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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.

© 2008 Elsevier Ltd. All rights reserved.
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. Introduction

Structural materials can be classified as ceramics, metals or
olymers with each type of material having its own advantages
nd drawbacks. Even though metals are strong, cheap and tough,
hey are chemically reactive, heavy and have limitations on the

aximum operating temperature. Polymers are easy to fabri-
ate and light, but they can be used at temperatures only below
00 ◦C. The characteristic features of ceramics compared to
thers make them more suitable for some applications. In com-
arison with metals and polymers, most ceramics possess useful
eatures such as high-temperature strength, superior wear resis-
ance, high hardness, lower thermal and electrical conductivity
nd chemical stability.1 Retention of these properties by struc-
ural ceramics at high temperatures presents these materials as an
xclusive solution to several engineering application problems.2

ommonly used structural ceramics are zirconia (ZrO2), boron
arbide (B4C), alumina (Al2O3), silicon carbide (SiC), silicon
itride (Si3N4), sialon (Si–Al–O–N), berylia (BeO), magnesia
MgO), titanium carbide (TiC), titanium nitride (TiN), titanium
iboride (TiB2), zirconium nitride (ZrN) and zirconium diboride
ZrB2). In general, these structural ceramics fall into two major
roups: conductive ceramics such as carbides (TiC and SiC),
orides (TiB2 and ZrB2) or nitrides (TiN and ZrN) and ceram-
cs that are a mixture of dielectric (semi-conductive) materials
nd electrically conductive materials such as Si3N4–TiN, sialon-
iN, and Si3N4–SiC.3 The applications of some of the structural
eramics are presented in Table 1 below.

Alumina is also used in making machine tool inserts, heat-
esistant packings, electrical and electronic components and
ttachments to melting ducts and refractory linings.4 Zirconium
iboride (ZrB2) possesses a high melting point, low density,
nd excellent resistance to thermal shock and oxidation com-
ared to other non-oxide structural ceramics. Hence, it is used

s an ultra-high-temperature ceramic (UHTC), for refractory
aterials and as electrodes or crucible materials.5 Magnesia

s a very stable oxide used in refractory linings, brake lin-
ngs, thin-film semi-conductors, for housing thermocouples in

2

b

ggressive environments, in making crucibles in chemical and
uclear industry where high corrosion resistance is required and
n making thin-film substrates and laser parts.6,7 In addition to
he above-mentioned structural ceramics and their engineering
pplications, there are several other fields where these ceramics
re significantly used. As applications of structural ceramics are
ot the main focus of this study, they will not be discussed in
urther detail here. These advanced high-performance materials
ave certain limitations such as difficulty in fabrication, high
ost, and poor reproducibility as seen below.

. Fabrication techniques

Many features (high hardness) that make structural ceramics
ttractive for particular uses also make them difficult to fabri-
ate by traditional methods based on mechanical grinding and
achining. Strength and efficiency of the components can be

ffected by the damage caused on the surface of the ceramics
achined by conventional methods. A crucial step in manu-

acturing ceramic components is their cost-effective machining
ith excellent quality. Massive research efforts have been con-
ucted on the precision machining of ceramic components over
he past few decades, developing several advanced machining
echnologies without affecting the beneficial properties of the
urface.2 Some of these techniques are summarized in Fig. 1
nd briefly described below.

.1. Mechanical machining

In mechanical machining, material removal takes place when
he ceramic is subjected to some mechanical force/impingement
f abrasive particles. Commonly used techniques under this cat-
gory are abrasive machining/grinding, ultrasonic machining,
nd abrasive water jet machining.
.1.1. Abrasive machining/grinding
The machining takes place by using grinding wheels that are

onded abrasives used for producing several complex shapes.8
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Table 1
Applications of different structural ceramics1.

Application Performance advantages Examples

Wear parts: seals, bearings, valves, nozzles High hardness, low friction SiC, Al2O3

Cutting tools High strength, hardness Si3N4
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2.3.1. Electrochemical machining (ECM)
eat engines: diesel components, gas turbines Thermal insulation, high
edical implants: hips, teeth, joints Biocompatibility, surface
onstruction: highways, bridges, buildings Improved durability, low

ven though the needs for dimensional accuracy and surface
nish are satisfied by conventional grinding, long machin-

ng times and high machining costs account for 60–90% of
he final cost of the finished product. This poses a major
indrance for the grinding process9,10 and ground products
lso generate surface and subsurface cracks,11,12 pulverization
ayers,13 some plastic deformation14 and significant residual
tresses.15

.1.2. Ultrasonic machining (USM)
Ultrasonically vibrated abrasive particles remove material in

ltrasonic machining at generally low material removal rates. A
ransducer/booster combination converts electrical energy into

echanical vibrations and causes the tool to vibrate along its
ongitudinal axis at high frequency.16 As the mechanism of mate-
ial removal is not properly documented, process optimization
s difficult.17

.1.3. Abrasive water jet machining (AWJM)
In abrasive water jet machining, a blast of abrasive-laden

ater stream impinges on the surface of the material and results
n erosive wear. This process is advantageous over the grinding
rocess as it reduces tool wear and machining time.18 At high
peeds, surface fracture results in kerf formation because of the
ydrodynamic forces within the water jet.

.2. Chemical machining (CM)
Chemical machining using etchants is the oldest of the
achining processes, wherein chemicals attack the materials

nd remove small amounts from the surface. Sharp corners, deep
avities and porous workpieces cannot be easily machined as this

u
A
t

Fig. 1. Ceramic fabrica
erature strength, fuel economy ZrO2, SiC, Si3N4

to tissue, corrosion resistance Hydroxyapatite, bioglass, Al2O3, ZrO2

rall cost Advanced cements and concrete

ethod is only suitable for shallow removal of material (up to
2 mm).8

.2.1. Chemical–mechanical machining (CMM)
This technology is widely used in surface patterning in semi-

onductors and micro-electro-mechanical systems (MEMS).
nitially, the chemical absorption on the surface of the material
roduces a chemically reacted layer with physical properties dif-
erent from the original material. This is followed by mechanical
achining to generate the desired pattern on the surface. High

osts and several steps involved in patterning commonly used
aterials such as silicon can be minimized by using KOH solu-

ion that can change hard brittle material surface of silicon into
hydrated layer which makes machining easier. Furthermore,

his technique also offers flexibility and controllability in the
rocess.19

.3. Electrical machining

Electrical energy in the form of pulse or continuous in iso-
ation or in combination with chemicals is used to erode the

aterial. It is highly effective for machining electrically conduc-
ive and semi-conductive materials. Electrochemical machining
ECM), electrical-discharge machining (EDM) and electro-
hemical discharge machining (ECDM) are the commonly used
lectrical machining techniques.
Electrochemical machining is the reverse of electroplating
sed for machining complex cavities in high-strength materials.
s the electrolyte has a tendency to erode away sharp profiles,

his method is not suitable for generating sharp corners.

tion techniques.
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.3.2. Electrical-discharge machining (EDM)
EDM is an abrasionless method used for machining con-

uctive ceramics such as boron carbide (B4C) and silicon
arbide (SiC).20 This method is not affected by the hardness
f the material, but requires an electrical resistivity of less than
00 � cm.2

.3.3. Electro-chemical discharge machining (ECDM)
This technique has the combined features of EDM and

CM and is capable of machining high strength electrically
on-conductive ceramics. This process is inefficient because
significant portion of the total heat developed is dissipated

or increasing the temperature and the corresponding material
emoved while machining is less.21

.4. Radiation machining

Radiation machining is a non-contact machining process
here the dimension of the hole or the groove can be con-

rolled by the energy supply to the work piece. The energy can
e provided by an electron beam, plasma arc or by lasers. These
on-contact machining techniques are not affected by the abra-
ion of the tools and they are independent of electrical resistivity
f the materials being machined.

