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Preface

This book covers the fundamental principles and physical phenomena governing
laser-based fabrication/machining processes and their existing and potential appli-
cations. It provides a link between advanced materials and advanced processing/
manufacturing techniques. It connects physical science and engineering aspects
together. Laser machining is an emerging area in various applications ranging from
bulk machining in metal forming to micromachining and microstructuring in elec-
tronics and biomedical applications. The uniqueness of lasers lies in flexible manu-
facturing using lasers as assist in conventional machining techniques that has
emerged into new fields like laser-assisted mechanical machining (LAM), laser-
assisted chemical machining (LCM), laser-assisted etching, etc. The book is
intended to give a comprehensive overview of the principles and applications of
lasers applied to material removal as well as forming processes in manufacturing,
micromachining, and medical applications. In addition, the emerging field of LAM
and machining using intersecting beams is introduced. These machining techniques
have the potential for direct three-dimensional machining and microstructuring for
a number of applications.

The content of this book is divided into four parts comprising 14 chapters. Part
I deals exclusively with the basics of lasers used in materials processing and the
principles of laser materials processing including physical processes during laser—
material interactions. This part is intended to emphasize a dire need for understanding
the physical principles of the complex tool (lasers) and processes during its use.
Such understanding will allow better insight into the use of lasers in various proc-
esses described in the following parts of the book and possibly trigger thoughts for
the development of new uses of lasers. Part II begins with an overview of conven-
tional manufacturing processes and their configuration for laser-based manufactur-
ing. The remaining chapters in Part II are mostly based on laser material removal
processes such as drilling, cutting, and machining. As all laser-based processes are
nonphysical (nonmechanical) and mostly thermal, the thermal principles governing
material removal under various conditions are explained in these chapters. Part III
includes chapters on laser processes mostly based on material addition such as
rapid prototyping and welding along with the governing thermodynamic principles.
Part IV dwells upon new and novel uses of lasers. Although use of lasers is new in
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medicine, it is rapidly making headways in the field of biomedicine. As mentioned
earlier, Part I provides sufficient basics of lasers and laser processes to spawn
thoughts in one’s mind for new applications of lasers. Examples of such new appli-
cations are described in chapters on laser interference processing, laser shock
processing, and laser dressing of grinding wheels. It is hoped that the book will
provide further impetus to many more readers to take lasers into new frontiers of
applications.

Thus, unlike many other books on similar topics, this book deals with the subject
of laser-based fabrication and machining in a comprehensive manner. The subject
matter in the proposed book extends over a wide range of disciplines that include,
but are not limited to, mechanical, electrical/electronics, materials, and manufactur-
ing. Such interdisciplinary discussion of the topic is a need of the time for many
undergraduate and graduate academic programs and research activities that them-
selves are increasingly wielding interdisciplinary flavor. Furthermore, the scope of
the subject matter ranging over macro-, to micro-, to nanolevels of processing/
manufacturing is very important to educate and prepare individuals for the next
generation manufacturing. In addition, the integration of fundamental principles
and physical phenomena governing laser-based fabrication/machining processes
and their existing and potential applications have widened the scope of the book
across the sectors of academia, research, and industry.

Knoxville, TN Narendra B. Dahotre
July 12, 2007 Sandip P. Harimkar
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Chapter 1
Basics of Lasers

1.1 Introduction

Laser is an acronym for Light Amplification by Stimulated Emission of Radiation.
The world’s first laser was demonstrated by Maiman using a ruby crystal (Maiman
1960). It is essentially a coherent, convergent, and monochromatic beam of electro-
magnetic radiation with wavelength ranging from ultraviolet to infrared. Lasers
have now found applications in almost every field of engineering, medicine, elec-
tronics, etc., where one or more properties of the laser radiation are important (Ion
2005; Dausinger et al. 2004; Wolbarsht 1991; Steen 1991). In order to realize the
applicability and capability of a laser radiation in any application, it is necessary to
understand the basic operation mechanism and properties of laser radiation. These
aspects of laser radiations along with the important industrial laser types are briefly
discussed in this chapter.

1.2 Nature of Electromagnetic Radiation

Electromagnetic radiations consist of propagating waves associated with the
oscillating electric field (E) and magnetic field (H). These components oscillate
at right angles to each other and also to the direction of propagation of wave.
Since the magnetic field vector is perpendicular to the electric field vector, the
description of the propagation of the wave generally considers the oscillation of
the electric field vector only. When the oscillations of the electric field vector
are in particular order, the light is said to be polarized. In a plane polarized light
the electric vector oscillates in a single plane as the wave travels. This is illus-
trated in Fig. 1.1 for a wave propagating in x-direction while the electric vector
is oscillating in x—y plane. In contrast, the electric vectors in the completely
unpolarized light can assume any possible directions (i.e., electric vector oscil-
lating randomly in more than one plane). For a plane-polarized wave shown in
Fig. 1.1, the electric vector oscillating in y-direction varies with space and time.

N.B. Dahotre and S.P. Harimkar, Laser Fabrication and Machining of Materials. 3
© Springer 2008
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Magnetic vector, H

v Electric vector. E X

Fig. 1.1 Schematic of the oscillations of electric (E) and magnetic (H) field vectors associated
with plane electromagnetic wave

For sinusoidal variation, this can be expressed as (Cullity 1978; Lorrain and
Corson 1970):

EzAsinZﬂ(%—vt), (1.1)

where A is the amplitude, A is the wavelength, and v is the frequency of the wave.
The wavelength and frequency of all the electromagnetic waves exhibit a simple
relationship:

c=nA, (1.2)

where c is the velocity of light (2.9979 x 10® m/s in vacuum). The strength of the
electromagnetic radiation is often described in terms of intensity of radiation.
Intensity is defined as the energy per unit area perpendicular to the direction of
motion of the wave and is proportional to the square of amplitude of the wave.
Based on the wavelength (or frequency/energy), the electromagnetic spectrum can
be divided into various regions. Figure 1.2 presents the entire electromagnetic spec-
trum consisting of radio waves, microwaves, infrared radiation, visible light, ultra-
violet radiation, x-ray, and gamma ray radiation in the order of decreasing
wavelength. The description of the exact dividing wavelength between two adja-
cent regions in electromagnetic spectrum is difficult and hence the wavelengths of
various regions are often expressed in approximate ranges.

The wave nature of the electromagnetic radiation (classical theory) discussed
so far fails to explain some of the phenomena such as photoelectric effect. To
explain such phenomena, quantum theory of electromagnetic radiation has been
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The Electromagnetic Spectrum
Chart by LASP/University of Colorado, Boulder
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Fig. 1.2 Electromagnetic spectrum. (Courtesy of Laura Bloom, University of Colorado.)

proposed. In quantum theory, the electromagnetic radiation is considered as a
stream of particles which are called photons. Each photon is associated with an
amount of energy proportional to its frequency. This photon energy is expressed as:

E=hn (1.3)
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where & is the Planck constant (6.63 x 1073 J/s). Thus, electromagnetic radiation is
often said to have dual nature: sometimes wave nature and sometimes particle
nature. The wave and the quantum theories of electromagnetic radiation are often
regarded as complementary rather than conflicting (Wilson and Hawkes 1987).

1.3 Laser Operation Mechanism

Stimulated emission, the underlying concept of laser operation, was first introduced
by Einstein in 1917 in one of his three papers on the quantum theory of radiation
(Einstein 1917). Almost half a century later, in 1960, T.H. Maiman came up with
the first working ruby laser. The three processes required to produce the high-
energy laser beam are population inversion, stimulated emission, and
amplification.

1.3.1 Population Inversion

Population inversion is a necessary condition for stimulated emission. Without
population inversion, there will be net absorption of emission instead of stimulated
emission. For a material in thermal equilibrium, the distribution of electrons in
various energy states is given by the Boltzmann distribution law:

N, =N, exp[-(E, - E,)/KT | (1.4)

where N, and N, are the electron densities in states 1 and 2 with energies £, and E,
respectively. 7 and k are the absolute temperature and Boltzmann constant, respec-
tively. According to the Boltzmann law, the higher energy states are the least popu-
lated and the population of electrons in the higher energy states decreases
exponentially with energy (Fig. 1.3a). Population inversion corresponds to a non-
equilibrium distribution of electrons such that the higher energy states have a larger
number of electrons than the lower energy states (Fig. 1.3b). The process of achiev-
ing the population inversion by exciting the electrons to the higher energy states is
referred to as pumping (Svelto and Hanna 1989). The population inversion
explained here for the two-level energy systems is only for the introduction of the
concept. In actual practice, it is impossible to achieve the population inversion in
two-level energy systems. Population inversion in most of the lasers generally
involves three- or four-level energy levels (Fig. 1.4). For a three-level energy sys-
tem, electrons are first pumped from energy level E to E, by the absorption of
radiation (of frequency, v = (E, — E,)/h) from a pumping source. The lifetime of the
electrons in the higher energy level E, is generally very short and the electrons from
the energy level E, rapidly decay into metastable energy level E, without any radia-
tion (radiationless decay). Thus, the net population inversion is achieved between
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Fig. 1.3 Schematic of the population of electrons in two-level energy systems: (a) thermal
equilibrium and (b) population inversion
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Fig. 1.4 Schematic of the population inversion in (a) three-level and (b) four-level energy laser

systems

the energy level E, and E, which is responsible for the subsequent emission of
laser radiation (Fig. 1.4a). Similar mechanisms cause the population inversion
between the energy levels E, and E| in four-level energy laser systems (Fig. 1.4b)

(Ready 1997).



8 1 Basics of Lasers

Trigger coil
—
Flashtube
) Inductance, L }
Capariltor, C
i
Capacitor

charging supply —/\/\/\/—-

Resistor, R

Fig. 1.5 Typical circuitry for the operation of flashlamp

In general, population inversion is achieved by optical pumping and electrical pump-
ing. In optical pumping, gas-filled flashlamps are most popular. Flashlamps are essen-
tially glass or quartz tubes filled with gases such as xenon and krypton. Some
wavelength of the flash (emission spectrum of flashlamp) matches with the absorption
characteristics of the active laser medium facilitating population inversion. This is used
in solid-state lasers like ruby and Nd: YAG (yttrium—aluminum—garnet). Typical circuit
for the flashlamp operation is shown in Fig. 1.5. Recently, significant interests have
been focused towards using diode lasers of suitable wavelength for pumping the solid-
state lasers. This led to the development of diode-pumped solid-state lasers (DPSS).
The use of diode lasers offers significant advantages over conventional flashlamps such
as better match between the output spectrum of the pumping laser and absorption char-
acteristic of laser medium, increased efficiency, and compact and lighter systems.
Electrical pumping, used in gas lasers, is achieved by passing a high-voltage electric
current directly through the mixture of active gas medium. The collision of discharge
electrons of sufficient kinetic energy excites one of the gases to high energy levels,
which subsequently transfer its excitation energy to the second gas through collision,
achieving the population inversion. There is minimum population inversion, referred to
as threshold condition, required for lasing action (Milloni and Eberly 1988).

1.3.2 Stimulated Emission

Stimulated emission results when the incoming photon of frequency v, such that
hv = (E,~E )/h, interacts with the excited atom of active laser medium with popu-
lation inversion between the states 1 and 2 with energies E| and E,, respectively.
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Fig. 1.6 Schematic diagram of laser operation (a) pumping and (b) stimulated emission

Thus, the incoming photon (stimulating photon) triggers the emission of radiation
by bringing the atom to the lower energy state (Fig. 1.6). The resulting radiations
have the same frequency, direction of travel, and phase as that of the incoming
photon, giving rise to a stream of photons (Haken 1983).

1.3.3 Amplification

Since the stimulated photons are in the same phase and state of polarization, they
add constructively to the incoming photon resulting in an increase in its amplitude.
Thus, the amplification of the light can be achieved by stimulated emission of radi-
ation. Amplification of laser light is accomplished in a resonant cavity consisting
of a set of well-aligned highly reflecting mirrors at the ends, perpendicular to the
cavity axis. The active laser material is placed in between the mirrors. Usually, one
of the mirrors is fully reflective with reflectivity close to 100%, whereas the other
mirror has some transmission to allow the laser output to emerge (Thyagarajan and
Ghatak 1981). Figure 1.7 presents the schematic of the amplification process in the
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Fig. 1.7 Schematic of amplification stages during operation: (a) initial unexcited state (laser off),
(b) optical pumping resulting in excited state, (¢) initiation of stimulated emission, (d) amplifica-
tion by stimulated emission, and (e) continued amplification due to repeated reflection from the
end mirrors resulting in subsequent laser output from one end of the mirror

resonator with flat mirrors at the ends and the active laser material in between the
mirrors. When the laser is off, the optical cavity contains all the laser material in its
initial unexcited state (Fig. 1.7a). The excitation of the atoms (population inversion)
is soon achieved by optical pumping (Fig. 1.7b), followed by initiation of stimu-
lated emission (Fig. 1.7c). The intensity of the stimulated radiation is increased as
it travels to the end of the mirrors. Further amplification is accomplished by reflect-
ing the photons into the active medium (Fig. 1.7d). The photons travel the long path
back and forth through the lasing medium stimulating more and more emissions
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resulting in a high-intensity laser beam output from one of the mirrors (Fig. 1.7e)
(Chryssolouris 1991).

To initiate and sustain the laser oscillations, the gain within the resonant cavity
must be high enough to overcome various losses. This condition is defined by a
threshold gain coefficient, km. If the beam irradiance increases from I to while
traveling from one end of the cavity to the other (cavity length, L), then, in the case
of no cavity losses, the irradiance I, can be expressed as (Wilson and Hawkes
1987):

1, (L)=1," (1.5)

where k is defined as the gain coefficient. If we define a single loss coefficient y for
various losses such as diffraction losses from the edges of the mirrors, absorption
and scattering by the mirrors, absorption and scattering in the laser medium, etc.,
then the effective gain coefficient becomes k — y and the irradiance I, can be
expressed as:

I(L)=1,e7" (1.6)

If r, and r, are the reflectances of mirrors 1 and 2, respectively, the irradiance after
reflection at mirror 1 becomes rlloe”“Y)L. Then, the final irradiance after the round
trip (including reflection from mirror 2) is given by:

1, = rr et " (1.7

The round trip gain defined as the ratio of final irradiance to the initial irradiance is
given by:

I, rrle** _
4 _hhio = rpe? Nk (1.8)
I, 1,

G:

To initiate and sustain the laser oscillation, the gain in the resonant cavity must be equal
to, or greater than, unity. If the gain is less than unity, the losses in cavity will cause the
cessation of oscillations. The threshold condition, thus, can be expressed as:

rre’te Tt =1, (1.9)

where k, is defined as threshold gain coefficient and is given by (Wilson and
Hawkes 1987):

1 1
k =v+—In| —|. 1.10
w =7 Y n( ) ( )

nn
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Fig. 1.8 Various mirror configurations for resonant cavities: (a) plane-parallel, (b) spherical,
(c) confocal, and (d) hemispherical

The preceding discussion on the amplification of stimulated emission
assumed that the mirrors of the resonant cavity are flat (plane parallel).
However, there are various other configurations which offer significant advan-
tages over the flat mirrors (Haken 1983). Various possible configurations of the
resonant cavity mirrors are presented in Fig. 1.8. The important considerations
during the designing of the mirrors are the extent of mode volume and the sta-
bility of the cavity. The mode volume can be defined as the fraction of the
excited laser medium with which the light interacts while oscillating to and fro
in the resonant cavity. The extent of mode volume is indicated by the area
enclosed by the dashed lines in Fig. 1.8. The stability of the cavity is related
with the ability to retain the light rays within the cavity after several reflections
between the mirrors. The plane parallel mirrors have the maximum mode vol-
ume. However, slight misalignment may cause the light rays to move off the
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mirrors after few reflections. Thus, the plane parallel mirrors have high mode
volume but relatively low stability. Several combinations of spherical mirrors
offer very good stability. However, spherical mirrors are associated with small
mode volumes.

The stability of the resonant cavity is determined by the radii of curvatures
of the end mirrors and the length of cavity. Based on the ray transfer matrix
analysis, the condition of the stability can be expressed as (Kogelnik and Li

1966):
0<(1-i]( —i)<1, (1.11)
Rl R2

where d is the length of the cavity, and R, and R, are the radii of curvatures of two
mirrors. The condition of stability can be expressed graphically by plotting param-
eters g, and g, as coordinate axes (Fig. 1.9). These parameters are defined as:

d (1.12)
:1——’ .
g R
d
& =1-7

2

The unstable areas are represented by points lying in the shaded area indicated in
the graph (Fig. 1.9) (Kogelnik and Li 1966).

1.4 Properties of Laser Radiation

The laser light is characterized by a number of interesting properties. Various appli-
cations of lasers exploit specific combinations of the laser properties. This section
briefly explains the most important properties of laser light.

1.4.1 Monochromaticity

Monochromaticity is the most important property of laser beam and is measured
in terms of spectral line width. The laser output consists of very closely spaced,
discrete, and narrow spectral lines, which satisfies the resonance condition
given by:

d=—, 1.13
5 (1.13)
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Fig. 1.9 Graphical representation of stability condition for resonant cavities with two mirrors of
varying radii of curvatures. (Reprinted from Kogelnik and Li 1966. With permission. Copyright
Optical Society of America.)

where d is the cavity length, n is an integer, and A is the wavelength. These dis-
crete lines, called laser modes or cavity modes, spread over a range of frequen-
cies separated by c/2d, where, c is speed of light (Fig. 1.10). The frequencies
within this range that are amplified by stimulated emission depend mainly on
the losses in the cavity and the gain characteristics. The modes in the laser out-
put correspond to those having gain greater than loss. The number of modes in
laser output equals the range of frequencies divided by spacing between the
modes. The spectral width of the CO, laser (A = 10.6um) is around 3 GHz.
Hence, for a cavity of 0.5 m, the calculated number of modes is around 10 [(3
x 10°)/(3 x 10%/2 x 0.5) = 10] (Wilson and Hawkes 1987). The number of axial
modes may exceed hundreds of modes (e.g., in Nd:glass laser). Monochromaticity
is due to narrow spectral widths of individual modes. A laser can be constructed
to operate in only one longitudinal mode to give better monochromaticity
(Ready 1997).
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Fig. 1.10 Frequency spectrum in laser output: (a) laser cavity modes, and (b) axial modes in laser
output

1.4.2 Collimation

Collimation of the laser radiation is related with the directional nature of the
beam. Highly directional beams are said be highly collimated beams, which can
be focused on a very small area even at longer distances. Hence, energy can be
efficiently collected on a small area without much loss in the beam intensity.
The degree of collimation is directly related with the beam divergence angles
(Duley 1983). For a confocal laser cavity of length d, the divergence angle can
be expressed as (Thyagarajan and Ghatak 1981):

oo (2 ) A
=sm aw, ) \ow, ) (1.14)

where w, is the smallest value of sideways spread of the beam and often called beam
waist (Fig. 1.11). The smallest value of sideways spread, w, is expressed as:

2d\"
Woz(g) : (1.15)

Ideally, the divergence angle should be zero for highest collimation. However,
this is impossible due to physical limits set by the diffraction phenomenon. The
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Fig. 1.11 Characteristics of Gaussian beam: (a) beam divergence, and (b) intensity distribution
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Fig. 1.12 Reverse telescope arrangement for improving the collimation (i.e., reducing the diver-
gence) of the beam

laser beams are characterized by very small divergence angle. The beam diver-
gence angles for most of the lasers (except semiconductor lasers) range from 0.2
to 10 milliradians. Collimation of the laser radiation can be improved by using
additional optics such as reverse telescope (Fig. 1.12). With the eyepiece and
objective lenses of focal lengths f, and f), respectively, the beam divergence is
decreased by the factor f /f, and the beam width is enlarged by the factor f /f,.

1.4.3 Beam Coherence

Coherence is the degree of orderliness of waves and is specified in terms of
mutual coherence function, y,,(T), which is a measure of the correlation between
the light wave at two points P and P, at different times 7 and ¢ + 7. The absolute
value of y,,(7) lies between 0 and 1, corresponding to completely incoherent beam
and coherent beam, respectively (Ready 1997). The two components of beam
coherence are spatial and temporal coherence (Haken 1983). Spatial coherence
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Fig. 1.13 Schematic illustrating the concept of coherence: (a) spatially and temporally coherent
light, and (b) spatially and temporally incoherent light

correlates the phases at different points in space at a single moment in time,
whereas temporal coherence correlates the phases at a single point in space over
a period of time. Figure 1.13 illustrates the concept of temporal and spatial coher-
ence. The two important quantities related to temporal coherence are coherence
time and coherence length. Coherence properties can be improved by operating
the laser in a single longitudinal and transverse mode (Rubahn 1999). Coherence
of laser beam is of particular interest in the applications such as interferometry
and holography.

1.4.4 Brightness or Radiance

Brightness or radiance is defined as the amount of power emitted per unit area per
unit solid angle. Laser beams are emitted into very small divergence angles in the
range of 107 steradians, hence it can be focused on a very small area ensuring the
correspondingly high brightness of laser beams. Brightness of the laser beam is a
very important factor in materials processing and determines the intensity (power
density) or fluence (energy density) of the laser beam. The brightness of the source
cannot be increased by the optical system; however, high brightness characteristics
are influenced by operating the lasers in Gaussian mode with minimum divergence
angle and high output power (Ready 1997).

1.4.5 Focal Spot Size

The spot radius is the distance from the axis of the beam to the point at which
the intensity drops to 1/¢* from its value at the center of the beam (Duley 1983).
Focal spot size determines the irradiance, which is of prime importance in
materials processing; for example, the dominant mechanism of material removal
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during laser machining such as surface melting or evaporation and the conse-
quent rate of material removal directly depends on the irradiance at the surface.
The maximum irradiance corresponds to the minimum diameter of spot.
However, it is not possible to focus the beam to an infinitesimal point and there
is always a minimum spot size determined by diffraction limit. For a Gaussian
laser beam, the diffraction limited minimum spot radius, r, is approximately
given by:

r =AF, (1.16)

where F denotes number of the lens. Since it is impractical to work with F-numbers
much less than unity, the minimum spot radius is approximately equal to the wave-
length of the radiation. The diffraction-limited spot size is set by the principles of
optics. The performance of the focusing optics may be further degraded by lens
aberrations. In general, best focusing conditions are primarily obtained by using
Gaussian beam profile and lenses with minimum aberrations.

1.4.6 Transverse Modes

The cross sections of laser beams exhibit certain distinct spatial profiles termed as
transverse modes and are represented as the transverse electromagnetic mode,
TEM, , where m and n are small integers representing the number of nodes in
direction orthogonal to the direction of propagation of beam. The various trans-
verse modes are shown in Fig. 1.14 (Kogelnik and Li 1966). The fundamental
mode TEM,, has Gaussian spatial distribution and is the most commonly used
mode in laser machining applications. The intensity distribution in the Gaussian
beam can be expressed as:

i
1 (r) =1,exp |:W—Z:|,

where r is the radius of the beam, 1, is the intensity of the beam at » = 0, and w is
the radius of the beam at which I = [ ¢ (Fig. 1.11b). The quality of any beam is
often expressed in terms of the factor M2, which compares the divergence of any
given beam with that of a pure Gaussian beam (M? = 1). For higher-order modes,
the value of M? is greater than unity. The laser can be made to operate in single
Gaussian mode while discarding the higher-order modes by inserting a circular
aperture within the cavity; however, this is sometimes accomplished at the expense
of some output power.

Sometimes, it is desired to have the uniform distribution of intensity in the
beam. This can be achieved by beam shaping optics. Figure 1.15 shows the sche-

(1.17)



TEM L(‘ TEM, v T:lq-

Jitie

TEM30 TEM 4o TEMso

TEMgo

TEM2, TEM32 TEM33

Fig. 1.14 Spatial modes of laser operation. (Reprinted from Kogelnik and Li 1966. With permis-
sion. Copyright Optical Society of America.)
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Fig. 1.16 Temporal modes of laser operation: (a) continuous wave mode, and (b) pulsed mode

matic of one such beam shaping operation where the Gaussian beam is converted
into “top-hat” profile with uniform intensity distribution.

1.4.7 Temporal Modes

The output of laser can either be continuous, constant amplitude, known as con-
tinuous wave (CW) mode, or periodic, known as pulsed beam mode (Fig. 1.16). In
continuous beam operation, constant laser energy is discharged uninterruptedly for
a long time. In pulsed mode of operation, the pumped energy is stored until a
threshold is reached. Once the threshold is reached, the stored energy is rapidly
discharged into short duration pulses of high energy density. In general, most of
the gas lasers and some of the solid-state lasers (Nd:YAG, dye, semiconductor
laser) are operated in continuous mode. Solid-state lasers such as ruby Nd:glass
lasers are primarily operated in pulsed mode. One of the important parameters in
the pulsed laser operation is the pulse repetition rate. Pulse repetition rate is
defined as the number of pulses emitted per unit time. For pulsed lasers the pulsing
may be carried out in various ways: normal pulsing, Q-switching, and mode lock-
ing (Ready 1997).

1.4.7.1 Normal Pulsing

In normal pulse operation, the laser pulse duration is primarily controlled by
changing parameters of the flashlamp. This is generally achieved by varying
the inductance and the capacitance in the circuitry of the flashlamp. No
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intentional attempts are made to change the properties of the resonator during
normal pulsed operation and the laser output is allowed to emerge at its natural
rate. The typical pulse durations for the normal pulses are of the order of
microseconds to milliseconds. The typical shape of the normal pulse is shown
in Fig. 1.16b. As indicated in the figure, each pulse is characterized by an
initial spike with peak power around two or three times the average power
during the pulse. After this initial spike, the power drops down. The pulse
(laser output) shown in Fig. 1.16b is approximated by a smooth curve. In
actual practice, the normal pulse shape may exhibit the complex shape
characterized by spikes of microsecond duration (Fig. 1.17). These microsec-
ond spikes with nonuniform amplitude and spacing are often referred to as
relaxation oscillations (Ready 1997).

1.4.7.2 Q-Switching

The properties of the output laser pulse can be modified by changing the prop-
erties of the resonant cavity. In Q-switching, short and intense pulse of laser
radiation is obtained by changing the Q value of the cavity. Q value of the cav-
ity is the measure of ability of the cavity to store the radiant energy. When the
Q value is high, energy will be efficiently stored in the cavity without signifi-
cant laser radiation. If the Q value of the cavity is lowered, the stored energy
will emerge as short and intense pulse of laser beam. Thus, Q-switching
involves the “switching” of Q values of the resonant cavity leading to the emer-
gence of short and intense pulse (high peak power) of laser radiation. Various
methods of Q switching are: rotating mirror method, electro-optic Q-switching,
acousto-optic Q-switching, and passive Q-switching. Pulse repetition rates as
high as a few hundred kilo hertz can be obtained in Q-switched laser operation
(Ready 1997).
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Fig. 1.18 Schematic of the pulse characteristic in the (a) Q-switched laser operation and
(b) Q-switched with mode locking operation

1.4.7.3 Mode Locking

As explained in Section 1.4.7.2, O-switching produces short and intense pulse after
each pumping pulse in the laser output. In mode locking operation, a train of
extremely short and equally spaced pulses is produced (Fig. 1.18). The mode lock-
ing is due to interaction between the longitudinal modes and results in oscillatory
behavior of the laser output. It can be achieved by modulating the loss or gain of
the laser cavity at a frequency equal to the intermode frequency separation (Av =
¢/2d). This makes the longitudinal modes maintain fixed phase relationship result-
ing in mode locking. Typical pulse repetition rates in mode-locked laser operation
are in the range of megahertz to gigahertz (Ready 1997).

