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Abstract

Outstanding mechanical and physical properties like high thermal resistance, high hardness and chemical stability have encouraged use of structural
ceramics in several applications. The brittle and hard nature of these ceramics makes them difficult to machine using conventional techniques and
damage caused to the surface while machining affects efficiency of components. Laser machining has recently emerged as a potential technique for
attaining high material removal rates. This review paper aims at presenting the state of the art in the field of laser machining of structural ceramics
and emphasizes on experimental and computational approaches in understanding physical nature of the complex phenomena.
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1. Introduction

Structural materials can be classified as ceramics, metals or
polymers with each type of material having its own advantages
and drawbacks. Even though metals are strong, cheap and tough,
they are chemically reactive, heavy and have limitations on the
maximum operating temperature. Polymers are easy to fabri-
cate and light, but they can be used at temperatures only below
300°C. The characteristic features of ceramics compared to
others make them more suitable for some applications. In com-
parison with metals and polymers, most ceramics possess useful
features such as high-temperature strength, superior wear resis-
tance, high hardness, lower thermal and electrical conductivity
and chemical stability.! Retention of these properties by struc-
tural ceramics at high temperatures presents these materials as an
exclusive solution to several engineering application problems.?
Commonly used structural ceramics are zirconia (ZrO;), boron
carbide (B4C), alumina (Al,03), silicon carbide (SiC), silicon
nitride (Si3Ny), sialon (Si—Al-O-N), berylia (BeO), magnesia
(MgO), titanium carbide (TiC), titanium nitride (TiN), titanium
diboride (TiB3), zirconium nitride (ZrN) and zirconium diboride
(ZrB). In general, these structural ceramics fall into two major
groups: conductive ceramics such as carbides (TiC and SiC),
borides (TiB; and ZrB») or nitrides (TiN and ZrN) and ceram-
ics that are a mixture of dielectric (semi-conductive) materials
and electrically conductive materials such as Si3N4—TiN, sialon-
TiN, and Si3N4—SiC.? The applications of some of the structural
ceramics are presented in Table 1 below.

Alumina is also used in making machine tool inserts, heat-
resistant packings, electrical and electronic components and
attachments to melting ducts and refractory linings.* Zirconium
diboride (ZrB,) possesses a high melting point, low density,
and excellent resistance to thermal shock and oxidation com-
pared to other non-oxide structural ceramics. Hence, it is used
as an ultra-high-temperature ceramic (UHTC), for refractory
materials and as electrodes or crucible materials.> Magnesia
is a very stable oxide used in refractory linings, brake lin-
ings, thin-film semi-conductors, for housing thermocouples in

aggressive environments, in making crucibles in chemical and
nuclear industry where high corrosion resistance is required and
in making thin-film substrates and laser parts.®’ In addition to
the above-mentioned structural ceramics and their engineering
applications, there are several other fields where these ceramics
are significantly used. As applications of structural ceramics are
not the main focus of this study, they will not be discussed in
further detail here. These advanced high-performance materials
have certain limitations such as difficulty in fabrication, high
cost, and poor reproducibility as seen below.

2. Fabrication techniques

Many features (high hardness) that make structural ceramics
attractive for particular uses also make them difficult to fabri-
cate by traditional methods based on mechanical grinding and
machining. Strength and efficiency of the components can be
affected by the damage caused on the surface of the ceramics
machined by conventional methods. A crucial step in manu-
facturing ceramic components is their cost-effective machining
with excellent quality. Massive research efforts have been con-
ducted on the precision machining of ceramic components over
the past few decades, developing several advanced machining
technologies without affecting the beneficial properties of the
surface.” Some of these techniques are summarized in Fig. 1
and briefly described below.

2.1. Mechanical machining

In mechanical machining, material removal takes place when
the ceramic is subjected to some mechanical force/impingement
of abrasive particles. Commonly used techniques under this cat-
egory are abrasive machining/grinding, ultrasonic machining,
and abrasive water jet machining.

2.1.1. Abrasive machining/grinding
The machining takes place by using grinding wheels that are
bonded abrasives used for producing several complex shapes.®
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Table 1

Applications of different structural ceramics'.

Application Performance advantages Examples
Wear parts: seals, bearings, valves, nozzles High hardness, low friction SiC, AL O3
Cutting tools High strength, hardness SizNy

Heat engines: diesel components, gas turbines
Medical implants: hips, teeth, joints
Construction: highways, bridges, buildings

Thermal insulation, high-temperature strength, fuel economy
Biocompatibility, surface bond to tissue, corrosion resistance
Improved durability, lower overall cost

Zr0O;y, SiC, SizNy
Hydroxyapatite, bioglass, Al,O3, ZrOy
Advanced cements and concrete

Even though the needs for dimensional accuracy and surface
finish are satisfied by conventional grinding, long machin-
ing times and high machining costs account for 60-90% of
the final cost of the finished product. This poses a major
hindrance for the grinding process™!® and ground products
also generate surface and subsurface cracks,'"!? pulverization
layers,'? some plastic deformation'* and significant residual
stresses. !9

2.1.2. Ultrasonic machining (USM)

Ultrasonically vibrated abrasive particles remove material in
ultrasonic machining at generally low material removal rates. A
transducer/booster combination converts electrical energy into
mechanical vibrations and causes the tool to vibrate along its
longitudinal axis at high frequency.'® As the mechanism of mate-
rial removal is not properly documented, process optimization
is difficult.!”

2.1.3. Abrasive water jet machining (AWJM)

In abrasive water jet machining, a blast of abrasive-laden
water stream impinges on the surface of the material and results
in erosive wear. This process is advantageous over the grinding
process as it reduces tool wear and machining time.'® At high
speeds, surface fracture results in kerf formation because of the
hydrodynamic forces within the water jet.

2.2. Chemical machining (CM)

Chemical machining using etchants is the oldest of the
machining processes, wherein chemicals attack the materials
and remove small amounts from the surface. Sharp corners, deep
cavities and porous workpieces cannot be easily machined as this

method is only suitable for shallow removal of material (up to
12 mm).8

2.2.1. Chemical-mechanical machining (CMM)

This technology is widely used in surface patterning in semi-
conductors and micro-electro-mechanical systems (MEMS).
Initially, the chemical absorption on the surface of the material
produces a chemically reacted layer with physical properties dif-
ferent from the original material. This is followed by mechanical
machining to generate the desired pattern on the surface. High
costs and several steps involved in patterning commonly used
materials such as silicon can be minimized by using KOH solu-
tion that can change hard brittle material surface of silicon into
a hydrated layer which makes machining easier. Furthermore,
this technique also offers flexibility and controllability in the

process. 19

2.3. Electrical machining

Electrical energy in the form of pulse or continuous in iso-
lation or in combination with chemicals is used to erode the
material. Itis highly effective for machining electrically conduc-
tive and semi-conductive materials. Electrochemical machining
(ECM), electrical-discharge machining (EDM) and electro-
chemical discharge machining (ECDM) are the commonly used
electrical machining techniques.

2.3.1. Electrochemical machining (ECM)

Electrochemical machining is the reverse of electroplating
used for machining complex cavities in high-strength materials.
As the electrolyte has a tendency to erode away sharp profiles,
this method is not suitable for generating sharp corners.

I Ceramic Fabrication Technigques |

Mechanical Machining_) (= Chemical Machining )

Electrical Machining

G

[Radiation Machining ) (+_Hybrid Machining)

Abrasive Machining &
Grinding

A

Machining

Chemical Mechanical Electrochemical
Machining

Electron Beam Electro Discharge
Machining Machining

—>| Ultrasonic Machining | Electrical Discharge
Machining

Plasma Arc
Machining

Laser Assisted
Chemical Etching

Abrasive Waterjet Electrochemical o
Machining Discharge Machining -pl Laser Machlnmg'

Laser Assisted
Machining

Fig. 1. Ceramic fabrication techniques.