.4.1. Electron beam machining (EBM)
The energy source in EBM is high-speed electrons that

trike the surface of the work piece generating heat.8 Since
he beam can be positioned rapidly by a deflection coil, high

achining speeds are possible. This machining process has
he drawback that the width of the machined cavity increases
hile machining at high speeds due to the beam defocusing

ffect.22

.4.2. Plasma arc machining
Ionized gas is used for machining the ceramic at very high

emperatures leading to smaller kerf widths and good surface
nish. As the vacuum chambers have limited capacity, the size
f the components should closely match the size of the vacuum
hamber.8

.4.3. Laser machining (LM)
The source of energy in LM is a laser (acronym for

ight Amplification by Stimulated Emission of Radiation).
igh density optical energy is incident on the surface of the
ork piece and the material is removed by melting, dissocia-

ion/decomposition (broken chemical bonds causes the material
o dissociate/decompose), evaporation and material expulsion
rom the area of laser–material interaction. The vital parame-
ers governing this process are the different properties of the
eramic such as reflectivity, thermal conductivity, specific heat

nd latent heats of melting and evaporation. The schematic rep-
esentation of the laser machining process is made in Fig. 2.
aser machining of structural ceramics and the associated phys-

cal phenomena will be discussed extensively in the later part of
his review.

i
A
d
t
l

ig. 2. Schematic of laser machining. (After Kuar et al.23 with permission.
opyright Elsevier.)

.5. Hybrid machining

Hybrid machining uses a combination of two or more of
he above techniques for machining the ceramic such as elec-
rical discharge grinding, laser-assisted chemical etching and

achining using lasers and cutting tool/laser assisted machining
LAM).

.5.1. Electrical discharge grinding
This method combining the advantages of grinding and

lectrical-discharge machining has low equipment cost and high
fficiency.24,25 Material is removed from the ceramic surface by
ecurring spark discharges between the rotating wheel and the
ork piece.8

.5.2. Laser-assisted chemical etching
Material removal is carried out by using suitable etchant in

ombination with selective laser irradiation. The laser radiation
nfluences the reaction between the material and the etchant by
xciting the etchant molecules and/or the material surface26 and
he etch rate is significantly affected by the laser fluence.

.5.3. Laser assisted machining (LAM)
In laser assisted machining, the material is locally heated by

n intense laser source prior to material removal, without melting
r sublimation of the ceramic. This technique has been success-
ully used for machining silicon nitride and the corresponding
ork piece temperature, tool wear and surface integrity have
een measured.27–32 Magnesia-partially-stabilized zirconia was
achined with a polycrystalline cubic boron nitride tool and

t was found that the tool life increased with material removal
emperatures.33 LAM effectively reduced the cutting force and
mproved the surface finish of the finished products made from

l2O3.34 In LAM, after the laser is used to change the ceramic
eformation behavior from brittle to ductile, material removal
akes place with a conventional cutting tool. Unlike LAM, in
aser machining (LM), actual material removal takes place by
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Fig. 3. (a) Laser assisted machining. (After Lei et al.32 w

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

. Laser machining

Lasers can replace mechanical material removal methods
n several engineering applications because of their following
alient features:36

(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.

(ii) 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.37 Relative economic comparison
of laser machining with other machining processes is made
in Table 2.

Different types of lasers such as CO2, Nd:YAG and
xcimer lasers are used for machining of structural ceram-

cs with each type of laser having its own wavelength of

bsorption and machining applications. CO2 lasers are molec-
lar lasers (subgroup of gas lasers) that use gas molecules
combination of carbon dioxide, nitrogen and helium) as
he lasing medium, whereby the excitation of the carbon

t
w
p
t

ermission. Copyright Elsevier.) (b) Laser machining.35

ioxide is achieved by increasing the vibrational energy of
he molecule. The actual pumping takes place by an AC
r DC electrical discharge and this laser emits light at a
avelength of 10.6 �m in the far infrared region of the

lectromagnetic spectrum. CO2 lasers are widely used in indus-
ry for applications in laser machining, heat treatment and
elding.36

On the other hand, Nd:YAG lasers are solid state lasers
hat use dopants (Neodinium (Nd3+)) dispersed in a crystalline

atrix (complex crystal of Yttrium–Aluminum–Garnet (YAG)
ith chemical composition Y3Al5O12) to generate laser light.
xcitation is attained by krypton or xenon flash lamps and an
utput wavelength of 1.06 �m in the near-infrared region of
he spectrum can be obtained. Nd:YAG fibre lasers are used in
pplications requiring low pulse repetition rate and high pulse
nergies (up to 100 J/pulse) such as hole piercing and deep key-
ole welding applications.36

Excimer lasers are an increasingly popular type of gas
asers made up of a compound of two identical species that
xist only in an excited state. Commonly used excimer com-
lexes include argon fluoride (ArF), krypton fluoride (KrF),
enon fluoride (XeF) and xenon chloride (XeCl) with the
utput wavelengths varying from 0.193 to 0.351 �m in the
ltraviolet to near-ultraviolet spectra. These compounds can
e formed by inducing the noble gas (Ar, Kr, or Xe) of the
ompound into an excited state with an electron beam, an elec-
rical discharge or a combination of the two. Excimer lasers
re used for machining solid polymer workpieces, removing
etal films from polymer substrates, micromachining ceram-

cs and semi-conductors, and marking thermally sensitive
aterials.36

The different types of lasers can be operated in either the
ontinuous wave, CW or the pulsed mode, PM (nano, pico and
emto second lasers). In CW lasers, continuous pumping of the
aser emits incessant light, while in a pulsed laser, there is a laser
ower-off period between two successive pulses.39 Pulsed lasers
re preferred for machining ceramics as the processing parame-

ers can be more effectively controlled compared to continuous
ave mode.40 The next section looks at the important physical
rocesses that assist in laser machining of ceramic and discusses
he different types of laser machining.
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Table 2
Relative economic comparisons of different machining processes38.