1.4.8 Frequency Multiplication

The frequency of the laser beam can be multiplied by using frequency multiplier
materials. The frequency multiplier materials are characterized by the beam’s non-
linear response to the electric field. The frequency of the laser radiation can be
doubled (second harmonic generation) or tripled (third harmonic generation) with-
out adversely affecting the basic properties of laser radiation. Common frequency
multiplier materials include potassium dihydrogen phosphate (KDP), and lithium
niobate (Wilson and Hawkes 1987).
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1.5 Types of Industrial Lasers

Since the development of the first ruby laser in 1960, the laser action has been
demonstrated in hundreds of materials. However, the range and variety of
active materials for commercial lasers are still limited. Lasers are generally
classified into four main types depending on the physical nature of the active
medium used: solid-state lasers, gas lasers, semiconductor lasers, and dye
lasers. Table 1.1 gives the list of important lasers in each category. It is beyond
the scope of this book to review the principles of operation of all these lasers.
Extensive discussion of the principles of laser operation in various laser sys-
tems can be found in various standard texts. Here only few laser systems typical
of each class are explained.

Table 1.1 Typical wavelengths of various types of

lasers

Laser type Wavelength (nm)
Solid-state lasers

Nd:YAG 1,064

Ruby 694
Nd:glass 1,062
Alexandrite 700-820
Ti-sapphire 700-1,100
Er:YAG 2,940
Nd:YLF 1,047

Gas lasers

HeNe 632.8
Argon 488, 514.5
Krypton 520-676
HeCd 441.5, 325
CO, 10,600

ArF 191

KrF 249

XeCl 308

XeF 351

Copper vapor 510.6, 578.2
Gold vapor 628
Semiconductor lasers

InGaAs 980
AlGalnP 630-680
InGaAsP 1,150-1,650
AlGaAs 780-880
Liquid dye lasers

Rhodamine 6G 570-640
Coumarin 102 460-515

Stilbene 403-428
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1.5.1 Solid-State Lasers

In solid-state lasers, active medium consists of a small percentage of impurity ions
doped in a solid host material. The first practical solid-state laser was the ruby laser
developed by Maimam in 1960. Large numbers of lasers such as Nd:YAG, Nd:
glass, alexandrite, and Ti:sapphire are now available in this class. Among these,
Nd:YAG laser is the most commonly used one in the laser machining applications.
Hence, operating principles of Nd:YAG laser are explained here.

1.5.1.1 Nd:YAG Laser

Nd:YAG laser consists of crystalline YAG with a chemical formula Y,Al,O,, as a
host material. The Nd** ions substitute yttrium ion sites in the lattice with a maxi-
mum doping level of around 2%. This is a typical four-level energy laser system
earlier illustrated in Fig. 1.4b. Such systems offer significant advantages such as
ease of achieving population inversions. Hence, simple designs of flashlamps
with modest amount of pumping energy are sufficient to achieve the efficient
population inversions. The energy levels involved in the population inversion and
the laser transitions are shown in Fig. 1.19. Laser transitions takes place between
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Fig. 1.19 Schematic of the energy levels of neodymium ion showing the levels involved in
population inversion (pumping) and laser transitions
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the *F, level and the */, , level (Svelto and Hanna 1989). Due to splitting of
initial and final energy levels, several lasing wavelengths are possible, 1.064 um
being the strongest one. The output of the Nd:YAG laser can be continuous,
pulsed, or Q-switched. The light source for pumping depends on the absorption
characteristics of the crystal. For continuous operation the laser is excited by
continuous krypton-filled or xenon-filled arc lamps or semiconductor diode
lasers. Krypton lamps are efficient pumping sources for continuous Nd: YAG laser
because the emission lines from Krypton lamps agrees better with absorption
lines in Nd:YAG. For pulsed operation, flashlamps are generally used. If the
pulses of relatively large-pulse energy are desired, the laser is excited by a flash-
lamp, which gives pulses at relatively low pulse repetition rates. Nd: YAG laser is
also available in frequency-doubled mode in which the output of the laser is in
the green portion of the visible spectrum at 532nm. In addition to frequency-
doubled operation, the laser is also available in frequency-tripled (355nm) and
frequency-quadrupled (266 nm) modes.

1.5.2 Gas Lasers

In gas lasers, as the name suggests, the active laser medium is gas. Gaseous laser
materials offer significant advantages over solid material. Some of these advan-
tages are:

1. Gases acts as homogeneous laser medium.
2. Gases can be easily transported for cooling and replenishment.
3. Gases are relatively inexpensive.

However, due to physical nature of the gases (low densities), a large volume of gas
is required to achieve the significant population inversion for laser action. Hence,
gas lasers are usually relatively larger than the solid-state lasers. Gas lasers can be
classified into atomic, ionic, and molecular lasers depending on whether the laser
transitions are taking place between the energy levels of atoms, ions, and mole-
cules, respectively. There are several laser systems in each class. Only some of the
typical gas lasers are explained in this section.

1.5.2.1 CO2 Laser

CO, laser is one of the most important lasers in the laser machining of materials.
This is a molecular gas laser consisting of CO, gas as its active medium. The CO,
molecule can undergo three different types of vibrations such as symmetric stretch-
ing, bending, and asymmetric stretching (Fig. 1.20). Energy associated with these
vibrational modes is quantized (Thyagarajan and Ghatak 1981). In addition to the
symmetric and asymmetric vibrations, the molecule can also rotate. However, the
energy associated with the rotational modes is much smaller than the vibrational
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Fig. 1.20 Vibrational modes the CO, molecule: (a) symmetric stretching, (b) bending, and
(¢) asymmetric stretching

modes. This results in the splitting of vibrational energy levels into a number of
closely spaced rotational sublevels. The excited state of the CO, molecule
corresponds to the presence of one or more quanta of energy. The energy level dia-
gram for the operation of CO, laser is presented in Fig. 1.21. The operation begins
with vibrational excitation of the nitrogen molecules by electrical discharge. As
indicated in the figure, the vibrational excitation of the nitrogen molecule closely
corresponds to the (001) vibrational levels of CO,. The excited vibrational levels of
nitrogen are metastable. The nitrogen molecule exchanges collisional energy with
the COZ, resulting in vibrational excitation of CO2 molecules. Laser transition takes
place between initial level (001) and final levels (100) and (020), resulting in 10.6
and 9.6 um laser radiations, respectively. However, the laser radiation at 10.6 um is
the strongest and forms the most usual mode of operation. The practical CO, lasers
use a mixture of COZ, nitrogen and helium. The addition of helium increases the
output power. The properties of a CO, laser are mainly determined by the method
of gas flow in which sealed discharge tube, axial flow, and transverse or cross flow
are primarily used. CO, lasers can be operated in both continuous and pulsed modes
(Wilson and Hawkes 1987).
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Fig. 1.21 Schematic of the energy levels involved in the operation of CO, laser
1.5.2.2 Excimer Laser

The word “excimer” is derived from the term excited “dimer”, which means a dia-
tomic molecule that is stable in the excited state and not so stable in the ground
state. Since the ground state is unstable, very few dimer molecules remain in
ground state, and hence direct excitation from ground state is not possible.
However, various indirect excitations by electrical discharge result in laser radia-
tion. When the mixture of argon and fluorine is excited in electrical discharge, the
following processes can take place:

1. Electron attachment: e + F, > F~ + F
2. Formation of excited molecule: Ar * + F- — (ArF)"
3. Dissociation of excited molecule: (ArF)” — Ar + F + Photon (191 nm)

The emission of photon causes the ArF” molecule to fall to its lowest energy state,
in which two atoms repel each other, so that molecule breaks up. Since the ground
state is inherently unstable, the population in ground state remains low, giving eas-
ier population inversion. Typical characteristics of excimer lasers include average
power in the range of 200 W and pulse energy up to 2J per pulse. Common excimer
lasers are ArF, KrF, and XeCl (Ready 1997).

1.5.3 Semiconductor Lasers

Semiconductor lasers, as the name suggests, use semiconductor materials as active
medium. Even though it appears at first sight that semiconductor lasers are solid-
state lasers, actually they are significantly different. Semiconductor lasers are based
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on radiative recombination of charge carriers. To understand the operation
principles of semiconductor lasers it is necessary to understand the energy band
structure of semiconductors.

Typical energy band diagrams of the p—n junction in open circuit, forward bias,
and reverse bias are shown in Fig. 1.22. When a p-type semiconductor is brought
in contact with the n-type semiconductor at a junction, the electrons from the n-type
region diffuse toward the p-type region. Similarly, holes from the p-type region

pP-type n-type
eVg
__________________________ E.
5O
(a) =

Fig. 1.22 Energy band diagrams for a p—n junction: (a) open circuit, (b) reverse bias, and
(¢) forward bias
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diffuse toward the n-type region. The diffusive flow of charge carriers (electrons
and holes) in opposite directions results in the charge separation on the two sides
of the junction. The charge separation and the consequent electric field oppose the
further diffusion of charge carriers. At equilibrium, an electron in the n-type region
must overcome the built-in potential (eV,) to diffuse into the p-type region (open
circuit). When external potential (V) is applied such that the p-type region is made
negative and the n-type region is made positive, the external potential adds to the
built-in potential resulting in increased potential barrier, e(V, + V). Hence, the dif-
fusion of electrons from the n-type region to the p-type region becomes increas-
ingly difficult (reverse bias). However, when the external potential (V) is applied
such that the p-type region is made positive and the n-type region is made negative,
it reduces the potential barrier from eV, to e(V, — V). The electrons now face the
reduced potential barrier, which they can easily overcome while diffusing from the
n-type region to the p-type region. Similarly, holes can diffuse from the p-type
region to the n-type region (forward bias). The battery in the circuit can replenish
the charges and establish the current flow through the junction. The electrons and
holes injected into the p-type and n-type regions, respectively, act as minority
charge carriers and undergo recombination (Fig. 1.23). The recombination of
minority charge carriers results in the spontaneous emission of photons. This is the
basic principle of light emitting diodes (LEDs). Under certain circumstances, lasing
action can occur. Beyond certain threshold current, the population inversion
becomes high enough such that gain by stimulated emission overcomes the losses,
resulting in lasing action. The radiative output increases rapidly with increasing
current beyond the threshold current (Fig. 1.24) (Wilson and Hawkes 1987; Chow
et al. 1994; Kasap 2002).

ptype n-type

Fig. 1.23 Recombination of minority charge carriers resulting in emission of photons
(forward bias)
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Fig. 1.24 Typical light output-current characteristic of semiconductor laser
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Fig. 1.25 Schematic construction of the semiconductor laser based on a homojunction

In many semiconductor materials such as Si and Ge, the recombination of
charge carriers is mostly nonradiative and results in excess heat. A semiconductor
such as GaAs is a good emitter of photons by the recombination process. Schematic
of the typical structure of a semiconductor diode laser based on a homojunction is
presented in Fig. 1.25. Semiconductor lasers based on homojunctions are associ-
ated with sideways spreading of the radiation from the gain region resulting in loss.
More practical semiconductor lasers are based on double heterostructures having
two junctions between two different band gap semiconductors (such as GaAs with
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band gap of 1.4eV and AlGaAs with band gap of 2eV). One of the most important
distinguishing characteristic of the semiconductor lasers is that they are associated
with very wide beam divergence angles (~40°) (Ready 1997).

1.5.4 Liquid Dye Lasers

Liquid dye lasers consist of liquid solutions (organic dyes dissolved in suitable liq-
uid solvents) as active laser materials. Due to the physical nature (low density,
homogeneity, etc.) of the liquid media, the liquid dye lasers are relatively easy to
fabricate and are associated with advantages such as ease of cooling and replenish-
ment in the laser cavity. One of the most important characteristics of the dye lasers
is the tunability over the wide range of wavelengths (0.2—1.0 um). This comes from
the spectral properties of the organic dye molecules. The dye molecules efficiently
absorb radiation over a certain range of wavelength and re-emit over other broad
bands at longer wavelengths (Duarte and Hillman 1990). This is illustrated for typi-
cal dye material, rhodamine 6G, in Fig. 1.26.

A generalized energy level diagram for the dye molecule is presented in Fig.
1.27. As indicated in the figure, pumping causes the transitions S;—S, and S —S .
The molecule then rapidly (time ~107"" s) relaxes to the lowest levels of the S,
band. The laser radiations are due to transitions S,—S,. Since the transitions take place
between the bands of energy levels, laser radiations over a wide range of wavelengths
are possible. Thus, the tunability of the laser over a wide range of wavelengths is an
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Fig. 1.26  Schematic of the spectral characteristics of rhodamine 6G
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Fig. 1.27 Energy level diagram for dye molecule

important characteristic of dye lasers. The operation of dye lasers is also associated
with undesirable transitions such as S, —T,. This transition represents the loss and
lowers the laser efficiency. For better laser efficiency, S, —S,, transitions should be
maximized and S, —T, transitions should be minimized. A variety of dye materials
is available with a wide tuning range of wavelengths (Duley 1983).
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Chapter 2
Laser Materials Interactions

2.1 Introduction

Understanding the capabilities and limitations of laser machining requires the
knowledge of physical processes occurring during the laser beam interactions with
materials. When the electromagnetic radiation is incident on the surface of a
material, various phenomena that occur include reflection, refraction, absorption,
scattering, and transmission (Fig. 2.1). One of the most desirable and important
phenomena in the laser processing of materials is the absorption of the radiation.
Absorption of radiation in the materials results in various effects such as heating,
melting, vaporization, plasma formation, etc., which forms the basis of several laser
materials-processing techniques (Steen 1991). The extent of these effects primarily
depends on the characteristic of electromagnetic radiation and the thermo-physical
properties of the material. The laser parameters include intensity, wavelength, spa-
tial and temporal coherence, angle of incidence, polarization, illumination time,
etc., whereas the materials parameters include absorptivity, thermal conductivity,
specific heat, density, latent heats, etc. The interaction of laser with material is a
complex interdisciplinary subject and requires knowledge from several branches of
physics. This chapter briefly explains the important laser—material interactions and
their effects which are relevant in the laser machining and fabrication of
materials.

2.2 Absorption of Laser Radiation

As explained in Chapter 1, laser radiation is essentially electromagnetic waves,
which are associated with electric (E) and magnetic field vectors (H). Absorption
of light can be explained as the interaction of the electromagnetic radiation (char-
acterized by electric and magnetic vectors) with the electrons (either free or bound)
of the material. Electromagnetic radiation can interact only with the electrons of the
atoms of the material because the much heavier nuclei are not able to follow the
high frequencies of laser radiation. When the electromagnetic radiation passes over

N.B. Dahotre and S.P. Harimkar, Laser Fabrication and Machining of Materials. 34
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Fig. 2.1 Possible interactions of laser light with Incident beam Reflection
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the electrons it exerts a force and sets the electrons into motion by the electric field
of the radiation. The force exerted by the electromagnetic radiation of the electron
can be expressed as (von Allmen 1987):

F=eE+e(3><H), 2.1)
C

where v is the velocity of electron and c is the speed of light. If it is considered that
the electric and magnetic field carry the same amount of energy, then, according to
above equation, the contribution of magnetic field to the force is smaller than that
of the electric field by a factor of the order of v/c. Hence, the most important term
in the above equation is eE. The absorbed radiation, thus, results in the excess
energy of the charged particles such as kinetic energy of the free electrons, excita-
tion energy of the bound electrons, etc. Eventually, the degradation of the ordered
and localized primary excitation energy through various steps leads to the genera-
tion of heat. Hence, the absorption process is sometimes referred to as the secondary
“source” of energy inside the material and is used to determine the extent of various
effects on the material during laser—material interactions.

The absorption of laser radiation in the material is generally expressed in terms
of the Beer-Lambert law (Steen 1991):

1(z)=1,e™", (2.2)

where /; is the incident intensity, /(z) is the intensity at depth z, and  is the absorp-
tion coefficient. Thus, the intensity of the laser radiation gets attenuated inside the
material. The length over which the significant attenuation of laser radiation takes
place is often referred to as the attenuation length and is given by the reciprocal of
the absorption coefficient (Welch and Gardner 2002):

L= (2.3)

L
n
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For a strongly absorbing material, the absorption coefficients are in the range of
10°-10° cm™' such that the attenuation lengths are in the range 105-10° cm
(Duley 1983).

One of the important parameters influencing the effects of laser—material inter-
actions is the absorptivity of the material for laser radiation. It can be defined as the
fraction of incident radiation that is absorbed at normal incidence. For opaque
materials, the absorptivity (A) can be expressed as (Duley 1983):

A=1-R, (2.4)

where R is the reflectivity of the material. The reflectivity and the absorptivity of
the material can be calculated from the measurements of optical constants or the
complex refractive index. The complex refractive index (n ) is defined as:

n,=n—ik 2.5)

where n and k are the refractive index and extinction coefficient, respectively. These
parameters are strong functions of wavelength and temperature. The reflectivity at
normal incidence is then defined as:
2 2
R= w (2.6)
(n+1) +&°

Since parameters n and k are strong functions of wavelength and temperature, the
reflectivity (and hence the absorptivity) of the material is greatly influenced by the
wavelength and temperature (Duley 1983).

The variation of reflectivity with the wavelength of some common metallic materi-
als is presented in Fig. 2.2. The wavelengths of two important lasers (Nd:YAG and
CO,) are superimposed on the figure. As indicated in the figure, the reflectivity of the
material generally increases with increasing wavelength. Thus, the materials are
strong absorbers (less reflective) at shorter wavelengths. For a given material, the
radiation from Nd:YAG laser (A = 1.06 um) is absorbed strongly than the CO, laser
(A = 10.6 pm). However, such wavelength dependence of the reflectivity (and hence
absorptivity) should be used only as guidelines because there are several other factors
which may strongly influence the absorptivity. For example, the reflectivity of a mate-
rial generally decreases with increasing temperature (Fig. 2.3). Hence, a material
which is strongly reflective at low temperature may become strongly absorbing at
high temperature. This is of particular importance in the laser processing of materials
where laser—materials interaction results in significant increase in the surface temper-
atures. Other parameters which influence the absorptivity of the material include
angle of incidence of the radiation and surface condition of the material. These con-
cepts have been extensively utilized to improve the coupling of the laser radiation to
the reflective material by applying antireflective surface coatings and laser irradiating
the material at suitable angle of incidence (Steen 1991; Ready 1997).

The laser energy absorbed by the material during laser—material interaction is
converted into heat by degradation of the ordered and localized primary excitation
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Fig. 2.2 Variation of reflectivity with wavelength for several metallic materials. The wavelengths
of two important lasers (Nd:YAG and CO,) are superimposed on the figure. (Reprinted from
Ready 1997. With permission. Copyright Elsevier.)
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Fig. 2.3 Variation of reflectivity with temperature for 1.06 um radiation (Reprinted from Steen
1991. With permission. Copyright Springer.)

energy. The typical overall energy relaxation times are of the order of 107" s for
metals (1072~107° s for nonmetals). The conversion of light energy into heat and its
subsequent conduction into the material establishes the temperature distributions in
the material. Depending on the magnitude of the temperature rise, various physical
effects in the material include heating, melting, and vaporization of the material.
Furthermore, the ionization of vapor during laser irradiation may lead to generation
of plasma. In addition to the thermal effects, the laser—material interactions may be
associated with photochemical processes such as photoablation of the material.
These effects of laser—material interactions are schematically presented in Fig. 2.4.
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Fig. 2.4 Various effects of laser—material interaction: (a) heating, (b) surface melting, (c) surface
vaporization, (d) plasma formation, and (e) ablation

All of these effects play important roles during laser materials processing. There
exist distinct combinations of laser intensities and interaction times where specific
effect of laser—material interaction dominates. Figure 2.5 presents one such plot
showing the regimes of various laser—material interactions and their applications in
materials processing. These effects are briefly explained in the following section in
the context of laser materials processing (Bauerle 2000).



2.2 Absorption of Laser Radiation 39

10!-1

-
-
—

RN R T T
NO LASERS

o~
Eloi.,
=
>_
=
7]
&
s Lo L)
g E
&
= [s)
5 ! %
G |
&
7 - g
S 1= 2
w
w
<
g
pe Z
g -
g 3
2 3
0'-g g8 23
= w = wor
s 35 32
g g8 2 g8
-z z =z g 3
S 13 2 g5
8 s £ g 2
- P o S o
"t M PN o emeet] huwd
1018 102 10° 10° 10°? 1

INTERACTION TIME [s]

Fig. 2.5 Regimes of various effects during laser—material interactions and their application in
laser materials processing (pulsed laser ablation/deposition, PLA/PLD; laser annealing, LA; laser
cleaning, LC; laser-induced isotope separation, LIS; multiphoton absorption/ionization, MPA/
MPI; laser-supported detonation/combustion waves, LSDW/LSCW; laser-induced CVD, LCVD;
laser-induced electrochemical plating/etching, LEC; long pulse or CW CO, laser-induced
reduction/oxidation, RED/OX). (Reprinted from Béuerle 2000. With permission. Copyright
Springer.)
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2.3 Thermal Effects

When a laser beam of intensity 1, is irradiated on the surface of material, it results
in the excitation of free electrons (in metals), vibrations (in insulators), or both (in
semiconductors). As mentioned in the previous section, this excitation energy is
rapidly converted into heat (time duration in the range 107'* s for metals, 1072 to
10-¢ s for nonmetals). This is followed by various heat transfer processes such as
conduction into the materials, and convection and radiation from the surface. The most
significant heat transfer process being the heat conduction into the material. The
generation of heat at the surface and its conduction into the material establishes
the temperature distributions in the material depending on the thermo-physical prop-
erties of the material and laser parameters. If the incident laser intensity is suffi-
ciently high, the absorption of laser energy can result in the phase transformations
such as surface melting and evaporation. Generally, these phase transformations
are associated with threshold (minimum) laser intensities referred to as melting
and evaporation thresholds (/  and /). Melting and evaporation are the efficient
material removal mechanisms during many machining processes. In this section,
we will deal with the simplified analysis of laser heating, melting, and evaporation
of materials. More detailed analyses are presented in the following chapters with
reference to specific applications (Bauerle 2000).

2.3.1 Heating

To understand the effects of laser irradiation on the material, it is necessary to
evaluate the temporal and spatial variation of temperature distribution. The
most simplified thermal analysis is based on the solution of one-dimensional
heat conduction equation with simplified assumptions such as (Carslaw and
Jaeger 1959):

1. Material is homogeneous. The thermo-physical properties are independent of
temperature.

2. The initial temperature of the material is constant.

3. Heat input is uniform during the irradiation time.

4. The convection and radiation losses from the surface are negligible.

The schematic geometry of laser irradiation and corresponding temperature profiles
during laser heating are presented in Fig. 2.6. The governing equation for the one-
dimensional heat transfer can be written as:
oT (z,t 9*T (z,t
( ) - (2 )’ 2.7
ot oz

where 7 is the temperature at location z, after time #; and o is the thermal
diffusivity.
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Fig. 2.6 Schematic of the laser irradiation geometry and surface temperatures at various times:
(a) initial condition with uniform temperature 7;, throughout the material, (b) laser heating with
surface temperature, T, > T, and (¢) cooling stage (laser off) with surface temperature 77 < T,
(surface temperatures are less than melting point at all times)

The initial condition can be written as:
T(z,0)-T,, forO0< z<oo,t =0, 2.8)
where 7| is the initial constant temperature of the material.
The simple boundary condition at the surface (z = 0) assuming that laser energy
absorbed at the surface equals the energy conducted can be written as:
oT (0,1
—kﬁ =0H, (2.9)
0z
where k is the thermal conductivity and H is the absorbed laser energy. The
absorbed laser energy H can be given by the product of absorptivity A and incident
laser power density / (i.e., H = Al ). If 1 is the irradiation time (pulse on time) then
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the parameter § equals unity when the laser is on, i.e., 0 <7 < 1. It can be taken as
zero when the laser is off, i.e., t > -

The solutions of these equations can be obtained as follows:

During heating (0 <t < 1)

H .
AT(Z’ t)tqp _ ?(4(11‘)1/2 leI'fC (—(4azt)l/2 ] (210)

During cooling (¢t > 1)

2Ho'? 2. Z 172, < 2.11
AT(z,t),, = tierfc| ———— |- (71—t ierfc| ———~— [ [2.1D
Z,1), 0, X (4 t)]/2 ( p) (4 (t—tp))llz

The function ierfc(x) is defined as:

ierfe(x) = %{exp(—x2 )-x(1- erf(x))},

T

x

where erf (x) = iJ‘e—@da (2.12)
T

The temperature at the surface during heating and cooling can be obtained by sub-
stituting z = 0 in Eqs (2.10) and (2.11). Thus

1/2
AT(O0.1),., :E(ﬁ) ’ (2.13)
v k\m
172 4 ( ) 12
o\r—t

Typical calculated temperature changes at various depths during laser irradiation
of copper using laser power density of 10'© W/m? and irradiation time of 1 pus
are presented in Fig. 2.7. The important characteristics of the temperature
changes in a material during laser irradiation can be listed as (Wilson and
Hawkes 1987):

1. At the surface (z = 0), the temperature increases with increasing irradiation time,
reaches maximum corresponding to pulse time (), and then rapidly decreases.
Thus, the heating and the cooling parts of the curve are clearly separated at a
time corresponding to pulse time.

2. At certain depths below the surface (z > 0), the temperature increases with
increasing irradiation time, reaches maximum, and then decreases. However, the
maximum temperature does not reach exactly at the pulse time (), but at the
longer time (¢ > tp). The time (7 > ¢ ) to reach the maximum temperature increases
as we go further into the depth below the surface of the material.
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Fig. 2.7 Variation of calculated temperature increases with time at various depths during laser
irradiation of copper using laser power density of 10'© W/m? and irradiation time of 1 us
(Reprinted from Wilson and Hawkes 1987. With Permission. Copyright Pearson.)

2.3.2 Melting

In the preceding discussion, it was considered that the incident laser power density
was sufficient to heat the material without any phase transformations. However, the
surface temperature may reach the melting point or the boiling point at sufficiently
higher laser power densities (1, > 10° W/cm?). The corresponding laser power den-
sities are often referred to as the melting and boiling thresholds.

Now, let us consider that the surface temperature of the material exceeds the
melting point upon irradiation with laser (without surface evaporation). It is impor-
tant to analyze the temporal evolution of depth of melting during laser irradiation.
Figure 2.8 presents the various steps for the determination of the depth of melting
during laser irradiation. As indicated in Fig. 2.8a, the temperature of the surface
(z =0) increases with increasing irradiation time (), reaches maximum temperature
(T ) at pulse time (1), and then decreases. Various heating and cooling steps in
this temporal evolution of surface temperature are:

. Temperature reaches T, (T, < T ) at time ¢, (¢, < tp).
. Temperature reaches melting point (7' ) at time ¢, (, < tp).
. Temperature reaches maximum, 7' (T > T ) at time 1

. Temperature decreases to melting point 7' at time ¢, (¢, > 1)
. Temperature reaches T, (T, < T ) at time ¢, (¢, > tp).

