pressure at the same oxygen purity level as shown in Fig. 2.27.

Reduction in oxygen purity also significantly reduce the critical cutting velocity
above which oxidation is stable without the cycle of ignition-burning extinction
[59].
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Fig. 2.28 Dependence of cutting speed and optimum oxygen pressure on workpiece thickness
for CO, laser cutting steel (reprinted from Schudcker [4] with permission. Copyright © Taylor &
Francis)
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Gas Pressure

The gas pressure does not show a significant influence on the maximum cutting
speed but does have a significant effect on the quality of the cut edge in the laser
fusion cutting process [33].

Increase in gas pressure with workpiece thickness (minimum of 8 bar for
cutting stainless steel with nitrogen) is required to effectively remove the melt
from kerf when cutting with inert gas. However, the gas pressure should be
reduced (maximum of 6 bar when cutting mild steel with oxygen) with increase in
workpiece thickness when cutting with reactive gas in order to control the cut
surface quality as shown in Fig. 2.28 [4, 68, 120].

There are two optimum oxygen pressure ranges to obtain the good cut quality
for both CW and pulsed CO, laser cutting of mild steel. The upper and lower limits
of these two pressure ranges when cutting thicker workpiece are lower than these
when cutting the thinner workpiece. Hence, the pressure of the assist oxygen jet is
reduced with increase in workpiece thickness at a constant laser power as shown in
Fig. 2.28. The reduction in oxygen pressure is much lower than the reduction in
cutting speed with increase in workpiece thickness [113].

The optimal cutting speed dramatically increases with increase in oxygen
pressure at workpiece up to 2 bar and barely changes with oxygen pressure at
workpiece increasing from 3.5 bar for cutting 8-mm-thick steel with both CW and
pulsed lasers [113]. Small kerf width is achieved because both the thermal energy
and mechanical energy provided by oxygen at this pressure range are sufficient and
the melt flow is not macroscopically turbulent but periodic in the lower optimum
pressure range and the controlled oxidation due to the reduction in macroscopic
turbulence of the thinner molten layer by the increasing gas pressure in the higher
optimum pressure range, respectively [113].

Gas Nozzle

Nozzle Types
e Subsonic nozzle
Nozzles which deliver the assist gas are generally subsonic nozzle with con-

verging cross section as shown in Fig. 2.29. The characteristics of gas flow depend
on the stagnation pressure, Py [121, 122]:

%

77
Parallel Conical Convergent Convergent-divergent

Fig. 2.29 Cross-sectional geometries of commonly used subsonic coaxial nozzle (reprinted from
Fieret et al. [150] with permission. Copyright © SPIE)
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Fig. 2.30 a Illustration and b Schlieren image of Prandtl-Meyer wave (reprinted from Fieret
et al. [150] with permission. Copyright © SPIE)

Fig. 2.31 Illustration of gas—
melt interaction of supersonic
gas flow with subsonic nozzle
(reprinted from Riveiro et al. ;
[95] with permission. Expansion waves ———
Copyright © Elsevier) Normal shock wave

Overexpansion

Oblique shock
waves oo
Compression s
Turbulent separation

flow Molten material

Cutting direction sl

1. Pp<1.89 kg/cm2(0.185 MPa): subsonic flow in which both gas velocity and
flow increase with stagnation pressure;

2. Py = 1.89kg/cm?(0.185 MPa): transonic flow in which gas velocity reaches the
maximum value;

3. Py > 1.89kg/cm?(0.185 MPa): supersonic flow in which gas velocity maintains
the sonic velocity while gas flow increases with stagnation pressure. Prandtl-
Meyer wave as shown in Fig. 2.30 is formed.