972 A.N. Samant, N.B. Dahotre / Journal of the European Ceramic Society 29 (2009) 969-993

2.3.2. Electrical-discharge machining (EDM)

EDM is an abrasionless method used for machining con-
ductive ceramics such as boron carbide (B4C) and silicon
carbide (SiC).2% This method is not affected by the hardness
of the material, but requires an electrical resistivity of less than
100 2 cm.?

2.3.3. Electro-chemical discharge machining (ECDM)

This technique has the combined features of EDM and
ECM and is capable of machining high strength electrically
non-conductive ceramics. This process is inefficient because
a significant portion of the total heat developed is dissipated
for increasing the temperature and the corresponding material
removed while machining is less.?!

2.4. Radiation machining

Radiation machining is a non-contact machining process
where the dimension of the hole or the groove can be con-
trolled by the energy supply to the work piece. The energy can
be provided by an electron beam, plasma arc or by lasers. These
non-contact machining techniques are not affected by the abra-
sion of the tools and they are independent of electrical resistivity
of the materials being machined.

2.4.1. Electron beam machining (EBM)

The energy source in EBM is high-speed electrons that
strike the surface of the work piece generating heat.® Since
the beam can be positioned rapidly by a deflection coil, high
machining speeds are possible. This machining process has
the drawback that the width of the machined cavity increases
while machining at high speeds due to the beam defocusing
effect.??

2.4.2. Plasma arc machining

Ionized gas is used for machining the ceramic at very high
temperatures leading to smaller kerf widths and good surface
finish. As the vacuum chambers have limited capacity, the size
of the components should closely match the size of the vacuum
chamber.®

2.4.3. Laser machining (LM)

The source of energy in LM is a laser (acronym for
Light Amplification by Stimulated Emission of Radiation).
High density optical energy is incident on the surface of the
work piece and the material is removed by melting, dissocia-
tion/decomposition (broken chemical bonds causes the material
to dissociate/decompose), evaporation and material expulsion
from the area of laser—material interaction. The vital parame-
ters governing this process are the different properties of the
ceramic such as reflectivity, thermal conductivity, specific heat
and latent heats of melting and evaporation. The schematic rep-
resentation of the laser machining process is made in Fig. 2.
Laser machining of structural ceramics and the associated phys-
ical phenomena will be discussed extensively in the later part of
this review.

REAR MIRROR, R=100%

COOLING UNIT
Chilled Q-SWITCH
Chiller Di-lonised
Unit Water
Tank KRYPTON Nd:YAG
ARC ROD
LAMP
Focusing lens FRONT MIRHKIR, R=80%
Supply of Gas Jet aadl

to the Nozzle Motor
Z-Axis

Work surface l

CNC Motor
CONTROLLER X-Axis WORK TABLE

Motor
Jl Y-Axis

Fig. 2. Schematic of laser machining. (After Kuar et al.>> with permission.
Copyright Elsevier.)

2.5. Hybrid machining

Hybrid machining uses a combination of two or more of
the above techniques for machining the ceramic such as elec-
trical discharge grinding, laser-assisted chemical etching and
machining using lasers and cutting tool/laser assisted machining
(LAM).

2.5.1. Electrical discharge grinding

This method combining the advantages of grinding and
electrical-discharge machining has low equipment cost and high
efficiency.?*?> Material is removed from the ceramic surface by
recurring spark discharges between the rotating wheel and the
work piece.?

2.5.2. Laser-assisted chemical etching

Material removal is carried out by using suitable etchant in
combination with selective laser irradiation. The laser radiation
influences the reaction between the material and the etchant by
exciting the etchant molecules and/or the material surface®® and
the etch rate is significantly affected by the laser fluence.

2.5.3. Laser assisted machining (LAM)

In laser assisted machining, the material is locally heated by
anintense laser source prior to material removal, without melting
or sublimation of the ceramic. This technique has been success-
fully used for machining silicon nitride and the corresponding
work piece temperature, tool wear and surface integrity have
been measured.?’ 32 Magnesia-partially-stabilized zirconia was
machined with a polycrystalline cubic boron nitride tool and
it was found that the tool life increased with material removal
temperatures.>> LAM effectively reduced the cutting force and
improved the surface finish of the finished products made from
Al,03.3* In LAM, after the laser is used to change the ceramic
deformation behavior from brittle to ductile, material removal
takes place with a conventional cutting tool. Unlike LAM, in
laser machining (LM), actual material removal takes place by
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Fig. 3. (a) Laser assisted machining. (After Lei et al.3?

the laser beam. The physical phenomena taking place during the
LAM of structural ceramics is different from LM and will not
be a part of this study. The difference in the two processes is
demonstrated in Fig. 3.

3. Laser machining

Lasers can replace mechanical material removal methods
in several engineering applications because of their following
salient features:*°

(i) Non-contact process: Energy transfer from the laser to the
ceramic through irradiation eliminates cutting forces, tool
wear and machine vibration. Furthermore, the material
removal rate is not affected by the maximum tool force,
tool chatter or built-up edge formation, but can be con-
trolled by varying the laser processing parameters such as
input energy and processing speed.

(i) Thermal process: The efficiency of laser machining
depends on the thermal and, to some extent on the optical
properties of the material. This makes hard or brittle materi-
als such as structural ceramics with low thermal diffusivity
and conductivity suitable for machining.

(iii) Flexible process: In combination with a multi-axis posi-
tioning system or robot, lasers can be used for drilling,
cutting, grooving, welding and heat treating on the same
machine without any necessity to transport the parts for
processing them with specialized machines. In-process
monitoring during the laser machining process can allow
key parameters to be measured and a high level of repro-
ducibility can be attained.3” Relative economic comparison
of laser machining with other machining processes is made
in Table 2.

Different types of lasers such as CO,, Nd:YAG and
Excimer lasers are used for machining of structural ceram-
ics with each type of laser having its own wavelength of
absorption and machining applications. CO, lasers are molec-
ular lasers (subgroup of gas lasers) that use gas molecules
(combination of carbon dioxide, nitrogen and helium) as
the lasing medium, whereby the excitation of the carbon

with permission. Copyright Elsevier.) (b) Laser machining.??

dioxide is achieved by increasing the vibrational energy of
the molecule. The actual pumping takes place by an AC
or DC electrical discharge and this laser emits light at a
wavelength of 10.6 um in the far infrared region of the
electromagnetic spectrum. CO» lasers are widely used in indus-
try for applications in laser machining, heat treatment and
welding.3¢

On the other hand, Nd:YAG lasers are solid state lasers
that use dopants (Neodinium (Nd3+)) dispersed in a crystalline
matrix (complex crystal of Yttrium—Aluminum—Garnet (YAG)
with chemical composition Y3Al5017) to generate laser light.
Excitation is attained by krypton or xenon flash lamps and an
output wavelength of 1.06 pm in the near-infrared region of
the spectrum can be obtained. Nd:YAG fibre lasers are used in
applications requiring low pulse repetition rate and high pulse
energies (up to 100 J/pulse) such as hole piercing and deep key-
hole welding applications.>®

Excimer lasers are an increasingly popular type of gas
lasers made up of a compound of two identical species that
exist only in an excited state. Commonly used excimer com-
plexes include argon fluoride (ArF), krypton fluoride (KrF),
xenon fluoride (XeF) and xenon chloride (XeCl) with the
output wavelengths varying from 0.193 to 0.351 um in the
ultraviolet to near-ultraviolet spectra. These compounds can
be formed by inducing the noble gas (Ar, Kr, or Xe) of the
compound into an excited state with an electron beam, an elec-
trical discharge or a combination of the two. Excimer lasers
are used for machining solid polymer workpieces, removing
metal films from polymer substrates, micromachining ceram-
ics and semi-conductors, and marking thermally sensitive
materials. >

The different types of lasers can be operated in either the
continuous wave, CW or the pulsed mode, PM (nano, pico and
femto second lasers). In CW lasers, continuous pumping of the
laser emits incessant light, while in a pulsed laser, there is a laser
power-off period between two successive pulses.>® Pulsed lasers
are preferred for machining ceramics as the processing parame-
ters can be more effectively controlled compared to continuous
wave mode.*0 The next section looks at the important physical
processes that assist in laser machining of ceramic and discusses
the different types of laser machining.