[ I SO I O I

The corresponding temperature profiles in the depth of the material are presented
in Fig. 2.8b for various times during laser irradiation. By tracing the melting point
in the temperature verses depth plots, the positions of the solid-liquid interface can
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Fig. 2.8 Calculation of temporal evolution of depth of melting: (a) surface temperature as a
function of time, (b) temperature as a function of depth below the surface during heating and
cooling, and (c) depth of melting as a function of time

be located. For example, at time L the position of solid—liquid interface corresponds
toz=z_ . Similarly, at times 7, and ,, these positions can be located at z = 0. These
positions are schematically plotted in Fig. 2.8c. The figure indicates that during
laser irradiation, the melting initiates at time 7,. Below time 7,, the material is simply
heated without melting. Beyond 7,, the depth of melting increases with continued
irradiation and reaches maximum (z_ ) at pulse time 1 This means that the solid—

max
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Fig. 2.9 Schematic variation of melting depths during laser irradiation: (a) effect of laser power
density at constant pulse time, and (b) effect of laser pulse time at constant laser power density

liquid interface moves away from the surface during heating phase (t < tp). In the
cooling phase (¢ > tp), the surface temperature starts decreasing rapidly and the
solid-liquid interface moves towards the surface of the material (start of
solidification). The depth of melting decreases beyond ¢ and reaches zero at time
t, which marks the completion of solidification. Beyond 7,, the material simply
cools down. Thus, each laser irradiation is characterized by the maximum depth of
melting 7z corresponding to the cessation of laser power. Figure 2.9 shows the
schematic of the influence of important laser processing parameters on the temporal
evolution of depths of melting. At constant pulse time, the maximum depth of melt-
ing increases with increasing laser power density (Fig. 2.9a). In addition, at constant
laser power density, the maximum depth of melting increases with increasing pulse
time (Fig. 2.9b). It should be kept in mind that the above generalized trends are
valid for the case of laser melting before initiation of surface evaporation.

2.3.3 Vaporization

The depth of melting cannot increase to infinitely large value with increasing laser
power density and pulse time because the location of the melting point in the tem-
perature verses depth plot is limited by the maximum achievable surface tempera-
ture. Once the surface temperature reaches the boiling point, the depth of melting

reaches the maximum value z,,, , (Note that z _introduced earlier correspond to the
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cessation of power where the surface temperature has not yet reached the boiling
point). Further increase in the laser power density or the pulse time cause the evapo-
rative material removal from the surface without further increase in the depth of
melting. This is illustrated in Fig. 2.10.

The maximum depth of melting (z,,,,) at which the surface reaches the boiling
point can be calculated as follows (Wilson and Hawkes 1987):

When the temperature reaches melting point (T ) at some depth z,,, ., Eq. (2.10)
becomes:
T, :£(40¢t)”2 ierfc ZLXHZ : (2.15)
k (40t)
When the surface temperature reaches boiling point (7,), Eq. (2.13) becomes:
1/2
T, = ﬁ(ﬂ) _ (2.16)
k\ &
Taking the ratio of the above equations:
T o 7 ferfe| Snx_|. 2.17)
Tb (4at)

From Eq. (2.16), we get:

T, k7

(ar)”* = (2.18)
2H
Substituting in Eq. (2.17), we get:
jerfe| o | T (2.19)
kKT Nr | TAN®
Such equations facilitate the calculation of maximum depth of melting (z,,,,) at

which the surface reaches boiling point during laser irradiation. Such data is
particularly useful in the laser welding of materials.

Once the vaporization is initiated at the surface of the material, the continued
laser irradiation will cause the liquid—vapor interface to move inside the mate-
rial. This is accompanied with the evaporative removal of material from the sur-
face above the liquid-vapor interface. If V _is the velocity of the liquid-vapor
interface into the material during the laser irradiation, then the mass of material
removed per unit time (7i2) and the depth of vaporization (d) will be V_p (where
p is the density) and Vi, respectively. The velocity of the liquid—vapor interface
and the depth of vaporization can be calculated by simple energy balance (Steen
1991):

ve_ H (2.20)

*op(eT, +L,)

where L is the latent heat of vaporization.
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Solving,
Ht
d=——2F% . (2.21)
p(cT, +L,)
Such analysis of vaporization process during laser irradiation is important during
material removal processes such laser drilling, cutting, etc.

The two important parameters in the analysis of thermal effects during laser—
material interactions are the cooling rate and the temperature gradient. These fac-
tors have strong influence on the development of microstructure (such as those
formed by dendritic, cellular, or planar growth) during solidification of molten
material. From the above thermal analysis, the temperature gradient (G) and the
cooling rate (7) can be calculated as:

Gen=2T. (2.22)
0z
T(z1) = g—;. (2.23)

An important relationship in the solidification theory which relates these parame-
ters is (Flemings 1974):

T =GR, (2.24)

where R is the solidification rate.

The calculated variations of temperature gradient (G), the cooling rate (7"), and
the solidification rate (R) with fractional melt depth are presented in Figs 2.11-2.13
(Breinan and Kear 1983). As the laser is switched off (cessation of laser power) the
depth of melting reaches a certain value z . As solidification begin the depth of
melting decreases and eventually becomes zero corresponding to completion of
solidification at the surface. The fractional melt depth used in these plots corre-
sponds to the ratio of instantaneous depth of melting after solidification has started
to the depth of melting at the cessation of power. The calculations presented here
were performed for pure nickel with fixed initial depth of melting (depth of melting
at the cessation of power) equal to 0.025mm obtained with three absorbed laser
power densities. The following important conclusions can be drawn from these
plots (Breinan and Kear 1983):

1. The temperature gradient (G) is maximum at the start of solidification (frac-
tional melt depth = 1) and approaches minimum value (zero) at the end of solidi-
fication (fractional melt depth = 0). In addition, the temperature gradient
strongly depends on the absorbed laser power density. Since the temperature
decreases with increasing depth in the material, the actual temperature gradients
have a negative sign.

2. At the start of solidification (i.e., at the instance of cessation of laser power), the
cooling rate (7°) is zero and then becomes negative as the solidification proceeds
towards the surface of the material. Moreover, the cooling rate strongly depends
on the absorbed laser power density and has a negative sign.
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Fig. 2.11 Variation of calculated temperature gradient with fractional melt depth during laser
irradiation of nickel. The calculations were performed for initial melt depth of 0.025 mm using
three absorbed laser power densities (Q,, W/cm?) (Reprinted from Breinan and Kear 1983. With
permission. Copyright M. Bass, Editor)

3. At the start of solidification (i.e., at the instance of cessation of laser power),
the solidification rate (R) is zero and then approaches infinity as it proceeds
towards the surface of the material. The actual solidification rates have a nega-
tive sign. The solidification rates exhibit the similar trends for a given melt
depth irrespective of the absorbed power density (except for the initial
transient).
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2.3.4 Important Considerations for Thermal Analysis

Most of the previous discussion assumed that laser is uniformly irradiated on a
semi-infinite material and that the heat transfer is one-dimensional. These are
very simplified assumptions and facilitate the general understanding of laser
interaction with the material. However, in practice, there exist a number of com-
plex parameters which play important roles during laser interaction with mate-
rial. The refinement of the simple model explained here is likely to result in
more realistic results after incorporating these complex parameters. Some of
these important considerations for thermal analysis are explained in the follow-
ing sections.
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Fig. 2.13 Variation of calculated freezing (solidification) rate with fractional melt depth during
laser irradiation of nickel. The calculations were performed for an initial melt depth of 0.025 mm
using three absorbed laser power densities (Q,,, W/cm?) (Reprinted from Breinan and Kear 1983.
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2.3.4.1 Beam Shapes

In the previous discussion, it was assumed that the large area of the material was
irradiated uniformly with the laser beam. This corresponds to the constant laser
power density at all the points on the irradiated surface. However, the laser power
density (intensity) can be distributed in several distinct shapes. The most common
in the laser material processing is the Gaussian distribution of energy. The distribu-
tion of energy in the Gaussian beam is given by:

I(r) =1, exp[_zz ], (2.25)
w

where r is the radius of the beam, / is the intensity of the beam at » = 0, and w is the
radius of the beam at which I = I ™. Various other beam shapes include circular, rec-
tangular, etc. (Bauerle 2000). Special beam shapes with complex energy distributions

can be obtained by beam shaping methods. Due to nonuniform intensity distributions,
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Fig. 2.14 Various beam shapes for laser irradiation of material: (a) large area uniform illumina-
tion, (b) circular beam, and (c) rectangular beam

the heat tends to diffuse sideways and the problem can no longer be approximated as
one-dimensional. Instead, three-dimensional heat transfer needs to be considered.
This is illustrated in Fig. 2.14. Thus, accurate description of intensity distributions is
important to obtain the realistic results from thermal modeling. The general equation
for three-dimensional heat transfer is given by (Carslaw and Jaeger 1959):

aT 2 2 2
(x,y,2,1) . d T(x,y,z,t)+8 T(x,y,z,t)+8 T(x,y,2.1) 26
ot ox* 9y’ 0z’

2.3.4.2 Pulse Shapes

The temperature distribution during laser irradiation can be greatly influenced
by the temporal variation of laser beam intensity. The continuous wave (CW)
laser beams with constant laser intensity with time are easiest to define in the
thermal model. The complexity in the thermal analysis arises due to pulsed
operation of laser. In such analysis, it is important to define the temporal shape
of the pulse. Various single-pulse shapes such as rectangular pulse, triangular
pulse, and smooth pulse are shown in Fig. 2.15. Rectangular pulses are generally
characterized by the width of the pulse; whereas triangular and smooth pulses
are characterized by the width at full width half maxima (FWHM). For the same
width (for rectangular pulse) or width at FWHM (for triangular or smooth
pulses), the rectangular pulses generally give higher temperature rise compared
to triangular and smooth pulses (Béuerle 2000).

During multipulse operation, temperature of the material increases during each
pulse followed by cooling during the time between the adjacent pulses. Since the
cooling is not complete during the short duration between the pulses, the initial
temperature during heating with the subsequent pulses is always higher than that
during heating with preceding pulses. This results in the higher temperature during
heating with subsequent pulses. Thus, the pulsed heating of the material is associ-
ated with temperature fluctuations (heating and cooling) during each pulse and time
interval following the pulse (time between the adjacent pulses). This is schematically
shown in Fig. 2.16. The pulsed output of the laser may be approximated by the
constant average output such that thermal analysis yields the continuous increase in
temperature during heating (dashed curve in Fig. 2.16b).
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Fig. 2.16 Schematic of temporal evolution of surface temperature during (a) single pulse and
(b) multipulse laser irradiation of material (dotted curve indicate the average temperature)

2.3.4.3 Moving Source of Heat

The thermal model explained in the preceding section considers the irradiation of
material where both the laser beam and the material are stationary. Most of the
practical laser applications such as welding, cutting, shaping, etc. require the laser
beam to move relative to the workpiece. Hence, calculation of temperature
distributions around the moving source of heat (laser) becomes important. The
theory of moving sources of heat was first advanced by Rosenthal (1946). The
schematic of the model geometry for heating with moving point source is presented
in Fig. 2.17. For a point heating source moving with a constant velocity (v) in the
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Fig. 2.17 Schematic of the (a) heating model geometry with a moving point source of heat, and
(b) typical temperature distribution (isotherms) in the x—z plane through the point source

x-direction, with point source as origin, the three-dimensional heat transfer Eq.
(2.26) can be rewritten as (Rosenthal 1946):

T T
» dT(&,y,zt) s oT (&, y,z.1)

o0& ot
IT(&y.zt) FT(Eyz) IT(5 1) (2.27)
9 9’ 0z’

where £ is the distance of a considered point from the point source. This distance
can be expressed as:

E=x-r (2.28)

For a solid much longer than the extent of heat dissipation, the temperature distribu-
tion around the point heat source becomes constant such that an observer located at
the moving point source fails to notice the temperature changes around the point
source as it moves on. This type of heat flow is generally referred to as quasistation-
ary heat flow. This state of heat flow is defined as:

ot
Substitution in Eq. (2.27) yields:

2 2 2
_VaT(é,y,z,t)_a d T(é,y,z,t)JrB T(é,y,z,t)Jra T(é,zy,z,t) (230)

¢ o0& dy’ 0z
Equation (2.30) can besimplified further by using

T=T,+e " ¢(&,2), (2.31)

where T is the initial temperature and @ is the function which needs to be deter-
mined to calculate the temperature distributions.
The Eq. (2.30) becomes:

(Y [@0(Ey.2) 0(Ey.z) 0(Ey.2)
(Za] <P(5,y,z)—{ 2e + P + o )

(2.32)
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Po(Ey.z) p(Eyz)
a 2

For linear flow of heat where 5 =
y

v Y (&,
_(5) <p(§,y,Z)=%- (2.33)

These equations can be solved with appropriate boundary conditions to obtain the
temperature profiles around the moving point source of heat (Rosenthal 1946).

=0 Egq. (2.32) reduces to:

2.3.4.4 Temperature Dependent Properties

Another important consideration for accurate determination of temperature
distribution during laser irradiation is the temperature dependence of the thermo-
physical and other properties. Properties such as thermal conductivity, thermal
diffusivity, absorptivity, etc. are strongly temperature dependent and expected to
influence the temporal and spatial evolution of temperature during laser
irradiation.

2.4 Vapor Expansion and Recoil Pressures

As explained in the previous section, surface vaporization is initiated when the
laser intensity becomes sufficiently high (/, > 10°-10°® W/cm?). The vapor
plume consists of clusters, molecules, atoms, ions, and electrons. In the
steady-state evaporation, the vapor particles escape from the surface (solid or
liquid) at temperature 7. Initially, the vapor particles escaping from the sur-
face have a Maxwellian velocity distribution corresponding to the surface
temperature (7) with their velocity vectors all pointing away from the surface.
Due to collisions among the vapor particles, the velocity distribution in the
vicinity of the vaporizing surface (layer of the order of several mean free
paths) approaches equilibrium. This region is known as Knudsen layer and is
often treated as discontinuity in the hydrodynamic treatment. The detailed
analysis of evaporation problem was conducted by Anisimov (1968) to deter-
mine the structure of this region and the values of hydrodynamic variables
beyond the discontinuity. It was assumed that the laser power density is not
excessively large so that there is no significant absorption of laser light by the
vapor. Further, Anisimov assumed that the distribution function within discon-
tinuity region can be approximated by the sum of distribution functions before
and after the discontinuity with coordinate-dependent coefficients (Anisimov
1968, Anisimov and Khokhlov 1995):

flxv)=a(x) f,(v)+[1-a(x)]f (), (2.34)
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where
3/2 5
m my
=n exp| ——— |,v. >0
/i o(zﬂ%nJ p( 2%2] ; (2.35)
" 3/2 m(vyz +v12 +(Vx —u, )2)
L=Bn | == exp|- v, <0 (2.36)
27k, T, 2k, T,

Here, a(x) is a unknown function satisfying o(0) = 1 and (o) = 0; k, is the
Boltzmann constant; m is the mass of the vapor molecule; 7, and n, are the surface
temperature and the molecule number density at the evaporating surface, respectively;
and 7', and n, are the temperature and molecule number density at the outer boundary
of the kinetic layer formed near the evaporating surface, respectively. u, is the velocity
at the outer boundary of the kinetic layer; f3 is the coefficient; and v , Ve and v, are
the velocity components on the evaporating surface of the material. Assuming that u,
is equal to the velocity of sound within the vapor (Jouguet condition), we get:

%:/ﬁ%ﬁ, (2.37)

where 7y is the adiabatic index of the vapor.
The conservation laws of mass, energy, and momentum hold within the discon-
tinuity region. Thus,

jdvvxf(x,v) =C,
jdvvff(x,v) =C,
fdvvxvzf(x, v)=C, (2.38)

Solving the above equations for the monoatomic gas with y = 5/3, Anisimov
obtained:

B=6.29,
T, =0.67T, (2.39)
n, =0.31n,.

Thus the vapor is significantly cooler and less dense than the vapor in equilibrium
with the surface. Further analysis by Anisimov indicated that approximately 18%
of the vapor particles condensed back to the surface. The velocity of the vaporiza-
tion front is given by: ;

a i (2.40)
p(L, +2.2k,T, /m)

where [_is the absorbed laser power density and L is the latent heat of vaporization.
The above derivation on the expansion of vapor in the vacuum can also be extended
for the case of vapor expansion into ambient gaseous atmosphere by considering
the Mach number of the external flow. All the quantities 7' and n, are dependent on
the Mach number of the external flow (Anisimov 1968).
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The evolving vapor from the surface exerts the recoil pressure on the surface.
Based on the above relationships, an equation for calculation of evaporation-induced
recoil pressure (p,) at the evaporating surface is given by (Anisimov 1968):

P, _1.69( b ) 241)
0,/s L, \1+220* ) ‘

where 0, is the incident laser power; S is the area of laser spot; and b* = K,T, /
m L . For the surface temperatures equal to boiling point, the evaporation-induced
recoil pressure according to Anisimov becomes 0.55 p , where p_is the saturated
vapor pressure. Under typical materials processing (drilling, cutting, welding, etc.)
conditions, this evaporation-induced recoil pressure exceeds the highest possible
value of surface tension pressure. Thus evaporation-induced recoil pressure plays
an important role in the removal of material in molten state during materials
processing. The melt expulsion and surface evaporation processes for material
removal are schematically shown in Fig. 2.18. The comparison of the contribu-
tions of two material removal processes (melt expulsion and surface evaporation)
to the overall material removal rate is presented in Fig. 2.19. The figure indicates
that the melt expulsion is a dominant material removal mechanism at low powers;
whereas surface evaporation becomes dominant at high powers. In addition, the
material removal rate by melt expulsion increases with laser power, reaches maxi-
mum, and then decreases; whereas the material removal rate by surface evaporation
increases continuously with laser power. Under the nonstationary conditions, the
direct effect of recoil pressure is to decrease the thickness of the molten layer by

Laser Beam

! Recoil Pressure

Melt Expulsion i Vapor Vapor

N>

Melt Expulsion

Solic

Fig. 2.18 Schematic of surface evaporation and melt expulsion processes of material removal
during laser—material interactions
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with melt expulsion. (Reprinted from Chan and Mazumder 1987. With permission. Copyright
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melt expulsion. At higher absorbed laser power, the recoil pressure becomes high
resulting in thinner liquid layer thickness (due to enhanced melt expulsion, Fig. 2.20)
(Chan and Mazumder 1987).

2.5 Plasma Formation

When the material is irradiated with sufficiently larger laser intensity (/ ), significant
surface evaporation takes place as explained in the previous sections. Once the
vaporization is initiated, the interactions between the resulting vapor and the incident
laser beam become important in determining the overall effect of the laser irradiation
on the material. One of the most important interactions is the ionization of vapor.
The highly ionized vapor is termed as plasma. In dynamic equilibrium, the degree
of ionization () in a gas is often expressed by the Saha equation (Biuerle 2000):

& _ 2g (2mmk,T mex _E (2.42)
1-& gN\ Uk )

with & = Ne/Ng and Ng =N_+ N_. Here, N, and N, are the number densities of elec-
trons and atoms/molecules, respectively; g, and g _are the degeneracy of states for
ions and atoms/molecules; and E is the ionization energy.

There are two mechanisms of laser-induced breakdown (partial or complete ioni-
zation) resulting in dense plasma formation. These are cascade ionization (or
avalanche ionization) and multiphoton absorption (Fig. 2.21). The cascade ionization
considers the presence of free electrons often termed as “seed” or “priming” electrons
in the focal volume at the beginning of the laser pulse. These seed electrons absorb
the laser energy by inverse bremsstrahlung absorption process. When the energy
acquired by the free electrons exceeds the ionization potential of the molecules,
ionization of molecules is initiated by collision (Fig. 2.21a). The ionization of
molecules generates the new free electrons. These free electrons continue to absorb
the photon energy and ionize the molecules resulting in “avalanche” breakdown.
Thus the breakdown process basically consists of electron generation and cascade
ionization. Plasma generation by optical breakdown is a threshold phenomenon.
It is considered that the breakdown is reached when the free electron density in the
plasma corresponds to about 10'%/cm?® In multiphoton absorption mechanism
(Fig. 2.21b), each electron is independently ionized and thus requires no seed elec-
trons, no collision, or particle—particle interactions. Under certain irradiation regimes,
both the mechanisms may be significant. In such cases, the multiphoton absorption
process not only provides the “seed” electrons for the cascade ionization, but also
contributes and accelerates the cascade process (Kennedy 1995, Liu et al. 1997).

The generation of plasma can greatly influence (or interfere with) the interaction
of laser radiation with the material. It is convenient to define the laser power density
(Ip) at which the significant ionization of the vapor resulting in the formation of
plasma takes place. The plasma is generally considered to form near the evaporating
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Fig. 2.21 Schematic of the mechanisms of laser induced breakdown: (a) avalanche ionization by
collision with seed electrons and (b) ionization by multiphoton absorption

surface of the target and remain confined to this region during laser irradiation with
intensities just above Ip. This confinement of the stationary plasma near the
evaporating surface is generally referred to as plasma coupling (Fig. 2.22a). Plasma
coupling plays an important role in transferring the energy to the dense phase. The
energy transfer may be due to normal electron heat conduction, short-wavelength
thermal plasma radiation, or condensation of vapor back to the surface (von Allmen
1987). The plasma coupling is particularly important in conditions where normal
laser irradiation is not strongly absorbed by the target material. Such conditions exist
during irradiation of highly reflecting materials with infrared (longer wavelength)
laser radiation. Plasma coupling results in the significant increase in the absorptivity
of laser radiation by the material. When the laser power density is increased signifi-
cantly beyond . the dynamic interaction of the plasma with the laser radiation causes
the rapid expansion and propagation of the plasma away from the evaporating surface
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Fig. 2.22 Schematic of (a) plasma coupling and (b) plasma shielding effects

(i.e., towards the laser beam). Eventually, the plasma gets decoupled from the surface
and transfer of energy to the dense phase ceases. The laser radiation is then essentially
absorbed in the plasma. This condition is referred to as plasma shielding where the
decoupling of the plasma ceases the interaction of the laser radiation with the target
material via plasma (Fig. 2.22b). The propagating plasma is often referred to as
laser supported absorption wave (LSAW). The LSAWs are generally classified
into laser supported combustion waves (LSCWs) and laser supported detonation
waves (LSDWs) depending on the speed at which they propagate with respect to gas.
The LSAW propagating at the subsonic speed is termed as LSCW, while, it is termed
as LSDW when propagating at supersonic speed (Béuerle 2000).

2.6 Ablation

The term ablation is generally used for material removal processes by photo-
thermal or photo-chemical interactions.

In photo-thermal process, the absorbed laser energy gets converted into thermal
energy in the material. The subsequent temperature rise at the surface may facilitate
the material removal due to generation of thermal stresses. This is more pronounced
in the inhomogeneous targets such as coated materials where the thermal stresses
cause the explosive ablation of thin films. When the incident laser energy is
sufficiently large, the temperature at the surface exceeds the boiling point causing
rapid vaporization. These processes of material removal by thermal stresses and
surface vaporization are generally referred to as thermal ablation (Béuerle 2000).

In photoablation, the energy of the incident photon causes the direct bond
breaking of the molecular chains in the organic materials resulting in material
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removal by molecular fragmentation without significant thermal damage. This sug-
gests that for the ablation process, the photon energy must be greater than the bond
energy. The ultraviolet radiation with wavelengths in the range 193-355nm corre-
sponds to the photon energies in the range 6.4-3.5eV. This range of photon ener-
gies exceeds the dissociation energies (3.0-6.4eV) of many molecular bonds (C-N,
C-0, C=C, etc.) resulting in efficient ablation with UV radiation (Vogel and
Venugopalan 2003). However, it has been observed that ablation also takes place
when the photon energy is less than dissociation of energy of molecular bond. This
is the case for far ultraviolet radiation with longer wavelengths (and hence corre-
spondingly smaller photon energies). Such an observation is due to multiphoton
mechanism for laser absorption. In multiphoton mechanism, even though the
energy associated with each photon is less than the dissociation energy of bond, the
bond breaking is achieved by simultaneous absorption of two or photons.

The laser—material interaction during ablation is complex and involves interplay
between the photo-thermal (vibrational heating) and photo-chemical (bond breaking)
processes. One of the important considerations during the laser—tissue interaction
studies is the thermal relaxation time (7). Thermal relaxation time is related with
the dissipation of heat during laser pulse irradiation and is expressed as (Thompson
et al. 2002):

d2

T= , 2.43
4o ( )

where d is absorption depth and o is the thermal diffusivity. For longer pulses (with
pulse time longer than thermal relaxation time), the absorbed energy will be dissipated
in the surrounding material by thermal processes. To facilitate the photo-ablation of
material with minimum thermal damage, the pulse time must be shorter than that of
thermal relaxation. For such short pulses (pulse times in the range of microseconds),
the laser energy is confined to a very thin depth with minimum thermal dissipation.
Thus, efficient ablation of the material during laser—material interactions necessitate
the laser operating at shorter wavelengths with microsecond pulses.

The ablation process is generally explained on the basis of “blow-off” model
which assumes that ablation process takes place when the laser energy exceeds the
characteristic threshold laser energy. Ablation threshold represents the minimum
energy required to remove the material by ablation. Figure 2.23 presents the
schematic distribution of absorbed energy in the material irradiated with incident
laser energy E . Above the ablation threshold energy (i E, ), the material removal
is facilitated by bond breaking; whereas below ablation threshold energy, the
thermal effects such as heating takes place. Absorption properties of tissue and
incident laser parameters determine the location at which the absorbed energy
reaches the ablation threshold thus determining the depth of ablation. The depth of
ablation according to this model is given by:

0= Lln(ﬂJ (2.44)
lu'a th
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Fig. 2.23 Blow-off model of laser ablation: (a) distribution of absorbed laser intensity in the
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Fig. 2.24 Variation of ablation rate with laser fluence during pulsed laser ablation of PMMA with
pulse repletion rate of (a) 2Hz and (b) 10Hz. (Reprinted from Liu et al. 2000. With permission.
Copyright Elsevier.)

Above ablation threshold, the depth of ablation predicted based on “blow-off”
model increases continuously with the laser energy (Fig. 2.23b). However, actual
ablation depths depends on a number of other effects such as plasma shielding and
radiation-induced changes in the material absorption coefficient which tend to
deviate the actual ablation depth from that predicted by simple “blow-off” model
(Vogel and Venugopalan 2003).

The ablation rates are primarily determined by the laser fluence, the pulse dura-
tion, the number of pulses, and the pulse repetition rates (PRRs). Figure 2.24
presents the influence of some of these parameters on the laser ablation of polyme-
thyl methacrylate (PMMA) using KrF laser (wavelength: 248 nm) and pulse dura-
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Fig. 2.25 Morphology of the craters in PMMA ablated by 100 laser pulses with a fluence of
0.7 J/cm? and pulse repetition rate of (a) 2Hz and (b) 10 Hz. (Reprinted from Liu et al. 2000. With
permission. Copyright Elsevier.)

tion of 30ns. As indicated in the figure, there exists a threshold fluence below
which no ablation is observed. Once the laser energy exceeds the ablation
threshold, the ablation rates increase with laser fluence. In addition, for the con-
stant laser fluence, the ablation rate increases with increasing number of pulses
before eventual saturation. Higher pulse repetition rates generally results in higher
ablation rates. The ablation of material results in the formation of well-defined
craters on the surface (Fig. 2.25) (Liu et al. 2000).