4. Py > 5kg/cm?(0.49 MPa): supersonic flow in which strong Mach shock disk is
formed (as shown in Fig. 2.31). The impingement of the oblique shock wave
over the boundary layer produces a pressure gradient that may separate the
boundary layer. The gas flow below the detachment point becomes turbulent
with eddies and slipstreams that reduce the momentum transfer and the capa-
bility of the gas jet to remove the molten material and leads to the poor cut
quality (increased dross attachment, heat-affected zone, and rough cut surface
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as shown in Fig. 2.17) [75, 121, 123]. The gradients of gas density that is
produced by non-uniform jet flow results in a change of the refractive index in
the gas field (acts like an optics), which leads to the secondary focusing or
diverging of the laser beam. The result of interference can affect obviously the
melting efficiency and change the mode of the laser beam, which causes poor
cutting quality and reduces cutting speed [121].

The cutting pressure as a function of pressure in nozzle and distance between
nozzle and workpiece surface (stand-off distance) for a conical subsonic nozzle is
shown in Fig. 2.32. The gas pressure drops sharply in a very short distance from
the exit of nozzle (with high nozzle pressure). Hence, the stand-off distance should
be kept very small (smaller than the diameter of the nozzle), usually 0.3—1.3 mm
for a subsonic nozzle in order to maintain the gas pressure [124].

e Supersonic nozzle:

Laval nozzle contains stable, convergent, throat, and divergent sections
(Fig. 2.33a). The gas flow is supersonic at the Laval nozzle exit, and the free gas
jet stays homogeneous with weak oblique shocks and parallel for a long distance
(i.e., long supersonic length as shown in Fig. 2.33b) [122, 125]. Therefore, the
toleration of stand-off distance with using Laval nozzle is greater compared with
using subsonic nozzle [121].

The higher gas speed exits from Laval nozzle significantly improves the melt
flow ejection, which leads to better cut quality in terms of small HAZ and less
dross attachment.

Nozzle Integration

Gas nozzle can be integrated coaxially or off-axially with laser beam, or combined
as shown in Fig. 2.34. The coaxial nozzles are generally used and are particularly
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Fig. 2.33 a Typical cross section of a Laval nozzle and b supersonic length of gas jet by Laval
nozzle (reprinted from Quintero et al. [125] with permission. Copyright © Elsevier)

suited for robotic systems performing two- and three-dimensional cutting, while
the off-axis nozzle is useful for one-dimensional cutting [119].

The coaxial nozzle is discussed through this chapter. This section is focused on
the special features of a single off-axis nozzle and an off-axial nozzle in tandem
with the coaxial nozzle.

1. Off-axis nozzle

There are more parameters for adjusting an off-axis nozzle than a coaxial
nozzle, including impinging angle between the axes of the laser beam and the gas
jet, gap between the nozzle and the workpiece and distance between the impinging
point of gas jet and the laser spot on workpiece surface (marked by X in Fig.
2.34b).

The off-axis is mounted after the laser beam in the cutting direction. Maximum
cutting speed reaches the peak (50 % higher than that with the coaxial nozzle) with
the impinging angle in the range of 35-40° without noticeable degradation in cut
edge quality. This improvement is the result that the flow separation due to the
shock wave/boundary layer interaction is alleviated [126].
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Fig. 2.34 Laser cutting with a coaxial, b off-axis (reprinted from Quintero et al. [125] with
permission. Copyright © Elsevier), and ¢ tandem nozzles

When the assist gas jet delivered by an off-axis nozzle impacts onto the cutting
front close to 90°, the melt film can be confined near the cutting front in order to
have a melt with large Weber numbers and to obtain dross-free cuts [46].

The gap between the nozzle and the workpiece should be smaller than the
supersonic length. When a Laval nozzle is used, the impinging angle which
determines the aerodynamic behavior of the gas flow inside the kerf should be
adjusted in accordance with the Mach number of the nozzle to avoid the formation
of a normal and detached shock wave. The distance between the impinging point
of the gas jet and the laser beam should be adjusted in such way that a laminar flow
is achieved along the whole depth of the cutting front in order to eliminate the
formation of a recast layer on the cut edge in laser fusion cutting [123, 125].