974 A.N. Samant, N.B. Dahotre / Journal of the European Ceramic Society 29 (2009) 969-993

Table 2
Relative economic comparisons of different machining processes$.

Machining process Parameter influencing economy

Capital investment Toolings/fixtures Power requirements Removal efficiency Tool wear

Conventional machining Low Low Low Very low Low

Ultrasonic machining Low Low Low High Medium
Electrochemical machining Very high Medium Medium Low Very low
Chemical machining Medium Low High Medium Very low
Electrical-discharge machining Medium High Low High High

Plasma arc machining Very low Low Very low Very low Very low
Laser machining Medium Low Very low Very high Very low

3.1. Absorption of laser energy and multiple reflections

The physical phenomena that take place when the laser beam
is incident on the ceramic surface are reflection, absorption,
scattering and transmission (Fig. 4). Absorption, the vital of
all the effects, is the interaction of the electromagnetic radiation
with the electrons of the material and it depends on both the
wavelength of the material and the spectral absorptivity charac-
teristics of the ceramic being machined.?%*° The absorptivity is
also influenced by the orientation of the ceramic surface with
respect to the beam direction and reaches a maximum value for
angles of incidence above 80°.3% For machined cavities with high
aspect ratios, multiple beam reflections along the wall of cav-
ity also affect the amount of absorbed energy.*!**> The multiple
reflections in a machined cavity are schematically represented
in Fig. 5 where I, is the incident laser energy, 1,1, I,> and I,3 are
the first, second and third absorptions, respectively, and I, I;»
and I;3 are the first, second and third reflections, respectively.43
There will be many more reflections taking place during actual
ceramic machining than illustrated in Fig. 5. The phenomenon
of multiple reflections has been incorporated into the machining
process in several ways.**~*8 The laser beam energy Q, absorbed

Incident Beam Reflection

\ Ceramic

Absorption

Scattering \

N

Transmission

Fig. 4. Interactions of incident laser beam with ceramic.

by the ceramic after n reflections is:*°

Qo= 0(r)" ey

where Q is incident laser beam energy, r is angle-dependent
reflection coefficient of the ceramic, and » is number of multiple
reflections given by:

b4
n=—
46

where 6 is angle the cavity wall makes with normal direction.
Moreover, as the thermal conductivity of structural ceramics is
generally less than that of majority of metals, the energy absorp-
tion takes place faster in ceramics and 100% of incident energy
is expected to be immediately absorbed by the ceramic for the
machining process.”*>! Thus the absorbed energy depends on
properties of the ceramic (reflection coefficient), magnitude of
incident laser energy, output wavelength of processing laser and
wall angle. This energy is converted into heat and its ensuing
conduction into the material establishes the temperature distri-
bution within the material which in turn affects machining time
and depth of machined cavity.

@

Fig. 5. Multiple reflections in a machined cavity. (After Zhao*® with kind per-
mission of J. Zhao’s Major Professor, Dr. Vladimir V. Semak.)
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3.2. Thermal effects

The excitation energy provided by the laser is rapidly con-
verted into heat and this is followed by various heat transfer
processes such as conduction into the materials, convection and
radiation from the surface.*” The conduction of heat into the
ceramic is governed by Fourier’s second law of heat transfer:

oT(x, y, 2, 1) 2T (x,y,z,1)  *T(x,y,2,1)
=2 — ()
ot 0x2 ay?
PT(x,y,2,1)
s 3
+ 52 3)

where T is temperature field, ¢ is time and x, y and z are spatial
directions. The term «(7) is temperature dependent thermal dif-
fusivity of the material which is given by k(T)/pC,(T), where p
is density of ceramic, C,(T) and k(#) are temperature dependent
specific heat and thermal conductivity of the ceramic, respec-
tively. The balance between the absorbed laser energy at the

Laser Beam

Y

Heat Conduction

(a) Heating

Laser Beam

(c) Surface vaporization

surface and the radiation losses is given by:

aT(x,y,0,0)  dT(x,y,0,0) dT(x,y,0,¢
_k(T)< *.300 &0 Tky ))

ox ay 0z
50,
= fd—sa(T(x, y,0, 0% = T, )
§=1 if 0=<r=<t
§=0 if r>1

where Q, is absorbed laser power (predicted by considering
multiple reflections and material properties), ¢ is emissivity for
thermal radiation, T, is ambient temperature, f, is ON-time for
laser, o is Stefan—Boltzmann constant (5.67 x 10~8 W/m2 K#)
and A is cross-sectional area of the beam. The term § takes a
value of 1 when time, ¢ is less than laser ON-time, f, and it is 0
when time, 7 exceeds laser ON-time. Thus the value of § depends
on time, # and ensures that the energy is input to the system only
when the laser is ON and cuts off the energy supply when the
laser is switched off. The convection taking place at the bottom

Laser Beam

(b) Surface melting

Laser Beam

(d) Plasma formation

Laser Beam

(e) Ablation

Fig. 6. Various physical phenomena during laser—ceramic interaction. (After Dahotre and Harimkar*® with kind permission of Springer Science + Business Media.)
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surface of the sample is:
oT(x,y,L,t oT(x,y,L,t oT(x, vy, L,t
_K(T) (. L, 1) n x,y, L, 1) G )
ox ay 0z
= h(T(xs y’ Ly t) - TO)a (5)

where L is thickness of the sample being processed, & is tem-
perature dependent heat transfer coefficient and T, is ambient
temperature. The temperature distribution within the material as
a result of these heat transfer processes depends on the thermo-
physical properties of the material (density, emissivity, thermal
conductivity, specific heat, thermal diffusivity), dimensions of
sample (thickness) and laser processing parameters (absorbed
energy, beam cross-sectional area). The magnitude of tempera-
ture rise due to heating governs the different physical effects in
the material such as melting, sublimation, vaporization, disso-
ciation, plasma formation and ablation responsible for material
removal/machining as discussed next (Fig. 6).49-92-3

3.2.1. Melting and sublimation

At high laser power densities (1, > 10°> W/cm?), the surface
temperature of the ceramic 7 (predicted using Egs. (1)—(5)) may
reach the melting point Ty, and material removal takes place
by melting as considered by Salonitis et al.>* As indicated in
Fig. 7a, the surface temperature increases with increasing irradi-
ation time, reaches maximum temperature Tiax at laser ON-time
t, and then decreases.*’

The temperatures reached and the corresponding irradiation
times are: T < Ty attime t1 < tp, Ty attime 5, Tinax attime #p, Ty
at time #3 >1,, and finally 7' at time #4 >,. The corresponding
temperature profiles in the depth of the material for various times
during laser irradiation are presented in Fig. 7b. The solid—liquid

(a) Heating Cooling
Tmax
z=0
|_
- Surface

e melting

=2 Surface solidification
©

e

g Ta

£

D

[l T

t b t t3 ts Time, t
(b)
Tmax Tmu

— —

a a Cooling
= =

2 2

© ®

5] 5,

a i aTm
£ i =S

D H D

[ i F o,

—

Depth of melthing, Zm 2

<h<h

4]

Constant tp

time ,t

—
(=
—

ta 1 <t <ta

Constant |

Depth of melthing, Zm

time ,t

Fig. 8. Variation of melt depth during laser irradiation (a) effect of laser power
density at constant pulse time (b) effect of laser pulse time at constant laser
power density. (After Dahotre and Harimkar*® with kind permission of Springer
Science + Business Media.)

interface can be predicted by tracking the melting point in tem-
perature versus depth (z) plots (Fig. 7b). For example, it can be
seen from Fig. 7b that at time £,,, the position of the solid-liquid
interface (melt depth) corresponds to zmax. Before initialization
of surface evaporation, maximum melt depth increases with laser
power density I (power per unit area) at constant pulse time
(Fig. 8a) while at a constant laser power density, maximum depth
of melting increases with increasing pulse time (Fig. 8b). Pre-
diction of melt depth using temperature profiles obtained from
Egs. (1)-(5) assists in determining depth of machined cavity in
those ceramics in which material removal takes place entirely
or in part by melting.*

Some structural ceramics like SizN4 do not melt but sub-
lime, emitting N, and depositing a recast layer of silicon on the
machined surface.? Attempts have been made to machine SizNy
in water by Q-switched YAG lasers that can generate high peak
powers (above 50 kW) from very short duration pulses (~100 ns)
at high frequency (~10kHz). As seen in Fig. 9, by machining

100 um

p o

Zmax Depth, z Zmax Depth, z

Fig. 7. Calculation of temporal evolution of melt depth (a) surface temperature
as a function of time (b) temperature as a function of depth below the surface
during heating and cooling. (After Dahotre and Harimkar*® with kind permission
of Springer Science + Business Media.)