Pulsed laser ablation is extensively used in materials processing and medical
applications. In materials processing, it can be used for micromachining, marking,
grooving, cutting, drilling, and patterning of wide range of materials; while, in
medical applications, it can be used for precision ablation of tissues such as human
corneal tissues.
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Chapter 3
Manufacturing Processes: An Overview

3.1 Introduction

Manufacturing refers to the processes of converting the raw materials into useful
products. This is normally accomplished by carrying out a set of activities such as
product design, selection of raw material, and materials processing (Kalpakjian and
Schmid 2001). There exist a large number of conventional manufacturing processes
which are used for the manufacturing of common products. However, the manufac-
turing engineering is a dynamic field marked with continuous advancement in the
traditional approaches and the incorporation of novel approaches for manufacturing
advanced products. Not all manufacturing processes can produce a product with
equal ease, quality, and economy. Each manufacturing process is generally charac-
terized by some advantages and limitation over the other processes. On the same
lines, manufacturing using lasers may offer extraordinary benefits in some cases or
may be a total failure in others. In order to keep the manufacturing of materials
using lasers in the correct context, this chapter intends to give a brief overview of
the various manufacturing processes.

3.2 Manufacturing Processes

There are a large number of manufacturing processes currently used in industries.
It is convenient to discuss the manufacturing processes by grouping them into certain
classes based on some characteristic common features. The manufacturing processes
can be classified in various ways based on factors such as geometry of workpiece,
temperature of the workpiece, and type of deformations (Kalpakjian 1967):

1. Primary and secondary manufacturing processes: Primary manufacturing
processes involve the initial conversion of the raw materials into the semifinal
product stage. The output of primary manufacturing processes is then subjected
to secondary manufacturing processes to obtain the final or finished product
geometry. Various primary manufacturing processes include casting, forging,
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rolling, extrusion, etc., whereas secondary manufacturing processes involve
various machining and forming processes.

2. Hot working and cold working processes: When the manufacturing process is
carried out at temperatures above the recrystallization temperature of the mate-
rial, it is referred to as the hot working process, whereas below the recrystalliza-
tion temperature it is referred to as the cold working process. Hot working
processes are generally carried out at elevated temperatures. For example, roll-
ing of steel may be a hot working (hot rolling) or cold working (cold rolling)
process.

3. Metal forming and metal removal processes: Metal forming processes involve
the manufacturing of a product by deforming the raw material, whereas metal
removal processes, as the name suggests, involves the removal of material from
the workpiece to obtain the desired shapes. Various rolling, forging, and bend-
ing operations can be regarded as metal forming processes. Material removal
processes include various machining operations.

In the following sections important manufacturing processes are briefly discussed.
Each manufacturing process generally involves complexity of equipment, process-
ing mechanisms, processing parameters, quality considerations, etc. This chapter is
not designed to provide the detailed discussion of all these aspects of each manu-
facturing process. Instead, only important aspects of the main manufacturing proc-
esses are discussed so that the capabilities and the limitations of the laser-based
manufacturing processes can be appreciated. Readers interested in a detailed dis-
cussion of each manufacturing process are suggested to study the standard textbook
by Kalpakjian and Schmid (2001).

3.2.1 Casting Processes

Casting process is one of the earliest manufacturing processes and involves the
production of simpler shapes from the molten material. The material is generally
melted separately and subsequently poured into the mold cavity (Fig. 3.1). The
mold cavity consists of the shape of the object to be manufactured. After solidifica-
tion of molten material in the mold, the object is removed for subsequent process-
ing. Casting processes are widely used as primary processes to produce the
prefinished products of a wide range of metallic materials (Heine et al. 1967).
Important characteristics of the casting processes are:

1. Complex products with internal cavities, hanging structures, and hollow sections
can be produced by careful design of gates, risers, mold, cores, etc.

2. Large parts of sound quality can be produced. The largest size of the part that
can be produced is related with the solidification characteristics of the metal.

3. The process is economical when the large number of parts needs to be
manufactured.
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Fig. 3.1 Schematic of the metal casting process

The casting processes are often associated with casting defects such as blowholes,
porosity, shrinkages, folds, flash, and inclusions due to excess solidified materials
(flash), incomplete filling of mold cavity, solidification shrinkages, and chemical
reactions. To enhance the soundness of the castings and minimize the scrap, impor-
tance must be given to the following considerations:

1. Mold material and mold cavity design. The mold material influences the heat
transfer characteristics, surface finish of the part, and the ease of part removal
after casting. The mold cavity design considerations include location of the part-
ing line and the compensation for various allowances (solidification shrinkages,
machining allowances, etc.).

2. Design of gates, risers, and sprues to fill the molten material in the various sec-
tions of the mold cavity and the shrinkages.

3. Geometric aspects of the part such as cross-sectional thicknesses, overhanging
sections, hollow sections, sharp cornets, etc.

4. Solidification and fluidity characteristics of the material.

5. Processing conditions such as pouring temperature, pouring rate, and liquid
head.

3.2.2 Forming Processes

In forming processes, the starting material may be in the form of continuous solid
workpiece, solid particles, or molten material. The part is manufactured by deform-
ing the initial workpiece, compacting and sintering the powder, or molding the
material into desired shapes. Various deformation processes include rolling, forg-
ing, extrusion, drawing, and sheet metal forming processes for metallic materials.
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Fig. 3.2 Schematic of various forming processes: (a) rolling, (b) forging, (c) extrusion, (d) drawing,
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Powder-based manufacturing processes are generally used for the materials with
difficulty in forming by deformation (e.g., ceramics), or to achieve specific proper-
ties in the product (controlled densification, metallurgical properties, etc.). The
molding processes are generally used for polymeric (nonreinforced or reinforced)
materials. A schematic of these forming processes is presented in Fig. 3.2
(Tschaetsch 2006; Kalpakjian and Schmid 2001; Dieter 1986).

Rolling process involves the passing of a workpiece through a set of rollers where the
compressive deformation of the workpiece causes the change in shape of the work-
piece. The rolling process is generally carried out in a series of rolling operations with
stepwise reduction in the thicknesses of the workpiece. Hot rolling operations are used
for the initial thickness reductions followed by cold rolling operations for final thick-
ness reductions. The flat or profiled rollers are used depending on the desired cross-
sectional shape of the product. The products of rolling processes include plates, sheets,
bars, and rods which are extensively used for structural applications (Roberts 1983).
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Forging process is another compressive deformation process in which the work-
piece is pressed in a die consisting of a shape of the product. The forging process
may be classified as the open and closed die forging depending on the design of the
die. The critical parameters in the design of forging are the temperature, amount of
initial material, shape and size of the object, forging forces, etc. The excess material
escapes from the die as flash and may influence the forging forces and the quality
of the forged product. Formation of flash generally increases the forging load
required for further deformation and inhibits the flow of material in the sharp and
intricate areas of the die cavity. Forging is widely used for manufacturing semifin-
ished products which are subjected to further processing to obtain the final useful
shapes (Semiatin 1988).

Extrusion process involves the reduction in the cross section of the workpiece by
forcing it through a die in a container. The die consists of an orifice (opening) of
desired cross-sectional profile. The extrusion processes are broadly classified into
two types depending on the direction in which the product is extruded with respect
to the force application: direct (forward) and indirect (backward) extrusion. Indirect
extrusion processes require less energy compared with direct extrusion processes
due to the absence of frictional forces between the billet and the container.
Extrusion processes are used for manufacturing of rods, tubes, and other products
with complex cross sections (Raghupathi 1988).

Drawing is a material forming operation in which a workpiece in the form of rod,
wire, or tube is pulled through a die opening to reduce its cross section. The impor-
tant die design parameter which influences the forces during extrusion and drawing
operations is the die angle. The length of the drawn product depends on whether the
product can be coiled or not. Long lengths of wires can be produced by coiling the
product, whereas for thicker sections, the length is limited by the length of the
drawbench. The drawing processes are also generally carried out in a series of
operations with stepwise reduction in cross section (Dieter 1986).

Sheet metal forming includes a large number of processes in which flat sheets are
converted into various shapes by bending, stretching, shearing, etc. Often, a number
of sheet metal forming operations are carried out in a sequence to obtain the desired
shape of the product. The common equipments for mechanical sheet metal forming
processes include various dies and punches. The important considerations during
most of the sheet metal forming operations are the spring-back effect, surface
defects, sheet buckling, and wrinkling. Other material-specific effects such as non-
uniform deformations (stretcher strains) in case of low-carbon steels are important
(Hu et al. 2005).

Powder-based manufacturing (powder metallurgical) processes involve the com-
paction of the fine powder into a desired shape followed by high temperature sinter-
ing. The compaction may be carried out by pressing powder into dies or by
continuously feeding the powder into rolls. The compacts are subsequently heated
to sintering temperature, which is generally less than the melting point of the mate-
rial. Powder metallurgy can be used to produce parts from a wide range of metal or
alloy powders with close tolerances. Important factors in the powder metallurgy
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processes include the ease of part removal from the compaction dies, density and
green strength of the compacts, sintering temperatures, sintering mechanisms,
shrinkage allowances, strength of the sintered products, etc. (German 1998).

Molding processes generally refer to the manufacturing processes for polymeric
products. These include processes like injection molding, blow molding, and rota-
tional molding. The initial polymeric material is in the form of solid pellets which
are melted and subsequently transferred into the mold. The molten polymeric mate-
rial may be blown into the mold to produce hollow products. The polymeric materi-
als can also be formed by casting, thermal forming, etc. The selection of
manufacturing process for polymeric materials depends on the type of polymeric
material (thermoplastics, thermosets, elastomers) and desired shape of the product.
Special processes are required for manufacturing reinforced polymer matrix com-
posites and laminates (Crawford 2001).

3.2.3 Joining Processes

In many cases, the manufacturing of a product as a one-piece with acceptable qual-
ity is not feasible or not economical and requires joining of many simple/complex
shapes which are manufactured separately. Various joining processes include weld-
ing, mechanical joining, adhesive bonding, etc. Important consideration during
most of the joining process is the achievement of properties in the joined product
equivalent to or better than the product that would have been manufactured as one-
piece shape. In many cases joining allows the fabrication of composite structures
from a wide range of materials and shapes (Nicholas 1998).

Welding is a group of joining processes such as fusion welding, solid-state welding,
brazing, and soldering. In fusion welding, two workpieces are sufficiently melted at the
joint such that subsequent solidification of the melt pool causes the joining. Filler
materials may or may not be used in fusion welding. Brazing and soldering are gener-
ally considered as low temperature processes where two parts are joined together by
using filler material which is subsequently melted by an external heating source to
form a joint after solidification. In solid-state welding, the two parts are joined without
fusion. This includes processes like friction welding, diffusion bonding, resistance
welding, etc. The properties of the workpieces need to be considered during selection
of welding process. Even though welding processes are commonly used, joining of
workpieces with widely different properties by welding still presents significant chal-
lenges. Other consideration include strength of the joints and welding defects (cracks,
heat affected zones, spatter, incomplete fusion, shrinkage, etc.) (Geary 1999).

Mechanical joining methods involve obtaining generally detachable joints using
fasteners, bolts, nuts, rivets, etc. Additional preprocessing steps such as drilling of
workpieces are generally required to position the nuts, bolts, etc. Mechanical join-
ing methods are well-suited for shapes which undergo design changes quite fre-
quently such that detachment and assembly can be done easily.



3.2 Manufacturing Processes 75

Rivet
Weld — A
Electrod [ [ I E :
ectrode p
Arc — : [ it (b) —
We!d!ng source
. direction
Workpiece —| Adhesive
| l le— ]
(a) Backing plate (C)

Fig. 3.3 Schematic of various joining processes: (a) arc welding, (b) mechanical joining, and
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Adhesive bonding involves the joining of the parts by using adhesives which holds
the parts together. Adhesives can be formulated with a wide range of properties
such as strength, corrosion resistance, thermal stability, etc. Wide ranges of natural
and synthetic adhesives are commercially available for various joining applications.
Figure 3.3 presents the schematic of various joining processes.

3.2.4 Machining Processes

The manufacturing processes such as casting, forming, joining, etc. are extensively
used in the industry. However, most of the shapes manufactured by these processes
must be subjected to secondary processes for converting them into useful fully fin-
ished products. One of the most important secondary processes is the machining
process. Machining involves removal of material from a workpiece for converting it
into the desired shape with size and tolerances per design specification. It is difficult
to imagine a manufactured product which does not require machining for at least one
of its components. Since the machining adds value to the finished product, material
removal processes have gained considerable importance to control the overall eco-
nomics of the process. Large number of machining processes have been developed
and used with varying degree of success for machining different materials. Still, one
machining method might be exceptionally good for one material and it may well be
totally unacceptable for another in terms of machining cost and quality.

The machining processes have been broadly categorized into traditional and
nontraditional machining processes based on the mechanism of material removal
(Walker 1999).

3.2.4.1 Traditional Machining Processes
Conventional machining involves material removal due to mechanical stresses

exceeding the strength of the material, induced by the tool. The basic machining
mechanism involves the localized shear deformation on the workpiece material
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ahead of the cutting edge of the tool. The material is removed in the form of chip
formed by fracture along the successive shear planes which are inclined to the cut-
ting direction. The process is analogous to the sliding of cards ahead of the cutting
edge of the tool (Fig. 3.4). The two deformation zones in metal cutting are identi-
fied as primary and secondary deformation zones. The primary deformation zone is
due to shear deformation ahead of the cutting tool due to compression of the work-
piece material during cutting action, whereas the secondary deformation zone is
due to shear and sliding of the chip as it passes over the rake face of the cutting tool
(Black 1989).

A large variety of material removal processes are used in industrial practices
primarily based on processes like turning, drilling, milling, shaping, abrasive
machining, sawing, etc (Fig. 3.5). A brief summary of these processes is given
below (DeVries 2006; King 1985; Pandey and Shan 1980).

Turning is the most commonly used industrial process for producing cylindrical
components by removing the material from the external surfaces of the rotating
workpieces. The process can be well adapted to perform various operations such as
straight turning, taper turning, facing, threading, form turning, grooving, and cut off
by varying the relative feed motions between the workpiece and the cutting tool.
Boring is similar to turning operation except that the material is removed from the
internal surfaces of the workpiece.

In drilling, holes are produced by removing the material from stationary work-
piece by longitudinal feeding of rotary end cutting tool (drill). The drills are usually
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Fig. 3.5 Schematic of some of the common traditional machining processes: (a) turning,
(b) drilling, (c¢) milling, and (d) grinding

provided with one or more flutes for the removal of chips and supply of cutting
fluids. The most commonly drilled holes ranges from 3.2 to 38 mm in diameter,
however, special techniques are available to drill the holes as small as 0.025 mm
and as large as 152mm in diameter. The various drilling operations include ream-
ing, tapping, spot facing, counterboring, and countersinking.

In milling, the material is generally removed by a rotating multiple-tooth cutter
by feeding the workpiece perpendicular to the axis of cutter. Commonly milled
materials include steels with hardness of 35 HRC, however, the harder materials
have also been successfully milled. Various milling operations include hobbing,
generating, and thread milling.

Shaping and planning processes are used for removal of material from the surfaces
of the workpiece to produce flat surfaces by relative linear reciprocating motion of
the cutting tool. The process can be readily configured to machine contours and
irregular surfaces with grooves and slots.

Various abrasive machining operations include grinding, honing, and lapping.
In grinding, material is removed from the workpiece by the cutting action of abra-
sive grains of grinding wheel surface which is rotated relative to the workpiece
surface. Grinding efficiency is greatly influenced by the sharpness of the abrasive
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grains on the surface of wheels. Single-point diamond dresser is frequently used to
resharpen the grinding wheel surface by exposing the new grits by selectively
removing the material from dull grinding wheel surface. Honing is abrasive
machining operation specially used for precision finishing of inside cylindrical
surfaces. The material is removed by shearing action of the abrasive grains of the
honing stones or sticks which are mounted on the periphery of cylindrical rotating
mandrel oscillating inside the bore to be finished. The bores with diameters as small
as 1.6mm and as large as 1,270 mm can be honed successfully.

3.2.4.2 Nontraditional Machining Processes

Nontraditional machining processes are evolved to meet the special machining needs
for which the conventional machining proves unsatisfactory both in terms of eco-
nomics and achievable machining quality. Most of these needs come from the rapid
technological advancement in the areas of materials development for advanced
applications in aerospace, automotive, and nuclear power industries. Increasing
development and utilization of super-hard, high-strength, high-temperature, and
high-performance materials in these applications is increasingly demanding com-
plex machining requirements for such difficult-to-machine materials. Some of these
difficult-to-machine materials are titanium, nimonics, metal matrix composites,
advanced ceramics, aluminides, etc. Conventional machining is limited mainly due
to unavailability of ultrahard tool material for economical machining of these diffi-
cult-to-machine materials. In most of the cases, nontraditional machining is the most
economical and effective way of machining these materials (Springborn 1967).

Nontraditional machining processes are generally considered to be manufactur-
ing processes that use common energy forms in new ways or that applies new forms
of energy. Nontraditional machining processes are categorized based on the form
of energy employed such as mechanical, electrical, thermal, and chemical. Table
3.1 lists the details of nontraditional machining processes (Benedict 1989).

Table 3.1 Various nontraditional machining processes

Class Mechanism Examples
Mechanical ~Materials removal due to abrasive ~ Abrasive jet machining
action of powder particles, Waterjet machining
water, slurry, etc. Abrasive waterjet machining
Ultrasonic machining
Electrical Material removal in the electrolyte  Electrochemical machining

due electrochemical reactions Electrochemical grinding
Electrochemical discharge grinding
Thermal Material removal using electrical Electrical discharge machining
sparks, electrons, photons, etc.  Electron beam machining
Laser beam machining
Chemical Material removal due to chemical ~ Chemical milling
action Photochemical machining
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In most of the nontraditional mechanical machining methods, the material
removal is due to progressive erosion of the workpiece carried out by waterjet or
abrasive grains suspended in high-velocity gas or water streams. The method is par-
ticularly suitable for ceramics, composites, and organic materials which are difficult
to be machined using electrical and thermal methods due to low electrical conductiv-
ity and susceptibility to thermal damage such as burning, charring, or cracking.

In electrical methods, the material removal from the workpiece is carried out
through the electrolytic action by constructing an electrolytic cell with the workpiece
as an anode. The electrolytic action not only removes the material from the workpiece
but also change the shape of it. The electrical processes are limited to the machining
of electrically conducting materials, however, the processes finds utilization in spe-
cialized applications where conventional techniques find difficulty in machining.

In thermal methods of machining, high energy source concentrates energy on a
small area of the workpiece so that the material removal takes place by localized
melting and/or evaporation. The various energy sources may be electrons, photons,
electrical sparks, etc. The material removal rate is independent of the hardness and
strength of the material and hence the thermal methods are often applied for
machining extremely hard and difficult-to-machine materials.

Chemical method involves the material removal by chemical action without any
force acting on the surface. The most common chemical methods are controlled etching
techniques which can be used to uniformly remove the workpiece material from all the
surfaces or thin the specific areas of surfaces. The parts to be machined are immersed in
a tank containing etching solutions without electrical assistance. The selective machin-
ing applications, the remaining areas are protected by special coatings and masks.

3.3 Lasers in Manufacturing

Lasers are finding continuously increasing utilization in the manufacturing proc-
esses. The applications of lasers have been demonstrated in many casting, forming,
joining, and machining processes. Some of these processes are still in the stage of
development. Currently, there are several laser-based manufacturing processes
which are commonly used for specific applications. This section outlines these
laser-based manufacturing processes. These processes are explained in detail in the
subsequent chapters.

3.3.1 Laser Casting

The conventional casting methods are still the most commonly used methods for
producing initial shapes of the products. Lasers have been demonstrated to be used
in casting of materials. These laser casting methods are primarily derived from
laser cladding processes. In laser cladding, generally a surface of highly corrosion
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and/or wear-resistant material is created on some substrate material. Laser is used
to completely melt the preplaced powder and partially melt the substrate such that
a strong bond is formed at the interface. In laser casting, metal powder of prede-
fined thickness is placed on the mold followed by laser melting. The most impor-
tant consideration for the success of laser casting is the selection of laser parameters
such that fusion at the mold—powder interface is avoided (Fig. 3.6). This facilitates
the removal of casting from the mold (Gedda et al. 2005). The process is still under
development and there are significant challenges with respect to size, shape, and
quality of the castings produced by such laser casting processes.

3.3.2 Laser Forming/Shaping

As mentioned in the previous sections, the common forming processes includes a vari-
ety of solid-state bulk plastic deformation processes (such as extrusion, rolling, and
forging), sheet metal forming processes, and powder-based forming processes. The two
areas where lasers are increasingly used are laser forming and rapid prototyping.

Laser forming primarily refers to the sheet metal forming processes such as
bending (Fig. 3.7). The laser bending of sheet is primarily based on establishing
steep temperature gradients in the sheet by laser heating (during scanning) such that
differential thermal expansion results in thermal stresses. When the thermal stress
exceeds the temperature-dependent yield stress, plastic deformation of the material
causes the bending of sheet. In general, the laser forming methods offer significant
advantages over the conventional mechanical forming processes such as rapid
processing and bending without spring-back effects. However, there are specific
applications where laser forming have been proved particularly useful and efficient.
Laser forming (bending) processes are primarily suitable for rapid fabrication of
low-quantity parts such as prototypes and special shapes where conventional mechani-
cal forming processes are often uneconomical due to longer design time, high cost of
dies, and longer fabrication times. Due to noncontact nature of the laser processing,
lasers may be used for bending complex shapes using complex laser scanning strate-
gies. Recently, laser forming have attracted significant interests in the microfabrication
for precision adjustment of components. The major application area of laser forming
is the correction of bend angles obtained by conventional forming methods.

Lasers are at the forefront of the rapid prototyping technologies for the fabrica-
tion of three-dimensional objects. Laser-based rapid prototyping processes such as
stereolithography (SL), selective laser sintering (SLS), laminated object manufac-
turing (LOM), laser engineered net shaping (LENS), etc. are now extensively used
for the fabrication of a variety of complex shapes for a wide range of materials.
These processes are based on various mechanisms such as photopolymerization of
liquid polymeric resins, sintering of solid particles (metals, ceramic, polymers, etc),
stacking of laser-cut adhesive bonded sheets, melting and solidification of powder
fed in laser beam, etc. Schematics of the various laser-based rapid prototyping
processes are presented in Fig. 3.8.
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(a)

Fig 3.6 Laser casting process: (a) casting, (b) casting and mold, and (c¢) mold. (Reprinted from
Gedda et al. 2005. With permission. Copyright Springer.)
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Fig. 3.8 Laser-based rapid prototyping processes: (a) stereolothography, (b) selective laser
sintering, (c¢) laminated object manufacturing, (d) laser engineered net shaping. (Fig. 3.8a
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3.3.3 Laser Joining

Lasers have been extensively used for joining (welding and soldering) of variety of
materials. The various laser welding processes involve spot welding, seam welding,
and deep penetration welding. Laser welding generally involve the formation of
keyhole by the surface vaporization of material (Fig. 3.9). This keyhole facilitates
the absorption of light energy and distribution of heat such that melting of the
workpieces at the joint results in the formation of weld. The laser welding offer
significant advantages over the conventional welding such as high welding speed,
possibility of dissimilar welding, welding of difficult-to-weld materials, microw-
elding, precision welding of components, narrow heat affected zone (HAZ), etc.
There exist some specialized applications (such as inside welding, welding of
devices, etc.) where conventional welding may not produce quality welds. Such
applications are well handled with laser welding processes. Laser welding is par-
ticularly economical for high production volumes compared to other competent
welding processes. There may be some limitations on the thickness of the work-
pieces and the speed of laser welding. The selection of laser welding for a given
application must be derived from the welding capabilities of the various laser
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Workpiece
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Fig. 3.9 Schematic of laser penetration welding
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sources, overall economics of the manufacturing, and the quality of the welds
produced. The flexibility of lasers in the manufacturing processes is due to ability
of the lasers to sequentially weld and machine (cutting, drilling, etc.) by optimizing
the laser processing parameters.

3.3.4 Laser Machining

Another major area of laser applications in the manufacturing processes is the laser
machining. By controlling the motion and geometry of the workpiece, and laser
beam delivery system, lasers can be used for a variety of one-, two-, and three-
dimensional machining applications (Chryssolouris 1991). Schematics of the basic
laser machining processes are presented in Fig. 3.10.

Lasers are now extensively used in the industry for drilling, cutting, and shaping
of materials. The laser machining operations are efficient and economical in a
number of industrial applications where large production rates are desired. Laser
drilling is particularly useful for high-aspect ratio microdrilling applications where
conventional mechanical drilling is not applicable or less efficient. Laser drilling
can be used with a variety of material systems ranging from, metal, polymers,

Laser beam and gas jet Laser beam and gas jet

Melt expulsion

v s /Workpiece

( a) Workpiece (b)

Laser beam

4"’

( C) Workpiece (d ) Workpiece @ —

/<
%

Heat affected zone

Fig. 3.10 Schematic of basic laser machining processes: (a) laser drilling (one-dimensional
machining), (b) laser cutting (two-dimensional machining), (c¢) laser milling (three-dimensional
machining), and (d) laser-assisted machining
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ceramics, to composites. There may be certain limitations on the diameter and the
depth of the laser-drilled holes. However, with the careful design of the laser drill-
ing systems (such as trepanning and percussion drilling), big and wide holes may
be produced. In addition, the laser-drilled holes may be associated with certain
undesirable geometric and metallurgical defects (such as taper, recast layer, etc.).
Again, careful design of laser parameters (pulse shapes, beam profiles, laser power,
etc.) and other process parameters (application of coating, assist gases, nozzle
designs, etc.), may minimize or eliminate these laser drilling defects. Thus, lasers
can be used for drilling high-aspect ratio holes in variety of materials. The overall
drilling economics and the desired quality levels must be considered before select-
ing laser drilling for a given application.

Laser cutting is an established technology for machining difficult-to-machine
materials such as advanced ceramics. Laser cutting can be used in a number of
ways to remove the materials (vaporization, melt expulsion, chemical reactions,
etc.), thus, extending the limits of machining capabilities. Both pulsed and continu-
ous lasers have been used for laser cutting, which offers significant advantages
such as cutting of complex geometries, faster processing speeds, cutting of wide
range of materials, clean cuts, etc. Laser cutting may also be associated with certain
defects such as striations (periodic pattern on the cut edge), dross, heat-affected
zones, etc. Hence, selection of the laser cutting process for a given application pri-
marily involves careful consideration of laser cutting capabilities, quality consider-
ations, and overall economics of manufacturing.

3.4 Selection of Manufacturing Processes

As explained in the previous sections, lasers can be used in a number of manufac-
turing processes. In many cases, laser manufacturing seems to offer significant
advantages over the conventional manufacturing processes. However, the final
selection of the best manufacturing process for a given application is a complex
process and involves the careful consideration of several factors such as desired
shape and size of the product, properties of materials, quality of the manufactured
product, and the cost of manufacturing. Often, there exists a trade-off between
these factors. For example, in critical applications, highest quality of the product is
desired irrespective of the cost of manufacturing; whereas in less critical applica-
tions, low-cost manufacturing is desired at acceptable product quality levels.

