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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. Major focus of this work is to understand the material removal
mechanisms during laser machining of structural ceramics such as alumina (Al,Os), silicon
nitride (Si3Ny), silicon carbide (SiC) and magnesia (MgO). A 1.06 um wavelength pulsed
Nd:YAG laser was used for machining cavities of variable dimensions in these ceramics and an
ab-initio computational model was developed to correlate attributes of machined cavities with
laser processing conditions.

Material removal in Al,O3, SisN4 and SiC takes place by a combination of melting,
dissociation and evaporation while dissociation followed by evaporation is responsible for
material removal in MgO. Temperature measurement at high temperatures being difficult,
thermocouples were used to measure temperatures in the low temperature regime (700- 1150K).
A thermal model was then iterated to obtain trends in absorptivity variation below phase
transition temperature for these ceramics. Following this, measured machined depths were used
as a benchmark to predict absorptivity transitions at higher temperatures (> 1150K) using the
developed thermal model. For temperatures below phase transition, due to intraband absorption,
the absorptivity decreases with increase in temperature until the surface temperature reaches the
melting point in case of Al,O3, SisN4 and SiC and the vaporization temperature in case of MgO.

The absorptivity then continues to follow increasing trend with increasing temperature due to

iv



physical entrapment of laser beam in the cavity evolved during machining of certain depth in the
ceramic. Rate of machining was predicted in terms of material removed per unit time and it
increased with increase in heating rate.

Such a composite study based on computational and experimental analysis would enable
advance predictions of laser processing conditions required to machine cavities of desired

dimensions and thus assist in controlling the laser machining process more proficiently.
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CHAPTER |
LASER MACHINING OF STRUCTURAL CERAMICS - AN OVERVIEW"

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 fabricate and light, but they can be used at temperatures only
below 573 K. The characteristic features of ceramics compared to others make them more
suitable for some applications. In comparison with metals and polymers, most ceramics possess
useful features such as high-temperature strength, superior wear resistance, high hardness, lower
thermal and electrical conductivity and chemical stability [1]. Retention of these properties by
structural ceramics at high temperatures present these materials as an exclusive solution to
several engineering application problems [2].

Commonly used structural ceramics are zirconia (ZrO,), boron carbide (B4C), alumina
(Al;03), silicon carbide (SiC), silicon nitride (Si3Ng4), sialon (Si-Al-O-N), berylia (BeO),
magnesia (MgO), titanium carbide (TiC), titanium nitride (TiN), titanium diboride(TiB,),
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
ZrBy) or nitrides (TiN and ZrN) and ceramics that are a mixture of dielectric (semiconductive)
materials and electrically conductive materials such as SisN4-TiN, sialon-TiN, and Si3N4-SiC [3].

The applications of some of the structural ceramics are presented in Table 1.1.

! The content of this chapter is originally from Reference [1].



Table 1.1 Applications of different structural ceramics [1]

Application Performance advantages Examples
Wear Parts: seals,
bearings, valves, nozzles High hardness, low friction SiC, AlL,O3
Cutting Tools High strength, hardness SizNy

Heat Engines : diesel Thermal insulation, high temperature
components, gas turbines strength, fuel economy ZrO;y, SiC, SizNg4

Medical Implants: hips, Biocompatibility, surface bond to Hydroxyapatite, bioglass,

teeth, joints tissue, corrosion resistance Al,03, ZrO,
Construction: highways, Improved durability, lower overall Advanced cements and
bridges, buildings cost concrete

Al,O3 is also used in making machine tool inserts, heat-resistant packings, electrical and
electronic components and attachments to melting ducts and refractory linings [4]. Zirconium
diboride (ZrB,) possesses a high melting point, low density, and excellent resistance to thermal
shock and oxidation compared 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 [5]. MgO is a very stable oxide used in refractory linings, brake linings, 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 [6, 7]. In addition to the above mentioned structural ceramics and
their engineering applications, there are several other fields where these ceramics are
significantly used. These advanced high-performance materials have certain limitations such as

difficulty in fabrication, high cost, and poor reproducibility as seen in next section.



Fabrication Techniques

Many features (high hardness) that make structural ceramics attractive for particular uses
also make them difficult to fabricate 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 manufacturing
ceramic components is their cost-effective machining with excellent quality. Massive research
efforts have been conducted 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 [2]. Some of these techniques are summarized in Fig. 1.1 and
briefly described below.

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 category are abrasive machining / grinding, ultrasonic machining, and abrasive water jet

machining.

] Ceramic Fabacaton Technigues
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peepp|  Ultrasomuc Machuning Electncai Discharge Plasma Arc
Machining Machining
Abirasive Waterne Electrochemical
+ ..{ Laser Ma lunux)l

Descharge Machining

Laser Assisted
Chemical Etching

Laser Assisted
Machining

Fig. 1.1 Ceramic fabrication techniques [1].
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Abrasive Machining / Grinding

The machining takes place by using grinding wheels that are bonded abrasives used for
producing several complex shapes [8]. Even though the needs for dimensional accuracy and
surface finish are satisfied by conventional grinding, long machining times and high machining
costs accounts for 60-90% of the final cost of the finished product. This poses a major hindrance
for the grinding process [9, 10] and ground products also generate surface and subsurface cracks
[11, 12], pulverization layers [13], some plastic deformation [14] and significant residual stresses
[15].

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 [16]. As the mechanism of material removal is not properly documented, process
optimization is difficult [17].

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 [18]. At high speeds, surface
fracture results in kerf formation because of the hydrodynamic forces within the water jet.
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 12mm) [8].
Chemical-Mechanical Machining (CMM)

This technology is widely used in surface patterning in semiconductors and micro-
electro-mechanical systems (MEMS). Initially, the chemical absorption on the surface of the
material produces a chemically reacted layer with physical properties different 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 solution 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 processes [19].

Electrical Machining

Electrical energy in the form of pulse or continuous in isolation or in combination with
chemicals is used to erode the material. It is highly effective for machining electrically
conductive and semi conductive materials. Electrochemical Machining (ECM), Electrical-
Discharge Machining (EDM) and Electro-Chemical Discharge Machining (ECDM) are the
commonly used electrical machining techniques.

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.



Electrical-Discharge Machining (EDM)

EDM is an abrasionless method used for machining conductive ceramics such as boron
carbide (B4C) and SiC [20]. This method is not affected by the hardness of the material, but
requires an electrical resistivity of less than 100 Q cm [2].

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 [21].

Radiation Machining

Radiation machining is a non-contact machining process where the dimension of the hole
or the groove can be controlled 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 abrasion of the tools and they are independent of electrical resistivity of
the materials being machined.

Electron Beam Machining (EBM)

The energy source in EBM is high-speed electrons that strike the surface of the work
piece generating heat [8]. 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

[22].



Plasma Arc Machining

lonized 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 [8].

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, dissociation / decomposition (broken chemical bonds
causes the material to dissociate / decompose), evaporation and material expulsion from the area
of laser-material interaction. The vital parameters 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 representation of the laser machining process is made
in Fig. 1.2 [23]. Laser machining of structural ceramics and the associated physical phenomena
will be discussed extensively in the later part of this chapter.

Hybrid Machining

Hybrid machining uses a combination of two or more of the above techniques for
machining the ceramic such as Electrical Discharge Grinding , Laser-Assisted Chemical Etching
and machining using lasers and cutting tool / Laser Assisted Machining (LAM).

Electrical Discharge Grinding

This method combining the advantages of grinding and electrical discharge machining

(EDM) has low equipment cost and high efficiency [24, 25]. Material is removed from the

ceramic surface by recurring spark discharges between the rotating wheel and the work piece [8].
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Fig. 1.2 Schematic of laser machining [23].

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 [26] and the etch rate is
significantly affected by the laser fluence.
Laser Assisted Machining (LAM)

In Laser Assisted Machining (LAM), the material is locally heated by an intense laser
source prior to material removal, without melting or sublimation of the ceramic. This technique
has been successfully used for machining SisN, and the corresponding work piece temperature,

tool wear and surface integrity have been measured [27-32]. Magnesia-partially-stabilized
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zirconia was machined with a polycrystalline cubic boron nitride tool and it was found that the
tool life increased with material removal temperatures [33].

LAM effectively reduced the cutting force and improved the surface finish of the finished
products made from Al,O; [34]. 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 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. 1.3.

Laser Machining
Lasers can replace mechanical material removal methods in several engineering
applications because of their following salient 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

A B
L Laser
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: ' & Workpiece

' Pyrometer
i

Fig. 1.3 a) Laser assisted machining [32] b) Laser machining [35].
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removal rate is not affected by the maximum tool force, tool chatter or built-up edge
formation, but can be controlled 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 materials such as
structural ceramics with low thermal diffusivity and conductivity suitable for machining.

iii) Flexible process: In combination with a multi-axis positioning 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 reproducibility can be attained [37]. Relative economic
comparison of laser machining with other machining processes is made in Table 1.2.

Different types of lasers such as CO,, Nd:YAG and excimer lasers are used for
machining of structural ceramics with each type of laser having its own wavelength of absorption
and machining applications. CO; lasers are molecular 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 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 pm in the far infrared region of the electromagnetic spectrum.

CO; lasers are widely used in industry for applications in laser machining, heat treatment and

welding [36].
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Table 1.2 Relative economic comparisons of different machining processes [38]

Parameter Influencing Economy

Capital Toolings/  Power Removal Tool
Machining process investment  Fixtures requirements  efficiency  wear
Conventional
Machining Low Low Low Very low  Low
Ultrasonic Machining Low Low Low High Medium
Electrochemical Very
Machining Very high  Medium  Medium Low low
Very
Chemical Machining Medium Low High Medium low
Electric Discharge
Machining Medium High Low High High
Very
Plasma Arc Machining  Very low Low Very low Very low  low
Very
Laser Machining Medium Low Very low Very high  low

On the other hand, Nd:YAG lasers are solid state lasers that use dopants (Neodinium
(Nd*")) dispersed in a crystalline matrix (complex crystal of Yttrium-Aluminum-Garnet (YAG)
with chemical composition Y3Als0;,) to generate laser light. Excitation is attained by krypton or
xenon flash lamps and an output wavelength of 1.06 um 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 100J per pulse) such as hole piercing and deep
keyhole welding applications [36].

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 complexes
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 pum in the ultraviolet to near-
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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 electrical discharge or a
combination of the two. Excimer lasers are used for machining solid polymer workpieces,
removing metal films from polymer substrates, micromachining ceramics and semiconductors,
and marking thermally sensitive materials [36].

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 [39]. Pulsed lasers are preferred for machining ceramics as the processing
parameters can be more effectively controlled compared to continuous wave mode [40]. The next
section looks at the important physical processes that assist in laser machining of ceramic and
discusses the different types of laser machining.

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. 1.4). 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 characteristics
of the ceramic being machined [36, 40]. 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° [36]. For machined cavities with high aspect ratios, multiple beam
reflections along the wall of cavity also affect the amount of absorbed energy [41, 42]. The
multiple reflections in a machined cavity is schematically represented in Fig.1.5 where I, is the
incident laser energy, la1, la2 and 1,3 are the first, second and third absorptions respectively and
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Fig.1.4 Interactions of incident laser beam with ceramic [1].

Fig.1.5 Multiple reflections in a machined cavity [43].
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I, Iz and I3 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.1.5. The
phenomenon of multiple reflections has been incorporated into the machining process in several

ways [44-48]. The laser power Q, absorbed by the ceramic after n, reflections is [49]:
Q. =Q(re )" (1.1)
where Q is incident laser power, r. is angle-dependent reflection coefficient of the ceramic, and

ny is number of multiple reflections given by:
n =— (1.2)

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
absorption takes place faster in ceramics and 100% of incident energy is expected to be
immediately absorbed by the ceramic for machining high aspect ratio cavities [50, 51]. 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
distribution within the material which in turn affects machining effects.
Thermal Effects

The excitation energy provided by the laser is rapidly converted into heat and this is
followed by various heat transfer processes such as conduction into the materials, convection and
radiation from the surface [49]. The conduction of heat into the ceramic is governed by the

following law:
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oT(x,y,z t)
ot

(1.3)

(77{ T(xyzt) aT(xyzt) aT(xyzt)}

ox? oy? oz*
where T is temperature field, t is time and x, y and z are spatial directions. The term o(7) is
temperature dependent thermal diffusivity of the material which is given by k(T) /pCy(T), where
p is density of ceramic, Cy(T) and k(T) are temperature dependent specific heat and thermal
conductivity of the ceramic respectively. The balance between the absorbed laser energy at the

surface and the radiation losses is given by:

—eoA(x,y,0,t)* -T,*

_k(T)[aU o8Q

5=1 ifo<tst,
5=0 ift>t, (1.4)

where a is absorptivity of material elaborately discussed later in Chapters 1l to V, ¢ is emissivity
for thermal radiation, T, is ambient temperature, t, is on time for laser, ¢ is Stefan-Boltzman
constant (5.67 x10® W/m?K*) , i is normal direction and A is cross sectional area of the beam.
The term ¢ takes a value of 1 when time, t is less than laser on-time, t, and it is O when time, t
exceeds laser on-time. Thus the value of 6 depends on time, t 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 is given by:

—k(T )@I j =h(T) 7(¢, ¥, H,H-T, _, (1.5)

n
where H is thickness of the sample being processed, h(T) is temperature dependent heat transfer
coefficient. The temperature distribution within the material as a result of these heat transfer

processes depends on the thermo- physical properties of the material (density, absorptivity,

emissivity, thermal conductivity, specific heat, thermal diffusivity), dimensions of sample
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(thickness) and laser processing parameters (absorbed energy, beam cross-sectional area). The
magnitude of temperature rise due to heating governs the different physical effects in the
material such as melting, sublimation, vaporization, dissociation, plasma formation and ablation
responsible for material removal / machining as discussed next. (Fig. 1.6) [49, 52, 53].
Incorporation of above mentioned fundamental modes of heat transfer (Egs. (1.3) — (1.5)) into a
thermal model to predict machining effects based on the material removal mechanism (MRM) is
described in next chapter.

Melting and Sublimation

At high laser power densities (1,>10° W/cm?), the surface temperature of the ceramic T
(predicted using Eqgs. (1.1) — (1.5) ) may reach the melting point Ty, and material removal takes
place by melting as considered by Salonitis et.al [54]. As indicated in Fig. 1.7a, the surface
temperature increases with increasing irradiation time, reaches maximum temperature Tpax at
laser on time t, and then decreases [49].

The temperatures reached and the corresponding irradiation times are: T; < Tp,at time t; <
tp, Tm at time t, Tmax at time t,, Ty, at time t3>t,, and finally T, at time t; > t, The corresponding
temperature profiles in the depth of the material for various times during laser irradiation are
presented in Fig. 1.7b. The solid-liquid interface can be predicted by tracking the melting point
in temperature versus depth (z) plots (Fig. 1.7b). For example, it can be seen from Fig. 1.7b that
at time tp, 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 |
(power per unit area) at constant pulse time (Fig. 1.8a) while at a constant laser power density,
maximum depth of melting increases with increasing pulse time. (Fig. 1.8b) Prediction of melt
depth using temperature profiles obtained from Egs. (1.1) — (1.5) assists in determining depth of
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Fig.1.6 Various physical phenomena during laser-ceramic interaction [49].
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machined cavity in those ceramics in which material removal takes place entirely or in part by
melting [49].

Some structural ceramics like SizN4 do not melt but sublime, emitting N, and depositing
a recast layer of silicon on the machined surface [2]. Attempts have been made to machine SizNy4
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 (~ 10 kHz). As seen in Fig. 1.9, by
machining SisN; in air, a recast layer about 20 pum thick is formed and microcracks are spread
within this layer. In contrast, by processing in water, no recast layers and cracks were observed.
As YAG lasers retain high transmittance through water, removal of material (SizN4) was possible
without the formation of recast layer or micro-cracks [55, 56]. The water also solidified the Si
vapor and flushed away the micro-particles, thus preventing the vapor from reaching the

saturation level.

100 um

|

\’\MaUHx

Fig. 1.9 Cross section of SizN4 ceramic machined in a) air and b) water [55].

ecast Layer

20



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 interface moves further inside the
material with supply of laser energy and material is removed by evaporation from the surface
above the liquid-vapor interface [49]. The velocity of liquid-vapor interface, Veyaporation and

corresponding vaporization depth, deyaporation are given by [52]:

\Y Q.

o= a0 1.6
evaporation ,0( CTb i I—V ) ( )
t
devaporation = L (17)
p(cTy +L,)

where c is speed of light, Ty, is boiling point of the ceramic and L, is latent heat of vaporization.
Several works in the past have considered material removal only through this direct evaporation
mechanism [57-61]. In such cases, the depth of evaporation (Eq. (1.7)) 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.

As seen in next chapter, certain ceramics dissociate / decompose into several
stoichiometric and/or non-stoichiometric species depending on the thermodynamic conditions
prevailing during laser machining. The dissociation 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 distribution, dimensions of machined cavity and machining

time [62-66].
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The evolving vapor from the surface applies recoil pressure (Precoir) [67, 68] on the

surface given by [69] :

AP i 1.69 b j
recol — 18
Q, JL, [1+ 2.2b? (1.8)

whereb? =kT,, / mL,, Tma Iis surface temperature, k is the Boltzmann constant

(1.38065 x 102 J/K) and m, is the mass of vapor molecule. As seen in next chapter, the
absorbed laser energy (Egs. (1.1) and (1.2)) and associated surface temperatures predicted using
Egs. (1.3) - (1.5) affect the recoil pressure which plays a vital role in material removal in molten
state during machining of some ceramics such as SiC, Al,O; and SizsN4. 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 [26].
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 K
and pressures up to 500 MPa [70]. The degree of ionization (¢) depends on the surface

temperatures (predicted from Egs. (1.1) — (1.5)) and is given by the Saha equation [26]

9 3/2
15 - 24, [Zﬂm\;kTs] expl - E, (L.9)
-G gaNg h kTS

where ¢ = Ne/Ng and Ng = N¢ + Na. Ne and N, are the number densities of electrons and
atoms/molecules respectively, ¢gi and g, are the degeneracy of states for ions and
atoms/molecules, E; is the ionization energy and h is Planck’s constant (6.626 x 10 m? kg/s).
The plasma plume forms a shield over the machining area and reduces the energy available to the
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work piece when the surface 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 components 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 machining process and accordingly, necessary efforts to overcome the harmful effects
of plasma could be undertaken. A special gas nozzle designed by Tonshoff et. al [71] (Fig. 1.10)
prevents the deposition of aerosols and this technique has been successfully applied to machine
SiC ceramic surfaces without any debris [70]. The additional gas stream obtained by combining
a process gas stream and an exhaust stream transports the vaporized material and avoids radial

distribution of the plasma.
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Fig. 1.10 Formation of plasma plume and its suction by gas nozzle [71].
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A technique developed at the Integrated Manufacturing Technologies Institute (IMTI),
National Research Council Canada (NRC) minimizes the harmful effects of the plasma and
provides 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
instantaneously 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/SizN4 and SiC/SisN4 materials. (Fig. 1.11) [72].
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Fig. 1.11 Variation of material removal rate with energy density [72].
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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
subsequent material removal by the process referred to as thermal ablation [26]. Ablation takes
place when laser energy exceeds the characteristic threshold laser energy which represents the
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 breaking, 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,

1
dablation - _a In[g_:]] (110)

where u, is absorption coefficient of ceramic and Q is threshold laser power. The ablation rates
and associated machined depths are governed by laser energy Q. (predicted from Eg. (1.1)),
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 [73]. The material removal
in Y-sialon under the above processing conditions was by ablation. The variation of ablation
depth and a Y-sialon sample ablated by laser irradiation is presented in Fig. 1.12a and Fig.1.12b

respectively.
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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. 1.13a) discussed later in Chapter Il can be achieved by keeping the ceramic
workpiece as well as the laser beam stationary. On the other hand, motion of laser beam or
ceramic in only one direction leads to cutting (two-dimensional machining) (Fig. 1.13b) in the
ceramic and is seen later in Chapters IV and V. Motion of one or more laser beams or the
workpiece in more than one direction leads to three-dimensional machining and complex

geometries can be machined (Fig. 1.13c) as described in Chapter VI.

Stationary Laser Beam Laser Beam Laser Beam

Directions of
Beam Motion

-

Direction of
, Beam Motion

~

Fig. 1.13 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) [1].
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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 minimized 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 associated microstructural features is presented in Fig. 1.14 and Fig. 1.15
respectively [74]. The drilling in SiC was carried out using a pulsed CO, laser (A = 10.6 pum)

with a pulse duration of 2 ms, a power of 0.5kW and the lens had a focal length of 31.8mm.

Laser
Beam

Workpiece DETAIL

Phase Change

Plasma (Vaporization)
Formation
Erosion
Front
Molten
Layer

¥y

Conduction (Melting)
Heat

Phase Change

Fig.1.14 Schematic of laser drilling process [36].
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Fig. 1.15 Microstructural features of hole in SiC a) hole entry b) hole section c) silicate- like

dendrite crystals on debris area d) hole inside walls [74].
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Two-dimensional Laser Machining

In two-dimensional laser machining (cutting), the laser beam is in relative motion with
respect to the workpiece (Fig. 1.16). A cutting front is formed when the laser beam melts /
vaporizes the material throughout the thickness or the depth. In addition to removal of the molten
material, the pressurized gas jet also assists in enhanced material removal by chemical reactions
such as oxidation. Cutting of the material then proceeds by the motion of the cutting front across
the surface of the material [75].

Brittle ceramics such as Al,O3 are mostly machined by the controlled fracture technique
where the incident laser energy generates localized thermal stresses that cause the material to

separate by crack extension with controllable fracture growth. The energy requirement is less

Laser
Beam »
Scanning
Velocity
%(;2:}1:11 Erosion Front
Plasma
Formation

Evaporation /

Ejection of
Molten
Matenal

Molten Layer

Fig. 1.16 Schematic of laser cutting process [36].
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compared to conventional evaporative laser cutting as the material removal is by crack
propagation. The experimental setup in Fig. 1.17a consists of a personal computer, a CO, laser, a
Nd:YAG laser and a XYZ positioning table. The focused Nd:YAG laser having 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 extending the crack through the substrate followed by controlled separation along the
moving path of the laser beam [76]. The four distinct regions: evaporation, columnar grain,
intergranular fracture, and transgranular fracture regions of the Al,O3 ceramic cut by controlled

fracture technique is presented in Fig. 1.17b.

a I XYZ positioning table ]

« 100 0022 1.6KV SOOLm

Fig. 1.17 a) Configuration of laser cutting using controlled fracture technique. b)

fracture surface of Al,O3 substrate [76].
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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. 1.18). The erosion front for each surface
is located at the leading edge of each laser beam. When the surfaces 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 machining techniques useful for
machining complex geometries such as slots, grooves, threads, and complex patterns in ceramic
workpieces. Laser machining has been used to turn threads in SigN4 ceramic (Fig. 1.19a) [77] and

also to cut gears from SiC,/Al,O3 composite (Fig. 1.19b) [72].

X Translation
(2) Helix Removal (b) Ring Removal
3-D 1 Incidence + Incidence
- Volume E__An\gls, ‘ : Angle
Beam 7 s 7’
; Beam B Beam A 3-D Volume : S
i f,’ ; Beam B
Scanning ! Scanning 1
Velocity Velocity /
Workpiece Workpiece
(c) Laser Milling With Small (d) Laser Milling With Large
Incidence Angle Incidence Angle

Fig. 1.18 Three dimensional laser machining [36].
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Fig.1.19 a) Turning of threads in SisNg [77] b) a gear shape cut in

SiC,/Al,0; composite [72].

State of the Art

So far it has been covered in this chapter that temperature dependent 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, SisNg4 SiC, and MgO.

Al,O3
Besides the applications mentioned earlier, Al,O3 is also used as a substrate in hybrid

circuits as it possesses excellent dielectric strength, thermal stability and conductivity [78]. CO,
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lasers have been adapted for drilling holes in thin Al,O3 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 [79]. Laser scribing (drilling a series of
holes in a line) was carried out by Saifi and Borutta [80] 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
substrates.

The threshold energy density (the minimum energy density required for material
removal) for drilling gold coated Al,Os by ruby lasers (400 J/cm?) was less than the energy
density for drilling uncoated Al,O3 (750 — 1000 J/cm?). This drop in energy density could be
attributed to the relatively high thermal conductivity of gold [81]. Drilling of 0.25 mm diameter
holes in 0.1 mm thick Al,O3; workpiece was performed by Coherent, Inc at a machining speed of
0.1 seconds per hole using a pulsed CO; laser at a pulse frequency of 500 Hz and pulse duration
of 200ms [82]. Chryssolouris and Bredt [83] drilled blind holes (depths varying from 0.02cm to
1 cm) using a 1.2 kW CW CO, laser with energy densities ranging from 2kJ/cm? to 500 kd/cm?.
CO, and Nd:YAG lasers with power densities between 10° and 10° W/cm? were used to drill
holes in Al,O3 upto 0.25mm 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 [84].

Common defects associated with laser drilling (microcracks and spatter [85-88]) were
prevented by a drilling technique based on gelcasting [89]. 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
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bodies with improved mechanical properties are produced. As the green body has relatively loose
structures compared with sintered ceramics, spatter-free holes with more uniform shapes and
without microcracks can be drilled (Fig. 1.20).

A computer controlled Nd:YAG Laser was used to obtain good quality kerfs and cuts
without cracks in Al,O3 substrates for embedded MCM-Ds (Multi Chip Modules, deposited) and
water-cooled heat sinks for single chips, multichip 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 [90]. Al,O3; has also been machined
with a KrF excimer laser with laser fluence (1.8 and 7.5 J/cm?), pulse duration (25 ns), number
of pulses (1 to 500), frequency (1 to 120 Hz), and the corresponding microstructural changes
were examined [91]. At low fluence (1.8 J/cm?), the melting / resolidification produced scales on
the surface while at high fluence (7.5 J/cm?), there were no continuous scales as the material was
removed by vaporization. The depth of material removed was directly proportional to the number

of pulses.

Fig. 1.20 Holes drilled on gelcast green body of Al,Os. a) top view, b) hole edge, c)

cross section of hole [89].
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However, this laser treatment was not suitable for reducing the roughness as can be seen
from Fig. 1.21 that the values of R, (surface roughness) and R; (peak-to-valley distance) varied
slightly compared to the starting values. Moreover, femtosecond near infra red (NIR) optical
pulses have been used for microstructuring Al,Os; with improved edge quality at scanned
intensities less than 50 W/cm? [78]. The surface showed no discoloration unlike the processing
done by nanosecond UV lasers at 248 nm wavelength by Sciti et. al [91].

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. 1.22) [92]. Thus,
Al,O3 ceramic has been laser machined in one, two and three dimensions by using different types
of lasers for several applications.

Si3N,4

SisNg4 is widely used for machining purposes in automotive, semiconductor and
aerospace industries. Cams, bearings, piston rings and rocker arms can be made by machining
this ceramic [93, 94]. A 0.1 mm hole drilled at the Integrated Manufacturing Technologies
Institute (IMTI), National Research Council Canada (NRC) through a 6mm thick SizN4 cutting
tool insert is presented in Fig. 1.23 [72]. Harrysson et. al. drilled holes in SizN4 using CO, and

Nd:YAG lasers. High thermal stresses produced intense cracking in CO, laser drilled samples
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Fig. 1.21 Surface roughness after laser treatment for a) raw Al,O3 at fluence

of 1.8 J/cm? and b) polished Al,Os at fluence of 7.5 J/cm? [91].
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a laser lens group scanner

workpiece

worktable

Fig. 1.22 Laser carving a) schematic layout and b) 3D star in Al,O3 ceramic [92]

Fig.1.23 A 0.1 mm diameter hole drilled in 6 mm thick SizN, cutting tool

insert. Wire passing through the hole is also seen [72].
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while the cracking was limited only to the re-cast layer (about 0.02 mm) by using a Nd:YAG
laser [95].

CO; laser was operated in continuous and pulsed mode for cutting SizN4 and it was found
that deep and narrow cuts were produced by pulsed mode as compared to continuous mode of
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 to 8 mm) [96]. Firestone et. al
used a 15 kW CO;, laser to machine SizN4 without fracturing at 1269 K and the machining rates
achieved were ten times that of conventional diamond grinding [97]. 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 107 sec [98]. Q-
factor modulation was able to form an oxide film on the surface 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 SizNy, laser milling is a newly
developed method of producing wide variety of complex parts from ceramics such as SizNg4
directly using the CAD data, thus making it possible to machine SisN4 in one, two and three
dimensions [99].

SiC

SiC is another structural ceramic that has been widely machined by lasers for different
purposes. Sciti and Bellosi used a pulsed CO, laser with laser powers of 0.5 and 1 kW for
drilling the ceramic surface [74]. 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 intensity. Even though the hole diameters remained constant with pulse
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duration, they were affected by the lens focal length that governed the size of the laser spot (Fig.
1.24). A 400W Nd:YAG laser with pulse frequencies upto 200Hz and pulse width of 250ms to
1000ms was capable of drilling holes (0.25 to 1.5 mm diameter) in 3 to 3.5 mm thick SiC plates
along with other ceramics such as SisN4 and Al,O3 [100]. 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 5mm thick SiC plates with a 10kW Nd:YAG laser at a cutting speed of
40 mm/min [101] while a 15 kW CW CO, laser with a spot diameter of 2.7 mm was used by
Firestone et. al [97] for the cutting process. The workpieces were initially heated to 1673 K in a
furnace to reduce the cracks and a gas jet minimized oxidation and plasma formation [97]. 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 [91].

Three dimensional contours have been made on SiC ceramic by a 450W 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 (EDM) and was used for generating flat or threaded surfaces on
the workpiece [102].
MgO

To the best of the present knowledge based on available literature, no significant work
has been carried out in the laser machining of pure MgO ceramic and some data on the laser

machining of MgO can be found in laser machining handbooks [103]. Hence as seen later in
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Chapters 11-V1, an attempt will be made to machine this ceramic with a pulsed Nd:YAG laser
and the material removal mechanism will be elaborately discussed.

Thus this chapter explains different physical phenomena that occur when a laser beam
interacts with a ceramic surface and provides state of the art in machining different ceramics
such as Al,O3, SizNg4, SiC and MgO. As none of the above mentioned examples have developed
a correlation between machined attributes and corresponding material removal mechanism, this
study aims at understanding the MRMs for these ceramics and attempts to develop a
computational model based on experimental observations that would enable advance predictions
of laser processing parameters to achieve desired machining effects. This study would thus
enable to develop a system with an optimum material removal rate to machine a cavity of any
complex shape and size, thus saving considerable amount of energy and time.

Hence in order to understand basic material removal mechanisms in above mentioned
ceramics, one-dimensional laser machining (drilling) is first studied in the next (second) chapter
and a fundamental machining model is built. As seen in subsequent chapters, this knowledge of
MRMs will then be applied to two and three dimensional laser machining of these ceramics

leading to a progressive development of the computational model.
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CHAPTER Il
ONE- DIMENSIONAL LASER MACHINING!

As mentioned in Chapter I, one-dimensional machining (drilling) is a process in which
laser beam is fixed relative to workpiece. The experimental procedure for machining (drilling)
Al,O3, SigNy, SiC, and MgO is first explained in this chapter followed by an understanding of the
MRM in these ceramics. Discrimination and incorporation of these physical processes into a
hydrodynamic machining model to predict different machining parameters is also presented. The
model provides an outstanding tool for advance prediction of thermal energy and time required
for machining desired depth of material and it can also predict the depth machined in a given

time.

Experimental Procedure

Coupons of variable geometry and dimensions (Table 2.1) were made from dense Al,Os,
SizN4, SIC and MgO. These coupons were obtained from a commercial source (Coorstek,
Golden, CO for Al,O3, Advanced Ceramics Manufacturing, Tucson, AZ for SizNg4, Saint Gobain
Advanced Ceramics, Niagara Falls, NY for SiC and Ozark Technical Ceramics, Inc, Webb City,
MO for MgO) and hence details of methods used for manufacturing these coupons were not
available. The surface of all coupons was exposed to a JK 701 pulsed Nd:YAG laser (1.064 um
wavelength) from GSI Lumonics, Rugby, England. The laser offered pulse energies from 0.1-55
J, repetition rates from 0.2-500 Hz, and the pulse width from 0.3-20 ms. By varying pulse

repetition rate, peak power and pulse width in different combinations, a set of parameters were

! The content of this chapter is originally from References [62] - [66].
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Table 2.1 Geometry and physical attributes of ceramic coupons used for one-

dimensional machining

Ceramic Geometry Physical attributes Number of pulses
Al,O3 Cléci::Clar 89mm diameter and 4mm thick 5, 10, 20 and 30
SisN, Rec;"i‘;‘tge“'ar 12mm x 15mm and 3.5mm thick 3, 6,10 and 20

sic Rectangular  12mm x 15mm with thicknesses of 95 and 125
plate 2mm and 3mm
MgO Rectangular 12mm x 15mm and 3mm thick 3,6,9and 20

plate

recognized that generated adequate interaction between the laser beam and the ceramic surface
for required machining of ceramic coupons. A fiber optic system and a 120 mm focal length
convex lens delivered a defocused laser beam of spot diameter, d of approximately 0.5 mm on
the surface. For Al,O3 SisN4 and MgO, pulse energy, e of 4 J, pulse repetition rate, f of 20 Hz
and pulse width, p of 0.5 ms was capable of generating reasonable interaction between the laser
and ceramic surface and a cavity could be machined. The average power used for laser
processing in these ceramics was 80W (e (4J) x f (20Hz)). Processing conditions for SiC were
slightly different and will be discussed later. A pulse repetition rate of 20 Hz implied that 20
pulses were incident on surface per second and duration of each pulse (total on and off time) was
1/20 = 0.05 s. In addition, as p was 0.5 ms, each pulse was on for only 0.5 ms (t,) and
corresponding off time for each pulse (to) was 0.05s — 0.5 ms = 0.0495 s and the pulse intensity
distribution shape was ‘top hat’ type.

For the set of laser parameters mentioned above for each ceramic, several pulses (Table

2.1) were applied on the ceramic surface. The given number of pulses were chosen based on
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prior experience to machine blind cavities of various depths and also a cavity through the entire
thickness of plate. Three runs for each number of pulses were conducted and for each case, the
mean value of the machined depth was reported by taking five measurements from the optical
cross sectional views (Fig.2.1a, Fig. 2.1b and Fig. 2.1d) by Image J™ software. The figures also
include top views of cavities machined on the top surface of ceramic. The average value of the
machined depths measured using this method for these ceramics has been listed in Table 2.2
along with standard deviation corresponding to the scatter in each case. Thus the measurements
were statistically analyzed by considering the average and the standard deviation of the measured
depths. As there was no feedback system to monitor the formation of a through cavity, some
extra (stray) pulses could have been supplied even after the through cavity was formed. Even
though experiments were conducted using air as an assist gas, the effect of assist gas on the
machined depth was not the focus of this study and can be considered for future work on this
topic.

One of the basic principles of any statistical design of experiments is randomization.
Randomization means that the order in which individual runs of the experiment are to be
performed are determined randomly. This assists in averaging out the effects of extraneous
factors (lurking variables) that may be present such as relative humidity and surrounding
temperature [104]. Hence, in this study, the number of pulses were applied in a random order for
the different runs. For example in MgO, the number of pulses varied from 3-6-9-20 for the first
run, from 9-20-6-3 for the second run and from 20-3-9-6 for the third run and the standard

procedure of randomization of experimental runs was thus implemented.
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Table 2.2 Machined depths and machining energy for Al,O3, SizNa,

SiC and MgO.

Ceramic Number of Machined Machining
pulses depth(mm) energy (J)

5 0.26 +0.013 0.20

Al,Os 10 0.56 + 0.040 0.40

20 3.23+£0.232 0.80

30 4.0 + 0.050 1.20

3 0.92 +0.020 0.12

Si-N 6 1.13+0.110 0.24

s 10 1.69 +0.040 0.40

20 3.5+ 0.049 0.80

sic 25 2.0+0.083 3.75

125 3.0+ 0.035 18.75

3 0.25+ 0.057 0.12

6 0.86 £ 0.040 0.24

MgO 9 154 +0.027 0.36

20 3.0 £ 0.061 0.80

Attempts were made to reduce tapering effect by machining the cavities with a lens of
longer focal length and longer focal waist. A uniform beam distribution in both temporal and
spatial evolution was obtained from the configuration of focusing lens assembly and it was
assumed that energy was evenly distributed across the pulse. For the simplicity of the model
described later, beam was assumed to be temporally uniform. The corresponding machining
energy required for machining a cavity of desired dimensions in any ceramic was given by Eq.
(2.1) below and has also been listed in Table 2.2:

Machining Energy = Total on time x Average Power

= Total number of pulses x Pulse Width x Average Power (2.1)
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On the other hand, e of 6J, p of 0.5 ms, and f of 50 Hz was required for machining
cavities in SiC. The average power used for laser machining of SiC was 300W (e (6J) x f
(50Hz)). For this set of laser processing parameters, multiple pulses were applied until a through
cavity was machined in the 2mm and 3mm thick SiC plates (Fig. 2.1c). A through cavity in the
2 mm thick SiC plate could be machined in approximately 0.5 s while under the same conditions
a through cavity in the 3 mm thick plate was produced in approximately 2.5 s. Under the set of
parameters employed in the present work, the repetition rate of 50 Hz over 0.5 s corresponded to
25 pulses while over 2.5s it was equivalent to 125 pulses (Table 2.2). The corresponding
machining energies for 25 and 125 pulses were 3.75 and 18.75 J respectively (Table 2.2). The
visual observations ensured the creation of cavities (Fig. 2.1c) with 25 and 125 pulses in 2 mm
and 3 mm thick SiC plates respectively.

Foresighting the exact number of pulses required to machine a certain cavity depth or
predicting the depth machined in a given time for any ceramic is an exigent task. Hence,
developing a mathematical model based on the material removal mechanism for each ceramic is

the most suitable approach as discussed in next section.

Computational Modeling

During laser processing, the changes in surface temperature with absorption of laser
energy and associated thermal gradient within the material have an effect on the machined depth
and machining time. The heating during pulse on and the subsequent cooling during pulse off
over the entire time of machining operation were considered for determining the heating curve
by taking into account the on and off times during machining under present set of laser

parameters. As this study does not focus on the microstructure evolution after the pulsing was
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stopped, the cooling curves have not been discussed. The schematic illustrating the pulse on-off
is shown in Fig.2.2 and it was necessary to start the computations with predictions of surface
temperature profiles.

Temperature Evolution

The maximum temperature reached at the end of first pulse was predicted by using a
model developed in COMSOL™ s heat transfer transient mode [105, 106] which obtained the
emperature distribution within the material using the finite element approach. This model solved
the fundamental Fourier’s second law of heat transfer subjected to convection and radiation
boundary conditions (Egs. (1.3) — (1.5)) [107-109].

Six vital modes were used to solve the problem. In the draw mode, the geometry and
dimensions of the coupon (Table 2.1) were specified. The boundary mode permitted
specification of all boundary conditions (Egs. (1.3) — (1.5)) as discontinuous functions that were
used to model the heating and the cooling processes. As mentioned earlier in Chapter | (Eq.
(1.4)), energy was input to the system during t, of 0.5 ms (corresponding to heating) and was cut
off during to of 0.0495 s (corresponding to cooling). In order to incorporate this effect, the

energy was input as a discontinuous function.
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Fig. 2.2 Schematic of pulse on-off [63].
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Terms involved in the governing equations that defined different material properties were
presented by the subdomain mode. Laser induced machining is a rapid heating and cooling
process due to which the thermophysical properties of materials exposed to the laser beam
change rapidly in a large temperature range. Changes in thermal conductivity and specific heat as
a function of temperature [110] (Fig.2.3) were incorporated to provide better accuracy in
calculations. The latent heat was accounted for by incorporating the variation of specific heat as
a function of temperature. This took into consideration the phase change due to melting/
vaporization. Density of Al,Os, SisN,, SiC and MgO was 3800, 2370, 3100, and 3580 kg/m®

respectively [110] and it was also input to the model along with thermal conductivity and
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specific heat. In addition, even though it is difficult to find in open literature, attempts were made
to include the heat transfer coefficient as a function of temperature [111].

The characteristics of the finite element mesh were specified in the mesh mode, and a
free mesh containing tetrahedral elements was generated. A non-uniform grid was used for
simulations with a finer mesh under the laser beam as compared to the rest of the geometry
where temperatures and their gradients are highest [112]. The grid independence test was
conducted and mesh size of approximately 30,000 elements resulted in a grid independent
solution. The actual number of elements varied with the geometry and dimensions of the
coupons. The parameters of the solver and the solver type were set in the solver mode. The
temperature profiles were obtained by running the simulations with extremely small time steps of
1us and the ‘time dependent’ solver was used in COMSOL™. This developed model was a time
based model and as seen later, the temperature evolution with time was correlated with machined
depth. Hence kinetics of the material removal mechanism was inherently built in.

Finally, the postprocessing mode was used to analyze the results given by the solver. The
temperature distribution and the temperature gradient were visualized in this mode. It should be
noted that this study aims at correlating machined attributes with laser processing conditions and
hence uses modeling only as a tool to achieve this goal. Studying the effect of change of
modeling parameters such as element type, mesh size, type of solver, and time steps will
however not be discussed here and can be considered for future study. A schematic of the steps
involved in the generation of temperature profiles is represented in Fig. 2.4.

The solution of above described model gave maximum surface temperature reached after
the first pulse which was input in Eq. (2.2), below to predict the temperature reached after the
laser is switched off [54]:
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T =T, +(T,-T, )[1 - {exp h(T)I:g()Tz)toff}{l —erf (W]H (2.2)

where T; is the temperature during heating of pulse i (K), and erf() is the error function.

When the laser is active, the surface temperature is given by [54]:

— 8aQ Ja(T)t, /I =
i-1

' zd?  Kk(T)

(2.3)

where T, is the temperature during cooling of the earlier pulse (K) predicted from Eq. (2.2),

above and Q is 80W for Al,O3, SisN4 and MgO and 300 W for SiC. The temperatures reached
during the on and off periods of the successive pulses were determined by repeatedly solving
Egs. (2.2) and (2.3) till desired number of pulses were completed or till the end of machining
time. Due to extremely short time scale associated with the laser processing, the heat transfer in
direction orthogonal to laser beam was neglected in Egs. (2.2) and (2.3) used in the current study.
This assumption was valid because in a rapid process like laser-material interaction, the heat
transfer was confined to the laser beam and spatial distribution outside the beam was negligible.
Only the centerline of the machined cavity was examined and an estimate of the corresponding
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machining time and number of pulses was made. Furthermore, the width of the machined cavity
was not predicted in this study and it was assumed to be the same as the out of focus beam
diameter on the surface of sample. This was also a reasonable assumption because width of
machined cavities was approximately the same as the out of focus beam diameter of 0.5 mm
(Fig. 2.1) due to the negligible spatial distribution beyond the beam diameter as mentioned
before. Thus it may be noted here that the model considered in this study is a 3D model [105]
with width of the machined cavity in X and Y directions assumed to be constant and equal to the
out of focus beam diameter (as also seen from Fig. 2.1).
Absorptivity

For cavities shown in Fig.2.1, as mentioned earlier in Chapter I, the transfer of energy
from laser to surface of ceramic is affected by the multiple reflections within the machined
cavity [41]. It was found by Bang and Modest [42] that multiple reflections increase the effective
absorptivity of material and in the processes such as high aspect ratio laser machining, the value
is expected to reach 100% instantaneously as also assumed by Andrew et. al [50] and Mazumdar
et. al.[51]. Furthermore, it can be seen from Fig. 2.3 that as thermal conductivity of these
ceramics is far less than metals (Al: 247 W/mK, Cu: 398 W/mK, Au: 315 W/mK [65]), the rate
at which losses due to conduction take place will be less than the rate at which the laser energy is
absorbed. This effect together with the effect of multiple reflections from the wall of machined
cavity rapidly raises the absorption of incident energy to the level of 100%. In light of this, in
this high aspect ratio one-dimensional machining study, the absorptivity value for all ceramics
was taken to be 1 corresponding to 100% energy absorption and was used in Egs. (1.3) — (1.5)
and Eq. (2.3). The emissivity was also assumed to be 1 because for a given material and
processing condition, the absorptivity is equal to the emissivity [113].
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Furthermore, although conducting in-situ absorptivity measurements in a very short
duration high energy dynamic process like laser material interaction is extremely challenging,
efforts were made for actual absorptivity measurements under processing conditions similar to
the ones used in this study and they are incorporated in later stages of this work (Chapters 11 to
V). Solution of Egs. (1.3) — (1.5) and Eqgs. (2.2) — (2.3) lead to the evolution of temperature with
time for all the ceramics (Al,Os, SizsN4, SiC and MgO). As seen in the next section, dissociation
and evaporation losses have an effect on the surface temperature of these ceramics and hence the
final surface temperature profiles will be presented later in the chapter.

Material Removal Mechanisms

This section discusses the material removal mechanisms (MRM) relevant for each
ceramic and it will be observed that a combination of different physical processes mentioned in
Chapter | affect the machining of a certain ceramic rather a single predominant process.

By tracking the depth at which the melting point or decomposition temperature of Al,O3
(2323K [114]) was reached, the total melt depth (z,) from the surface at any instant was
estimated from the heating curves discussed above and ensuing depth calculations were based on
this depth. At temperatures above 3250 K, dissociation of Al,O3 ceramic yields different species
such as AlO), Alg), Al,Og and AlO,g) [115]. Expulsion of the liquid phase formed due to
melting above 2323K followed by the dissociation process above 3250 K (most likely by

reaction in Eq. (2.4)) was responsible for laser machining in Al;Os.
3
AlO; =2Al + 0, (2.4)
However, some material was lost at the surface due to evaporation and the rate of

evaporation j. (kg/m?s) was given by [116]:
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1/2
m
jo =P(Tg) | ———— 2.5
Je p(S){zﬂkTmJ (2.5)

where p(Ts) is the saturation pressure given by Clausius-Clapeyron equation:

P(T.)=poexp , /KT, &-T /T, _ (2.6)
where po is ambient pressure (1.013 x 10° N/m?), L, is 108.74 kJ/mol for Al,O5 [117] and T is
the vaporization temperature (3250K [118]). The losses due to evaporation begin to take place
after the surface temperature exceeds the vaporization temperature of Al,O3 after a certain
number of pulses. The corresponding depth of material evaporated at a given instant was

predicted from the rate of evaporation by the relation:

2, = je x increment in time 2.7)
P

where p for Al,O3 is 3800 kg/m® [110]. The evaporated depth (zeva) Was subtracted from the total
melt depth (z.) to give the available melt pool (zava). The corresponding drop in temperature at
any instant at the surface because of the cooling of the melt pool by evaporation was given by

[119]:

2z 4./a(T)x(increment in time
evaz—evapl“s’/zarctg Ja(T)( ) (2.8)
k(T)tdrz d

This drop in temperature was subtracted from the temperature predicted by Egs. (1.3) — (1.5) and
Egs. (2.2) - (2.3).