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
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wall angle. This energy is converted into heat and its ensuing
conduction into the material establishes the temperature distri-
lasma arc machining Very low Low
aser machining Medium Low

.1. Absorption of laser energy and multiple reflections

The physical phenomena that take place when the laser beam
s incident on the ceramic surface are reflection, absorption,
cattering and transmission (Fig. 4). Absorption, the vital of
ll the effects, is the interaction of the electromagnetic radiation
ith the electrons of the material and it depends on both the
avelength of the material and the spectral absorptivity charac-

eristics of the ceramic being machined.36,40 The absorptivity is
lso influenced by the orientation of the ceramic surface with
espect to the beam direction and reaches a maximum value for
ngles of incidence above 80◦.36 For machined cavities with high
spect ratios, multiple beam reflections along the wall of cav-
ty also affect the amount of absorbed energy.41,42 The multiple
eflections in a machined cavity are schematically represented
n Fig. 5 where Io is the incident laser energy, Ia1, Ia2 and Ia3 are
he first, second and third absorptions, respectively, and Ir1, Ir2
nd Ir3 are the first, second and third reflections, respectively.43

here will be many more reflections taking place during actual

eramic machining than illustrated in Fig. 5. The phenomenon
f multiple reflections has been incorporated into the machining
rocess in several ways.44–48 The laser beam energy Qa absorbed

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

b
a

F
m

Very low Very low Very low
Very low Very high Very low

y the ceramic after n reflections is:49

a = Q(r)n (1)

here Q is incident laser beam energy, r is angle-dependent
eflection coefficient of the ceramic, and n is number of multiple
eflections given by:

= π

4θ
(2)

here θ is angle the cavity wall makes with normal direction.
oreover, as the thermal conductivity of structural ceramics is

enerally less than that of majority of metals, the energy absorp-
ion takes place faster in ceramics and 100% of incident energy
s expected to be immediately absorbed by the ceramic for the

achining process.50,51 Thus the absorbed energy depends on
roperties of the ceramic (reflection coefficient), magnitude of
ncident laser energy, output wavelength of processing laser and
ution within the material which in turn affects machining time
nd depth of machined cavity.

ig. 5. Multiple reflections in a machined cavity. (After Zhao43 with kind per-
ission of J. Zhao’s Major Professor, Dr. Vladimir V. Semak.)
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.2. Thermal effects

The excitation energy provided by the laser is rapidly con-
erted into heat and this is followed by various heat transfer
rocesses such as conduction into the materials, convection and
adiation from the surface.49 The conduction of heat into the
eramic is governed by Fourier’s second law of heat transfer:

∂T (x, y, z, t)

∂t
= α(T )

[
∂2T (x, y, z, t)

∂x2 + ∂2T (x, y, z, t)

∂y2

+∂2T (x, y, z, t)

∂z2

]
(3)

here T is temperature field, t is time and x, y and z are spatial
irections. The term α(T) is temperature dependent thermal dif-

usivity of the material which is given by k(T)/ρCp(T), where ρ

s density of ceramic, Cp(T) and k(t) are temperature dependent
pecific heat and thermal conductivity of the ceramic, respec-
ively. The balance between the absorbed laser energy at the

w
o
w
l

ig. 6. Various physical phenomena during laser–ceramic interaction. (After Dahotre
pean Ceramic Society 29 (2009) 969–993 975

urface and the radiation losses is given by:

−k(T )

(
∂T (x, y, 0, t)

∂x
+ ∂T (x, y, 0, t)

∂y
+ ∂T (x, y, 0, t)

∂z

)

= δQa

A
− εσ(T (x, y, 0, t)4 − To

4)

δ = 1 if 0 ≤ t ≤ tp

δ = 0 if t > tp

(4)

here Qa is absorbed laser power (predicted by considering
ultiple reflections and material properties), ε is emissivity for

hermal radiation, To is ambient temperature, tp is ON-time for
aser, σ is Stefan–Boltzmann constant (5.67 × 10−8 W/m2 K4)
nd A is cross-sectional area of the beam. The term δ takes a
alue of 1 when time, t is less than laser ON-time, tp and it is 0

hen time, t exceeds laser ON-time. Thus the value of δ depends
n time, t and ensures that the energy is input to the system only
hen the laser is ON and cuts off the energy supply when the

aser is switched off. The convection taking place at the bottom

and Harimkar49 with kind permission of Springer Science + Business Media.)
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urface of the sample is:

−k(T )

(
∂T (x, y, L, t)

∂x
+ ∂T (x, y, L, t)

∂y
+ ∂T (x, y, L, t)

∂z

)

= h(T (x, y, L, t) − To), (5)

here L is thickness of the sample being processed, h is tem-
erature dependent heat transfer coefficient and To is ambient
emperature. The temperature distribution within the material as
result of these heat transfer processes depends on the thermo-
hysical properties of the material (density, emissivity, thermal
onductivity, specific heat, thermal diffusivity), dimensions of
ample (thickness) and laser processing parameters (absorbed
nergy, beam cross-sectional area). The magnitude of tempera-
ure rise due to heating governs the different physical effects in
he material such as melting, sublimation, vaporization, disso-
iation, plasma formation and ablation responsible for material
emoval/machining as discussed next (Fig. 6).49,52,53

.2.1. Melting and sublimation
At high laser power densities (Io > 105 W/cm2), the surface

emperature of the ceramic T (predicted using Eqs. (1)–(5)) may
each the melting point Tm and material removal takes place
y melting as considered by Salonitis et al.54 As indicated in
ig. 7a, the surface temperature increases with increasing irradi-
tion time, reaches maximum temperature Tmax at laser ON-time
p and then decreases.49

The temperatures reached and the corresponding irradiation

imes are: T1 < Tm at time t1 < tp, Tm at time t2, Tmax at time tp, Tm
t time t3 > tp, and finally T1 at time t4 > tp. The corresponding
emperature profiles in the depth of the material for various times
uring laser irradiation are presented in Fig. 7b. The solid–liquid

ig. 7. Calculation of temporal evolution of melt depth (a) surface temperature
s a function of time (b) temperature as a function of depth below the surface
uring heating and cooling. (After Dahotre and Harimkar49 with kind permission
f Springer Science + Business Media.)

p
(
o
d
E
t
o

l
m
i
p
a

F
M

ensity at constant pulse time (b) effect of laser pulse time at constant laser
ower density. (After Dahotre and Harimkar49 with kind permission of Springer
cience + Business Media.)

nterface can be predicted by tracking the melting point in tem-
erature versus depth (z) plots (Fig. 7b). For example, it can be
een from Fig. 7b that at time tp, the position of the solid–liquid
nterface (melt depth) corresponds to zmax. Before initialization
f surface evaporation, maximum melt depth increases with laser
ower density I (power per unit area) at constant pulse time
Fig. 8a) while at a constant laser power density, maximum depth
f melting increases with increasing pulse time (Fig. 8b). Pre-
iction of melt depth using temperature profiles obtained from
qs. (1)–(5) assists in determining depth of machined cavity in

hose ceramics in which material removal takes place entirely
r in part by melting.49

Some structural ceramics like Si3N4 do not melt but sub-
ime, emitting N2 and depositing a recast layer of silicon on the

achined surface.2 Attempts have been made to machine Si3N4

n water by Q-switched YAG lasers that can generate high peak
owers (above 50 kW) from very short duration pulses (∼100 ns)
t high frequency (∼10 kHz). As seen in Fig. 9, by machining

ig. 9. Cross-section of Si3N4 ceramic machined in (a) air and (b) water. (After
orita et al.55 with permission. Copyright American Institute of Physics.)
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Table 3
Physical phenomena governing machining in some structural ceramics (

√
–

phenomena present; × – phenomena not present)64.

Material Physical process

Melting Dissociation Evaporation

Silicon carbide (SiC)
√ √ √

Alumina (Al O )
√ √ √
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i3N4 in air, a recast layer about 20 �m thick is formed and
icrocracks are spread within this layer. In contrast, by pro-

essing in water, no recast layers and cracks were observed. As
AG lasers retain high transmittance through water, removal of
aterial (Si3N4) was possible without the formation of recast

ayer or micro-cracks.55,56 The water also solidified the Si vapor
nd flushed away the micro-particles, thus preventing the vapor
rom reaching the saturation level.