2. Tandem nozzles
Use of an off-axis nozzle in tandem with the coaxial nozzle improves the

cutting depth up to 20 %. Higher cutting depth is achieved with higher gas
pressure, small nozzle-workpiece distance, and impinging angle [127].
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Table 2.6 Summary of process parameters affecting cut surface quality (reprinted from Dubey
and Yadava [20] with permission. Copyright © Elsevier)

Quality characteristics Significant factors Variation of factors to
keep minimum value of
quality characteristics

Heat-affected zone Beam energy Low
Feed rate High
Pulse duration High
Pulse frequency Moderate
Gas pressure More
Workpiece thickness Low
Taper Beam energy Low
Feed rate High
Pulse frequency Low
Pulse duration High
Workpiece thickness More
Focus position Above the workpiece surface
Surface roughness Beam energy Moderate
Feed rate Moderate
Pulse frequency Moderate
Gas type Inert
Gas pressure Moderate
Recast layer Beam energy High
Pulse duration Low
Gas pressure High
Workpiece thickness Low
Focus position Above the workpiece surface
Dross adherence Gas type Inert
Gas pressure High
Beam energy High
Feed rate High
Pulse frequency Low
Microcracks Beam energy High
Pulse duration Low
Gas pressure High
Gas type Inert

With a constant distance between coaxial and off-axis nozzles, material removal
rate increases with decrease in impinging angle of the off-axis nozzle. Surface
roughness becomes greater at small impinging angles which promotes turbulent
flows due to the extended distance from the off-axial nozzle to the erosion-cutting
front. The dross height is also affected by the impinging angle of off-axis angle
[128].

Higher cutting speed with use of an off-axis nozzle in tandem with the coaxial
nozzle in laser cutting is attributed to more effective momentum transfer. The
formation of Cr,O; in the melt during cutting stainless steel with oxygen jet is
suppressed with the off-axis nozzle [128].
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The application of an off-axis nozzle with coaxial cutting head is also reported
to prevent ambient gas entrained in the gas flow and to eliminate the formation of
vortex in the melt [73].

The effect of processing parameters on the cut quality is summarized in
Table 2.6 for cutting with Nd:YAG laser [20].

2.3.3 Workpiece Aspects for Laser Beam Machining

2.3.3.1 Workpiece Thickness

There is a clear maximum material thickness for a particular laser—material
combination for both laser fusion cutting and oxygen-assisted laser cutting, beyond
which the cutting mechanism breaks down and cannot be reestablished at any
speed because the relative increase in thermal losses from the cut zone as the
cutting speed is decreased [64, 129]. The maximum thickness of workpiece is
limited by the laser power and the shape of the focused laser beam as shown in
Fig. 2.27 [4, 43]. It is recommended to increase nozzle diameter with increase in
workpiece thickness in order to increase the kerf width [36, 68].

The maximum thickness of a workpiece can be cut at a given laser power
decreases with decrease in waveguide attenuation as a fact that fraction of laser
radiation transmitted through the kerf without absorbed by the cut front increases
with decrease in waveguide attenuation [48].

There are some strategies developed to increase the maximum thickness that
can be cut with the available laser power.

Dual Laser Beams

Laser beam is separated by a small distance trailing each other. The first beam
partially penetrates the moving workpiece and forms a blind cylindrical keyhole.
The second beam impinges the molten region produced by the first beam and
further heats it vaporizing some material and superheating the reminder as shown
in Fig. 2.35a. Improvement is achieved in terms of higher cutting speed and larger
workpiece thickness as shown in Fig. 2.35b, which is attributed to improvement in
beam absorption and modification of conduction characteristics.

Spinning Laser Beam

The laser beam is spun by a rotating window which is placed in the beam path at
an angle to the beam axis, which causes the laser beam to form a spiral path when
it travels across the workpiece. A linear relationship exists between the workpiece
thickness and spin speed [130]. It has been demonstrated that mild steel and
stainless steel with thickness up to 25 mm can be cut with spinning beam with
1.8 kW CO, laser.
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Fig. 2.35 a Schematic of cutting process by dual laser beams and b improvement of cutting
speed compared with a single beam (reprinted from Molian [151] with permission. Copyright ©
Springer)

Laser-Assisted Oxygen Cutting (LASOX)

Reactive laser cutting of thicker steel plates requires higher-power laser, which not
only increases capital cost but also often results in poor cut surface quality in terms
of large heat-affected zone and severe striation. In order to generate extra heat, a
process named LASOX was developed by O’Neill et al. at the University of
Liverpool [131].