Furthermore, at temperatures above dissociation temperature, the Gibbs free energy (4G)
associated with the dissociation reaction (Eq. (2.4) was — 2372.6 kJ/mol at 3250K [120] and was
used to determine the energy loss due to dissociation. The volume of the machined cavities was

measured from Fig. 2.1 and it was found to be equivalent to a cylinder of diameter d, where d
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was width of the machined cavity (equal to beam diameter of 0.5 mm as mentioned before).
Hence, for the set of processing conditions considered in this study, it was assumed that the

machined cavity had a cylindrical cross section of volume:

rd?z
Viss= Tava (2.9)

where z,,, IS available melt depth explained earlier. This volume was equivalent t0 Npgies = V /
22.4 x 10™ moles and the loss of energy corresponding to dissociation of this volume of
machined cavity above dissociation temperature was estimated by:
Egissociation = 4G x N (2.10)

At temperatures above dissociation temperature, this energy loss was deducted from the input
laser energy to give the effective laser energy available in subsequent laser pulses for raising the
surface temperature and to generate corresponding machined depth. The final variation of
surface temperature with time obtained by considering all above mentioned phenomena are
represented in Fig. 2.5 for different number of pulses. The heating curve meanders because the
temperature drops during off time and rises during on time of laser. The inset in Fig. 2.5
corresponding to heating curve for 20 pulses represents this rise and fall in temperature and this
trend holds true for all cases in different ceramics considered in this study.

In laser machining, material removal takes place primarily in the liquid and vapor phases.
As mentioned earlier in Chapter I, expulsion of the molten material is driven by the recoil
pressure stimulated due to the evaporation of the melt surface exposed to the laser beam [121].
The recoil pressure stimulates ejection of the melt flow from the interaction zone at very high
velocities [122]. The effective melt depth (ze+) will be available for expulsion for the next time

instant and it would be the portion remaining after a fraction of z,,, was expelled by precoil
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Fig. 2.5 Heating curves for different number of pulses in Al,O3 [63].

(Eg. (1.8)). Predictions of this fraction of the melt pool that is expelled by the recoil pressure will
follow later in this section. In the absence of this recoil pressure, the thin film of molten material
formed around the machined cavity would be responsible for closing the cavity. Thus the
predicted temperature field assisted in determining the evaporation-provoked recoil pressure at
the surface during machining through the ceramic using the physical model of melt
hydrodynamics proposed by Anisimov who also experimentally verified the same [69].
According to Anisimov, when the surface temperature exceeds the boiling point or the
decomposition temperature, the recoil pressure becomes 0.55ps, where ps is the saturated vapor

pressure (1.013.25 N/m?). Under typical materials processing conditions such as those
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encountered in machining, this recoil pressure exceeds the highest surface tension pressure and
plays a vital role in removal of material in molten state.

It has been observed in the past that besides recoil pressure, surface tension also affects
the melt pool shape [123] due to which it was necessary to consider the effect of surface tension
as it was responsible for modifying the pressure on the melt and thus affecting the depth of the
machined cavity. The laser beam gets defocused and effective beam radius which changes with

evolution of machined cavity is given by [54, 124]:

2 1/2
o = %ll{M 2 448 0, ;tdt d 3 } 2.11)

where M 2 is beam quality parameter assumed to be 1 for a perfect beam profile, o; s focal

length of 120mm, A is laser wavelength of 1.064 um and z; is depth of machined cavity which is
zero at beginning of the machining process and is predicted later for successive time steps. Beam
quality factor represents the beam quality which is a measure of the focusability of the laser
used. All real beams tend to have an M 2 value greater than 1. Incorporation of actual M 2 values
will take into account the complex distribution of energy during the laser machining process.
However, in this study, the effect of defocusing of laser beam was accounted for by using the
effective beam radius (Eqg. (2.11) above).

The surface tension pressure depends on this effective beam radius and the melt available

at the axis of the beam was expelled with a velocity Ve, given by [121]:

Vexp(t) = l Precoil _ﬁ/ Fett t (212)
p Fett
where B is the surface tension coefficient of liquid Al,O3 given by

£ = 0.65x (1— o(T, — 2500)) (2.13)
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where w= 6 x 10 K * is the surface tension temperature coefficient [125]. As the temperature
reached after the first few pulses is less than the melting point of Al,Og, there will be no material
expulsion. Hence the expression for expulsion velocity (Eg. (2.12)) above does not imply for the
first few pulses which are responsible for just raising the temperature of the material till the
melting point is reached, after which the material expulsion process begins as governed by Eq.
(2.12). Where as in case of through the depth machining, during application of final pulses, as
explained later, only a very thin layer of the material remains which is simply pushed down from
bottom by the recoil pressure. Eq. (2.12), therefore, does not apply to the later set of pulses
during machining of a through cavity. Instead, the expression is only applied for the range of
pulses where the material removal mechanism remains the same and is through expulsion.
Integration of the expelled velocity over time (Eq. (2.14)) gave the fraction of the effective melt
depth that was expelled at a certain time instant (Zexpeiea) and the depth of machined cavity z; was

given by Eqg. (2.15) [126].

t
Zexpelled = Ivexp(t) dt (214)
0

t
Zt = Zzexpelled (215)
0

Thus material removal in Al,O3 is a combined effect of melt expulsion, dissociation and
evaporation. A flow chart for attaining the final machined depth using the process parameters
and material properties will be presented later in this chapter after discussing the MRMs for all
ceramics considered in this study. The computational predictions of temporal evolution of cavity
machined in Al,O3; along with the schematic of different stages of cavity formation are

represented in Fig. 2.6a and Fig. 2.6b respectively. The temporal evolution of the depth of the
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machined cavity for a given material thickness depends on the interaction time i.e. the number of
pulses to which the material is exposed because it governs the amount of energy going into the
material. Hence, the evolution profile was different for different number of pulses.

From this profile (Fig. 2.6a), comparison between experimental and predicted number of
pulses and time required for machining a certain depth of material was made in Table 2.3[63].
The corresponding machining energy for predicted number of pulses was also calculated from
Eq. (2.1) and compared with experimental machining energy values (Table 2.2) in Table 2.3. The
table also compares experimental and predicted attributes of cavities machined in SiC and MgO
which will however be discussed later. Also, as seen later, in SizsN4, the model was used to
determine depth machined in a certain time rather than predicting time required to machine

desired depth. This demonstrated feasibility of the developed model to determine different

Table 2.3 Comparison between experimental and predicted attributes of machined

cavities in Al,03, SiC and MgO [63, 65, 66].

Depth of Pulses | PUISESyegieg Machining Machining
Ceramic  machined ~ Sexperimenta > oPredicted - energYexperimental  €NErgYpredicted
cavity (mm) (Time, sec) (Time, sec) Q) )
0.26 5 (0.25) 3(0.15) 0.20 0.12
ALO 0.56 10 (0.5) 7 (0.35) 0.40 0.28
23 3.23 20 (1.0) 16 (0.8) 0.80 0.64
4 30 (1.5) 19 (0.94) 1.20 0.76
sic 2 25(0.5) 21(0.41) 3.75 3.15
3 125(2.5) 103(2.05) 18.75 15.45
0.25 3(0.15) 2 (0.11) 0.12 0.08
MaO 0.86 6 (0.3) 4(0.2) 0.24 0.16
g 1.54 9 (0.45) 5 (0.25) 0.36 0.20
3 20 (1) 16 (0.8) 0.80 0.64
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attributes of machined cavity in any ceramic and a comparison between experimental and
predicted machined depths in SisN4 will be done later in a separate table.

It can be observed from Table 2.3 that predicted number of pulses and machining energy
for Al,O3 were close to the experimentally measured values (Table 2.2). However, the predicted
number of pulses (and corresponding machining energy) was less than those experimentally
detected for machining because the number of pulses were chosen based on prior experience in
laser processing. Furthermore, as mentioned before, due to lack of a feedback system to monitor
the formation of a through cavity, the material could have been exposed to few extra pulses even
after a cavity through entire thickness of the ceramic coupon was machined. Some error could
also have been introduced due to limitations of technique used for measuring machined depth
from micrographs (Fig. 2.1). In addition to the above considered physical phenomena, there
could be some other mechanisms as mentioned later which are not incorporated in this study that
could have had an effect on the predicted number of pulses. Thus the presented model can assist
to determine the number of pulses required for machining a certain depth in a given material
under a certain set of other laser parameters.

In the initial stages of machining (until around time instant t, in Fig. 2.6b), the recoil
pressure expelled the material in the upward direction and continued to do so for increased depth
of the machined cavity as the time progressed. Eventually, when a very thin layer of the material
remained in the bottom (at around time instant t3), the recoil pressure was able to push most of
the material in the downward direction thereby reversing the direction of material expulsion in
the final stages of machining. This happened due to least resistance to recoil pressure by the
small mass of supporting material at the bottom. Finally, at around time instant t4, all the rest of
molten material was expelled and a clean through cavity was formed.
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Such a comprehensive approach differentiated the current work from earlier work such
as that of Salonitis et. al [54] and Miyazaki et. al [127] who considered the machining
mechanism as comprised of melting and subsequent material removal by melt expulsion where
as Atanasov et. al [128] considered the machining of Al,O3; merely by a single step material
evaporation without any melting. On the contrary, in the present study, the material removal
during the machining process takes place due to a combination of melt expulsion, dissociation
and evaporation processes. Furthermore, the past studies [54, 127, 128] have also neglected the
effect of multiple reflections on the absorbed laser energy. Thus the systematic approach
considered in this study is an advancement of the existing computational approach to machining
of ceramics.

After determining the temperature distribution (Egs. (1.3) — (1.5) and Egs. (2.2) — (2.3)),
the procedure for predicting attributes of machined cavities in SisN4 and SiC discussed below
was the same as used for Al,O; (Eg. (2.5) — (2.12), and Eq. (2.14)- (2.15)) because the MRMs
were same for all these ceramics. However, as seen later, melting is not involved in material
removal in MgO and hence only vaporization temperature was tracked in the corresponding
temperature profiles to determine machined depth in MgO.

The sublimation / dissociation temperature of SisN4 is 2,173 K [114, 129] at which it
dissociates into liquid silicon and nitrogen (Eq. (2.16)) [130] and the laser machining took place

due to expulsion of this liquid silicon by evaporation induced recoil pressure (Eq.(1.8)).

Si,N, =3Si, + 2N (2.16)

2(9)
Dissociation temperature of SisN, was tracked in the temperature profiles obtained by solving

Egs. (1.3) — (1.5) and Egs. (2.2) — (2.3) to determine the melt depth from the surface at any
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instant which was then used for further depth predictions as described above for Al,Os.
Evaporation also assists in material removal (Eq. (2.5) — (2.8)) and melting, dissociation and
evaporation together lead to machining in SizN4 [62]. The latent heat of evaporation for SizNg4
was 336.94 kJ/mol [131] and it was used to determine the recoil pressure (Eq. (1.8)) and
temperature drop due to evaporation (Eg. (2.8)). To determine energy loss due to dissociation
(Eg. (2.9) and Eq. (2.10)), Gibbs free energy of -1309.42 kJ/mol at 2151K [120] associated with
Eq. (2.16) was used. The machined depth was also affected by the effective beam radius (Eq.
(2.11) due to laser beam defocusing and by surface tension (Eg. (2.12)). As the thermophysical
properties of SizN4 control the dissociation of Si3sN,4 into its species, the SisN,4 properties were
considered only till SizN4 dissociated into liquid Si after which the properties of Si melt were
taken into account. In light of this, the surface tension coefficient of liquid Si (0.843 N/m for
liquid Si [132]) was considered as it affects the expulsion velocity (Eq. (2.12)) and hence depth
of machined cavity (Eq. (2.15)).

The evolution of surface temperature (using thermal model described above) and
machined cavity with time for application of different number of pulses in Si3N, is presented in
Fig. 2.7 and a comparison between predicted (Fig. 2.7b) and actual machined depth (Fig. 2.1) in
a given time is presented in Table 2.4[62]. In most of the cases seen in Table 2.4, there was a
reasonable match between machined depth estimated by model and depth actually measured.
Discrepancy in some values could be attributed to the same causes as mentioned before such as
limitations of depth measurement technique (using optical micrographs) and lack of feedback
system for indicating the onset of a through cavity. Thus, the computational model could also be
used to predict depth machined in any ceramic in a given time in addition to determination of
time (number of pulses) required for machining a certain depth as demonstrated earlier for
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Table 2.4 Comparison between experimental and predicted attributes of machined

cavities in SizN4 [62].

Pulses Machined Machined Machining Machining
(Time S) depth experimental depth predicted energyexperimental enerQYpredicted
’ (mm) (mm) @) Q)
3(0.15) 0.92 0.95 0.12 0.12
6 (0.3) 1.13 1.17 0.24 0.24
10 (0.5) 1.69 1.73 0.40 0.40
20 (1.0) 35 3.71 0.80 0.80

Al;O3. The time required to machine a certain depth was not predicted for SisNs. On the
contrary, depth machined in a given time was predicted. Hence, total number of pulses
(experimental and predicted) for a given depth were same and corresponding machining energy
for any given number of pulses was also same (Eq. (2.1)).This study on one- dimensional laser
machining of SisN4 was different from prior machining work on this ceramic [72, 95-97] who
did not attempt to understand the material removal mechanisms.

Depending upon the thermodynamic conditions prevailing during laser machining,
decomposition of SiC may produce several species such as Si), Siyg), SiCyg), Sigy, Cs), Sis),
SiCy) , Cg), and Sizg) [74] at the decomposition temperature of SiC (3,103 K) [114]. In-situ
detection of formation of these species during extremely dynamic and short duration laser
machining process is a challenging task and can be considered in future. However, the most
likely reaction to produce liquid species available for expulsion is :

SiC = Sig) + Cys) (2.17)
Decomposition temperature of SiC (3,103 K) was traced in the generated temperature profiles to

predict the melt depth from the surface at any instant. Similar to Al,O3; and SizN4, some loss of
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material also occurs due to evaporation and a combination of melting, evaporation (Eqg. (2.7) and
Eqg. (2.8)), and dissociation (Eq.(2.9) and Eq. (2.10)) contributes to machining in SiC. Latent heat
of evaporation was 530 kJ/mol for SiC [133] and was used to predict recoil pressure and
evaporation losses. The Gibbs free energy associated with this reaction (Eq. (2.17)) was -335.96
kJ/mol at 3259K [120] and it determined dissociation energy losses. Similar to SizN,, the surface
tension coefficient of liquid Si (0.843 N/m) was considered to determine depth of machined
cavity (Eqg. (2.15)) in SiC. The variation of temperature for the 2 and 3mm thick SiC plates is
represented in Fig. 2.8a while evolution of machined depth with time for SiC is represented in
Fig. 2.8b. It can be observed from Fig. 2.8b that a 2 mm thick plate was machined through its
entire depth in 0.41 s while it took 2.05 s to machine through the entire thickness of a 3 mm thick
plate (Table 2.3). Thus, only 21 pulses for a 2 mm plate and 103 pulses for a 3 mm plate were
required to machine through the entire thickness. A comparison between experimental (Table
2.2) and predicted machining energy (obtained from Eq. (2.1) by using predicted number of
pulses) is also made in Table 2.3[66].

Computationally predicted number of pulses (and corresponding machining energy) was
less than those experimentally identified and this discrepancy is due to the fact that selection of
number of pulses during actual machining was based on prior practical experience in laser-
materials interactions and visual observations. This study on single dimensional machining of
SiC was diverse from prior work by Sciti et. al. [74] who only considered the microstructural
surface modification of SiC as a function of laser processing parameters without considering the
actual physical phenomena such as effect of recoil pressure, evaporation losses and dissociation

energy losses responsible for cavity formation as considered in present study. The progression of
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cavity evolution illustrated in Fig. 2.6b for Al,O3; would be applicable to SisN, and SiC as
material removal mechanisms are same for all these ceramics.

The dissociation of MgO takes place as per the following reaction [134, 135]:

MgO - Mg + O (2.18)
The melting and vaporization temperatures of magnesium are 922K [136] and 1363K [137]
respectively. Thus, at temperatures above the melting/decomposition/vaporization temperature of
MgO (3123K [114]), material losses take place purely by evaporation of magnesium formed due
to the above dissociation reaction. Thus machining in MgO takes place due to dissociation of the
ceramic via above mentioned reaction (Eqg. (2.18)) followed by evaporation of the material
exposed to laser fluence. This mechanism is in contrast to the machining of Al,O3, SizN4 or SiC
ceramics using the same laser based technique where material removal is a combination of melt
expulsion and evaporation [62, 63, 66] as elaborately discussed above. A schematic illustrating
evolution of machined cavity in MgO at different time instants is shown in Fig. 2.9 where depth
of cavity increases with increase in time from t; to t; as more material vaporizes. A very thin
layer of material remains in the final stages of through machining which falls down from the
bottom due to gravity.

The Gibbs free energy associated with the dissociation reaction (Eq. (2.18)) was -974.1
kJ/mol at 3533K [120] and it was used to predict dissociation energy losses (Eqg. (2.9) and Eqg.
(2.10)). The amount of material evaporated was predicted by obtaining the temperature profiles
(presented in Fig. 2.10 below) from the procedure described above (Egs. (1.3) — (1.5), Egs. (2.2)
—(2.3), Eq. (2.9) and Eq. (2.10)) and then tracking depth from surface at which decomposition

temperature of MgO was reached. In general, it can be observed from the heating curves (Fig.
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Fig. 2.10 Heating curves for different number of pulses incident on

MgO ceramic [65].
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2.5, 2.7a, 2.8a, and 2.10) that maximum surface temperatures were high in these ceramics. It
should be noted that even though temperatures were high enough for such a short duration
process, they were mostly limited to the surface for an extremely short duration with a
probability of some material loss by ablation. These high temperatures immediately drop below
melting point within the sub-surface region and further lower values in the substrate material due
to self quenching.

The evolution of machined depth with time is represented in Fig. 2.11 and a comparison
between experimental and predicted number of pulses and machining time is made in Table 2.3
[65] which also compares corresponding machining energies. The number of pulses, machining
time and energy predicted for different machining depths were close to the actual values. Thus
this study is a novel effort in understanding the material removal mechanism in MgO as not

much work has been carried out in the past in that direction.
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Fig. 2.11 Evolution of machined cavity with time in MgO [64, 65].
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Thus it can be seen from this chapter that prediction of exact number of pulses (for that
matter pulse duration, laser energy, etc.) to drill a required depth or predicting depth machined
when a given number of pulses are incident on a certain type of material under chosen set of
laser processing parameters would be extremely advantageous to conserve substantial energy and
time. The governing mechanisms in different ceramics considered in this study are summarized
in Table 2.5 and 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.2.12. The nature of the structural ceramic will govern the physical phenomena (Table 2.5)
that can be incorporated into the mathematical model (Fig. 2.12).

In addition to the physical processes considered in this study, the different physical
phenomena that could possibly have an effect on the machining process are: a) plasma formation
and associated ionization, b) ablation, and c) effect of assist gas pressure and flow rate on the
machined depth. These processes are not considered in the present study and can affect the
predicted attributes of machined cavities. Moreover, it has been mentioned by Modest [47] that

the increase in absorptivity is affected by the number of pulses, i.e. for a small number of pulses

Table 2.5 Mechanisms governing material removal in Al,O3, SizNy, SiC

and MgO (v'- phenomena present; x - phenomena not present) [64].

Physical Material AlLOs SizNg  SiC MgO
process l —
Melting v v v x
Dissociation v v v v
Evaporation v v v v
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the absorptivity is increased only slightly. Hence, the assumption of 100% absorption of incident
laser energy due to multiple reflections for the entire range of pulses employed in the present
work may have produced the differences between predicted and measured machining parameters
for all ceramics (Table 2.3 and Table 2.4). In light of this, in order to improve accuracy of
calculations, an attempt was made to predict actual absorptivity values during laser machining of
these ceramics under conditions similar to the ones used in this study and this approach will be

presented in the next chapter on in-situ surface absorptivity measurements.
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CHAPTER Il
IN-SITU SURFACE ABSORPTIVITY PREDICTIONS!

The laser beam incident on ceramic surface is absorbed, reflected, transmitted, and
scattered (Fig. 1.4). Significant of all these effects is absorption which depends on the
wavelength of laser used for processing, spectral absorptivity characteristics of the ceramic being
machined, surface roughness, orientation of the material surface with respect to beam direction
and temperature attained during processing [36, 40]. Absorptivity, a is defined as ratio of
absorbed part of incoming radiation to total incoming radiation and it varies between the values 0
and 1 [103]. As mentioned in Chapters | and Il, the amount of energy absorbed by the ceramic
surface governs the temperature evolution and it is high enough to cause material removal at
surface and sub surface region. The ensuing effects such as machined depth, machining time and
energy required for machining a certain depth will be governed by this temperature evolution.
Thus the energy absorbed by the surface decides if machining is likely to take place.

In light of this, in order to efficiently predict these effects and corresponding machining
parameters, it is critical to determine variation of absorptivity with temperature during laser
processing. To the best of author’s knowledge, except for LIA Handbook of Laser Materials
Processing [103], there is paucity of data in open literature representing the variation of
absorptivity with temperature for these structural ceramics processed at wavelength of 1.06 pum.
Hence, an attempt was made in this study to predict the absorptivity of Al,O3 SizN4, SiC and
MgO as a function of temperature by measuring in-situ machining temperatures with the aid of
thermocouples and correlating them with temperatures predicted from the thermal model

described in Chapter 11 [138].

! The content of this chapter is originally from Reference [138].
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Furthermore, the energy absorbed at the surface is maximum and it decays because of
several phenomena as it propagates through the bulk of the material. In certain ceramics which
have a multi- crystalline nature, the incident energy will be multiply scattered inside the material
and this would affect the variation of absorptivity with depth. However, laser processing being
an extremely rapid process (interaction time of the order of a few ms), it is extremely difficult to
determine decay of absorptivity in bulk material. Prediction of absorptivity decay (drop in
absorptivity per unit length) is not a focus of this study and can be considered in the future.

In this study, the temperatures were measured for the workpiece machined with low
aspect ratio (depth to width <1) because for cavities with high aspect ratios (>1), multiple beam
reflections along the cavity wall affect the amount of absorbed energy [41, 42] and the surface
absorptivity rapidly changes to 1 as seen earlier in Chapter Il. Moreover, thermal conductivity of
ceramics generally being less than majority of metals, the portion of absorbed incident energy
builds up rapidly to raise the temperature within surface and subsurface regions for machining of
ceramics via various physical processes such as melting, dissociation/decomposition and
vaporization as seen in Chapter Il. Also, due to phase change (solid-liquid transformation above
melting point or liquid-vapor/solid-vapor transformation above vaporization/dissociation
temperature of ceramic), the absorptivity rapidly increases through multiple reflections and
physical entrapment of beam by the molten material/ vapor in the cavity. Hence, although the
absorptivity was predicted for low aspect ratio machining of the ceramic, the respective values
can be very useful for estimating absorbed energy and corresponding machining parameters in
the initial stages of any machining where there is no phase change. The absorptivity transitions
above the phase transition temperature will be predicted and discussed in next chapter. It should
be noted in this study that even though the workpiece was assumed to be multi- crystalline and
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not a single crystal, the complex phenomenon of scattering (reflections) at the several interfaces

was not incorporated.

Experimental Procedure

Coupons of dimensions 5mm x 5mm x 8mm were made from dense Al;O3, SizNa4, SIiC,
and MgO. In order to sense the temperature rise during laser interaction, a K-type thermocouple
with a bead diameter of ~ 800 um was glued to the coupons using a high temperature ceramic
adhesive (Ceramabond™ 516 from Aremco Products, Inc) followed by curing at 373K for one
hour. K-type thermocouple is a nickel based alloy composed of chromel (90 wt% Ni and 10 wt%
Cr) and alumel (95 wt% Ni, 2 wt% Mn, 2 wt% Al, and 1 wt% Si) with capability to sense
temperatures as high as 1623K [139]. The thermocouple was calibrated using an electronically
controlled furnace. The temperature recorded by the thermocouple for a preset temperature of the
furnace is presented in Fig. 3.1. The linear fit law (Tactual = 0.9768 Tinermocouple + 10.241) was used
to convert the measured temperature into actual temperature. Slope of linear fit (0.9768) was
close to 1 and these set of temperature values differed only maximum of 2 % from each other.

JK 701 pulsed Nd:YAG laser (1.06 um wavelength) was used to machine the ceramic
coupon with a low aspect ratio (<1) cavity during thermocouple based temperature measurement
by applying different number of pulses (400 to 700 pulses) with p of 2.0 ms, f of 20Hz, and e of
4 J corresponding to an average power of 80W (f (20Hz) x e (4J)). Three temperatures were
recorded for each set of pulses to minimize errors. The number of pulses were applied in a
random sequence (500,700,600,400 followed by 700,400,500,600 and then 400,600,500,700

pulses) and thus the principle of randomization explained earlier in Chapter Il was implemented.
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Fig.3.1 Thermocouple calibration [138].

Absorptivity was predicted for each case using the procedure elaborated later. The laser beam
was defocused on the surface and pulses were applied as close as possible to the thermocouple
tip to minimize losses of heat to the surrounding environment and enable effective sensing of the
maximum temperatures attained during machining. A very small fraction of the incident energy
is scattered towards the thermocouple tip and magnitude of energy directly absorbed by the tip is
extremely small. Hence no significant temperature rise can be caused due to scattering and
subsequent direct absorption of incident energy by thermocouple tip at the surface. The out of
focus beam diameter, d and distance between center of laser beam and thermocouple tip, ryp were
measured from the top views of the machined ceramic coupons (Fig.3.2) and are represented in

Table 3.1.
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~ ~ _o— Laser spot Thermocouple bead
. Thermocouple Laser spot

Fig.3.2 Top views of thermocouple glued to the ceramic surface in a) Al,Os, b) SizNy, C)

SiC, and d) MgO[138].

Table 3.1 Physical parameters corresponding to experimental conditions

and ceramics used in computational model [138].

Distance of
_ Outb%g;‘r?cus thermocouple tip Surface
Ceramic : from laser beam roughness
dla(rrrr]%eir d center Ra (um)
tip (Hm)

Al,O3 1.2 842 0.913 £ 0.154
Si3Ny4 1.2 658 0.249 + 0.096
SiC 2.1 1190 0.283 £ 0.024
MgO 1.2 947 0.527 +0.121
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As the laser beam was positioned near the thermocouple by mere visual observation and
judgement, ry, between the center of the laser beam and the thermocouple tip was not the same
for all ceramics.

Furthermore, a surface becomes more absorptive (less reflective) as the roughness
increases because the incident laser beam may undergo multiple reflections off local peaks and
valleys (resulting in increased absorption) before leaving the surface of workpiece into an off-
specular direction [103]. Thus, as surface roughness affects absorptivity of the ceramic, it was
measured for all ceramics using a Mahr Federal Perthometer (Model M1) with a tip scan distance
of 5.6 mm and these values have also been represented in Table 3.1. The absorptivities predicted
later were corresponding to these roughness values and they may change significantly with
roughness. As long as surface roughness is less than beam wavelength (1.06 pum), the incident
beam will not suffer multiple reflections as mentioned above and the surface will be considered
to be flat [52]. However, for higher roughness values, the effect of surface roughness on
absorptivity could be a very complex phenomena and absorptivity could differ by more than an
order of magnitude depending on magnitude of surface roughness. The effect of change of
surface roughness on absorptivity was not the focus of this study.

The laser beam was defocused on the surface of ceramic to achieve the formation of low
aspect ratio (<1) machined cavity. In case of Al,O3, MgO, and SizN4 such defocused beam
diameter that raised the surface temperature sufficiently high was 1.2 mm whereas it was 2.1 mm
for SiC due to its inherently high absorption characteristic for 1.06 pum wavelength laser beam
[103]. The in-situ machining temperatures were recorded using LabVIEW (Laboratory Virtual
Instrument Engineering Workbench); a commercially available package for data acquisition and
visualization [140]. A schematic of the entire setup used for temperature measurement is

81



represented in Fig. 3.3. The maximum temperature measured by the thermocouple at the surface
for each ceramic was used as a benchmark for predicting temperatures using the thermal model
(Eg. (1.3) — (1.5)) explained in Chapter | and iteration method [141] described in next section.
Similar approach can be extended for bulk absorptivity determination by inserting the
thermocouple at different depths and then iterating the thermal model to predict absorptivity as
function of depth. However, the present study assumes a constant absorptivity through the bulk

of material and only considers variation of absorptivity at the surface as function of temperature.

CNC

Thermocouple

\ Data Acquisition
Ceramic Sample System

Fig.3.3 Setup for temperature measurement using thermocouple [138].
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Computational Modeling

As mentioned earlier, during laser machining, the ceramic surface absorbs a part of
incident energy and this affects the temperature distribution and machining parameters. The

L™ which has

temperature evolution was predicted by using the heat transfer model in COMSO
been elaborately explained in Chapters | and 1l (Egs. (1.3) — (1.5)). The temperature dependent
thermophysical properties (Fig.2.3) [110], heat transfer coefficient [111], density of ceramic
(3800, 2370, 3100, and 3580 kg/m* for Al,Os, SisN4, SiC and MgO) [110] were input to the
model. In addition, the incident average power was 80W and the beam was assumed to have
circular cross section with d measured from Fig. 3.2 and listed in Table 3.1. Furthermore, the
total time t, for which pulses were applied was 20, 25, 30 and 35 seconds for 400, 500, 600 and
700 pulses respectively (number of pulses/ pulse repetition rate). Even though a pulsed laser was
used in this study, it was assumed that drop in temperature during the pulse off-time was
negligible for these ceramics as seen from Fig. 2.5, 2.7a, 2.8a, and 2.10 in Chapter Il [62-66] and
also from the work of Salonitis et. al. [54] and it did not have any significant effect on the
temperature profile. The value of a (absorptivity) was iterated in the set of equations (Egs. (1.3)
to (1.5)) to obtain a solution for the maximum predicted surface temperature at distance ryp from
the laser beam center that matched the temperature measured by the thermocouple at the same
distance for any given number of pulses [141]. The absorptivity for the maximum surface
temperature corresponding to a particular number of pulses was thus obtained and is presented in
the following section. These predicted absorptivity values govern the temperature evolution

which can be tracked for melting/ dissociation/ evaporation based material removal (machining)

as elaborately discussed in Chapter II.

83



Absorptivity

The variation of absorptivity of different ceramics with temperature is represented in Fig.
3.4 along with corresponding governing law for each ceramic [138]. As mentioned above, three
temperature measurements were made for each set of pulses and corresponding absorptivity was
predicted. The average maximum surface temperature for each case along with standard
deviation in absorptivity is presented in Table 3.2. For all the ceramics, it was seen that there was
no significant variation in absorptivity predicted for the different readings corresponding to a
given number of pulses. This ensured that the temperature measurements for the processing
conditions used in this study were repeatable. Under the processing conditions used in this study,
the maximum surface temperatures recorded for determining absorptivity in Al,O3, SisNg, SiC
and MgO were 1101, 1135, 914 and 965 K respectively as further higher temperatures was
causing the thermocouple tip to come off the ceramic surface due to melting (foaming) of the
applied ceramic glue. The absorptivity of SiC was the highest of all the structural ceramics
considered in this study (varying from 0.66 to 0.85 with change in temperature from 914 to
735K). This high absorptivity of SiC, as mentioned earlier, made it essential for the beam on the
surface to defocus more (2.5 mm diameter) compared to that for Al,O3, MgO, and SizN4 (1.2 mm
diameter) without creating a cavity of high aspect ratio (>1).

Contrary to many established notions, a very interesting fact was observed that for the
1.06 um wavelength of laser beam used in this study, absorptivity of all structural ceramics
decreased with increase in temperature as also noticed by Riethof et. al in some other ceramics
[142]. In reality, there is a wavelength for which the absorptivity is constant with temperature

and this wavelength is termed as X-point beyond which an opposite trend is observed and
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Fig.3.4 Variation of absorptivity with temperature for Al,O3, SisNy4, SiC, and MgO and

corresponding governing laws [138].
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Table 3.2 Computed values of absorptivity corresponding to experimentally

measured temperature for Al,O3, SizN4, SiC and MgO [138].

Ceramic Number of pulses T average (K) Absorptivity
400 1039 0.25 + 0.002

ALO 500 1051 0.19 + 0.001
23 600 1086 0.17 + 0.001
700 1102 0.15 + 0.001

400 927 0.34 +0.020

Si.N 500 1039 0.30 + 0.004
$h4 600 1105 0.29 + 0.003
700 1136 0.25 + 0.001

400 735 0.85 + 0.022

sic 500 787 0.72 +0.031
600 847 0.71 +0.018

700 914 0.66 + 0.006

400 866 0.32 + 0.007

. 500 912 0.26 + 0.002
g 600 938 0.23 +0.003
700 965 0.20 + 0.002
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absorptivity increases with rise in temperature [143]. However, machining the ceramics at a
wavelength greater than 1.06 pm for observing the trend in absorptivity variation and predicting
X-point was not a part of this study. As discussed next, the mechanism of energy absorption
depends on the wavelength of processing energy (laser beam) and it governs the trend observed
in variation of absorptivity with temperature.

The free carrier absorption mechanism (intraband absorption) plays a dominant role in
energy absorption in ceramics in the short wavelength range while in the long wavelength range
(> 10 um), photons contribute to absorptivity changes (interband absorption) [144,145]. In any
solid (ceramics), free carriers / electrons are relegated to bands that are separated from each other
by energy gaps. Incompletely filled bands are termed conduction bands while the full bands are
valence bands [146]. In intraband absorption, the free carriers are transferred to higher energy
levels in the same band (conduction or valence) by absorption of incident radiation and this
mechanism is dominant for absorption of radiations with frequencies lower than those which
give rise to interband transitions [147]. Decrease in half-width of absorption band of free carriers
with increase in temperature at short wavelength leads to a drop in absorptivity. Furthermore,
due to the increase in vibrations of free carriers with temperature, the mean free path also
increases for short wavelength of incident energy [148]. This reduces the associated scattering of
the laser beam and the absorptivity.

On the other hand, in interband absorption observed at longer wavelengths of processing,
the electron jumps from the band at lower energy to the one above it by absorbing a photon

[147,149]. The conservation of energy for the interband transition is given by:

E, =E, +ho (3.1)
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where E; is energy of the electron in the lower band, E; is energy of the final state in the upper
band, and 7% is the photon energy. The number of photons increases with temperature and this
causes more number of electrons to transit from lower to higher energy band and an increase in
absorptivity with temperature is observed. This is also in accordance with the Hagen-Rubens

relationship which postulates that absorptivity is proportional to 1/ ./, Where oq. is electrical

conductivity of the material which is approximately inversely proportional to the temperature.
Thus, the absorptivity is proportional to the square root of absolute temperature for longer
wavelengths, and an increase in absorptivity with temperature is observed [103].

It can be seen from this chapter that mechanism of absorption of energy depends on
wavelength of processing laser beam. Laser machining is a thermal process and different
machining parameters such as machining time, depth of machined cavity, and number of pulses
are heavily dependent on the temperature evolution which is a function of the absorbed energy.
Such a study would assist in better designing of the laser machining process and similar
approach can also be extended to determine the absorptivity at the surface or the bulk of other
structural ceramics or materials (metals, polymers, composites or inter-metallic compounds). It
should be noted that the time delay in thermocouple measurements was not included in this study
and can be implemented in future study by calibrating the thermocouple dynamically.

Below the first phase change temperatures (melting / vaporization / sublimation /
dissociation temperature depending on the type of ceramic) and for low aspect ratio cavity
machining, the absorbed energy can be calculated using the predicted absorptivity values (Fig.
3.4 and Table 3.2). Above this temperature and for high aspect ratio machining, absorptivities of
these ceramics increase with increase in temperature for reasons mentioned above (multiple

reflections, low thermal conductivity of ceramics, physical entrapment of beam). Hence, in order
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to determine absorptivity transitions at temperatures above first phase change temperature, two-
dimensional machining was considered and will be discussed in the next chapter. Two-
dimensional machining was preferred for predicting the absorptivity transitions instead of one-
dimensional machining because contrary to one-dimensional machining, 100% of incident
energy cannot be absorbed because the laser beam propagates along a cutting front and a portion
of it is reflected or transmitted through the open kerf [103]. Thus two-dimensional machining

would provide a better insight into absorptivity transitions.
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CHAPTER IV
SINGLE PASS TWO-DIMENSIONAL LASER MACHINING!

This chapter focuses on predicting absorptivity transitions at temperatures above first
phase change temperature based on material removal mechanisms discussed in Chapters I and I1.
The absorptivity values were evaluated through in-situ experimental measurements (Chapter I11)
at low temperatures (700-1150 K) and computational thermal model (Chapters I and Il) at high

temperatures (> 1150K) [150].

Experimental Procedure

Coupons of dimensions 25.4 mm x 25.4 mm x 4.5 mm were made from dense Al,O3,
Si3Ny, SiC and MgO. JK 701 pulsed Nd:YAG laser (1.06 um wavelength) was used to machine
(cut) these ceramics by a single pass of the laser beam with p of 0.5 ms, f of 20 Hz, and e of 4 J
at scanning speeds, V of 5 in/min (2.11 mm/s), 10 in/min (4.23 mm/s), 12 in/min (5.08 mm/s)
and 15 in/min (6.35 mm/s) using air as a cover gas at a pressure of 80 psi (5.5 bar). These speeds
were chosen based on prior experience because reasonable cuts without fracture were produced
at these speeds and this study can be extended to any desired processing speed with appropriate
combination of remaining laser processing parameters. Similar to one-dimensional machining, a
fiber optic system and a 120 mm focal length convex lens delivered a defocused laser beam of
spot diameter of approximately 0.5 mm on the surface. For the same input energy, a focused
beam with a reduced cross-sectional area causes a very high intensity beam to be incident on
ceramic surface compared to a defocused beam and this may lead to cracking of ceramic. On the

other hand, for a focused laser beam, the input energy needs to be substantially reduced to

! The content of this chapter is originally from References [138] & [150].
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produce same effect (machining without cracks) as that of a higher energy defocused beam
leading to higher machining times to attain the same depth of cut without any cracking.
Furthermore, the depth machined and corresponding volume of material removed by a focused
low energy laser beam would also be less compared to a defocused high energy beam. Hence a
defocused spot was used as opposed to focusing the beam on surface.

Three coupons of each ceramic were machined under these processing conditions and
were used for further analysis. The coupons were processed at different speeds in random
sequence (2.11, 5.08, 4.23, 6.35 mm/s for first coupon followed by 5.08, 6.35, 2.11, 4.23 mm/s
for second and then 4.23, 2.11, 6.35, 5.08 mm/s for the third coupon) and the principle of
randomization was implemented. In this chapter, the experimentally derived low temperature
(700-1150K) absorptivity values in Chapter Il are further supplemented with the high
temperature (> 1150K) values of absorptivity computed using thermal model. Such integrated
approach was based on reliability of thermocouple measurements at low temperatures and
detection of any possible transition in the trend of absorptivity as function of temperature over a
wide range (700 K- melting/vaporization).

The machined coupons were cross sectioned to measure depth of cut from the cross

J™ software and

sectional views (Fig. 4.1) at three different locations in each coupon by Image
mean value was reported for each processing condition. The surface was characterized by a
Hitachi S4300N SEM and these SEM images are shown in the insets in Fig. 4.1. To determine
the aspect ratio X (depth to width), width of the cuts was also measured from cross sections and

it was found that all cuts had a low aspect ratio (0.23 < X < 1.41) for this study. The laser

processing speed, corresponding depth of cut along with scatter in data and associated aspect
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2.11 mml/s 4.23 mm/s 5.08 mm/s 6.35 mm/s

Fig.4.1 Cross- sectional views and SEM images (inset) of cavities machined in Al,O3, SisNy4, SiC, and MgO at various
processing speeds[150].
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ratio for all ceramics are listed in Table 4.1. There was only negligible scatter (maximum of ~
3.4 %) in the measured machined depth values. It is noteworthy that same machining effects as
produced by a pulsed laser may not be produced by a continuous wave (CW) laser. The off time
between successive pulses in pulsed laser machining assists cooling and hence reduces heat build
up. On the contrary, as energy is continuously being supplied to the material in CW processing,
there is no time for cooling and cracks are more likely to be produced in ceramics machined by
CW laser. This study however aims to predict absorptivity transitions during pulsed laser
machining only by correlating depth of cut with laser processing conditions based on the MRM
as discussed later.

For this purpose, the thermal model built in COMSOL’s ™ heat transfer transient mode
and discussed in Chapters | and Il was used. Attempts to compare observed and predicted width
of cut will be made in the next chapter where the effect of multiple laser passes and associated

preheating on features of machined cavity will be discussed.

Laser-Ceramic Interaction: Temporal Evolution and Governing Mechanisms

As mentioned in Chapter 11, total absorption (100 % of incident energy) is not possible
during low aspect ratio laser machining considered in this chapter [103]. On the other hand, as
seen in Chapter I, for machined cavities with high aspect ratios (X >> 1), multiple beam
reflections along the wall of the machined cavity influences energy absorption and 100% of the
energy is immediately absorbed [41, 42].

The time of exposure of the surface to laser energy (residence time) controls the
temperature evolution. The pulse width, p (0.5 ms) and pulse repetition rate, f (20 Hz) of the

laser beam of diameter, d (0.5 mm) were considered to predict the residence time, t, as there
93



Table 4.1 Physical parameters corresponding to experimental conditions and values of
absorptivity and transition temperatures predicted by computational model for Al,O3, SizNg4, SiC

and MgO [150].

. Processing speed Aspect
Ceramic (mm/s) Depth (mm) ratio. X ar a, as T1(K)
2.11 0.63+£0.034 1.1 0.041  0.05 032 1165
AlLOs 4.23 0.36 +0.017 0.75 0.063  0.09 0.33 1150
5.08 0.25£0.02 0.57 0.061  0.08 022 1151
6.35 0.20£0.01 0.4 0.084 0.12 032 1135
2.11 0.40 £ 0.011 0.52 0.031  0.07 019 1723
SisN, 4.23 0.32 £ 0.005 0.45 0.025 0.08 0.33 1738
5.08 0.28 £0.011 0.39 0.031 0.1 0.28 1723
6.35 0.25 £ 0.021 0.36 0.08 0.12 0.44 1600
2.11 0.92 + 0.005 1.34 0.054  0.07 0.79 1473
sic 4.23 0.58 £+ 0.005 1.31 0.08 0.11 0.68 1443
5.08 0.55+0.01 1.41 0.08 0.11 0.63 1443
6.35 0.49 £ 0.005 1.07 0.114 0.3 0.73 1413
2.11 0.62 £ 0.011 0.99 0.06 0.25 1263
MaO 4.23 0.34 £ 0.015 0.61 i 0.07 0.2 1228
9 5.08 0.20 £ 0.015 0.37 0.08 0.17 1200
6.35 0.15+0.014 0.23 0.1 0.17 1178
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was a power off period between two successive pulses [151]:

. . Pulse Repetition rate x Pulse width x Beam diameter f pd 4.1
Residence time = ( . )

Scanning speed - T

Laser scanning speeds of 2.11 mm/s, 4.23 mm/s, 5.08 mm/s, and 6.35 mm/s corresponded to
residence times of 2.36 ms, 1.18 ms, 0.98 ms, and 0.79 ms respectively. It can be seen from Fig.
4.1 and Table 4.1 that for all ceramics, the deepest cut was obtained at the slowest speed of 2.11
mm/s due to maximum interaction between laser and ceramic at this speed (longer residence
time) compared to higher processing speeds (shorter residence time). Furthermore, energy input
to the system depends on the time for which it is incident on the surface (residence time) and this
input energy also has an effect on the temperature profiles. Hence, the residence time for
different speeds was input to the model along with peak power density per unit beam cross

sectional area given by:

e
Peak power density = Pulse energy = 4.2)

Pulse width x Area of incident beam pzd 2
4

Considering a uniform beam distribution in both the temporal and spatial evolution, the power
density corresponding to e of 4 J, p of 0.5 ms and A of 0.196 mm? (for a d of 0.5 mm) was 4.07 x
10'® W/m?. Giving this peak power density as an input to the thermal model along with the
residence times for which it was incident on the surface incorporated the control of residence
time in the energy input. In this study, the laser beam was considered as a quasi- stationary heat
source with coordinate system translating with it and the effect of a moving laser beam was
equivalent to that of a stationary beam interacting with surface for a time equal to residence time
[112, 152,153]. The values of absorptivity in the temperature range (700 — 1150K) for all
ceramics considered in the current work are already presented in Fig. 3.4 [138]. The decreasing
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trend observed in variation of absorptivity with increasing temperature for low aspect ratio short
wavelength (1.06 pm) laser processing used in this study and corresponding governing
mechanism have been elaborately discussed in Chapter 111. However, in the present attempt to
determine absorptivity transitions, this trend is assumed to exist until the first phase change
temperature (melting/ vaporization/ sublimation/ dissociation temperature depending on the type
of ceramic) and as later proved, the absorptivity does not continuously decrease with increasing
temperature. An attempt is also made to predict the temperature T, at which such a transition
occurs for increase in absorptivity during laser machining (cutting) of the ceramics considered in
the present work.

The temperature evolves with time (Egs. (1.3) — (1.5)) and different material removal
mechanisms (melting, dissociation, evaporation, recoil pressure driven melt expulsion) come into
effect depending on the type of ceramic and temperature regime as elaborately discussed in
Chapter 11. It should be noted that the developed thermal model is valid only for longer pulse
lengths (pulse duration of microsecond and above) where material removal was primarily based
on phase transitions (melting/ dissociation/ sublimation/ evaporation). However, for shorter pulse
lengths (nano, pico or femtosecond pulse length) material removal takes place far from
equilibrium and is based on thermal or non-thermal microscopic mechanisms [26]. Nanosecond
laser material removal/ ablation can be due to thermal activation, direct bond breaking
(photochemical ablation) or by a combination of both these mechanisms (photophysical
ablation). On the contrary, for ultrashort pulses (pico and femtosecond duration pulses),
desorption of excited species, avalanche breakdown, multiphoton ionization, phenomena related
to overcritical heating, non-linear optical absorption, and non-equilibrium effects related to
electronic and/or vibrational excitations contribute to material removal [26,154-158]. Thus based
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on pulse length regime, different material removal mechanisms become significant and same
model developed here will not hold true. Understanding material removal mechanisms for these
shorter pulse lengths (nano, pico or femtosecond pulse length) is not a focus of this study.
Furthermore, as temperatures encountered in ionization processes are extremely high,
corresponding absorptivity would also be high because absorptivity increases with increase in
temperature above phase transition temperature as proved later. Unlike the use of thermocouples
in this study to measure temperature, plasma temperatures encountered in short pulse length
regimes (nano, pico or femtosecond pulse length) can be determined spectroscopically from ratio
of line intensity to underlying continuum, from ratio of integrated line intensities, and from shape
of continuum spectrum [159, 160]. The best way to determine the technique to be employed for
plasma temperature measurement depends on the material under consideration and processing

conditions.