3.4.1 Properties of Materials

The selection of a manufacturing process for a given material is influenced by a
number of factors, the most important being the physical properties of the desired
product material. Materials are broadly classified into four categories: metals,
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Table 3.2 Relative capabilities of various conventional and laser manufacturing processes

Conventional manufacturing Laser manufacturing
Material Casting Forming Joining Machining Forming Joining Machining
Metals E E E E G G E
Ceramics P G P P G P E
Polymers G E P P G P G
Composites P G P P P P G

E: Excellent, G: Good, P: Poor

polymers, ceramics, and composite materials. All materials cannot be manufac-
tured by a single process with equal ease, economy, and quality (Kalpakjian and
Schmid 2001). Table 3.2 provides the manufacturing processes suitable for various
broad classes of materials. This suitability of various manufacturing processes is
determined by the materials properties such as melting point, deformation resist-
ance, strength, ductility, etc. The suitability of laser-based manufacturing processes
is primarily determined by the light absorption characteristics of the material.

Metallic materials are probably the most extensively used materials for the manu-
factured products. Manufacturing processes such as casting, forming, joining, and
machining can be effectively used for producing metallic products. The conventional
casting methods (such as sand casting) can be used to produce the parts of low-melt-
ing point metallic materials (such as aluminum, magnesium, cast irons, copper, etc.
with melting point less than ~1,800K) over a wide range of sizes. Similarly, forming
methods such as rolling, extrusions, and forging are used for low-melting point
metallic materials. For high-melting point metallic materials (such as tungsten,
molybdenum, tantalum, etc. with melting point greater than ~2,000K), the conven-
tional casting methods cannot be used and the advanced casting methods such as
electron beam casting may be required. Powder-based forming methods are most
popular for the high melting point metallic materials; however, low-melting point
materials can also be formed (Fig. 3.11) (Ashby 1999). Large numbers of joining
processes are available for joining similar and dissimilar metallic materials.
Conventional machining of metallic materials using variety of cutting tool materials
such as high speed steels, carbide, diamond, ceramics, and cubic boron nitride are
widely used material removal method. Lasers are effectively used for the manufac-
turing of metallic materials. Metallic materials are generally characterized by very
high reflectivities to the laser radiations. Hence, the application of lasers in the man-
ufacturing of metallic materials requires the careful consideration of laser wave-
lengths such that efficient laser—material interactions can be obtained. Various useful
laser interactions with the metallic materials during laser manufacturing involve
heating, melting, vaporization, ablation, plasma generation, etc.

Plastics are normally used in as-formed condition produced by molding processes.
However, for the small production volume, complex and accurate shapes machining
is necessary. In most cases, conventional machining techniques are used for
machining plastics despite of difficulties due to the complexity of plastic grades and
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Fig. 3.11 Material selection chart for casting. (Reprinted from Ashby 1999. With permission.

Copyright Elsevier.)

abrasive filler/fiber contents in these materials. In addition to the machining
conditions such as rake angle, tip radius, depth of cut and cutting speed, and
machining of plastics is greatly influenced primarily by their thermal, mechanical,
and rheological properties. Lasers can be used for the machining and forming of the
polymeric materials. In many applications, the laser interactions for the machining
of the polymeric materials involve the direct ablation of material. The forming of
three-dimensional polymeric shapes is facilitated by the photo-polymerization of

resins as used in the laser-based rapid prototyping techniques.
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Ceramics are widely used in a wide range of applications such as structural, auto-
motive, and electronic applications due to their unique combination of properties
such as high hardness, high thermal strength, chemical inertness, attractive high
temperature abrasion resistance, and low density. Despite these remarkable proper-
ties, the actual utilization of advanced ceramics has been quite limited mainly
because of high cost of the machining and inability to achieve the dimensional
control and workpiece quality required for these applications. The production
methods for ceramics like compaction and sintering are still not developed enough
to produce dimensional accuracy of the finished part, in addition to the processing
defects like material shrinkage and distortion. Conventional machining includes
most widely used grinding or diamond machining which are very expensive and
time consuming. Machining cost for ceramics by conventional machining accounts
for 60-90% of the total cost of the final product (Chryssolouris et al. 1997). For
such applications laser machining offers economical solutions. Lasers are well-
suited for processing of most of the ceramic materials due to very high absorptivi-
ties of ceramics to laser radiations. Lasers are now extensively used for machining
and forming of ceramic materials.

The composite materials represent a class of advanced materials with unique
properties obtained by combining two or more constituent materials. Due to
widely differing properties of the constituent phases in the composite materials,
the manufacturing composites present significant challenges. Depending on the
type of constituent materials (matrix and reinforcing phases), the composite
materials have widely differing manufacturing routes. The application of lasers in
the manufacturing of composite materials is primarily in the areas of machining
and forming.

3.4.2 Geometrical Complexity of Product

In the simplest of terms, this consideration refers to the capability of the process
to produce the part of desired shape, size, and thickness. Each manufacturing
process is often characterized by a range of sizes and thicknesses, and complex-
ity of shapes that can be produced. For example, the largest size of the part pro-
duced by casting is often limited by capabilities of the casting process to
efficiently fill the various sections of the cavity such that sound casting can be
produced. Similarly, the complexity of the shape in casting depends on the abil-
ity to completely fill the sharp corners and intricate cavities of the mold. Figure
3.12 presents the process selection chart showing the regions of part size and the
shape complexities for various manufacturing processes (Ashby 1999). With the
recent interests in microfabrication, the capabilities of the manufacturing proc-
esses are also assessed in terms of the size of the smallest part that can be pro-
duced. Thus, there are limits on the maximum and minimum sizes of the part
that can be effectively produced by a manufacturing process. This is illustrated
in Fig. 3.13 for the fabrication of a web-shaped component by various fabrication
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Fig. 3.12 Process selection chart showing the relationship between the part size and shape com-
plexity for various manufacturing processes. (Reprinted from Ashby 1999. With permission.
Copyright Elsevier.)

processes (Schey 1997). As indicated in the figure, the size of the part that can
be produced by a given process is also influenced by the material properties. In
addition, the design of the manufacturing equipment may limit the size of the
part that can be produced. In case of laser processing, due to the noncontact
nature of the process, the largest size of the part that can be produced seems to
be limited primarily by the equipment design. For example, lasers can be effi-
ciently used for the forming of the large sheet metal structures provided the
beam delivery systems must be adequate to scan the laser along the longer dis-
tances. Lasers are currently used in a number of microfabrication applications.
Thus, laser processing is significantly more flexible than the conventional proc-
esses for the bulk- and microfabrication.
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Fig. 3.13 Capabilities of various manufacturing processes for obtaining minimum part dimen-
sions. (Reprinted from Schey 1987. With permission. Copyright McGraw-Hill.)

3.4.3 Quality Parameters

Quality of the manufactured part is related with the geometric and metallurgical
soundness of the part. This includes the considerations of manufacturing defects,
dimensional tolerances, surface finish, etc.

Every process is inadvertently associated with certain manufacturing defects.
For example, casting process is often associated with defects like blowholes, micro-
porosity, etc.; whereas rolling process is often associated with wavy edges and edge
cracking. Table 3.3 presents the list of possible defects in various manufacturing
processes. Some of these defects may not be critical enough to deteriorate the func-
tional performance of the part. However, in some cases, these defects may seriously
influence the performance. For example, defects like surface flaws are significantly
related with the strength degradation of the parts. One of such strength degradations
is the fatigue failure which can be strongly correlated with the surface flaws intro-
duced during machining since the crack initiation lifetime is a negligible fraction
of total life. Secondary processing may be used to minimize/remove the defects in
the primary manufacturing processes. The key in the selection of the manufacturing
process for a given product is to assess the severity of the common manufacturing
defects on the functional performance of the part.

The other important quality considerations are related with the dimensional
tolerances and surface finish. Dimensional tolerances are particularly important
in the operations involving assembly of many parts or the operations where the
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Table 3.3 Possible defects in various manufacturing processes

Manufacturing process

Defects

Conventional manufacturing

Casting Blowholes, porosity, segregation, hot tears, shrinkage,
incomplete filling, and inclusions

Rolling Wavy edges, edge cracks, alligatoring, and center cracks

Forging Internal and external cracks, tears, cold shuts, seams,
laps, bursts, and poor grain structure

Extrusion Surface cracking, center burst, internal oxide stringers,

Sheet metal forming

Powder metallurgy

internal pipes, and axial hole (funnel)

Spring-back, stretcher strains, orange peels, wrinkling,
cracking, and residual stresses

Lamination cracking, blowouts, excessive porosity,
shrinkage, and incomplete filling

Molding Distortion, shrinkage, porosity, incomplete filling, etc.

Machining Surface and subsurface cracking, roughness, stresses,
poor surface finish, etc.

Welding Spatter, incomplete fusion, incomplete penetration, longi-

tudinal cracking, undercutting, porosity, etc.
Laser manufacturing
Laser forming Nonuniform bending angle, heat-affected zone, excessive
section thickening, and strain hardening
Heat affected zone, taper, recast layer, cracking, stria-
tions, geometric irregularities, etc.
Laser joining Geometric irregularities, incomplete penetration, etc.

Laser machining

functional performance is closely linked with the dimensions of the part.
Dimensional tolerances refer to the allowable deviations from the designed speci-
fication. To achieve the designed performance of the part, closer tolerances
should be met. Figure 3.14 presents the tolerances obtained in various common
machining processes (Kalpakjian and Schmid 2001). As indicated in the figure,
some machining processes give tight tolerances of the products primarily due to
characteristic material removal mechanisms associated with the process. In addi-
tion to the requirements of the tighter dimensional tolerances, the surface finish
of the manufactured product is also important. The surface finish is related with
the geometric irregularities of the surfaces of manufactured product. Surface
finish is influenced by the number of parameters such as surface defects, phase
transformations, residual stresses, reactions, etc. The undesirable surface finish
may necessitate the additional finishing operations. In case of high-temperature
manufacturing processes, the surface oxidation may be removed by additional
machining operations. However, maintaining the required designed dimensions
of the part after finish machining is important. Similarly, machining of materials
may introduce surface cracks resulting in strength degradation. One of the impor-
tant parameters used to characterize the surface finish is the surface roughness.
Figure 3.15 presents the ranges of roughness values obtained with a number of
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Fig. 3.14 Dimensional tolerance obtained with various manufacturing processes (Reprinted from
Kalpakjian and Schmid 2001. With permission. Copyright Pearson Education, Inc.)

manufacturing processes (ASME Report 2003; Field et al. 1989). As indicated in
the figure, the nontraditional processes generally give better surface finish com-
pared to the traditional manufacturing processes. In many cases, surface finish of
the product can be improved by controlling the process parameters. For example,
heat generation during machining may influence the surface finish of the
machined product. During machining of polymeric materials, if the heat generation
increases the temperature of the workpieces above glass transition temperature,
good surface finish can be achieved due to material removal in ductile manner.
Else, rough surface may appear as a result of brittle fracture.

3.4.4 Manufacturing Economics

In many cases, final selection of the manufacturing process for a given applica-
tion is dominated by the economic considerations. This is targeted towards
minimization of production costs at acceptable quality of the product. There are
many factors such as production volumes and production rates which influence
the overall economics of the process. The procedures for calculating the manu-
facturing costs differ significantly for various manufacturing processes due to
differing mechanisms associated with them. In general, the manufacturing costs
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include material cost, fixed cost, tooling cost, variable cost, labor cost, etc. This
is illustrated for the case of machining of materials. The important factor which
influences the machining economics is the cutting speed. As the cutting speed
increases, the machining time decreases resulting in reduced labor cost. However,
increase in cutting speed is also accompanied with rapid tool wear resulting in
higher costs of tools and tool changing. Due to these opposing factors, there
exists some optimum range of cutting speed which results in minimum cost of
machining per piece. Thus total cost of machining per piece is a sum of various
costs such as machining cost (depends on machining time, labor cost, overhead
cost, etc.), tool cost, tool changing cost, and other nonmachining cost (set up cost,
fixtures cost, idle cost, etc.). Schematic of the variations of these costs with
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Table 3.4 Relative economic comparison of various machining processes (Springborn 1967;
Pandey and Shan 1980)

Parameter influencing economy

Capital Toolings/ Power Removal

Machining process investment  fixtures requirements  efficiency Tool wear

Conventional Low Low Low Very low Low
machining (CM)

Ultrasonic machining Low Low Low High Medium
(USM)

Abrasive jet Very low Low Low High Low
machining (AJM)

Electrochemical Very high Medium Medium Low Very low
machining (ECM)

Chemical machining ~ Medium Low High Medium Very low
(CHM)

Electric discharge Medium High Low High High
machining (EDM)

Plasma arc machining Very low Low Very low Very low Very low
(PAM)

Laser beam Medium Low Very low Very high Very low

machining (LBM)
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cutting speed is presented in Fig. 3.16. The figure indicates that the optimum
range of cutting speed lies between the cutting speeds which give minimum unit
cost and maximum production (Dieter 1986). Relative economic comparison of
various machining processes is presented in Table. 3.4.

In summary, laser processing have demonstrated the capabilities to be used in a
number of manufacturing processes such as casting, forming, joining, and machin-
ing for a wide range of materials. However, laser processing is currently used for
highly specialized applications. In many of these applications laser processing offer
significant benefits not only from the viewpoint of technical capabilities but also
from the economic considerations. Figure 3.17 presents the data of the worldwide
sale of nondiode lasers for various applications (Kincade and Anderson 2007). As
indicated in the figure, the application of lasers is dominated in the field of materi-
als processing (welding, cutting, drilling, semiconductor and microelectronics
manufacturing, marking, rapid prototyping, etc.). Furthermore, in line with the
continuous advancement in the laser technology, the applications of lasers are rap-
idly increasing with more and more laser systems being employed in the production
lines. The selection of laser manufacturing in a given application must be derived
from careful consideration of various aspects of manufacturing such as process
capabilities, economy, product quality, etc.



96 3 Manufacturing Processes: An Overview

References

Ashby MF (1999) Materials Selection in Mechanical Design. Butterworth-Heinemann, Oxford.

ASME Report (2003) Surface texture (surface roughness, waviness and lay). ASME Report No.
B46.1-2002, American Society of Mechanical Engineers.

Benedict GF (1989) Non-traditional machining processes: introduction. In: Davis JR (ed) ASM
Handbook: Machining, ASM International, Ohio, vol. 16, pp. 509-510.

Black JT (1989) Mechanics of chip formation. In: Davis JR (ed) ASM Handbook: Machining,
ASM International, Ohio, vol. 16, pp. 7-12.

Chryssolouris G (1991) Laser Machining: Theory and Practice. Springer, New York.
Chryssolouris G, Anifantis N, Karagiannis S (1997) Laser assisted machining: an overview.
Journal of Manufacturing Science and Engineering, Transactions of ASME 119:766-769.

Crawford RJ (2001) Plastic Engineering. Butterworth-Heinemann, Oxford.

DeVries WR (2006) Analysis of Materials Removal Processes. Springer, New York.

Dieter G (1986) Mechanical Metallurgy. McGraw-Hill, New York.

Dutta D, Prinz FB, Rosen D, Weiss L (2001) Layered manufacturing: current status and future
trends. Journal of Computing and Information Science in Engineering, Transactions of the
ASME 1:60-71.

Field M, Kahles JF, Koster WP (1989) Surface finish and surface integrity. In: Davis JR (ed) ASM
Handbook: Machining, ASM International, Ohio, vol. 16, pp. 19-36.

Geary D (1999) Welding. McGraw-Hill, New York.

Gedda H, Kaplan A, Powell J (2005) Melt-solid interactions in laser cladding and laser casting.
Metallurgical and Materials Transactions B 36:683-689.

German RM (1998) Powder Metallurgy of Iron and Steel. Wiley, New York.

Heine RW, Loper CR, Rosenthal PC (1967) Principles of Metal Casting. McGraw-Hill,
New York.

Hu J, Marciniak Z, Duncan J (2005) Mechanics of Sheet Metal Forming. Butterworth-Heinemann,
Oxford.

Kalpakjian S (1967) Mechanical Processing of Materials. Van Nostrand, New Jersey.

Kalpakjian S, Schmid S (2001) Manufacturing Engineering and Technology. Prentice-Hall, New
Jersey.

Kincade K, Anderson SG (2007) Laser industry navigates its way back to profitability. Laser
Focus World 43:82-100.

King RI (1985) Handbook of high-speed machining technology. Chapman & Hall, New York.

Nicholas MG (1998) Joining Processes. Kluwer Academic, The Netherlands.

Pandey PC, Shan HS (1980) Modern Machining Processes. McGraw-Hill, New Delhi.

Raghupathi PS (1988) Cold extrusion. In: Davis JR (ed) ASM Handbook: Forming and Forging,
ASM International, Ohio, vol. 14, pp. 299-312.

Roberts WL (1983) Hot Rolling of Steel. CRC Press, Boca Raton, FL.

Semiatin SL (1988) Introduction to forming and forging processes. In: Davis JR (ed) ASM
Handbook: Forming and Forging, ASM International, Ohio, vol. 14, pp. 15-21.

Schey JA (1997) Introduction to Manufacturing Processes. McGraw Hill, New York.

Springborn RK (1967) Non-traditional machining processes. American Society of Tool and
Manufacturing Engineers, Michigan.

Tschaetsch H (2006) Metal Forming Practise: Processes—Machines—Tools. Springer, Berlin.

Walker J (1999) Machining Fundamentals: From Basic to Advanced Techniques. Goodheart-
Willcox, Illinois.

Ye R, Smugeresky JE, Zheng B, Zhou Y, Lavernia EJ (2006) Numerical modeling of the thermal
behavior during the LENS process. Materials Science and Engineering A 428:47-53.



Chapter 4
Laser Drilling

4.1 Introduction

Laser drilling is one of the earliest applications of lasers in materials processing.
Output energies of the first ruby laser were often described in terms of the
number of razor blades which could be penetrated by the focused laser beam.
Laser drilling is most extensively used in the aerospace, aircraft, and automotive
industries (Tam et al. 1994; Benes 1996; Giering et al. 1999). The most impor-
tant application of laser drilling in the aerospace industry is the drilling of a
large number of closely spaced effusion holes with small diameter and high
quality to improve the cooling capacity of turbine engine components. In addi-
tion, laser drilling of diamond drawing dies and gemstones have been exten-
sively used (Nagano 1978; Meijer 2004). The common industrial applications of
laser drilling include cooling holes in aircraft turbine blades, optical apertures,
flow orifices, and apertures for electron beam instruments (Knowles 2000,
Wau et al. 20006).

Laser drilling is a noncontact, precise, and reproducible technique that can be
used to form small diameter (~100 wm) and high-aspect ratio holes in a wide variety
of materials. The advantages of laser drilling include the ability to drill holes in
difficult-to-machine materials such as superalloys, ceramics, and composites with-
out high tool wear rate normally associated with conventional machining of these
materials (Voisey and Clyne 2004). Conventional mechanical drilling is often a
slow process (drilling time ~60 s/hole) and associated with difficulties of drilling at
high angles. Drilling rates as high as 100 holes/s can be achieved in production
environment by coordinating the workpiece motions with pulse period of pulsed
laser source. Laser drilling does not pose substantial problems at high angles of
incidences. Laser drilling is also well suited for the nonconducting substrates or
metallic substrates coated with nonconducting materials where the electric dis-
charge machining is limited. For example, the drilling of thermal barrier-coated
superalloys in aerospace applications can be well achieved by laser drilling instead
of electrical discharge machining (Kamalu et al. 2002). In addition, recently the
laser drilling of composite materials such as multilayer carbon fiber composites for
aircraft applications is attracting increasing interest due to potential advantages of
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rapid processing, absence of tool wear, and ability to drill high-aspect ratio holes at
shallow angles to the surface (Rodden et al. 2002).

4.2 Laser Drilling Approaches

In laser drilling, the high intensity, stationary laser beam is focused onto the surface
at power densities sufficient to heat, melt, and subsequently eject the material in
both liquid and vapor phases. The erosion front at the bottom of the drilled hole
propagates in the direction of the line source in order to remove the material
(Chryssolouris 1991). In general, there are three approaches to laser drilling,
namely, single pulse, trepanning, and percussion drilling. These are shown in Fig.
4.1 (Verhoeven 2004). A coaxial assist gas is almost always used while drilling in
order to shield the laser optics from contamination from ejected debris and also to
facilitate the material removal.

Single pulse drilling is used for drilling narrow (less than 1 mm) holes through
thin (less than 1 mm) plates. High pulse energies are supplied in drilling with single
pulse because the irradiated energy levels must be sufficient to vaporize the mate-
rial in single pulse.

In trepanning, wider holes (less than 3 mm) in thicker plates (less than 10 mm) are
produced by drilling a series of overlapping holes around a circumference of a circle
so as to cut a contour out of the plate. Trepanning can be performed by translating
either the workpiece or the focusing optic. The process is much similar to contour
cutting and can be performed by the laser operating in the continuous wave (CW) or
pulsed mode. CO, and Nd:YAG lasers are most commonly used in trepanning.

In percussion drilling, a series of short pulses (1072 to 107 s) separated by
longer time periods (1072 s) are directed on the same spot to form a through hole.
Each laser pulse contributes to the formation of hole by removing a certain volume
of material (Verhoeven et al. 2003). Pulsed Nd:YAG lasers are most commonly
used for percussion drilling because of their higher energy per pulse. Percussion
drilling is used to produce narrow holes (less than 1.3 mm) through relatively thicker
(up to 25mm) metal plates (Elza and White 1989). High speed of the percussion
drilling makes it the most cost-effective method in applications such as drilling of
combustion chambers having 40,000-50,000 holes and other applications such as
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Fig. 4.1 Approaches for laser drilling (a) single pulse drilling, (b) trepanning drilling, and
(c) percussion drilling. (Courtesy of Bob Mattheij, Eindhoven University.)
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(a) (b) ()

Fig. 4.2 Physical processes during percussion laser drilling (a) Melt pool formation (b) splashing
out of molten material, and (c) formation of recast layer. (Reprinted from Verhoeven et al. 2003.
With permission. Copyright Elsevier.)

drilling of turbine and guide vanes having 50-200 holes, given the large number
of total components involved (French et al. 1998, McNally et al. 2004).

The physical processes occurring during laser percussion drilling are shown in
Fig. 4.2 (Verhoeven et al. 2003). The process can be split up into three stages.
Initially a thin region of molten material is formed by absorption of laser energy at
the target surface. After some time the surface of this melt pool reaches vaporiza-
tion temperature. The sudden expansion of the vapor evaporating from the surface
eventually leads to the splashing stage when the melt pool is pushed radially out by
the recoil pressure. Melt expulsion occurs when the pressure gradients on the sur-
face of the molten layer are sufficiently large to overcome the surface tension forces
and expel molten material from the hole (Basu and DebRoy 1992). On its way of
escaping out some part of this molten material may resolidify at the walls. The
timescales for these three stages are between 107 and 10~ s for melting and 107 s
for splashing and solidification (Verhoeven 2004).

Since laser drilling requires the temperature of the target to be raised above boil-
ing point, lasers with pulse lengths in the region of several hundred microseconds,
or even less, are most commonly used in laser drilling applications. In addition, the
holes with smaller diameter and larger aspect ratio require the laser with shorter
wavelengths. This makes the CO, and Nd:YAG lasers primary candidates for laser
drilling. The range of hole diameters possible for typical thicknesses of metal, with
Nd:YAG laser is 0.001-0.060 in., whereas with CO, laser the range is 0.005-0.050
in. (Elza and White 1989).

4.3 Melt Expulsion During Laser Drilling

The significant material removal mechanisms during laser drilling are vaporization
and the physical expulsion of the melt. The dominant mechanism depends on the
irradiation conditions and material properties. Holes drilled with purely evaporative
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material removal mechanisms are generally marked with clean surface and sharp
boundaries without recast layer, spatter, and associated dross. On the other hand,
material removal by melt expulsion is an energetically efficient mechanism.
Generally, the energy required to remove the material via melt expulsion is
about one quarter of that required to vaporize the same volume (Schoonderbeek
et al. 2004, Voisey et al. 2003). For example, energy required to remove 1 m? of
iron by vaporization is 65.8 GJ; whereas the same amount of material can be
removed in molten state with 12.3 GJ energy (Voisey et al. 2000). However, the
material removal by melt expulsion is generally irregular and may result in
asymmetric and irregular hole shapes. In the context of these two mechanisms,
ideal material removal mechanism should be purely evaporative, i.e., ablation
without melting. However, such a thermally induced laser ablation is possible
only for much selected materials such as graphite, diamond, polymethyl meth-
acrylate (PMMA), etc., that can be vaporized or thermally decomposed without
melting (Tokarev and Kaplan 1999).

Melt expulsion during the drilling may be due to pressure generated from inside
the melt (explosive melt expulsion) or from outside the melt (hydrodynamic melt
expulsion). Explosive melt expulsion can take place in some of the following cases
(Tokarev and Kaplan 1999):

1. Increase in the volume of the chemical decomposition reaction products due to
subsurface overheating (Kitai et al. 1990).

2. Vaporization of the lowest melting point components in a multicomponent sys-
tem while the other components are still in molten state.

3. Increase in volume of the dissolved contaminant gases at high temperature at
subsurface layer of metallic systems (Weaver and Lewis 1996).

Hydrodynamic melt expulsion takes place along the surface of the laser-drilled
hole towards the periphery of laser spot and is due to differential vapor (plasma)
plume pressure on the molten surface. Figure 4.3 shows the radiation pressure dis-
tribution and the fluid motion caused by a laser beam having Guassian energy distri-
bution assuming a V-shaped molten region. The radiation pressure which is highest
at the center of the cavity accelerates the material at the apex of the V-shaped cavity.
The condition of continuity causes the material near the edges of the cavity
where the radiation pressure is weakest to be accelerated in opposite direction.
Analysis of melt expulsion process shows that the molten material flowing along
the wall of the hole breaks up into discrete droplets while leaving the hole due to
surface tension effects. At the end of the drilling process, the molten material
which could not be ejected in form of droplets form a thin layer of recast material
at the periphery of hole (Wagner 1974).

Hydrodynamic melt expulsion is the primary mechanism for the accumulation
of the recast material around the periphery of the laser-drilled holes and thus dete-
riorating the quality of holes in terms of dimensions and shape (Zhang and Faghri
1999). Hence the analysis of hydrodynamic melt expulsion is important so that the
control of the quality of the laser-drilled holes can be achieved with this energeti-
cally favorable process (Low et al. 2002, Yilbas and Sami 1997).
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Fig. 4.3 Effects of radiation pressure on the cavity of molten material during laser drilling.
(Reprinted from Wagner 1974. With permission. Copyright American Institute of Physics.)