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

oint, further increase in laser power density or pulse time
emoves the material by evaporation instead of melting. After
aporization starts at the material surface, the liquid–vapor inter-
ace moves further inside the material with supply of laser
nergy and material is removed by evaporation from the surface
bove the liquid–vapor interface.49 The velocity of liquid–vapor
nterface, Vevaporation and the corresponding vaporization depth,

evaporation are given by:52

evaporation = Qa

ρ(cTb + Lv)
(6)

evaporation = Qatp

ρ(cTb + Lv)
(7)

here Qa is absorbed laser energy (Eq. (1)), ρ is density of
he ceramic, c is the speed of light, Tb is the boiling point of
he ceramic, Lv is the latent heat of vaporization and tp is ON-
ime for laser (time for which the ceramic surface is exposed
o incident laser energy). Several works in the past have con-
idered material removal only through this direct evaporation
echanism.57–61 In such cases, the depth of evaporation (Eq.

7)) corresponding to depth of machined cavity depends on the
aser conditions (processing time and absorbed laser energy) and

aterial properties such as density, latent heat of vaporization,
nd boiling point.

Certain ceramics such as SiC, MgO directly disso-
iate/decompose into several stoichiometric and/or non-
toichiometric species depending on the thermodynamic
onditions prevailing during laser machining. Alumina, on the
ther hand is stable up to 2327 K after which it melts and forms
iquid. This liquid remains stable from 2327 to 3500 K and sub-
xides of aluminum, aluminum metal vapor and gaseous oxygen
re formed due to the dissociation above 3250 K. The dissocia-
ion reaction forms different species that are expelled/removed
uring machining process and dissociation energy losses also
ffect the input laser energy and thus the temperature distribu-
ion, dimensions of machined cavity and machining time.62–66

The evolving vapor from the surface applies recoil pressure
precoil)67,68 on the surface given by:69

Aprecoil

Qa
= 1.69√

Lv

(
b

1 + 2.2b2

)
(8)
here b2 = kTs/mvLv, Ts is surface temperature, k is the Boltz-
ann constant (1.38065 × 10−23 J/K), mv is the mass of vapor
olecule, A is beam cross-sectional area, Qa is absorbed laser

nergy, and Lv is the latent heat of vaporization. The absorbed

n
d
a
T

2 3

ilicon nitride (Si3N4)
√ √ √

agnesia (MgO) × √ √

aser energy (Eqs. (1) and (2)) and the associated surface tem-
eratures predicted using Eqs. (3)–(5) affect the recoil pressure
hich plays a vital role in material removal in molten state during
achining of some ceramics such as SiC, Al2O3 and Si3N4.
The total enthalpy required for laser-induced vaporization

eing greater than that required for melting, the energy required
or laser machining by melting is much less than the energy
equired for machining by vaporization.26 It was reported by
amant and Dahotre62–66 that a combination of the differ-
nt physical phenomena mentioned above was responsible for
achining rather than any single predominant process. The
achining mechanisms depending on the nature of some of the

ommonly used structural ceramics are represented in Table 3
nd will be discussed elaborately in the later part of this study.

.2.3. Plasma formation
When the laser energy density surpasses a certain threshold

imit, the material immediately vaporizes, gets ionized and forms
lasma having temperatures as high as 50,000 ◦C and pressures
p to 500 MPa.70 The degree of ionization (ξ) depends on the
urface temperatures (predicted from Eqs. (1)–(5)) and is given
y the Saha equation:26

ξ2

1 − ξ
= 2gi

gaNg

(
2πmvkTs

h2

)3/2

exp

(
− Ei

kTs

)
(9)

here ξ = Ne/Ng and Ng = Ne + Na. Ne and Na are the number
ensities of electrons and atoms/molecules respectively, gi and
a are the degeneracy of states for ions and atoms/molecules,
i is the ionization energy, mv is the mass of vapor molecule, k

s the Boltzmann constant (1.38065 × 10−23 J/K), Ts is surface
emperature, and h is Planck’s constant (6.626 × 10−34 m2 kg/s).
he plasma plume forms a shield over the machining area and

educes the energy available to the work piece when the sur-
ace temperature exceeds a certain threshold value. Aerosols
ormed due to the condensation of ionized material vapor stick
o the surface and reduces the efficiency of machined compo-
ents for applications dominated by wear or tear load. Hence
he degree of ionization is an important parameter which gives
n indication whether plasma will be formed during the machin-
ng process and accordingly, necessary efforts to overcome the
armful effects of plasma could be undertaken. A special gas

ozzle designed by Tönshoff et al.71 (Fig. 10) prevents the
eposition of aerosols and this technique has been successfully
pplied to machine SiC ceramic surfaces without any debris.70

he additional gas stream obtained by combining a process gas
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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
ig. 10. Formation of plasma plume and its suction by gas nozzle. (After Tön-
hoff and Kappel70 with permission. Copyright Elsevier.)

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

A technique developed at the Integrated Manufacturing Tech-
ologies Institute (IMTI), National Research Council Canada
NRC) minimizes the harmful effects of the plasma and pro-
ides a precise control over the material removal rate and surface
nish. This technique controls the pulse duration and energy
er pulse such that majority of the energy in a pulse instan-
aneously vaporizes a given quantity of the material from the
urface. Continuous application of laser pulses ensures that
ach successive spot is adequately displaced to reduce the
lasma absorption effects. Furthermore, short duration pulses
educe the recast layer thickness, eliminate micro-cracks and
he material removed per pulse increases with increasing energy
ensity while machining TiN/Si3N4 and SiC/Si3N4 materials
Fig. 11).72

.2.4. Ablation
When the material is exposed to sufficiently large incident

aser energy, the temperature of the surface exceeds the boiling

oint of the material causing rapid vaporization and subse-
uent material removal by the process referred to as thermal
blation.26 Ablation takes place when laser energy exceeds
he characteristic threshold laser energy which represents the

ig. 11. Variation of material removal rate with energy density. (After Islam72

ith kind permission of Springer Science + Business Media.)
F
Y

pean Ceramic Society 29 (2009) 969–993

inimum energy required to remove material by ablation. The
omplex laser–material interaction during ablation depends on
he interaction between the photo-thermal (vibrational heating)
nd photo-chemical (bond breaking) processes. Above ablation
hreshold energy, material removal is facilitated by bond break-
ng, whereas thermal effects take place below ablation threshold
nergy. Absorption properties of the ceramic and incident laser
arameters determine the location at which the absorbed energy
eaches the ablation threshold, thus determining the depth of
blation, dablation given by:49

ablation = 1

μa
ln

(
Qa

Qth

)
(10)

here μa is absorption coefficient of ceramic and Qth is thresh-
ld laser energy. The ablation rates and associated machined
epths are governed by laser energy Qa (predicted from Eq.
1)), pulse duration, number of pulses and pulse repetition rate.
ttrium stabilized Si–Al–O–N (Y-sialon) was irradiated by an
r-F-excimer laser at a fluence of 850 mJ/cm2, pulse repetition

ate varying from 2 to 20 Hz and by applying different number
f pulses.73 The material removal in Y-sialon under the above
rocessing conditions was by ablation. The variation of abla-
ion depth and a Y-sialon sample ablated by laser irradiation is
ig. 12. (a) Ablation profile of Y-sialon under irradiation (b) ablated region in
-sialon. (After Laude et al.73 with permission. Copyright Elsevier.)
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Fig. 13. Stepwise procedure for

ther parameters such as machining time, number of pulses,
imensions of machined cavity and machining energy. In light
f this, an ab initio physical model was developed by Samant and
ahotre and used for predicting depth of machined cavity when
certain number of pulses was applied to Si3N4

62 and also for
dvance prediction of number of pulses and energy necessary
or machining SiC ceramic.66 The model was also applied to
etermine the number of pulses and corresponding time required
or machining a certain depth in Al2O3

63 and MgO.65 A general
ow chart for predicting the desired machining parameter based

n such computational model using the process parameters and
aterial properties is represented in Fig. 13. The nature of the

tructural ceramic will govern the physical phenomena that can
e incorporated into the mathematical model.

a
o
i
b

ction of machining parameters.