Absorptivity Transitions

The experimental absorptivity values and corresponding governing law for each ceramic
(Fig. 3.4) can be extended to predict the energy absorbed until the surface temperature reaches
the first phase change temperature mentioned above. However, in order for material removal
(machining) to take place, temperature attained at the end of laser beam residence (exposure)
time is expected to reach at least equal to or higher than the phase change temperature. Under the
selected set of laser processing parameters this can only occur with increase in input energy with
increased absorptivity indicating the transition of absorptivity at the phase transition temperature.
Furthermore, as mentioned in Chapter Ill, physical entrapment and multiple reflections of the

beam are dominant mechanisms contributing to the trend of increasing absorptivity observed at
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temperatures above the first phase change temperature. Depending on the governing material
removal mechanism (MRM) in a ceramic [64], the absorptivity transition temperature T; was
determined using the thermal model (Egs. (1.3) — (1.5)). As seen in Chapter 11, in ceramics such
as Al,Os, SizNg4, and SiC, material removal takes place by a combination of melting, dissociation
and vaporization where as dissociation followed by evaporation is responsible for material
removal in MgO [62-66]. The different temperature regimes in which each MRM plays a role
and corresponding absorptivity transitions for these ceramics are described in the following
section.

As seen in Chapter II, in Al,O3, melting and expulsion of the molten liquid at
temperatures above 2323 K followed by dissociation and evaporation above 3250 K leads to
material removal [64]. The absorptivity first drops according to the polynomial law for Al,Os:
6.914 x T?—13.13 x T + 6.396 (Fig. 3.4) to a value a; corresponding to T attained at a time t <
tres. The value a; was obtained by iterating the thermal model (Egs. (1.3) — (1.5)) such that the
corresponding maximum surface temperature, Tnax at the end of laser beam exposure (tres) was
the melting point (MP) of Al,O3 (2323 K) as seen in Fig. 4.2a. This ensured that material
removal started taking place by melting and gave the absorptivity transition temperature T;.

As dissociation and vaporization followed melting, surface temperature had to increase
for further material removal to take place. In light of this, absorptivity was also enhanced in
gradual increments of 0.01 and maximum surface temperature was monitored for each iteration.
That value of a, was reported for which corresponding Tmax at tres Was the vaporization /
dissociation temperature (VT) of Al,O3; (3250K) and vaporization was included as a MRM in

addition to melting (Fig. 4.2b).
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) T=T, T=MP
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T=T, T=MP T=VT
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c) tres
T=T, T=MP T=VT T=Tp
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T — Temperature MP - Melting point VT - Vaporization temperature
Tp - Surface temperature corresponding to machined depth
a4, az, a; - Absorptivity t.es - Residence time T, — Room temperature

Fig.4.2 Schematic illustrating the procedure for determining absorptivity values

for ceramics with melting and vaporization as MRM [150].

Predicting a; and a; above only initiated the process of machining. In order to achieve the
desired depth of cut, more energy (higher absorptivity) had to be input to the system. For this
purpose, in the model the absorptivity was again given increments of 0.01 and corresponding
temperature evolution was scrutinized. A value az > a, was identified such that the predicted
depth of cut at the end of t.s , obtained by tracking the highest phase change temperature (VT,
3250K) during iteration of the thermal model to the depth that matched the depth measured from

optical micrographs in Fig. 4.1 and mentioned in Table 4.1 (Fig. 4.2c). The temperature versus
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depth plot for Al,O3 is shown in Fig. 4.3 which was obtained by using a; and a, predicted

through procedures described above in Fig. 4.2a and 4.2b. The value of as corresponding to this

plot was the one that machined a depth equal to measured depth in residence time (Fig. 4.2c).

The absorptivity values (ai, a,, as) and the transition temperature T; for Al,O3 are listed in Table

4.1.

For the processing conditions used in this study, the actual time in which MP and VT are

attained in Fig. 4.2c during material removal was much less than the total residence time as was

considered in Fig. 4.2a and Fig. 4.2b. The melting point and vaporization temperature were

assumed to be attained at end of residence time in Fig. 4.2a and Fig. 4.2b respectively in order to
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- -:5.08 mm/s —e 6,39 MM/S
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Dissociation / Evaporation
.‘:‘“"ﬂ...‘ Temperature of Alumina = 3250 K
4.3 4
0.2mm | i0.25 mm i ~ 0,63 mm
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Depth (mm)

Fig.4.3 Temperature versus depth profiles
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ensure that material removal started taking place by these mechanisms and would definitely be a
part of the final material removal process in Fig. 4.2c where these two MRMs together machined
the final depth. The procedure for predicting aj, a; and as in SisN4 and SiC discussed below was
the same as used above for Al,O3;. However, as seen later, melting is not involved in material
removal in MgO and hence only vaporization temperature was tracked to determine absorptivity
transitions in MgO.

It can be seen from Eq. (2.16) that liquid Si formed during the dissociation of SisN, gets
expelled and at temperatures above boiling point of silicon (3514 K [161]), liquid Si vaporizes
and material removal in SisN,4 thus takes place by a combination of melting, dissociation and
evaporation [162,163]. Hence, in the thermal model (Egs. (1.3) — (1.5)), absorptivity first
decreased as per the polynomial law for SisNs: — 1.90 x T 2+2.93 x T — 0.7825 (Fig. 3.4) to a
value a; at Ty (Fig. 4.2a) and then it rises to a, (Fig. 4.2b) followed by a; (Fig. 4.2c). The boiling
point of silicon (3514 K) was tracked for the depth that was equal to the measured depth (Fig. 4.1
and Table 4.1) during iteration of the thermal model to obtain final a;. The final temperature
versus depth plot for SisN4 was obtained similar to Al,O3; (by using a; and a, predicted above
and iterating az so that predicted depth matched measured depth) and is shown in Fig. 4.4. The
predicted absorptivity values and transition temperature are listed in Table 4.1.

As seen in Chapter II, the liquid Si (Eq. (2.17)) generated by the melting/ decomposition
of SiC at 3103 K get continuously expelled and at temperatures greater than 3514 K (boiling
point of Si [161]), vaporization of Si contributes to machining. Melting, dissociation and
evaporation appears to be the governing mechanisms for machining in SiC [64]. In the thermal
model (Egs. (1.3) — (1.5)) the absorptivity first decreased to a; associated with T; (Fig. 4.2a) (in
consensus with the law for SiC: 9.47 x T2-18.24 x T + 9.46 (Fig. 3.4)) and then it increased to
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Fig.4.4 Temperature versus depth profiles for SizN, at various processing speeds [150].

ay (Fig. 4.2b) and then as (Fig. 4.2c). Similar to SizNg, the boiling point of silicon (3514 K) was
traced to the depth that was equal to the measured depth (Fig. 4.1 and Table 4.1) for predicting
as. Obtained in a manner similar to Al,O3 and Si3sN,4 above (by first predicting a; and a, (Fig.
4.2a and 4.2b) and then iterating asz so that predicted depth matched measured depth (Fig. 4c)),
the temperature versus depth plot for SiC is represented in Fig. 4.5 and corresponding
absorptivity values and transition temperature is listed in Table 4.1.

As extremely high heating rates (of the order of ~ 10° - 10" K/s) are encountered in laser

machining, the temperature immediately rises from melting to vaporization temperature (in a
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Fig.4.5 Temperature versus depth profiles for SiC at various processing speeds[150].

few microseconds). Hence, it was assumed in this study that final machined depth was due to
vaporization only (phenomena occurring at the highest phase change temperature) as the high
heating rates made it difficult to separate the portions of the machined depth that were generated
by melting and expulsion. However, predicting the absorptivity value a; accounted for
contribution of melting to the machining process as illustrated in Fig. 4.2.

Instantaneous temperatures attained at the surface during laser machining are
extremely high (> 3123 K, the VT of MgO [114]) and at such high temperatures, material
removal in MgO takes place exclusively by dissociation of the ceramic followed by evaporation

[65]. In light of this MRM, in the thermal model (Egs. (1.3) — (1.5)) the absorptivity first
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decreases to a value a; in accordance with the linear law for MgO: — 0.68 x T + 0.87 (Fig. 3.4)
corresponding to Ty attained at a time t < t... The value of a, was obtained by iterating the
thermal model with Tna at tres equal to the vaporization/ dissociation temperature of MgO
(3123K) (Fig. 4.6a). This was followed by an increase in absorptivity to as and machining of
desired depth. In Fig. 4.6b, to determine as, several iterations were carried out in the thermal
model by systematically increasing as in steps of 0.01 and a value a; > a, was recognized such
that depth estimated by tracking the vaporization/ decomposition temperature of MgO (3123 K)
to the depth that was equal to the measured depth (Fig. 4.1 and Table 4.1). The actual time in
which VT is reached during actual material removal in Fig. 4.6b was much less than residence

time and it does not take the entire residence time to attain VT for the processing conditions used

a)
T=To T=VT
b) tres
T=To T=VT T=Tp
tres
T — Temperature VT - Vaporization temperature
To - Surface temperature corresponding to machined depth
az, a; - Absorptivity t..s - Residence time T, — Room temperature

Fig.4.6 Schematic illustrating the procedure for determining absorptivity values for

ceramics with only vaporization as MRM [150].
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in this study. It was so assumed in Fig. 4.6a in order to make sure that vaporization would
definitely be a part of the actual material removal process. It should be noted that as a linear
curve better fits the absorptivity data in low temperature range for MgO (860- 980K) it was
preferred over the polynomial fit used for other ceramics in this study (Al,O3, SisN4 and SiC).
The temperature versus depth plot for MgO is represented in Fig. 4.7. In this plot, the
value of a; was the one determined by the above procedure (Fig. 4.6a) while the value of a;z was
such that predicted depth at end of residence time was equal to the measured depth (Fig. 4.6b).
The values of a, and ag are listed in Table 4.1 along with the transition temperature for MgO. A
flow chart summarizing the general procedure followed to determine different absorptivity
values and transition temperature depending on the type of ceramic is represented in Fig. 4.8.
Similar to Figs. 2.5, 2.7a, 2.8a, and 2.10, it can be observed from Figs. 4.3, 4.4, 4.5 and

4.7 that maximum surface temperatures were high in these ceramics. As mentioned in Chapter II,
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Fig.4.7 Temperature versus depth profiles for MgO at various processing speeds[150].
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in a short duration process like laser processing, these high temperatures immediately drop below
melting point due to self quenching. Furthermore, as SiC has the highest absorptivity compared
to Al,Os, SisN4 and SiC [138], it absorbed more energy compared to other ceramics. Higher
absorbed energy machined deeper cuts in SiC for a given processing speed and also the value of
as required to attain the final depth was more than other ceramics (Table 4.1).

Thus it can be seen from this study that the portion of incident energy absorbed by the
ceramic during machining continuously changes depending on type of the ceramic and governing
material removal mechanisms. Unlike in the past [46, 47, 54, 62-66, 128, 164,165], the present
work considered the transient nature of absorptivity during predictions of machined depths using
the thermal model. The model developed was implemented for three-dimensional laser
machining of these structural ceramics (Al,O3, SisN4, SiC and MgO) and an attempt was made
to determine material removed per unit time (material removal rate (MRR)) using predicted
machined depth for a given set of laser processing conditions and they showed a reasonable
match with measured MRR as seen later in Chapter VI [166]. This approach can also be
extended for machining of other structural ceramics or materials in general. In general, such a
study would enable efficient designing of the laser machining process as amount of energy to be
input to the system for a given set of laser processing conditions can be predicted in advance
based on absorptivity variations.

It should be noted that the high energy single laser pass discussed in this chapter would
induce large thermal stresses and cracking of ceramic. Hence multiple laser passes would be
preferred for generating deeper cavities. In light of this, the model developed for single pass laser
machining was further extended to multiple pass two-dimensional laser machining and predicted
attributes were compared with measured values as seen in next chapter.
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CHAPTER V
MULTIPASS TWO-DIMENSIONAL LASER MACHINING!

Even though, in two-dimensional laser machining, desired depth of cavity in a given
ceramic can be attained by a single pass of the laser beam with different processing conditions
(varying scanning speed, pulse repetition rate, pulse energy, pulse width), scanning ceramic
surface with multiple laser passes with appropriate parameters is, however, likely to machine the
ceramic for the same dimensions with minimal thermal stresses and cracking. In Chapters | to
IV, various physical effects that stir up during laser machining such as phase transition, variation
of thermophysical properties and absorptivity with temperature, and heat transfer via the three
basic modes (conduction, convection and radiation) were incorporated into a thermal model. In
this chapter, this model was further enhanced by including additional effects such as preheating
due to multiple tracks and defocusing of laser beam with increased machined depth and an
attempt was made to predict depth and width of cavity generated in a ceramic after exposure to

multiple passes of the laser beam under a given set of processing conditions [167].

Experimental Procedure

Dense Al,Os, SisNg, SiC and MgO coupons (25.4 mm x 25.4 mm x 4.5 mm) were
exposed to a 1.06 um wavelength JK 701 pulsed Nd:YAG laser. Initially, a 15 mm long cavity
was machined by scanning the surface with a single pass of the laser beam at repetition rate, f of
20 Hz, pulse energy, e of 4 J, pulse width, p of 0.5 ms and scanning speed, V of 5 in/min (2.11

mmy/s) with air as cover gas at a pressure of 80 psi (5.5 bar). This was followed by exposing the

! The content of this chapter is originally from References [138], [150] & [167].
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cavity to different number of laser passes (3, 5 and 7 passes for Al,O3, 2, 3 and 4 passes for
SizNy4, 2, 3 and 5 passes for SiC, and 3, 4 and 5 passes for MgO) under the same set of machining
parameters as that employed for single cavity machining in order to study effect of multiple
passes on dimensions of depth and width of machined cavity with minimal thermal stresses.
However, evaluation of thermal stress is not a part of present study and can be considered in
future. For every subsequent pass, the laser beam was again brought to same position on the
ceramic surface from where the preceding cavity was started. A CNC program developed in
FlashCut CNC™ was used to facilitate repeated to and from motion of laser beam.

Similar to one-dimensional machining (Chapter Il) and single pass two-dimensional laser
machining (Chapter 1V), the laser beam was delivered by a fiber optic system and a 120 mm
focal length convex lens so that a defocused spot diameter of roughly 0.5 mm was generated on
the surface at the beginning of first pass. Although, in the present study, the scanning speed, V of
5 in/min (2.11 mm/s) was chosen based on prior experience, the approach adopted in the study
can be extended to any desirable processing speed. A schematic of effect of multiple pass laser
processing on depth and width evolution of cavity on the surface of a ceramic is represented in
Fig. 5.1.

The laser beam starts processing from point A for every pass and one pass is complete
when the laser reaches point B. Then, the laser is switched off and no processing is done when
the laser returns back with the same scanning speed from point B to point A. It is observed that
machined depth and width increases with increase in number of passes. The physical phenomena
responsible for this trend will be discussed in detail in later part of this study. Although, the
number of passes chosen for different ceramics were based on prior experience and for the
purpose to demonstrate feasibility of the approach in predicting the dimensions of machined
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Fig.5.1 Schematic illustrating the effect of multiple passes on the attributes of machined

cavity (depth and width) [167].

cavity, the approach can be extended to machining a cavity of desired dimensions and
corresponding number of passes in any ceramic.

In order to incorporate the principle of randomization mentioned in Chapter Il, three
coupons of each ceramic were machined under these laser conditions with three cavities
machined in each coupon by different number of passes in random sequence (for example in
Al,03, 3, 5, 7 passes in first coupon followed by 3, 7, 5 passes in second and then 7, 5, 3 passes
in the third coupon). The machined cavities were then cross-sectioned to measure depth and

width using ImageJ™

software (Fig. 5.2). Cavities machined in some ceramics for a certain
number of passes (3, 5 passes in SiC and for 4, 5 passes in MgO) were a little asymmetric around
the bottom tip of the cavity and a portion of the cavity also chipped off from top. This cracking
can be attributed to thermal stresses generated in some of these brittle ceramics under certain set
of laser machining parameters. In light of this, as seen in Fig. 5.2, in order to determine actual

width of these cavities, their profile was reconstructed by assuming symmetry around the marked

centerline and corresponding width was reported. On the other hand, cavities in Al,O3 and Si3Ny
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Fig.5.2 Cross- sectional views of cavities machined in a) Al,O3, b) Si3Ny, ¢) SiC, and d)

MgO for different number of passes [167].
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did not experience thermal stress cracking under the present machining conditions. The depth
and width of cavities for different number of passes are marked in Fig. 5.2 and also listed in

Table 5.1 along with the scatter in measured data.

Multiple Pass Machining

As schematically illustrated in Fig. 5.1 earlier, for all ceramics, the machined depth
increased with increase in number of passes as each pass removed material by absorbing energy
and added to the total machined depth. Furthermore, as discussed later, the laser beam became
defocused with the evolution of machined cavity and diameter of beam on the bottom surface of
the cavity at the end of a given pass (assumed to be equal to the width of cavity) increased with
multiple passes as also presented in Fig. 5.1 [54]. Experimentally determined absorptivity values
in the low temperature range (700- 1150K) [138] presented in Chapter Ill and the absorptivity
transitions predicted at high temperatures (> 1150K) discussed in Chapter IV for two-
dimensional laser machining by a single pass of the laser beam [150] were used as a basis for this
study on multi pass laser machining. Under the processing conditions used in this study, the
residence time was 2.36 ms (Eq. (4.1)) and peak power density was 4.07 x 10*° W/m? (Eq. (4.2))
for the first pass and corresponding to a beam diameter of 0.5 mm at the surface. For improved
accuracy in calculations, thermophysical properties (Fig. 2.3) [110] and laser beam (1.06 um
wavelength) absorptivity were included as a function of temperature (Fig. 3.4, Table 4.1)
[138,150]. Furthermore, as mentioned in Chapters I, Il and IV, material removal mechanisms
during laser based machining of the ceramic are influenced by various physical processes. In

light of this, the absorptivity transitions for Al,Os, SisN4, SiC, and MgO have been elaborately
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Table 5.1 Measured and predicted attributes of machined cavity (depth and width) for

different number of passes in Al,O3, SizsN4, SiC and MgO [167].

Number of Depthmeasured Depthpredicted Widthmeasured Widthpredicted

Ceramic passes (mm) (mm) (mm) (mm)
1 0.63+£0.034 0.63 0.56 £ 0.060 0.60

Al,Os 3 1.25+0.015 1.70 0.62 £ 0.090 0.70
5 1.75+0.021 2.69 0.72 £ 0.046 0.77

7 2.68 £ 0.030 3.59 0.75 £ 0.067 0.82

1 0.4+0.011 0.40 0.63+0.10 0.57

SiaN, 2 0.65 £ 0.020 0.69 0.75 £ 0.07 0.66
3 0.94 £ 0.015 0.92 0.78 £ 0.05 0.69

4 1.16 + 0.005 1.27 0.82 £ 0.07 0.72

1 0.92 £ 0.005 0.92 0.54 £ 0.040 0.61

sic 2 1.43+£0.010 1.75 0.58 £ 0.066 0.66
3 1.62 £0.040 2.65 0.60 £ 0.033 0.70

5 1.85+0.025 3.40 0.75+0.120 0.77

1 0.62 +0.011 0.62 0.64 £ 0.008 0.59

MaO 3 1.52 + 0.060 1.50 0.86 £ 0.025 0.70
g 4 2.20 £ 0.030 1.89 0.93+0.074 0.74

5 2.40 + 0.045 2.27 0.96 + 0.150 0.78
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discussed in Chapter IV for different processing speeds. However, in this chapter, single pass
machining (20 Hz, 0.5 ms, 4J and 2.11 mm/s) was considered as the precursor for multiple pass
machining and corresponding absorptivity transition values and transition temperatures
mentioned in Table 4.1 for all ceramics are used for further calculations.

In multiple pass machining, the laser first interacts with ceramic surface for time
equivalent to residence time (Eq. (4.1) for laying first track on the surface. Then the laser is
switched off and it returns back to starting point (point A in Fig. 5.1) for laying next track by
again moving till the end of the track (point B in Fig. 5.1). This to and from motion is controlled
by the CNC program. As seen later, the total time taken by the beam to come back to the starting
point (from the instant it starts laying the preceding track) to lay the next track is summation of
time for machining a single track (tscan) and time for which laser is switched off during return
(trewrn). The heat transfer phenomena, associated material removal mechanisms (melting,
dissociation, vaporization based on the type of ceramic) and absorptivity transitions mentioned in
Chapters II, 111 and IV for Al,O3, SisN4, SiC and MgO occur during each laser pass on that
ceramic and can be implemented for every pass by using the computational model developed in
these chapters. In addition, few additional effects such as beam defocusing and surface
preheating play a role in multiple pass machining and will be incorporated in the existing model
as discussed in next section. It should be noted that a certain depth of cavity achieved by multiple
laser passes can also be attained by a single laser pass with large energy input. However, as the
high energy single laser pass would induce large thermal stresses and cracking of ceramic as

mentioned above, multiple laser passes are preferred for machining deeper cavities [167].
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Laser Beam Defocusing

As the machined cavity evolves with successive passes, the beam gets defocused on the
bottom surface of each cavity with increase in machined depth [54] and does not remain of the
same size as it was at the beginning of that pass, dsar. The diameter at the end of a pass, deng (>

dstart) 1S given by [54]:

Zs d start

2 1/2
d,., dsta{uﬂ—“(zfgf ) j } 5.)

where z; is predicted depth of cavity at the end of that pass. As mentioned earlier, width of cavity
and beam diameter at the bottom of the cavity at the end of a given pass, de,q Were assumed to be
same and the successive pass was processed with deng. The diameter of beam at beginning of first
pass was adjusted to 0.5 mm as an out of focus beam diameter on the surface. The diameter of
the beam, deng predicted by Eq. (5.1) above for each (i™) pass was used to predict the residence
time and peak power density for the next ((i+1)™) pass using Eq. (4.1) and Eq. (4.2) respectively.
These values were constantly updated at the end of each pass and were input for consecutive
passes. Thus defocusing of the beam reduced the peak power density input to the system and
increased the residence time for successive passes.
Preheating Effect

A series of pulses are incident on the ceramic surface when one complete track is
machined. The total number of pulses required to machine a cavity of given length, L (15 mm in
this case) was given by dividing the length of machined cavity by beam diameter for that pass
(deng). The overlap between successive pulses was neglected in this study and as each pulse was

active for residence time (2.36 ms), the total on time for the laser (tscan) Was given by multiplying
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the total number of pulses by residence time. However, as seen later in Chapter VI, while
predicting the machining rate in three-dimensional laser machining, the overlap between
consecutive pulses was incorporated and the number of pulses required to cover a distance equal
to beam diameter and thus the cavity length was determined. As mentioned earlier, the laser is
switched off after machining a track and the time it takes to come back to machine the next track
(trewwrn) Was obtained by dividing the length of cavity, L by return speed (same as scanning speed,
V (2.11 mm/s) in this study). The total time it takes for laser beam to come back to starting point
was summation of tean and trewm. Thus, after i pass, laser beam comes back to starting point

(point A in Fig. 5.1) for the next (i+1) ™ pass in a time, teooling given by:

Lxte, L
_ L=

return d

t t., +t (5.2)

cooling — “scan

end

The temperature at the start of this (i+1)™ pass is temperature of staring point of i pass (point A
in Fig. 5.1) at time equal to teoiing. This temperature was noted from the cooling curve of i™ pass
at time = teooling and input as an initial temperature for i+1™ pass.

Computations were then carried out by using this initial temperature along with residence
time and peak power density updated after considering a defocused laser beam (Eq. (4.1) and
(4.2)). The depth machined by each laser pass was predicted by tracking maximum phase
transition temperature for different ceramics as described in Chapter IV [150]. Once the depth
was estimated, the corresponding width of cavity was also predicted by determining the changed
diameter of laser beam, deng and considering it to be equal to the cavity width as mentioned
above (Eqg. (5.1). The final depth at the end of multiple passes was the summation of depths

machined after individual passes.
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Thus the region where the i+1 ™ track will be machined is preheated by earlier i track and
temperature at beginning of a pass (except for the first one) is greater than room temperature
(300 K) due to this preheating effect. The temperature at the beginning of first pass was assumed
to be equal to room temperature. This preheating facilitates machining of deeper cavities for the
same input energy as surface is already heated prior to next interaction with laser thereby saving
the energy utilized in further raising surface temperature. Incorporation of laser beam defocusing
and preheating effect into computations is illustrated in a flow chart in Fig. 5.3.

Considering experimentally determined absorptivity values for low temperatures (700-
1150K) [138] followed by transitions in absorptivity at higher temperatures (> 1150K) [150] and
incorporating beam defocusing and surface preheating effects mentioned above, the total
predicted depth machined for different number of passes on all ceramics and corresponding
predicted width are listed in Table 5.1. Furthermore, a comparison between predicted and
measured depth and width of cavity has also been made in Fig. 5.4 and Fig. 5.5 respectively.

The measured and predicted depth machined by a single laser pass on all ceramics (Fig.
5.4) showed a perfect match because of the procedure described in Chapter 1V in determining
final absorptivity required to machine a certain depth in a single pass [150]. For other passes,
some deviation in values (depth and/or width) can be attributed to limitations of method
employed in measuring machined parameters from optical micrographs using ImageJ™ software
as mentioned above. It should be noted that even though physical phenomena occurring in every
laser pass are same, the depth machined at the end of each pass was different (Table 5.1 and Fig.
5.4). As discussed above, a defocused beam reduces energy input to the system while on the
contrary, preheating saves energy by removing more material for same input energy. Thus, the
depth machined by any laser pass is governed by the resultant of these two counter effects. In
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INPUT FOR FIRST PASS
a) Processing conditions: Repetition rate, Pulse width, Incident energy, Scanning speed
Initial temperature {(Room temperature, 300K}, Beam diameter (0.5 mm)
b) Ceramic to be machined: Type of ceramic, Thermal conductivity (T), Specific heat (T)
Absorptivity (T), Density

»lﬁesidence time, Peak power density ]

No rNumber of pass = 1? I

Yes

N
[Melting 2 MRM? eg: ALO:, Si.N,, SiC I-ﬁ
*Yes

- aporization the only | no
[Use trend laws from experiments I MRM? eg: MgO Sto

Yes

so that T, at t.. = MP Use trend laws from
* experiments

{Vaporization also a MRM? |

Yes Extrapolate laws to predic
a; so that T, att.. = VT

IExtrapolate laws to predict a l.

No

|Predict 2, so that T,.., at t... = VT |
| redict a; so that T.., at t... machines desired
depth at end of first pass

| Run thermal model with absorptivity values
predicted for single pass

Track highest phase transition temperature in
emperature Vs depth plots

v

| Depth of cut after each pass|

at beginning of next pass = Width of cavity at end of that pass
b) Preheating of ceramic surface >Temperature at time, t...ing = Initial temperature for next pass

v

{Required number of passes complete?]

‘Yes

[Add depths machined after each individual pass |

v

OUTPUT AFTER MULTIPLE PASSES
Final depth and width of cavity

a) Defocusing of laser beam = Diameter at bottom surface at end of that pass = Diameter of bean1

No

Fig.5.3 Flowchart for predicting depth and width of machined cavity after multiple

laser passes [167].
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addition to heat transfer, preheating, phase changes, transition in absorptivity, and beam
defocusing, there could be some other phenomena that are unknown at this time and not
considered in this study which may affect cavity dimensions (depth and width). In general, this
study enables in advance prediction of the laser processing parameters and number of passes
required for machining desired depth in any ceramic.

Moreover, it can be seen in next chapter that for three-dimensional laser machining of
certain ceramics such as MgO, multiple passes are more beneficial to develop a better finish of
cavities without cracking thus making the study of multiple laser passes essential. Finally, the
progressive machining model developed so far from Chapters | through V will finally be applied
in the next chapter on three-dimensional laser machining to predict material removal (machining)
rate in any ceramic for any desired scanning speed for a given set of other laser processing

parameters.
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CHAPTER VI
THREE-DIMENSIONAL LASER MACHINING'

It was mentioned in Chapter | that 3D Laser Carving on Al,O3 has been carried out by
Wang et. al. [92] while threads and gears have been cut in SisN4 ceramic [77] and SiC,/Al,O3
composite [40] respectively. However, all of these studies were confined to qualitative analysis
of machining process and its effects on machined ceramics. On the contrary, this chapter deals
with material removal rate (MRR) based on MRM during three-dimensional laser machining of
structural ceramics. The computational model discussed so far was further enhanced to predict

and compare machining effects.

Experimental Procedure

Cavities 10 mm wide (W) and of variable length (L) and depth (Z) were machined in
dense Al;Os3, SizN4, SiC and MgO coupons by overlapping laser pulses in x direction (with
overlap, sy) and also in y direction (with overlap, sy). Overlap s in any direction is defined as a
ratio of overlap distance (beam diameter — distance traveled by laser beam) to beam diameter
[168]. For machining the cavities, e of 4 J, f of 20 Hz, p of 0.5 ms and V of 3 in/min (1.27
mm/sec) with air as cover gas at a pressure of 80 psi (5.5 bar) were used for processing. Cavities
were machined through the entire length of ceramic coupons and an overlap sy of 0.25 was used
for overlapping successive laser passes in order to scan a width of 10 mm. As mentioned in
earlier chapters, a fiber optic system and a 120 mm focal length convex lens delivered a
defocused laser beam of spot diameter of roughly 0.5 mm on the surface.

A schematic of 3D- machining is represented in Fig. 6.1 where a rectangular cavity of

! The content of this chapter is originally from Reference [166].
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Laser beam

=~

Starting edge

Fig.6. 1 Schematic illustrating three-dimensional laser machining of structural ceramics

[166].

dimensions L, W and Z is machined in the ceramic by motion of laser beam in x and y directions.
The X, y and z axes were assumed to be along the length, width, and depth of machined cavity
respectively. As shown in Fig. 6.1, the laser beam started scanning from starting edge and moved
to finishing edge in x direction covering a distance L following which laser was switched off and
the beam returned back to the starting edge. Next pass was laid after the beam advanced a
distance in y direction (predicted later) corresponding to an overlap of 0.25 and this process was
repeated till entire width W of cavity was machined. The actual cavities machined in Al,Og,
Si3gNg, SiC and MgO are shown in Fig. 6.2 [166]. It can be clearly seen from Fig. 6.2 that crack
free cavities were formed in different ceramics using above mentioned laser processing
conditions. Determination of thermal stresses generated during laser machining was however not

123



Fig.6.2 Three-dimensional cavities machined in a) Al,O3, b) SisNg, ¢) SiC, and d) MgO

[166].

a focus of this study and can be considered in future.

Even though based on prior experience, a V of 3 in/min (1.27 mm/sec) and sy of 0.25
were chosen in the present study, the same approach can also be extended to any other
appropriate combinations of processing parameters (speed, overlap, and energy) to produce
cavities of variable dimensions without introduction of thermal stresses and cracking.
Furthermore, as under certain set of laser processing conditions, a single high energy laser pass
may introduce large thermal stresses and cracking of ceramic [167], multiple laser passes were
preferred for machining deeper cavities in some of these ceramics such as MgO and SiC.

In order to predict volume of machined cavities and hence measured MRR easured, depths
of different cavities, Z were measured by MicroXAM interferometer which is a non-contact
interferometric microscope and allows precise depth measurements without necessity for cross
sectioning coupons. Surface roughness of all ceramics was also measured by this interferometer
across length of laser track to cover entire machined surface area. Due to uneven surface of
machined cavities, depth and roughness were measured at five different locations and mean
value was reported along with scatter in the data. The experimentally measured physical
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attributes of the rectangular cavities (L, W and Z) corresponding to a volume of LxWxZ)
machined in Al,O3, SizNg4, SIC and MgO are listed in Table 6.1 and will be used to determine
MRRmeasured @S discussed in next section. Surface roughnesses for all ceramics are also listed in
Table 6.1 and will be used to correlate measured and predicted material removal rates as

discussed later.

Material Removal Rate

As mentioned above, dimensions of machined cavities were used to determine
MRRmeasures- ONn  the contrary, a thermal model incorporating various material removal
mechanisms for laser machining developed in Chapters | to V was adopted to predict the depth

machined under a given set of laser processing parameters and hence corresponding volume loss

Table 6.1 Experimentally evaluated attributes of machined cavities related to Al,O3, SizNg4, SIiC

and MgO [166].

Measured Total
Ceramic Length Width machined rosuur;ice?ss pro;ers,zlng MRR measured
L (mm) W (mm) depth R g t _ (mg/sec)
7 (mm) a (],Lm) processing
(sec)
0.76 £
Al,O3 23 10 0.013 2.75+0.95 5.01 132.24 £ 2.37
. 0.86 +
SizNg 10 10 0.114 2.68 +1.02 2.14 95.06 £ 12.70
. 0.76 £
SiC 13 10 0.064 4,22 +0.87 2.81 108.65 +9.28
0.58 +
MgO 25 10 0.166 1.65 + 0.59 5.45 95.57 £ 27.36
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and MRRpredicted N different ceramics. The procedure for determining these MRRs (MRRmeasured
and MRRregicted) , COMparison between their values and factors affecting material removal are
discussed in the following sections.

Measured Material Removal Rate (MRReasured)

As laser beam is incident on ceramic surface, in addition to overlap between adjacent
pulses (sy) within a single pass of length L there is also an overlap between successive passes (sy)
to machine the entire width W of cavity. This process is represented in Fig. 6.3 and the distance,
a' traveled by laser beam in x direction between two adjacent pulses or the distance, b’ traveled
by laser beam between two adjacent passes (tracks) is given by [168]:

Distance traveled by laser beam =d (1 —s) (6.1)
where s is overlap in either direction (s or sy) as defined above.

Overlap sx between adjacent pulses is schematically depicted in Fig.6.4. For machining a
cavity of length L, this s, depends on scanning speed, pulse repetition rate and beam diameter

and is given by [92,168]:

s, =1-—— (6.2)

where V is 1.27 mm/sec, f is 20 Hz and d is 0.5 mm. For laser processing conditions used in this
study, the overlap sx was 0.873 (Eq.(6.2)) and distance a’ traveled by laser beam in x direction
(Fig.6.3) was 0.0635 mm (Eq. (6.1)). The overlap sy between adjacent pulses and distance a’ was
same for all ceramics because cavities in all ceramics were machined under same processing
conditions. As seen in Fig. 6.3, desired length L of a single machined track is equal to the

distance between center of first pulse and center of last pulse. The total number of pulses, N
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Direction of laser beam motion

Fig.6.4 Overlap between adjacent laser pulses [166].

required to machine a single track of this length in ceramic is given by:

N=L (6.3)

a
Furthermore, as seen in Fig.6.3, multiple laser pulses are required to process an area equivalent
to a single laser spot of diameter d and number of pulses Ny required to machine this area is
obtained by replacing L with d in Eq. (6.3). For processing conditions employed in this study, Ng
was found to be 8 pulses and this value will be used in next section on predicted material
removal rate.

Distance b’ traversed by laser beam in y direction (Fig. 6.3) for an overlap s, of 0.25 after
completing one pass in x direction (equal to length L of machined cavity) (Fig. 6.1) was 0.375

mm (b’ = 0.5(1- 0.25) in Eq. (6.1)). As all ceramics were machined with a constant overlap s, of
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0.25, this distance b’ was also same for all ceramics and number of passes, P required to machine
width W was given by:

P=W/b’ (6.4)
Thus 27 passes (P = 10/0.375) were required to scan a width of 10mm (same for all ceramics)
and total processing time, tyrocessing (Table 6.1) required for machining entire volume of cavity
was given by:

torocessing= N X p < P (6.5)

The total number of pulses, N incident per pass is different for each ceramic as length of cavity
machined in every ceramic was different (Eq. (6.3). Thus material removal rate (MRR measured)
listed in Table 6.1 was given by:

_pxLxWxZ

measured
t

MRR (6.6)

proces sing

MRRmeasured Varied from (95.06 = 12.70) mg/sec for SizN4 to (132.24 £ 2.37) mg/sec for Al,Os.
Even though pulse overlap in x and y direction is evident in laser processing and has been
covered in the past [92, 168], it was considered extensively in the present study as it has a
significant effect on the material removal rates. As described in the following section,
MRRmeasured thus calculated will be compared with predicted material removal rate MRR predicted -
Predicted Material Removal Rate (MRRpredicted)

The various physical phenomena occurring when the laser beam interacts with the
ceramic surface, different material removal mechanisms affecting machining, observed
absorptivity trends, and transition temperatures have been elaborately discussed in Chapters | to
V [1, 62-66,138, 150]. As shown in Fig. 6.3, it was assumed that volume of cavity machined

(corresponding to a certain depth in z direction) per unit spot area (defined above in relation to
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Eq. (6.3)) by these physical phenomena was equivalent to a cylinder of diameter, d (beam
diameter of 0.5 mm on surface of ceramic being machined) [65]. Translation of laser beam in x
and y directions (Fig.6.1 and Fig. 6.3) lead to material removal in all three directions (X, y and z)
and a three- dimensional cavity was formed as seen in Fig.6.2. All these above mentioned effects
and corresponding equations have been integrated into an ab-initio computational model for
prediction of temperature rise [150]. As explained later, in order to predict material removal rate
(MRRpredicted), the machined depth corresponding to a single spot area of diameter d was
predicted using this thermal model [150].

The total area corresponding to a single pass of length L is composed of several
individual spot areas. In the present case, this length being different for each ceramic, number of
such spot areas of diameter d covering a length L under the set of processing parameters
employed in this study (4J, 20 Hz, 0.5 ms pulse width, 1.27 mm/sec) will be different for each
ceramic. Thus, due to symmetrical/ repetitive nature of material removal process, only rate of
material removal for a single spot area or corresponding single cylindrical volume is determined
in this study and it is considered to be a representative of MRRredicted fOr @ given ceramic. The
temperature evolution (necessary for depth predictions) was governed by effective energy input
to system and time for which this energy was incident as discussed in next section.

Effective Energy Per Spot Area

The laser beam moves with a constant V, therefore, as schematically illustrated in Fig.
6.5, a single spot area is covered by several pulses. The overlap of each pulse over this area is
given by:

~d—-(n-1)a

Spulse - d

(6.7)
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Fig.6.5 Overlap of successive laser pulses over a single spot area [166].

where n is the number of the pulses ranging from 1 to 8 for this study (predicted for a travel
distance equal to the beam diameter, d from Eq. (6.3)), a’ is predicted above as 0.0635 mm from
Eqg. (6.1) and Eq. (6.2). Even though Eq. (6.3) predicts number of pulses in entire length of track,
same equation can be used to predict number of pulses in a spot area by replacing L with d. The
number of pulses overlapping one spot area was same for all ceramics considered in this study as
they were machined under same set of processing conditions. However, as seen in Fig.6.5, the
overlap Spuse Was different for each pulse (Spuise2, Spuises, @nd Spuisea COrresponding to overlap of
second, third and fourth pulse respectively over spot area of first pulse). The contribution of each

of these pulses to effective energy falling on every spot area [92] was Spuise X € Where e is energy
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of individual laser pulse (4J). From Eq. (6.7), total effective energy incident on a spot area due to
Ng pulses is given by:
E etreciive = n%; {%} e (6.8)

In Eqg. (6.8), n represents the incremental pulses (varying from 1 to 8 pulses) while Nq represents
final number of pulses covering a spot area (8 pulses for all ceramics considered in this study).
Total time of interaction for Ny pulses (tg) is given by Ng < p where p is 0.5 ms. Beam
distribution in temporal and spatial evolution being uniform, peak power density within a single
spot area is given by:

Effective energy per spot area
N, xPulsewidth x Area of incident beam

: {d —(n—l)a'}e
=0 d (6.9)

7d?
Ny p[ 4 J

Under the processing conditions used in this study, the peak power density is 2.01 x 10 W/m?

Effective peak power density =

Mz

Il
[N

corresponding to a beam diameter of 0.5 mm at surface and this energy was incident for time ty
equal to 4.0 ms.

To determine depth machined per spot area in time ty by effective peak power density
(Eq. (6.9)), thermophysical properties (density [110], temperature dependent absorptivity
[138,150], thermal conductivity and specific heat [110]) of the ceramics, heat transfer coefficient
as a function of temperature [111], laser processing conditions (ty, and effective peak power
density (Eg. (6.9)), and dimensions of coupon were input to computational model [150]. As

mentioned in Chapter 1V, the corresponding depth machined was predicted by tracking highest
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phase change temperature (melting, dissociation, or evaporation based on type of ceramic) at end
of ty. The predicted machined depths, z; for Al,O3, SisN4, SIC and MgO are listed in Table 6.2.
Total predicted volume loss per unit time was given by:

d?z, /4
Pr edicted volume loss per unit time = (ﬂt‘) (6.10)
d

Finally, the predicted material removal rate (MRRpredicted) listed in Table 6.2 was obtained by
multiplying volume loss per unit time (Eq. (6.10)) by density of ceramic (3800, 2370, 3100, and
3580 kg/m® for Al,O3, SisNy, SiC and MgO respectively [110]). MRRredicted SO Obtained varied
from 63.98 mg/sec for SizN4 to 136.95 mg/sec for SiC. It can be seen that SisN, demonstrated
lowest value of MRRmeasured (95.06 + 12.70 mg/sec) and also MRRpregicted (63.98 mg/sec). Even
though SiC had highest MRRpredicted (136.95 mg/sec), it did not demonstrate highest value of
MRRmeasured- ON the contrary, MRRmeasured fOr Al,O3 was highest (132.24 + 2.37 mg/sec). This
discrepancy could be attributed to uneven/ rough surface (Ra = 4.22 + 0.87 um) of cavities
machined in SiC (Table 6.1, Fig. 6.2c).

Thus the developed computational model assisted in predicting machined depth and

associated material removal rate (mg/sec) and a flow chart illustrating the steps to be followed to

Table 6.2 Predicted attributes of machined cavities related to Al,O3, SizsNg4, SiC and MgO [166].

Predicted .
Ceramic machined depth 1 caung rate x MRR predict
10” (K/sec) (mg/sec)
ze (mm)
Al;O3 0.57 3.10 106.32
SizNy 0.55 1.86 63.98
SiC 0.9 5.02 136.95
MgO 0.47 2.26 82.59
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achieve MRRmeasured aNd MRRyredicted 1S represented in Fig. 6.6. The model was also able to
predict heating rates (K/sec) from the slope of temperature vs. time profiles at different time
instants. The average heating rate for the ceramics machined in the present work has been listed
in Table 6.2 and the correlation with MRR is discussed in next section.
Material Removal Rate and Heating Rate

As mentioned above, temperature changes are responsible for material removal by
different MRMs based on type of ceramic. Higher heating rates imply rapid rise in temperature
per unit time leading to more material removal per unit time and corresponding higher machining
rate. This effect can also be seen in Fig. 6.7 where the variation of measured (Table 6.1) and
predicted (Table 6.2) material removal rate showed an increasing trend with increase in heating

rate (Table 6.2).

| 3D- Laser Machining of Structural Ceramics |

v :

| Measure dimensions of machined cavities | Determine number of pulses to machine spot
¢ diameter

Determine number of pulses incident per ¢
pass and number of passes Determine pulse overlap and overlap
¢ between passes
|Determine total processing time] w
¢ |Determine effective energy per spot area |

[Determine MRR measwed |
l |Predict machined depth from model |

w
|Predict volume loss per unit time |

|Compare MRRmeasured & MRRpregicted |

v
{Determine MRRpregictes |

Fig.6. 6 Flowchart for determining material removal rate (MRR) during three-dimensional

laser machining of structural ceramics.
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Fig.6.7 Variation of material removal rate with heating rate for Al,O3, SizsNg4, SiC, MgO

[166].

However, a crossover of trend lines for MRRpregicted @aNd MRRmeasured Was observed
around a heating rate of ~3.75 x 10° K/s. This cross over is due to difference in predicted and
measured MRR values of SiC and can be attributed to highly rough (Ry = 4.22 + 0.87 um)
machined surface of SiC (Table 6.1, Fig. 6.2c). The sharp peaks (raised portions) on such rough
surfaces could lead to a measured depth (hence corresponding volume losses and MRR measured)
lower than its actual value.

Furthermore, as heating rate was predicted through computational model [150], it
accounted for all properties of ceramic (density, specific heat, thermal conductivity,
absorptivity), the phase transition temperature (melting point, dissociation temperature, or

boiling point depending on ceramic), material removal mechanism (melting, sublimation,
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dissociation, or evaporation based on type of ceramic) in addition to laser processing conditions
(scanning speed, pulse repetition rate, pulse width, input energy, beam cross sectional area). The
heating rate thus represented combined effect of type of ceramic (thermophysical properties) and
laser processing parameters on material removal rate. As a result of this study, an efficient
control on material removal rate can be obtained by altering laser processing parameters and
selecting appropriate materials to attain desired heating rates.

It should be noted that besides heating rate there could be some additional factors that are
not considered in this study and could have an effect on material removal rate. Recognition and
inclusion of these physical processes in prediction of machining rate can be dealt with in the
future. In general, such a study would enable advance foresight into laser processing conditions
(such as scanning speed for a given set of other processing parameters) to machine a cavity of

desired dimensions at an optimum rate to save considerable amount of energy and time.
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CHAPTER VII
CONCLUSIONS AND FUTURE WORK

Conclusions

Feasibility of laser machining of structural ceramics such as Al,O3, SisN4, SiC and MgO in
one, two and three dimensions was demonstrated by using a pulsed Nd:YAG laser.

For pulse energy of 4 J, pulse repetition rate of 20 Hz and pulse width of 0.5 ms, the
machined depth increased from 0.26 to 4mm, 0.92 to 3.5 mm and from 0.25 to 3.0 mm with
increase in number of pulses from 5 to 30, 3 to 20 and from 3 to 20 for Al,O3, SizsN4 and
MgO respectively.