Melt expulsion phenomenon have extensively been analyzed by quantifying the
melt ejection fraction (MEF), melt ejection velocity, and particle size and angular
distribution of ejected droplets. MEF is measured by positioning a thin glass slide
in the beam path, above the surface to be drilled. During drilling, the ejected drop-
lets collide with and adhere to the surface of the glass slide. MEF is then given by
the ratio of mass gained by the slide due to melt ejection to the total mass lost by
the substrate due to all the materials removed (Voisey et al. 2003):

Mass gain of collection slide

MEF =C

XRD

Mass lost by drilled sample

where C, . is the correction factor to account for mass changes due to in-flight
oxidation of ejected droplets and is determined by Rietveld refinement of x-ray
diffraction spectra. Figure 4.4 shows the variation of MEF with laser pulse energy
(pulse period of 0.5ms) for steel and aluminum substrates. The initial increase in
the MEF with pulse energy is due to increase in the pressure gradients causing the
more complete ejection of melt. However, increase in pulse energy also increases
the temperature gradients such that the rate of vaporization from the surface
increases resulting in reducing the thickness of molten layer. This results in lower-
ing the MEF at high pulse energies because very less material is available for ejec-
tion (Voisey et al. 2000). In addition, the variation of velocity of ejected droplets
as a function of laser power density is shown in Fig. 4.5 for aluminum, nickel, and

titanium. The velocity of ejected droplets is determined by tracking the trajectory
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Fig. 4.4 Variation of melt ejection fraction with pulse energy for (a) steel and (b) aluminum
substrates. (Reprinted from Voisey et al. 2000. With permission. Copyright Materials Research
Society.)
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Fig. 4.5 Variation of velocity of ejected droplets measured by high speed photography with laser
power density. (Reprinted from Voisey et al. 2003. With permission. Copyright Elsevier.)
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of the droplets through successive frames of high-speed photography. The figure
shows the increase in velocity of ejected droplets with increase in power density.
Such quantitative studies are important in facilitating its incorporation into existing
numerical models for more accurate prediction of temperature distribution and hole
profile during laser drilling (Voisey et al. 2003).

4.4 Analysis of Laser Drilling Process

Irradiation of the material with high intensity laser source is a complex phenomenon
and results in various thermally induced effects such as heating, melting, vaporiza-
tion from the surface, dissociation and ionization of the vaporized material, and
shock waves in both the vaporized material and the solid. Some of these events in
the context of laser drilling are schematically shown in Fig. 4.6 (Chryssolouris
1991). The most important effects which contribute to the material removal during
drilling process are the vaporization and melt expulsion.

Considerable research has been carried out to develop the model of laser drilling
process. Earliest analytical model of laser drilling consider the material removal by
vaporization process. The model deals with the determination of drilling velocity,
i.e., the velocity of material removal by vaporization from solid surface and the

Laser

Fig. 4.6 Schematic of the physical effects taking place during laser drilling. (Reprinted from
Chryssolouris 1991. With permission. Copyright Springer.)
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temperature distribution in the solid. The following assumptions are made (Dabby
and Paek 1972):

1. The laser beam intensity I (W/cm?) is sufficient to cause vaporization of the
front surface of the material.

2. The gas created by the vaporization of material is transparent to the incident

laser energy.

. Heat losses due to reradiation are negligible.

4. The thermal constants and optical absorption coefficient b (cm™) are independ-
ent of laser beam intensity and the temperature of the solid.

5. The effects of radial heat conduction and the liquid phase can be ignored.

(O8]

The energy balance at the front surface requires the energy given to the vaporized
material equals the energy conducted from the solid (Dabby and Paek 1972):

. oT
pL.Z = k(a—z) ; “.1)
z=Z

where k is thermal conductivity, p is density of solid, L is the heat of vaporization,
and Z is the depth to which the material has been removed. Z is the velocity of the
front surface which is the time differential of Z.

Referring to Fig. 4.7, the temperature distribution within the material (z > Z) is
determined using the heat conduction equation with a distributed laser heat source
moving with the front surface (Dabby and Paek 1972). Thus,
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Fig. 4.7 Coordinate system used for the laser vaporization problem. (Reprinted from Dabby and
Paek 1972. With permission. Copyright Institute of Electrical and Electronics Engineers.)
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where, C]D is the specific heat (J/g °K) and 7 is time (s).
The solution of Egs. (4.1) and (4.2) with appropriate boundary conditions will
yield the temperature and velocity. The appropriate boundary conditions are

T=T atz=Z2 4.3)
and
T=0 at z=oo (4.4)

The two initial conditions are required for Egs. (4.1) and (4.2). The first assumes
that the drilling process begins at = 0. Thus,

Z=0at =0 (4.5)

The second initial condition depends on how the material is heated before the drill-
ing process has begun. The preheating is generally done by the earlier portions of
the laser pulse. The solution of the heat equation with distributed source could be
written in terms of exponentials so that it would be convenient to write the second
initial condition describing the temperature profile at # = 0 in terms of exponential
function. Instead of expanding formally, the initial condition is approximated with
an exponential term (1 + gz)e™* and allow the constant g to be a fitted parameter
that would most closely match the determined temperature initial temperature pro-
file. Thus, att=0

T = TV 1+ qz)e_qz (4.6)

Transforming Eqgs. (4.1)—(4.6) into a moving dimensionless reference frame
gives,

ot o5 o A° (4.72)
and
. /,L(a_e) (4.7b)
os ) _,

subject to the following conditions:

at7=0,0=(1+Qs)e 4.7c)
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ats=0,0=1 (4.7d)
ats =0,0=0 4.7e)

where
6=T/T, (4.8)
s=(C, [kL )z~ Z) (4.8b)
u=(pL,/DZ (4.8¢)

and

7=(’Cp/pkL )t (4.8d)

A heating parameter A, absorption parameter B, and a normalized initial parameter
Q are defined as follows:

A=(C,T)/(L,)

(4.92)
B=(kbL))/(IC,) (4.9b)

and
Q= (kqL,)/(IC,) (4.9¢)

Initially (08/ 9S),_, is zero. Thus the normalized inner velocity u, is zero for small
values of 7. Substituting this value of u, into Eq. (4.7a) gives

96, 0’6, B _,
9t o A (+10)

where 6, is the temperature based upon the initial velocity and is subjected to the
conditions given in Eqs. (4.7¢c)—(4.7e).

The solution of Eq. (4.10) can be obtained by taking the Laplace transform of
Eq. (4.10) with respect to T, solving the resulting second-order ordinary differential
equation, and taking the inverse transform. Using this technique, 6, is found to be
(Dabby and Paek 1972):
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6,(7,5) = [1+i]erfc[2[]

2

Bt
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[2Q2T —-0Os— 1] e Perfe [ﬁ - Q\/?] +

+
2 —1]e%erfc| ——
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The dimensionless inner velocity u, can then be recalculated as

u, = A(EJ (4.12a)
ds ) _,

Therefore,

u, =1- e erfc [B\/t_'] + 21Q3TeQ2Terfc [Q\/;] - %Qz Jr (4.12b)

The steady-state temperature distribution can be obtained by setting 96/ d7 =0 in
Eq. (4.7a) and solving with u constant. The steady-state normalized temperature
profile 6_ in the moving normalized reference frame is found to be

=e " — —(e"”“' - e‘”) (4.13)

where v is steady-state value of u.

Thus, the steady-state temperature is a traveling temperature wave independent
of the initial temperature distribution. The value of v can be determined by replac-
ing u with v and 6 with 6_, in Eq. (4.7b) solving for v. The normalized steady-state
velocity is

v=1/1+A) (4.14)

The normalized temperature distribution (6)) correct for large values of 1, can be
determined by replacing u with v in Eq. (4.7a). The resulting equation can be solved
for 6,in a manner similar to that used in solving Eq. (4.10). Knowing 6, the dimen-
sionless first outer velocity u, can be recalculated as:
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Uy = /l(ai) . (4.15)
as 5=0

Figure 4.8 shows the temperature profiles within the material at different normal-
ized times. The figure shows that the temperature inside the material is higher than
the surface temperature 7. The distributed heat generation by the laser raises the
temperature throughout the solid; however, the vaporization of the front surface
removes the energy from the region near the front surface. This cooling mechanism
causes the maximum temperature to lie below the surface. If the temperature
reached is high enough to cause the vaporization at depths below the surface, tre-
mendous pressures arising from the vaporized material would explosively remove
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Fig. 4.8 Temperature as a function of distance into the solid at different normalized times. (Note
that the maximum temperature is reached below the surface of the material during transient condi-
tions). (Reprinted from Dabby and Paek 1972. With permission. Copyright Institute of Electrical
and Electronics Engineers.)
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the intervening material. The material removal based on such an explosive tech-
nique would be considerably more efficient than the material removal based on
vaporization of all material. These predictions are in good qualitative agreement
with experimental results (Dabby and Paek 1972).

In addition to the dimensional control, most of the practical applications of drill-
ing require stringent control over the shape of the laser-drilled holes. Quantitative
models have been reported which predict the depth and shape of laser-drilled holes.
The shapes of the laser-drilled holes in alumina are found to be similar to the shapes
of energy density distributions both at the high energy and near threshold energy
for scribing ceramics (Fig. 4.9) (Wagner 1974).

Laser drilling produces large temperature gradients in the material which can
induce the thermal stresses. This is of particular importance in case where large
numbers of closely spaced holes have to be drilled. The thermal stresses reduce
the strength of the material and may lead to failure if the stresses exceed the frac-
ture limit of the material. A three-dimensional model have been developed to cal-
culate the temperature profile and the thermal stress distribution for laser-drilled
holes in alumina ceramic substrate using a continuous, distributed, and a moving
heat source. The analysis involves the solution of unsteady heat equation (Paek
and Gagliano 1972):
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Fig. 4.9 Comparison of the shape of laser energy density distribution to the shape of the corre-
sponding laser-drilled hole. (Reprinted from Wagner 1974. With permission. Copyright American
Institute of Physics.)
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oT (azT *T 82T]
=K , (4.16)

where K is thermal diffusivity. For infinite medium, the instantaneous source solu-
tion of Eq. (4.16) located at the point (x’, y’, ) can be written as

T(x,y, Z,[):Me {_()C—x’) +(y=y) +(z—-2)

8(nKt)'"? 4Kt } 17

where Q is defined as instantaneous point source strength at (x’, y’, z”) and is
expressed as a “temperature” to which a unit volume of material would be raised
by the amount of heat liberated. The method of images can be applied to obtain the
desired solutions in polar coordinates for two distinct cases.

For semi-infinite body, the solution is

a t P(r’, t/) r2 _r,z }"I‘/
T(r,z,t)= exp{— - }I ( - )r/
l 't[4pCp\/7t[K(t—t’)]3’2 4K(1-1)] "\ 2K(t-1)
[z- F)] sl
I:exp {—4K(t P + exp —4K(t P dt’ dr (4.18)

For finite body with thickness d, the solution is

< 4 P, 1) 2+ rr’
T(r,z,1)= - I
e ! !4/)&\/%[1{0—;’)]3/2 exp{ 4’((’—”)} O(ZKU—V))

{1 N icos nir[z-;f(t’)] exp{_ Kn’m*(t — t’)}

d2

n=1

+i cos = ;f(t/)] exp {— Kn ﬂdgt — t/)Hr’dt’dr’ (4.19)

n=1

where 7 is the radius of the ring in which the instantaneous point source is distrib-
uted; P(¥, ¢') is the laser intensity (J/cm?s); f(¢') is the location of the moving source
at t = t’; and a is radius of the instantaneous disk source (beam radius).

The components of thermal stress can be calculated from the stress—strain rela-
tionships coupled with the equations of temperature obtained from the solution of
heat conduction equation. The tangential component of stress (o), which is partic-
ularly important for determining the fracture behavior of materials, is found to be

aE \ 1| ,
Oy = (E)r—zh Td -T, ] (4.20)
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where « is coefficient of linear thermal expansion; E is Young’s modulus; v is
Poisson ratio; and g is radius of drilled hole as a function of z. The calculated tem-
perature profile and tangential stress distribution on the surface of Al O, as a func-
tion of radial distance are shown in Figs. 4.10 and 4.11, respectively (Paek and
Gagliano 1972).

As mentioned in the preceding sections, melt expulsion during laser drilling is
a significant material removal mechanism. Hence, many attempts have been
made to incorporate the melt expulsion phenomenon in the vaporization models
to accurately predict the laser drilling parameters such as drilling velocity, drill-
ing efficiency, and shape of the drilled holes. One such model includes expulsion
of liquid and allows the calculation of drilling velocity and drilling efficiency as
functions of the absorbed intensity (Von Allmen 1976). This one-dimensional
model is based on energy balance between the absorbed intensity @ and the
energy flux carried away with the expulsed material in vapor and liquid form
(Von Allmen 1976):
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Fig. 4.10 Calculated temperature profile on the surface of alumina as a function of radial distance
and given pulse lengths for ruby radiation (laser intensity = 3.2 x 107 W/cm? and spot size =
0.006cm). (Reprinted from Paek and Gagliano 1972. With permission. Copyright Institute of
Electrical and Electronics Engineers.)
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Fig.4.11 Calculated tangential stress distribution on the surface of alumina as a function of radial
distance for ruby radiation at different times within pulse length of 1.38 ms. (Reprinted from Paek
and Gagliano 1972. With permission. Copyright Institute of Electrical and Electronics
Engineers.)

@ =)L, +jL, (4.21)

where j and j, are expulsion rates (g/cm’ s) for vapor and liquid, respectively; and
L, and L, are specific absorbed energy in expulsed vapor and liquid, respectively.
The drilling velocity is then given by:

u=>1/p)(j, +j) (4.22)
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where p is the density of metal. The rate of evaporation j at a hot surface at tem-
perature T is given by:

7, (T =A-a)p,(T,)(m/27k,T,)"*, (4.23)

where o ~ 0.2 is a mean particle reflection coefficient of the metal surface, m is the
particle mass, and k, is the Botzmann constant. The saturation pressure (p) is
approximately given by:

p.(Ty) = pyexp[(A, / k,T)(1=T, /T,)]. (4.24)

where T, A, and p, are the evaporation temperature, the heat of evaporation per
particle, and the ambient pressure, respectively. The liquid expulsion rate with
respect to the irradiated surface is given by:

Ji=[eKimm, 1T )] pp, (4.25)

where K and T’ are thermal diffusivity and melting temperature, respectively. Figure
4.12 shows the drilling velocity as a function of laser intensity. The measured drill-
ing velocity (solid line) is calculated from hole depth versus pulse duration curves

3000¢
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Fig. 4.12 Measured and calculated drilling velocity (given by pure evaporation or liquefaction)
for copper. (Reprinted from Von Allmen 1976. With permission. Copyright American Institute of
Physics.)
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Fig. 4.13 Total material removal rate and relative material removal rates due to vaporization and
liquid expulsion as a function of laser power for (a) aluminum, (b) superalloy, and (c) titanium.
(Reprinted from Chan and Mazumder 1987. With permission. Copyright American Institute of
Physics.)

at different laser intensities. The fictitious drilling velocities corresponding to pure
evaporation (//p)L, or pure liquefaction (I/p)L, are indicated by dashed lines. At
lower laser intensities, the measured velocities are close to that given by pure
evaporation and then reach the liquefaction limit suggesting the drastic reduction in
normal metallic reflectivity in the starting phase of interaction process (Von
Allmen 1976).

Chan and Mazumder proposed a one-dimensional steady-state model taking into
account both the heat transfer and gas dynamics to predict the thermal damage done
by vaporization and liquid expulsion during laser—material interaction. The prob-
lem was treated as a conventional Stefan problem with two moving boundaries
(solid-liquid and liquid—vapor interfaces). A Knudsen layer of few molecular mean
free paths is assumed to be present close to the wall of the hole near vapor and is
modeled by a Mott-Smith-type solution. Figure 4.13 presents the predictions of the
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Laser Beam

Fig. 4.14 Schematic of multiple reflection from the surface of hole walls during laser drilling

model for total material removal rates and the relative material removal rates in lig-
uid and vapor phases for aluminum, superalloy, and titanium. The material removal
rates increase with increasing laser intensity (Chan and Mazumder 1987).

The dimensions and metallurgical quality of the laser-drilled holes can be sig-
nificantly influenced by the phenomena such as multiple reflections of the laser
beam and the liquid metal flow caused by shear stress at the interface of the assist
gas and the liquid metal. Laser light undergoes a series of reflections from the hole
walls at shallow angles of incidence (Fig. 4.14). A part of the laser energy is
absorbed by the reflecting medium at the point of reflection, and the rest is
reflected. Such multiple reflections channel the optical energy to the bottom of the
hole resulting in deeper holes than the depth of focus of laser beam (Yeo et al.
1994). Moreover, during laser drilling, in addition to the effects of recoil pressure
due to vapor generated at the liquid surface, the flow of liquid metal may be influ-
enced by the shear stresses induced by the impinging assist gas on the hole cavity
(Chen et al. 2000).

Extensive research efforts were directed towards developing the two-dimensional
axisymmetric mathematical model for material removal by taking into account the
multiple reflections of laser beam and the assist gas-induced liquid metal flow dur-
ing laser irradiation (Chan and Mazumder 1987, Mazumder 1991, Kar et al. 1992).
Figure 4.15 shows the effects of multiple reflection and shear stress at the interface
of the assist gas and liquid metal on the drilled cavity depth and the thickness of
recast layer during laser irradiation of IN 718 with a spatially Gaussian and tempo-
rally triangular pulse laser. The following observations can be made from the figure
(Kar et al. 1992):

1. The cavity depth of hole decreases with increasing beam radius which corre-
sponds to decreasing laser intensity (Fig. 4.15a).

2. For a given laser power and beam quality, the cavity depth increases for the case
in which multiple reflection takes place due to higher deposition of energy at the
bottom of the cavity (Fig. 4.15a).
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Fig. 4.15 Effects of beam radius and multiple reflections on (a) cavity depth and (b) thickness of
recast layer in laser-drilled holes with laser power of 250 W and laser pulse-on time of 1.7ms (f =
irradiation time). (Reprinted from Kar et al. 1992. With permission. Copyright American Institute

of Physics.)
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3. The thickness of recast layer decreases as the beam radius decreases (laser inten-
sity increases). This is in agreement with the fact that at high laser intensity the
rate of evaporation from the surface increases to such an extent that the thick-
ness of liquid metal decreases resulting in thinner recast layer (Fig. 4.15b).

4. For a given laser power and beam quality, recast layer thickness decreases for
the case in which multiple reflection takes place (Fig. 4.15b).

5. The effects of fluid flow due to shear stress induced by impinging assist gas on
the cavity depth and thickness of recast layer is insignificant (curves 1 and 2, 3
and 4, 5 and 6, and 7 and 8 are almost coinciding) (Fig. 4.15 a, b).

Of all the models mentioned above, almost all of them does not take into
account all the processes, namely the free surface flow of the melt, multiphase
heat transfer, vaporization gas dynamics, and the melting and solidification of the
substrate, simultaneously in more than one dimension. Recently, a numerical
model with significant improvements in the melting and solidification submodels
has been developed (Ganesh and Faghri 1997). This improved model which
emphasizes on melting and solidification submodels relaxes many assumptions
that were made in earlier models. This included the consideration of properties
like thermal conductivity (k) and specific heat (cp) as different in solid and liquid
phases, melting over a range of temperature spanning the entire mushy zone
exhibited by alloys and mixtures going through the phase change and also the
consideration of latent heat of fusion which is neglected in earlier models.

Various models of laser drilling have been reviewed in light of distinct cate-
gories, namely the dimensionality of the problem, whether or not the energy is
taken into account in addition to fluid flow, whether or not the free surface com-
patibility exists, whether or not recast formation are considered in phase change
model, the type of methodology adopted, and finally whether or not experimen-
tal comparison exists. Some of these models are listed in Table 4.1 (Ganesh and
Faghri 1997).

4.5 Quality Aspects

Among various industries utilizing laser drilling applications, it is particularly in
the aerospace industry where the geometric and metallurgical quality of holes
becomes important. Laser drilling, in addition to the ability to produce high-aspect
ratio holes in noncontact manner, is often associated with the geometric defects
related with hole size, taper, circularity, and the metallurgical defects related with
spatter, heat-affected zone, recast layer, and microcracking (Bandyopadhyay et al.
2002). A typical geometry of the laser-drilled hole is shown in Fig. 4.16 (Ghoreishi
et al. 2002).

Hole size is best defined in terms of the aspect ratio, a ratio of hole depth to
diameter at the midspan of the hole. For a particular material, the limiting aspect
ratio depends on both the optical characteristics of the laser beam and the
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Fig. 4.16 Typical geometrical features of laser-drilled hole. (Reprinted from Ghoreishi et al.
2002. With permission. Copyright Elsevier.)

20 100
80
151
E
>
g Depth 460 _?U;
< 1o} e
[<%
) ~
o 140
L }
5 N
Aspect Ralio 120
° " L N 0
0 0.25 0.5 0.75 1 125

Diameter (mm)

Fig. 4.17 Dependence of hole depth and aspect ratio on the hole diameter showing the limitation
of achieving maximum hole depth and aspect ratio with increasing hole diameter for laser drilling
of high nickel alloys. (Reprinted from Yeo et al. 1994. With permission. Copyright Elsevier.)

thermo-physical properties of the material. Figure 4.17 shows the relationship
between the hole diameter, hole depth, and aspect ratio in the drilling of high nickel
alloys with a pulsed YAG laser (Belforte and Levitt 1987). The figure shows that
there is a limitation on achieving the maximum depth and aspect ratio with increas-
ing hole diameter. Laser beam focused with shallow convergence angle and low
thermal diffusivity tends to produce holes of high-aspect ratio. However, high-
aspect ratio holes are generally associated with larger entrance diameter than the
mean hole diameter (Yeo et al. 1994).
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500 pm

Fig. 4.18 Vertical section of laser-drilled hole in 4 mm thick IN718 alloy showing typical taper
in laser-drilled hole. (Reprinted from Bandyopadhyay et al. 2005. With permission. Copyright
Elsevier.)

In contrast to the mechanically drilled holes, laser-drilled holes are rarely paral-
lel walled and are often associated with taper. Taper is defined as (Ghoreishi et al
2002):

d —d,.
Taper(()) — entranc;t exit X % .

(4.26)
The typical taper of the laser-drilled hole is shown in Fig. 4.18 (Bandyopadhyay
et al. 2005). The taper in laser-drilled holes is caused by the expulsion of molten
and vaporized material from the hole. Laser percussion drilling is a complex proc-
ess with number of variables involved. In general, shorter pulses give higher taper.
In addition, the degree of taper reduces with increasing material thickness (Fig.
4.19) (Yeo et al. 1994).

Spatter is one of the inherent defects associated with laser-drilled holes in which
the molten and vaporized material formed during drilling is not completely ejected
but resolidifies and adheres around the periphery of the hole. Extensive systematic
studies were conducted by Low and coworkers to achieve the spatter-free holes in
laser percussion drilling of Nimonic 263 and other aerospace materials. It was
observed that a large proportion of the spatter (approximately >70%) was deposited
due to initial laser pulses required to drill a through hole (Fig. 4.20). Moreover,
short pulse widths, low peak powers, and high pulse frequencies generated smaller
spatter deposition areas (Low et al. 2000a, 2001a). The effects of different assist
gases, O,, Ar, N,, and compressed air on the physical features (viz. thickness and
surface geometry) and bonding strength of the spatter were investigated (Fig. 4.21).
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Fig. 4.19 Variation of taper in laser-drilled holes with thickness of aerospace materials drilled
with pulsed YAG laser with a pulse energy of 15J and a pulse duration of 1.4 ms. (Reprinted from
Yeo et al. 1994. With permission. Copyright Elsevier.)

The figure shows that spatter thickness deposited using oxygen assist gas was only
10-20% of those drilled using the other three assist gases. The spatter deposited
using oxygen assist gas was also fragmented with many peaks of similar heights as
compared to that using argon assist gas which showed singular crater-like shape
sloping towards the hole centre and ending normally to the material surface (Fig.
4.22). It was also found that the bonding strength of the material is associated with
the “inertness” of the assist gas and increases progressively in the order of O,, com-
pressed air, and N, and Ar (Low et al. 2000b). In addition, the spatter deposition area
was found to be reduced significantly with the temporal pulse train modulation
technique known as sequential pulse delivery pattern control (SPDPC) as compared
to the normal delivery pattern (NDP) due to reduced upward material removal frac-
tions obtained with SPDPC (Fig. 4.23) (Low et al. 2001b). A method of spatter
prevention had been developed based on the application of antispatter composite
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Fig. 4.20 Variation of spatter area with laser energy and pulse width at pulse frequency of 10Hz
for laser drilling of Nimonic alloys. The figure shows that the a large proportion (approximately
> 70%) of the spatter was deposited due to initial pulses, prior to beam breakthrough. (Reprinted
from Low et al. 2001a. With permission. Copyright Elsevier.)
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Fig. 4.21 Effect of various assist gas on the spatter thickness/geometry of the laser-drilled holes
in nimonic 263 alloy with Nd:YAG laser with pulse energy of 16.8 J/pulse. (Reprinted from Low
et al. 2000b. With permission. Copyright Elsevier.)

coating (ASCC) on the workpiece surface prior to laser percussion drilling (Fig.
4.24) (Low et al. 2001c, 2003). When the ejected material resolidifies on the wall
surface of the laser-drilled hole, it is often referred to as recast layer.
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Fig. 4.22 Scanning electron micrographs showing the surface geometries of spatter deposited
during laser drilling of nimonic 263 alloy using oxygen (left) and argon assist gases (right).
(Reprinted from Low et al. 2000b. With permission. Copyright Elsevier.)
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Fig. 4.23 Effects of pulse train modulation on spatter deposition area during laser drilling of
nimonic alloy sheets with Nd:YAG laser. The figure shows significant reduction in spatter depo-
sition area using linearly increasing sequential pulse delivery pattern control (SPDPC) compared
to that using normal delivery pattern (NDP). (Reprinted from Low et al. 2001b. With permission.
Copyright Elsevier.)

Due to complexity of the laser drilling process, a number of statistical studies
had been directed towards selection and optimization of laser processing and mate-
rial parameters and its effect on the quality of the laser-drilled hole (Ghoreishi
et al. 2002; Bandyopadhyay et al. 2005; Yilbas 1986, 1987, 1997). In one of these
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Fig. 4.24 Optical micrographs of laser-drilled closely spaced hole arrays in uncoated (upper
micrographs) and coated (bottom micrographs) Nimonic 263 alloy using (a) oxygen and (b) air
assist gases showing the effect of antispatter composite coating (ASCC) on the spatter deposition.
(Reprinted from Low et al. 2001c. With permission. Copyright Elsevier.)

studies, Yilbas had designed a factorial experiment including four factors at four
levels to investigate all possible combinations of the factors over the operating
regions. The responses of these factorial designs were studied by evaluating the
geometry of the resulting hole.

4.6 Practical Considerations

Laser drilling is a complex process involving parameters such as laser energy, pulse
shape, focusing conditions, and assist gas. To optimize the processing parameters
for a particular drilling application, it is necessary to understand the effect of these
parameters on the geometric and metallurgical features of the laser-drilled holes.
Hence, this section discusses the effects of some of the most important laser
processing parameters on the quality of drilled holes.
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4.6.1 Effect of Laser Parameters

In general, increasing laser energy increases both depth and diameter of the hole.
Figure 4.25 shows the cross-sectional profiles of the laser-drilled holes in alumi-
num by ruby laser (Ready 1997). The figure also illustrates the typical geometric
characteristics of the laser-drilled holes such as the entrance diameter, exit diame-
ter, and taper. At high laser pulse energy the exit diameter increases due to pressure
exerted by the vaporization of the material in the hole.