.3. Types of machining

Based on the kinematics of the front in the area where
aterial removal takes place, laser machining is classified

nto one-, two-, and three-dimensional machining. The laser
eam is considered as a one-dimensional line source with line
hickness given by the diameter for circular and the major
xis for elliptical beam cross-sections. Laser drilling (one-
imensional) machining (Fig. 14a) can be achieved by keeping
he ceramic workpiece as well as the laser beam station-

ry while the motion of the laser beam or the ceramic in
nly one direction leads to cutting (two-dimensional machin-
ng) (Fig. 14b) in the ceramic. Motion of one or more laser
eams or the workpiece in more than one direction leads to
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ig. 14. Schematic of basic laser machining processes (a) laser drilling (one-di
star by laser beam (three-dimensional machining).

hree-dimensional machining and complex geometries can be
achined (Fig. 14c).

.3.1. One-dimensional laser machining
Drilling is a one-dimensional laser machining process where

he laser beam is fixed relative to the workpiece. The material
emoval rate is governed by the velocity of the erosion front in
he direction of the laser beam. The hole taper is a measure of
he dimensional accuracy for laser drilling and it can be min-
mized to an insignificant order of appearance by using a lens
f long focal length with longer focal waist. A schematic of
he laser drilling process and a hole drilled in SiC with asso-
iated microstructural features is presented in Figs. 15 and 16,
espectively.74 The drilling in SiC was carried out using a pulsed
O2 laser (λ = 10.6 �m) with a pulse duration of 2 ms, a power
f 0.5 kW and the lens had a focal length of 31.8 mm.

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

ig. 15. Laser drilling process schematic. (After Chryssolouris36 with kind
ermission of Springer Science + Business Media.)
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onal machining), (b) laser cutting (two-dimensional machining), (c) engraving

lso assists in enhanced material removal by chemical reac-
ions such as oxidation. Cutting of the material then proceeds
y the motion of the cutting front across the surface of the
aterial.75 The four main techniques associated with laser

utting are evaporative laser cutting, fusion cutting, reactive
usion cutting and controlled fracture technique. The selection
f the machining method depends on the thermo-physical prop-
rties of the material, workpiece thickness and type of laser
sed.

Brittle ceramics such as alumina are mostly machined by the
ontrolled fracture technique where the incident laser energy
enerates localized mechanical stresses that cause the mate-
ial to separate by crack extension with controllable fracture
rowth. The energy requirement is less compared to conven-
ional evaporative laser cutting as the material removal is by
rack propagation. The experimental setup in Fig. 18a con-
ists of a personal computer, a CO2 laser, a Nd:YAG laser
nd a XYZ positioning table. The focused Nd:YAG laser hav-
ng a focal plane on the surface of the substrate and the
eam orthogonal to the surface is used to scribe a groove
n the ceramic surface. The defocused CO2 laser inclined to
he Nd:YAG laser beam induces localized thermal stresses in
he substrate. Both the laser beams are applied simultaneously
n the ceramic surface in a continuous mode of operation.
he stress concentration at the groove tip assists in extend-

ng the crack through the substrate followed by controlled
eparation along the moving path of the laser beam.76 The
our distinct regions: evaporation, columnar grain, intergranu-
ar fracture, and transgranular fracture regions of the alumina
eramic cut by controlled fracture technique is presented in
ig. 18b.

.3.3. Three-dimensional laser machining
Two or more laser beams are used for three-dimensional

achining and each beam forms a surface with relative motion
ith the workpiece (Fig. 19). The erosion front for each surface

s located at the leading edge of each laser beam. When the sur-

aces intersect, the three-dimensional volume bounded by the
urfaces is removed and machining takes place. Laser turning
nd milling are commonly used three-dimensional laser machin-
ng techniques useful for machining complex geometries such as
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ig. 16. Microstructural features of hole obtained in SiC (a) hole entry (b) hole s
After Sciti and Bellosi74 with permission. Copyright Elsevier.)
lots, grooves, threads, and complex patterns in ceramic work-
ieces. Laser machining has been used to turn threads in Si3N4
eramic (Fig. 20a)77 and also to cut gears from SiCω/Al2O3
omposite (Fig. 20b).72

ig. 17. Schematic of laser cutting process. (After Chryssolouris36 with kind
ermission of Springer Science + Business Media.)
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n (c) silicate-like dendrite crystals obtained on debris area (d) hole inside walls.

. State of the art

So far it has been covered in this study that temperature depen-
ent thermo-physical properties and laser processing conditions
overn the physical phenomena that can machine ceramics in
ne, two or three dimensions. Even though a few structural
eramics have been briefly mentioned earlier only to explain key
oncepts of laser machining, this section presents the detailed
tate of the art in machining by lasers of some commonly used
tructural ceramics such as Al2O3, Si3N4, SiC, AlN, ZrO2, and

gO.

.1. Alumina

Besides the applications mentioned earlier, alumina is also
sed as a substrate in hybrid circuits as it possesses excellent
ielectric strength, thermal stability and conductivity.78 CO2

asers have been adapted for drilling holes in thin alumina plates
sed as substrates for thin-film circuits in electronic switching
ystems. Hole diameters varying from 0.125 to 0.3 mm were
rilled by changing the lenses and the pulse duration.79 Laser
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ig. 18. (a) Configuration of laser cutting using controlled fracture technique.
opyright Elsevier.)

cribing (drilling a series of blind holes in a line) was car-
ied out by Saifi and Borutta80 with a pulsed CO2 laser for
eparating individual thin-film circuits on a large substrate. It
as observed that for shorter pulse length, the heat-affected

one was small with a corresponding rapid temperature drop.
n the other hand, the development of microcracks in the

cribed region reduced the flexural strength of the scribed sub-
trates.