For pulse energy of 6J, pulse duration of 0.5 ms, and pulse repetition rate of 50 Hz, 25 and
125 pulses were required for machining thicknesses of 2 and 3 mm respectively in SiC.
Material removal in Al,Os, SisN4 and SiC took place by a combination of melting, recoil
pressure driven melt expulsion, dissociation and evaporation while dissociation followed by
evaporation was responsible for material removal in MgO.

An ab-initio computational machining model incorporating temperature evolution and
material removal mechanisms was developed to correlate laser processing parameters with
attributes of machined cavities.

Intraband absorption was the cause for drop in absorptivity with increasing temperature for
short wavelength while the opposite trend of rise in absorptivity with increase in temperature
at long wavelength (> 10 um) could be attributed to interband absorption.

SiC had the highest absorptivity of all the ceramics considered in this study (0.85 at a

temperature of 735K). On the other hand, for the observed range of temperatures, it was seen
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that maximum absorptivity for Al,O3, MgO, and SisN4 were 0.25 at 1039 K, 0.32 at 866 K,
and 0.34 at 927 K, respectively.

At the slowest processing speed of 2.11 mm/s considered in this study, the deepest cuts of
0.63, 0.4, 0.92, and 0.62 mm were obtained in Al,O3, SizN4 SiC and MgO respectively due
to maximum interaction of ceramic with the laser as compared to higher processing speeds.
For the speeds used for processing (2.11, 4.23, 5.08 and 6.35 mm/s), the transition
temperature T, for Al,O3, SisN4, SiC and MgO varied from 1135 — 1165 K, 1600 — 1738 K,
1413 — 1473 K and 1178 — 1263 K respectively.

Cavities were machined with depths varying from 0.63 to 2.68 mm (for number of passes
varying from 1 to 7) in Al,O3; and from 0.4 to 1.16 mm (for variation in number of passes
from 1 to 4) in SizN,4. Corresponding widths varied from 0.56 to 0.75 mm in Al,Oz and from
0.63 to 0.82 mm Si3Nj.

Cavities 0.9 to 1.85 mm (for variation from 1 to 5 passes) and 0.62 to 2.4 mm (for variation
from 1 to 5 passes) deep were machined in SiC and MgO respectively. Widths of these
cavities varied from 0.54 to 0.75 mm in SiC and from 0.64 to 0.96 mm in MgO.

Predicted heating rates for Al,Os, SisN,, SiC and MgO were 3.1x 10°, 1.86 x 10°, 5.02 x 10°,
and 2.26 x 10° K/sec respectively and corresponding predicted material removal rates were
106.32, 63.98, 136.95, and 82.59 mg/sec.

Measured material removal rates for Al,O3, SisN4, SiC and MgO were 132.24 + 2.37, 95.06
+ 12.70, 108.65 + 9.28, and 95.57 £+ 27.36 mg/sec respectively and corresponding surface

roughness were 2.75 + 0.95, 2.68 + 1.02, 4.22 £ 0.87 and 1.65 £+ 0.59 um respectively.
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» For processing conditions employed in this study, cavities machined in Al,O3, SisN4 and
MgO had a smoother surface (R, varying from 1.65 £+ 0.59 for MgO to 2.75 £ 0.95 pum for

Al;0O3) compared to cavities machined in SiC (R; =4.22 + 0.87 um).

Future Work

This study mainly focused on understanding the material removal mechanisms in
machining of structural ceramics and a computational model was developed that correlated the
laser processing conditions with attributes of machined cavities. A comprehensive flow chart
illustrating different stages of this work is presented in Fig. 7.1. This study would assist in
predicting the laser parameters required to obtain a cavity of desired dimensions at an optimum
machining rate. Having illustrated the viability of laser machining of structural ceramics and
understanding the physical phenomena involved in material removal, following directions for
future work are proposed:

» The laser processing conditions should be varied and effect on surface roughness should be
studied and this correlation should be incorporated into the machining model.

» The effect of change of assist gas pressure and type on the attributes of machined cavities
should be studied and the gas providing optimum machining rates and surface finish should
be selected.

> In order to further improve accuracy of calculations, an attempt should be made to estimate
the decay of absorptivity within the bulk of material by extending the present approach of
using thermocouples to measure surface temperatures.

» A systematic parametric study should be conducted by varying the laser parameters (pulse

repetition rate, pulse width, input energy and beam diameter) and using statistical methods
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such as Design of Experiments (DOE), Analysis of Variance (ANOVA) and Taguchi method
to come up with a set of parameters to provide optimum surface finish and depth of

machined cavities.

The effect of laser parameters on the microstructure of the machined cavities should be
studied and an attempt should be made to correlate the processing conditions with the
microstructure evolution by using the cooling curves and associated cooling rates predicted
by the thermal model.

Efforts should also be made to study the thermal stresses generated in the surface and sub-
surface regions by the laser machining process and attempts should be made to reduce and

gradually eliminate them.
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ARTICLE INFO ABSTRACT

Artile history Machinang of aluming was mvwstigated in this stody by wming 2 JK 701 pulsed Nd YAG laser. A
Reorived 25 forwary 2008 hydradynamic machinleg model was developed which incorporated the effect of mulnple reflections on
Eoceived in revised form the amaxind of kiser enorgy absorbed, the themmal effiects foe meting the matersal. vapos pressure effect
15 My "m for expelling oue the melten material, material ksses due 10 evaporatian and the nverse effect of
e 2{:,",’”" by 2008 surface tension on the expelled depth The model also incoeporated the transient effect of laser bearn
de-focusing due to change i machined depth as 3 function of expelied material during machining for
Kirpwands: precise estimarion of the nelted deprh dusing each pulse, It was chserved that the maremal rentoval was
:-"'"""l a coenl of melt expulson and ¢ processes. The developed model would be an excedlent
N':l“m.”._ tuﬂhaﬁmp«dnndﬁwmallmmmm‘rmmmmdnd/o:mrﬂmg
Recolt pressum of desired depeh of material
© 2008 Elsevier Lul. Al righes reserved.
1. Introduction groand products often demonstrate surface and subsurface cracks

Outstanding mechanscal and physical properties like high
hardness, chemical stability and high thermal resisuance have
encouraged the use of engineering ceramics such as alumina,
silicon nitride, zrcoma and silicon carbidle in several applications,
These ceramics are widely used for making machine tools, valves,
rotors, optical and electranic devices [1<5] and in medical
applications for components such as artificial joints [6.7].

High hardness and brittleness make the ceramics difficult 1o
machine using conventional techniques that are mostly based on
mechanical grinding and fracturing (cotting ) The damage caused
on the surface by the machining of ceramics employing these
techniques can affect the strength and efficeency of the compo-
nents thereby creating a hurdle n thelr widespread utillzation in
above-mentioned applications. Hence, a vital step in the manu-
facturing of ceramic components is their cast-offective machining
with excellent quality. Extensive research on precision machining
of ceramic companents has been conducted over the past several
years, developing numerous advanced technolagies in grinding,
cutting and polishing Out of all the techmiques for ceramic
machining, grinding is sull considered to be the most desirable
andl refiable [8] Alhough conventional grinding fulhills the
necessities for dimensional sccuracy and susface finish, profubs.
tively fonger times 1o machine them and high machining costs

[11-13], scme amount of plastic deformation [14], pulverization
layers [15,16] and significant surface residoal stresses | 17]. Hence,
there s a requirement for ceramic processing techniques which
can reduce wol wear, enhance the material removal rates and
improve the surface finish of the components.

Ultrasonic mth removes materials by the impact motion
of ul C d abrasive particles. However, the me-
chanism of malﬂid removal is not very well docomentesd, thus
making the process optimization difficult [18] Recent develop-
ments in the fiekl of electrical discharge machining (EDM) have
permitied the use of this technology for mamafacturing <on-
ductive ceramic materials [19). Electro-chemscal discharge ma-
chining (ECDM) which has combined features of EDM and
electrochemical machining (ECM) 15 capable of machining high
strength clectrcally non-conductive matenals. However, as a
nﬂlﬁuu portion of the total heat developed is dissipated for

the of the clectrolyte, the matenal
vemovrd vmik mxhhmj i bess, thus making the process
incompetens |20}

Over the past few years. laser machining (LM) has been
considered as a potential techndque for acquiring bigh material
removal rates in machining ceramic materials (6] Laser machin-
ing is an operation similar (0 laser drilling subsequently
umdu:l.ed an nebhhwig buuons Both thr.- processes hwohe

and

amounting to 60-S0% of the final cost of the end produxt pose a
major drawback for the grinding process [9,10]. Furthermaore,

* Corresponding anthor Tl « THGH 04 1605 fax: ¢ 1 86 DA 411
E mall eddress: ndahotred@utk eds (N8, Dabotre)

0390 695513 soe front matter © 2008 Elscvier Ltd. All rights reserved.
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mmamwwtﬂmlmndlmmmhuu(hrum
of laser-material interaction, Thus the physical phenomena
governing both machining and drilling are similar. The tem-
porally and spatially imtense and restricted heat source of laser
power provides an extremely efficient method (o increase the
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temnperature of the work plece making the machining process
convenient

Escalating interest in the use of lasers for manufacturing can be
attributed to the several benefits such as non-contact processing.
capability of automation, reduced manufacturing costs, efficient
material urilization, reduced heat-affected zone (HAZ), high
productivity and eradication of finishing operations |21,22]. Laser
machining of ceramics is widely used in the aerospace industry
for generating chosely spaced holes i Turbine engine compoaents
and also in the micro-electronics industry for drilling holes with
high aspect ratios at designated Jocations §23). Pulsed lasers can
be successfully used to carry ot micro-drilling on tirconia and
the process p ters can be ¢ fled to drill hobes in e
zircomia ceramic {21] which can be used in beanngs, oxygen
sensors, fuel cells and pH meters [24] The hole diameter at the
entry is more than the diameter at the exit keading to 3 pasitive
taper to several of the drilled holes. However, this effect can be
manimdzed by using a lens of long focal length with longer focal
waist. As laser drilling bas remendous applications, understand-
g the driling mechanism is extremely vital in order 1w efficiently
control the processing parameters and thus the assocated surface
features.

Alumina is widely used as a substrate in hybrid circuts as it
possesses high disdectric strength and thermal stability [25.26]
Due toits high hardness, strength and corroston resistance at high
temperature, machining of akimina is carried out for different
applications. During lkaser machining. the phenomena ocourring in
the area of interaction besween the laser beam and the ceramic
such as but pot limited to matertal removal, ablation, melting,
evaparation, absorprion of energy by the solixl, and reflection of
energy from the surface depend on the processing parameters
(energy, repelition rate, pulse duration and peak power of [he
laser) and on the chemical and physical properties of the material
Hence, the present study aims at understanding the physical
phenomena underlying the machining of aluming ceramic by
pulsed NA:YAG laser and develops a computational approach to
predict the effect of the laser processing paramerers on the depth
of the machined region. b this appeoach, single-dimensional laser
machining of ceramics for applications such as drilling has been

o A SR ?‘.\*\‘\‘.‘-s
0.26 men N After §
m§ S e

500 pm

-

demonstrated. Multklimensional leser machining of ceramics by
the lipear of non-lnear movement of the laser beam for
applications such as cutting will be discussed in future work.

2. Laser processing

Dentse alumina ceramic obtained from a commeraal source
{Coorstek, Coken. CO) in the form of disc of B89 mm diameter amd
4 mm (hickness was used for the machining purpose. The aluming
surface was exposed (0 2 JK 701 pulsed Nd:YAG laser {1064 nm

length ) fram CSI L s, Rughy, Unglard. The Laser offered
pulse energies from G0 to S50 repetition rates from 0.2
S00Hz, and the palse width from 0.3 to 20ms. By varying the
repetition rate. peak power and pulse width in  differens
combinations, a set of parameters were recognized that generated
adequate Interaction between the laser beam and the ceramic
surface for required machining of alumina disc. For a pulse energy
of 4), rep=tition rate of 20Hz and a pubse width of 05ms,
reasonable interaction was chserved between the laser and the
ceramic surface that was capable of machining a cavity. Hence for
this set of parameters, several pulses (5. 10, 20 and 30) were
apphed on the ceramic surface and the correspanding depth inthe
cross-section of machined cavity was measured from the optical
micrograph (Fig 1) The figure also inclodes the top views of
machived cavities on the top surface of the alumina disc. The
given number of pulses were chosen to machine blind cavities of
various depths and also a cavity through the entire thickness of
plate. The number of pulses were sppled (0 the ceramic randomly
and not in any systematic order in order Lo avoid the influence of
lurking variables such as change of sur fing P
refative humidity and so on that could affect the drill depth o
saome extent. Thus the standard procedure of randomizing the
experimental runs was implemented I this Sudy, It was
cbserved that under the present set of laser parameters (4),
20Hz, 0.5ms} apphication of 30 pulses machined through the
entire thickness of the alumina disc (4mm). However, foresighting
the exact number of pulses requirsd 1o machine a certain cavity
depth is an exigent task. Hence, developing o mathematical model

500 pen

Fig 1. Cross-wectional and top views of 1he covties machinad in alussing dise with differest nussder of pubes
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based on the processing data for such predictions is the most
suitable appeoach

3. Computational predictions

Laser machining ts accomplished when the work plece absorbs
laser enengy and this pboton energy gets converted into thermal
energy. The magnitude of the laser energy absorbed depends on
the inttal abscrpuivity of the matenal and the amount of multiple
reflections within the machined cavity, The temperature at the
surface of the ceramic changes because of thiv sbsorbed energy.
When the lempentun rises beyond the melting point or the
, the phase of the matenial changes
and it mdumd'owvapontes 1271 The high peak intensity ol’(he
pulse generaies SSTONE evap P winch is responsabl
for ejection of this molten material andd material Joss at the
surface due to evaporation for generation of machined depch,
However, the surface tension of molten matenial reduces the
depeh of penetration Lo same extent [25) Although, in the past
majority of works have considered material removal only theoagh
direct evaporation [29-32) in the present work the material
remaoval will be based on a mixed phenomenon compriging of
bath the melt 'xpum and mpnmlon The above-mentioned
effects will be sy ally considered m the p study. A
complete rnodd of matenial removal (ma:mnuuj by laser beam
interaction with the ceramic surface could consicer many more
phenomena than those conssdered here. Complexities generated
by other plyskcal processes during laser-material isteractions will
be demonstrated in subsequent publications. As the physical
processex occurring along the depth are entirely different from
Thase occurring o the surface, this study aims at predicting only
the depth rather than estimating the wadth (diameter of a
machined cavity) of material removed/machined al the surface.
Efforts are on going to predict the width of material machined
(diameter) and will be incorporatex] in due course of time.

31 Temporal evolution

To estimate the depth of machined region for 3 given st of

LN

effects, the temperature ot the surface and the correspanding
thermad gradient within the material were predicted. The heating
during pulse on and the subisequent cooling during pulse off over
the entire time of machining operation were considered for
determining the heating curve by taking into account the ON and
OFF times during machining under prosent set of laser pasa-
meters. The schematic ilustrating the pulse ON-OFF Is shown in
Ag. 2 while the process parameters and the corresponding
machined depths measured optxally are represented in Table L

There §s o temperature drop when the laser is switched off
alter the first pulse which is followed by a temperature rise when
the laser s switched on again for the next pulse. The simulations
were run (ill the operation time was completed for each case. A
detailed procedure explaning the predictions of depth of matenial
removed (machined) from the aluming disc will be explained in
the later sections. The computations were started with estimation
of the maximum temperature reached after the first pulse by
using a three-dimensional heat transfer flow model developed in
COMSOL'S heat transfer mode [33) using Fourier's second law of
heat transter:

#1en|
o |

where T is the temperature fiekd, ©is the tme and x, y and 2
are the spatial directions. The term of7) is the lemperature-
dependent thermal diffusivity of the material which is given by
KT)pCAT), where ;i the density (3.8 g/em’) [34) CAT) is the
temperature-dependent specific heat of the material (kg K] and
K7T) is the temperature-dependent thermal conductivity of the
material (Wim K) [35] AL time 7= 0, the mitial temperature of
T = Ty= 300K was applied, The squilibnum between the laser
energy absorbed at the surface and the losses doe 1o radiation is
given by

a Wy, 0.0 dMixy 0.0 80y, 0. 0
L :(" &ty . )
= dal - so(Tix .00 — 13

=T

Mixy. 2.0
—n (1)

YTixn | PTe.0
—ad T T

=1 i Ost<,

laser processing patameters considering the above mentioned  d=0 it 12}
L} OFF
Pulse

f 1

! le—p! !

1 I I ]

! width !

!4 Operation Time .!

Mg 2 Schematic of pude ON-ON

Table 1
Pasamuters of Laner procecing
Number of Pulse wilth (ON OFF tmao Total 0N Total OFF Cavity depth
pelses time (¥) nme) () () time () D {w4) (mm;
3 025 o5 o a5 475 0
10 01 03 403 50 2950 056
w0 10 03 403 100 00 32
0 1A 01 s "o “i90 40
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where k 15 the thermal conductivity of the matenal [W/mK), « s
emmissivity for thermal radiation (0.7) [ 15), @ is the absorptivity of
the material (0.8) [34], 1 is laser power intensity, I, is the
operation time and < i5 the Stefan-Boltzmann constant
(567 « 107" W/m? K*). Laser-induced machining is a rapid heating
and cooling process doe to which the thermaphysical properties
of matertals exposed to the laser beam change rapidly in a large
temperature range. Changes in thermal condoctivity and specific
heat as a function of temperature [15] (Fig. 3] were incorporated
to provide better accuracy in calculations. The latent heat of
fusion was (aken into account by including the variation of
specific heat as a function of temperature.

Multiple reflections of the laser beam are extremely important
for high aspect ratio drll cavities (Fig. 1) and they govern the flow
of epergy from the laser to the surface of the material being
machined [16], This phenomenon has been incorporated into the
machining process in different ways [37-41] Bang and Modest
[42] found that the effective absorptivity of the matenal is
increased due (o the phenomena of multiple reflections and in
process such as high aspect ratio laser drilling it is expected to
mstantaneously reach the valus of 100% [43.44] Nonetheless,
accurate in-sity absorplivity measurements being difficult for
raped process like laser processing, in this stixly, for companson
purpose the computations were conducted by considening thres
different values of absorptivity that inchuded the licerature valuoe
of 0.8 mentioned above 134), 09 and 1 (corresponding o an
absorption of 100%). The resultant effect of these absorplivity
values on the machined depth s discussed later. Although it is
very difficolt in an exxremedy short duration high-energy density
dynamic process like laser-material inferaction (0 accurately
conduct in-situ absorptivity measurements, attempts are going on
in parafled (o measure the actual absoplivity valoes under he
laser processing conditions similar (o the ones emplayed in the
present work and they will be incorporated in the future
calculations. The convection occurming at the battom surface of
the disc s given by

Ty 0 Ty Loy 8oy Loy
~km( =2, Shpel, e

=hMTixy.Lty- T 3

where L s the thickness of the disc (4mm) and h(T] s the heat
transter coefficient (W/m” K} considered as a function of tem-
perature. It was assumed that no beat loss took place through the
other surfaces. The variation of heat transfer coefBioent was also
inclinded a3 3 function of temperature [45). After sobving this
model, the maximum surface temperature reached after the first
pulse was determined which was input in Eq. (4) below Lo predict

Specific Heat (WhgX)

1000
Temperature (K]

Fig 3 Variation in spectfic bt and thermal conductivity with bem pwratsse | 15)

the temperature reached alter the laser (s switched off |27):
ey
TimT 4 To - Tnll . [ew&-'{%%“—'}
.[1 ; m("-!-w-"“"‘” }” (4)

where 1, 15 the tempe during heating of pulse { {K), 7 is the
ambient temperature of 300K, ter is the OFF period between
successive pulses and erf { ) is the error funciion. When the laser is
active, the surface temperatore is given by [27]

To= T ¢ e 5

where T, is the temperature during cooling of the earlier pulse
(K} predacted from Eq. (4) above, W is the inaident beam power, 1,
is the palse duration and r i the beam radius (012mm) The
temperatires reached during the ON and OFF periods of the
successive pulses were determined by repeatedly solving Egs. (4)
and (5} ull the operation tme was reached.

As this stixly does not focus on the microstructure evolotion
after the polsing was stopped, the cooling curves have not been
discussed. By tracking the depth at which the melting point or
decompasition  temperature of alumina (2323K  |46]) was
reached, the melt depth (2] from the surface at any instant was
estimated from the heating curves and further depth calculations
were based on this depth. Aluming is stable up to the melting
point after which it melts and forms the Bguid which is stable til
about 3500 K. Due to the dissockation of alumina at temperatures
above 3250 K, sub-oxides of aluminum, aluminum metal vapor
and oxygen gas are formed The majority of the stable species
formed above 3250 K comprises of AlO,, and Al while minor
amounts of ALO,, and AN, are formed. At temperatures above
SOO0K, the sub-oxides dissociate completely forming aluminom
vapor and atomic oxygen [47]. Laser machining takes place dus to
the expulsion of the liguid phase formed during the dissociation
process as can he seen from the presence of several droplets or
humps of sobidified matenial around the drilled hole, (Fig 1)

However, some material was lost at the surface due to
evaporation and the rate of evaporation J, [kg/m? s) was given by

e
(6)

Je =-py

Mmmuuuadwp’m mdu'dumhhdaluuul
Avogadra's number = 1693 « 107" kgfat), k is the Boltzmann con-
stant (138065 » 10" YK} 7. is the surface temperatute and p(7,) is
the saturation pressure given by Cliosius-Clapeyron equation:
lc.llf-]

e/}

(7

where py, is the ambient pressure {1013 « 10° Njm®), L, is latent
heat of evaporation (10665)/g) [34] and T, is the vaporization
temperature (1253 K [48]) The corresponding depch of material
evaporated at a given instant was predicted from the rate of
evaporation by the relation:

!! » mCrement m e
Zoa = . 8)

The comulative evaporated depths (for 100% absorprion) at

different time mstants s represented in Fig 4. The svaporat=d
depth (2.,) was subtracted from the melt depth (2,) 1o give the
available melt pool (z,..} The corresponding drop in temperature
atany instant at the surface because of the cooling of the melt
pool by evaparation was given by |49

. |
Al = 2:.,.;1... muﬁ/-’(’l’»x(m:mmumt (9)

r(m-ponv[
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This drop in temperature was subtracted from the temperature
prdicted by Eqs. (4) and (5) above to give the actual surface
temperature (for 100 absorption) af any given time instant a8
represented m Fig 5 which hay 3 wanding nature becauese the
temperature draps during the OFF time and rises during the ON
time of the laser. As the evap lasses rep din Fig 4
woere 3 function of the surface temperature, the increase in the
cumulative evaporated depeh was more (steeper slope | during the
ON time doe 1o rise in temperature compared (o the increase in
the cumulative evaporated depth during the OIF time when the
temperature drop leads to a gentle slope during the OFF time. The

losses due to evaporation begin to take place after the surface
temperature exceeds the vaporization temperature of alumina
(J253K [4K]) after a certain number of pulses

32 Recold pressure and surfece teasion ¢ffects

In kaser machiming, matenal removal takes place pnmanly n
the liquid and vapor phases, The expulsion of the molten material
is driven by the recoll pressure stimalated due to the evaporation
of the mek surface exposed to the laser beam |50) The recoll
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pressure stimuolates ejection of U melt flow from the interaction
2ome at very high velocities [51]. The effective melr depth (2.)
will be available for expulsion for the next time instant and it
wonikd be the portion remaining after 3 fraction of the available
melt depth (2,,) was expelled by the recoll pressure p. given
by [52]

arp, 1689 m

= (i) (o)
where L, s latent heat of evaporation (1066.51g) |34]. and
e = K jm L, where m, I8 mass of the vapor molecule
(1693 « 10" kg/at) (34) amd T, is the surface (emperaiuse
Predictions of this fraction of the melt pool that is expelled by
the recodl pressure will follow kster in this section. In the absence
of this recoil pressure. the thin Alm of molten material formed
araund the machined cavity would be responsible for clasing the
cavity. Thus the temperature feld predicted in Section 3.1 abowe
assisted in de ining the evap provoked recail pressure
at the surface dunng kaser machining of aluminag ceramic using

Laser Mac

AN Samene, NA Oshaery / intermanons? jearand of Machuw Toals £ Maroglamor &8 (2000] TNS-115)

the experimentally verified physical model of melt hydrody-
namics proposed by Amtsimov [52] (Eq. (10}

It has been observed in the past that besides the recoil
pressure, the surface tension also affects the melt pool shape [53]
due o which it was necessary o consider the effect of surface
tension as it was responsible for modifying the pressure on
the melt and thus affecting the depch of the machined cavity.
The laser beam gets defocused with the change in the depth of the
machined cavity and the laser power density is reduced due
the increasing distance of the material surlace from the focal
plane [27] and the effective beam radius is given by [27.54]

. L
r,,.-rl|+(u"““—n}"1)] (1)

where M 15 the beam quality § d to be | for 2
perfect gaussian beam profile, §; is the focal length of 120 mm, 4 is
the laser wavelength of 1064nm and 7., is the available melt
depth explained earlier. Beam quality factos represents the beam

of Alumina
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quabity which is & measure of the focusability of the laser used. It
was assumed in this study that the beam is initially ar Rl focus,
thus corresponding 10 3 beam quality factor of 1. Attempts are
ongoing 0 accurately determine M and it will be incorporated in
due course of time. Incorparation of actual M values will take
into account the complex distribution of energy talang place
during the laser machining process, However, corrently, the effect
of the defocusing of the Laser beam was accounted for by using the
effective beam radius (Eg (11) abovel The surface tension
pressure depends on this effective beam radius |50 and the melt
available af the axis of the beam was expelled with a velocity ve,,
given by |50]

- 1”'.8 r { |1’
Torr

where 8 is the surface tension coefficient given by
§=065x (1 - T, — 25000 ) /m? (13)

where a=6x10""K" is the surface tension temperature
coefhclent [55). ru is the effective beam radius determined abave
in Eq (11)and 1 is the time. As the t reached alter the
first few pulses is less than the melting point of aluming, there
will be no materisl expulsion. Hence, the expression (or expulsion
vebocity (Eq, (12)) above does not imply for the first few pulses
which are responsible for just raising the temperature of the
matenial till the melting point is reached. after which the matenal
expulsion process begins as governed by Eq. (12). Where as in case
of through the depth machining during apphication of final pulses,
as explained later, only a very thin layer of the material remains
which is simply pushed down from bottom by the recoil pressure,
Eq. (12), therefore, does not apply o the later set of pulses duning
machining of a through cavity (hole). Instead, the expression s
only applied for the range of pulses where the material removal
mechanism remains the same il i through expolsion. Integra-
tion of the expelled velocity over time (Eq. | 14)) gave the fraction
of the effective melt depth that was expelled at a certain time
nstant, d,, and the depth of machined cavity b, was given by
Eq, (15) |56]

d; -[v..,«_ndl (14)

1
Versll) o=
»

)
h,-)ﬁ:d. {15]

The flow chart for attaining the final machined depch asing the
process parameters and material properties is presented i Fig. 6
and the computational predictions of temporal evolution of cavity
machined (for 100% energy absorption; along with the schematic
of different stages of cavity formation are represented in Tig. 7a
and b, respectively.

The temporal evalution of the depth of the machined cavity for
a given matenial thickpess depencds on the interaction time, ie, the
number of pulses 1o which the matenal is exposed because it
governs the amount of energy going into the macenial. Hence, the
evolution profile is different for different number of pulses. From
tlhs profile (Fig. 7a), comparison between experimental and
predicied number of pulses and the time required for machining
a certain depth of material was made in Table 2 for dilferent
absorptivity values (0.8, 0.9 and L0 The predicied number of
pulses/machining time for absorptivity values of 08 and 0.9 were
similar because 3t these two absorptivity values, the rise in
temperature due 10 increase in input laser energy was compen-
sated by the drop in temperature dite (o evaporation, thus yielding
similar surface temperatures for bath the cases. Hence, no
significant effect was seen on the predicted number of pulses)
machining time because the expulsion velocity and the machined

Fig- 7. Tumpecal svolutuon of mschined Septh duting Lowr machiniag of ontamac
(@ P | d for 100% and [d) sch for
peogression of caviry Seemation.

Depth of

(e 1) le~0a 0% [ = 01
ity () {heve. © [, 5}
0 3 (025 41024) 1i015)
LEN 10 0.5 9{049) 71005
Ere] w10 o010 16 (0.8)
40 (15 H0x 19 [084)

depth were a function of the surface temperatare (Eqs. (9-(15)
ahove

It can also be seen from Table 2 that the number of pulses
predecied from the model for abworptivity of L0 (considering

could be attriboted 1o the fact that when 100 energy absorption
was considered, more energy was imput to the matenal in the
same amount of time thas machining more material in a shorter
ume. However, for all the ahsorptivity values considered in the
present study, the predicted number of pulses was close (o those
actually required to machine depths of 0.26. 056, 1.2 and
A0mm. The predicted number of pulses was less than those
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expetimentally detected for machining because the number of
pulses were chosen based on prior experience in laser processing
and bence the material could have been expased (o few extra
pulses even after the desiwed depeh of the material was machined.
Some error coukd also have been introduced while measuring the
machined depth from the micrographs (Fig. 1) In addition to the
abowe considered physical phenomena, these could be some other
mechanisms which are not incorporated in this study thae could
have had an effect on the predicted number of pulses. Thas the
presented model can assist 1o determine the number ol pulses
required for machining a certain depth in a given material under a
certain set of other laser parameters.

The recoil pressure expelled the material in (he upward
direction and continued to da 5o for increased depth of machined
cavity till around time instait 5, (Fig 7b) AL around time instant
ty. when 2 very thin layer of the matenal remained in the battom,
the recoil pressure was ablke to push most of the matenial in the
downward direction due to which the direction of macerial
expulsion was reversed in the final stages of machining. In case
of through depth machining, such reversal in material expulsion
was because of mummum resistance to the recoil pressures by the
ﬂnalmdumdnsmmmin(hnbonm Finally, all the
rest of mol pelled and a clean through cavity
msﬁlmdpaaitmmmmmmuhﬂmudthcmnum
around time nstant t,, Thus the prediction of exact number of
pulses to machine a required depth in a given type of material
under chosen set of laser processing parameters would be
extremely advantageous (o save significant amount of energy
and time. Alchoagh in this worke other than the number of pulses
ol laser mochining parameters were kepd constant, because of
their the present computational model can be
configured (o predict these parameters under various combina-
tions of processing

4. Conclusion

Machining of different depths of aluming ceramic was
successfully carried oul using pulsed laser, thus demonsirating
the capabilities of lasers in machining ceramics. Multiple reflec-
thons within the high aspect ratio machined cavities were
responsible for mcreasing the amount of energy absorbed. The
thermal effects were responsible for melting and evaporating the
matenal while the recoil pressure and surface tension was
responsible (o expel the mokten matenial to machine a cavity of
desired depth. All these effects were Integrated in a compaotational
model and the predictions were compared with experimentally
detected pulses for machining different depths of alumina disc
which showed a reasooable match, has proving the model’s
efficiency in foreseeing the number of pulses required for
machining desired depih in 2 material It was fourx] that for
increase in energy absorption from 80-50% 1o 1002 (due to
multiple reflections) by the alumina ceramic, the number of
pulses required to machine depths of 0.26, 0.56, 3.23 and 4.0 mm
reduced 1o 4, 9, 20, 24 and 3, 7, 16, 19 pulses, respectively, which
were less than the number of pulses experimentally determined
15, 10, 20, and 30, respactively) to machine the same depths.

Such a comprehensive approach differentiated the current
work from earbier woek such as that of Miyazaki et al [57) and
Salonitis et al. [27] who considered the drilling mechapism as
comprised of melting and subssguent matenial removal by melt
expulsion where as Atanasov et al. [58] considered the drilling of
alumina merely by a single-step matenial evaporation without any
medting. On the contrary, in the present study, the material
removal donng the drilling process takes place due to a
combination of melt expulsion and evaporation processes.

Furthermore, the past studies [27.5758] have abso peglected the
effect of multiple rellections on the absorbed Laser energy which,
has 2 subsequent effoct on the predicted number of pulses as seen
m the present study. Thus, the sysismatic approach considered in
this study is an advancement of the existing computational
approach to drilling/machining of ceramics.
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Ab initio Physical Analysis of Single Dimensional Laser Machining

of Silicon Nitride
By Anoop N. Samant and Narendra B. Dahotre*

High wear resistance, low electrical conductivity, high
thermal stability and hardiness are some of the vital proper-
ties that make silicon nitride one of the crucial engineering
cerumics used for machining purposes in the aerospace, mo-
motive and semiconductor industries." ™ Cams, piston tings,
rocker arms and bearings can be made by machining silicon
nitride. Non contact processing, effective matertal utltization,
low manufacturing costs and high productivity have led to
the increased use of lasers for machining & wide range of
materfals Including ceramics such as alumina, sélicon carbide
and silicon nitride. ¥ The laser processing conditions and
the materlal propertios significantly affect the phiyskal pro-
cesses such as energy absorption, ablation, melting, material
romvoval ared evaporation taking place during laser machin-
ing. This work demonstrites single dimensional lasor
machining of ceramics for applications such as drilling and
generates a computational model 10 estimate the offect of
laser processing parameters on the depth of the machined
region. An Insight into the depth of material machined by the
application of certain number of pulses can be obtained from
such a comprehensive model. The physical phenomena tak-
ing place af the surface and along the depth being ditferent,
predictions of the width of the cavity at the surface are not
included in this study and will be presented in future.

Experimentil

Dense SN, obtained from a comtercial source (Ad-
vanced Ceramics Manufacturing, Tacson, AZ) in the form of
plates (12 mm = 15 mum and 3.5 mny thick) was exposed to 4
JK 701 pulsed Nd:YAG laser (1064 nm wavelength) from GSI
Lumonics, Rugby, Englind. As pulse energy of 4 |, pulse
width of €5 ms and a repetition rate of 20 Hz produced rea
sanable interaction between the lasor and the coramic surface,
several pulses (3, 6, 10 and 20) were rundomly applied to the
SigNy surtace and the resultant depth in cross section of ma

'] A N. Semmst, Dr. N. B. Dadsotre,
Dipartment of Materials Saence & Engineerong
The Undversity of Tenmessoe
Knoxwille, TN 37996, LISA
E-mil: idahotre@uthsiu

chined cavity was measured from the optical micrograph
(Fig. 1) The bird’s eye views of machined cavities on the top
surface an also shown, In order to reduce the tapering, effect,
the holes/ cavities were drilled /machined with a lens of kng-
ef tocal length and longer focal walst.

Compnatutivoml Approack

The surface tempersture and the corresponding thermal
gradient within the materal were predicted in onder to esti-
mate the depth of machined reglon for a given set of laser
¥ l'Ol et The stmulati "’E"""‘hu“l’"'
diction of the maximum temperature reached after the first
pulse by using a heat transfer flow model in COMSOL’s heat
transier mode based on Fourder's second law of beat trans-
tor7 The temperature rise during the ON time and the
folkowing temperature drop during the OFF time were esti-
mated wsing Equations 1 and 27 which were valld s the heat
tramsder occurring in the direction perpendicular to the kser
beam could be neglected for the shoet time scale used In laser
processing.

T=Ty+To~Ty

T 8a) | L™
1‘ 1. 1 ‘?\llm (2)

where T| s temperature during beating of pulse MK}, Ty Is
the temperature during cooling of the earlier pulse (K), T is
amblent temperature 300 K), 4,4 s OFF time between succes-
sive pulses (sec), erf{) is the error function, k({1} is the temper-
ature dependent thermal conductivity (W/mK)™, W(T) ts the
temperature dependent heat transfer coefficlent (W/m'K),
p s density (2370 kg /o)™ C(T) is the temperature depen-
dent specific heat,™ d i the beam diamotor (0.24 mm), t,, is
the pulse duration (ON time), Q is the incident beam power
and a s the absorptivity of the material (074, Accurate n
situ absorptivity measurements being difficult for rapid pro-
cosses like laser processing, @ value commonly found in
litorature was used for this study,

The sublimation/decomposition temperature of SHNy s
2173 K ar which it dissociates mto liquid silicon and

o7 G iierscience
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padwn

nitrogen (Bq. 3y and the laser machining took place due
to the expalsion of this Bquid sificon,

SigNy = 3811 + 2N, (g) {3

The depth from the surface at which the decomposition
temperstune was reached was the melt depth () and was
used for further calculations. The rate of materlal loss at the
surface due to evaporation (kg /m's) was given by

e
e veporsied = r(ﬂ)[%] it

where T, Is the surface temperature predicted above, k is the
Boltzmann consdant (138065 = 1077 |/K), m, 5 mass of the
vapor molocule (Molocular weight of S{Ny/Avogadro's
timber « 23284 » 1077 kg /at for SigNy), and p(T,) is the sat-
uration pressure given by the Clausius-Clapeyron equation:

l‘\"r.? “NCIP}(L..;‘}r.lfl - 'ru"r.;" (5)

where gy I8 the ambient pressure (1,013 < 10° N/w’), L, Is

latent heat of evaporation (336.%4 kI /mol for SNg™ and T,

& the decompasition temperature. The depth of evaporated

material {Zeapameat) @t @ given instant which was predicted

by Equation 6 was subtractod from the melt depeh (2 at that

Instant 10 give the avallable depth of melt pool ().
Wiovaport-4 * INCTEMENt in time

2 - (6)
“evaponited P

The cumulative evaporated depth at different time instants
k= represented In Flgure 2(a). The drop i temperature at the
sutface due to the cooling of the melt pool by evaporation
(Eq. 7)"% was subtracted from the temperature predicted by
Eguations 1 and 2 above to give the actual surface tempera
ture at any given time instand. (Fig. 2(b))

AT = MMy spncemeal s ls'|\.-'k(Tl < {increment in time)
- k(T =" \"{Pcr Tu

(7

Fig. 1. Qs secekoonl and sop ooy o S oacdevr raacdeed e SUN,  wtih dFrew mumber of

Again, the winding nature of the heating curve
(Fig. 2(b)) was due to the temperature rise and drop
during the ON and OFF time respectively. As the
miaterial foss due 1o evaporation was a function of
the surface temperature, the increase in the cumula-
tive evaporaled depth was more (steeper shope}
during the ON time due to rise in temperature com-
pared 1o the increase in the cumulative evaporated
depth during the OFF time when the temperature
drop lesds 10 u gentle slope during the OFF time
(Fiiz. 2(a)). The kosses due 1o evaporation begin to
take place only after the sublimatjon /decomposi-
tion temperature of SNy (2173 K} is reached with
in the few initial pulses. The machined cavities with
minimum taper were assumed to have a cylindrical
cross section of volume,

, B2
¥a 4

(7a)

(equivident to N = V/224 = 107 moles). The Gibibs free ener-
2y (AG) aseociated with the dissociation of SNy (Eq. 2) was
~1309.42 kJ/mod at 2151 K™ and the energy loss due to dis-
socistion tor this volume of the machined cavity was pre
dicted by Ege = (AG = N) | This eneryy Joss mervased with
tine as It was a function of the melt depth which also
increased with time. The enengy loss was subtracted from the
input kaser energy Lo give the effective laser energy available

in subsequent pulses and thus the coresponding tempera-
ture and available melt depth.

c-m-;;«muuum
°

T e

~
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Evaporation induced tecoll pressare p, (Eq. 8™ stimulat-

od by somre of the dissocisted species was responsible for

lon of the pool of Bquid Si formed due to the dissocia-

ton' ' and the effective melt depth (z) was avallable for

expulsion at the next instant after & part of the available melt
depth (z,,.) was expelled by the recoll pressure,

mfp, 169 (3
==rle)

where b =T /ml. The plasima pressure was neglected as
the laser intensily was 3.3 = 10" W/em which was less than
10" W/em, typically roquired for the material to bo expelled
by pure evaporation™ The shape of the mell pool changes
with the surface tension pressure™ which depends on the
effective beam radius™® (Eq 9)7 which changes as the
machined cavity evolves,

o _,;'1 + (M:wﬁﬁ) ]W )

where & s the focal length (120 mm), 4 is the Rser wave
length (1,064 nn), M is the beam quality parameter assamed
10 be 1 for a perfect Gaussian beam profile™ and x,., is the
available melt depth explamned earlier, which is expelled by
VRlOCHY Venpubsion (Eq. 10).1!

O 1) :%"—"T:‘{-'ﬁ-t 0}
where ¢ is the surface tension coefficient of lquid Si
843 dyne/cm™) as liquid SI ts available through the disso
dation of SizNy, Integration of the expubion velocity over
time gave the frction of the available melt depth that was
expelled in a given time and the depth of the machined cavity
was given by the summation of the additional depths
expelled in successive time steps, The flow chart showing the
attainument of the final depth Starting with material propesties
and processing § s i rep d m Figure 3 while
the evolution of the machined cavity for the application of
different number of pulses fs presented In Flgure 4. A com-
parison between the predicted machined depth (Fig. 4) and
the actual machined depth measured from the optical micro-
graphs (Fig. 1) Is presented in Table 1.

In most of the cases, there was a rasonable match between
the machined depth estimated by the model and the depeh
actually messured. Discrepancy in some values could be due
to slight error in measurement of actual machined dapth,
Also, while machining through the entire thickness of the
SN plate (3.5 mm), the materfal could have been exposed
10 some extra pulses even after the through cavity was
formed. These extra pulses conld have attributed to increase
in the actual machined depth.
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Corta lusdons

Silicon Nitrido SNy} coramic was machined using a [K
701 pulsed Nd:YAG kaser. A machining model accounting, for
the decomposition of the ceramic, material loss due to evapo-
ration and recoil pressure provoked expulsion of molten
material was developed, This model had capabilities to pre
dict the depth machined for a cedain number of pulses in a
given material under a given set of other lazer parametens.
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An integrated computational approach to single-dimensional laser machining
of magnesia

Anoop N, Samant, Narendra B, Dahotre *
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ARTICLE INFO ADSTYTRACT

Arricie Niszary: Magnesia IMg0) ceramibc was machined using a pulsed NEYAG laser. A mathematical model was
Recwiond 4 uly 2000 develaped 10 predics machined effects. The model 1eok info accoant the physical phencosena taking
Wrceived in revised form place dunng machining of the cerarmic sich 25 multiple reflections mfaencing the absorbed laser
A3 September 2008 energy, thermal effects in vaponizing the material, dissociation energy losses and effect of vapor
i e m";:”uzv":m S0 peessure {6 g W 3 cavity theougt The Laser 1| machining time and minber of
pulses required for machining a certain depth of cavity and the efficlency of machining in terms of the
Koywants specific machening depth were estimated and d with the exp al data, thas making the
Lawrs mode) wefud for advance energy predictions and enhuncement of efficency.
Multiple coflertinn: © 2008 Elsevier L2d. All rights reservedt
Mactaning vificiency
1. Introduction Based on the present knowledge from available open literature,

Magneshum oxide (MgO) or magnesta passesses  excellent
properties such as high comrosion resistance, intermediate hard-
niss, bow electrical condoctvey and good refractoriness. Mgo is a
very stable oxide that Is used in a wide range of technological
applications [ 1| such as refractory linings, thermacouple bousings
i aggressive environments, brake linings, thin film semi.
conductoes, crucibles in chemical and nudlear industry where
high comosion resistance is required 2] and Laser parts 3],

Several matenals processing technigques such as (a) mechanical
machining: conventional grinding 4], ultrasonic machining [5),
abrasive water jet machining [6]: (b) electrical machining:
chearical discharge machining 7], electro-chemical discharge
machining (ECOM) [8]; (¢) machining by radiation: clectron beam
[9] and lazer processing [10]: and (d) hybrid machining: electric
discharge grinding [11], and haser-assisted machining [12) have
been employed for processing ceramics. However, of all the
processing techniques, laser machining of ¢ceramics is gaining
prominence s it 15 3 non-contact process amd the material is
utilized efficlently leading 1o redoced processing costs and
Increased productivity [13]. This technique Is being used for
producing holes in the micro-electronics indusiry [ 14] and has
been extensively  Investigated  using cither  experimental or
advanced mathematical methods such as finite edement analysis
or even molecalar dynamics [15-24]

* Correxpondimg author Tel: ¢ 1RGSR M00; Tax: +] #6904 4IT
Eomall address: ndahotredhatiedu (B Dahotre)

U343 2165/ - sec front matter © 2008 Elsevier Lad. AN nights reserved
oE 101016/ optiaesg 200 K1.001

hmited work has been carmied out In laser machining of MgO
ceramic and some data on the laser machining of Mg0 can be
found in laser machining handbooks [25). Hence, this study aims
at understanding the physical phenomena during laser-ceramic
{MgO) interaction and deyelops & numerical (ool That will enable
advance prediction of number of pulses, machining tme and laser
Muence (energy per unit arca) required for machining a given
depth of cavity in a ceramic under a given set of laser processing
conditions, As the physical phenomena occurring along the depth
of the material are different from those taking place at the surface,
It was assumed in the present study that the wadth of the
machined cavity was equivalent to the out of focus laser-spot
diameter [26] on the surface of sample being machined. Efforts
are ongoing to Include the physical processes taking place at the
surface into the model and they will be presented in future
publications.

2. Experimental

JK 701 pulsed NA:YAG laser (1064 nm wavelength) from GSI
Lumonics, Rugby, England was used for processing the coupoas
(L2 % 15cm? and 0.3cm) which were cut from 99.4% pure and
fully dense MgO plates (76 = 114 < 0.3 an’) obeained from 2
commercial source (Ozark Techmical Ceramics, Inc, Webb Ciry.
MO}, As the laser interacted well with the ceramic for pulse
encrgy of 4), under the combination of pulse width of 0.5 ms and &
repetition rate of 20He, several pulses (3, 6, 9 and 20) were

181



AN, Savme, N Dstare [ Opno end Lasers = Engowering 47 [2009) $0-577 b

applied 1o the MgD surface. The average power used for laser
processing was S0W [pulse energy, 4] « repetition rate, 20Hz)
and the out of focus laser beam diameter, d on the surface of
sample being machined was 0,05 an. Three runs for each number
of pulses were conducted and for each case, five measurements of
the depth of the machined cavity were made from the opcical
cross-sectional views (Fig. 1) by image |™ software. The average
value of the machined depths measured using this method has
been represented in Table | along with the standard deviation
corresponding (o the scatter in each case. Thus the measurements
were statistically analyzed by considering the average and the
standard deviation of the measured depths. As there was no
feedback sy 0 itor the fi fon of a through cavity,
some extra (stray) pulses could have been supplied even after the
through cavity was formed. Even though experiments were
conducted using air as an assist gas, the effect of assist gas on
the machined depch was not the focus of this study and it will be
presented in due course of time.