Differentiated from the conventional oxygen-assisted laser cutting, up to 80 %
of total cutting energy is contributed by the exothermic heat generated from the
combustion of iron. Laser beam is used to preheat the surface of workpiece to the
ignition point (~ 1,237 K). In order to completely use exothermic energy, the
oxygen jet footprint is slightly smaller than the laser beam footprint as shown in
Fig. 2.36. Thick mild steel plate of 50 mm can be cut at the incident laser power
level of 1 kW.

2.3.3.2 Workpiece Materials
Ferrous Metals

The mild steel is easily cut with the oxygen as assist gas because of the contri-
bution of exothermic heat. The oxide formed is easily removed from the kerf due
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Fig. 2.36 Schematic illustration of laser beam/oxygen footprint configuration in LASOX
process (reprinted from O’Neill and Gabzdy [131] with permission. Copyright © Elsevier)

to its low viscosity, and no significant dross is attached to the cut edge. Oxide layer
is formed on the cut surface.

In reactive laser cutting of stainless steel, the oxide, Cr,O5, formed with a high
melting point of 2,435 °C that increases the viscosity and surface tension of the
melt. The melt flow velocity is diminished, and the continuous oxidation of the
melt cannot be achieved because oxygen cannot diffuse through the Cr,O; layer
[36].

The surface of stainless steel cut with oxygen as assist gas is not weldable, and
the oxide layer must be removed to eliminate the porosity that occurs in welding
[66]. Generally, high-pressure nitrogen is used as assist gas to produce oxide-free
and dross-free cuts with laser focused at the bottom surface of workpiece [132].

Non-Ferrous Metals

It is difficult to cut aluminum alloys with laser because of their (1) high reflectivity,
(2) high thermal conductivity, and (3) self-extinguishing oxidation reaction with
using oxygen as assist gas which is attributed to the fact that aluminum oxide
forms a seal on the cut front, which prevents oxygen from penetrating into the melt
for further reaction before it is fractured. It is required to increase laser power in
CW mode to initiate the cut in the first stage of the process; however, back-
reflected beams entering into the laser cavity can damage the laser cavity, cavity
optics, or beam delivery optics [95]. Therefore, pulsed laser with high peak power
is beneficial for cutting aluminum alloys.

The cutting of aluminum alloy is strongly affected by the assist gas nature as
shown in Table 2.7. Oxygen, nitrogen, and compressed air react with aluminum to
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Table 2.7 Variation of cutting speed (V) surface roughness (Ra) and HAZ extension in
descendent order with assist gas of aluminum alloy (reprinted from Riveiro et al. [94] with
permission. Copyright © Elsevier)

Cutting speed, V Cut surface roughness, Ra HAZ extension
+) Ar 0O, 0,
l 0, N, Air
=) Air Air N,

N, Ar Ar

produce a large amount of oxides and/or nitrides. These oxides/nitrides attached to
the lower cut edge as clinging dross increase the surface roughness and HAZ. Ar is
more efficient assist gas to produce the best quality because of the increase in
viscous friction with the melt as a result of its highest dynamic viscosity and
density [94].

In cutting titanium alloys, a thin layer of hard and brittle oxide or nitride is
formed on the cut surface when oxygen or nitrogen is used as assist gas. Thicker
HAZ layers are produced due to the heat released from the nitriding and oxidation.
Microcracks are formed on the cut surface as the results of tension forces on the
laser cut surface and the brittleness of the titanium oxide and titanium nitride. The
amount and dimensions of the microcracks can be reduced by increasing the
cutting speed. The best corrosion resistance of the cut surface is achieved when
cutting with Ar as assist gas [93].