Holes of variable depths were drilled in dense alumina
eramic using a pulsed Nd:YAG laser (1064 nm wavelength)
y applying different number of pulses at a pulse energy of 4 J,

epetition rate of 20 Hz and a pulse width of 0.5 ms (Fig. 21).
aser fluences of 442, 884, 1768 and 2652 J/cm2 were required

or drilling depths of 0.26, 0.56, 3.23, and 4.0 mm.63 As men-
ioned earlier, alumina liquid is formed at 2327 K which is stable

r
m

Fig. 19. Three-dimensional laser machining. (After Chryssolouris36
racture surface of alumina substrate. (After Tsai and Chen76 with permission.

ill 3500 K. At temperatures above 3250 K, dissociation of the
eramic yields different species such as AlO(g), Al(l), Al(g),
l2O(g) and AlO2(g).81 At temperatures above 5000 K, disso-

iation is complete and aluminum vapor and atomic oxygen are
ormed. Recoil pressure provoked expulsion of the liquid phase
ormed due to melting between 2327 and 3500 K and the dis-
ociation process above 3250 K (most likely by reaction in Eq.
11)) is responsible for laser machining in alumina.

l2O3 = 2Al(l) + 3

2
O2(g) (11)
There was also some material loss at the surface by evapo-
ation and the machining in alumina was a combined effect of
elt expulsion, dissociation and evaporation.63

with kind permission of Springer Science + Business Media.)
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ig. 20. (a) Turning of threads in Si3N4. (After Liu et al. with permission.
opyright Elsevier.) (b) A gear shape cut in SiC�18/Al2O3 composite. (After

slam72 with kind permission of Springer Science + Business Media.)

The threshold energy density (the minimum energy den-
ity required for material removal) for drilling gold-coated
lumina by ruby lasers (400 J/cm2) was less than the energy
ensity for drilling uncoated alumina (750–1000 J/cm2). This
rop in energy density could be attributed to the relatively high

hermal conductivity of gold.82 Drilling of 0.25 mm diame-
er holes in 0.1 mm thick alumina workpiece was performed
y Coherent, Inc. at a machining speed of 0.1 s/hole using a

ig. 21. Drilling in dense alumina ceramic. (After Samant and Dahotre63).
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ulsed CO2 laser at a pulse frequency of 500 Hz and pulse
uration of 200 ms.83 Chryssolouris and Bredt84 drilled blind
oles (depths varying from 0.02 to 1 cm) using a 1.2 kW CW
O2 laser with energy densities ranging from 2 to 500 kJ/cm2.
O2 and Nd:YAG lasers with power densities between 106 and
08 W/cm2 were used to drill holes in alumina upto 0.25 mm
iameter and it was found that the holes drilled by CO2 laser
howed a noticeable taper compared to the holes made by
d:YAG laser.85

Common defects associated with laser drilling (Microcracks
nd spatter86–89) were prevented by a drilling technique based
n gelcasting.90 For gelcasting, the ceramic slurry made by
ispersing the powders in a pre-mixed monomer solution is
ast in a mold of desired shape. After addition of a suitable
nitiator, the entire system is polymerized in situ and green bod-
es with improved mechanical properties are produced. As the
reen body has relatively loose structures compared with sin-
ered ceramics, spatter-free holes with more uniform shapes and
ithout microcracks can be drilled (Fig. 22).
A computer controlled Nd:YAG laser was used to obtain

ood quality kerfs and cuts without cracks in alumina substrates
or embedded MCM-Ds (Multi Chip Modules, deposited) and
ater-cooled heat sinks for single chips, multi chip modules or

aser diodes. A laser energy of 1.7 J, pulse duration of 0.4 ms,
ulse frequency of 250 Hz, nitrogen as process gas and a feed
ate of 150 mm/min were used for machining these substrates.91

lumina has also been machined with a KrF excimer laser
ith laser fluence (1.8 and 7.5 J/cm2), pulse duration (25 ns),
umber of pulses (1–500), frequency (1–120 Hz), and the cor-
esponding microstructural changes were examined.92 At low
uence (1.8 J/cm2), the melting/resolidification produced scales
n the surface while at high fluence (7.5 J/cm2), there were no
ontinuous scales as the material was removed by vaporiza-
ion. The depth of material removed was directly proportional
o the number of pulses.63,92 However, this laser treatment
as not suitable for reducing the roughness as can be seen

rom Fig. 23 that the values of Ra (surface roughness) and
t (peak-to-valley distance) varied slightly compared to the

tarting values. Moreover, Femtosecond near-infrared (NIR)
ptical pulses have been used for microstructuring alumina
ith improved edge quality at scanned intensities less than
0 W/cm2.78 The surface showed no discoloration unlike the
rocessing done by nanosecond UV lasers at 248 nm wavelength
y Sciti et al.92

3D Laser Carving is an emerging technique in industries for
anufacturing ceramic components of complex shapes. Initially,
3D CAD model is sliced in a particular direction to obtain

rofile information of the slice. The focused laser beam is then
sed for scanning and engraving the ceramic surface as per the
rofile information, producing two-dimensional layer patterns.
inally, the Z-axis of the table is raised to a designated height

o locate the carving surface at the focal plane. This process is
epeated several times until the whole model is completely sliced

nd the 3D graphics is engraved on the workpiece (Fig. 24).93

hus, alumina ceramic has been laser machined in one, two and
hree dimensions by using different types of lasers for several
pplications.
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ig. 22. Holes drilled on gelcast green body of alumina. (a) Top view, (b) hole ed

.2. Silicon nitride

Silicon nitride is widely used for machining purposes in
utomotive, semi-conductor and aerospace industries. Cams,
earings, piston rings and rocker arms can be made by machining
his ceramic.94,95 A 0.1 mm hole drilled at the Integrated Man-
facturing Technologies Institute (IMTI), National Research
ouncil Canada (NRC) through a 6 mm thick silicon nitride cut-
ing tool insert is presented in Fig. 25.72 Harrysson et al. drilled
oles in Si3N4 using CO2 and Nd:YAG lasers. High thermal
tresses produced intense cracking in CO2 laser drilled samples

ig. 23. Surface roughness after laser treatment for (a) raw Al2O3 at fluence of
.8 J/cm2 and (b) polished Al2O3 at fluence of 7.5 J/cm2. (After Sciti et al.92

ith kind permission of Springer Science + Business Media.)
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) cross-section of hole. (After Guo et al.90 with permission. Copyright Elsevier.)

hile the cracking was limited only to the recast layer (about
.02 mm) by using a Nd:YAG laser.96 A pulsed Nd:YAG laser at
pulse energy of 4 J, pulse width of 0.5 ms and a repetition rate
f 20 Hz was used for drilling holes of varying depths in Si3N4
y applying different number of pulses (Fig. 26).62

The decomposition of Si3N4 into N2 gas and Si liquid (Eq.
12))97 at the sublimation temperature of Si3N4 followed by
he expulsion of the liquid silicon was proposed as the material
emoval mechanism.98,99

i3N4 = 3Si(l) + 2N2(g) (12)

There were some evaporative losses at the surface and a
ombination of melting, dissociation and evaporation lead to
achining in silicon nitride (Table 3).62 In excimer laser pro-

essing by ArF, KrF and XeF excimer lasers, decomposition
f Si3N4 into Si (gas) and nitrogen along with ionized silicon
roduced excellent quality of the processed ceramic without
eposition of any decomposed material.100 Shigematsu et al.
achined Si3N4 in different atmospheres (N2, O2 gas and air)

y a multi-mode CO2 laser and the particles suspended in the
hamber after machining were studied.101 The infrared spectra
f the gases and the suspended particles inside the chamber are
resented in Fig. 27. No absorption peaks were observed in N2
nd all the liquid silicon formed by Eq. (12) above was deposited
n the ceramic surface. The energy density of the CO2 laser was
nsufficient to vaporize the free silicon. Machining in O2 or air
ormed SiO vapor by the oxidation decomposition of Si3N4:

Si3N4(s) + 3O2 = 6SiO(g) + 4N2(g) (13)

The SiO vapor immediately oxidized and formed solid phase
iO2 seen in the absorption spectrum:

iO(g) + 1/2O2(g) = SiO2(s) (14)

Machining in O2 also released NO2 gas:

i3N4(s) + 11/2O2 = 3SiO(g) + 4NO2(g) (15)

Such an analysis of the constituents released during machin-
ng can help in the selection of an appropriate machining

nvironment and laser machining parameters.