One of the basic prnciples of amy statistical design of
experiments & ization. Randomization means that the
order in which the individual runs of the sxperiment are to be
perfe 1 are d med randomly. This assists in averaging out
effects of extrancous factors (lurdang variables) that may be
present, such as relative homidity and surmounding temperature
127) Hence. in this study, the number of pulses was not applied in
the same order for the different runs (for example from 2-6-9-20
palses). Instead, different runs (three) for each case were
conducted with a random sequence of the number of pulses and
then the mean valoe of the measured machined depth was
teported, If several runs were conducted with the same order of
the number of pulses (say, from 3.6-9.20) then the lurking
variables could affect the machined depth. Thus, in order to avoid
the effect of these vanables, runs were conducted with the
number of pulses apphied in random sequence, This implemented
the standard procedure of andemization of experimental runs,
The wop surface views of the machined cavities are also shown in
Fig L The attempis were made 1o reduce the tapering effect by

T
[ Cad
“‘.z"! I
0.154 cm
9 pulses

g 1 Crows sactional and 1op views of caabies machined i MgO ceramx for
diflevent number of pulses.

1 - o

N |

aac | g

20 puises

Table 1

Number uf pulses and resultmg machined depida.

Number of pulees Machined depth (cm)
3 0025 . 07

L] L0 & 00,

9 0134 £ 00027

o 03:00061

machining the cavittes with a lens of longer focal length and
longer focal waist.

3. Computational

During laser processing. the changes in surface temperature
with the absorption of laser energy and associated thermal
gradient within the material have an effect on the machined
depth. Hence, it was necessary to start the computations wicth
predictions of surface temperature profiles,

31 Temporal evolution

The maximum temperature reached at the end of Nirst polse
was predicted by using a model based on Fourier's secomd law of
heat transfer in COMSOLs™ heat transfer transient mode [28].
The rise in temnperature during ON time and correspanding drop
in temperature during OFF time for the siccessive pulses wers
predicted using Egs (1) and (2] below Ref [29) Changes in
thermal conductivity, heat transfer coefficient and specific beat
were included as a function of temperature for improved accuracy
in caboolat bors,

Ti=Ti+Ta— 1.»[! - lw%] I' -uf ("m\'lof—.:‘l'qﬁ))”
()

E |'_‘_‘"_ (2}
=& \ PGk
where 1, is temperature duning beating of pulse | {(K), 7', is the
temperature during cooling of the earbier pulse (K) erf ) is the
rror function, e is OFF tme between successive palves (3], Ty is
ambient lemperature (27 °C), (o, is the pulse duration (ON time),
K7) s the temperature-dependent thermal conductivity (W/mK)
[30L CAT) is the temperature-dependent specific heat [20] p is
density (3580 kg/m®) [11]. (1) is the temperature-dependent beat
transfer coefficient (W/m’K) [32], P is the incident average beam
power predicted above (BOW) and @ is the absorptivity of the
material which depends on the multiple reflections within the
machined cavity as explained below. The variation of thermal
corluctivity and specific haat with temperature is represented in
Fig 2 Ref. [30],

Due 10 extremely short time scale associated with the laser
processing. the heat transfer in direction orthogonal (o the laser

=T+
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beam was neglected in Eqs, (1) and (2) used in the current study.
This assumption was valid because in a rapid process like
laser-material interaction. the heat transfer was confined (o the
laser beam and spatial digribution outside the beam was
negligible, Only the centerline of the machined cavity was
examined and an estimate of the corresponding machining time
and number of pulses was made. As mentionad eartier, the width
of the machined cavity was not predicied in this study and it was
assumed (o be the same as the out of focus beam diameter on the
surface of the sample. This way also a reasonable assumption
because the wilth of the machined cavities was approximately
the same as the out of focus beam diameter of 0.05cm (Tig 1)
Furthermore, from the variation of thermal condixctivity with
temperature (Fig 2}, & appears that the maximum thermal
conductivity of Mg0 & 57W/mK at 304K The thermal con-
ductivity of some of the commonly used metals s shown in
Tavle 2 Red. [33]. Thus st can be seen from Table 2 and Hg. 2 that
thermal conductivity of Mg is far less than values for commonty
used metals due o which no significant thermal losses will take
place on the surface thereby justifying the assumption of
neglecting the beat transter in direction orthogonal to laser beam.
I may also be noted bere that the model considered in this stody
s a three-dimensional (1D] model [28.54| with the width of the
machined cavity in X amd Y directions assumed 1o be constant and
equal to the out of focus beam diameter (as also seen from g 1)

32 Mulriple reflections

For cavities shown in 1ig. 1, the tansfer of energy from laset to
the surface of MgO is alfected by the multiple reflections within
the machined cavity [35] and this phenomena has been handled
in several different ways |36-44) &t was found by Bang and
Modest [41] that multiple reflections increase the effective
absorptivity of the material and in the processes such as high
aspect tatio laser machining. the value is expected to reach 100%
mstantaneously as also assumed by Andrew et al, and Mazumsdar
et al. [42,43). Furthermore, it can be seen (rom Fig 2 and Table 2
that as the thermal conductivity of MgO is Lar less than metals, the
rate at which losses due to conduction take place will be less than
the rate at which the laser energy is absorbed. This effect (ogether
with the effect of multiple reflections from the wall of machined
cavity rapedly raises the absorption of incident energy 1o the level
of 100X In light of this, in this study, the absorpeivity vakie was
taken to be 1 corresponding to 100% energy absorption. Farther
Justification for this assumpaion has been given later in Section 3.4
where the effect of low value of absorptivity of MgO (0 at
10640nm wavelength, Ref [30)) on the machining ume and
number of palses has been discussed. Some losses of energy due
to dssoclation of the ¢mmt are explained later. Although
conducting in-situ absory me mis in 2 very short
duration high ensrgy dyn.m-c process lske laser-matenial inter-
action is mwmdy challenging, parallel efforts are ongoing for
actual absorp and they will be incorporated
mhlmmmoldwm

Table 2
Thermasl condurtaity of some sommondy used metals [13)

Metal

Asnuncm 40

Cogper kL

oo =

Magne i, 155
ns

Ncke! «(a

3.3 Dissoclation energy bosses

The dissociation of MgO takes place as per the following
reaction [44.45):

MgO = Mgy, + Oy 3)

The melting and vaporization temperatures of magnesiom are
649°C [46) and 1090°C [47], nspe:nvﬂy Thus, at temperatures
above the melting/decomp lzation e of
MgO (2850 °C |31 |}, material Josses take place purely by evapara-
tion of magnesium formed i solid form doe to the above
dissociation reaction. The amount of material evaporated (ma-
chined depth, =, ues) Was predicted by tracking the depth from
the surface at which the decomposition temperature (2850 °C) of
Mg0 was reached. The nial ge d vapar p acts in
the upward direction and was mainly responsible for matenial
removal. Additionally, the gravitational force may also have an
effect in the formation of a cavity, especially in the case of
machining through the entire thickness (0.3¢m) of the ceramic
plate by expelling the material out through the opening at the
bottom towards the end of process, A< the mechanism of matesial
removal deperwds on the type of ceramic, in the case of MgO,
machining takes place doe to dissockation of the ceramic via
above-mentioned reaction followed by evaporation of the materi-
al exposed to laser fluence. This mechanism Is in contrast to the
machining of alumina or silicon nitride ceramic using the same
lases-based technique where material remaval is a combination
of melt expulsion and on as died by Samant and
Dabotre [34,48].

The Gibbs free energy (AC) associated with the dissociation
reaction (Fg, (3]) is ~%74.1 kj/mol at 3260 °C [49], The volume of
the machined cavities was measured from Fig 1 and it was found
1o be equivalent to a cylinder of diameter, d. = d/ 73, where ¢
was the width of the machined cavity which was equal to the oot
of focus beam diameter of 0.05cm on the surface of the sample
being machined (as also seen from Fg 1) due to the Gt thas
spatial distribution beyond the beam diameter was negligibile.
Hence, for 1he sef of processing condilions considered in This
study, it was assumed that the machined cavity has an equivalent
Cylindrical cross section of volume, V s 7023 2oy pecaea/4 (equiva-
lent to N = V/22.4 . 10~ mol). The loss of energy comresponding
to dissociation of this volume of machined cavity is estimated by
Fiasecanm = { AG x N . This energy loss was deducted from the
Input laser energy 1o give the effective laser energy available in
subsequent laser pulses for ratsing the surface temperature and to
generate corresponding evaporated/machined depch,

The temperature profiles obtained by considenng 100%
absorption of this elfective kaser energy (Fig. 1) show a winding
nature because the temperature rises during pulse ON time and
falls during pulse OFF (ime. It was observed that the maximum
surfoce temperature increased to almast 5000 °C when 20 pulses
were applied to the ceramic. Although temperatures were very
high far such 3 shart duration peocess, they were maostly confined
to the surface for an extremely short time with a possibilicy of

e

-small amount of material loss by ablation. However, these high

temperatures rapidly drop below melting point within the sob-
surface region and (o further lower emperature in the substrate
material due to self quenching.

34, Hfect of absorption on mechining fime and number of pulses

In hiterature, commonly found absorptivity vahse for MgO ar a
wavalength of 1064 nm (the wavelength used for Laser processing
m thas study) 15 0.1 (corresponding to 1% absarption of effective
laser epergy) [30). The temperature profiles for @ = (.1 obtamed
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Fig 4. Heating cutves cormeaponding 10 laser machioing of M0 with varous number of pulses for 308 ensrgy alorption (@sorptivity, « - 01

by using the thermal model described above are represented in
Fig 4. As mentioned earlier, material losses in MgO take place
purely by evaporation of magnesium formed during the dissocka-
tion of MgO. The maximum surface temperature for 3, 6, 9 and 20
puikses for @ = 0.1 was bess than the decomposition (emperature of
Mgl (2850°C {31)]) and hence no depth coukl be machined for
these combination of number of pulses and absorpeivity. On the
contrary, there is visual evidence from the cross-sectional views in
Fig 1 that machining does take place at these number of pulses,
This clearly establishes that the actual energy absorbed was
greater than the theoretical energy absorpeivn of 105

The machining time and the number of pulses required for
machining depths of 0025, 0.086, 0,154 and 0.3 cm for absorpeiv-
ity value of 0.1 were computed using the model described earher
and compared with experimental values in Table 3 which also
ncludes predictians for @ = | (corresponding to 100% absorpeion
of effective laser energy) that are discussed in detail Jater, The
input energy being less for absorpaivity value of 0.1, predicted
mumber of pulses was much higher than the number of pulses

experimentally cbserved 1o machine a given depeh; thiy remnforces
the fact that e actual absorpivicy is much higher than
mentioned in the literature. On the contrary, it ks also notewartly
(hat even for o « L although the predicied values of number of
pulses are much closer 1o the experimental values they are still
smaller than the experimental values.

Thus assaumption of 100% absorpeion (@ = 1) under the present
set of laser processing and matenals parameters s justified with
these venhcations andd additional reasons stated in Section 3.2,
Nonetheless, attempts are ongoing for (n-situ temperature and
absorpeivity dopting vanious approaches and they
will be incorporated in future publications on similar topsc.

4. Predictions and comparison of machining effects
The computations for 10X energy aisorpiion were made in the

carlier section only to justify the assumption of 1003 energy
absorpeion due o mudtiphe reflections wathin the sufficiently deep
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Fig 5 Evolution of machioed cavity at &lferent tiow imzants e e~ 1

caveties machined in this study. The associated machining effects
corresponding to this absorptivity valoe (0.1) will not be further
discussed while the evolution of machined cavity with tme and
predictions of corresponcing laser Buence, machining time,
number of pulses and machining eMciency for 1005 energy
absarption are discussed in the following section. Furthermore,
these predicted p were ¢ Xl with experimental
obsesvations as discussed below.

L g

4.1, Number of pulses, machining time and mackining energy

Evolution of machined depth with time for 100% energy
absorption is represented in FIZ 5, while a comparison between
the actual { Fable 1) and predicted number of pulses and time ( Fig.
5) required for machining a certain depth (Fig. 1) for ¢ - 1 (100%
energy absorption] i also presepted in Table 3 along with e
corresponding values for a .= 0.1 that are discussed earlier, The
number of pulses and machining time predacted for different
machining depths by considering 100% absorption are close to the
actual values. It has been menthoned by Modest [I8] that the
Increase in absorptivity is affected by the number ol palses, Le. for
a small number of pulses the absorptivity Is Increased only
slightly. Hence, the et of 100% absorp for the entire
range of pulses employed in the present work may bave produced
the differences between predicted and measured machining
tame. Some discrepancy in the values can also be contnbuted to
Hmits of the technigque employed 10 measure machined depth
from the micrographs (Fig 1), Moreover, in addition to the
physical processes considered in this stidy, the different physical
phenomena that could possibly bave an effect on the machining
process are: () plasma formation and assoclated lonizacion, (b)

Tatile 4

Compansea hetwren actual and predicied Laser fuences for dilferess machmed
Sepihs

Machined depth Laner Buence Laver Brance

(cm) At eeticree [Mem’) (0 = T)
s 5 wi

Q0 o a4

a4 T A4

a3 ves 1415

ablathon and (¢} effect of assist gas pressure and Now rate on the
machined depth. These processes are not considered in the
present stidy and <an also affect the predicted number of pulses
and machining thme. The laser fluence (J/om”) employed for
machining is given by

Laser flvence (J/cns’)
__Avnuepowa|m = Number af pulses » Pulse widthis)

Area of modent beamiem?) @

The area of incident beam is xd” (4 where d s the out of focus
beam diameter (005 cm] on the sample surface. The actual amd
predicted number of pubses for o« 1 (Table 3) were used to
determine the actual and predicted laser fluences, respectively
(Table 4). Hagher laser fluence was required for machining deeper
cavities as the energy regquiresnent for removal of larges volume of
matenial is mcreased wath increased machined depeh. Direct
proportionality between laser fluence and number of puolses
(Eq, (4)) resulted in predicied fluences being bess than the actual
vahues,
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42, Vapor pressure and grovitational pressure effects

As the material removal in MO takes place by evaporation, the
removed material (vapor) exerts a force over the machined area
amdd drives out the material. The magnitude of this force is
proportional to the laser fuence required for machining a certain
depth, The comresponding  pressure  (vapor pressure)  acting
upwands s

Vapoe p lzur!luen(e ()

In addition, as mentioned before. the evaporated matesial could
be subjected 1o the gravitational force in the downward direction
that may retain the matersal at the bottom of the blind cavity or
expel out from the opening a1 the bottom In case of machining
through the entire depth of the sample. This gravitational pull was
given by pgh, where £ is the accelesation due 1o gravity (9.8 mys’]
and b is the machined depeh (Table 1) The vapor pressure
and gravitational pressure for vanious machined depths are
represented in Table 5.

The vapor pressure based on actual and predacted laser fluence
(corresponding (o ¢ = 1) decreased fram 106 « 10° dynesfcm’ 1o
S168 « 10%dynesfom” and from 707 « 40" dynesjem” to 287 «
10" dynesfom’, respectively, as the depth of the machined
cavity increased! from 0,025 to 0.154cm. Dunng machining, the
cumalative machined/evaporated depth increasad with time, but
actual amwount of material removed in successive pulses did ot
increase significantly  Increase in the machined depth only
increased lhr(mvohnmlobrothmdcammtwpm
laser pulses to decrease for all depths
'mpl (w l!nmjvmachm In the case of through machining
(0.3 cm). the vapor pressure was more than that corresponding to
the preceding depeh (0.154cm) because for a constant depth of
0.3 cm, there was a Joss of energy due to the stray pulses and a
corresponding Increase n vapar pressure as also seen from Eq.(5)
above. It was observed from Table 5 that, for alt the machined
degrhs, the vapor pressure {actual andd predicted) acting upwards
wits several orders of magnituds (10%) more than the gravitational
pressure acting downwards ensuring formation of & dean cavity
as also seen in Fig 1. This comparison between the gravitational
and vapor pressure clearly indicated that the gravitational force is
not an impartant factor in kaser machiming of MgO under the set of
matenials and processing p s employed in the p
work.

4.3 Machining efficiency
Laser-based machining of ceramics Is a complex process
invelving combination of various material and process para-
The effect of the process, however, can be best

sealized in tenms of machining efficiency expressed in various
following ways.

431 Specific machining depth
The machining efficency (actual and predicted) was repre.
sented in ferms of the specific machining depth [50] and

expressed in Eq. (6) below as the amount of matenal removed
{depth machined) per unit laser energy.

Specific machining depth (cm /)
Machined depth (cm (6
lmlhmlj(nn)) « area of incident beam (cm?)

The actual and predicted laser fluences were used Lo detenmine
the actual and predicted specific machining depths, respectively.

432 Depth matio

The depch ratk, R was the ratio of depths machined for
corsecutive processing conditions. In order to set the minimum
Tt for R, it was assumed that the depth machined for the first
processing condition was 0.025an (the smallest depth of the
cavity machined under the present set of laser processing
corlitions} and the depth machined for the immediately next
ocessing condition was hypothetically taken to be the same
(0,025 cm). Thus the manimam lmit for R was | (0.025)0.025 cm)
(for no change in machined depth even aflter supplying energy),
For the maximam limit of &, the depths machined for consecutive
processing condations { supply of laser energy ) were hypothetically
aken o be 0.025cm (smallest depth machined) and 0.3cm
(corresponding to the formarion of through caviry of 0.3 cm at the
next instant of supply of energy), respectively. This yielded a
maximum § value of 12 (0.3/0.025cm) for the present set of
processing conditions. Thus the limits for & were abtained by
1aking the ratios of depths machined under conseculive proces-

433 Fluence mtio

The ratio of predicted fluences required for machining different
depths under soccessive processing conditions (supply of laser
fluence was the fluence ratio, £ To determine the minimom Kmit
of F, it was hypothetically considered that the Huerce of 177) o’
(required for machining 0.025cm) was supplied for two con-
secutive condations, thus providing a lower limit of |
(1770177 Jfem?) for £, On the other hand. for the maxitmm Fimit of
¥, the energy supplied for the first processing condition was
assumed as 177 Jjony’, while the flvence of 1415 fom® (corre-
sponding o through machining) was hypothetically supplied for
the next processing condition. The corresponding maximum lmit
of F was & (1415/177 Jlem?). Similar to &, the limits of ¥ were also
predicted by considering consecutive processing conditions.

The specific machining depth estimated the amount of
marerial machined per unit increase in laser Noence. The propos-
thon in which the laser fluence and corresponding machined depth
ikreased was different. In centain cases, the proportion of
increase in machined depth was mare compared to the proportion
of increase in the kaser fluence. and vice versa in some other cases,
The depth ravo, R and the Nuence ratio, £, were calculated from
prameters (machined depth and laser floence. respectively)
corresponding to consecutive processing condithons and they
measured the effect of change in laser fluence on machined depeh,
Bl these ratios were correlated and had an effect on the specific
machining depth (Eq. (6)), as discussed below. The comparisan
between actual and predicted specific machining deptls is

Table 5

Vapor pressese | lineg te actusd and preductsd fuence ) anid pressure e diffesent machined depths

Machined Septh om) VAPOT Presshne au v 104 dymes om®) VIAPOT PIEESINE pymtns « T (dymesjom’) (0 = 1] wmzmﬂ
os e mn7 7

1 ca a7 & Lt

[ 5100 i 5408

a s 471 nss
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presented in Bg 6. 1 may be poted that Hg 6 is not a variation of
the machined depth but a vanation of effickency in terms of depth
machined per unit enengy supplied for 100 alsarption.

Since the predicted number of pulses (Table 35 and corre-
spanding laser uences (Table 4) for 100 energy absorption were
bess than the actual values required foe machining a given depth, it
was predicted that mare material would be machined per unit
energy. This led to higher valoes of the predicted specilic
machining depth than that for actual specific machiming depth
for all depths iFig. 6) Increase in machined depth from 0.025 to
0o86am and then to OI54am decreased R from 344 (0086)
0025cm) to 179 (0.154/0.086 cm ). The corresponding actual and
predicted flusnce ratios, Fdecreased (rom 2 (531/265J/cem?)to 1.5
(796531 Jicm’} and from 2 (154)177 Jjem?) to 125 (442/354)/
em’), respectively. Higher magnitudes of & (144 and 179)
corresponding (o lower magnitudes of F (actualk: 2 and 15 and
predicted: 2 and 125) are indicative of higher propartional
increase i machined depth compared to proportional increase
in the corresponding kaser fluence, Hence, the specific machined
depth increased as the machined depth Increased from 0.025 to
0154cm (Fg. 6) On the contrary, while machining through the
cavity of 0.3 cm, the stray polses rendered the magnitude of R
(03/00540m « 1.94) less than (he corresponding magnilude of
actual f (1768/796 Jjem® = 23] or predicted F(1415/442))
om’ = 3.2). This led to the indication of drop in actual and
pudxudspnﬁcmx’mm‘dep(hsmdmwﬂmmxh»
ing efficiencies in case of through machining as seen in Fig 6 In
light of this, the machining efficiency can be improved with a
provision of an optical feedback system that sends a signal (o the
laser at the onset of a through cavity formation and stop the
further deltvery of unwarranted laser palses to the ceramic
Incorporation of such a feedback into the machining process is
currently ongoing and will be described in the future work.

The computational model discussed in this study would enable
advance predictions of the number of pulses and machining lime
required for machining a desired depth in any material, The model
has additional capabilinies of predicting the laser fluence required
for machining a given depth of material. Thus the model can assist
n advance energy predictions and providing means of improving
the efficiency of laser machining process,

5. Conclusions

ﬂnablhydmximmpfmdmmhpﬂuw
SC  using pulsed NEYAGC laser It was
M!hatj&Qadqummmmlanlmd
269, 531, 796 and 1768 J/cm” were required for machining cavities
of 0025, D086, 0154 and 0.3 cm depths, respectively. Multiphe
reflections and energy losses associated with MgO dissociation

affected the total amount of the laser energy absorbed. The
evaporation of the ceramic was responsible for material al
and the vapor pressure ersured the formation of a clean cavity. A
sysematik multi-step machining model based on above-men-
tloned various physical phenomena allowed close prediction of
laser parameters and their effects. It was found that for 100%
enetgy absorption, fewer pulses (2,4, 5 and 16) and corresponding
lesser lases fluences { 177, 354, 442 and 1415 Jjom’) were sufficient
for machining cavities of above-mentioned depths (0.025, 0086,
0.154 ane 0.3 am), respectively. The vapor pressure proportional o
the force exeried by the removed material (vapor) is responsible
for driving out the material. The vapor pressure based on the
actual and predicted laser fluence (for 100% energy ahmt?bn)
varied from 5168 « 107 dynesicm® to 106 < 10" dypesjcm® and
from 287 « 10" dynesjomy” to 70.7 x 10" dymesjom’, respectively.
This mogdel had the capsbiliies of advance pradictions of number
of pulses, machining time and kaser fluence required for machin-
ing a cerain depeh in a ceramic under a3 given set of laser
processing conditions and alo provided an insight into the
machining efficiency. Thus this study was a novel computational
approach to the machiming of MgO where hmited work in the
open literature has been reported.
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Abstract The ability of lasers 10 cury oot dnlling
peocesses i silicon carbide cermmic wis investigated m
this study. A JK 701 pulsed NEYAG laser was used for
drilling through the entire depth of silicon carbide plates of
different thicknesses. The laser purmmetens were varied m
diffecens combinations for a wellcontrolied drlling through
the entire thickness of the SiC plates, A drilling model
mcorpornting effects of vanous physical phenonvena such
as decomposition, evaporation-induced tecoil pressure, and
surface tension wis developed. Such comprehensive mode!
wis copable of advance prediction of the energy and time
required for drlling a hole theough any desired depth of
mutetial.

Keywords Nd YAG laser - Silicon carbide - Cetamic -
Drilling

1 Introduction

Laser beams are extensively used o the manufacturing
mdustry for drilling, cutting, micromachung, welding.
santering, and macking [1] The high density of the beam
wxi excellent focusing chameteriatics of NdYAG lasers
have made it suitable for dnlling different matenals [2].
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Very small holes us well as holes with high aspect mtios can
be drlled by lasers. As it is a noncontact process, ool wear
15 mmimal compared 0 mechunical dnllng and only
present in the form of laser maintenance (3],

The wirkpicce absorbs the meident laser energy which is
trunsformed mainly into heat, The materinl undergoes phase
wansformations when the tempersture increases above
decomposition temperute, decompaosition products mek,
and recoil forces are produced, thas gepemting a hole.
Generation of the taper is a vital feature during the drilling
operation due to the intrinsic focusing characteristic of the
laser beam [4]. The dimmeter of the hole & entry is lager
than that at the exit giving a positive taper 10 most of the
drilled holes. Through engincerng approaches such as
wtilization of & lens of long focal length with looget focal
waist, such a taper can be minimized 1o an insignificant
order of appearance. Some of the cjpected materinl can
resolidify and accumulate sound the hole periphery
forming the spatter which is one of the undesirable effects
of laser illing and requires subseguent finishing oper-
ations [5). Innovative laser drilling technigues based on gel
casting methods have been developed for reducing the
deposition of spatter and strong wlumina pans were

fully peoduced by thix technique (6],

Lasers in pulsed mode offer high peak powers in a shoat
time penod, incressmg thermal impect and enubling drilling
theough thicker material [1] Lasers are used for Industrial
precision dnlling for spphcations such s cooling holes in
gas turbine components [7]. Drilling of S&C & pasticularly
inerestng 1o the semiconducior axhastry for the producton
ofmﬂmphunhkﬂaaﬂoyxuwuwellumom
nonmetals, ¥ cam be driled by lasees
[8]. Recently, excimer lnun have been widely used for
drilling parposes & each palse eliminates only & thin layer of
the muterial leafing w precise control over the dnll depth

2 Spemger
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and ellmimating mechanical impoct which poses a paticular
meoblem to compostes. Nd YAG lasers have been wsed foe
shnlling holes i cermmics such s zirconia, which could be
wsed for making omements such ss neckisces wnd camings.
The effect of processmy parameters oa the hewt affected zone
(HAZ) thickness, and tapermyg of the hobes dnlled in zirconia
coramic has been studied [9]. As the cemumics wre very
beittle, dolling of cenumics is sssocinted with fractue and
cmck genemtion [10]. OFf the different avislable cormmics,
sibcon carbide (SiC) hus Jong been considered as an
outstuxiing material for high temperatare, high power, axt
high froquency applications [11]. Duc tw its high thermal
conductivity, mechanical hardness, excellent chiemical resis-
tance, and low thermal expansion cocfficient, dalling of $iC
15 guining popularty foe different industrial needs. Besides
Sciti et ul. [12], not much work has been reported on the
Inser ddriflmg of SiC. Henece, the peesent study aims at
understunding the physical phenomena underlying the
drilling of SIC caramic by pulsed Nt YAG laser wd presents
a mathematical model for predicting the effect of laser
processing parameters on the depth of the drilling hole.

2 Experimental part

Conventional chermcal vapor deposited (CVD) silicon car-
e plates of 2 and 3 mm thickness were usexd for the drilling
study. A JK 701 pulsed Nd YAG lsser (1064 nm wavelength)
from GSI Lumanics, Rughy, Enslan] was used 1o dall SiC
plates of 2 and 3 mm thicknesses. The laser had the
capabilitics to provide repetition raes varying from 0.2 to
500 Mz, pulse energy in the range of0.1-55 J_ and the pulse
width mnging from 0.3-20 ms. The laser processing
parameters such as peak power, pulse width, and repetition
mte wore vaned mn several different combinations artil
idenufication of & set of parameters that provided sufficient
interaction between the lisser beam and the cenunic surface foc
reguired theough dnlling of SiC phates, For thas set of faser
processing paramneters, multiple pulses were appbed until o
through hole was drilied in SiC plates. It was observed that for
apowet of 300 W, pulse duration of (.5 ms, and repetition rate
of 50 Hz, u tiwough hole in the 2 mm thick plate coald be
drilled in approximutely 0.5 5, while under the same
conditions, a through hole m the Jamm thick plite was
produced in approximately 2.5 s, De-focusing of the laser
through o thucker plase d& the sctual f {energy
denisity) at the materin] front, und needed pressure to eyect the
molten frction of decomposed species increases with the hole

depthy, thus leadmg to o d ed muterial removal rate while
proceedmg throagh the thickness. Therefore, the dnlling time
15 not & linear function of the tuckness,

Under the set of parameters employed in the peesent work,
the repetition rate of 50 Hz over 0.5 & comesponsded 0 25

€ Springer

pulses, while over 2.5 5, it was equivalent to 125 pulsex. The
visual ohservations ensured the creation of holes (Fig. 1) wth
25 aned 125 pulses in 2 and 3 mm thick plates, respectively.
As mentioned eamlier, these holes were drilbed with a ens of
Tonger focel length und longer focal waist to minimize the
upermg cheet. But experimentally observed predaction of
the exact number of pulses required to produce through hole
during such laser-based rapid process remains a challenging
k. In gt of thes, development of & computational model
for such predictions. is the most appropoate approach.
Furthemmore, the compatational model can be extended 10
predict dolling parmmesers for plases of other thacknesses.
The physical processes taking place along the depth are
entirely different from those ocowming at the swface. Efforts
are ongomg o meorpomte them m the compuational model
which will enable to predict the bole dinmeter at the surface,
and this will be presented in due course of time. However,
for the present stady, the hole dimmeter s assumed 0 be
equivalent 1o the laser-spoe dinmeter {13 ).

3 Computational approach: temporal evolution, recoll
pressure, and surface tension effects

During the dalling process, tempersture it the surface of
the ceramic changes because of the absorbed laser encrgy.
To predict the depth of dnilled hole, the surfice temperature
profiles and associated thermal gradient within the maserinl
were calculated. In oeder to estimate the temperiture rise
during the ON time and the following semperature diop
during the OFF time, the ON and OFF times during drilling
under the presemt set of laser parameters were caleulated
and along with the process parameters employed in the
presemt study are repeesented in Table 1. Table 1 also
represents the actual dnlling energy required (1.75 1 for the
2o thick plate snd 1875 J for the 3 mm thick plase),
which was calculated by multiplying the power (300 W) by
the wial ON time (12.5 ms for the 2 mm thick plate and
625 ms for the 3 mm thick plate).

The computations were mun until the bole was dnlled
through the entire thickness of the plate (2 and 3 mm) and
were started with calculation of the maximum temperature
reached afer the fiest pulse employing a theee-dimensional
heut transfer low model which was developed in COM-
SOL's beat transfer mode [14) and wos based on Foarer's
secorxd faw of heat transter:

Iixynzty kI [T 4 FTiv1) +0’le. f)]
] PG | &7 S &

(1)

where MT) and C(7) arc the vanations i thermal

conductivity und specific heat as o function of wmpernture,
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Fig. | Freea mrface showng
drlled holew ma 2 wm and b

1 oum SIC plares

p is the denmty of SiC (3,100 kgm®) [15), T & the
emperangs feld, 7 % time and 3, 3, sad 7 e the spacial
directions. For improving the sccumacy of caloulations,
vacistion of fiermal conductivity and specific beat as a
fimcaon of temperntre (Fig. 2) were tiken 1o sccount in
the mode, and these propemies were assumed 1o be constnt

-k (1) (gl ELg R 4 TP} = Sl ~ eo{1(x,,0,6)" - 13 }
P /

=] &05131«,
=0 if(> te

afier about 1,700 K [15] The latent heat of solidification was
accountesd for by considering the vanation of specific heat as
a function of tempersturs. At tme =0, the mital Smpems
e of T=T,=300 K was applicd. The balance between the
absorbed liser enesgy at the surfince and the mdmtion bsses
wis given by,

wheze M7 14 the sempemtios dependent thermal conductrvity
of the matertnl (WinkK), « t¢ emissivity for thermal mdiation
(0.7) [15], 119 the laser power otensity, £ ts the ON tene, o
it Stefan Boltzuns constuot (567« 16°° Wan'K?), nod w0 i
the shsorptivity of the matecial, The term § takes » value
of 1 when the time, ¢, & less than the pulse on-time, £,
md & u 0 when the tme, £, exceeds e pulie on-time
Thus, the walue of & depends on the time, £ and ensures
that the energy s input to the syssem only dunng the palse
on-time and cuts off the energy supply during the
following pulse off-time.

SiC has a very hagh absomtivity of 0.95 at 1,064 am
wavelength (for N YAG hser used in preseat case) sad
1298 K [15], and this value iveases with iemperature as
the depth of tie drilled hoke mersases. The diilled hele Is
partially filled with decomposed liquid and vapor species,
and the lsor beam undergoes multiple ceflections sad

_un(ﬁﬂx.ul,n TGy L, 1)

& o i

Ty, L, 1)

absorption within the cavity md these phases (meh and
vapo?! ypecies) for merensed abworption of laser energy. Due
very high abscrptivity of SiC (0.95) coupled with
firther moreased absorption due 1o these physical changes
within the bwer substonte mtomcotion rogiom, the resultuat
abyorptioa of the ceramic & almom instantsncously
expocted 30 reach nenddy 100%. Enlier, seoilar explanations
and sssumptions dumg laser processing of a vaciety of
materials are adopiad [16, 17) Furthermore, for an
exremely short duration, high-cacrgy density dynamic
process lice laser material imtersction, & has besn extremely
difficult 1o scouratddy conduct i situ messurements for the
instant &t which the coramic stans sheording all the mput
encrgy. Ia light of this, in the present study, it was resseaaNe
o consider the dilled hole as a blsck body weh 100%
absorption. The convection taking place at the bottom
siefice of the ssmole was piven by:

) = MI{xy.L.0) - Ty), 3)

where L 1s the fhickness of the sample which was taken &s 2
and 3 mm for the tvo differen: SIC plstes used in the
pres=at study, snd & is the heat raasfer coefficient (Wmi'K)
which was included as a functica of tempersture (18] In

the short time scale wsed for laser processig, the beat flow
in the direction orthogonal to the laser beam can be
neglected. Thus, Egs. 1, 2, aad 3, above could de
considered 1o represent fie hea flow, radiation losses, and

€ Speingar
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Table 1 1 for laser ¢ [

Mawe thickness  Operstion time  Number of Dirilling evergy  Pulse wadth (ON ) OFF time Toml ON sme  Total OFF sime

(mm) (8] pulscs (A]] tw) () () (s

3 ns < ] 178 0s "ns 15 "rs
s 125 s uws " s pliyR

conveeton, respectively, mking place only along the =
direction, meglecting these phesomena m the v and v
duections, Incorporation of these effects i the x and y
directions will be dealt in subsequent work and will be

=T+ (T~ m[l - [elp“ri(‘;(;)h][

M W) al Tt
k( T

presented in the future, The solation of this model gave the
maximum surface temperature reached after the first pulse
which was mput in Eq. 4. below to predict she temperatune
resched after the laser is swatched off [2}

]

where 7 Is the temperuture during heating of pulse { (K). T},
is the ambicnt temperature of 300 K, 7y & the OFF tme
between succossive pulses (Table 1) amd erfl) Is the emor
funcson. The term of 1) s the tempersture-dependent
thermal diffusivity of the material given by MTVpCAT).
When the Lascr is active, the surfice temperstuse is given by
12k

/alﬂl.../x
5= T v -.‘.L_.._..._
4 kT 5

wheee T, v the temperture during cooling of e eurtior
palse (K) prodicied from Eq, 4, sbove, a s the absorptivity
of the material mentioned abave, P is the incident beam
power (300 W), o i the beam diameter (0.24 sun), and ¢,
is the pulse durmtion (ON titnc). The temperatures roached
during the ON and OFF periods of the successive pulses
were determined by repentedly sofving Eqs. 4 and 3, until
the thickness of the plate was reached. The expressions for
the temperatures reached during the ON and OFF penods

Fig. 2 Varimon of sermophyscal properties with semperature [15]

&) Springer

(Egs. 4 and (5), above) were valid as the heat trunsfer
occurring (n the direction perpendicudar to the laser beam
was not comslderad. Ay meationed sbove, the processing
time being extremely small, these sssumptions were
Jussified,

The decomposition tempomture of SiC s 3,103 K [19] a
which decompesition products immedintely melt, The melt
dopth () from the surface at any instant was prodicied from
the tempersture prafiles by tacking the depth ot which this
docomposition temperature was eached. This depth was
uscd as 3 starting point for funher calculations. However,
there was some Joss of materinl wt the surface due 1o
evaporation and the rate of cvaporation j, (kgim’s) [20] is
given by:

1
js = p(r.)[z;-;‘—,-] (6)

where m, is mass of the vapor molecule (6,681 * 10 2 kgiat
for S7C), 7, & the surface temperature, & i8 the Boltzmann
constant (138665 107" 1K), and 7)) is the ssturtion
pressure given by the Clausms- Clapeyron oquation:

T = poexpl(L /AT )(1 - T,/1,)] 5]

where gy is the ambient prossure (1013~ 10° Ny, L, is
Tatent heat of esaporation (530 kJ/mol for SIC) (211 and 7,
3§ the evaporton decomposition sermperatwe. The oguiva-
lent depth of material evaporated was prodicted from the
rate of evaporanon by the relation:

Ja * inceement i thine
Ty =— (%)
P
where 4 is the conszant value of density of SIiC (3.100 kg/m”)
(15} mentioned above, and this evapomted depth (z,,,)
(Fig. 3) was subtracted from the melt depth (2} 1o give the
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Fig. 3 Mutesal evaporsaon wih tme for SiC dnling

available melt pool (.0 The amount of mierial evaporated
increased with time, &5 it depends on the surface tempensture
which also mncreased with tme during the ON time of each
pulse. Al the same time, here i 4 drop in tempermtune at sy
instand &t the surface due W cooling of the melt pool by
evaporution which Is predicsed by [22]

" 22ptley JY"::(T) * merement in time
Alon = Trwani’s ™8 r

9

1 1

Temparature x 10°(K}
-

P 81 02 03 04
Time{sec)
by
- 0
E
% fu
i o
. I
=
= 29 "o [0 3
T
L) - - - r
o os 1 15 2
Time{sec)

Fig. 4 Hesting curves for a 2 oum thick plase und b 3 mun thick plae

where =, s the depth of material evap d asp
from Eq 8, above, K7 1 the tempersture dependent thermal
conductivity of the materinl (W/'mK) {1 5] mentoned sbove,
and the term o(7) & the tempernture dependent thermal
diffusivity of the maerial grven by H7VeCAT), This deop in
temperature was subtracted from the temperature predicied
by Egs. 4 and 5 above 1o give the actsal surface temperature
ot ony given time mstant as represented i Fig 4 The
heating curve meanders because the emperature drops
during the OFF time and rises during the ON time of the
laser even after o drop due o the evaporation. The
maximun surface wmperature reached, while deilling
the 2-mm thick plate was more compated 10 the maxinum
surfsce iemporutuee resched for deilling through the 3-mm
thick plate as more number of pulses (mwore time) were
roquired for drilling through the J-mm plate compared o
the Zamm thick plate

Depending upon the thermodynamic conditions poeyvail
ing during laser drilling, the decomposition of SiC may
prod severul stoichiometric and'or nonswichiometric
specien such an Sigy, Con Copn Shg S Shagge S1C; 4
Si;Cyp and Si, [12] In situ detoction of formation of these
species during extremely dynamic snd short daration lwser
drilling process is a challenging task and will be considered
in future cfforts. However, the most likely resction to

produce Tiguid species at the decomposition temperature in
the following reaction.

SiC=S8iy + Cy (1)

The Gibbs free energy associated with this reaction
(—335.96 ki'mol a1 3259 K |23]) was ased to determine
the energy loss due to dissociation. Due to the presence of
& minmum wper as mentioned sbose, the hole could be
assumed to have a cylindrical cross wection (of volume
Vit = 1'._.“"__x_.....“’° Dl 3. As | mol of 3 subsunce corve-

5
® 20004
T o — Zmm thick plate :
s sodd <« Imm thick plate z
"
Fom
400 1 o ol
o v - - -
: os 1 12 2 28

Thme (sec)
Fig. & Dissocation Encrgy loss dunng SiC drilling
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sponds 10 224%107 m', there will be 2.019%10 “xz,,,
moles in the volume V. of the melt and the energy loss
due 0 desociation (Fig. £) s expressed as

Eave = (06783 x 2 ()

This energy Joss was subtracted from the inpun laser
energy 1 give the effective laser energy for subsequent
palses, The dissociation encegy Josses increased with time, as
it was @ function of the melt depth which also increased with
tune

The ggection of the molten muterial can take place either
by the reactive recoll pressune due 10 the vapor or plasma of
the ambient modium and cunoot fake place by both the
aechanisms. At laser intensities of the onder of 10" Wiem,
the purely evaporational mechanism of materinl removal
tukes plage [24), Thus the mechanism for material resmoval
in dictated by the laser beam imtensity. However, for an
incidenm beam power of 300 W oand beam dismeter of
024 mm wed in the present study, the luser mtensity was
125%10" Wicm which was far less than the imensity
Toquired for the plasma pressure effcot on material removal,
Hence, the effect of plasma prossure wis neglocted mnd
oaly the cffect of cvaporation induced recoil pressure on
material removal wis considered.

As mentioned carlicer. & melt pool comprising of liguid Si
produced due 1o the deconsposition of SIC during the laser
irmdiation &s formed below the vaporization front. and the
expulsion of this molten mateninl a1 very high velocitics s
driven by the recoil pressure stmulited by some of the
decomposcd species [25, 26]. However, the entire melt pool
mensured fom the surface wis not aviilable for expalsion,
Only the portion remaining after & fraction of the avallshlc
melt depth (2,.,) was eapelied by the recoil pressure would
be the effective melt depth 20, mnd it will be available for
expulxion for the next time instunt. The fraction of the melt
pool that is oxpelled by the rocoil prewsure will be predicted
in the later part of thix section, The cvaporation-induced
recoil pressure p, s given by [27)

xd'p,

w)( b )
WP YL \T+22

whete M o« kT, /mL,, Thus, the predicted tempernture
ficld nsalsted in determining the evapomution-provoked
recoll pressure ot the surfsce during drilling thiough the
SiC ceramic exing the physical model of melt hydrody-
namics proposed by Anisimov who also esperimentally
verified the xame [27]. According to Anisimov, when the
surface temperuture excoeds the bailing point or the
decompositon temperature, the recoil pressare becomes
(Uip.. where p, 15 the saturated sapor prossure (101325 %
10° N/m®). Under typical materals processing conditions
such as those encountered in dnlling. this recoil pressure

(12)

&) Springer

exceods the highest surface tension pressure and plays o
vital role in removal of material in molten sate.

It can be scen from the hesting curves shown shove in
Fig. 4 that the maximum surface sempernsture resched for
drilling through the entire depth of 3 mm plate was more
than thar reached while drilling theoegh the 2-mm plare,
However, the maximum recoil pressare attained (Fig. &)
was almost the same for both the cases (=3.7310° Pa), It
can be observed from Eq 12 thir the recoil preasure
depends not only on the muxinum surface lemperature but
also on the Tmer power which wan the same in both the
casen (300 W), The rocail pressure docs not continvously
increase with surface semporatiee, Onee a comain maximum
surface temperature was reoched afier some pulses and the
comresponding maximum receil pressure was amained. then
the recoil pressure cezses 10 increase any further. Aficr the
maximum recodl peessure was reached. even though there
was a shght drop in the recoil pressure, it was sufficicnt o
continue expulsion of the fraction of the molten pant of the
decomposed species avilable st different time instants.

The melt pool shupe 15 affected by the surface teasion in
wddition to the presence of recodl pressure [28] It was
necessary 1o consider the surfbee tonsion effoct, as it
medifies the prossare on the melt and affects the depth of
the drilled hole. The surfiice tension prewsure depends on
the effective beam radius [25], which changes as it gety
defocused with the changes in the hole depth and is given
by [2}

r¢=4[l+(. -_“(_Z::" 5!))] )

where A 5 the laser wavelength (1,064 nm). 4, is the focal
length (120 mm), & is the beam gunlity parnmeter
assumed to be | for a perfect Gaussian beam profile. and
Zor is the effective melt depth explaised esrlicr. Beam

(13)

4
gof
*
= 2 mm thick plate
24 <+ 3 mm thick plate
1
I8
0 v - v v
0 0.5 1 15 2
Time{sec)

Fig. & Resoil pressure yanations wish time for S1C dnflling
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quality is & measure of the focusability of the leser used,
and beam quality fhetor &8 & sandard measare used for the
samne, he thiss study, it ks assumed that the beam i initally o
full focus comesponding 10 & beam quality factor of 1. All
real beams tend 1o have an value grester than |,
Aftlempts are ongaing for sccurmte M dotermination, and
ey will be meorporsed In future work. However, the
offect of the defocusing of the laser beam i taken info
account by determining the effective beam nuiuy from Eq,
13 above, The melt availuble ut the uxis of the bonm was
espelled with a velocity v, given by [25)

‘.“'(,) - lw, (14)

P e

whore 1y i the offective beam rading determined above in
Fg. 13, ¢ Is the time, and 7 s the surface ension coefficient,
Ax the thermophysical properties of SiC coatrol the
dissociation of SIC into its specics, the SiC propertics were
consilered only until SIC dissocuted mto hiquid Si after
which the propemies of St melt were mken mto account.
Hence, the surface tension cocfficient of lhiquid St
(843 dyncem for liquid Si [29])) was considenced it
affects the expulsion velocity und benee the depth of the
drilled hole. The fraction of the effective melt depth that
was expelied at a cemain time instant, o, was obtined by
integrating the expelied velocity over time (Eg. 15) und the
depth of the hole was given by Eq. 16 [30)

d, =]|’..,Il)-ll (15)
o

oo Y d, (16)
L)

The step-wise precodure followed o achieve the final
depth is presanted im Fig 7, where it can be seen that the
matenial properties and dimensions along with the lascr
processing purmmeders were used o solve the fundamental
heat transfer equation 10 obtain the preliminary tempera-
ture profiles wnd melkt depth prodictions. The input encrgy,
melt depth, nod heating curves wero altered due o the
losses taking ploce during the & jon and evap
processes, The modificd temperatire profiles them nssissed
i determining the recoil pressure amd associated velocity
of expulsion of the melt leading 1o the final determination
of the hole depth and prediction of required number of
pulses, The evolution of the drilled hole with time and the
different stages of s formation are schematically repre-
sented in Fig. Ko, b, respectively.