In case of percussion laser drilling, the numbers of laser pulses are delivered
successively at the same spot and the material is removed after each pulse. The
depth of the hole increases with increasing number of pulses until a certain number
of pulses; thereafter, the depth remains essentially constant. Figure 4.26 presents
the variation of hole depth with number of pulses (for smaller number of pulses)
for various laser powers during drilling of mild steel. The figure indicates that the
drilling rate increases substantially after certain initial pulses which may be due to
efficient impulsive removal of material caused by confinement of high pressure
vapor within the walls of the crater. At very high number of pulses, the defocusing
of the laser beam at the bottom of the drilling front leads to inefficient material
removal and hence significant increase in the depth may not be observed with fur-
ther increase in the number of pulses (Hamilton and Pashby 1979).

Incident Side

02 03 0.4 (mm)
KT

(mm)0.4 03 02

1.6 {mm)

Fig. 4.25 Cross-sectional profiles of laser-drilled holes in 1.6mm aluminum plate with ruby
laser pulses at three different pulse energies. (Pulse energies: O —0.36J; x —1.31J; A —4.25]).
(Reprinted with permission from Ref. Ready 1997. Copyright, Elsevier)
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Fig. 4.26 Variation of hole depth with number of pulses during laser drilling of mild steel with
two different pulse shapes: (a) Pulse time 40 s, peak power 330kWJ'; (b) pulse time 15 s, peak
power 1.3MWIJ-!. (Reprinted from Hamilton and Pashby 1979. With permission. Copyright
Elsevier.)

The characteristics of laser-drilled holes are significantly affected by the laser
pulse characteristics such as pulse shape and pulse duration. It is observed that in
case of drilling with normal pulse, the hole made by the relaxation oscillations in
the beginning of the pulse gets immediately clogged by the molten material gener-
ated in the later part of the pulse. Hence, for efficient laser drilling, it is preferable
to use a pulse having “spikes” along the whole width of the pulse. Figures 4.27 and
4.28 show the pulse shape and the corresponding hole drilled in 0.1 mm aluminum
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Fig. 4.27 Normal pulse shape and the corresponding hole drilled in 0.1 mm aluminum foil with
pulse energy of 30J. (Reprinted from Roos 1980. With permission. Copyright American Institute
of Physics.)

foil with pulse energy of 30 mJ. The normal pulse gives a small crater, whereas
the pulse train with each spike width of 0.5 us gives an excellent quality hole
(Roos 1980).

Apart from temporal shaping of the individual laser pulse, there is growing inter-
est in the shaping of the entire train of pulses (interpulse shaping) by a technique
called SPDPC to obtain through holes with excellent geometric and metallurgical
quality (Low et al. 2001b).
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Fig. 4.28 Pulse train and the corresponding hole drilled in 0.1 mm aluminum foil with pulse
energy of 30J. (Reprinted from Roos 1980. With permission. Copyright American Institute of
Physics.)

4.6.2 Effect of Focusing Conditions

The focusing optics determines the focal length, depth of focus, and focal spot size.
The size of the single pulse and percussion laser-drilled holes is highly determined
by the spot size of the laser beam on the surface of the workpiece. The minimum
spot diameter (d (mm)) depends on the focal length of the lens (f (mm)) and is
given by

d= fo, 4.27)

where 0 is the total beam divergence angle (radians). In addition, the beam diameter
along the length of the beam is given by the beam divergence. The depth of focus
is given by

2df 26
Af:?f: Gg : (4.28)
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Fig. 4.29 Schematic of focal pattern of converging lens. (Reprinted from McNally et al. 2004.
With permission. Copyright Maney Publishing.)

where D is the beam diameter (mm) and Af is the depth of focus (mm). Various
optical parameters are shown in Fig. 4.29 (McNally et al. 2004).

From Eq. (4.28), smaller focal spot diameter can be obtained by reducing the
focal length, thus increasing the laser energy density (intensity). Higher laser
energy density increases the material removal rates, thus increasing the drilling
speed. However, reduction in focal length is also associated with decrease in depth
of focus, which may undesirably affect the flatness and perpendicularity of the
laser-drilled holes. The smaller depth of focus may also lead to disruption of the
process if the workpiece to be drilled is not flat. Hence, longer depth of focus is
desired to allow the workpiece to be positioned more easily. The effects of the
beam focus on the depth and shape of the laser-drilled holes is shown in Fig. 4.30.
As shown in the figure good quality holes in terms of geometry (straightness and
depth) are obtained when the beam waist is positioned just below the surface of the
workpiece (Yeo et al. 1994).

4.6.3 Effect of Assist Gas Type, Gas Pressure,
and Nozzle Design

Almost all the laser drilling operations use an assist gas jet coaxial to the laser
beam. The coaxial gas jet is used to facilitate the material removal and prevent the
contamination of the focusing lens from the impingement of ejected debris during
drilling operation. At low laser powers, where the melting process dominates, the
assist gas jets increase the material removal and reduce the recast layer by increas-
ing the shear forces on the molten material which is subsequently ejected during
drilling. At high laser powers, where the vaporization dominates the material
removal, the assist gas increases the drilling efficiency by removing the absorptive
vapors and debris that can prevent the incident laser energy from reaching the target.
Various assist gases such as compressed air, oxygen, argon, and nitrogen have been
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Fig. 4.30 Effect of beam focus on the depth and shape of laser-drilled holes. (Reprinted from Yeo
et al. 1994. With permission. Copyright Elsevier.)

used for drilling different materials. Inert gases are used as assist gas when the
laser-drilled holes free from oxide layer are desired. Air can also produce accepta-
ble quality holes in some metals such as aluminum. Oxygen gas is used as assist
gas to enhance the material removal by exothermic reaction. Laser drilling using
oxygen as an assist gas contributes energy to the process by the oxidation of metal
vapors and liquid. Oxygen-assisted laser drilling is even more effective for the
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materials whose oxides act as a flux and reduces the viscosity of the liquid metal
thereby enhancing the material ejection.

The two most important effects during laser drilling with oxygen as an assist gas
are the change in the absorptivity of the surface due to oxidation and the change in
the temperature required to expel the molten material because of difference in the
melting points of the oxide and metal. Table 4.2 gives the values of room tempera-
ture and the maximum oxygen-enhanced absorptivities for metallic materials.
Increase in the absorptivity favorably affect the drilling time. However, if the prod-
ucts of oxidation have higher melting point, the surface temperature required to
melt the oxide and expel the melt will be increased, thus increasing the drilling
time. The balance among these competing factors will finally determine whether
the oxygen assist is helpful to the laser drilling. This is substantiated by the experi-
mental observation (Fig. 4.31) of longer drilling time for AL 6061 (change in

Table 4.2 Absorptivity values for metallic materials (Patel and Brewster 1991)

Material Room temperature value Oxidation-enhanced value
Al6061 0.28 0.4
Cu 0.02 0.2
304 stainless steel 0.32 0.32
Low C steel 0.45 0.6
6 8
e
P=1300W 3 H
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Fig. 4.31 Drilling time for various metallic materials using oxygen and argon assist gases during
laser drilling with incident laser power of 1300 W and assist gas pressure of 40 psig. (Reprinted
from Patel and Brewster 1991. With permission. Copyright American Institute of Aeronautics and
Astronautics.)



132 4 Laser Drilling

absorptivity from 0.28 to 0.4 and change in melting point from 933K for Al to
2,345-3,125K for oxides) and shorter drilling time for Cu (change in absorptivity
from 0.02 to 0.2 and change in melting point from 1,326 K for Cu to 1,508-1,599 K
for oxides). The effect of change in melting point is more dominant in Al6061,
whereas the effect of change in absorptivity is more dominant in Cu (Patel and
Brewster 1991a, b).

Studies have shown that the best quality holes are produced in iron, nickel, and
their alloys by using oxygen as an assist gas because it helps burn the metal away.
Special care must be taken during laser drilling metals such as titanium with oxy-
gen and nitrogen as assist gas because it burns easily. Figure 4.32 shows the effects
of gas composition on the hole dimensions (exit and entrance diameters of the
holes) during single-pulse (pulse width of 0.1 ms) laser drilling of 0.8 mm thick
titanium with Nd: YAG laser. The figure indicates that the entrance diameter of the
hole increases with the oxygen content, while the exit diameter of the hole remains
unaffected. Increase in the entrance diameter with the oxygen content is associated
with the improved material removal due to energy of exothermic reaction when
titanium reacts with oxygen (Rodden et al. 2001).

The analysis of effect of assist gas pressure on the drilling parameters is interest-
ing because it contradicts with the intuition that drilling time would decrease with
increasing assist gas pressure due to the efficient removal of molten material during
drilling. However, it observed that high gas pressures leads to the formation of
density gradient fields which changes the refractive index of the medium between
the workpiece and the gas nozzle, thus defocusing the laser beam. The defocusing
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Fig. 4.32 Variation of entrance diameter (upper curve) and exit diameter (lower curve) of laser-
drilled hole with oxygen content during oxygen-assisted laser drilling of 0.8 mm thick titanium
(Reprinted from Rodden et al. 2001. With permission. Copyright Laser Institute of America.)
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Fig. 4.33 Variation of drilling time with assist gas pressure for copper for different laser powers.
(Reprinted from Patel and Brewster 1991. With permission. Copyright American Institute of
Aeronautics and Astronautics.)
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Fig. 4.34 Variation of drilling time with assist gas pressure for Al6061 alloy for different laser
powers. (Reprinted from Patel and Brewster 1991. With permission. Copyright American Institute
of Aeronautics and Astronautics.)

of the laser beam associated with high pressures reduces the flux density of the
surface resulting in increase in minimum drilling time. Figures 4.33 and 4.34 show
the dependence of drilling time on assist gas pressures for copper and Al6061. It is
observed that at all incident powers and for both argon and oxygen, the drilling time
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increases with assist gas pressures up to a certain pressure beyond which the
drilling time remains essentially constant (Patel and Brewster 1991a, b). Typical
oxygen gas pressures range from 100 to 350kPa. Compressed air and inert gas
pressures range from 200 to 620kPa (Elza and White 1989).

In addition to the type of assist gas, the geometry and quality of laser-drilled
holes is also affected by nozzle design, nozzle-material standoff, and nozzle gas
supply pressure. Nozzle designs differ significantly for various laser drilling setups,
but typical orifice openings range from 2.5 to 6.0mm and 0.75 to 2.5mm for
percussion drilling and trepanning, respectively. Nozzle-material standoff is the
distance between the nozzle tip and the surface of the workpiece and often equals
the nozzle—focal point standoff when the beam is focused on the surface of the
workpiece. Nozzle—materials standoff depends on the laser type, nozzle type, and
gas flow rates and often range from 4 to 40 mm and 0 to 15 mm for percussion drill-
ing and trepanning, respectively. Nozzle standoff with Nd:YAG laser is about
Smm. In gas-assisted laser drilling, the hole depth is found to be decreased with
decreasing the nozzle-material standoff. For best laser drilling results the nozzles
must be aligned coaxially with the focused laser beam (Elza and White 1989).

4.7 Laser Drilling Applications

Laser drilling is currently used in many industrial applications for large-scale pro-
duction. In addition, laser drilling is increasingly replacing conventional drilling
techniques for various applications. This section gives an overview of the estab-
lished applications of laser drilling along with a brief mention of the applications
where laser drilling is likely to be a dominant technology. By no means is this a
complete account of all the applications of laser drilling.

4.7.1 Drilling of Cooling Holes

Laser drilling of cooling holes in aerospace gas turbine parts such as turbine blades,
nozzle guide vanes, combustion chambers, and afterburners is an established tech-
nology. These parts are typically made of nickel-based superalloys which are diffi-
cult to machine using conventional techniques. Figure 4.35 shows a laser-drilled
component of gas turbine. Such closely spaced cooling holes increase the efficiency
of the engines and allow the higher operating temperatures. Table 4.3 presents the
typical hole dimensions of different engine components. The most preferred drill-
ing technique in such applications uses Nd: YAG laser in a trepanning drilling mode
(French et al. 2003). However, other laser sources can also be used in various dif-
ferent laser drilling modes based on the size, depth, and quality of the desired holes.
Increased drive towards improving the efficiency of the engines has led to the
development of plasma-sprayed thermal barrier coatings (TBCs) for the engine
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Fig. 4.35 Laser-drilled holes in an aerospace component. (Reprinted from French et al. 2003.

With permission. Copyright Laser Institute of America.)

Table 4.3 Typical dimensions of engine hole components. (Reproduced from French et al.
2003. With permission. Copyright Laser Institute of America.)

Wall thickness Angle to surface
Component Diameter (mm)  (mm) (degrees) No. of holes
Blade 0.3-0.5 1.0-3.0 15 25-200
Vane 0.3-1.0 1.0-4.0 15 25-200
Afterburner 0.4 2.0-2.5 90 40,000
Baseplate 0.5-0.7 1.0 30-90 10,000
Seal ring 0.95-1.05 1.5 50 180
Cooling ring 0.78-0.84 4.0 79 4,200
Cooling ring 5.0 4.0 90 280

components. Even though laser drilling is well-suited for drilling TBC superalloys
(Fig. 4.36), it is faced with multiple challenges to meet the growing needs of the
aerospace industry. These areas are the prevention of delamination in TBCs in the
drilled areas, drilling of low angle cooling holes, and drilling through complicated
and smaller cavities (Voisey and Clyne 2004).
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Fig. 4.36 Laser-drilled cooling hole in a plasma-sprayed thermal barrier-coated (TBC) nickel
superalloy, which consisted of partially stabilized zirconia (PSZ) top coat and NiCrAlY bond coat
deposited on Ni-superalloy substrate. (Reprinted from Voisey and Clyne 2004. With permission.
Copyright Elsevier.)

4.7.2 Drilling of Diamonds

Diamonds, being highly transparent and the hardest known material, presents
unique difficulties for machining. Drilling of natural and synthetic diamonds is of
particular interest for many applications. Pulsed solid-state lasers are used for drill-
ing diamond wire drawing dies to produce high finish, precisely profiled holes with
minimum heat affected zone. In addition, laser drilling is used in jewelry to enhance
the clarity grade of diamonds by helping in removing the trapped inclusions. Lasers
are used to bore a small hole in the diamond from the surface to the targeted inclu-
sion, which is subsequently bleached out or burned away by forcing a strong acid
through the drilled hole.

4.7.3 Microdrilling

Lasers are now extensively used in the micromachining applications where feature
resolution in the range of micron and submicron is required. Many of these micro-
drilling applications are discussed in the following chapter dealing with
micromaching.
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Fig. 4.37 Some geometries of laser-drilled holes in inkjet printer head. (Reprinted from Gower
2002. With permission. Copyright Optical Society of America.)

One such application is the drilling of holes in the head plate of ink jet printers.
Ink jet printer heads consists of an array of tapered holes through which the ink
droplets are squirted on the paper. The resolution of the prints can be increased by
increasing the number of holes and decreasing the hole diameter and pitch of the
holes in the head. Modern printers use excimer lasers to drill 300 holes of 28 um
diameter compared to earlier printers which used electroforming to produce 100
holes of 50 um diameter. In addition to the increased resolution (600 dots per inch),
laser drilling gives higher production yields (> 99%) compared to conventional reso-
lution of 300 dots per inch and production yield of 70-85%. Figure 4.37 presents
some geometries of laser-drilled holes in inkjet printer heads (Gower 2000).

Drilling of fuel injector nozzles is traditionally done by electrical discharge
machining (EDM) and the hole diameters in the range 150-200um are achieved.
Increasingly, stringent environmental issues to reduce emissions necessitate the
employment of smaller injection holes and/or specially shaped holes which are
beyond the capabilities of the EDM. Laser drilling is capable of drilling smaller
holes (as small as 20pum in diameter) in specially engineered configurations such
as shape and taper (Herbst et al. 2004).

Table 4.4 presents a summary of industrial applications of laser drilling.

4.8 Advances in Laser Drilling

The continuously increasing precision requirements in micromachining applica-
tions led to the development of laser drilling processes using ultrashort laser pulses.
At such ultrashort pulse durations (~100fs), the material removal mechanism
causes direct ablation of the solid to vapor. This leads to negligible heating and
correspondingly negligible heat-affected zone (damage zone) resulting in clean
holes without spatter, resolidified layer, and microcracking. Hence no postdrilling
finishing operations are generally required. For example, typical femtosecond
(100fs) laser pulses in low fluence approximation produces thermal diffusion
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Table 4.4 Summary of applications of laser drilling in various industrial fields

Industrial field Applications

Aerospace Turbine component cooling

Engine silencing

Aerofoil laminar flow
Microelectronics Inkjet printer nozzle

PCB via interconnects

IC test vertical probe card

Optical switching
Automotive Fuel injection nozzle

Fuel filter

Car brake sensors

Connecting rod lubrications
Biomedica/MEMS Catheter sensors

Aerosol spray atomizers

DNA sampling

Vaccine Production

Lab-on-a-chip

Environmental/Renewable energy Toxic gas sensors
Solar cell technology
Fuel cell
Particulate filters
Others Food packaging

Gemstone drilling
Digital finger printing

length of around 1nm in steel. Due to inherent advantages of femtosecond pulse
processing, this technology have a great potential to produce micron and submicron
features in medical devices, photonic devices, micromechanical devices, and
photomasks.

Laser drilling is generally carried out using Gaussian beams. Due to nonuniform
energy distribution, drilling with Gaussian beams is often associated with poor
edge quality, wider heat-affected zones, and waste of energy carried in the wings
of Gaussian distribution which does not contribute significantly to the drilling proc-
ess. Hence, considerable research efforts are directed towards shaping the laser
beam to redistribute the energy in more uniform profile. In general, the percussion
laser drilling is also carried out using normal pulses having relaxation oscillations
(relaxation spikes) in the beginning of the pulse which decline and merge into con-
tinuous emission. Temporal modulation of the individual pulse to obtain the spikes
continuously along the pulse has beneficial effects on the drilling performance. In
addition to the temporal modulation of the individual pulse, the efforts are done to
modulate the entire pulse train by SPDPC. Figure 4.38 shows a normal pulse deliv-
ery (NPD) pattern and SPDPC, which gives rise to better quality of holes in percus-
sion drilling in terms of the deposited spatter area (Low et al. 2001b).
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Fig. 4.38 Schematic of (a) normal delivery pattern (NPD) and (b) linearly increasing pulse deliv-
ery pattern (SPDPC). (Reprinted from Low et al. 2001b. With permission. Copyright Elsevier.)

Recently, laser drilling under various surrounding media have attracted increased
interests. One such effort is underwater laser drilling which uses water as a sur-
rounding medium. The increase in efficiency and quality of laser drilling with
water compared to that in air is due to a combination of the following effects
(Lu et al. 2004):

1. During drilling, the laser—material interaction generates high temperature and
high pressure plasma which causes the explosive removal of the material.
However, if water is present in the surrounding, the expansion of the generated
plasma is confined to such an extent that the recoil pressure against solid
increases tremendously resulting in enhanced laser drilling efficiency. One of
the studies have reported that the impact induced by plasma confined in water is
about four times higher and the shock-wave duration is about 2—3 times longer
than that in direct regime (in air) at the same laser intensity.

2. The size of the plasma is much smaller in water environment; hence, the detri-
mental effects of plasma on the drilling efficiency such as absorption of incident
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Fig. 4.39 Hole drilled in 0.3 mm thick aluminum plate by pulse laser in (a) surrounding air and
(b) water. (Reprinted from Lu et al. 2004. With permission. Copyright American Institute of
Physics.)

energy and reduction in laser coupling to the surface are minimized. In addition,
the plasma lifetime in water is one half of that in air.

3. Surrounding water in underwater drilling improves the surface quality of the
laser-drilled holes by preventing the molten metal to solidify along the edges of
the hole and also by conducting away the excessive heat from the surface.

4. Cavitation bubbles which form during laser matter interaction in liquids collapse
against the wall and thus produce impulse force.

Fig. 4.39 shows the SEM micrograph of laser-drilled holes in surrounding air and
water using Nd:YAG laser and pulse duration of 20ns. Underwater laser drilling
gives more regular, cleaner, and smoother surface morphology (Lu et al. 2004).
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Chapter 5
Laser Cutting

5.1 Introduction

Laser cutting is a two-dimensional machining process in which material removal is
obtained by focusing a highly intense laser beam on the workpiece. The laser beam
heat subsequently melts/vaporizes the workpiece throughout the thickness or depth
of the material thus creating a cutting front. The molten material is expelled from
the cutting front by a pressurized assist gas jet. The assist gas, in addition to facili-
tating the material removal by melt expulsion, may also help in enhanced material
removal through chemical reactions such as oxidation of the material. The cutting
of the material then proceeds by the movement of the cutting front across the sur-
face of the material. This is carried out by the motion of either focused beam and/or
the workpiece relative to each other.

Laser cutting is a high-speed, repeatable, and reliable method for a wide variety
of material types and thicknesses producing very narrow and clean-cut width. The
process is particularly suited as a fully or semiautomated cutting process for
the high production volumes. One of the first industrial applications of laser
cutting using 200 W laser is cutting of slots in die boards. The lasers are now
capable of cutting a wide range of metallic materials such as steels, superalloys,
copper, aluminum, and brass, and nonmetallic materials such as ceramic, quartz,
plastic, rubber, wood, and cloth (Ready 1997).

Some of the advantages of laser cutting over the conventional machining tech-
niques can be listed as:

1. Noncontact process: The workpiece need not to be clamped or centered on the
precise fixtures as in conventional machining. Accurate positioning of the
workpiece on the X-Y table with defined direction of cut can be easily obtained
during laser cutting thus facilitating the machining of flimsy and flexible
materials.

2. Ease of automation: Most of the laser-cutting processes are CNC-controlled
giving accurate control over the dimensions of cut and faster cutting speeds.

3. High cutting speeds: Laser cutting is a fast process. The typical cutting speed for
4mm carbon steels with a 1,250 W CO, lasers is 3 m/min.
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4. Fine and precise cut dimensions: Laser cutting can be carried out with a very
narrow kerf width (~0.1 mm) such that the process can be used for fine and
profile cutting.

5. Better quality of cuts: Laser heats and melts the material in a localized fashion.
This in combination with the melt expulsions during cutting minimizes the heat-
affected zones and the thermal stresses.

6. Flexible process: Laser cutting can be used for a variety of materials ranging
from ferrous and nonferrous to nonmetallic materials.

5.2 Laser Cutting Approaches

Based on interaction of the laser beam with the workpiece and the role of assist gas
in the material removal process, lasers can be used in several ways in the material
removal processes during cutting. The four main approaches to cut the material
using laser are evaporative laser cutting, fusion cutting, reactive fusion cutting, and
controlled fracture technique. The selection of optimum technique and operation
condition depends on the thermo-physical properties of the material, the thickness
of the workpiece, and the type of laser employed. General schematic of the laser-
cutting process is shown in Fig. 5.1 (Powell 1998). Table 5.1 presents the laser-cutting
approaches for the various materials.

Laser beam

and gas jet Workpiece

surface

Adherent dross

——— e —— e — — .

Fig. 5.1 General schematic of a laser-cutting process with a coaxial gas jet to blow the molten
material. (Reprinted from Powell 1998. With permission. Copyright Springer.)
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Table 5.1 Various approaches of laser cutting

Laser cutting

approach Principle Material properties Example

Vaporization  Direct vaporization of mate-  Low conductivity, low Cloth, wood, paper,
rial by laser energy with heat of vaporization etc.
inert assist gas

Fusion Laser energy melts the mate- High conductivity Nonferrous materials
rial which is subsequently materials (titanium,
expelled by impinging aluminum, etc.)*
inert gas jet

Reactive Exothermic reaction cre- High conductivity, Mild steel, titanium,

fusion ates additional source of reactive materials stainless steel, etc.

energy. Molten materials
is removed by reactive gas
jet in the form of mixture
of oxide and metal
Controlled Laser energy introduces Brittle materials Alumina and other
fracture stresses in localized area ceramics
followed by mechanical or
laser induced severing

*Titanium can also be cut by reactive fusion cutting; however, the quality of the cutting edges is
better in fusion cutting. In addition, in some material (such as aluminum) the exothermic may be
self—extinguishing hence efficient cutting results can be obtained with fusion cutting

5.2.1 Evaporative Laser Cutting

In evaporative laser cutting, the laser provides the latent heat until the material
reaches the vaporization point and ablate into vapor state. Since the materials
removal is due to direct phase change to the vapor, the cut quality is extremely
high with clean edges. The method is primarily suitable for the materials with low
thermal conductivity and low heat of vaporization such as organic materials,
cloth, paper, and polymers. Nonreactive gas jet may be used to reduce charring
(Ready 1997).

During evaporative laser cutting, the rate of penetration of beam into the work-
piece can be estimated from a lumped heat capacity calculation assuming one-
dimensional heat flow (Steen 1991). All the heat energy might be used in
evaporation process without any heat conduction in the workpiece. The penetration
velocity defined by the volume of material removed per unit second per unit area is
then given by:

V=F,/plL+C,(T,~T,)] (5.1)

where

F, = absorbed power density (W/m?); p = density of solid (kg/m*); L = latent heat of
vaporization (J/kg); C = heat capacity of solid (J/kg °C); T, = vaporization tempera-
ture (°C); T, = temperature of the material at start (°C).
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Fig. 5.2 Coordinate system for the groove formation during evaporative laser cutting. (Reprinted
from Modest and Abakians 1986. With permission. Copyright American Society of Mechanical
Engineers.)

Extensive studies have been carried out to study the formation of a deep groove
by evaporation during laser cutting (Modest and Abakians 1986; Abakians and
Modest 1988). The most important parameters during laser cutting such as groove
width and shape can be calculated by numerically solving the relevant partial dif-
ferential equations. The schematic of the laser-cutting process with the coordinate
system is presented in Fig. 5.2. A semi-infinite body is irradiated with a Gaussian
laser beam and moves with a constant velocity v.

Laser-cutting process is governed by a three-dimensional heat transfer problem
with a moving source. The corresponding heat transfer equation is given by
(Modest and Abakians 1986):

9T _, 82T+82T+82T 52)
Povar ~Ha Toy T o2 | '
The boundary conditions are:
X—>too, y—doeo, z—ee: TT, (5.3)

Evaporative laser cutting can be approximated as a single stage solid to vapor phase
transformation. The three different regions on the surface of the workpiece during
cutting can be identified: Region I, the part of the workpiece which is away from
the evaporation front and still too far to undergo the evaporation (x < < 0); Region
I, the region of evaporation front which is close to the center of laser beam; and
Region III, where the evaporation has already been taken place with a formation of
established groove (Fig. 5.3).
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laser radiation

Fig. 5.3 Locations of three regions of the workpiece during evaporative laser cutting: I, region
away from evaporation front; II, region of evaporation front, and III, region where evaporation has
already been taken place establishing a well-defined groove. (Reprinted from Modest and
Abakians 1986. With permission. Copyright American Society of Mechanical Engineers.)