Recast Layer Matrix

Fig. 9. Cross-section of Si3Ny ceramic machined in (a) air and (b) water. (After
Morita et al.>> with permission. Copyright American Institute of Physics.)
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Si3Ny in air, a recast layer about 20 wm thick is formed and
microcracks are spread within this layer. In contrast, by pro-
cessing in water, no recast layers and cracks were observed. As
YAG lasers retain high transmittance through water, removal of
material (Si3zNy) was possible without the formation of recast
layer or micro-cracks.>~° The water also solidified the Si vapor
and flushed away the micro-particles, thus preventing the vapor
from reaching the saturation level.

3.2.2. Vaporization and dissociation
As the surface temperature of ceramic reaches the boiling

point, further increase in laser power density or pulse time
removes the material by evaporation instead of melting. After
vaporization starts at the material surface, the liquid—vapor inter-
face moves further inside the material with supply of laser
energy and material is removed by evaporation from the surface
above the liquid—vapor interface.** The velocity of liquid—vapor
interface, Vevaporation and the corresponding vaporization depth,
deyaporation are given by:52

Q

Vevaporation = m ©6)
Qat,

devaporation = p(chia_va) @)

where Q, is absorbed laser energy (Eq. (1)), p is density of
the ceramic, c is the speed of light, T} is the boiling point of
the ceramic, Ly is the latent heat of vaporization and #, is ON-
time for laser (time for which the ceramic surface is exposed
to incident laser energy). Several works in the past have con-
sidered material removal only through this direct evaporation
mechanism.>’~°! In such cases, the depth of evaporation (Eq.
(7)) corresponding to depth of machined cavity depends on the
laser conditions (processing time and absorbed laser energy) and
material properties such as density, latent heat of vaporization,
and boiling point.

Certain ceramics such as SiC, MgO directly disso-
ciate/decompose into several stoichiometric and/or non-
stoichiometric species depending on the thermodynamic
conditions prevailing during laser machining. Alumina, on the
other hand is stable up to 2327 K after which it melts and forms
liquid. This liquid remains stable from 2327 to 3500 K and sub-
oxides of aluminum, aluminum metal vapor and gaseous oxygen
are formed due to the dissociation above 3250 K. The dissocia-
tion reaction forms different species that are expelled/removed
during machining process and dissociation energy losses also
affect the input laser energy and thus the temperature distribu-
tion, dimensions of machined cavity and machining time.6>~%6

The evolving vapor from the surface applies recoil pressure
(precoj])67’68 on the surface given by:69

Aprecoit 169 b
0. Ly \1422p2

where b = kT, /my Ly, Ty is surface temperature, & is the Boltz-
mann constant (1.38065 x 10723 J/K), my is the mass of vapor
molecule, A is beam cross-sectional area, Q, is absorbed laser
energy, and L, is the latent heat of vaporization. The absorbed

®)

Table 3
Physical phenomena governing machining in some structural ceramics (y/ —
phenomena present; x — phenomena not present)®*.

Material Physical process

Melting Dissociation Evaporation
Silicon carbide (SiC) Vv J Vv
Alumina (Al,03) N Vv N
Silicon nitride (Si3zNy4) v J Vv
Magnesia (MgO) X Vv Vv

laser energy (Eqgs. (1) and (2)) and the associated surface tem-
peratures predicted using Egs. (3)—(5) affect the recoil pressure
which plays a vital role in material removal in molten state during
machining of some ceramics such as SiC, Al,O3 and SizNjy.
The total enthalpy required for laser-induced vaporization
being greater than that required for melting, the energy required
for laser machining by melting is much less than the energy
required for machining by vaporization.?® It was reported by
Samant and Dahotre®>% that a combination of the differ-
ent physical phenomena mentioned above was responsible for
machining rather than any single predominant process. The
machining mechanisms depending on the nature of some of the
commonly used structural ceramics are represented in Table 3
and will be discussed elaborately in the later part of this study.

3.2.3. Plasma formation

When the laser energy density surpasses a certain threshold
limit, the material immediately vaporizes, gets ionized and forms
plasma having temperatures as high as 50,000 °C and pressures
up to 500 MPa.”® The degree of ionization (£) depends on the
surface temperatures (predicted from Egs. (1)—(5)) and is given
by the Saha equation:%°

g2 2gi [ 2mmykT\>/? E; ©
= X _
=& g\ i2 P\ "rr

where & = Ne/Ng and Ny =N +N,. Ne and N, are the number
densities of electrons and atoms/molecules respectively, gi and
ga are the degeneracy of states for ions and atoms/molecules,
E; is the ionization energy, my is the mass of vapor molecule, k
is the Boltzmann constant (1.38065 x 10~23 J/K), T is surface
temperature, and 4 is Planck’s constant (6.626 x 1073% m? kg/s).
The plasma plume forms a shield over the machining area and
reduces the energy available to the work piece when the sur-
face temperature exceeds a certain threshold value. Aerosols
formed due to the condensation of ionized material vapor stick
to the surface and reduces the efficiency of machined compo-
nents for applications dominated by wear or tear load. Hence
the degree of ionization is an important parameter which gives
an indication whether plasma will be formed during the machin-
ing process and accordingly, necessary efforts to overcome the
harmful effects of plasma could be undertaken. A special gas
nozzle designed by Ténshoff et al.”! (Fig. 10) prevents the
deposition of aerosols and this technique has been successfully
applied to machine SiC ceramic surfaces without any debris.”°
The additional gas stream obtained by combining a process gas
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Fig. 10. Formation of plasma plume and its suction by gas nozzle. (After Ton-
shoff and Kappel”® with permission. Copyright Elsevier.)

stream and an exhaust stream transports the vaporized material
and avoids radial distribution of the plasma.

A technique developed at the Integrated Manufacturing Tech-
nologies Institute (IMTI), National Research Council Canada
(NRC) minimizes the harmful effects of the plasma and pro-
vides a precise control over the material removal rate and surface
finish. This technique controls the pulse duration and energy
per pulse such that majority of the energy in a pulse instan-
taneously vaporizes a given quantity of the material from the
surface. Continuous application of laser pulses ensures that
each successive spot is adequately displaced to reduce the
plasma absorption effects. Furthermore, short duration pulses
reduce the recast layer thickness, eliminate micro-cracks and
the material removed per pulse increases with increasing energy
density while machining TiN/Si3zN4 and SiC/SizN4 materials
(Fig. 11).2

3.2.4. Ablation

When the material is exposed to sufficiently large incident
laser energy, the temperature of the surface exceeds the boiling
point of the material causing rapid vaporization and subse-
quent material removal by the process referred to as thermal
ablation.?® Ablation takes place when laser energy exceeds
the characteristic threshold laser energy which represents the

0.8 I l

07 ® TiN/Si3N4
@ SiC/Si3N4

0.6

0.5

0.4

0.3

0.2
0.1

Weight Loss per Pulse (mg/pulse)

0 1000 2000 3000 4000 5000
Energy Density (Joules/cm2)

6000 7000

Fig. 11. Variation of material removal rate with energy density. (After Islam’?
with kind permission of Springer Science + Business Media.)

minimum energy required to remove material by ablation. The
complex laser—material interaction during ablation depends on
the interaction between the photo-thermal (vibrational heating)
and photo-chemical (bond breaking) processes. Above ablation
threshold energy, material removal is facilitated by bond break-
ing, whereas thermal effects take place below ablation threshold
energy. Absorption properties of the ceramic and incident laser
parameters determine the location at which the absorbed energy
reaches the ablation threshold, thus determining the depth of
ablation, dyplation given by:49

1
dablation = — In (Qa) (10
Ha Ot

where 11, is absorption coefficient of ceramic and Qy, is thresh-
old laser energy. The ablation rates and associated machined
depths are governed by laser energy Q, (predicted from Eq.
(1)), pulse duration, number of pulses and pulse repetition rate.
Yttrium stabilized Si—Al-O-N (Y-sialon) was irradiated by an
Kr-F-excimer laser at a fluence of 850 mJ/cm?, pulse repetition
rate varying from 2 to 20 Hz and by applying different number
of pulses.”> The material removal in Y-sialon under the above
processing conditions was by ablation. The variation of abla-
tion depth and a Y-sialon sample ablated by laser irradiation is
presented in Fig. 12a and b, respectively.