It ¢can be observed from Fig Sa that a 2-mm thick
plate was deilled through its entire depth in 0.41 5, while it
100k 2.05 5 to drill through the entire thickness of a 3-mm

Fig T Flowch 4 < dure. for pred

of dnllal depih

thick plate, Thus, only 21 pulses for a 2-mm plate and 103
pulses for & 3-mm plate were required to drill through the
ennire thickness. The prodicted total ON time (for a pulse
duration of (.5 ms) corresponding 10 21 pulses and
103 pulses was 105 and SLS ms, respectively. The
comespoading predicted drilling encrgy was obizined by
multiplying the power (300 W) by the total predicted ON
times for the 2 and 3 mun thick pltes, and these drilling
encrgios have also been compared in Table 2. Therefore,
us con be scen from Teble 2, computatiomally prodicied
number of pulses and drilling encrgy was Jess than those
experimentally identificd [25 pulses (3.75 J) foe the 2 mm
plate and 125 pulses (185.75 1) for the 3nm plase]. This
discrepancy in due to the foct that scloction of number of
pulses during actual drilling was based on prior practical
expericnee in laser-materialy  micractions and visual
observations. It can be observed from Fig. 8b that in the
il stages of dnlling (until around time nstant f,), the
recoil pressure expelled the matenial in the upward
direction and continued to do so for moreased depth of
the dnilled hole as the time progressed. Eventually, when a

@ Springer
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Incident laser beam Incident laser boam
Attime t, Mtash
e OB s o
Through N molt
= Hole

P % s BEvoluiton of dell Sepeh with tme b Schenuttc B progresscon of bole foemuston dursg teough driling of cermmie

very thin layer of the matecial remained 1o the bottorn (ot
aound tme mslant 14 the meooll pressure wid able to
push most of the moterisl i the dowaward direction
thoreby reversing the direction of mutersal expulsion m the
fianl sleges of deilking. This heppenod duo to the leaw
reslstance w0 the recoil peessure by the small mass of
supporting matenial st the bottom, Finally, mt arcund teme

instant £, all the rest of molten rostenial was expelied and
0 clean through hole was formod. Thus, the prodiction of
exact number of pulses (for thm matter pulso durstion,
Inser energy, etc ) to dnll » requited depth in » given type
of mstertal wnder chosen set of laser processing parame-
ters wouald be extremely mdvatageous 1o conserve
substuntial eneryy and time.

Tabke 2 Comparaon b 4 ol predited ber of pulses md dislling energy
Pate thidkness {mmd Nuxrber of pulses, .. Nunker of pulses_ 500 Dnling enagy,. o Driling energy, i J)
2 b 21 198 118

125 10% IRTS 1548

0 Speinger
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4 Conclusion

Through dnllmg of silicon cabide was successfully
caried out using pulied NEYAG laser. A comprebensive
theoretical mixdel moorpornting  the  thermal  cffects o
decamposing materinl, the effect of evaporstion  mduced
recoll pressure, surfice tension i expelling molten part of
the decomposed species, cooling of the sarface due 10
evaporation, and loss in encrgy due to dissociation assisted
m predsction of a doll depth wnder given processing
conditions, Such comprebensive approach distinguished the
model from many cardier works mcluding that of Saloaitis
et al. [2] who considered the drilling mechanism as the
mehing and subsequent removal of & materal volume wxi
Scith et ul. [12] who only coosidered the microstructunl
surface modification of SiC as o function of laser processing
parameters without considenng the actunl phiysical phenom-
ena such as the effect of recoil pressure, evaporation losses,
and dissociation encrgty losses resporsible for bole formation
as considered in the present study.

In the present study, the computational model specifi-
cully indicated that afthough 25 pulses (3.75 J) and 125
pulses (18.75 J) were employed, only 21 pulses (3.15 1)
and 103 pulses (1545 J) were sufficient for dnlling
through the entire thickness of 2 and 3 mun plates,
respectively, under the present laser processing conditions.
The maximum recoil pressuce of =3.73 7107 Pa predicted
by the model was responsible for expulsion of the melt
pool during deillmg. Even though the loss of material duc
0 evaporation at the surfisce contributed to only o small
ﬁwmofdnmldepth&llledllmhlthnCplu:n
was essentind o be considered a3 s

3. Srimivisa MF (1994) § igation of ®e drillimg dynamics md
melt expulsion mechaisms dunog the Liste drillnp of Ti-6A13V
using high speed phowgmply Masters Thesis Usiversity of
Temersee

4 Ghoseishi M, Low DKY, Li L (th)(‘mpm':ml
mnalysis of hole taper and circul m laser p driflimy.
fat J Mach Tools Manuf £2.984-995. dol: M) 1016 S0EM-6955
(R200038-X

5. Low DKY, Li L, Bynl 17 (2003) Spatter pecvestion: during the
laser dnlling of selocied acrospace materials. J Moter Process Tech
139:71-76 doi-10 1016 S09240 L & 03 K 1845

6, Guo D, Cai K, Yong J, Heang ¥ (2003) Spatterfiee baser drillmy
of aimins conmics hased oo geleastiog J Tar Ceram Soe
23:1263-1267. doi:10 1016SO25 522 I ND2W0O2P6

7 Yoo OV, Tum SC, Jama S, Law MWS (19%3) A sechnical review of
the laser deillinp of nerospace nanerialy. J Mater Process Tech
AZ:15-29, doi: 10101 60924 OF My N 00T L6

B Meijer J (2004) Lauser besen machining (LBM), state of he art and
new oppormanitics. J Mater Process Toch 149217, dot:10 1014
Jrmatproecc. 2004 07 003

9 Xuar AS. Doloi 3 Hlamschayys B (2006) Modellsg mad
analysis of pulsed NEYAG laser machining chasclenistics dunny
mocro-drilling of zecoain (Z602) Int 7 Mach Took Maouf
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materigl modifications caused by laser drilling of AIN
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2067 07 151

11 Zoppel S, Fansan M, Merz R, Zehetne J, Stangl G, Reider GA «f
al {2006) Laser miszo machioing of 3C-sic wingle crvweals
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processing conditions, and these losses could be signifi-
cant in the drilling of some ofher materials. Thus, the
model ks capable of providing an advance estimate of the
mumber of pulses requived 10 drill & desired depth in o
given mategial.

Acknowlodgensent  Clans Danicl acknowledges finmcial suppon
ﬁthwl‘W@aFﬂuﬂpmaO&w
| by UT-Battelle, LLC, for the US
muwmmunmmmzzu

References

1 Dubey AK, Vadavn V (2008) Experimentsd stady of NOYAG
Inser beam machining—an overview. J Mater Process Tech
195:15-26 thlOlN]mMﬁNl

14 Hasi SP, S AN, Dabotre NB (2007) Temporlly

evolved recoil pressure drives melt mfilizstion during laser

surface modifications of poross aleming cemmic. J Appl Phys

1105421 L 105489117, dol:054911

Tonloskinn VS (1967) Thermopbywical Properties of High

Tempemtuse Materials IF]Plemum, New York

16, Andrews 3G, Anbey DR (1976) Hydrodynamic limil W penct
&narnmﬂ\yammm’ﬂ:wDAyﬂm
S2U81-21M . dot: 10 1085 Q0227271 S0

17, Mazumdar J, Stoen WM (1950) Hest tsmster model for cw Laser
material processing. ) Appl Fhys $1:941-947. doicl0 108
1327672

1%, lncropers FP, Dewin 1 (2002) Fusdasentals of hest ssd man
trmafer. Wiley, New York

19, Bhoshan B, Gupta BK (1991) Handbook of Tribology Maserisks,
Comings sod Surface Trestmnents, Me Graw Hill, New York

-

20. Duley WW (199%) Laser welding. Wiky, New York. NY
21, Remmo X, Baeri P (1996) N I

evaportioa of silicon carbide. lnt | Theemophbys 17:1079-1087,
doic10 1007 HFO 1441996

22, Allmes MV, Blaser B, Affolser K, Stramer F (1978} Absception

phenomena in meml dnlling with Nd-bssers. TEEE J Quantam
Eloctron 148584, doc 0.1 HMIQE 197 1049739

2. Salasitis X, $ G. Suvropoukos B, 23 Basia |, Knacke O (1973) Thermochemical propenties of iawry
Chryssol 0("0071,\‘ ical and I .'v New Yock
tom on limitations of pulsed lser deilling, 1 Mates Prooess Toch 24, Anisimov VN, Antyusyan RV, B VY ¢t al (1984) Applicd
12396-103. dei 101016 fmutprotee. 2006 (9,031 Optics 23:15-24
@ Springee

197



ot J Adv Manuf Techmol

25 Masunawa A, Semak V. (1997) The simmlstica of front
keyhole wall dynamics durisg laser weldiap | Phys
D Appl Phys 30795509 doil{ 1088/0022-372724K5¢
013

26, Semmk V, Matsumawa A (1997) The role of recoil pressare
in emergy balmce dunng lasey motenials processing J Fhys
D Appl Fhys 302531-2552 dob: 10 108R00022-5727730¢
18004

27. Anizimov ST (196%) Viuponization of metal absorbing laser
radistion. Sov Phys JETP 27:182- 183

€ Springer

28 Han L, Liou FW, Musti S (2005) Thermal behavier md
model of melt pool i laser material peocess 1 Heat

Teanst [27:1005-1004, doi10.1115/1.2005275

29 Yesa ZF, Mukai K, Husag WL (2002) Swise semperatoe
and it temporsture coefficicnt of molicn silicom m different
oxygen potentisls. Lasgmmir | £:2054-2062

3. Semak VV, Ksoroviky GA, MucCallum DO, Roach RA
(2006) Effea of suface fensicn on mell posd
during laser palse interacticn. J Phys D Appl Phys 39:590-
595 doi: 10 108RON22-372T/5W 2025

198



Avaiable onling 8t www SsCienoedeect com
e
“+.” ScienceDirect

Cermmios bwrsational 35 (I000) 20932007

CERAMICS

INTERNATIONAL

Short communication

Differences in physical phenomena governing laser machining
of structural ceramics

Anoop N. Samant, Narendra B. Dahotre *

Dvparmmess of Maseelaly Sctence amd Eng e Dhe L
Recekvad 18 Asgust 208 soooived n reviied form 23 Sopocraby

i uf K . fe, IN AP0 Unsedd Stases
200w, d ¥ Novembes 2008

Available enbame ) Decesber 2008

Almtract

&mﬂm“mmﬁnmmm»amstmm-dnm‘mmxnmmgnpmNdel.suLascr
pmgmdihmunnlwmmlmm“mamlh* seul phy

wre some of the vital mech

Medting. dimociation and evag
these phiywical g it & hydrexdy ) o

mﬂuluﬂhd\mpdcﬁnnrwnmdm Ul

g model b0 prodict Bifferent sachimog § Wi coed

d wih rinl LAl ) Mln_, of

d. The muode! peovides an

o 2008 Elsesser Lid and Tochna Grovp Sxl. Al righes reserved.
Keywonde B ALOL D SING DSICC D, MpO

1 for machining desired depth of

L Introduction

Exceptional propernes like high hardness, high thermal
resistince und chemical stability have increased the use of
structum] ceramics such as aluming (ALO), silicon carbide
(SKC), silicon nitride (SIyN) and magnesia (MgO) for several
electronic, automotive and medical applications [1]. ALO; is
wsed s making scals, valves, madical implasts, and s a
substrate i hybeid clrcwits, Piston rings, beacings, cams are
mide by machining Si N, while MgO s ived in brake Bnings,
thermocowple housings and in thin film semi-conductons. SiC is
also gaiming popularity foe high temperatare. high frequency
and high power spplications. Hard and brittle nature of these
ceramics pose a hindrance in the use of traditional methods
based on mechanical grinding and fracturing for machining
them, Recently, Laser Machining (LM) has transpired (0 be one
of the widely desired machining 1echniques on asccount of its
contact less processang, low prodection costs, eflicient material
utilization and sutomation [2-S}. This study wims &l under-
stunding the physical phenomena behind the material removal
process during machining the above mentioned structural
coramics by o JK 701 pulsed NEYAG loser (1064 nm

* Comespoading ssthoe. Tel - + 1 Bed O74 N fan: o1 385 903 41 IS
Lol abfrens. mlsberiieet i ok (NI Datertie )

wavelength), The intention of this paper 15 just 1o discriminate
various mechanisms such as  melting, dissociation  and
evaporation which could be responsible for machining of the
different structural ceramics. However, the detuls of the
physical processes and computational resulty associated with
machining of cach individual ceramic ure separately described
clwwhere [6-9),

2. Laser-ceramic internction

Once the laser beam is incident on the ceramic surface,
absorption, reflection, refraction, transmission, and scattermg
wre the different physical phenomena that take place. The
majocity of the emergy is absorbed and this ahsorption depends
on the wavelength and absorptivity characteristics of
the misterial being machined |10} For machined cavities with
high aspect ratios as comsidered in this study. the multipie beam
reflections along the wall of the cavity also influence the energy
absorption and 100% of the energy is inmedinely abworbed
[y

2.1, Temporal evolution

The laser energy converted into heal conducts i the
malerial pocoeding 0 Fourler's second law of heat tramder
(Eq, (1, and simulancousdy rdiates (Bg. (2)) and convects

OOT2HREUSH 00 o0 008 Elseveer Lid and Techng Geoop S.) Al rights seserved

ol 30, 104 A corsmimt 2008 11013
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(Bq. (30 from the surface [12).
T, y2,1)
i
= alT)

where K(T) and C,(T) are variations in thermal condoctivity ad
specific beat as 4 function of temperature, p is density of
ceramic, T is wemperature fiedd, ¢ is tine and x, y and : are
spatial drections,

KD (31(:.;. 0,1 R a{x,v,0,1) 4 i {x,y, o,:))

Friz.y,z) T (x vz Fricy,ze)
[ e I(l)

iy d:
Afa) a 4 2)
'Tt"m( {x,,0,1) -n)
3=1 HO0<r<tu: §=0 U 1>

where ¢ is emissivity for thermal radiation. @ is incident beam
power, d is beam diameter, T, is ambient temperature. £, is the
pulse ON time, o s Stefan- Boltzman constant (5.67 x 107" W/
m’ K')and a is absorptivity of the material. In the present case,
the values of ahsoeptivity were obtained from peeviously pub-
fished references in the open literature, Although it is very
difficult in an extremely shoet duration high energy density
dynamic process like laser-material interaction to accurately
conduct in sits absorptivity measarements, eftorts are going on
in paralic] for in sity measurement of actual shsorptivity values
umder laser processing conditions similar to the ones employed
in the present work. The torm 5 takes a valoe of T when the tme,
15 Jess tham £, and it is O when the time, £ exceeds t,, Thus the
value of § depends on the time, 7 and ensaces that the energy is
mput 1o the system oaly during the pulse on-time and cuts off
the encegy supply during the following palse off-tume.

Ax, D) ATl v, D1} 8T (v, D1
-k(TJ( (x; ) (x;v X . (n:' ))

= MT(x,3,0,t) = Ta) [&}]

where D is the thickness of the ceramic being machined and
K(TY is the heat translee cocfficient as & function of temperature.
The lemperature tise and fall during the ON and OFF time,
respectively, also affect the temporal and spatial evolution of
temperature within the ceramic body which in taen influences
the materinl removal mechanism [13] (Eq. (4 and 5)),

T, =T+ (To=T0)

[ WY (1)t (1) /T iy
ol ["" iy "“‘( W7) )
)

where 7] is the temperatare during heating of pulse £, 1.4 is the
OFF time between successive pulses and erf() is the emor
function. The term a (1) is the temperature dependemt thermal
diffusivity of the mateeial given by K(TWp C (1L

Ti=T_,+ %-\-———’"g;f’“"" 2 ®

where 7_, is the temperature daring cooling of the earlier pulse
predicted from By. (1) above,

22 Governing physical mechanisms

When the surface temperature reaches the melting point of
the cerumic, material removal occurs by melting und the solid-
liguid Interface can be interpreted by tracing the melting poimt
in the temperature versos depth plots. As the surface
temperature further mcreases with pulse time or laser intensity
and reaches the vaporization point of the material, material
removal takes plice by evaporation instead of melting, The rute
of material loss at the surface (kg/m” 5) duc to evaporation is
given by [14]

r m, 12
Mevapasind = P{TJ}NTT.] (6)
where T is the surface temperature. & is the Boltzmann constant
(1,38065 x 10" JK). m, is mass of the vapor molecule, and
PUT,) is the saturation pressure given by the Clausios-Clapeyron
cquation. The evolving vapor from the surface spplies recoil
pressure on the surface (Eg. (7)) which plays an impactant role
in muterial cemoval in molten state during machining of certain
ceramics as seen later [15),

nd’pr_‘a:l.ﬂ)( b )
Q@ VL \1+228 M

where & = KT, /myL,, and L, is the latent heat of vapocization.
Even though thermo-physical properties mentioned ubove such
a5 thermal conductivity, specific heat, heat transfer coefficient
and thermal diffusivity viry with temperatuee. the latent heat of
vapoeization is @ constant value independent of temperature.

Based on the thermodynamic conditions peevalent during
laser machining, cenzin ceramics dissociate/decompose into
various  stolchiometric/non-stoichiometric  species that are
expellediremoved during the machining process. Assuming
the machined cavities with minimum taper 10 have a cylindncal
cross-section of volume V= ml'od (equivalent 10 N=V/
24 % 107 mol), the loss of energy comesponding 10
dissoctation of this volume of machined cavity is estimased
by Egvuocimion = A6 x N, where AG is Gibbs free encrgy and
15 depth of machined cavity, This dissocintion energy loss
reduces the effective laser encegy available in subsequent
pulses ancl thus the comresponding femperature. As described
below, a combination of the different physical processes
mentioned wbove affect the machining of & certain ceramic
rather 2 smgle peedominant peocess (Table 1)

1. Machining of structural ceramics

Structural ceramics such as alumina (AL Os), silicon nitnde
(SisNy) silicon carbide (SiC) and magnesia (MgO) were
machined using a JK 701 pulsed Nd:-YAG laser. Processing
conditions and governing physical phenomena for machining
of these ceramics are only briefly discussed here for the sole
purpose of comparison in this section. As mentioned before,
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however, detailed analysis of the machining mechanisms in
these ceramucs has already been conducted by Samant and
Dahotre and separately presented elsewhere [6-9].

3.1 Alumina

At a pulse encrgy of 4 1, repetition rate of 20 Hz and pulse
width of 0.5 ms, S, 10, 20 and 30 pulses were required for
machining depths of 0.26, 0.56, 3.23, and 4 0mm in ALLOy
(Fig. 12) [6). A0, Al Al ALO, g and AlOn, are some of
the species formed due to the dissociation of AlO, [16). Recol
pressure provoked expulsion of the liguid phase formed during
the dissociation peocess (most likely by reaction in Eq. (8)) is

ble for kiser hinmg in aluming,

3
AlLO: —2Al,, —‘:;oy‘, [t}
Morcover, there 1s some loss of material due o evaporation

{Eq. (6)) anl the machining in akimina i & combined effect of
melt expulsion, dissociation and evaporation.

() °a_I LT (®)

500pm S puises

32 Silicon nitride

For the same set of laser processing parameters as used for
machining alumsing 3,6, 10 and 20 pulses were able to machine
depths of 0.92, 1.13, 1.69 and 3.5 mm, respectively, in SN,
(Fig. 1h) 7], The dissociation/sublimation of SiyN, o Si
Dquicl amdd N> gas (Eq. (9) [17]) at the sublimation temperatire
of SigNy followed by the expulsion of ligusd silicom by
evaparation mduced recoil pressure (Eq, (7)) was proposed as
the material removal mechanism.

SiaNy = 3Siy, 4+ 2N, (L]

Evapocation alvo assists in material removal and melting,
dissociation and evaporution together lead 10 machining m
SigNg [7)

3.3 Sibeon carlide

Using a pulse energy of 6 1, pulse duration of 0.5 ms, and
repetition rate of 50 Hz, a through cavity wis machined in a
2 mm thick SiC plate in approximitely 25 pulses whilke it took
about 125 pulses to machine through the entire thickness of a
Imm thick plate (Fig. I¢) [B). Decomposition of SiC may
produce seveeal species sach as S, Sig, SiCy ., Sig, Coy
S S1:Cp Cgy and Sigy, The most likely reaction to
peoduce liquid species avatlable for expulsion is

(10

SiC = Sig, + g

Fig. | Laser machiming of (a) Al:Dy (b)) S5,Ny, () SiC and (d) MgO.
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Fig 20 Machined depth evelation for (0 ALO 00 SHNG 660 SIC amd 1) Mgt

Simtlar to alemina and silicon mtinde, some foss of maserial
also occurs due 1o evapomtion and a combination of mehing,
dissoctation and evaporation comtribates to machiniog in silicon
carbide.

S 4. Magnesia

Finally, under the combination of i pulse energy of 4 J, pulse
width of 0.5 ms and o repetition rate of 20 Hz, several pulses (3,
6, 9 and 20) were applicd to the MpO surface and depths of
0.25, 0.86. 1.54 and 3.0 mm were machined (Fig. 1d) [9]. MgO
dissoctates as per the followmg reaction | 18]

MgO — Mg, + O, (n

Mam

The meltung and vaporizati W of mag
(922K and 1363 K. respectively) being loss than the
dissoctation temperature of MgO (3123 K), the solid magne-
sium formed due to the dissociation reaction (Eq. (11))
immediately evap and material bosses in MgO Lake place
sodely by evaporution. Dissociation along with evaporation of
the ceramic exposed 1o laser fluence causes matenal remosal i
MzO. This mechanism is in contrast (o the machining of AL Oy,
SNy and SIC using the same liser based technigue. As the
material evaporates, the removed material ( vapor) exerts o force
aver the machined arca and drives out the material. This force
acting upwirds is proportional 10 the laser flucnce (energy per
unit sren) essential for machining u cortain depth, = and is given
by

_ Laser Nuence
Machimed depth

Vapor

This vapour pressure (Eq. (121) ts diflerent from the recoil
pressure meationed above (Eq. (7)) and ts exerted oaly dunng
the machining of ceramics such as MpO where the entire
muerial goes directly o vaporization without any melting
involved, On the other huad, recoil pressare (Eqg. (7)) is
experienced in those ceramios in which machining takes place
by a combination of melting and evaporation. Simubtancouly,
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the gravitational pull (pgz, where g is acceleration due 1o
gravity) scts downwards and the exteat of cavity fommation is
governed by these counterbalancing pressures, A clean cavity Is
formed when the vapour pressure exceeds the gravitational pull,

4. Computational model

The above described physical processes along with the
material peoperties and laser processing conditions can be
incorporaied into a compitational model {or prediction of several
machining parameters such us machining time, nomber of pulses,
dimenszons of machined cavity and machining caergy. In light of
this, un ab initio physical model was developed by Samant and
Dahotre and ased for predicting the number of pulses and
corresponding time required for machining & certain depth in
Al O (Fig. 2a) [6] and for estimating depth of machined cavity
when a centain number of pulses were applied to S1:N, (Fig, 2b)
(7). The model was also applied for advance prediction of
namber of pulses and corresponding encrgy necessary for
machining SIC cerumic (Fig. 2¢) 8] and to determine the mumber
of pulses and comresponding time required for machining a
certain depth in MgO (Fig, 2d) [9].

As the detuils of modeling have been elaborately explained
by Samant and Dahotre in refecences |6] w0 |9], only a general
flow chart for predicting the desired muchining parameters is
represented in Fig. 3. The nature of the structueal ceramic
governs the physical phenomena thit can be incorponted imo
the mathematical model and il was found that the predictions
were within acceptable range of the actual observations.

5. Conclusion

This smdy demomstrates the feasibility of lasees in
machining some of the commonly used structural ceramics
and establishes the fact thar the material removal mechanism
deperdds on the type of ceramic, Based on this concept, a
computational tool was developed that was capable of advance
predictions of the machining parameters. It wis observed that
even though the laser processing conditions were identical for
most of the ceramics, the depeh of the machined cavity was
different for all of them because the machining process was a
function of the theemo-physical properties of the ceramic such
as thermal condhuctivity, specific heat, latent heat and density,
Furthermore, this study is different from carlier work such as
that of Salomitis et al. [13] who considered the machining
mechanism as comprised of only melting and subsequent
mmnlmnlbymelapum-ldr\mﬂd.lwl
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1. Indroduction aggressive environuments, i making crucibles i chemical and

Structural materiaks can be classificd as ceramics, metals oe
polymers with each type of material having its own advantages
and drawhacks. Even though metuls are strong, cheap and tough,
they are chemically reactive, heavy and have limitations on the
maximum operating tempersture, Polymers are easy 1o fabri-
cate and light, but they can be used at temperstures only below
300°C, The characteristic features of ceramics compared to
others make them more suitable for some spplications. n com-
parison with metals and polymers, most ceramics possess aseful
features such as high-temperature sirength, superior wear resis-
tance, high hardness, lower thermal andd electrical conductivity
and chemical stabilaty.! Retention of these properties by struc-
turnl ceramics at high temperatures presents these materinls as an
exclusive solution to several engineering application problems.*
Commaonly used structural ceramics are zirconia (Zr03 ), boron
carbide (B,C), alumina (Al0y), silicon carbide {SiC), silicon
nitride (Si3Ny), siaka (Si-Al-O-N1, berylis (BeO), magnesia
MgO), titanium carbide (TiC), titanium nitride (TIN), titanivm
dibocide (TiB3 ), zirconium nitride (ZeN) and zirconium dibaride
ZrB3). In general, these structural ceramics fall into two major
groups: conductive ceramics such as carbides (TIC and SiC),
borides (TiB2 and ZrB2) or nitrides (TIN and ZeN) and cernm-
fex that are a mixtare of dielectric (semi-conductive) materials
and conductive materials such as SisNg-TiN, sialon-
TIN, and $i3N4-SiC.? The applications of some of the structural
ceramics are presented in Table | bolow,

Alumina is also used m making machine 1001 msens, heal-
resistant packings, clectrical und eclectronic components and
attachments to melting ducts and refractory linings.* Zirconum
diboride (ZrB;) possesses a high melting point, low density,
and excellent resistance to thermal shock and axidation com-
pared to other non-oxide structural ceramics. Henee, it is used
as un ultra-high-tempernture ceramic (LHTCY, for refractory
materials and ss electrodes or crucible materials S Magnesia
s 4 very stable oxide used in refractory linings, brake lin-
ings, thin-film semi-conductors, for housing thermocouples in

mhrmmwhehuhmmmuumqumm
in making thin-film substrates and laser pants.®” In addition to
the above-mentioned structural ceramics and their engineering
applications, there are several other fiekls 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 scvanced high-performance materials
have certamn limitations such a8 difficuity m fabrication, tgh
cost, and poor reproducibility as seen below.

2. Fabrication technlques

Many features (high hardness) that make strucfural ceramics
attractive for particular uses also make them difficult to fabri-
cate by traditional medsods based on mechanical grinding and
machining. Strength and efficiency of the components ¢an be
affected by the damage cassed cn 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
lechxﬂngthhmnlﬂecmgthemﬂchlpopuﬁudﬂw
surface.? Some of these techniques are summarized in Fig. |
and briefly described bekow,

2.1. Mechanical machining

In mechanical machining, material removal takes place when
the ceramuc is subjected 1o some mechanical forcefimpingement
of abrasive particles. Commonly used techmsgues under ths cat-
cgory are abrasive machining/grinding, ultrasonic machining.
and abeasive 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

Appbcations of differest struct el ceennics”

Application Pedommnce advantigos Examples

Weste pcts sale, bearitgs, vol v, pozzles High hardness. ow foiction SiC. AL Oy

Ceming touls High wrongth bardoess SuNy

Heat engines. desed comp 228 Ly Thermal besilation, b tompentin stresgd, foel cconomy Ze0y, S, SNy

Medial implaats kg, tocth, joint Taocompatibilxy, surface bond 1o tyese, Hydemxyap bioglos, AL Oy, 750,
Cosatruction Sapdwways, bridpes, buildings Tmpovved durdiiny, bower oreral] cont Ad d -l

Even though the needs for dimensional sccuracy and surface
finish are salisfied by conventional grinding, long achin-
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,'"1? palverization
layers,? some plastic deformation™ and significant resicdual
stresses. !

2.1.2. UVltrasomic machinimg (USM)

(Mirasonically vibrated abrasive pasticles remove matesial in
ultrasonte machining at generally low material removal rates, A
tramsducerdoosier combination converts electrical energy into
mechanical vibrations and causes the tool to vibrate along its
longitudinal axis at high frequency.'® As the mechanisem of mate-
rial removal 1 not properly documented, process optimzation
is difficult.”

2.1.4. Abrasive water fet machiming (AWIM}

In abrasive water jet machining, a blast of abrasive-laden
waler stream (mpinges on the surface of the material and results
in erosive wear, This process s advantageous over the grinding
process ms it reduces 100l wear and machining time.'® At high
speeds, surface fracture results in kerf formation because of the
hydrodynamic forces within the water jet.

22 Chemical madkining (CM)

Chemical machining using etchants s the oldest of the
machining processes, wherein chiemicals attack the materials
and remove sizall amounts from the surface, Sharp comers, deep
cavities and pocous workpleces cannot be essily machined as this

methaod is only sultable for shallow remeoval of materfal (up 1o
12mm).*

221, Chemsical-mechanical machining (CMM)

This technology s widely used tn surface patterning in seini.
conductors and micro-clectro-mechanical systems (MEMS),
Initially, the chemical absorption on the surface of the material
prochuces achemically reacted bayer with physical properties dif-
ferent from the ariginal material. This is followed by mechanical
machining to generate the desiredd pattem on the surface. High
costs and several steps involved in pattemning commonly used
materials such as silicon can be minimized by using KOH solu-
tion that can change hard beitthe material surface of sificon into
a hydrated layer which makes machining casier. Funthermore,
this technique also offers fexibility and controllability n the
process. 17

2.3. Electrical mackining

Electrical energy in the form of pulse or continuous @ 50~
lation or in combination with chemicals is usext to erode the
material, It is highly effective for machining electrically condug-
tive and semi-conductive matenals. Electrochemical machining
(ECM), electrical-discharge machining (EDM) and clectro-
chemical discharge machining (ECDM) are the commonly used
clectrical machining technigues.

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 o tendency 1o erade away sharp profiles,
this method s not suitable for generating sharp comers.

Fag |, Cemmi fabocetion toctmigues

206



72 AN Sornt N.B. Dubotre /Journsl of ke Beropean Cerawic Sociely 29(1009) 969903

2.3.2. Blectrical-discharge machining ( EDM)

EDM s an abrasionless methid used for machining con-
ductive cernmics such as boron carbide (B4C) and silicon
carbide (SiC).* This method s not affected by the hardness
of the material, but requires an electrical resistivity of less than
10082 em.?

233 Electro-chemicul discharge machining (ECDM)

This technigue has the combined festures of EDM and
ECM and is capable of machining high strength electnically
non-canductive ceramics, This process is inefficient because
# significant portion of the total hest doveloped is dissiputed
for incressing the temperature and the comesponding material
removed while machining is less.*!

2.4. Rudiaron machining

Radiation machining is & non-contact machining process
where the dimersion of the hole or the groove can be cone
trofled by the energy supply to the work piece. The energy can
be provided by an electron beatm, plasma arc or by lasers. These
non-contact machining techniques are not sffected by the abra-
sion of the 1005 and they are independent of electrical resistivity
of the materials being machmed,

2.4.1. Electron besm machining (EBM)

The emergy source in EBM 15 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

whllclgadlinimnlighspwdsdwwhbcmdcfm
effect.

2.4.2. Plaxma arc mackining

Tonized gas ts used for machining the ceramic at very high
temperntures leading to sinaller kerf widths and good surface
fingsh, As the vacuum chambers have lmited capacity. the size
of the comporents should closely matoh the size of the vacuum
chamber.*

2.4.3. Laver machining (LM)

The source of encrgy In LM iy o laser (acronym for
Light Amplification by Stimulated Emission of Radiation)
High density optical energy i incsdent on the surface of the
wark piece and the material is removed by melting, dissocia-
ticndecomposition (broken chemical bonds causes the materal
to dissociate/decompose), evaporation and material expubsion
from the area of laser-material interaction. The vital parame-
ters governing this process are the different properties of the
ceramic such as refiectivity, thermal conductivity, specific heat
and lutent beats of melting and evapoeation. The schematic rep-
resentation of the laser machining process s 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.

1o 2. Schemanc of laser mackenmg (Afer Knar @ al © with permasion
Copyright Blsvier )

2.5, Hybrid mackining

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

2.5.1. Blectricul discharge grinding

This method combining the advantages of grinding and
electrical-discharge machming hus low equipment cost and iugh
efficiency.*** Material is removed from the ceramic surface by
recurrng spark discharges between the rotating wheel and the
waork piece.®

2.5.2. Laser-assisted chemical etching

Material removal 5 carried out by using suitsble etchant in
combination with selective laser imadiation, The laser radiation
influences the reaction between the material and the etchart by
exciting the etchant molecules and/or the material surface™ and
the etch rate Is significantly affected by the laser fluence.

253, Laser assisted machining ( LAM)

In baser assisted machining, the material is locally heated by
aninlense laser source prior 10 muterial removal, without melting
or sublimation of the cerataie, Thas technigue has been sicoess-
fully used for machining silicon nitride and the comresponding
work piece ten , 0ol wear and surface integrity have
been measured.”’ ¥ Magnesia-partially-stabilized zirconia wss
machined with a polycrystalline cubic boron nitride tool and
1t was found that the tool life incrensed with material removal
temperatures.”’ LAM effectively reduced the cutting force and
improved the surface finish of the finished prodacts made from
Al M In LAM, after the laser is used to change the ceramic
deformation behavior from brittle to ductile, material removal
takes place with & conventional cutting tool, Unlike LAM, in
laser machining (LM), actual material removal takes place by
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Fie 3 () Lasce sssdated muduning (ARer Lei ct al ™ with perimisdos. Copynglt Fliovice ) (1) Lascr anchining

the luser beam. The phiysical 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

Y. Laser machining

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

(1) Non-contact process: Energy transfer from the kaser to the
cernmic through imadistion eliminates cutting forces, tool
wear and machine vibration., Furthermore, the material
removal rate is not affected by the maximum tool force,
1ool chatter or built-up edge formation, but can be con-
trolled by varying the laser processing parameters such as
mput energy and processmg speed,

(1i) 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 beittie materi.
als such as structural ceramics with low thermal diffusivity
and conductivity suitable for machining.

(1) Flexible process: In combination with a multi-axis posi-
tiomng system or robot, lasers cun be wsed for drilling,
cutting, grooving, welding avd heat treating oa the same
machine wilhout any necessity to transport the parts for
processing them with specialized machines. In-process
moenitoring during the kaser machiming process can allow
key parsmeters o be measured and a high level of repro-
dueibitity can be attained. ™ Relative econinio comparison
of kaser machining with other machining processes is made
in Table 2

Different types of lasers such as COp, NAYAG and
Excimer lasers are wsed for machining of structural ceram-
s with each type of laser having its own wavelength of
absorption and machiming applications. CO; lasers are molec-
ular lasers (subgroup of gas lasers) thal use gas molecules
(combination of carbon dioxide. nitrogen and hellum) as
the lasing medivm, whereby the excitation of the carbon

dioxide = achieved by increasing the vibeational energy of
the molecule. The actual pumping tukes place by an AC
or DC clectrical discharge and this laser emits light at a
wavelength of 10.6pm i the far infrared regwn of the
clectromagnetic spectrum. CO; lasers are widely used in inchus-
ry for spplications in laser machining, heat treatmert and
welding. ®

On the other hand, Nd:YAG lasers are solid state lasers
that use dopants (Neodinium (NE' §) dispersed in 4 crystalline
matrix (complex erystal of Yttrium-Alwminum-Gamet (YAG)
with chemical compesition Y AlgO)3) 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 reglon of
the spectrum can be obtained. Nd: YAG fibre kasers are used in
applications requiring low pulse repetition rate and high pulse
encrgies (up to 100 Mpulse) such as hole plercing and deep key-
hole welding applications™*

Excimer kasers are un incressingly popular type of gas
lasers made up of a compound of two identical species that
exist only in an excited state. Commonly used excimer coam-
plexes mchude argon fluoride (ArF), krypton Mluoride (KrF),
xenon fluoride (Xel) and xenon chloride (XeCl) with the
output wavelengths varying from 0,193 to 0351 pm m the
ultraviolet 1o near-ultraviolet spectra. These compounds can
be formed by inducing the noble gas (Ar, Kr, or Xe) of the
compound mto an excited state with an electron beam, an elec-
rrical discharge or & combination of the two Excimer bsers
are wsed for machining solid polymer workpieces, removing
metal films from polymer substrates, micromachining ceram.
ics and semi-conductors, and marking thermally sersitive
materials.

The different types of lasers can be operated in either the
continuoas wave, CW or the pulsed mode, PM (nano, pico and
femto second lasens). In CW lasers, continuous pumping of the
laser emits incessant light, while in a pulsed laser, there isa laser
power-off period between two successive pulses.” Pulsed lusers
are preferred for machining ceramics as the processing parame-
ters can be more effectively controlled compared to contimuous
wave mode. " The next section looks at the important physical
processes that assist in laser machining of ceramic and discusses
the different types of baser machining
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Tk 2
el wparnens of def tusiag pocesses™
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Cogital i Tookingae Powver foqummwats Removal effciescy Toed wear
Coovertioeal macluning Low Low Luw Very dow Low
Ultrasoesc maw luning Low Low Low High Medinm
Flectueciwmical machining Very legth Meodium Muedinm Lo Very low
Chermcal machasiag Medinim Low High Males Very low
Flectne sl dischape machinmg Medmm Figh Low Hagh gk
Flasing s macbialeg Nery Jow Low Very low Very bow Very low
Laser machining Medium Low Very low Very tigh Very low

3.0, Absorgtion of laser energy and multiple reflections

The phiysical phenomena that take place when the laser beam
is incident on the ceramic surface are reflection, absorption,
scattering andd transmission (Fig. 4). Absorption, the vital of
all the effects, is the interaction of the electromagnetic radiation
with the clectrons of the material and it depends on both the
wavelength of the material and the spectral absorptivity charac-
teristics of the cernmic being machined ** The absorptivity is
also mfluenced by the onentstion of the cevamic surface with
respeet to the beam direction and reachies a maximum valoe for
angles of incidence above 87 . * For machined cavities with high
aspect ratios, multiple beam reflections along the wall of cav-
ity also affect the amount of absorbed energy,* 42 The multiple
reflections in a machined cavity are schematically represented
n Fig, S where L, ts the incident laser energy, f4g, £2 and /s are
the first, seconxt and third absorptions, respectively, and 4y, 4y
and £ are the first, second and third reflections, respectively.
There will be many more reflections taking place during actual
ceramic machining than dlustrated m Fig. 5, The phenomenon
of multiple reflections has been moorporated into the machming
process inseveral ways. 5 The laser beam enerpy @, absorbed

i

Transmission
Fig. 4. Interactions of mcident laser boams with coramc,

by the ceramic after n reflections is:**
Q.= Q) i

where @ s incident laser beam energy, ¢ 18 angle-dependent
reflection coefficient of the ceramic, and & & number of multiple
reflections given by:

=% )
n= v} @
where @ s angle the cavity wall makes with sormal 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 expectad to be immedistely absorbed by the ceramic for the
machining process. ! Thus the absorbed energy depends on
properties of the ceramic (reflection coeflicient), magnitude of
incident Laser energy. output wavelength of processing laser and
wall angle, This energy 18 converted o heat and ils ensiing
conduction into the material establishes the temperature distri-
bution within the material which i tum affects machining time
and depth of machined cavity,

la2

Fig. 5. Mubltigle reflections in » muctined cavily. (Aftec Zhao*’ with kisd per
hision of 7. Zhao's Major Professoc. D Viadione V. Semnk )
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3.2, Thermal effects

The excitation energy provided by the laser s rapidly con-
verted into Ieat and this is followed by various heat transfer
processes such as conduction into the matenals, convection and
radiation from the sarface.*” The conduction of heat into the
ceramic Is governed by Fourler's second law of heat transfer:

Pz t) & Frie v,z
[ iy

P y. 2.0
23 ‘

ix, yz,t)
_&——MT)[

(3}

where I' is temperature fiek), 7 is time and x, y and z are spatial
directions, The term o T} is temperature dependent thermal dif-
fusivity of the material which 1s given by MTWoCy(7), where o
is density of ceramic, Cp(1) and k(1) wre temperature dependent
specific heat and thermal conductivity of the ceramic, respec.
tvely. The balance between the absorbed laser energy al the

Laser Beam

Il

Heat Canduction

(a) Heating
Laser Beam

il

(c} Surface vaporzation

Laser

I

surface and the radiation losses is given by:

Sl v, 0.0 N ar(x, »,0,0 = al'ix, v, 0, r)\'

gt oy =/

= 5% —eo(Tix v 0.0 ~ T,Y) 4
=1 i O=t1<p
§=0 i r>4

where @, is absorbed laser power (predicted by considering
multiple reflections and material properties), ¢ is emissivity for
thermal radiation, T, is ambient temperature, £, 5 ON-time for
laser, o Is Stefan-Boltzmann constant (3,67 « 107%Wim? K*
and A is cross-sectional ares of the beam. The term § takes a
value of | when time, £ is less than laser ON-time, I and it s 0
when time, £ exceeds laser ON-time. Thus the value of 3 depends
on time, £ and ensures that the energy is input to the system only
when the Laser ks ON and cuts off the energy supply when the
laser & switched off, The convection taking place at the bottom

Laser Besm

(0) Surface melting
Laser Beam

- -
- .
p .

(d) Plasma formation

JIjI

(o) Atdation
Fig. & Varioas physical phenceoets during laswr-corsmse isarnction. (Afer Daboerv and Huimkar' with kind permiscsion of Springer Scionce + Baviswss Modia )
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surface of the sample 1s: ()
<h<
_KD "a'nx.,». Lo Ty Lo " arie v, Lo } 'E e
\ ax a' & ‘ %
_ g Comatan 1

T, y, L) = T, (5 3
where L is thickness of the sample being processed, & is tem- §
perature dependent heat transfer coefficient axi 75, s amb
temparsture. The temperature distribution within the material as % fime
a result of these heat transfer processes depends on the thermo-
physical propertics of the material (density, emissivity, thermal Li<ta<ia

conductivity, specific heat, thermal diffesivity ), dimensions of
sample (thickness) and laser processing parameters (abscrbed
energy, beam cross-sectional area). The magnitude of tempera-
ture rise due to heating govems the different physical effects in
the material such as melting. sublimation, vaporization, disso-
clation, plasma formation and ablation responsible for material
removal/mschining us discussed next (Fig, 6).4%5%5

3.2.1. Melting and sublimation

At high laser power densitics (£, > 10° Wiem?), the surface
temperuture of the ceramic T'(precticted using Egs. (1)-(51) may
reach the melting point Ty, and matenal removal takes place
by melting a5 considered by Salonitis et al.* As indicated in
Fig. Ta, the surface temperature incresses with increasing ievads
ation time, reaches maximum temperature Ty at laser ON-time
tp and then decresses. ¥

The temperatures reached and the corresponding irradistion
times are: Ty < Ty at timedy < fy, T at time £y, Ty attime &y, T
at time 13> 1, and finally 7y at time £ > fp. The corresponding
temnperuture profiles in the depth of the material for vanous times
during laser imradiation are presented in Fig. 7b. The solid-liguid

(@) o |

Vol

Temperature, T

Zem Dwpts. 2

Fg. 7 Cakulation of temporal evolution of mek depth (a) surface semporstere
ol of these (B) tem - al of depth below the sufuce
during beating and cooling (After Dabet re and Hacimbkar*” with kind permssion
of Springser Scence + Buriness Madia )

Constant |

Depth of muming, Zm &

Fig. 8. Varlaea of melt depth dansg buer immadiation (a) effect of laser power
density 4t coastamt pulse time (h) effoct of Laser palse tme ot constant laser
o denney. (After Dahotse and Harimkar™” with kind genmssson of Spetnger
Scrence  Dusivess Media )

Interface can be predicted by tracking the meling point in tem-
perature versus depth (2) plots (Fig. 7b). For example, it can be
seen from Fig. 7b that at time &, the position of the solid-liguid
imterfoce (melt depth) comesponds 10 Zagy . Before imitialization
Of sterface evaporation, maximum melt depth increases with laser
power density J (power per unit arca) at constant pulse time
(Flg. 8a) while st a constant laser power densaty, maximum depth
of melting incresscs with increasing pulse time (Fig. 8b). Pre-
diction of melt depth using temperature profiles obtained from
Eqs. (1)-(5) assists in determining depth of machined cavity in
those ceramics in which material removal takes place entirely
of in part by melting *

Some structural ceramies like SizNg do not melt but sub-
L, emitting N and depositing a recast layer of silicon on the
machined surface.® Attempts Ixve been made fo machine SisNg
In water by Q-switched YAG lasers that can generate high pesk
powers (above SO W) from very short duration pulses (100 ns)
ot high frequency (~10kHz). As seen in Fig, 9, by machining

1006um

- ———— - 4

Recast Layer

Fag. 9. Covss section of S1; N, cename niaciased s 00 mr sad (b) witer (After
Maorita ot 4% with pormission. Copymight Amecican Tnstitote of Phisics |
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SiyNy in air, a recast layer about 20 pm 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 throngh water, removal of
material (S1aN4) was le without the formation of recast
layer or micro-cracks. ™0 The water also solidified the St vapar
and Hushed away the micro-particles, thus preventing the vapor
from reaching the saturtion level.

322, Wy and dissociation

As the surface temperature of coramic 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 lsser
energy and material is removed by evaporation from the surface
above the liquid-vaper interface. " The velocity of liguid-vapar
interface, Ve and the comesponding vaporization depth,
Hevagporation ATC given by:%2

(<8
v —
" T, + L) ©
Gty
4. .=
wstion = e T @)

where @, is absorbed laser energy (Eg (1)), p is density of
the ceramic, ¢ 18 the specd of hght, 7j, is the boiling peint of
the cerammic, Ly & (he latent heat of vaporization and 7, is ON-
time for laser (time for which the ceramic surface @ exposed
10 mcadentt 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,
(M) corresponding to depth of machined cavity depends on the
laser conditions (processing time and absarbed laser energy ) and
muterinl propertics such as density, latent heat of vaporization,
and boiling point.