The cut surface of titanium alloy is well protected by using He or Ar as assist
gas. The maximum cutting speed is higher and cut edges are straight when cutting
with Ar as assist gas compared with cutting with He as assist gas. The wavy cut
edges and lower maximum cutting speed when cutting with He as assist gas are
attributed to the lower cut front temperature as the result of high convective heat
transfer coefficient of He as shown in Table 2.5. The low cut front temperature
prevents melt front propagating ahead of the laser spot and limits the melt ejection
from the cut zone at higher cutting speeds [97].

Ceramics

Alumina undergoes the following changes when it is subjected to heating [133]:

e Melting at 2,327K <T<3,500K,
e Dissociation to AlO (g), Al (1), Al(g), and Al,O(g) at 3,250 K <7 <5,000K,
e Formation of aluminum vapor and atomic oxygen at 7 > 5,000 K.

Recoil pressure generated due to the dissociation process provoked expulsion of
the melt film formed due to melting between 2,327 and 3,500 K [133]. Oxygen is
normally used as the assist gas for cutting alumina to reduce the oxygen depletion
and prevent alumina being discolored during laser fusion cutting [134].
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One of the main problems in the laser cutting of ceramics is the formation of
cracks induced by thermal stresses which are generated in the workpiece due to the
local heating of the workpiece during laser irradiation, the brittle nature of
ceramics, and the unique properties of ceramic materials (i.e., the high thermal
expansion coefficient and low thermal conductivity) [123, 134].

The tendency of cracking when cutting 2-mm-thick alumina with CW CO,
laser decreases with increase in laser power and decrease in feed rate, which lead
to the reduction in temperature gradient [135]. An empirical equation is estab-
lished for the boundary of cracking in terms of the operating conditions, the
material properties, and thickness of the specimen as

P =140 x 10%p,, - g4 241282y . C;1.41a1.41 (2.29)

w

Crack-free cut can be achieved with pulsed laser with short pulse duration for
cutting thin ceramic workpiece due to the lower heat input [135]. Cracking is
inevitable when the pulse duration increases for cutting thick ceramic workpiece.
Multiple passes with short pulse duration can be applied for cutting thick work-
piece with low productivity [136—-138].

Non-Homogenous Materials

Coated Metallic Materials

A thin layer of zinc and/or aluminum coated on both sides of sheet steels provides
good corrosion resistance, but the higher light reflectivity and thermal conduc-
tivity, and the lower melting point of the coating layer than that of the substrate
materials impose some difficulties and limitations on laser cutting [139].

Cutting speed is reduced when cutting coated steel because of the high
reflectivity of the coating in CW laser cutting; however, the effect of coating on
cutting speed with pulsed laser is not as significant as with CW laser [112].

Oxygen is quite effective as an assist gas for laser cutting the coated steel sheets
as far as the cutting speeds are concerned because of the exothermic reaction
between aluminum and oxygen. However, localized overheating and dross
attachment are encountered with oxygen-assisted laser cutting. Dross- and oxi-
dation-free cut can be achieved with high-pressure nitrogen [129].

Metal Laminates

Metal laminates are typically aluminum-based, with an aluminum sheet thickness
in the order of 0.25 mm. Up to six aluminum sheets may be encountered in one
laminate, which are filled up with a synthetic material, such as epoxy embedded
glass or aramid fibers, or polypropylene. They can be applied in aeroplanes with
advantages of enhanced fatigue resistance and weight reduction [140].

These materials can be cut with laser at the same speed as homogeneous alu-
minum alloys, with some damage on the synthetic layers and dross attachment
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occurring. The damage depth of the synthetic layer is significantly reduced with
increase in cutting speed up to 6 m/min. Primary interaction between laser beam
and synthetic materials is not dominant in the damage extent of the synthetic
layers. Heat input into the synthetic layers via the metal layers is most likely to be
dominant [140].

Metal Matric Composite Materials (MMCs)

Problems associated with laser cutting composites are the differences between
matrix and reinforcements in laser absorption, melting point, latent heat of fusion,
and specific heat capacity, which influence melting dynamics at the cut edges
during the cutting process [141].