The above described physical processes can be incorporated
into a computational model and used to predict the maximum
temperatures attained during machining in addition to several

d
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Ablated depth (pm)
~N

0 100 200 300 400 500 600

Fig. 12. (a) Ablation profile of Y-sialon under irradiation (b) ablated region in
Y-sialon. (After Laude et al.”> with permission. Copyright Elsevier.)
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Laser Machining of Ceramics

[Material Properties and Dimensions, Laser Parameters, Initial Conditions]

[Temperature after First Pulse|

A 4

l Increment Time |

————{ Heating Curve and Melt Depth from Surface |

A 4
|Dissociation Energy Losses |

A 4

L

v osses by Evaporation /
1—[Eﬂ’ective Input Energy ] Plasma formation / Ablation

A 4

(Recoil Pressure |

A 4
| Effective Depth of Melt }e—

A 4

|Effective Beam Radius |

(Expulsion Velocity |

lExpeIled Depth |

A

lDepth t‘)f Cavity |

Number of Pulses Complete?

Record Number of Pulses /
Machining Time / Machined
Ves Depth / Machining Energy

lRequired Depth Reached /

Fig. 13. Stepwise procedure for prediction of machining parameters.

other parameters such as machining time, number of pulses,
dimensions of machined cavity and machining energy. In light
of this, an ab initio physical model was developed by Samant and
Dahotre and used for predicting depth of machined cavity when
a certain number of pulses was applied to SizN4°? and also for
advance prediction of number of pulses and energy necessary
for machining SiC ceramic.®® The model was also applied to
determine the number of pulses and corresponding time required
for machining a certain depth in Al;03%% and Mg0.% A general
flow chart for predicting the desired machining parameter based
on such computational model using the process parameters and
material properties is represented in Fig. 13. The nature of the
structural ceramic will govern the physical phenomena that can
be incorporated into the mathematical model.

3.3. Types of machining

Based on the kinematics of the front in the area where
material removal takes place, laser machining is classified
into one-, two-, and three-dimensional machining. The laser
beam is considered as a one-dimensional line source with line
thickness given by the diameter for circular and the major
axis for elliptical beam cross-sections. Laser drilling (one-
dimensional) machining (Fig. 14a) can be achieved by keeping
the ceramic workpiece as well as the laser beam station-
ary while the motion of the laser beam or the ceramic in
only one direction leads to cutting (two-dimensional machin-
ing) (Fig. 14b) in the ceramic. Motion of one or more laser
beams or the workpiece in more than one direction leads to
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Fig. 14. Schematic of basic laser machining processes (a) laser drilling (one-dimensional machining), (b) laser cutting (two-dimensional machining), (c) engraving

a star by laser beam (three-dimensional machining).

three-dimensional machining and complex geometries can be
machined (Fig. 14c¢).

3.3.1. One-dimensional laser machining

Drilling is a one-dimensional laser machining process where
the laser beam is fixed relative to the workpiece. The material
removal rate is governed by the velocity of the erosion front in
the direction of the laser beam. The hole taper is a measure of
the dimensional accuracy for laser drilling and it can be min-
imized to an insignificant order of appearance by using a lens
of long focal length with longer focal waist. A schematic of
the laser drilling process and a hole drilled in SiC with asso-
ciated microstructural features is presented in Figs. 15 and 16,
respectively.’* The drilling in SiC was carried out using a pulsed
CO; laser (A =10.6 wm) with a pulse duration of 2 ms, a power
of 0.5kW and the lens had a focal length of 31.8 mm.

3.3.2. Two-dimensional laser machining

In two-dimensional laser machining (cutting), the laser beam
is in relative motion with respect to the workpiece (Fig. 17). A
cutting front is formed when the laser beam melts/vaporizes
the material throughout the thickness or the depth. In addi-
tion to removal of the molten material, the pressurized gas jet

Laser
Beam

DETAIL

Phase Change
(Vaporization)

Formation
Erosion

¥yt

Conduction
Heat

Phase Change
(Melting)

Fig. 15. Laser drilling process schematic. (After Chryssolouris®® with kind
permission of Springer Science + Business Media.)

also assists in enhanced material removal by chemical reac-
tions such as oxidation. Cutting of the material then proceeds
by the motion of the cutting front across the surface of the
material.”> The four main techniques associated with laser
cutting are evaporative laser cutting, fusion cutting, reactive
fusion cutting and controlled fracture technique. The selection
of the machining method depends on the thermo-physical prop-
erties of the material, workpiece thickness and type of laser
used.

Brittle ceramics such as alumina are mostly machined by the
controlled fracture technique where the incident laser energy
generates localized mechanical stresses that cause the mate-
rial to separate by crack extension with controllable fracture
growth. The energy requirement is less compared to conven-
tional evaporative laser cutting as the material removal is by
crack propagation. The experimental setup in Fig. 18a con-
sists of a personal computer, a CO; laser, a Nd:YAG laser
and a XYZ positioning table. The focused Nd:YAG laser hav-
ing a focal plane on the surface of the substrate and the
beam orthogonal to the surface is used to scribe a groove
on the ceramic surface. The defocused CO, laser inclined to
the Nd:YAG laser beam induces localized thermal stresses in
the substrate. Both the laser beams are applied simultaneously
on the ceramic surface in a continuous mode of operation.
The stress concentration at the groove tip assists in extend-
ing the crack through the substrate followed by controlled
separation along the moving path of the laser beam.’® The
four distinct regions: evaporation, columnar grain, intergranu-
lar fracture, and transgranular fracture regions of the alumina
ceramic cut by controlled fracture technique is presented in
Fig. 18b.

3.3.3. Three-dimensional laser machining

Two or more laser beams are used for three-dimensional
machining and each beam forms a surface with relative motion
with the workpiece (Fig. 19). The erosion front for each surface
is located at the leading edge of each laser beam. When the sur-
faces intersect, the three-dimensional volume bounded by the
surfaces is removed and machining takes place. Laser turning
and milling are commonly used three-dimensional laser machin-
ing techniques useful for machining complex geometries such as



A.N. Samant, N.B. Dahotre / Journal of the European Ceramic Society 29 (2009) 969-993 981

Fig. 16. Microstructural features of hole obtained in SiC (a) hole entry (b) hole section (c) silicate-like dendrite crystals obtained on debris area (d) hole inside walls.

(After Sciti and Bellosi’* with permission. Copyright Elsevier.)

slots, grooves, threads, and complex patterns in ceramic work-
pieces. Laser machining has been used to turn threads in Si3Ny
ceramic (Fig. 20a)’7 and also to cut gears from SiC,/Al,O3
composite (Fig. 20b).”?
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Fig. 17. Schematic of laser cutting process. (After Chryssolouris®® with kind
permission of Springer Science + Business Media.)

4. State of the art

So farithas been covered in this study that temperature depen-
dent thermo-physical properties and laser processing conditions
govern the physical phenomena that can machine ceramics in
one, two or three dimensions. Even though a few structural
ceramics have been briefly mentioned earlier only to explain key
concepts of laser machining, this section presents the detailed
state of the art in machining by lasers of some commonly used
structural ceramics such as Al O3, Si3Ny, SiC, AIN, ZrO,, and
MgO.