Certamn ceramics such as SiC, MgO  directly  disso-
clate/decompose  into  several  stoichiometric  andfor non-
stoichiometric species depending on the thermodynamic
conditions prevailing during laser machining. Alumina, on the
other hand s stable up to 2327 K after which it melts and forms
Tiquid. This Hquid remains stable from 2327 to 3500 K and sub-
oxades of alum inum, Aluminum metal vapor and gaseous oxygen
are formed due to the dissociation above 3250 K. The dissoca-
tion reaction forms different species that are expelied/removed
during machining process and dissociation energy losses also
affect the input Iaser energy and thus the temperature distriba-
tion, ditersions of machined cavity and machining time %0

The evolving vapor from the surface applies recoil pressure
frecen)®"®® on the surface given by*

Apmi.l 169{
Q. l+221r-)

where &° = ¥T,/m, L., T, is surface temperature, & is the Boltz-
mann constant (1.38065 « 1072 1K), any is the mass of vapor
mokecule, A is beam cross-sectional ares, Q, & absorbed Laser
energy, and L, s the latent heat of vaporization. The sbsorbed

(8)

Table 3
Phiywesd phy goveming mactsing in some W~
P preacn. < — ph it
Maeend Phyvsical process

Meling s Evap
Silicen carbide 15¢C) v v v
Aluuing (AL:Og) v v v
Silicon nitetde (56N ) v v v
Magacsia (MzO) v v

laser eneryy (Bgs, (1) and (2)) and the sssociated surface tem-
peratures predicted using Eqgs. (3)-(5) affect the recoil pressure
whiach plays a vital role in material removal inmolien state during
machining of some ceramics such as SiC, AlyOy and SisNy.
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 Jess than the energy
required for mm.ngz vaparization It was reported by
Samant and Dahotre®-# that a combination of the differ-
ent physical phenomens mentioned sbove 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
anct will be discussed elaborately in the later part of this study.

32.3. Plasma formation

‘When the laser energy density surpasses a certam threshold
limit, the material immediately vaporizes, gets iomzed and forms
plasma having temperatures as high as 50,000 °C and pressures
up to S00MP2.7" The degree of ionization (£) depends on the
surface temperatures (predicted from Bgs. (1)-(5)) and is given
by the Saha equation:*

8 2 (mdT\? B
T-F g\ W ) “"\‘ﬁ‘:) o

where &= NoIN, und Ng =N +N,. Ne and N, are the number
densities of electrons and stoms/molecules respectively, g and
&, are the degeneracy of states for 1ons and atomsfmaolecules,
£, 15 the ionization encrgy, sy, is the mass of vapor molecule, &
is the Boltzmann constant (1.38065 « 1072 J/K), T, ts surface
temperature, and b is Planck's constant (6,626 » 107 m® kghs).
The plasma phune forms a shield over the machining ares and
reduces the energy svatlable 1o the work piece when the sur-
face femperature exceeds u certain treshold value, Acrosols
formed due to the condensation of ionized material vapor stick
10 the surface and reduces the efficiency of machimed compo-
nents for applications dominated by wear or tear Joad, Hence
the degree of ionization is an important parameter which gives
an indication whether plasimna will be formed during the maclen.
ing process and accardingly, necessary efforts to overcome the
harmful effects of plasma could be undertakent A specisd gas
nozzle designed by Ténshoff ef al”' (Fig. 10) prevents the
deposition of aerosols and this technigue 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, Foamation of phasma plume and i suction Ly gas ez, (Afer Too
shotf and Kappel™ with permmssion. Copyoght Elsevier)

stream and an exhaust strean transpoets the vaporized matersal
and avouds radial distribution of the plasma.

A techinigue developed at the Integrated Manufacturing Tech-
nologies Institute (IMTT), National Research Council Canada
(NRC) minimizes the harmful effects of the plasma and pro-
vides a precise control over the material removal rate ansd surface
finish. This technique controds the pulse duration and energy
per pulse such that majority of the energy in a pulse instan-
tancously vaporizes s given quantity of the material from the
surface. Continuous application of laser pulses ensures that
cach successive spot is adeguately displaced to reduce the
plasma absorption effects. Furthermaore, short duration pulses
reduce the recast layer thickness, elimmate micro-cracks and
the material removed per pulse increases with increasing energy
density ll;hlk machining TiIN/SisNg and SiC/S13Ny materials
Fig. 1IN,

22.4. Ablation

‘When the material is exposed to sufficiently large incident
Inser energy, the temperature of the surface exceeds the botling
point of the material causing rapid vaponzation ssd subse-
quent matenal removal by the process referred to as thermal
ablation " Ablstion takes plsce when laser energy cxceeds
the characteristio threshold Laser energy which represents the

os l
a7 j_-ln_ws.lﬂ
" v SCrSaNA |
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g 11 Vadatos of materal semoval mae with eoengy dunsity. (Afier Idam ™
with kind permissina of Spai Scwmen v B Mudia )

minimum energy requied 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 encegy, material removal s facilitated by bond break-
ing, whereas thermal effects take place below ablation threshold
cnergy. Absorption properties of the ceramic and ncident laser
parameters determmne the Jocation at which the absorbed energy
resches the ablation threshold, thus determining the depth of
ablation, duvsein given by:*?
detsion = —In { 22 (10)
ta  \ Qwm/

where g4, is absorption coefiicient of ceramic and (g, 15 thresh-
old laser encrgy. The ablstion rates and associsted machined
depths are governed by laser energy @y (predicted from Bg.
(1)) pulse duration, number of pulses and pulse repetition rate.
Yttrium stabilized Si-AO-N (Y-gialon) was irradiated by an
Kr-Faexcimer laser at a fluence of 850 m)/cin?, pulse repetition
rate varying from 2 to 20 Hz and by spplying different number
of pulses.”™ The material removal in Yesialon under the above
processing conditions was by sblation. The varistion of abla-
tion depth anxt a Y-stalon ssmple ablated by laser irradiotion is
presented in Fig. |22 and b, respectively.

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

) a
_
[
i"
<
0 T +
] 100 200 200 400 00 w0

Fig. 12 0 Abbtion profide of Y sislon uader irradiastion 1) ablated rapos w
Yoviadon (Afer Laside ot al. ™ with peernission. Coprright Bhevier |
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other parameters such as machining time, number of pulses,
dimensions of machined cavity and machining energy. In light
of this, an ab initio physical mode] was developed by Samant and
Dahetre and used for predicting depth of machined cavity when
a certuin number of pulses was applied 10 SizN® and also for
advance prediction of number of pukses and energy necessary
for machining SiC cernmic.® The model was also applied to
determine the number of pulses and corresponding time required
for machining 4 certain depth in Al;045* and Mg0.* A peneral
flow chart for predicting the desired machining parameter based
on such computationsl model using the process parameters and
material properties is represented in Fg. 13. The nature of the
structural ceramic will govern the pliysical phenomena that can
be incorporated into the mathematical model,

3.3 1ypes of machining

Based on the kinematscs of the fromt mn the area where
material removal takes place, laser machining is classified
into oae~, two-, and three-dimensional machining. The Laser
beam s considered a8 o one-dimensiomal fine source with line
thickness given by the diometer for circnlar and the major
axis for elfiptical beam crosssections. Laser drlling (one-
dimensional ) machining (Fig. 14a) can be achieved by keeping
the cerami workpiece as well as the laser beam station-
ary while the motion of the laser beam oc the ceramic n
only one direction leads to cutting (two-dimensional machin-
ing) (Fig. 14b) in the ceramic. Motion of cae or move laser
beams or the workpiece in more than one direction leads to
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three-dimensional machining and complex geometrics can be
machined (Fig. 14cL

3.3.1. One-dimensional laser mackining

Drilling is 3 one-dimensioaal laser machining process where
the Isser beam is fixed relative to the workpicee. The material
removal rade s governed by the velocity of the erosion front in
the direction of the laser beam. The hole taper s 3 messure of
the dimensional accuracy for laser drilling and #t can be min-
imizesd to an insignificant order of appearance by using a lens
of loag focal length with fonger focal waist. A schematic of
the laser drilling process and o hole dnlled 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;z laser (&= 10,6 gum) with u pulse duration of 2 ms, a power
of O.SkW ani the lens had a focal length of 31.8 mm,

3.32. Two-dimensional laser machining

In two-dimensional laser machming (cutting ), the laser beam
1 in relative motion with respeet 10 the workpieee (Fig. 17). A
cutting front is formed when the laser boam melts/vaporizes
the material thronghout the thickness or the depth, In addi-
thon to removal of the molten muterial, the pressurized gas jet

DETAIL
Prase Change
(Vaporization)
Phase Change
(Meting)
Fg 15 Laser dalling provess sch (After Chryssolouns™ with kind
permission of Speinger Sewnce + B o Mudis |

also assists in enhanced maderial removal by chemical reac-
tions such as oxidation. Cutting of the material then proceeds
by the motion of the cutting front sceoss the surface of the
material.™ The four main techniques associated with laser
cutting are evaporstive laser cutting, fusion cutting, reactive
fusion cutting snd controled fracture technigue. The selection
of the machining wethod depends on the thermeo-physical prop-
erties of the material, workpiece thickness and type of laser
used.

Brittke ceramics such as alumina are mostly machined by the
controlled fracture techrique where the meident laser energy
generates Jocalized mechanical stresses that cause the mase-
rial 10 separate by crack extension with controllable fracture
growth. The energy requiremvent i less compared 1o conven-
tional evaporative laser culling as the material removal is by
crack propagation. The experimental setup in Fig. 184 con-
sists of a personal computer, a C0; laser, a Nd:YAG laser
and a XYZ positioning table, The focused NA:YAG laser hay-
mg a focal planc on the surface of the substrate and the
beam orthogonal o the surface is used to scribe 3 groove
on the ceramic sarface. The defocused €Oy laser inclined to
the Nd: YAG laser beam induces Jocalized thermal stresses
the substrate. Both the lsser beams are applied simultancously
on the ceramic surface in a continuous mode of operation.
The stress concentration at the groove tp assists in extend-
mg the crack through the substrate followed by controlled
separation alony the moving path of the laser beamn.™® The
four distmct regions: evaporstion, columnar grain, intergran-
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 warkpiece (Fig. 19), The erosion front for cach surface
is located ot the leading edge of cach laser beam. When the sur-
faces mtersect, the three-dimensional volume bounded by the
surfaces is removed and machining takes place. Laser turning
and millmg are commonly used three-dimensional lnser machin.
ing techmques useful for machining complex geometries such as
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Fig, 16, Microstoustaeal foatares of hoke odtained by S3C () bole entry iy hode soctiog () rilicate. ke dondeite crvwtals obtained on debeis ures (8) hoke inmde walls

CAfer Scits and Bellosi™ with peamission, Copyrighe Elsevier )

slots, grooves, threads, and complex pattemns m ceramic work-
pieces, Laser machning has been wsed 10 tum theeads i SiaNy
ceramic (Fig. 200)7 and also 1o cul gears from SiC/ALOs
camposite (Fig. 20b).7%
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Ejection of
Molten
Murerial

Molien Layer

Fig. 17. Schemti: of laser catting process. (Afier Cliyssolowns ™ with kead
pornason of Spreger Soence ¢ Business Madia )

4. State of the art

So far it has been covered in this studly that temperature depen-
dent thermo-phiysical properties and laser processing conditions
govem the pliysical phenomena that can machine ceramics m
one, two or three dimensions. Even though a few structural
ceramics have been bricfly mentioned earlier only to explain key
coneepts of laser macldning, this section presents the detailed
state of the art in machming by lasers of some commonty used
structural ceramics such as AlyOy. SNy, SiC, AIN, ZrO; and

)

41 Alumina

Besides the applications mentioned earlier, alumina is also
used as a substrate in hybrid circusts as it possesses excellent
diclectric strengtly thermal stability and conductivity.”™ COy
lasers have been adapted for drilling holes in thin alumina plates
usedt as substrates for thin-film circuits in ekectronic switching
systems. Hole diameters varymg from 0,125 to 0.3 mm were
drilled by clanging the lenses and the pulse duration.” Laser
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senbing (drilling a series of blind holes in a line) was car-
red ot by Saifi and Boruma® with a pulsed CO2 laser for
separating mdividual thin-film circuits on a large substrate. It
wits 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
seribed region reduced the flexural strength of the scribed sul-
strates,

Holes of varable deptls were drilled in dense alimine
ceramic using # pulsed NdYAG laser (1064 nm wavelength)
by applying different number of pulses at a pulse energy of 41,
repetition rate of 20 Hz and a pulse width of 0.5 ms (Fig. 21\
Laser fluences of 442, 884, 1768 and 2652 J/em? were required
for drilling depths of 0.26, 0.56, 3.23, and 4.0mm*’ As men-
tioned earlier, alumina Hquid is formed at 2327 K which is stuble
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\ I'amslation
(a) Helis Remoral

3D ' Incidence
v ! Angles
i Ly
'
' Beam B
'
Scanning L
Velocity

(€) Laser Milling With Small
Incidence Angle

Su-nml

till 3500 K. At temperatures above 3250 K. dissociation of the
ceramio yields different species such as AIO(g), AL, Akg),
Al:Ofg) and A103(2)3 At temperatures above 5000 K. disso-
clution s complete and aluminum vapos and alomic oxygen are
formed. Recoil pressure provoked expulsion of the liguid phase
formed due to melting between 2327 and 3500 K and the dis-
sociation process above 3250 K (most Likely by reaction i Bq.
(11)) is responsible for laser machining in alumina,

L)
AlLOy = 2Al10) + 30;@) (1)

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.
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~ 3D Volume | '-\
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Fig. 20, (a) Tuming of thocads in 5isNy (Amee Lin et 4l "' with permission
Copyright Ebsevicr) (b) A goar shmpe ont in SeC,, IR/AL0; composse. (Aftor
Tl with bad p of 5 Scenec + | Media )

The threshold energy deasity (the minimum encrgy den-
sity required for material removul) for drilling gold-coated
alumine by ruby lasers (400 Jiem?®) was Jesa than the energy
density for drilling uncoated aluminy (750-1000 Jew®). This
drop in energy density could be sttributed to the relatively high
thermal conductivity of gold** Drilling of 0.25mm diame-
ter holes in 0.1 man thack alumima workpiece was performexd
by Coherent. Inc. st a machining speed of 0.1s/hole using a

0.26 mm Y \‘. N
500 pm 5 pulses

0.56 mm‘ ‘ﬁ

" 10 pulses

i«

M
500 pm

20 pulses

3.23 mm

500 pm

Fig. 21 Dyilling in denwe alorming cerumic (AN Samant and Dahote™ )

pulsed COy laser at a pulse frequency of 500 Hz and pulse
duration of 200ms™ Chiryssolouris and Bredr™ deilled blind
holes (depths varying from 0.02 to [em) using a 1.2kW CW
€Oz laser with energy densities ranging from 2 to S0k fem?.
CO; ancd Nt YAG lasers with power densities between 10® and
10% Wiem?® were wsed to drill holes in alumina upto 0.25 mm
dinmeter and It was found that the holes drilled by CO» laser
showed a noticeable taper compared 1o the holes made by
N YAQ laser

Common defects associated with lassr dnlling (Microcrcks
and 5 39) were prevented by a drilling techmique based
on geleasting ™ For gelcasting, the ceramic sturry made by
dispersing the powdess in & pre-mixed monomer solution i
cast m a mold of desired shape. After addition of a suitable
mnitiator, the entire system is polymerized in situ and green bod-
ies with improved mechanical propertics are produced. As the
green body has relatively loose structures compared with sn-
tered ceramicy, spatter-free holes with more uniform shapes and
without microcracks can be drilled (Fig, 22).

A computer controlled NEYAG laser was used 10 obtamn
good quality kerfs and cuts without cracks in alumina substrates
for embedded MCM-Ds (Multi Chilp Modules, deposited) and
water-cooled heat sinks for single chips, multi chip modules or
laser diodes. A laser energy of 1.7 ), pulse duration of 0.4 ms,
pulse frequency of 230 Hz, nitrogen as process gas and a feed
rate of 150 mm/mn were used for machining these substrates.”
Aluming has also been machined with o KrF excimer laser
with laser Nuence (1.8 and 7.5 Jew?), pulse duration (25 ns),
number of pulses (1-5000, frequency (1-1200Hz), and the cor-
responding microstructural changes were examined.” A1 low
fluence (1.8 Mem?®), the meltingfresolidification produced scales
on the surface while at high Auence (7.5J/m?), there were no
comiinnous scakes as the material was removed by vaposiza-
tion. The depth of material removed was directly proportional
0 the number of pulses.™™ However, tis lsser treatment
was not suitable for reducing the roughness as can be scen
from Fig. 23 that the values of Ru (surface roughness) and
Rt (peak-to-valley distance) varied slightly compared to the
starting values. Moreover, Femtosecond near-infrared (NIR)
optical pulscs have been used for microstructuring alumina
with improved edge quality at scanned infensities less than
SOW/em®.™® The surface showed no discoloration unlike the
processing done by nanosecond L'V lasers at 248 nm wavelength
by Sciti et al.®

3D Laser Carving is sn emerging technigpue in industries for
manufacturing ceramic components of complex shapes. Initially,
2 3D CAD model is sliced in a particular drection to obtain
profile mformation of the slice. The focused laser beatn 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
10 locate the carving surface at the focal plane. This process is
repeated several times until the whole model is completely sticed
and the 3D graphics is engraved om the workpicee (Fig. 24)%
Thizs, alumins ceramic has been laser machined in one, two amd
three dimensions by using different types of lasers for several
applications.
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)

Fg 22 Hobes dnlled on geloast groen body of alsming. (1) Top view. (1) hobe edge. (¢) cross section of hobe. (Afber Guo et al. ™ with pereisseon. Copyripht Eluevies )

4.2, Silicom witnide

Silicon nitride is widely used for machining purpeses n
automotive, semi-conductor and acrospace industrics. Cams,
bearings, piston rings and rocker arms can be made by machming
this ceramic. ™™ A 0.1 mm hole drilled at the Integrated Man-
ufacturing Technologies Institute (IMT, National Research
Council Canada (NRC) through a 6 mim thick sthicon mitride cut-
ting tool insert is presented in Fig. 25, Harrysson et al. drilled
holes in SisNs using CO; and N YAG lasers. High thermal
stresses produced Intense cracking in CO;y laser drilled samples

() g9 foccmcemmccmccccccnmccccccnane 412

ol M\ e —
V v s —Y
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(b) 08 7
0.7 4 predreatment mean Rt | 9
= 0 Rt -
g ._‘\._——-"" T’ g

& 991
-] t1 &
04 #a -4
033--.}-\( ----------------- ~ 4
pro-treatment mean Ra S
02 === e el
[ 01 02 03 04

Sample spoed (mmis)

Bg 23, Sadface roughnes aller buses treatmeta for (4) o AL O ot fucece of
LB Jhea” and () polisteed AL, of Mience of TS51ne (Afler Sciti ot ol ™
with kind penmi of Springer Schnce ¢ Bawi Mudia )

while the cracking was limited only to the recast layer (about
0,02 mm) by using o Nek: YAG laser.™ A pulsed Nd:YAG laser &t
a pulse energy of 41, pulse width of 0.5 ms and a repetition rate
of 20 Hz was used for drilling holes of varying depths in SiyNy
by applying different number of pulses (Fig. 26).%

The decomposition of SiiNy mnto N; gas and Si liquid {Bq.
(12)7 st the sublimation temperature of Si3Ng followed by
the expulsion of the liquid silicon was proposed as the material
temoval mechanism.

S1aNg = 38xh + MNaig) 1

There were some evaporstive losses at the surface and a
combination of melting, dssociation and evaporation lead to
machining in silicon nitride (Table 3).% In excimer laser pro-
cessing by ArF, KeF and XeF excimer lesers, decomposition
of SixNy 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 StsNg in different stmospheres (N3, Oy gas and air)
by & multi-mode CO7 laser and the particles suspended n the
chamber alter machining were studied """ The infrared spectra
of the gases and the suspended particles insile the chamber are
presented in Fig. 27. No absoeplion peaks were observed in Nz
and all the liggid silicon formed by Eq. (12) above was depositedd
on the ceramic surface. The energy densaty of the CO; laser was
insufficient to vaporize the free silicon. Machining in O or air
formed SiO vapor by the oxidation decomposition of SisNa:

2813N405) + 30, = 6SiNg) + 4Na(g) (13

The SIO vapor immediately oxidized and formed solid phase
Si0; seen in the absorplion spectrum:

SiOg) + 172050g) = SiO,(s) (14)

Machining in O also released NO; gas
SisNa($) + 11/20: = 3510(g) + 4NO:(g) (1%

Such an analysis of the constituents released during machin-

ing can help in the selection of an appropeiste machining
environment and Ixser machinimg parameters.

COy laser was operated in continnous and pulsed mode for
cutting S13N, and it was found that deep and narrow cuts were
produced by pulsed mode as compared to continuous mode of

219



AN Sansnt, NB. Dalotre / Jowrnal of the Exrvpean Coramic Society 20 (2000) 060993 “8S

bems growp

la laser

worktable

canter

workplece

Fg. 24. 3D Lasec Carviag (1) schematic layout (hy 30 2ar 1o alumina ceramse. (After Waag sad Zeog”' wath peommssion. Copynght 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 i6-8 mm )" Firestone et al, used
2 15kW CO; laser to machine silicon nitrade without fractur.
ing at 996 °C and the machining rates achieved were ten times
that of conventional dismond grinding. '™ This ceramic has also
been machined by Lavrinovich et al. in two regimes: with free
generation where the width of the Lsser pulse was 4 ms und with
Q-factor modulstion where the pulse width was 3 « 107751
Q-factor modulation was able to form an oxide film on the sur-
face when exposed 1o a defocused laser beam, This method abso
helped to minimize the residual microcmcks.

Apart from the above applications of laser machming of
silicon nitride, laser milling is a newly developed method of
producing wide variety of complex pants from ceramics sach
as silicon nitride directly using the CAD data, thus makimg it
possible to machine Si;N; in ooe, two and three dimensions. '™

4.8 Silicon carbide

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

Fig, 25, A 0] mus diasscter bols duslled in & i thek Sa Ny custing ool tnsent
Wi passing unegh (e hole i deo woen. (Afler Talam™ with kind pernmisssca
of Sprisgor Science o Tasisens Madia )

NAEYAG Baser (1064 nm wavelength) at an input energy of 6,
pulse duration of 0.5 ms. and repetition rate of 50 Hz, a through
cavity was machined in a 2 min thick SiC plate m approximately
25 pulses while it took aboat 125 pulses 1o machine through the
entire thickness of a 3 mm thick plate (Fig. 28).% Scili and Bel-
losi used a pulsed OOy laser with Laser powers of 0.5 end 1 kW
for dnilling the ceramic surface.” The beam was mcident on
the surface at an angle of %° and teee 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 o given focal length because of increase in kaser light inten-
sity. Even though the hole diameters remained constant with
pulse duration, they were affected by the lens focal length that
govemnied the size of the laser spot (Fig. 29)

Metallic silicon particles were found on the surface of the
silicon carbide ceramics machined m Nz, Os, or air'™ CO,
formed by the oxidization of free carbon redeased by the disso-
cigtion of SIC was also detected in the machining atmosphere
(Fgs. (16)-(18)),1%

SiCis) = Si(l) = Cis} (16)
2C18) + Oy(g) = 2000g) (17)
2000g) 4 Oyfg) = 2004(g) (18

Furthermore, machuning inair or Oy and in N; produced S0,
(Egs. (193-(20)) snwd toxic eyanogen respectively (Eq. (21)),/%

SIC + Oxig) = 2510(g) + 2C(s) (19)
28i00g) + Oylg) = 28104(8) (20
2C + Nafg) = (CNrig) 20N

Looking at the released constituents can assist in choos-
mg A suitable working atmosphere based on safety and health
roquirements. A 400W Nd YAG laser with pulse frequencics
upto 200 Hz and pulse wxith of 250 to 1000 ms was capable of
drilling holes (0.25-1.Smm diameter) i 3-3. 5mm thick SiC
plates along with other ceramics such as silicon nitride and
alumina '™ It wss found that SiC required the highest pulse
encrgy of all ceramics and corresponding holes produced had
the most irregular shape.

Affolter ¢t al. cut Smm thuck SiC plates with a 10kW
Nek:YAG laser at a cutting speed of 40 mm/min'™ while a [SkW
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Fig 26 Duilled holes b siicon nitisde. (Ather Samsant and Dubotze™ 1

CW CO; laser with a spot diameter of 2.7 mm was used by
Firestone et al.'™ for tie cutting process. The workpicees were
imitially heated 1o 1400°C in a fumace to reduce the cracks and
u gas jet minimized oxidation and plasma formation.'™ Far $iC
processed by KrF excimer lasers, ablation depth varied lincarly
with number of palses and the surface showed flut a3 well &
rough aress, debris deposit and thin scale formation.”

Three-dimensional contours have been made on SIC ceramic
by 2 450W CW CO; laser by machining overlapping grooves
for material removal, The grooves were formed by directing
the beam tangential 10 the workpiece. Decreasing the groove
depth 0n successive Overlapping passes comtrolled the surface
roughness of the finided components. Tids technique 1 stmilar
to clectrical-discharge machining and was used for generating
flat or treaded surfaces on the workpicce. '™

4.4, Almmnnm nitride

Aluminum nitride (AIN) = commonly used i microclee-
tromic substrates and packages becsuse of s high thermal
conductivity and small thermal exparsion mismatch with
silicon.'™ Lines and single — layer pockets were machined on
AIN surface with an ultraviolet (UV) and near-infrared |esers
and the effect of pulse overlap and pulse freguency on material
removal rate and wall angle was predicted, However, there is no
work reported that could explain the physical processes govem-
ing (he machining in this ceramic, Maximum malerial removal
rates (MRR) of 0.011 and 0,094 mm? /s were aclbeved by UV
and NIR lasers, respectively.''” The steepest wall angle for an
UV (Fig. 30a) and NIR laser (Fig, 30b) was 867 and 88°, respec-
tively. Walls with steeper angles were produced at 95% overlap
with NIR laser and st lower overlaps for UV laser.

Heat sinks were made out of AIN with laser machined cool-
mg channets, the width and depth of which were controlled by

N e TTeW——
i -
g‘ Alr . " LIL\\'/\
o |
: N
NO;
o 360 3000 7000

Wave number, {cm')

Fig. 27, Infrarcd shwoeption s ol phere alier luce hisch

of SN (After Stigematsn ¢t ol ' with kind pernsssioa of Spaager S
cnce + Business Modsa )
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Fig. 28 Machining in 2 and 3 mim thick S6C phates. (Afier Samant e al ")

the pulse widih, the spot size and distance between the beam
focus and the substrate. Laser enesgy of 7.5), pulse width of
0.9 108, speed of 150 mm/min, and a pulse frequency of 60 Hz
were used with nitrogen as a process gas for machinmg these
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Fig. 20, NVaniatioo of 12) hole depth and () hoke dhameter with pulse daration
for SiC drilling, (Afer Sciti and Bellod ™ with pesmision, Copyright Elwvier )

e
o

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

4.5, Zircomia

Low thermal conductivity, low coefficient of friction, excel-
lent corrosion anud wear resistance, high fracture toughness, and
good thermal shock resistance make zirconia suitable for use in
bearings, ph meters, fuel cells, infrared radiatoes, thread guxdes,
pressure sensors, and oxygen sensors,''! A pulsed Nd:YAG
laser was used for drilling zirconia ceramic and the obser-
vations were input to MINITAB softwwre for optimizing the
parameters to obtain minimum heat-affected zoae (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 alr pressure, and pulse width are set at 17A,
2kHz, 2kgiem?® and 2% of the duty cycle, respectively. The
corresponding optinum parameters 10 attain a minimam taper
of 0.0319 were lamp current of 17 A, pulse frequency of 2kHz,
air pressure of O.6kglem? and pulse width of 2% of the duty
cycle (Fig. 33).

Using » 10KW Nd:YAG lsser, st a power density of
SMW/em®, 1.3mm thick ZrO; samples were machined at
200 mm/min.'"” Laser cutting of magnesia-stabilized zirconia
(PSZ) was also investipated using a ISkW CW COy laser by
preheating at 660 and 957 °C with single and mmlitiple passes.
The power vanted from 2 to 6kW with cutting speeds vary-
ing from 9100 to 16,000 mm/min and the resultant depth of cut
ranged from .13 to 0.9 mm. "™ ZrO; was machmed by excimer
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Fag 30 Pocket edpes machined i AIN with (a) UV buser with o 455 overdap wnd () NIR laser with 8 95% ovelap. (After Gillsertet of ' with permisslon. Copyrghe

Elsevier )

lasers and the mechanism for material removal was proposed
to be melting and vaponzation without the additional mech-
anism of dissociation That takes place in the case of SiC and
S13Ny. Nevertheless, XeF laser machined surface demonstrated
a porous structure and slower processing rate. ZrOy is transpar-
enlt to 351 nm wavelength (wavelength of XeF laser) and the

(a) ©00

® 1004 Torr + 0.1 Torr  » 760 Tour

m)

(o) 250

Dopth{pm)

0 10 20 30 40 50 60
Fluence (Jicm®)
By AL (a) Vaslstion of abdaon depth with suniber of pulaes o 80 Vo and (e

differwnt prossures (b) vaciation of sbdation depth with lasor Bevoce at 60 niTon
wad 760 Torr (1 aten) '™

grain boundanes selectively absorbed the incident encrgy dur-
ing laser processing. This selectively etched the grain bouncdlaries
and the processed surlsce appeared porous. '

4.6, Magnesia

To the best of the present knowiedge based on available
Hrersture, no significant work has been reported in the laser
machining of pure MgO ceramic which has several industrial
applications as mentioned carlier in this study. Samant and
Dahotre have made an attempt in machining this coramic with
n pulsed Nd:YAG laser and the physical phenomena durmg the
Laser—ceramic interaction have been studied " For pulse energy
of 4], repetition rate of 20 Hz and pulse width of (.5 ms, differ-
ent number of pulses were applied to 3 mm thick MgO plates
and the corresponding depths of the machined cavity was mea-
sured. Cavities that were 0.25, 086, 1.54 and 3mm deep were
formed when 3. 6, 9 and 20 pulses were incident on the ceramic.
Instantancous temperatures reached o the surface during laser
machining are very high (higher than 2850°C'°, the melt-
ingldecompostion/Vapirization lemperature of magnesial. At
these high temperatures, magnesia dissociates ss per the follow-
ing reaction:1+113

Mg() . ,\15!»\ . ()lgr )

The melting and vaporization temperatures of magnesinm are
649 *CH and 1090 5C13, respectively, The decomposition temi-
perature of magnesia being much higher than both the melting
and vaporization femperatures of magnesium, Mgis) generated
by the above reaction mstantancousty vapoeizes. Hence, at high
temperatures reached during Inser machining, the material losses
In magnesia take place solely by the vapotization of magne-
sium. Thus, in MgO, the dissociation of the ceramic followed
by evaporation is resporsible 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 areak

Laser fluence

VAPOr Pressure = s— 23)
did tle b machined depth
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Fig 33 Hele deilied in 26O, with mesiman (ager (a) top saiface, (10 bettom sacface. (AfIer Kear e ol with penmission. Copydght Ieviee )

Morcover, the evaporated material is also subjected to grav- is formed when the vapor pressure exceeds the gravitational
itational pull acting downwards and given by ogh, where o pmsult,"‘
is density of the ceramie, g is the acccleration due to gravity In addition to the above-mentioned | llustrations, there would
(9.8 m/s?) and & & the machined depth. The cavity formation ls = be several studies of laser machining of these and other struc-
governed by the effect of these counteracting peessures (vapor  tural ceramics. However, these few specific examples suffice the
pressure and gravitational pressure) and a clean cavity (Fig. 34)  purpose of explaining the effects in laser machining of ceramics

500 ym st

6 pulses

”m 9 pulses 0 pulses

3.0 mm

590 ym o0 e

Fig. M, Machining in Mg cormmc, {Afser Ssmmant and Dabotae™)
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g A5 Cross-section of caaters formed in A1, O, -TIC aftor trestment st 10 Jom ™ with (a3 500 sad (b)) 1000 lsscr pradses. (AfterOfiveir of sl ' with: kind permassing

uf Sprinper Scence + Husincess Mala )

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

£, Laser micromachining

There is an increasing demand for producing parts with
micro andd meso scale features m the Gield of semi-conductons,
biomedical devices and optics.!"” In light of this demand,
severyl technsques such s mechanical micromachining (micro-
grooving, micro-milling), focused fon-beam micromachining,
Inser micromachining are being wsed in microfabrication, Laser
micromachmning s a comparatively new techaique and provides
improved fiexibility in dimensional design of microproducts**
and they can prochace kerfs with depth and width smaller than
100 pm. Ne: 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 ablstion and laser-assisted chemical etching. The grow-
g 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 Ofiveira ot al 3% who have machined
Al 0334 wr.% TiC ceramics which are being incressingly used
for high precision parts such as magnetic head sliders (Fig. 353

However, no detailed studies on the physics behind luser
micromachining of structural ceramics have been found in open
liternture, 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 hest source
during micro-machining. Thus, laser micro-machining of struc-
tural cermmics is still a pray area and has immense potential foe
rescarch and applications.

6. Conclusion

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

nitride. silicon carbide, aluminum nride, Zirconia and magnesia
after thoroughly understanding the physical phenomena associ-
nted with the machining process. The mechanism goveming the
material removal is a function of the material properties and the
laser processng conditions. Laser micromachining of ceramics
can also be used for producing parts st micro and meso seale,
Overall, it seems that laser processing being a rapid, non-contact
and flexible process, machinmg of structural ceramics by lasers
is u budding field with tremendous spplications in the future
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Physical Effects of Multipass Two-Dimensional Laser
Machining of Structural Ceramics

A N Samtsnt, N, B. Dahofre*

Effect of multiple laser passes on cavities machined in structural ceramics is presented,
Multiple laser passes machined cavities with reduced thermal strvsses and cracks,
Thermal model based on tempemture dependent absorptivity and thermophysical
properties along with ddfocusing of laser beam, multiphe track induced preheating effect,
and beat transfer was developed to incorpomte effect of multiple passes on machined
cavity, Predicted and experimentally measured values of physical attributes showed
decent match.
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Physical Effects of Multipass Two-Dimensional Laser
Machining of Structural Ceramics*®*

By Ancop N. Samant and Narendra 8. Dahotre*

High lerdrms and thamel skbility, lov eechial
conductivity along with high wear resistance have made
struchwral cemmics such 2= alumire {£10y), silicon ritride
{83yN,), slicon aarbide {817, and magresia IMzO) vsaful for
severs) applicatiore in aarapace, sutomative, and semicor
Guctorindistries Y Laser machiningis one of the promeing
machining techriques bamine of several advantages such 2e
redvoad manufacturing césts, autermtion, and efficent
makerial vblizaton. Even though, in twe-dimensions] Jaser
machining, deired depth of avity in a given coramic can be
atiirad by a single pees of the Jaser beam with Gifferent
procemsing conditiore {varying scarning spesd, repetiion
rate, frequency, enmrgy), sarming cemamic swrbees with
multiple bser passe with appropriste parameiers is how-
ever, bikely to machine the ceramic for the same dimensiore
with mirimal thermal stresses and aacking. To the authors’
Jrwwledge, there iz a pavcty of werk reported in open
Jiterahuore thaticentify physical procmses and their effeck on
twodimereioral Jaser machining of coramics. Inlight of this,
vaniows physical effects that stir up dwringthes précmssuchae
phese transition, vanation of thamophysical proparties and
abeorptivity with temperatoe, preheating dve to muliple
tradks, defocusing of bzer bem with incesed machined
cepth, and hest trarafer via the three basic mode {condoc-
tion, convection, and mdiation) were incorporated into a
tharma) mode] coreicered in the present work.

The model is apeble of predicting machining atiributes
such 2 depthand wicth of avity genemtad ina coramic after
expézure to multiple pozeas of the lser beam under a given
set of procemsing conditiore. Valves of these atiributes
etimated from computationa] medel were in tum compared
with actual messiremerts from the micrégraphe. Suchstody
iz expected 0 skt in advance pradictions of machining
fetures {Gzpth and width) and save considerble amonmt of
energy and time.

[] Dv. A N. Sooaend, Pwf. N. B. Dbhodre

B Tlease check title
Lobwctory fov Lomey Mederiofs Sudheis end Fobvicobon
Dreperhnent of Madeviok Scence end Engineering
The Linsversiy of Teneses, Konmaille, TN 37896, LS4
E-neil: ndxtwe @ik adu

[ The ewixws adootuledpe the finenciol swpport wadey NEF
CMMIDEE202 grens.

Expernnental

Denze AL0y 8Ny 8iC, and Mg0O coupore {5 4mm x
254 mm X 45 mm) were expéeed toa 1.06 pm wavelength JK
701 pulzad N&YAC bser. Injtially, a 15-mmm ]o:ng @avity was
machined by scanning the surface with a single pass of the
Jaser beamn atrepetition mte of 20 Hz, pulse energy of 4], pulse
width ¢f 05 ms, and scarning zpeed o 5 in min~" {2.11mm
=) withair as cover gas ata pressure of 80 pei {55 be). This
wae followed by exposing the cavity to different number of
Jamer pazse {3, 5, and 7 pomes for A1J08 2, 3, anc 4 pames for
SNy, 2,3, a0 5 passes for SiC, ardd 3, 4, and 5 passes for MgC)
under the same set of machining parametersas that employed
for single cavity machining in order tostudy effect of multiple
paese on dimersions of Gepth and width of machined cvity
with minimal theormal shese. However, svahmbton of
therma) shrem iz not the part of presert stody and will be
presentad infuhoe publiaton. For every subsequant pass,
the Jaser beam wasagain broughtto same pesition fram where
the preceding cavity was started. A CNC program developad
in FhshCut CNC™ was 1mad 1o faclitate repestec to anc
from motion of bser beam.

Thelaser beam was Selivered by a fiter opbzsystemanda
120-mm foca) Jergth convex Jere so that a defoamed spot
divmeter of roughly 0.5mm wae generatad an the surface at
the beaginming of first pass. The foaming lere cordipuration
provided a uniform beam distribubion, in temparal and spatial
evolution and it was asumed that the enargy was evenly
ditributed acrées the pulse. Usinga Jens of Jorger focal Jergth
ara Jonger fol waist reduced the taparing effect. Although,
in the present study, the sanning speed, § of 5 in min~"
£211mm =7 was chosen bazed on pricr experience, the
appreach adopted in the study an be exterded to any
desirable procmsing spesd. A schematic of effect of multiple
pes Janar procezing ondepth and wicth evaution of avity
on the surface of a ceramic is representad in Figure 1.

The bzer beam starts procesing fram point A for every
paes and ore pass & compleis when the Jaser resches point B.
Then, the bser iz switched off and no procesing & done when
the lazer yehore back with the =mme saanning spesd
from point B 16 point A. It iz Sbearves that machired epth
and wicth ingesses with ingexse in rumber of passes.
The physical phenomena resporeible for this trenc will be
dicumad in detail inlater part of this study. Althcugh, the
rumnber of passes chosen for different ceramics were besect on
prior experierce and for the purpie to demoretmte
fensibility of the approsch in predicting the dimensiore of
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Laser beam

Laser beam

principles of any statistical design of expert-
ments,”) The machined cavities wern then
cross-sectioned (o measure depth and wisith
using lmage]™ software (Fig. 2),

Cavities machined in some ceramics for a
certain number of passes {3 and 5 passes in
SIC and for 4 and 5 passes in MgO) were a
litthe asymmwtric around the bottom tip of the
cavity and & portion of the cavity also

Single Pass
Increasing number of passes

Fig. 1 Sehemutic Thatrating fe efiet of maltipie pacses on M dyh and wuih of suchingd carity

machined cavity, the approach can be extended to machining
a cavity of desired dimensions and corresponding number of
passes In any ceramic

Three coupons of each ceramic wene machined under these
laser conditions with three cavities machined in each coupon
by different number of passes in random sequence (eg in
aluming, 3, 5,7 passes in Iml coupon followed by 3,7, 5 passes
in second and then 7, 5, 3 passes in the third coupom).
Machining several cavities on dilferent coupons in the same
sequence of multiple passes would have coused Jurking
variables such as surrounding temperatare and relative
humadity to affect machined depth and width. This course of
action incorporated randomization, which is one of the basic

chipped off from33 top. This cocking can be
attributed to thermal stresses generated in
sotme of these beittle ceramics under certain
set of laser machining parameters. In light of
this, as seen in Figure 2, in order to determine
actual width of these cavities, their profile was reconstructed
by assuming symmetry around the marked centesline and
corresponding, width was roported]. Attesnpts are ongoing to
minimize cracks generated during machining of these ceramics
and they will be presented in the futiere. On the other hand,
cavities in ALO, and S6N, did not experience thermal stress
eracking under the present machining conditions, The depth
and width of cavities for different number of passes are
marked in Figure 2 and also listed in Table 1 along with the
scatter in measured data

Ad schematically illustrated In Figure 1 earlier, for all
ceramics, the machined depth Increased with Increase in
number of passes as each pass removed material by absorbing

Fig. 2. Crms-aectimal wesn of codis rickined m (a) ALO,

(0] SéN,, 463 SIC, and () My fer difkorent waseler of paisn

2 ktp /oo coer- el com
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Tode L Misaurid ond pridadid o drduis off mdierod ciuridy (depfh omd waliy for dgfrind mumdr of g e o8 Grimas,

Corame b of paces Dt Nt sy [noi] I e sara [1em] W Nt e [ 1] Wy, s aus [rie]
A¥D, 1 0.3 0034 a63 0.56 0040 040
3 1.25 20015 170 0.62£00% aza
5 125000 249 0.722£008 027
2 282003 159 0.7%5£0067 032
Saldy 1 240011 ada 0.63:010 052
2 0.65 2000 ae3 0.75 2007 046
3 0.5 20015 as2 0.72 2005 053
d 11620005 122 0.2 007 072
5 1 0.2 £0005 asz2 0.54 004 041
2 1L.Ox0010 175 0.58 £0066 056
3 1.a2+004 245 0.40+003 020
5 152005 40 0.25£0120 022
MEQ 1 0.&2 0011 as2 0.64 200023 059
3 12240060 150 0.86 20025 aza
4 2.20+003 189 0.93:200M 074
5 2.4 2008 222 0.96 20150 022

energy and adced 1o the tofal machined depth. Furthermare,
as disamsad later, the bser beam bacame defocuzad with the
evdution o machined avity and dismeter of baamn on the
bottom surface of the cavity at the end of a given pass
{azumed to be equal to the width o avity] ingessed with
multiple passes 2 also presentect in Figure 14

In separate expariments, abscrptivity valves were deter-
mired for thee cemmics in low tempearahme range
{700 1150K) wming thamoctuple-tosed technique under
similar Jaser processng coribore.? The details amaciated
with these measwwement are preentsd in the reference.
Following thiz, sttemnpt were ako made todevelop amodelin
COMSOLs™ hent trarefer mode for predicting abedr ptivity
bareitore at high tempemtoe {>1150K] in twe-
dimeraitral bser machining by a single pass of the Jaser
benm T}ue;ueem study extencs this work in sngle pass
rm:c'l'liﬂir\g.'> t machining by multiple bser pozzes with
ircorpomation of additoral effeck suchas defonming of laser
beamn ant prehmating of coramic surface 2 disamsad in next
section. A= phical phenamers ocownng dwing laser
machining by a single Jaser poss have been elaborately
Geaibed by Samantand Dahotre lsawhere @ thisstodyenly
briefly coversthe same inanbopetion of changes in machined
@vity when caramic surface & exposed to multipls scare.

A= the Jazer beam interacts with the surface during the first
Pass, amajor portion & abedrbed w}ﬁ]et}g!minhg fraction
iz raremittad, satiered, refractad, and reflactad. However,
1005 of incdent energy carnct be abecrbed becmme of
reflection ¢r tRremesion fram the open kerf as Jaser beam
moves akong a cutting fromnt ) Even though cemmic isindtinly
at 10om tempemtwe {300K), atecrption of erergy raises
temparahre and the tempemtire evolution is goremed by
time of exposure of thesurface to bser baam fresidence time,
o) given by:
Residence ime

Repetiton ae X Palz width X Beam diameter
- S@ming speed

LeU

The erergy input to the material being machined depands
on reidence time and this input erergy ako affects the
tempearshoe evolution. Herce, the resicience time was input to
the mocel along with pmk power dereity per urit oess-
sactional aren given by:

Incdenenargy

Peak pawes density — 2 i3t X AraaTinciasmbem

2]

Giving this peak power dersity as an input to the medel
alorg with residence time for which it was incdent on the
surface implementead the contrdl of residence time on erergy
input. A= stated earkier, a beam istribubon in both temporal
and spatial evolubion being uniform, under the procmsing
conditiore used in the study, the residerce ime was 2.36ms
ard pmk power deraity was 4.07 X 10°W an™ for the fist
paos and correspording 10 a bean dismeter of 0 Smmatthe
surface. In this shudy, the bser beam is considered az a
quasi-siatorany heat sowee with the cotrdirate systemn
trarelating with it. This the effect of a moving bser beam
waz equivalent 1o thet of a siaticrary beam interacting with
surface for a time aqual to resicdence time ™ The stearbed
energy iz comverted into heat which then conducts sccording
to Fowrier's heat trandfer Jaw and simularecudy radinte
from suface and convects from the bottomn swface of
ceramic W 41 these effects and correponding equetiors
have been built into a computational model for precicton of
temparahoe rise. The details of the model adopted in the
preent stady have been dabarately dacumed elsewhere by
Samant and Dahotre ™

Laser machining being an extremely rapid process, the
tharmophysia) propar be charge mpidly over a brgemrge of
tempearshwe. For improved accumcy in alailations, these
properties and Jaser beam {1.06 pn wavelength) absorptivity
were inchided as a function of b ture. Within the law
temperature range= unt] the first phase transition tempeature
{melting fsublimation/dizsccvtion] absrptivity of the cera-
mics consdered in the present study tends © deoese with
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ingesing tempershore due to the intraband abserption
However, above fist phase tareition temperature, absorp-
tvities of these S 37 withir intemperature
cue to physcal entrapment of the beam and it multiple
reflectiore within the machined @vitr.™ The material
removal mechanems IMEMs) during bser based machining
of the cemmic are irfluerced by variows physica) processes.
Thee MEMs are extercively disamsed by Samart and
Dahetre™ and briefly explainad in the following section for
the coamic {ALCy, SNy 8iC and MgQ), Single pass
machining 20 Hz, 05 ms, 4 and2 11 mm s ™) was coreiderad
in the present stody 2= it & the preamser for multiple pass

Singl Pems Madhinng

Materin) remaval in alumina takes phce bya combiration of
melting, disocaton, and evaporation. T In Jight of this,
asbeorptivity drops to a - 0041 at 1165 K™ for which
comeponding surface temperature {Tou atend of residence
time Jou) iz melting point MP) of slumira 2327K)" ana
material & yemoved by melting and expulsion of melt
Following this, abserptivity inaese to 6, ~005% so that
sirface temperature iz the desocaton/vaporimbon Em-
permhoe {VT) 5250 K1 ang vapaizmtion e mac.hhing.
Firally, abstrptivity jumps 0 ¢y — 0.32 and remains coretant
at thiz value H1l a Gepth of 043 mm was machired in 236 ms
{residence time predicted above] by vaporization ™ The final
abserptivity of 032 was oblained by tmcking high=t phasze
change temparature {VT) durng iteration of the thermal
mocel® o the Gepth thet matchec the depth from the
aassections in Figure 2 {corresponding 0 procezing by a
single bzer puss). Simibr procedure was applied for all
ceramics merdiened below and this azad predicted depthto
be eqml o mesured depth as seen latar.