The material removal process in laser cutting SiC fiber-reinforced Al6061
composites (0/90 two-ply laminate) is melting of metal matrix and vaporization of
SiC fiber [142].

There is a critical energy density for the cutting of the fiber and matrix, E . and

crit
respectively, with E_ >E"

crit crit

ElL.s in the case of SiC fiber—reinforced aluminum
alloys. When the laser beam energy is higher than the critical value, E’;m, both the
fiber and the matrix are removed simultaneously; however, when the laser beam

energy ranges from E};, to E{m, only the matrix is removed. Consequently, at first,
aluminum alloy matrix is melted and then evaporated and/or blown by the assist
gas jet. Then, the bare SiC fiber is directly irradiated by the laser beam and then
evaporated. Therefore, it is clear that the laser cutting phenomenon of metal matrix
composites is strongly influenced by the laser cutting phenomena of the individual
components [142].

In the particulate reinforced metal matrix composites, the specific heat capacity
increases and the thermal conductivity decreases with increase in the volume
fraction of the reinforcement particles, such as Al,O5; and B4C, these lead to large
kerf width. Al,O5 and B4C particles remain in solid phases close to the cut edges.
Al,Oj3 particles undergo high temperature reactions forming AlO at cut edges,
whereas B4C particles appear to be round and are present at the cut edges as solid
particles [141].

Fiber-Reinforced Plastics (FRP)

Fiber-reinforced plastics, containing reinforcing fiber (glass fiber or carbon fiber
etc.) and polymer matrix (GFRP and CFRP), offer high specific strength and are
widely used for aerospace and sports industries. The alternative orientation of fiber
and matrix creates the difficulties for conventional machining.

Laser beam machining is a suitable technology to cut FRP efficiently with
minimum material waste, no tool wear, low overall distortion, or part damage.
Nd:YAG and fiber lasers with wavelengths of 1.06 and 1.07pum, respectively, are
transparent to glass and therefore are not suitable for cutting glass fiber-reinforced
plastics [143]. CO, laser is operated at a wavelength of 10.6 pm that can be
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effectively absorbed by most organic materials [144], and therefore, is a suitable
heat source for cutting FRP.

Because of the different properties of fiber and matrix, the energy required to
vaporize the fibers is higher than that required for the matrix. This is more
prominent for cutting carbon fiber-reinforced plastics because of the high disas-
sociation temperature and high thermal conductivity of carbon fiber. Large amount
of resin matrix is vaporized in the process. This causes delamination and matrix
recession of the composite. The different removal rate between fibers and matrix
produces the cut surface with fibers devoid of the matrix material [143].

For a given laser power, the maximum cutting speed achievable for CFRP is
much lower than that for GFRP. It is visible on the cut surface, and the length of
protruding fibers decreases with increase in cutting speed [145].

HAZ decreases with increase in cutting speed and assist gas pressure but
independent of type of gas. Higher laser power leads to increase in the HAZ
because of higher heat input [143].

Similar to that in cutting metallic workpiece, HAZ is reduced by using pulsed
laser beam compared to using CW laser, due to the effective cooling between the
pulses [143, 144].

2.4 Concluding Remarks

Laser beam is a unique machining source which can cut materials by photo-
thermal processes, in which materials are separated by controlled fracture or
locally removed by melt ejection, vaporization or ablation mechanisms.

In the melt and ejection process, a layer of melt (cut front) is formed and
extends through the workpiece thickness, kerf is produced after the melt is
removed by a pressurized gas jet. This process is able to cut large variety of
materials, such as metals, ceramics, composites and glasses, etc.

The cut quality and maximum cutting speed are strongly affected by the (1)
characteristics (wavelength, power, focusing and pulsing) of the laser beam, (2)
the optical and thermophysical properties of the material, (3) thickness of work-
piece and (4) type and pressure of assist gas.

The technology of laser cutting will continue to grow into the future as more
powerful, flexible, efficient and compact systems become.
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