CO2 laser was operated in continuous and pulsed mode for
utting Si3N4 and it was found that deep and narrow cuts were
roduced 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 alumin

peration. Reducing the traverse speed avoided fracture of the
eramic and it was more effective than increasing the laser power
or machining thicker plates (6–8 mm).102 Firestone et al. used
15 kW CO2 laser to machine silicon nitride without fractur-

ng at 996 ◦C and the machining rates achieved were ten times
hat of conventional diamond grinding.103 This ceramic has also
een machined by Lavrinovich et al. in two regimes: with free
eneration where the width of the laser pulse was 4 ms and with
-factor modulation where the pulse width was 3 × 10−7 s.104

-factor modulation was able to form an oxide film on the sur-
ace when exposed to a defocused laser beam. This method also
elped to minimize the residual microcracks.

Apart from the above applications of laser machining of
ilicon nitride, laser milling is a newly developed method of
roducing wide variety of complex parts from ceramics such
s silicon nitride directly using the CAD data, thus making it
ossible to machine Si3N4 in one, two and three dimensions.105
.3. Silicon carbide

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

ig. 25. A 0.1 mm diameter hole drilled in 6 mm thick Si3N4 cutting tool insert.
ire passing through the hole is also seen. (After Islam72 with kind permission

f Springer Science + Business Media.)
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mic. (After Wang and Zeng93 with permission. Copyright Elsevier.)

d:YAG laser (1064 nm wavelength) at an input energy of 6 J,
ulse duration of 0.5 ms, and repetition rate of 50 Hz, a through
avity was machined in a 2 mm thick SiC plate in approximately
5 pulses while it took about 125 pulses to machine through the
ntire thickness of a 3 mm thick plate (Fig. 28).66 Sciti and Bel-
osi used a pulsed CO2 laser with laser powers of 0.5 and 1 kW
or drilling the ceramic surface.74 The beam was incident on
he surface at an angle of 90◦ and three different focal lengths
f 95.3, 63.5, and 31.8 mm were used for machining. The hole
epth increased with the pulse duration and also the input power
or a given focal length because of increase in laser light inten-
ity. Even though the hole diameters remained constant with
ulse duration, they were affected by the lens focal length that
overned the size of the laser spot (Fig. 29).

Metallic silicon particles were found on the surface of the
ilicon carbide ceramics machined in N2, O2, or air.101 CO2
ormed by the oxidization of free carbon released by the disso-
iation of SiC was also detected in the machining atmosphere
Eqs. (16)–(18)).101

iC(s) = Si(l) + C(s) (16)

C(s) + O2(g) = 2CO(g) (17)

CO(g) + O2(g) = 2CO2(g) (18)

Furthermore, machining in air or O2 and in N2 produced SiO2
Eqs. (19)–(20)) and toxic cyanogen respectively (Eq. (21)).101

SiC + O2(g) = 2SiO(g) + 2C(s) (19)

SiO(g) + O2(g) = 2SiO2(s) (20)

C + N2(g) = (CN)2(g) (21)

Looking at the released constituents can assist in choos-
ng a suitable working atmosphere based on safety and health
equirements. A 400 W Nd:YAG laser with pulse frequencies
pto 200 Hz and pulse width of 250 to 1000 ms was capable of
rilling holes (0.25–1.5 mm diameter) in 3–3.5 mm thick SiC
lates along with other ceramics such as silicon nitride and
lumina.106 It was found that SiC required the highest pulse

nergy of all ceramics and corresponding holes produced had
he most irregular shape.

Affolter et al. cut 5 mm thick SiC plates with a 10 kW
d:YAG laser at a cutting speed of 40 mm/min107 while a 15 kW
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Fig. 26. Drilled holes in silicon nitride. (After Samant and Dahotre62).
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W CO2 laser with a spot diameter of 2.7 mm was used by
irestone et al.103 for the cutting process. The workpieces were

nitially heated to 1400 ◦C in a furnace to reduce the cracks and
gas jet minimized oxidation and plasma formation.103 For SiC
rocessed by KrF excimer lasers, ablation depth varied linearly
ith number of pulses and the surface showed flat as well as

ough areas, debris deposit and thin scale formation.92

Three-dimensional contours have been made on SiC ceramic
y a 450 W CW CO2 laser by machining overlapping grooves
or material removal. The grooves were formed by directing
he beam tangential to the workpiece. Decreasing the groove
epth on successive overlapping passes controlled the surface
oughness of the finished components. This technique is similar
o electrical-discharge machining and was used for generating
at or threaded surfaces on the workpiece.108

.4. Aluminum nitride

Aluminum nitride (AlN) is commonly used in microelec-
ronic substrates and packages because of its high thermal
onductivity and small thermal expansion mismatch with
ilicon.109 Lines and single – layer pockets were machined on
lN surface with an ultraviolet (UV) and near-infrared lasers

nd the effect of pulse overlap and pulse frequency on material
emoval rate and wall angle was predicted. However, there is no
ork reported that could explain the physical processes govern-

ng the machining in this ceramic. Maximum material removal
ates (MRR) of 0.011 and 0.094 mm3/s were achieved by UV
nd NIR lasers, respectively.110 The steepest wall angle for an
V (Fig. 30a) and NIR laser (Fig. 30b) was 86◦ and 88◦, respec-
ively. Walls with steeper angles were produced at 95% overlap
ith NIR laser and at lower overlaps for UV laser.
Heat sinks were made out of AlN with laser machined cool-

ng channels, the width and depth of which were controlled by

ig. 27. Infrared absorption spectrum of atmosphere after laser machining
f Si3N4. (After Shigematsu et al.101 with kind permission of Springer Sci-
nce + Business Media.)
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he pulse width, the spot size and distance between the beam

ocus and the substrate. Laser energy of 7.5 J, pulse width of
.9 ms, speed of 150 mm/min, and a pulse frequency of 60 Hz
ere used with nitrogen as a process gas for machining these

ig. 29. Variation of (a) hole depth and (b) hole diameter with pulse duration
or SiC drilling. (After Sciti and Bellosi74 with permission. Copyright Elsevier.)
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SiC plates. (After Samant et al.66).

ooling channels.91 A Lambda Physik LPX 210icc excimer laser
as used for fabricating small diameter and high aspect ratio
oles at designated locations in AlN ceramic. The ablation depth
ncreased with decreasing pressure (Fig. 31a) and increasing
uence (Fig. 31b). The effective ablation rate saturated at high
uences due to attenuation by plasma and re-ablation of rede-
osited debris from earlier pulses. Plasma reduced the effective
nergy reaching the ceramic surface, thus removing less mate-
ial per pulse. Also, redeposition generated an error in the depth
easurement as the coating of the previously ablated material
ade the hole appear shallower.109

.5. Zirconia

Low thermal conductivity, low coefficient of friction, excel-
ent corrosion and wear resistance, high fracture toughness, and
ood thermal shock resistance make zirconia suitable for use in
earings, pH meters, fuel cells, infrared radiators, thread guides,
ressure sensors, and oxygen sensors.111 A pulsed Nd:YAG
aser was used for drilling zirconia ceramic and the obser-
ations were input to MINITAB software for optimizing the
arameters to obtain minimum heat-affected zone (HAZ) and
aper. It was found that minimum HAZ thickness of 0.0675 mm
Fig. 32) could be obtained when the lamp current, pulse fre-
uency, assisted air pressure, and pulse width are set at 17A,
kHz, 2 kg/cm2 and 2% of the duty cycle, respectively. The
orresponding optimum parameters to attain a minimum taper
f 0.0319 were lamp current of 17 A, pulse frequency of 2 kHz,
ir pressure of 0.6 kg/cm2 and pulse width of 2% of the duty
ycle (Fig. 33).