4.1. Alumina

Besides the applications mentioned earlier, alumina is also
used as a substrate in hybrid circuits as it possesses excellent
dielectric strength, thermal stability and conductivity.”® CO,
lasers have been adapted for drilling holes in thin alumina plates
used as substrates for thin-film circuits in electronic switching
systems. Hole diameters varying from 0.125 to 0.3 mm were
drilled by changing the lenses and the pulse duration.”® Laser
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Fig. 18. (a) Configuration of laser cutting using controlled fracture technique.
Copyright Elsevier.)

scribing (drilling a series of blind holes in a line) was car-
ried out by Saifi and Borutta®® with a pulsed CO, laser for
separating individual thin-film circuits on a large substrate. It
was observed that for shorter pulse length, the heat-affected
zone was small with a corresponding rapid temperature drop.
On the other hand, the development of microcracks in the
scribed region reduced the flexural strength of the scribed sub-
strates.

Holes of variable depths were drilled in dense alumina
ceramic using a pulsed Nd:YAG laser (1064 nm wavelength)
by applying different number of pulses at a pulse energy of 4 J,
repetition rate of 20 Hz and a pulse width of 0.5 ms (Fig. 21).
Laser fluences of 442, 884, 1768 and 2652 J/cm? were required
for drilling depths of 0.26, 0.56, 3.23, and 4.0 mm.®3 As men-
tioned earlier, alumina liquid is formed at 2327 K which is stable
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(b) Fracture surface of alumina substrate. (After Tsai and Chen’® with permission.

till 3500 K. At temperatures above 3250 K, dissociation of the
ceramic yields different species such as AlO(g), Al(l), Al(g),
Al,O(g) and AlOz(g).81 At temperatures above 5000 K, disso-
ciation is complete and aluminum vapor and atomic oxygen are
formed. Recoil pressure provoked expulsion of the liquid phase
formed due to melting between 2327 and 3500K and the dis-
sociation process above 3250 K (most likely by reaction in Eq.
(11)) is responsible for laser machining in alumina.

Al,O3 = 2A1(1) + %O2(g) (11)

There was also some material loss at the surface by evapo-
ration and the machining in alumina was a combined effect of
melt expulsion, dissociation and evaporation.53

Beam A
\
: Beam B
Rotation ~d
(b) Ring Removal
v Incidence
1__Angle
I\
4
Heain:A 3-D Volume 1

Workpiece

(d) Laser Milling With Large
Incidence Angle

Fig. 19. Three-dimensional laser machining. (After Chryssolouris>® with kind permission of Springer Science + Business Media.)
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Fig. 20. (a) Turning of threads in SizN4. (After Liu et al.”” with permission.
Copyright Elsevier.) (b) A gear shape cut in SiC,, 18/Al,03 composite. (After
Islam’? with kind permission of Springer Science + Business Media.)

The threshold energy density (the minimum energy den-
sity required for material removal) for drilling gold-coated
alumina by ruby lasers (400 J/cm?) was less than the energy
density for drilling uncoated alumina (750-1000 J/cm?). This
drop in energy density could be attributed to the relatively high
thermal conductivity of gold.3? Drilling of 0.25mm diame-
ter holes in 0.1 mm thick alumina workpiece was performed
by Coherent, Inc. at a machining speed of 0.1 s/hole using a

026mm ] LY
500 pm 5 pulses
10 pulses
S e 20 pulses
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Lo 4.0 mm
30 pulses
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Y

Fig. 21. Drilling in dense alumina ceramic. (After Samant and Dahotre®?).

pulsed CO, laser at a pulse frequency of S00Hz and pulse
duration of 200 ms.3 Chryssolouris and Bredt?* drilled blind
holes (depths varying from 0.02 to 1 cm) using a 1.2kW CW
CO, laser with energy densities ranging from 2 to 500 kJ/cm?.
CO, and Nd: YAG lasers with power densities between 10° and
108 W/cm? were used to drill holes in alumina upto 0.25 mm
diameter and it was found that the holes drilled by CO; laser
showed a noticeable taper compared to the holes made by
Nd:YAG laser.%

Common defects associated with laser drilling (Microcracks
and spatter®®8%) were prevented by a drilling technique based
on gelcasting.”’ For gelcasting, the ceramic slurry made by
dispersing the powders in a pre-mixed monomer solution is
cast in a mold of desired shape. After addition of a suitable
initiator, the entire system is polymerized in situ and green bod-
ies with improved mechanical properties are produced. As the
green body has relatively loose structures compared with sin-
tered ceramics, spatter-free holes with more uniform shapes and
without microcracks can be drilled (Fig. 22).

A computer controlled Nd:YAG laser was used to obtain
good quality kerfs and cuts without cracks in alumina substrates
for embedded MCM-Ds (Multi Chip Modules, deposited) and
water-cooled heat sinks for single chips, multi chip modules or
laser diodes. A laser energy of 1.7J, pulse duration of 0.4 ms,
pulse frequency of 250 Hz, nitrogen as process gas and a feed
rate of 150 mm/min were used for machining these substrates.”!
Alumina has also been machined with a KrF excimer laser
with laser fluence (1.8 and 7.5 J/em?), pulse duration (25ns),
number of pulses (1-500), frequency (1-120 Hz), and the cor-
responding microstructural changes were examined.”> At low
fluence (1.8 J/cm?), the melting/resolidification produced scales
on the surface while at high fluence (7.5 J/em?), there were no
continuous scales as the material was removed by vaporiza-
tion. The depth of material removed was directly proportional
to the number of pulses.®**> However, this laser treatment
was not suitable for reducing the roughness as can be seen
from Fig. 23 that the values of Ra (surface roughness) and
Rt (peak-to-valley distance) varied slightly compared to the
starting values. Moreover, Femtosecond near-infrared (NIR)
optical pulses have been used for microstructuring alumina
with improved edge quality at scanned intensities less than
50 W/cm?2.7® The surface showed no discoloration unlike the
processing done by nanosecond UV lasers at 248 nm wavelength
by Sciti et al.?

3D Laser Carving is an emerging technique in industries for
manufacturing ceramic components of complex shapes. Initially,
a 3D CAD model is sliced in a particular direction to obtain
profile information of the slice. The focused laser beam is then
used for scanning and engraving the ceramic surface as per the
profile information, producing two-dimensional layer patterns.
Finally, the Z-axis of the table is raised to a designated height
to locate the carving surface at the focal plane. This process is
repeated several times until the whole model is completely sliced
and the 3D graphics is engraved on the workpiece (Fig. 24).%3
Thus, alumina ceramic has been laser machined in one, two and
three dimensions by using different types of lasers for several
applications.
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Fig. 22. Holes drilled on gelcast green body of alumina. (a) Top view, (b) hole edge, (c) cross-section of hole. (After Guo et al.’® with permission. Copyright Elsevier.)