The energy balance on the surface element on or away from the vaporization
front gives the following boundary condition at the surface (Modest and
Abakians 1986):

al,(nek)e™ V" = (T =T )~ k(neVT) - pLv(iei) (5.4)

where o is the absorptivity; J, is the laser intensity at the center of beam; 7 and k
are unit vectors in x- and y-directions respectively; 7 is the surface normal on
evaporation front; R is laser beam radius; % is convective heat transfer coefficient;
Teois the ambient temperature; k is thermal conductivity; p is density; and L _is the
heat of sublimation. Equation (5.4) can be modified for the three different regions
as follows (Modest and Abakians 1986):
Region I: In this region,
iei=0 and A=k

such that
2 2 2 aT
O{Joe*(x +Y)IRT h(T_TW)_ka_’ X< Xy (y) (543)
Z

Region II: In this evaporation region which is close to the center of the laser
beam,

ien<0

such that Eq. (5.4) becomes

) 5 1/
ad,e O — (WT —T. )~k heVT) 1+(§) o +pst§;
ox dy ox

<= S(.x,y), xmin (y) <x< ‘xmax (y) (54b)
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Additional boundary condition for evaporation region is

T=T,, z=s(xy), X,O»<x<x,; () (5.5)

where s(x, y) is the local depth of groove and T is the evaporation temperature.

Region III: This is the region where the established groove is formed and the
region is moved too far from the evaporation front such that the temperature is
below the evaporation temperature 7, . In this region

iei=0 and Aek#0

such that

H\1/2
o e IR =(h(T—Tw)—kﬁ-VT)[1+(%) ] ;

z=s5_(y), x>x,,.0) (5.4¢)

where s..(y) is the maximum established depth of the groove.
The following nondimensional parameters can be introduced to arrive at the
solution of the above heat transfer equations:

E=x/R, n=y/R, {=z/R;
S=s(x,y)/R, ©=(T-T_)IT,-T.);
_ kT, -T) _hrR . PCHR

N =2 N, Bi , U (5.6)
o, RoJ, k k

Introducing the above Eqgs in (5.2)—(5.5) gives
00 0°0 0°0 0°0

£=¥+W+W; —o0<E N< oo, § <L < oo (5.7)
subject to
Etoo, Noteo, (4o ©0 (5.8)
Region I:
£=0: e“z*””—Nk(Bie—a_@):o;
cJ4
—e0<E <, (), —eo <M< oo (5.92)
Region II:

N 2\!/2
= . 95 _ &y _ ( -_a_(a) 9 98
§=S_(m: N, ag_e N, | Bi o 1+ PE + n (5.9b)
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@ = 1’ émin (n) S 6 S émax (n)’ - nmux S n S +nmax (510)
Region III:
90 asYy)
=5.(: e N [BiO-Z= |1+ =
c=Sme e “( 1 an){ (an)}
émin (n) < 5 <too, — Mhnax < n < Minax (59C)

In order to solve Eq. (5.9b), the following assumption can be made:
V?O = 9’0 /dn*, where n is distance along the vector 7.

Temperature profile normal to the surface can be approximated by a quadratic
polynomial: © = © [1 —n/ 6]*, where O is the nondimensional surface temperature
and 9 is a penetration depth.

With these simplifications, the equations for three regions can be rewritten as:
Region I:

d 60
£ @D= (5.11)
L 2 —(&+11)
N,©, Bi+|=¢ n (5.12)
Region II:
25 _ o 3 /[, (a5 (as)
o8 US o o on (5.13)
d 2 asY (asY))
NC—S:e‘“Z“’Z)—Nk (Bi+—) 1+(—S) +(—S]
o 1) o on (5.14)
Region III:
d 60
3(905# U5° (5.15)

2 1/2
NkG)o(B ”%)[H(g_i) ] e (5.16)

In order to determine the groove depth and shape given in region II, the boundary
between regions I and II must be found by solving Eqs (5.11) and (5.12) for region
I. The solution for the region I is given by:

I )

dé - q)(2e’52 —q))

, (5.17)

where ¢ = N, Bi© e".
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Equation (5.17) can be readily solved by the standard Runge-Kutta method. To
determine & . (1), Eq. (5.17) can be inverted and solved for & as a function of @ up
to o= NkBie* ™, i.e., to the point where @0 = 1. Also, the local nmax(ﬁ) can be found
by integrating to the given &, such that (&) = (In[¢ (§)/N,Bi])". For some &> 0,
de/dé = 0, indicating the maximum groove width has been reached. The results of
the evaporative laser cutting are given in Figs 5.4 and 5.5. Figure 5.4 shows that, in
the case of low conduction losses (large values of N,) the evaporating region is
bounded by a semicircle for negative values of & The value of 1 (£) increases
gradually with & and reaches its maximum at £ = 0. As the conduction losses
increase (N, decreases) the evaporating region may be approximated by an elliptic
shape. Typical cross section of the groove developed along & direction during evap-
orative laser cutting is shown in Fig. 5.5, which indicates that the maximum groove
width reaches around & = 0.3 given by n_ . Beyond this &, no additional evapora-
tion occurs because the part of the groove has moved far away from the center of
laser beam such that the laser energy is lost by conduction and convection (Modest
and Abakians 1986).

3-0’_ T T T T T T T T T E
- N =0.01 ]
2.5F U=1.0 ]
n Bi=0.001 1
2.0:— -
1.5::— —:
Fig. 5.4 Top view of evaporation front 1'05' i
for different conduction-loss levels. E J
(Reprinted from Modest and Abakians 0'5:_ 3
1986. With permission. Copyright ]
. . . 0 A
Amq?rlcan Society of Mechanical 30 -20 -10 O 10 20 30
Engineers.) 3
0
40 .
S 1
80 7]
Fig. 5.5 Cross sections of the grooves 120 U =1.0 ]
formed during evaporative laser cutting N.=0.04 1
at Qiffer(el;‘nt lohcati((i)r;s in tll\14e Zvapora;ion 160 N: -0.00f —
region. (Reprinted from Modest an r Bi=0.000f J
Abakians 1986. With permission. L €2 lZ.OO l { ! \ i
Convrieht American Society of 200 pv ety era e ley v ey
pyrig y 0o 05 {0 15 20 25 30
Mechanical Engineers.) 7
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The above analysis was further extended by considering the effects of multiple
reflection and beam guiding for highly reflective materials. The multiple reflection
results in enhanced material removal rates and deeper grooves. The grooves
obtained in evaporative laser cutting with multiple reflection effects have a flatter
profile at the centerline and steeper slope in other parts of the grove cross section
(Biyikli and Modest 1988, Bang and Modest 1991).

Recently, a computational model for the simulation of a transient laser-cutting
process using time-dependant boundary element method (BEM) has been devel-
oped. Boundary element method is a numerical method that utilizes the picking-out
property of the fundamental singular solution of a differential equation. In BEM,
the solution of the domain boundary problems is expressed in terms of the boundary
integrals of the fundamental solution and its derivatives. This feature of BEM
makes typical discretization and formulation simpler than other methods in which
the domain is discretized (Kim and Majumdar 1996, Kim 2000). Numerical analy-
sis was carried out on the amount of material removal and groove smoothness with
laser power and number of pulses and it is shown that there exist threshold values
in a number of pulses and laser power in order to achieve predetermined amount of
material removal and smoothness of groove shape (Kim et al. 1993; Kim and
Majumdar 1995; Majumdar et al. 1995; Kim and Zhang 2001).

5.2.2 Laser Fusion Cutting

In fusion cutting, a laser beam moves relative to workpiece and follows a straight or
curved path (straight cut or profile cut). Fresnel absorption of energy from the
impinging high-intensity beam melts the metal throughout the thickness (through cut)
of material thus creating a cutting front. In case of blind cuts the height of cutting
front is smaller than the thickness of workpiece. The cutting front is in the form of a
thin film of molten material. A conical nozzle with assist gas is usually employed
coaxial with the laser beam. In fusion cutting, only nonreactive gases such as argon
or nitrogen are used as against the oxygen used in reactive laser cutting. The process
gas is at high pressure and transforms momentum to the melt film. If the momentum
of the film exceeds the surface tension forces, melt is vertically accelerated and
ejected from the bottom of the kerf in the form of droplets, otherwise dross attachment
occurs. Since the primary phase transformation is melting, the energy requirements
for fusion cutting are lower compared to evaporative laser cutting.

The modeling procedures for the fusion cutting are complex and various phe-
nomena such as heat transfer, fluid flow, and gas dynamics needs to be considered.
Extensive literature is available on the modeling efforts of fusion cutting. The most
general procedure is to proceed with the solutions of mass, momentum, and energy
balance equations in a controlled volume enclosed by cutting front and melting
front (Kaplan 1996). Figure 5.6 shows cutting model geometry consisting of a
control volume enclosed by a cutting front (gas/liquid interface) and melting front
(solid/liquid interface).
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Fig. 5.6 Model geometry for laser cutting showing a control volume bounded by two inclined
semicircular cylinders. (Reprinted from Kaplan 1996. With permission. Copyright American
Institute of Physics.)

The heat flow at the top surface of the workpiece is balanced by absorbed beam
intensity (Fresnel absorption):

q,.. = atan(6)1 , (5.18)

where 0 is the angle of inclination of the front. The heat flow is given by the heat
flux g of a cylindrical moving source of heat. Thus, the heat flux at the front
(@ = 0) and side of the cylinder (¢ = 7/2) can be given as (Kaplan 1996):

Ges 1>V, @ = 0) = (20, )tan(20, )X I(x = x,,y =0,z =0), (5.19)

qmcs(rk’v’(p = ﬂlz) = atan(emax)XI(x = xl _rk’y = rk’Z = O)’ (520)

where g__(r,, v, @) is the local heat flow of a cylinder of diameter w, = 2r,; v is
the processing speed; o(0) is the angle-dependent Fresnel absorption; 6 is the
angle of incidence; I(x, y, z) is the spatial distribution of laser energy described
by Gaussian beam; &is the maximum Fresnel absorption at angle 0 . and x is
the horizontal location of the cutting front at the top surface. The horizontal
location of the cutting front at the bottom surface of the workpiece x, is given as
(Kaplan 1996):
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x, = x, —dtan(0), 5.21)

where d is thickness of the workpiece. Absorption front of the control volume is
thus described by the parameters X Xp W, and O, which along with the mean melt
film thickness (s_) describe the whole control volume.

5.2.2.1 Mass Balance

Mass balance equation is given by setting the rate of molten material, N_ (m/s),
equal to the rate of ejected material, N (m?s). For fusion cutting, the evaporative
losses are generally neglected. In addition, neglecting the dross attachment at the
bottom of the front, the corresponding mass balance equation is (Kaplan 1996):

N_ =N,. (5.22)

The equation can be written in terms of workpiece thickness (d), translation velocity
(v), melt film velocity (v, ), melt film thickness (s, ), and kerf width (w,):

vdw, =v_s W, (5.23)
such that
d
5, == (5.24)
v

If the fusion cutting is accompanied with the oxidizing assist gases (Section 5.2.3),
the ejected material consists of oxides in addition to the bulk metal. For mild steel,
the preferred oxidation reaction is the formation of FeO. The melt film thickness is
thus given by the addition of thickness of molten bulk metal (s, ) and thickness of
oxide layer (s )

Sm = SFe + sFeO . (525)

From the laws of diffusion, s is given by:

Speo = N 2Dely <5, . (5.26)

The effective reaction time (z ), is given by the mean duration taken by an atom
from melting to ejection when averaged over the depth.

teff = V_ . (5.27)

The fraction of oxide formed during oxidation can be given by s, /s and the abso-
lute reaction rate (mol/s) is:
N = P
eFe0 — YmWikSkeo ) (5.28)
| ArA,Fe

where AL is the relative atomic mass of iron.
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5.2.2.2 Momentum Balance

Momentum equation is given by balancing the effective forces of the gas flow on
the left-hand side and the forces acting on the melt on the right-hand side of the
cutting front (Kaplan 1996):

F+F +F=F +F +F+F,, (5.29)

where F, is the force due to static pressure; and F, and F, are the normal and
tangential components of dynamic gas force, respectively, acting on left-hand side.
In addition, F, is the force due to ambient pressure; F' . is the surface tension force;
F, is the dynamic force; and F _ is the force describing frictional losses in the
melt. When the supersonic gas jet reaches the surface of workpiece, a fraction of it
flows radially outward along the workpiece and the remaining gas actually enters
into the kerf. Moreover, a fraction of gas which enters into the kerf oxidizes the
molten surface layer of metal and the remaining gas passes through the kerf after
transferring some of its momentum to the melt film. The geometrical areas of these
two flows are given by:

A=dmz, (5.30)

d
A =wy (?n"'xn)’ (5.31)

where A and A, are the cross section of the flow expanding radially outward and
effective area of the flow entering the kerf, respectively; dn is the nozzle diameter;
and z is the nozzle-workpiece standoff distance.

At the kerf entrance, the various parameters can be expressed as:

A

Pe=pr :A , (5.32)
T k

p. = p*, (5.33)

v, =%, (5.34)

T, =T*, (5.35)

where p is pressure; v is velocity; and 7 is temperature of the processing gas.
Indices g and * denotes the state of gas at the entrance of the kerf and at the nozzle,
respectively. Various forces can be expressed as:

T

F, =dw, 5Py (5.36)
4 2

F, =dw, 5 PV tan(6), (5.37)

d 3/2
T v T
Fo=dw, >, /pgygj(?gJ dz =~dw, SR 2 (538)
0
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F, =s,wnp,, (5.39)
2
F, = dw, T (5.40)
2 w,
T Vs
F, =dw, —p-—x nm 5.41
« =N PRy G4D
F. = dw, % um (5.42)

where P, and M, are the density and dynamic viscosity of the gas; p, is the ambient
pressure; and o is the surface tension.

5.2.2.3 Energy Balance

Energy balance is given by setting the energy gain equal to the energy losses. The terms
corresponding to the energy gains are the absorbed laser power (P ) and the power gen-
erated due to exothermic reaction (P ), whereas the terms corresponding to the energy
losses are powers due to conduction heat losses (P), heat of melting (P ), and heating
of liquid material (P). The corresponding equations can be given as (Kaplan 1996):

P = &IOXI I(r,z=0)rrmdr + djo I(r,z = d)rrdr, (5.43)

P'r = Ne,FeOHFeO ’ (544)

})s = Pn:ess (rk ’ V)d’ (545)

P. = pvdw H., (5.46)
T -T

P, = pvdw,c, (‘2—’“), (5.47)

where c, is the heat capacity of metal; p is the density of metal; H,_ is the heat of
the oxidation reaction; H_is the latent heat of phase transformation; 7 is the melt-
ing point; and 7, is the surface temperature of liquid.

Fourier’s second law can be used to balance the heat flux at the front of the mov-
ing cylinder g__ (¢ = 0) with the temperature gradient in the melt film:

mcs

T -T
Qe 5V, 0 = 0) = =kVT = k——", (5.48)

N

m

which gives an explicit relation between surface temperature (7)) and melt film
thickness (S, ):

S
I=T,+ fqm (r,v,9=0), (5.49)

where k is the heat conductivity of the material.
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The results of the numerical solutions of the above model for fusion cutting of mild
steel of various thicknesses (1-3mm) with 1,500 W CO, laser are presented in Figs 5.7
and 5.8. Figure 5.7 shows that the kerf width decreases with increasing velocity because

300 e
N4 Experiments: 2 mm 1
- +— Evaporation Regime -
5; 200 -
£ |
L
3 3 1
= L i
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0 A 1 . 1 : 1 .

0 2 4 6 8
Processing Speed v [m/min]

Fig. 5.7 Variation of kerf width with processing (cutting) speed during laser fusion cutting of
1, 2, and 3 mm thick mild steel. Experimental data for 2 mm thick mild steel is overlapped showing
good agreement with the calculated values. (Reprinted from Kaplan 1996. With permission.
Copyright American Institute of Physics.)
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Fig. 5.8 Variation of melt film thickness with processing (cutting) speed during laser fusion
cutting of 1, 2, and 3mm thick mild steel. (Reprinted from Kaplan 1996. With permission.
Copyright American Institute of Physics.)
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heat flow increases the threshold values which are responsible for ignition of the front.
The experimental data for the fusion cutting of 2mm steel sheet matches closely with
the calculated data except in the maximum velocity region. This small discrepancy near
the maximum velocity region is due to the evaporation losses which are neglected in the
present calculations. In addition, Fig. 5.8 indicates that the melt film thickness increases
for higher speeds due to higher melting rate. The model also gives the results for the
temperature of the cutting front at various velocities (Kaplan 1996).

5.2.3 Reactive or Oxygen-Assisted Laser Cutting

Reactive laser cutting is a variation of fusion cutting in which reactive gas is used
instead of inert gas. In reactive fusion cutting, the material is heated to the point
where an exothermic reaction with an oxidizing coaxial gas jet is triggered thus add-
ing another source of heat to the process. Generally, the temperature at which the
oxidation becomes dominant is much less than the evaporation temperature. Due to
combined effects of the absorbed laser radiation and the exothermic reaction, the
molten layer at the cutting front reaches the evaporation temperature thus facilitating
the material removal by evaporation from the surface. In addition, the frictional
forces between the impinging gas jet and the molten film at the cutting front causes
the molten layer (oxide and the melt) to be ejected from the bottom surface of the
workpiece (Schudcker and Miiller 1987). The amount of material lost by the mate-
rial is then compensated by the further melting of the workpiece at the solid/liquid
boundary below the cutting front, thus accomplishing the cutting by movement of
solid/liquid interface into the uncut region of the workpiece. The method is mainly
used for thick section cutting of stainless steels, titanium, and aluminum alloys.
The role of oxygen in the laser cutting of mild and stainless steel have been exten-
sively investigated. During oxygen-assisted laser cutting, the dominant mechanism
of material removal is the oxidation of materials, whereas the evaporation of the
material is negligible. This was confirmed by the direct optical observations of the
oxygen-assisted laser-cutting zone which showed the temperature in the pale yellow
band (~2,000K) as against the blue—violet band (temperature higher than 2,000 K)
observed in evaporative laser cutting. In general, the exothermic reactions for mild
and stainless steels during the oxygen-assisted laser cutting can be given as:
Mild steel:

Fe + O — FeO + heat (257.58 kJ/mol)
2Fe + 1.50, — Fe O, + heat (826.72 klJ/mol)

Stainless steel:
2Fe + 1.50, — Fe,O, + heat (826.72 kJ/mol)
2Cr + 1.50, — Cr,0, + heat (1,163.67 kJ/mol)
Ni + 0.50, — NiO + (248.23kJ/mol)
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The extent of oxidation during the reactive laser cutting can be evaluated by the
detailed chemical analysis of the material ejected from the bottom of cut zone.
Typical average values of amount of unoxidized iron, oxidized iron, and oxygen
present in the molten droplets ejected from the cut zone during laser cutting of mild
and stainless steel with 900 W CO, laser are given in Table 5.2 (Ivarson et al. 1991).
A typical cross section of an ejected droplet is shown in Fig. 5.9. The ejected drop-
lets are made of a mixture of iron and oxidized iron (Powell 1998).

The role of oxygen during laser cutting can be quantified in terms of the
oxidation energy generated which in combination with the irradiated laser energy

Table 5.2 Average compositions of the ejected droplets during oxygen assisted laser cutting of
1-4mm thick mild and stainless steel using 900 W CO, laser (Reprinted from Ivarson et al. 1991.
With permission. Copyright Laser Institute of America.)

Free Fe Oxidized Fe  Free Ni Oxidized Ni  Total Cr Total O

Material (wt. %) (wt. %) (wt. %) (wt. %) (wt. %) (wt. %)
Mild steel 43.1 44.7 - - - 13.1
Stainless steel 43.0 19.5 10.9 0.67 15.2 10.7

Fig. 5.9 Typical cross section of an ejected droplet during oxygen-assisted laser cutting showing
a layer of oxidized metal. (Reprinted from Powell 1998. With permission. Copyright Springer.)



160 5 Laser Cutting

Table 5.3 Oxidation heat generated during reactive laser cutting of mild and stainless steel
(Reprinted from Ivarson et al. 1991. With permission. Copyright Laser Institute of America.)

Material removal Oxidation heat

Materials Thickness (mm) Kerf width (mm)  rate (mm?/s) evolved (W)
Mild steel 1 0.23 28.7 515.2

2 0.21 35.7 643.9

3 0.22 35.0 618.2
Stainless steel 1 0.27 35.9 1156

2 0.29 37.7 1215

3 0.32 40.3 1297

determines the total energy input to the laser-cutting process. Table 5.3 gives the
details of oxidation heat generated during the laser cutting of mild and stainless
steel with 900 W CO, laser for various workpiece thicknesses. As seen from the
table, the average heat of oxidation for mild steel is around 579 W, which in combi-
nation with 900 W of laser energy, determines the 40% of the total energy input to
the cut zone. Moreover, for stainless steel, the average oxidation heat evolved is
1,220 W which is significantly greater than the input laser energy (Ivarson et al.
1991). In view of the enormous conductive thermal losses to the base material
during laser cutting, the role of oxidation in laser cutting is significant. Higher
cutting speeds are achieved in the oxygen-assisted cutting due to release of a large
amount of exothermic heat, higher absorptivities of hot oxide films, and the high
fluidity of oxide slag on the cutting front. However, it is important to deliver the
sufficient oxygen at high pressure to sustain the exothermic reaction during laser
cutting (O’Neill and Gabzdyl 2000).

Early attempts for the modeling of reactive gas cutting are done by Schudcker.
The various physical processes during reactive laser cutting are shown in Fig. 5.10
(Schudcker 1986). When the laser beam interacts with the workpiece, a nearly
vertical cutting front (or erosion front) is created. The erosion front is covered with
a thin layer of molten liquid and the material removal takes place at the erosion
front. The material removal takes place by evaporation from the erosion front and
also by the ejection of molten liquid from the bottom surface of the workpiece
due to frictional forces between the impinging gas and the molten film of material.
The heat balance at the molten layer is given by setting the heat gain by the molten
film by laser radiation and oxidation reaction equal to the heat losses by conduc-
tion, melting, vaporization, and ejection of liquid material by from the bottom
surface of the workpiece (Schudcker 1986).

The mass balance equation is given by equating the mass gained by the reactive
gas particles impinging on the molten layer with the losses by reaction between gas
and metal particles with rate k, losses by ejection of liquid material from the bottom
surface with velocity v, and losses by evaporation described by temperature-
dependent quantity ¥,. The resulting equation is (Schudcker 1986):

wdqy, = swdkgngn, +swnyv, +wdyyn, (5.50)
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Fig. 5.10 Physical mechanism of oxygen assisted laser cutting. (Reprinted from Schudcker 1986.
With permission. Copyright The International Society for Optical Engineering.)

where w is kerf width; d is thickness of workpiece; S is thickness of molten layer;
and n, and n, are the densities of pure metal particle in the molten layer and
reactive gas, respectively. The quantity ¢, equals Bg,, where f3 is fraction of reac-
tive gas particles absorbed by the erosion front and ¢, is the density of reactive gas
particles impinging on the erosion front. The equation for mass balance for pure
metal particles is similar to Eq. (5.50) and is obtained by equating the mass gain by
melting of solid material with the mass losses by reaction with rate k, ejection of
liquid material from the bottom surface with velocity v, and losses by evaporation
described by temperature-dependent quantity ¥,. Thus,

wdvn, = swdkyn,n, +swn, v, +wdy,n, , (5.51)

where v is the cutting speed and n, is atomic density of solid material.

Equation (5.51) can be solved to calculate the number of reaction events per unit
time in the molten layer and the heat produced by reaction in the molten layer
(Schuocker 1986).

E k

(i_) = e, — (552)

4 R kRnR +75+7/7A
d s
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where €, is the reaction energy per particle. Since, a large fraction of reactive gas
particles impinging on the surface of liquid layer gets reflected or diffused; it carries
an average energy &, away from the melt. Thus the net energy gain by the molten
layer due to reactive gas flow can be given as (Schudcker 1986):

dE e, wdvn,q 1-B8
(E) _ S .L yo R — _Sm( 5 JqR_ (5.53)
netR qR++(5+A)(S+R)
ky d K d s

The net energy gain due to reactive gas flow is thus composed of energy gain due
to reaction and energy lost by convective cooling. The cooling effects of the reac-
tive gas increase with increasing the strength of the gas flow. The energy gain given
by Eq. (5.53) can be maximized if all the metal atoms entering the molten region
are burned. Thus, the maximum energy gain is given by the number of metal atoms
entering the melt per unit time and by the reaction energy:

dE
— =g,wdvn, . (5.54)
dt Rmax

The momentum balance at the molten layer in the vertical direction between the
momentum gain by friction with gas flow and momentum loss by the ejection of
melt from bottom gives the expression of velocity of ejected molten material:

, (5.55)

where 1, is the dynamic viscosity of the reactive gas and p, is the density of melt.
Assuming a rotational symmetry at the erosion front, the solution of heat conduc-
tion equation for a moving source gives the expression for energy lost from the
erosion front into the workpiece by conduction:

dE exp(—ww/4K
(—) = ZMkTM (5.56)
K

K,(ow/4K) ~

where k is thermal conductivity; K is thermal diffusivity; and K, is Bessel function.
The energy balance equation with the energy gains by the laser radiation and reaction
along with energy losses due to heat conduction, evaporation can be written as:

p _ad B exp(—vw/4K)
(L= ) + epswdkgngn, = 2ndkT ———+———
K,(ww/4K)

+gvdw(ﬂwlom] 557,

2mkey Tm,
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where P, is the laser power; o is the waveguide attenuation of the cut; g, is the
evaporation energy per atom; m is atomic mass; kB is Boltzmann constant; and A,
B, and C are the evaporation constants.

Combining the above equations, the mass balance equation can be written as
(Schuocker 1986):

Wy Mk W Ve /1_£ 1 K,(vw/4K)
ax 2p 4V d T Jww/4x \ K, (vw/4K)
1 133.

+—[—333 1OBTC10A’T]

ny \ 27k Tm,

(5.58)

The above two equations correspond to the equilibrium energy and mass
balance and establish the interrelationships between temperature of the molten
layer, cutting speed, thickness of the workpiece, kerf width, and absorbed laser
power. The mass and energy balance relationships are presented in Fig. 5.11 for
different thicknesses of molten layer using temperature of the molten layer and
cutting speed are as axes. The limiting conditions are S=0and S =S _ . When,
S =0, i.e., when there is no molten layer, the cutting is mainly due to evapora-
tion of material resulting in correspondingly higher temperature given by mass
balance (evaporative or sublimation laser cutting). The intersection of the mass
balance with the energy balance at § =0 and § = §_  gives the minimum and
maximum cutting speeds that can be obtained for a given laser power and thick-
ness of the workpiece. Consequently, the thickness of molten layer is given by
(Schudcker 1986):
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The results of numerical calculations of the total cutting speed and thick-
ness of the workpiece during laser cutting of mild steel with two different values
of waveguide attenuation are presented in Fig. 5.12. The figure indicates that
cutting speed decreases with the increasing thickness of the workpiece. In addi-
tion, the figure clearly shows that the contribution of evaporative material
removal is predominant at the moderate thicknesses of the workpiece supporting
the experimental observation of the better cut quality at smaller thicknesses
(Schuocker 1986).

Extensive modeling efforts have been done for the evaporative, fusion, and
reactive laser-cutting processes. Table 5.4 gives a comprehensive summary of the
various laser-cutting models (O’Neill and Steen 1994).
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Fig. 5.11 Energy and mass balance relationships plotted between the temperature of the molten
layer and the cutting speed during the reactive fusion cutting of mild steel for various thicknesses.
(Reprinted from Schudcker 1986. With permission. Copyright The International Society for
Optical Engineering.)
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