Using a 10 kW Nd:YAG laser, at a power density of
MW/cm2, 1.3 mm thick ZrO2 samples were machined at
00 mm/min.107 Laser cutting of magnesia-stabilized zirconia
PSZ) was also investigated using a 15 kW CW CO2 laser by

reheating at 660 and 957 ◦C with single and multiple passes.
he power varied from 2 to 6 kW with cutting speeds vary-

ng from 9100 to 16,000 mm/min and the resultant depth of cut
anged from 0.13 to 0.9 mm.103 ZrO2 was machined by excimer
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ig. 30. Pocket edges machined in AlN with (a) UV laser with a 93% overlap and
lsevier.)

asers and the mechanism for material removal was proposed
o be melting and vaporization without the additional mech-

nism of dissociation that takes place in the case of SiC and
i3N4. Nevertheless, XeF laser machined surface demonstrated
porous structure and slower processing rate. ZrO2 is transpar-
nt to 351 nm wavelength (wavelength of XeF laser) and the

ig. 31. (a) Variation of ablation depth with number of pulses at 40 J/cm2 and for
ifferent pressures (b) variation of ablation depth with laser fluence at 60 mTorr
nd 760 Torr (1 atm).109
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IR laser with a 95% overlap. (After Gilbert et al.110 with permission. Copyright

rain boundaries selectively absorbed the incident energy dur-
ng laser processing. This selectively etched the grain boundaries
nd the processed surface appeared porous.100

.6. Magnesia

To the best of the present knowledge based on available
iterature, no significant work has been reported in the laser

achining of pure MgO ceramic which has several industrial
pplications as mentioned earlier in this study. Samant and
ahotre have made an attempt in machining this ceramic with
pulsed Nd:YAG laser and the physical phenomena during the

aser–ceramic interaction have been studied.65 For pulse energy
f 4 J, repetition rate of 20 Hz and pulse width of 0.5 ms, differ-
nt number of pulses were applied to 3 mm thick MgO plates
nd the corresponding depth of the machined cavity was mea-
ured. Cavities that were 0.25, 0.86, 1.54 and 3 mm deep were
ormed when 3, 6, 9 and 20 pulses were incident on the ceramic.
nstantaneous temperatures reached at the surface during laser
achining are very high (higher than 2850 ◦C116, the melt-

ng/decomposition/vaporization temperature of magnesia). At
hese high temperatures, magnesia dissociates as per the follow-
ng reaction:112,113

gO → Mg(s) + O(g) (22)

The melting and vaporization temperatures of magnesium are
49 ◦C114 and 1090 ◦C115, respectively. The decomposition tem-
erature of magnesia being much higher than both the melting
nd vaporization temperatures of magnesium, Mg(s) generated
y the above reaction instantaneously vaporizes. Hence, at high
emperatures reached during laser machining, the material losses
n magnesia take place solely by the vaporization of magne-
ium. Thus, in MgO, the dissociation of the ceramic followed
y evaporation is responsible for material removal.65

As the material evaporates, it exerts a force over the machined
rea and material removal takes place by corresponding pressure
vapor pressure) acting upwards and proportional to the laser

uence (input energy/beam cross-sectional area):

apor pressure = laser fluence

machined depth
(23)
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Fig. 32. Minimum HAZ thickness in ZrO2: (a) top surface, (b) bottom surface. (After Kuar et al.23 with permission. Copyright Elsevier.)
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Fig. 33. Hole drilled in ZrO2 with minimum taper: (a) top surface, (b)

Moreover, the evaporated material is also subjected to grav-
tational pull acting downwards and given by ρgh, where ρ
s density of the ceramic, g is the acceleration due to gravity
9.8 m/s2) and h is the machined depth. The cavity formation is
overned by the effect of these counteracting pressures (vapor
ressure and gravitational pressure) and a clean cavity (Fig. 34)

b
t
p

Fig. 34. Machining in MgO ceramic.
m surface. (After Kuar et al.23 with permission. Copyright Elsevier.)

s formed when the vapor pressure exceeds the gravitational
ressure.65
In addition to the above-mentioned illustrations, there would
e several studies of laser machining of these and other struc-
ural ceramics. However, these few specific examples suffice the
urpose of explaining the effects in laser machining of ceramics

(After Samant and Dahotre65).
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ig. 35. Cross-section of craters formed in Al2O3–TiC after treatment at 10 J/cm
f Springer Science + Business Media.)

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

. Laser micromachining

There is an increasing demand for producing parts with
icro and meso scale features in the field of semi-conductors,

iomedical devices and optics.117 In light of this demand,
everal techniques such as mechanical micromachining (micro-
rooving, micro-milling), focused ion-beam micromachining,
aser micromachining are being used in microfabrication. Laser

icromachining is a comparatively new technique and provides
mproved flexibility in dimensional design of microproducts49

nd they can produce kerfs with depth and width smaller than
00 �m. Nd:YAG lasers are more widely used than CO2 lasers
ecause of their high energy density and small focused spot.36

aterial removal in laser micromachining mainly takes place
y ablation and laser-assisted chemical etching. The grow-
ng demand for structural ceramics for different applications
equires novel machining technologies with high accuracy and
fficiency. Some work in the field of laser micromachining has
een carried out by Oliveira et al.118,119 who have machined
l2O3–34 wt.% TiC ceramics which are being increasingly used

or high precision parts such as magnetic head sliders (Fig. 35).
However, no detailed studies on the physics behind laser

icromachining of structural ceramics have been found in open
iterature. The common problems associated with conventional

icromachining are tool wear and force-induced damage on
eramic components.120 These problems can be adequately
ddressed by using thermal softening by a laser heat source
uring micro-machining. Thus, laser micro-machining of struc-
ural ceramics is still a gray area and has immense potential for
esearch and applications.
. Conclusion

In this study, an attempt has been made to cover the laser
achining of several structural ceramics such as alumina, silicon
(a) 500 and (b) 1000 laser pulses. (After Oliveira et al.119 with kind permission

itride, silicon carbide, aluminum nitride, zirconia and magnesia
fter thoroughly understanding the physical phenomena associ-
ted with the machining process. The mechanism governing the
aterial removal is a function of the material properties and the

aser processing conditions. Laser micromachining of ceramics
an also be used for producing parts at micro and meso scale.
verall, it seems that laser processing being a rapid, non-contact

nd flexible process, machining of structural ceramics by lasers
s a budding field with tremendous applications in the future.
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