4.2. Silicon nitride

Silicon nitride is widely used for machining purposes in
automotive, semi-conductor and aerospace industries. Cams,
bearings, piston rings and rocker arms can be made by machining
this ceramic.”** A 0.1 mm hole drilled at the Integrated Man-
ufacturing Technologies Institute (IMTI), National Research
Council Canada (NRC) through a 6 mm thick silicon nitride cut-
ting tool insert is presented in Fig. 25.7% Harrysson et al. drilled
holes in SizNy using CO, and Nd:YAG lasers. High thermal
stresses produced intense cracking in CO; laser drilled samples
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Fig. 23. Surface roughness after laser treatment for (a) raw Al,O3 at fluence of
1.8 J/cm? and (b) polished Al,O; at fluence of 7.5 J/em?. (After Sciti et al.”
with kind permission of Springer Science + Business Media.)

while the cracking was limited only to the recast layer (about
0.02 mm) by using a Nd: YAG laser.”® A pulsed Nd: YAG laser at
a pulse energy of 4 J, pulse width of 0.5 ms and a repetition rate
of 20 Hz was used for drilling holes of varying depths in SizNy
by applying different number of pulses (Fig. 26).5%

The decomposition of SizN4 into N, gas and Si liquid (Eq.
(12))°7 at the sublimation temperature of SizNy followed by
the expulsion of the liquid silicon was proposed as the material
removal mechanism.”%%°

Si3Ny = 3Si(l) + 2Na(g) 12)

There were some evaporative losses at the surface and a
combination of melting, dissociation and evaporation lead to
machining in silicon nitride (Table 3).5% In excimer laser pro-
cessing by ArF, KrF and XeF excimer lasers, decomposition
of Si3Ny into Si (gas) and nitrogen along with ionized silicon
produced excellent quality of the processed ceramic without
deposition of any decomposed material.!?® Shigematsu et al.
machined Si3Ny in different atmospheres (N>, O; gas and air)
by a multi-mode CO; laser and the particles suspended in the
chamber after machining were studied.!! The infrared spectra
of the gases and the suspended particles inside the chamber are
presented in Fig. 27. No absorption peaks were observed in N»
and all the liquid silicon formed by Eq. (12) above was deposited
on the ceramic surface. The energy density of the CO; laser was
insufficient to vaporize the free silicon. Machining in O, or air

formed SiO vapor by the oxidation decomposition of Si3Ny:
2Si3N4(s) + 302 = 6SiO(g) + 4Na(g) (13)

The SiO vapor immediately oxidized and formed solid phase
SiO; seen in the absorption spectrum:

SiO(g) + 1/202(g) = SiOx(s) (14)
Machining in O, also released NO, gas:
SizN4(s) + 11/20, = 3SiO(g) + 4NO»(g) (15)

Such an analysis of the constituents released during machin-
ing can help in the selection of an appropriate machining
environment and laser machining parameters.

CO» laser was operated in continuous and pulsed mode for
cutting Si3N4 and it was found that deep and narrow cuts were
produced by pulsed mode as compared to continuous mode of
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Fig. 24. 3D Laser Carving (a) schematic layout (b) 3D star in alumina ceramic. (After Wang and Zeng®® with permission. Copyright Elsevier.)

operation. Reducing the traverse speed avoided fracture of the
ceramic and it was more effective than increasing the laser power
for machining thicker plates (6—8 mm).!?? Firestone et al. used
a 15kW CO, laser to machine silicon nitride without fractur-
ing at 996 °C and the machining rates achieved were ten times
that of conventional diamond grinding.'% This ceramic has also
been machined by Lavrinovich et al. in two regimes: with free
generation where the width of the laser pulse was 4 ms and with
Q-factor modulation where the pulse width was 3 x 1077 s.104
Q-factor modulation was able to form an oxide film on the sur-
face when exposed to a defocused laser beam. This method also
helped to minimize the residual microcracks.

Apart from the above applications of laser machining of
silicon nitride, laser milling is a newly developed method of
producing wide variety of complex parts from ceramics such
as silicon nitride directly using the CAD data, thus making it
possible to machine SizNy in one, two and three dimensions.1%

4.3. Silicon carbide

Silicon carbide is another structural ceramic that has been
widely machined by lasers for different purposes. Using a pulsed

Fig. 25. A 0.1 mm diameter hole drilled in 6 mm thick Si3Njy cutting tool insert.
Wire passing through the hole is also seen. (After Islam’? with kind permission
of Springer Science + Business Media.)

Nd:YAG laser (1064 nm wavelength) at an input energy of 67,
pulse duration of 0.5 ms, and repetition rate of 50 Hz, a through
cavity was machined in a 2 mm thick SiC plate in approximately
25 pulses while it took about 125 pulses to machine through the
entire thickness of a 3 mm thick plate (Fig. 28).9 Sciti and Bel-
losi used a pulsed CO» laser with laser powers of 0.5 and 1 kW
for drilling the ceramic surface.”* The beam was incident on
the surface at an angle of 90° and three different focal lengths
of 95.3, 63.5, and 31.8 mm were used for machining. The hole
depth increased with the pulse duration and also the input power
for a given focal length because of increase in laser light inten-
sity. Even though the hole diameters remained constant with
pulse duration, they were affected by the lens focal length that
governed the size of the laser spot (Fig. 29).

Metallic silicon particles were found on the surface of the
silicon carbide ceramics machined in Ny, O,, or air.!! CO,
formed by the oxidization of free carbon released by the disso-
ciation of SiC was also detected in the machining atmosphere
(Eqgs. (16)—(18)).101

SiC(s) = Si() + C(s) (16)
2C(s) + Oa(g) = 2CO(g) a7
2C0(g) + 0x(g) = 2COs(g) (18)

Furthermore, machining in air or O, and in N, produced SiO»
(Egs. (19)—(20)) and toxic cyanogen respectively (Eq. (21)).1%!

2SiC + 05(g) = 2Si0(g) + 2C(s) (19)
25i0(g) + 0a(g) = 2Si0x(s) (20)
2C + Na(g) = (CN)2(g) 21

Looking at the released constituents can assist in choos-
ing a suitable working atmosphere based on safety and health
requirements. A 400 W Nd:YAG laser with pulse frequencies
upto 200 Hz and pulse width of 250 to 1000 ms was capable of
drilling holes (0.25-1.5 mm diameter) in 3-3.5 mm thick SiC
plates along with other ceramics such as silicon nitride and
alumina.'®® It was found that SiC required the highest pulse
energy of all ceramics and corresponding holes produced had
the most irregular shape.

Affolter et al. cut Smm thick SiC plates with a 10kW
Nd:YAG laser at a cutting speed of 40 mm/min'?” while a 15 kW
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Fig. 26. Drilled holes in silicon nitride. (After Samant and Dahotre®?).

CW CO; laser with a spot diameter of 2.7 mm was used by
Firestone et al.!9? for the cutting process. The workpieces were
initially heated to 1400 °C in a furnace to reduce the cracks and
a gas jet minimized oxidation and plasma formation.'% For SiC
processed by KrF excimer lasers, ablation depth varied linearly
with number of pulses and the surface showed flat as well as
rough areas, debris deposit and thin scale formation.”?

Three-dimensional contours have been made on SiC ceramic
by a 450 W CW CO; laser by machining overlapping grooves
for material removal. The grooves were formed by directing
the beam tangential to the workpiece. Decreasing the groove
depth on successive overlapping passes controlled the surface
roughness of the finished components. This technique is similar
to electrical-discharge machining and was used for generating
flat or threaded surfaces on the workpiece.'%8

4.4. Aluminum nitride

Aluminum nitride (AIN) is commonly used in microelec-
tronic substrates and packages because of its high thermal
conductivity and small thermal expansion mismatch with
silicon.!%? Lines and single — layer pockets were machined on
AIN surface with an ultraviolet (UV) and near-infrared lasers
and the effect of pulse overlap and pulse frequency on material
removal rate and wall angle was predicted. However, there is no
work reported that could explain the physical processes govern-
ing the machining in this ceramic. Maximum material removal
rates (MRR) of 0.011 and 0.094 mm?/s were achieved by UV
and NIR lasers, respectively.!!? The steepest wall angle for an
UV (Fig. 30a) and NIR laser (Fig. 30b) was 86° and 88°, respec-
tively. Walls with steeper angles were produced at 95% overlap
with NIR laser and at lower overlaps for UV laser.

Heat sinks were made out of AIN with laser machined cool-
ing channels, the width and depth of which were controlled by
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Fig. 27. Infrared absorption spectrum of atmosphere after laser machining
of Si3Ny. (After Shigematsu et al.'®! with kind permission of Springer Sci-
ence + Business Media.)
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Fig. 28. Machining in 2 and 3 mm thick SiC plates. (After Samant et al.%).

the pulse width, the spot size and distance between the beam
focus and the substrate. Laser energy of 7.5J, pulse width of
0.9 ms, speed of 150 mm/min, and a pulse frequency of 60 Hz
were used with nitrogen as a process gas for machining these
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Fig. 29. Variation of (a) hole depth and (b) hole diameter with pulse duration
for SiC drilling. (After Sciti and Bellosi’* with permission. Copyright Elsevier.)

cooling channels.’! A Lambda Physik LPX 210icc excimer laser
was used for fabricating small diameter and high aspect ratio
holes at designated locations in AIN ceramic. The ablation depth
increased with decreasing pressure (Fig. 31a) and increasing
fluence (Fig. 31b). The effective ablation rate saturated at high
fluences due to attenuation by plasma and re-ablation of rede-
posited debris from earlier pulses. Plasma reduced the effective
energy reaching the ceramic surface, thus removing less mate-
rial per pulse. Also, redeposition generated an error in the depth
measurement as the coating of the previously ablated material
made the hole appear shallower.!%

4.5. Zirconia

Low thermal conductivity, low coefficient of friction, excel-
lent corrosion and wear resistance, high fracture toughness, and
good thermal shock resistance make zirconia suitable for use in
bearings, pH meters, fuel cells, infrared radiators, thread guides,
pressure sensors, and oxygen sensors.'!! A pulsed Nd:YAG
laser was used for drilling zirconia ceramic and the obser-
vations were input to MINITAB software for optimizing the
parameters to obtain minimum heat-affected zone (HAZ) and
taper. It was found that minimum HAZ thickness of 0.0675 mm
(Fig. 32) could be obtained when the lamp current, pulse fre-
quency, assisted air pressure, and pulse width are set at 17A,
2kHz, 2kg/cm? and 2% of the duty cycle, respectively. The
corresponding optimum parameters to attain a minimum taper
of 0.0319 were lamp current of 17 A, pulse frequency of 2 kHz,
air pressure of 0.6kg/cm? and pulse width of 2% of the duty
cycle (Fig. 33).

Using a 10kW Nd:YAG laser, at a power density of
5MW/cm?, 1.3 mm thick ZrO, samples were machined at
200 mm/min.'%7 Laser cutting of magnesia-stabilized zirconia
(PSZ) was also investigated using a 15kW CW CO; laser by
preheating at 660 and 957 °C with single and multiple passes.
The power varied from 2 to 6 kW with cutting speeds vary-
ing from 9100 to 16,000 mm/min and the resultant depth of cut
ranged from 0.13 to 0.9 mm. %3 ZrO, was machined by excimer
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Fig. 30. Pocket edges machined in AIN with (a) UV laser with a 93% overlap and (b) NIR laser with a 95% overlap. (After Gilbert et al.!1® with permission. Copyright

Elsevier.)

lasers and the mechanism for material removal was proposed
to be melting and vaporization without the additional mech-
anism of dissociation that takes place in the case of SiC and
SizNy4. Nevertheless, XeF laser machined surface demonstrated
a porous structure and slower processing rate. ZrO; is transpar-
ent to 351 nm wavelength (wavelength of XeF laser) and the
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Fig. 31. (a) Variation of ablation depth with number of pulses at 40 J/cm? and for
different pressures (b) variation of ablation depth with laser fluence at 60 mTorr
and 760 Torr (1 atm).!%®

grain boundaries selectively absorbed the incident energy dur-
ing laser processing. This selectively etched the grain boundaries
and the processed surface appeared porous.!%

4.6. Magnesia

To the best of the present knowledge based on available
literature, no significant work has been reported in the laser
machining of pure MgO ceramic which has several industrial
applications as mentioned earlier in this study. Samant and
Dahotre have made an attempt in machining this ceramic with
a pulsed Nd: YAG laser and the physical phenomena during the
laser—ceramic interaction have been studied.®> For pulse energy
of 4], repetition rate of 20 Hz and pulse width of 0.5 ms, differ-
ent number of pulses were applied to 3 mm thick MgO plates
and the corresponding depth of the machined cavity was mea-
sured. Cavities that were 0.25, 0.86, 1.54 and 3 mm deep were
formed when 3, 6, 9 and 20 pulses were incident on the ceramic.
Instantaneous temperatures reached at the surface during laser
machining are very high (higher than 2850°C'!%, the melt-
ing/decomposition/vaporization temperature of magnesia). At
these high temperatures, magnesia dissociates as per the follow-
ing reaction:!1%113

MgO — Mg(s) + O(g) (22)

The melting and vaporization temperatures of magnesium are
649 °C!11% and 1090 °C!13, respectively. The decomposition tem-
perature of magnesia being much higher than both the melting
and vaporization temperatures of magnesium, Mg(s) generated
by the above reaction instantaneously vaporizes. Hence, at high
temperatures reached during laser machining, the material losses
in magnesia take place solely by the vaporization of magne-
sium. Thus, in MgO, the dissociation of the ceramic followed
by evaporation is responsible for material removal.%

As the material evaporates, it exerts a force over the machined
area and material removal takes place by corresponding pressure
(vapor pressure) acting upwards and proportional to the laser
fluence (input energy/beam cross-sectional area):

laser fluence

Vi = — 23
apor pressure machined depth 23)
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Fig. 33. Hole drilled in ZrO, with minimum taper: (a) top surface, (b) bottom surface. (After Kuar et al.>> with permission. Copyright Elsevier.)

Moreover, the evaporated material is also subjected to grav-
itational pull acting downwards and given by pgh, where p
is density of the ceramic, g is the acceleration due to gravity
(9.8 m/s?) and A is the machined depth. The cavity formation is
governed by the effect of these counteracting pressures (vapor
pressure and gravitational pressure) and a clean cavity (Fig. 34)

3 pulses
500 um

0.25 mm ! -

is formed when the vapor pressure exceeds the gravitational
pressure.®

In addition to the above-mentioned illustrations, there would
be several studies of laser machining of these and other struc-
tural ceramics. However, these few specific examples suffice the

purpose of explaining the effects in laser machining of ceramics

6 pulses
500 pm

Ran 9 pulses

500 pm

Fig. 34. Machining in MgO ceramic. (After Samant and Dahotre®).
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Fig. 35. Cross-section of craters formed in Al, O3—TiC after treatment at 10 J/em? with (a) 500 and (b) 1000 laser pulses. (After Oliveira et al.'' with kind permission

of Springer Science + Business Media.)

based on combinations of various physical phenomena. Finally,
the next section briefly looks at some of the recent advances in
the field of laser micromachining.

5. Laser micromachining

There is an increasing demand for producing parts with
micro and meso scale features in the field of semi-conductors,
biomedical devices and optics.!!” In light of this demand,
several techniques such as mechanical micromachining (micro-
grooving, micro-milling), focused ion-beam micromachining,
laser micromachining are being used in microfabrication. Laser
micromachining is a comparatively new technique and provides
improved flexibility in dimensional design of microproducts*
and they can produce kerfs with depth and width smaller than
100 pm. Nd: YAG lasers are more widely used than CO; lasers
because of their high energy density and small focused spot.®
Material removal in laser micromachining mainly takes place
by ablation and laser-assisted chemical etching. The grow-
ing demand for structural ceramics for different applications
requires novel machining technologies with high accuracy and
efficiency. Some work in the field of laser micromachining has
been carried out by Oliveira et al.!'®11® who have machined
Al>03-34 wt.% TiC ceramics which are being increasingly used
for high precision parts such as magnetic head sliders (Fig. 35).

However, no detailed studies on the physics behind laser
micromachining of structural ceramics have been found in open
literature. The common problems associated with conventional
micromachining are tool wear and force-induced damage on
ceramic components.'?’ These problems can be adequately
addressed by using thermal softening by a laser heat source
during micro-machining. Thus, laser micro-machining of struc-
tural ceramics is still a gray area and has immense potential for
research and applications.

6. Conclusion

In this study, an attempt has been made to cover the laser
machining of several structural ceramics such as alumina, silicon

nitride, silicon carbide, aluminum nitride, zirconia and magnesia
after thoroughly understanding the physical phenomena associ-
ated with the machining process. The mechanism governing the
material removal is a function of the material properties and the
laser processing conditions. Laser micromachining of ceramics
can also be used for producing parts at micro and meso scale.
Overall, it seems that laser processing being a rapid, non-contact
and flexible process, machining of structural ceramics by lasers
is a budding field with tremendous applications in the future.
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