Combiration of meling, dissociation, and evaparation are
governing MEMs= in SilNy WBA) Dy b simtlar reasore
mentioresd above for alumira, abou'?ﬁvity first Gecease 1o
& —0B1 at 1725 K7 4o attain melting fsublimation point of
SNy 2173K)™ at end of rmidence time and material is
Temovedt by nldh\s, and dissodation mto ]iq_uid silicon and
it expulzion. The abserptivity then ingesse © dz —0.07 20
that baling point of slicen SMKI™) iz reached and
vaporizaton of silicon leads to machining ™ Further incesse
in al &b’w’tytoa,-u.lg machine a depth of 0dmm in
2.36 m=.

Melting, dizssocabon, and evaporation are also the MIUMs
in SICOW2) gocardingly, absorphivity drops to ¢ — 0054 at
1475 K™ o that surface tempemhe at end of reidence time
is melting / Gacompezition temperture of S5 {3103 K% ang
melting/ expukion o silicon removes matkerial. Sllicon vapor
goverre machiring when absorptivity inoezes to ¢ - 007
and depth of 092mm & machined in 236 ms when
absorptivity further incesse to 6y —0.79.9

At high tempemtores attaired in Jazer machining.
dissocabion followed by evapombon iz reporeible for
material yemoval in mgﬂia.‘“’“m Herce, absorptivity

first decemse to ¢, —006 at 263K and tempearature on
swrface reaches v]?owinﬁoum fdmcompesition termperature of
magnei 5125 K9). A depth of 062mm & machined in
2.36 me as absrptivity rises 10 63— 0.5 0

wltiple Tens Mothining

In multiple pazs machining, the Jaser first nemct with
ceramic surface for time equivalent t6 reiderce time {Eq. 1)
for bying first tmck én the surface. Then the Jaser iz switched
off andt it rehore back to starting point {peint A in Fig. 1) for
laying next track by again moving £l the end of the tack
{poirt BinFig. ). Thisto and frommotion & contrdlec by the
ChC program. As z=en Jates, the tofal ime takeen by the beamn
16 come back to the shrting peint {from the irstart it starts
laying the preceding track] to Jay the next track & summation
of time for machining a single track oo and time for which
lazer & switched off cring rehrn $oul. The heat terefer
pheavmera, azodated MEMs {melting. dissocation, vaper-
imtion bazed on the type of cemmic) and absorphivity
tareitiore menticrad abore for ALO SN, SiC, and
MgC conxr dwing ench Jaser pass on that ceramic and aan
beimplemeniec for every pass by iming the model Gavelopad
eaglier by Samant and Dahotre for single pam lowaspact ratio
ma:hirﬁns.m Inaddition, few additioral affects suchas beam
defoamingand surface prehesting play a role in muliple pass
machining and will be incorpomtad in the exdsting model as
dizamsed in rext section. It should be roted that a catain
Septh of avity achizved by multiple Jaser passes can ako be
attained by a sngle boer poz with Jarge ermrgy input
However, 2= the hizh erergy sirgle bser pass woukd induce
Jarge thermal streses anc aacking of caramic a mentioned
above, multiple Jaser paszes are prefermed for machining
Geeper aavities.

Lerey Baon Defocnsing
4= the machired avity evolves with succmsive passe, the
beamgets ek ¢ on the bothom surface of each avity with

ircrease in machined depi}\mwdosrm:anahoﬂ}mm
sizeas it was at the bagirming of that pass, e . The dameter
at the end of a pass, dee {<dan) iss;ivenby:m

I [1 + (%)ﬂ]p =)

where 3 is thelser wavdlength (106 pm), & & the tocal length
(120 m), z is the predicted depth of cavity at the énd of that
pass. As mentioned earkier, width of cavily and beam diameter
4l the boTtom of the cavily in The énd of a givén pass, doma Were
Hsumed 16 be Same and The Suceessive pass was proossed with
deas. The dizmerer of beam & beginning of first pass wa
adjusted 1o 05mm & an out of tocus beam diaméer on the
surtase. The dizmeter of the beam, & o, predicted by Equation
(3) abowe tor cach (F%) pass was used 16 prediet the residence
Time and peak power density 1or the next [ + 1 pass wing
Equavsns (1) and (2), rapectively. Thae valus were
comstantly updaled A the énd of each pass and waré input
tor comecutive passes. Thus detecusing of the beam reduced

4 hptffmnmmdm
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FERING

E
MATERIALS

the peak power density nput (0 the systems and increased the
reslence time Jor succemive pawes

Prehonting Effxct

A serles of pulses are Incldent on the ceramic surface when
ane complete track ks machined. The total number of pulss
regqulted 10 machine o cavity of given length, L (15 mm In this
came) wins given by dividing the Jlength of machined cavity by
boam diameter for that pass (d,,.), Ax vach pulse Is active for
residence time (2.36 ms), the total on time for the lasor (4,,) was
given by multiplying the total number of pulses by residence
time. As mentioned carber, the laser is switched off after
machining & track and the ume it takes to come back o
machine the next track () was obtained by dividing the
length of cavity, L by retum speed [same as scanning speed, S
(201 mem s ") b this studyl, The total time # takes for laser

beamn Lo come back 1o starting polnt is summation of £, and
L Thus, after ™ pass, Laser beam comes back o starting polnt
(point A In Fig. 1) for the next (U + 1™ pass In & time, £,
Biven by

“t
vy o o "_J_-' A t N
e

The temperature ot the start of this (i« 1™ pas is
temperatiire of staring polnt of ™ pass (point A In Fig. 1) at
time equal to 4, This temperature was noted from the
cooling curve of /™ pass at time = 1, 4. and inpul as an initial
temperature for 1+ 1" pass.

Computations were then carried oul by using this initial
temperature along with residence time and peak power
density updated above after considering a defocused laser
beam (Eqs. 1 and 2} The depth machined by each laser pass

surface =7,

1) Defocuning of laser besm — Dismater 22 bottom sufice o end of Sut pass = Diameter of besny
‘d-.::uo Whath of cavity ot end of that pase

SR

s

eaen pass

| Fonal depth 4nd wiom of cavery |

Fip L Phunfart Sor povtitiog dpth ef sondtle of swnchomed cmily afier maftiptr Aowr pasier
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was predicted by tracking maximum  phase fransition
wmperature for difforent ceramics as dewribed by Samamt
and Dahotre eartier.™ Once the depth wits estimatsd, the
commponding  width of cavily wan abo  predicaed by
determining the changed diameter of laser beam, £ and
comidering it 10 be equal to the cavity width as mntioned
above (Eq. 3). The final depth at the end of multiple passes was
the summation of depths machined after individual passes.

Thus the region where the ¢ + 1" track will be machined i
prebeated by earfier " track and temperature at beginning of
a pass (except for the first ome} is greater than oom
wemperature ON0K) due to this prehesting effect. The
temperature at the beginaing of first pass was assumed 0
be equal W oroom temperature This preheating facilitates
machining of deeper cavities for the samw Input energy as
surface In already heated prioe 1o next interaction with laser
thereby saving the energy utilized in furthor mlsing surface
wmperature. Incorporation of laser boam defocusing and
prebeating effect into computations i ilustrated In o fow
chart in Figure 3,

Considdering  experimentally  determined
values for Jow temperatures (00-1130K)" followed by
mmmwmemen&n"
and incorporating beam defocusing and surface prebeating
effects mentioned above, the total predicted depth machined
for different sumber of passes on all ceramics and corre-
sponding prodicted width are lsted in Table L Furthermore, o
comparison botwoen prodicted and messured depth and
width of cavity has abo been made in Figures & and 5,
respectively.

The measured and predicted depth machined by a single
Laser pass on all ceramics (Fig. 4) showed o perfect malch
because of the procedure mentioned above in determining
final absorptivity required to machine & certain depth in a
single pass.™ For other passes, some deviation in values
(depth and/or width) can be attrbuted to limitations of
method employed (n measuring machined parameters from
optical micrographs using fmagel™ software as mentioned

. “
W

L
| IO | L JE

Number of passes Number of passes
do . T | sl S
ST b & A
t‘ ? ‘-—-~ !' - e—— o gt
TR T

T & Compuniam Ivssawm penehind il mereusnd Sl of iivry e o) WL0,
01 BN ek SO o D A0 Mir et ssnwer of Juses

b) .

L . 8 :
i §

“ R it o o
[ T T R | “. 2 M
Number of passes Mumber of paraes
<) H o ®
o R |
0% . . or4 x g :
i . .-——-——-l : «mamues o prattes
25 o
. *.d—.m . ‘ O—L-p.- !

Pig & Compwmnt Setimen posiitod and swsssrnd indth of ity o G0 ALO,,
T SNy, 10t S0, and ( M) for 8t rmwher of pussen

above. It should be noted that even though physical
phenomena occurming in every laser pass are same, the depth
machined at the end of cach pass was different (Table 1 and
Fig. 4). As discussed above, & defocused beam reduces energy
input to the system while on the contrary, prebeating saves
energy by removing more material for same Input energy.
Thuss, the depth machined by any Leser pass I governed by the
resultant of these two counter effects. Furthermore, In
addition to beat trander, prelwating, transition i sbsorptiv-
iy, and bvam defocusing, there could be some other
phe that are unknown at this tme and not conuidesed
in this study may affect cavity dimensions (depth and width).
Tdentification and mcorporation of these physical processes in
computational predictions will be dealt with in future. In
general, this study enables in advance prediction of the laser
processing parameters and ber of passes required for
muachining desired depth n any ceramic

Conclasins

An integrated multilevel approach to laser machining of
wiructural ceramion, ALOy SENG, SIC, and MgO by multiple
laser pavses has been succomfully developed. Multiple laser
passes was able to machine the ceramic with reduced thermal
stresses and cracking of ceramic. Cavities were machined with
depths varying from 0,63 to 268 mm (for number of passes
varying from 1 to 71 in ALO, and from 04 to Lismm (for
variaion In number of passes from | 10 4) I SEN,
Corresponding - widths vaned from (056 to (0.75mm in
ALO, and from 063 10 0.2 mm SEN,. On the other hand,
cavities 0.9-1 85 mm (for variation from | %0 5 passes) and
062-24mm (for vamation from 1 to 5 passes) deep were
machined 10 SC and MgO, respectively. Widths of these
cavithes vaned from 054 to 075 mm in SIC and from 0.64 to
196 mam dn MO, For processing conditims employed in thiv
study, the cavities in AL, and SiN, machined by multiple
passes were cloan (without any material deposition within the

[ Mg/ e e g Com

© 2000 WILEYVER Veslug Gnat & Co NOeA, Weirbain

ADVANCED EraCarae G MATIHALS 2000, 999 Ne XX

235



A.N. Samam and N. B. Dahcdre /Physical Efflects of Mulipazs T Dime nsional Lasar Mochining of . ..

avity) and symmetria) comparad to those procuced m 8iC
and MgQ. Physiza) phenomera such as heat tansir by all
modes {corduction, convection, and mdiation), variston of
tharmephyscal propearbesand ateer ptivity with temperture,
abecrptivity treitiore above phase charge tempemtore,
defonming of Jaser beam anc prehmting of surface duoe t0
multiple passe were incorporated. R succemsive posses, 3
defonmad beam reduced the effective input erergy while
prehesting assisted in reméving more material for the same
input erargy. Such a stody would meke the machining
proces meve effident 2 a deited depth and width of avity
@n be obtainac by multiple posses under same sat of Jaser
parameters with indocbon of mirimal therma) stress that are
very aitical for machining britle cemmics.
Recesved: Februory 10, 2009
Final Version: Meawch 3, 2009
Pubbshed anbne: XX XK XX
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In-situ surface absorptivity prediction
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low aspect ratio machining of structural ceramics
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«gndhi.hwmpcmm applications while
thermocouple housngs and bake liniagy are made from
MgO. Hard and brittle sature of these ceramics pose # se-
tious problem in using trditional methods based an -
chanical grinding and for muchining them. Laser
machining has emerged as one of the promising techniques
due 10 its low production costs, sutomation, efficient mate-
rial utilization and contasct less processing [2-5).
Refloction, absorption, and transmission are the differ-
ent physical phenomona that take place when the laser
beam interacts with the surface of the material (ceramic).
In gencral, pant of the imedited beam will be reflected
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will be absorbed and the test will be

mntmd through the workpiece, Significant of all these

uffects is absorption which is an interaction of the clectro-
/' magnetic mdution with clectrons of the material and it de-
undsmﬂmwlmgtofbw:mdh,mw&e.mc

tral alworptivity characteristics of the cerunic being ma-
nhm:d.nuﬁmmghm‘,mdlbeuumllnm
face with respect to beam dircction and ure at-
tained during processing [2 6], Absorpriviry, aluhnn«l
as mtio of absorbed pant of incoming mdistion 10 total in-
coming raction and it vanes between the values (0 and |
[7] The amount of energy absarbed by the ceramic surface
governs the temperature evolution and it is high esough 10
cause matena removal at serfice and sub surfiuce region.
The ensumng effects sach as mochined depth, machining
time and emergy required for machining a certain depth
will be governed by this temperatere evolution. Thus the
encrgy absorbed by the surface decides if machining is
likely to take place. In light of this, in order to efficiently

predict these effects and hence comesponding machming
pammcters, @ is critical 0 determine vaniation of shsorp-

© 208 WALEY VOt Varlag Urvd b & Co KOGA Waibam
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tivity with temperature during laser processing. To the best
of authors” knowledge, except for L1A Handbook of Laser
Matenals Processing (7], there s paucity of the data in
open liierature representing the variation of ahsorprivity
with temperature for structural cermmics processed ut a
given wavelength. This study, therefore, aims at predicting
the absorptivity of commonly used structural ceramics
such us ALO, MgO, SN, and SiC a8 a function of tem-
perature by measuring tn-site machining temperatures with
the md of thermocouples andi comrelating them with fem-

predicted fram a thermad model as descrnbed later.

peratues

Furthermaore, the energy absorbed at the sarface is maxi-
mum snd it decays because of seveml phenomera as o
propagates through the bulk of the material In cermimn ce-
ramics which have a multi-crystaline natuwe, the ucident
encrgy will be multiply scattered inssde the matenal and
this would affect the variation of absorptivity with depth.
However, laser processiag being an extremely mapid pro-
cess (interaction time of e order of o few ms), it is ex-
tremely difficult to determine decay of sbsorptivity in bulk
matenial. Prediction of absorptivity cecay (
umpuwlkM)mnou focus of this study ansd will

workpéece machined with low aspect mtio (depth jgiwidth

<1) benuse for cavities with high aspect ratios (1
tiple beam reflecnions along the cavity wall:
mnulohbsorbcdmgyi!ﬂmdlhubm
ity changes o |. Morcover, thamal con
ramics generally bewng less than ma
ident enery L

for machining of ceramics via i
such = meltng, dissocistion/decas
m[lo 1] Also, due 10 phi

f‘l‘

Ve

eneTgy. llshlwbcmwdmﬁsnudy&nc\nﬁmgh
the workpiece was assimed o be multi-crystalline and not
a single crystal, the complex phenomenon of scattermng (re-
flections} a1 the severl interfaces was not incorponted and
will be implemented in due coirse of time.

2 Experimental Coupors of dimensions 5 mm ~
5 mm * 8 mm were made from dense ALO,, MgQ, SiN,
amdd SiC. In order 1o sense the temperature nse dunng laser
interaction, a K-ype thermocouple was glued 10 the cou-
ponx wung a bugh temperahae cemmic adhesive (Cermma-

© 2005 WILEY VEH Vg Gorbid & o K0l Weasrdmm

drop in absorp-

tures mclnd

bond ™ 516 from Aremeo Products, Ine) followed by cur
ing ar 373 K for one hoer. K-type thermocouple is a nickel
bused alloy of chromel (90 wi¥i Nt and [0 wt?
Cr) and alumel (95 wi% Ni, 2 wi% Mn, 2 w26 Al and
1 wi% S1) with capahility 1o sense temperateres as high as
1623K [12]. The thermocouple was calibrated using a
temperature-controlled furnace. The temperature recorded
by the thermocouple for a preset tempemture of the fumace
is presented in Fig. 1, inear fit baw (Tusn=

09768 Tgmasngn + 10,241} gd to comvert the meas-
nred emperature into et lope of lincas fit
(0.9768) was close 1o
differed only maxgme

TK 701 pulde

proge power, Q of 30 W (repetition rate
energy (4))), Fhree femperatures were 7e-

A(I)folbwedby?w , 600 and then 400, 600,
1 ses). A | was predicted for sach cuse
plwalm Iater. If several runs had

P pufmnedm sequence of the number of
0 %&ltsmhu;mmum
could affect maximum tempera-

mdtmdabuorpum) In this manner,
nncomizution, which is ane of the basic principles of my

Wo‘mmwml&
preseptstudy [03). The laser beam was dzfocesed on the
‘nnd preltes were applied as close as possible to the

up 0 minimize losses of heat to the sur
environment and caable cffective senaung of the

thermocouple tip and mugnitude of energy dircedy wb-
sorbed by the tip is extremely small Hence no significant

1200
1000 { T ® 0.0768T, s + 10.241
g
T
400 -
20 v - - v
200 4o 600 L 1000 1200
Trrmainguel K}
Hgure 1 Thermocouple cahibmation,
W e a com
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temperature rise can be cansed due 10 scattering and subse-
quent direct absorption of meident energy by thesmocouple
tip at the surface. The out of foces beam dimmeter, o and
distance between the center of the laser beam and the
thermocouple tip. r were measwed from the top views of
the machined ceramue coupons (Fig. 2). These salues ase
represented in Table | along with densities (kghm’y of @&if:
ferent cenumics and will be used for thermal caleelations
discussed later [14] As the Inser beam was positioned seie
the thermocowple by mere visual observalion anc judge-
ment, the distance r between the cemter of the'luser betm
and the thermocouple tip was not the same for a8 geramics

Furthermore, a surface becomes moge absorptive (lcss
reflective) as fhe rovghness werdimes bocause the incident
laser beam may undergo mumltiphe reflections off local
peaks and villeys (resultng in increased absorption) before
leaving the surface of workpiece int an off-specular direcy
tion [7]. Ths, as surface ronghness atfects absarpyvity of
the coramic, it was meassred Torall ecramics sing a Malis
Fodenl PerthomotergMadel M1) with a tip scan distance
of 5.6 mm apd these valuss have also been represented
Table |. The shsorptivities predicted later were corre
sponding to these wighness values and they may change
sigmficantiywith rosghness. As long as surface roughness

Table 1 Paywmcal perameters comesponiding 1o expeimental con
dinons a0l cermmecs sed i computational model

cemmic out of focss  distence of stirfhoe demnity
beam dinmm thermocouple Ronghmess  p (hgm®)
cter d(mm)  tip Bom kser R, (pen) [14)
b oenter
rin)
ALO, 12 2 09132015 3500
MzO 1.2 Lol 05272012 3580
SaN, i2 658 V2494010 2270
sic 21 1% 0283=003 31w

WWW D @ oo

Agwe 2 Top views of thermocouple
glied Yo the ceramic surface m 3) ALO,,
) M0, €) Si,N,, ead d) SiC

15 boss thien beam wavelengthel 06 jum ), the incident beam
will got seffer multiple reflecuonsas hentloned above and
the surface wall be considered to'be flnt [15). However, for
hagher roughness values, the ¢ffect of swrface roughness on
absagptivity coald be a very, complex phepomena and ab-
sarptevaty coudé differ by more thas an order of magnitude
depending on magoitudeof surface roughness. The effect
of clunpe of stirfuce zorghness on sbhsorptivaty is not the
focus of this swdy and will be preserted in the future

Ihe laser bemm was defocesed on the surface of ce-
ramic to acheeve the formation of low speot rtio (<1)
machined caviry. In case of ALO,, MgO, and Si,N, such
defocnsed bean dinmeter that mised the surface tempers-
ture selfficient high was 1.2 mum whereas it was 2.1 mm
for SiC due to s inherently high absorption charactenistio
for_1 06 pum wavelength laser beam [7] The m-situ ma-
chining temperatures were recorded using LabVIEW (La-

Data Acquisiion
Syitem

temperatiure messwrament usng therme

Ceramic Sample
Fgure 3 Scup for

couple

© 2000 WHEY VDS Vartng Gra i K <o KlaA Wardhmer
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boratory Vimal Instrument Engineering Workbeschy, a
commercially avilable package for data acquisition and
visualization [ 16]. A schematic of the entire setup 1sed for
temperature measurement is represented in Fig, 3. The
maximum temperature measwred by the thermocouple st
the surface for each ceramic was vsed as a benchmark for
predicting temperatures using & thermal moded [17] and it
eratton method [ 18] descnbed m the mext section. Similar
approach can be extended for bulk absorptivity determina.
tion by insemng the themmocouple st different depths anc
then itersting the model discussed below to predect absorp-
nivity as function of depth. However, the presens study as-
sumes a constant absorpavity throwgh the bulk of materal
and only considers variation of absorptivity a1 the surfisce
as function of lemperature

3 Thermal Model During laser machining, the ce-
ramic surface absorbs & part of mcident energy mwi thas af-
fects the tempessture distribetion ! machining param-
eters. In light of this, a model based on Founer's second
law of heat transfer m COMSOL's ™ heat transfer tran-
sient mode was used for predicting the tempord evolution:

where Cy7) and HT) are vanations in specific beat and
thermal conductivity as a finction of temperature, o s den-
auty (Table 1), T tempemture ficld, £ s time and x, », and
= are spatial directions. In onder to mmprove accuracy of
calculsnons, variabion of thermophysical properties such as
specific boat and thermal conductivity were considered as
lhnnmofmmmnlldlwdnnmdmﬁc

C G
\~ @

aru.y,:,r;? MT) by
or PCLT) hmm;ahlw«mdmv
. which wall be predicted
[a Te0 | 7‘& 0 /(cmissivity for thermal radis-
o’ inl and processing condition [19), @
(80 W), d s dimeter of defo-
e saiiaawel s 1 A oavitee e
1290 4 \ oy CntE 5% SO I 0 Gt Ll
§ a "..- \ - l
Speestc st e P
l L s \.
y \\ Thamal Condussving
1 -0 1 \ ‘s Thermal Conductiviny »
"~ !
! Yoz | i
° - '
00 9
$ o e b= . o " 129 e
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150 " ] 1800 e
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\?'
’
]

H
n-u-eo-:-mm
Speciic Wt (J0gK)

g

o o
L L] °
L] b L "eo 0oy
Temparature (K)
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cused laser beam on the serface (measured from Fig 2 and
represented in Table 1), £, s total time for which pelses
were applicd (numher of pulses'frequency = 20, 25, 30 and
35 seconds for 400, 500, 600 and 700 pulses, respectively),
annd o s Stefun-Boltzman constant (£.67 » 107" Wi’ K'),
The texm & takes a volue of | when 1 is less thon ¢, and it is
0 when  exceeds f,. Thus the value of & depends on time
and 1t ensures that encrgy is wnput to the system only when
pulses are being applied on the ceramic. Fven though a
pulsed laser was wsed m this stody, it was assumed that
drop in tempernture dunng the pulse OFF-time was negli-
gible for these ceramics as also seen by Samant et al
[20-24) and Salonitis et. al [2€] and ot did not have any
significant effect on the temperature profile.

Sufficiontly thick samples (5 mm thick) were used in
thits study and convection losses from the bottom surface of
these coupons could be neglected by assuming them to be
a semi-wnfinite hody. However, mmifar to Shoja and Yilbas
[26), i order 1o improve accuracy of calculations, convec-

tion taking place only at the bottom surface of the ceramic

coupon was considered:

a7 (x, 3, H.1) aﬂx.,v.!l.l)_,_
iy [l S
=h(T(x.y. H.0)-T,),

where H is thickness of coupon (5 mm) and A is helit i
:ammommm’x;wmhw-mn. :

oz, v H,1 ,

lmmuppc:orbmm:ur{ueoh'ha
and do not have o significant effect, :

MBAIO,,M

tion for the maximum predicted surface emperature at dis-
tance 7 from the laser beam center that matched the tem-
penature measured by the thermocouple at the same dis-
tance for any given number of pulses [18]. The absorptive
ity for the muxinam surface temperature conesponding to
a particelar pumber of pulses wos thus obtained (Table 2)
and s further discussed in the following section. These
prodicned absarpuvity values govem the tompenture evo-
lution which can be trach i
evaporation based
been claborssely dis
hotre [30, 31].

hon of absorptivity of dif-
we is represented in Fig S
femperature  measuraments
of pulses and corvesponding ab-
ﬂewmwﬁu
h case along with standard deviation in
pnted in Table 2. For all the coramics, it
Mﬂmwn-onpﬁultmm:unbmp

icted for the differens res@ifigs corresponding to

number of that the temper-

ing conditions wsed m

were repeatable, The Absorptivity of SiC was the

Cof all the stroc versmics cormdered m thi

Tudy (varying 0.85 with change in fempera-
K} This high absorptivity of SiC,

, made it essential for the heam on the
more (2.5 mm diameter) compared o
, and Si,N, (1.2 mm dinmeter) without
of hagh aspect ratio (=1 ).

many established notions, a very Literest-
WWM!&NN L06 pm wavelength of

cmlm

SAIO,  *MgO

ol pusey. »
Ao, [ 9 025 4 0,002
! 1051 0.19= 0,001 o
600 1056 0.17 £ 0.001 %
0 /.im 01520000 a2 e
Mg 866 032 = 0.007
e 912 026 + 0.002 0 D,
alu 938 023 = 0.003 e tose 1008 1060 "o "
To0 965 02020002 Moo
SiN, 400 927 0342 0.020 - Lol " el Lod b
S00 1039 0.30 = 0,004 - SN,
oo 1os 029 2 0.003 "o =0 1008 1980 "e 1%
00 16 025 £ 0.001 v v 3 sie
Sic A00 135 085 £ 0022 o0 ™ Lo " 108 b
00 87 07220031 Tamparatire (X)
a00 847 07140018
200 014 06620006 Hwtlei Vatation of absosptivity with temperstee for different
W D e 0o O 2000 WHET VO Vartng Cralt K <e KGaA Wardmn
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Taser beam wsed in thas study, absorptivity of all structural
ceramics decreased with increase in temperature as also
noticed by Riethof et. al m some other ceramics [32] In
reality, there is a wavelength for whick the absorptivity i
constant with temperature and this wavelength is termed a5
X-point beyond which ar opposite trend is observed and
absotptivity mereases with rise in temperature [33]. How-
over, machining the coramics at a wavelength greater than
1.06 pm for observing the tend in absorptivity variation
and predicting X-point is not a part of this stady and will
be dealt in future publications. As discussed next, the
mechanism of energy absoeption depends on the wave-
length of processing energy (laser beam) and it governs the
trend observed m variation of absomptivity with tempera-
ture.

The free carmier absorption meshanism (intraband ab-
sorption) plays a dominant role in energy absorption i ce-
ramics m the short wavelength range while in the long
wavebngth range (=10 ymj, photons contribute to absorp-
tivity changes (interband absocption) (34, 35]. In any sohd

(veramics), free comenvielectrons are relegated to bands A

that are separted from each other by energy paps. Incom-

pletedy filled bands are termed conduction bands whs‘lejhc e

full bands are valence bands (36]. In intmbaod ab:
the free camriers are transferred to higher energy low
the same band (conduction or valence) by absomion
cident radiation and this mechanism is domuos

sorption of radiations with frequencies lower tham tho:
which give rise 1o interbaed tranaitions (37] Decrenes
half-width of absorption band of free carriens with i
in temperature at short wavelength leads 1o
sorptivity, Furthermeore, due to the 1 e
free camirs with temperature, the o

photon (37, 39]. The

ey “‘Y\ @

wlu-teE. e it the lower band, Fy s
energy of upper band, and Ao is the
photon smxy.«xbe m:zl‘ofphmuumaumwnhtm
perature and this Cameed more number of electrons to tran-
sit from lower to higher energy band and an merease m ab-
sorptivity with temperature is obsecved. This is also n ac-
cordance with the Hagen-Rubens relationship which postu-
Intes that absorptivity is proportional to 1/Jao, where o
15 electrical conductivity of the material which is approxi-
mately inversely propoctional to the temperature. Thus, the
absorptivity 15 peoportional to the square root of absolute
temperature for longer wavelengths, and an moease m ab.
sotptivity with temperature is observed [7). The absorplivi-
ties of ALOy, MgO, Si:Ns and S1C for room temperature at

© 2009 WLEY-NCH Varkeg Gl & S KGad, Warham

&Wvﬂl mae of
""%

abo eubyabmfhng W 1039K, 032n866K.md0.34n92? K, respectively.

the wavelength of CO; laser (10.6 jun) were 09 10 099,
0,93 1o 0.95, 0.9 and 0.8 to 0.9 respectively [7).

It can be seen from this smdy that the mechanism of
tblmpuou of energy depends on the wavelength of pro-
cessing laser beam Lager machining i 4 thermal process
and different machiming parameters such as machining
time, depth of sackined cavity, and mumber of pulses are

eperature evolution which is a

A “"” enorgy can
lbco:ptwny vnhws (Ta-

ondusion Varation of al
during low aspect mtio (=1
imics such as ALOy, Mz0,
it peicied by mendThg

“-%tm;

ity with tempera-

ming of structural

& and SiC were suc-

A surface empeta-

calibmating a 1ha'mll
Smﬂlr

jon was the cause for drop m

lbwrpuvny with creasing temperature for short wave

m&mb&d of nise m absarptivity with
Ecreasein at long wavelength (> 10 panj could
be atwibited to interband absotption. SiC bad the highest

absmpiivity of all the ceramics considersd in this sy

.85 af 1 temperatuve of 735 K). On the other hand, for the
it was seen that maximun
for ALO;, MgO, and SEkN: were 0.25 at

© Having an besight mto the absarptivity variation and their
governing mecharism for different materials would assist
m controlling the laser machining process more efficiently.
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ABSTRACT The type and extent of residual stresses within laser
surface modified alumina coramic were investigated. Maoro
stresses were predicted with the help of the OOF2 simula-
tion package, developed at the National fostiute of Standards
and Technology. The software utilizes & meshing technique
to discretize the surface microstructure mto a mesh suitable
for finte-element analysis, which leads to stress detenmmation.
Micro stresses were estimated by the prediction of full width af
half-maximum of the peaks from the X-ray diffraction patterns
of processed samples. Under the present set of laser process-
mg parsmeters, the ceramic was devoid of any major cracks,
making it ilesl for several spplications. This study provides
a ool for rapil evaluation and hence for controlling the stresses
through tailoring the laser process parameters 0 sut a particular
applcation.

PACS 61.30.Ho;, 81.40,-2; $1.05.Je; 79.20Ds

1 Introduction

Lasers bocame a significant material processing
tool since the 1960s. following which a ot of theoretical and
experimental work has boen done 10 nspect the laser heat
ing of materials and the comresponding pencrated residual
stresses [1]. Residual stresses are the mternal stresses which
become evenly balanced by themselves and exist in a free
body that hus no external forces or constraints acting on its
baundary. They are mainly formed in laser surfuce tréatments
due 1o the extreme temperature difference between the sur-
face and the bulk of the material [2]. Energy absorption from
a laser causes very high temperatures 1o be reached over
n very short period of time. As there is rapid movement of
heated material against the restriction of colder and deform-
ing surrounding material, thermal stresses are produced [3].
Residusl stresses have a significant effect oa the material
propertaes such as fatigue anti-Stress corrosion, anxt
dimensional stability, which may affect the lifetime of the
matertal [4].

The capability of foreseeing and controlling these thermal
stresses is vital in luser processing as very high thernal /re-

1) R o] 8659744115, E-mail: ndabotusd sk eda
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shdual stresses may Jead 10 surface and subsurface cracking
of a component, thus affecting its performance. This is catss-
trophic, especially for brittle ceramics such as alumina. They
may also cause strain interference and excessive defoema-
tion of the compaonents [5, 6], Residual stresses are prodiuced
mainky during the solidification stage of the melt and they
can prove 10 be either unfavorable or advantageous to per-
formance. 1f the shrinkage of the melt pool is more than
the expanskn effects generated by other phase transform-
ations, tensile residual siresses predominate and the sirface
may crack f these excesd the fracture siress (7], On the
other hand, generation of cotmpressive residual stresses due
10 a thermal expansion, offen due to phase transformation
at the cooling siage, can be used for several advantageous
applications ome of which could be the cerumie tile grout
sealing process which has been pioneered by Lawrence et
al. {8-10). This sealing procedure using high power diode
lasers (HPDLs) {acilitates the easy cleaning of tile grouts and
thus prevents future contamination. Thermal stress peedic
tions by using finite-clement techniques in laser processing,
which lead 10 melting/resolidifying of the processed materi-
als, gained significant importance since the 1990s [6, 11-13).
These predictions will help to establish puidelines for appeo-
piate boam paramcters and thus finally achieve the desired
material propertics.

Based on the length scale, the stresses can be classified
into three types. Magro stresses remain MMnogeneous over
alarge rumber of grains and equilibrium of forces is assumed
over o Jarge number of aystals. The second type of stress
Tomams within one grain and the foroes are as-
sumed 10 be in balance umong sljoining grains. Finally, the
thind type is homogeneous over some interatomic distances
and the intermal forces resmain in equilibrium around crys-
talline defects. The second and the third types of stresses
menitioned above together form the mscro stresses [7].

As mentioned above, macro stresses are global and extend
over o large pumber of grains. These stresses are strongly as-
sociuted with macroscopic structures such s grain stze, gruin
shape, prain boundary arca, porosity, cracks, and seversd other
features. In the present investigation. attempts are made to
predict the state of residual stress in comrelation with the mi-
crostructural features (porosity and grain/crystallite size) in
laser-irrndisted alumina ceramiéc under various input encrgics.
The approach of finite-clement modeling of real microstruc-
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tures, which was developed ut the National Institute of Stan-
dards and Technology (NIST) inthe formof a package named
as "O0F2" (ohject-oriented finite-clement analysis), was used
in the macro stress analysis [14]. This soltware tool has been
used in o variety of microstructural level analyses [15-19].
OO0F2 is a software that does not predict microstructures but
rather uses microstruchures of the processed samples and pre-
dicts the stresses from them by performing a finite-clement
unalysis on the nocrograph.

Conventional X-ray diffraction (XRD) technigues cam
also be employed 1o predict the residual stresses, as done by
Kadolkar ef al. [2]. However, this method involves a tedious
and careful sample preparation procedure which becomes
even more cumbersome for o ceramic due 1o 113 extresmely
hard surface. Collection of stress data using the XRD tech-
nigue involves scanning of the sample over a wide range of
angles with very small increments in angle. In addition to the
procedural difference, there are also some other differences in
the measurement of stress by using O0F2 and XRD. Deeper
depths of the onder of 1 gm to 5 pum can be probed by the
XRD technigue, while OO is confined to the surface caly.
There is no limitation on the surface arca to be considered
by the OOF2 methad, as DOF2 takes into account surface
microstructural features. Such fundamental differences may
provide different values for macro stresses evaluated by using
the XRD and OOF2 technxues. Furthenmore, some differ-
ences between the X-ray and finite-clement predictions could
be due 1o varistions between the actual material properties sud
those preseribad in the model, Although the objective of the
present work was to rapidly detecnune surface macro stresses,
efforts are slso cngoing o compare these stresses with that de-
termined using the canventional XRD techaique and will be
reported in a future publication.

DOF2 software was prefered over the conventional
method as it uses already obtained micrographs for i1s analy-
sis, hence leading to easy determination of the stress state.
Equivalent to the procedure of taking several scans over the
surface by the XRD technique for stress determination, mi-
crographs of several regions ca the surface were taken and
the ones that were representative for that particular fluence
condition were¢ used for the stress analysis by the OOF2
software. As the software uses micrographs for its analy-
sis, the effect of all the microscopic features (porosity and
grain/crystallite size) mentioned above that affect the stress
vahwes will autormatically be taken into account. These mi-
crostructural features are cither directly or indirectly linked to
imany other teatures such as roelt depth and volume that are not
considered in the present work, Such additional features are
also expected o influence the state of resichal stress.

There is a significant difference between the grains af-
fecting the mscre stresses and the crystallites governing the
micro stress formation, A part of the specinien which diffracts
the X-tay beam coherently is referred to as a coherently
diffracting domain. Crystallite size is nothing but this cober-
ent diffraction domaln in the material, whereas the grains are
always larger than crystallites and are formed by sevesal of
them. Crystallite size is usuatly predicted by X-ray diffraction
miethods, while the geain size can be approximated by other
characterization methixds like scanning electron microscopy
(SEM), transmission electron micrescopy (TEM), or atomic

force microscopy (AFM) [20], Microscopic stresses which
are treated s scale properties of the matersial are generated due
to imperfections in the crystal lattice, These stresses evolve
due to disparaty in strain between the crystallites surrounded
by dislocation tangles within the grains, acting over a dis-
tance less than the ditnensions of the erystals [4]. Estimation
of micro stresses helps to determine a material's resiceal life.
Micro stresses vary from point to peint within the crystals,
genersting 4 ringe of lattice spacing and broadening of the
diffraction peak. Henee, in this approach, the micro stresses
were detertiined by predicting the peak broadening or the full
width st half-maxinnam (FWHM) from the observed XRD
data.

As the mechanical properties of the muterial are associ-
ated with crystallinity, orlentation, macro stresses, dimension
of the cryssallite, lattice disteetion, and micro stresses, it is ne-
cessary to ook at the macro as well as the micro stresses gen-
erated in 4 materlal due to processing. As mentioned above,
as several crystallites form a grain, both macro and micro re-
sidual stresses are related. Hence, a combined study of both
is vital andd has been camied out in this study. The sign and
ragnitude of these stresses depend on the type of the material
and on the parameters of the applied processing technology,
The nature of these stresses aflects the lunctionality of the
component, Compressive stresses foster the fatigue limit and
improve wear resistance, while tensile slresses decrease [a-
tigue strength and destroy the surfaces [21].

Laser surface processing

A 4kW HAAS continuous-wave  Nd:YAG
(1.06-pum wavelength) laser with fiber optically delivered
beam was used to iradiate the surface of aluming ceramic
compacts which were obtained from a commercial source
(MSC Industrial Supply Co., Melville, NY). Laser fluences
in the range of 459-6111 ¢m ™~ were used to modify the sur-
face of a 2.5-cm-thick and fat ceramic compact of area 5 «
Sem®. The effects of laser irradiation on the ceramic surface
were observed by taking micrographs of the imadisted sur-
lace. A Hitachi S3500 SEM was employed [or characterizing
the surface features [22]. Higher resolutions of SEM images
provide better avcuracy in physical definitions ol the surface
features.

2

3 Finkte-cloment analysis

Two-dimensional finite-element simulations were
carried out using the program OOF2 that is a pablic do-
main program available for free downloading via the Internet
ot htp: //www.ctoms nist. gov/oof/0of2/ [23], The program
OOF2 is capable of reading an image file such as a micro-
graph. The alumina ceramic that was used for the study had
4075 by volume porasity. This is the porosity generated dur-
ing sintering of the rmaterial and such high porosity is desired
as such highly porous alumina is peepared for grinding oper-
ations. Hence, the two main characteristic features that rhade
up the micrograph were the alumina grains and the poros-
Ity. Although the microstructures for finite-element analysis
were considered from the top surface, it also represented an
overafl microstructure throvghout the modified region as ex-
tensively studied in earlier woek {22, 24, 25]. Such minimal
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or no variation in the modified surface region may be due to
inherently low thermal conductivity assoctated with alusming
ceramic (35 W/mK} The micrograph was divided into two
pixel groups corresponding to the grains and the pores, re-
spectively, by using the bum tool. Alter forming these groups,
the material properties such ss Young's medulus, Possson's
ratio, thermsl conductivity, and coefficient of thermal expan-
shon were assigned. The properties of dense alumina are listed
in Table 1 [26].

It has been documented In the past by Hanmkar and
Dahotre that the swrfsce selidification porosity generated
during the solidification of laser-treated alumina ceramic de-
creases [27) and the surface grain size increases with in-
crease in laser fluence {corresponding to a decreasing cooling
rate) [28). To predict the effect of porosity on the different
thermaophysical properties, the rule of mixtures was used as
follows:

P=(l-@mPi~ph,

in which ¢ is the volume fraction porosity of the processed
sample, Py is the property of dense aluminum oxide (ther-
mal conductivity, elastic modulus, coefficient of thermal ex-
pansiony, and P is the property of air (pores). The thermal
conductivity of air being vesy small (— 0.03 W/mK), zero
conductivity was assumed within the void areas [16], The
midulus of elasticity of the pores was also assurned [0 be
zero {29]. The moditied properties and corresponding depths
of surtace modificd regions (melt depths) histed in Table 2
were used for analysis.

The microstructures were then converted into binary im-
ages consisting of groups corresponding to the ticrostruc-
turitl features (grains, phases, cracks, porosity, efe.). Although
several of these microstructural features collectively Influ.
ence the residual stresses, in the present case only the distinct
and dominant features such & grains and pares were consid-
ered for creation of binary images. This digitized frsge was
then converted into a finite-clement mesh using the object
ortented finite (OOF) elerment method. An initial mesh com-
prising 2600 nodes and 5000 triangular etements was Laid on
the mictograph correspending 1o a laser fluence of 459 1 Jem .
Similar meshes were also Laid on the micrographs correspond-
ing to the other laser fluences, The adaptive mesh refinement

modifier was then used, which facilitated the subdivision
of the clerents and movernent of nodes to conform to the
microstructure. This helped in minimizing the energy func-
tional parnmeter of the mesh, which was further reduced by
an ‘amnealing” procedure at the conclusion of the meshing
operation. After the adaptive mesh refinement, a mesh com-
prising X040 nixles anxd 18000 elements was generated. The
clements cosresponding to the grains were grouped together
as asingle wnit and had a coarser mesh, while the pores formed
another group and were meshed extremely finely [31,32]
After meshing and applying the material properties to the
different elements of the nucrograph, the simulations were
run 1o predict the stress state in each element and to obtain
corresponding contour plots. The different steps involved in
predicting the residhusl stress state starting with an initial md.
crogriph for aluming processed at a laser fluence of 459 1 fem?
areshown in Flg. 1.

The stress distributlon disgram represents the munimum
and maximum values of the stress reached and how the stress
values vary in that range foe a given fluence. However, the rep-
resentative macro stress for a given processing condition was
obtnined by taking the mean value of the stresses at all the
clements, thus yielding the resultant stress as either tensile or
compressive. The standard deviation in (he siress values was
also predicted m order to account for the non-homogencity
within the specimens,

4 Micro stress determination

A Noreleo (Philips Electronles Instruments, New
York) X-ray diffractometer was used to carry out the X-ray
diffraction analysis (Fig. 2) of the laser surface modified alu-
mina compacts with Cu K, (+ = 1.54 A) radiation a1 20kV
and 10 mA and diffraction angles varying between 20° and
1007, The shape, particularly the width, of the diffraction
peaks is a measure of the amplitude of thermal oscillations of
the atoms at their regular lattice sites. [t can also be a measure
of the plastic deformation and the stress generation. Crys-
tallite size can lead 10 peak broadening and this can be cas-
ily calculated as a functicn of peak width (specified as full
width at half-maximum (FWHM)), Peak Paint software was.
used to identify the FWHM (B, for cach of the peaks in the
X-ray spectrurn and the corresponding Bragg angles were also
moted. Acoording to Scherrer equation mentioned in [33], the
broadening of X-ray ditfraction peaks duc only to small erys-
tallite sizes is given by

3.

Mocs8”
where 4 is the wavelength of the X-rays used (0154056 nm
for Cu K, radiation), 9 is the Bragg ongle, M is the "average’

Brrym = (1)

Laser finerce Mali depth [30] Elzsty: moduin Themt cond CTE = 10°*
ey (i) (GPa) (W/mK) [~
50 510 M2 24 63
uT 600 3590 s 6.6
A a4 6. . <
6l B0 3BT 6 12 71 TABLE @ Mechical and themophysi-

cal progesties of kewr pmcessad alunmis
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FIGURE 1 Flow chart for macro strvss determmsation
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crystllie size measured perpendicelar 1o the specimen sus-
face. amd & ks a constant that varies beeween 0.8Y and 1,39 bat
15 generally taken close to uniry, The peecssion of crystallise-
size analysis by this method being = 104, the assumption that

k= 1.0 is acoeptable [33]. The laee strain in the maerial
also Jeads w0 peak brogdening given by
Bisin = ntant . 12)
where s the matenal st Thas, the wadth B, of the dilTesc-
pon peak is given by the sun of widths doe 1o small erystallie
sizes amd Larioe sirains:
(9%
B, cost = W +psmb. (3
Thus, a3 cun be seen from (), a plot of B, cos @ against sin !
cam yield the Battioe strain from the stope of the graph, while
the crystallite size ¢an be predicted from the Yeaxis mler-
cept, Thus, this method wis capable of yielding both the
crystallie-size distribution and the Jatice micro strain for Jil-
Terent Easer Muences. The macro stress was then obtained by
muluplying the micro sesan with the elstie modulus of the
laser-processed aluming,

s Results and discussion

A schematic of the coondinate sysiemn representing
the relative positions of the axes considered for defining the
stress ficlds s shown in Fig. 3. As per the sign convention
placed in g, 3, the xaxis is along the direction of traverse of
the laser beam, the v axis is perpendicular (o the traverse diree-
tion, and both are wlong the surface. while the 2 axis is located
along the depth of the specamen and perpendicular 1o the sur-
fuce, The corresponding stresses scting along these directions
are axinl stress oy, kateral stress @, nommal stress o, wnd
shear stress oy The mean vadues of these stresses as predicted
by e OO12 softwiwre are listed in Tabke 3, where the values in
parenthesis are estunaied stndand deviaions, As mentioned
cirlier, us the laser fueoce bas an effedt on percentage poros-
1y and Zrn siee, (hese vidlues are also mentioned in (he tabdke
In oeder to help o correlate the microscopic featres with the
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FIGURE3 Schemath of the coordinate sysiem adopted I strass Aeld eval-
usoas

stress values. The standard deviation values are large as com-
pared to the average values, as few elemeals in the mesh have
large stress valnes. The high stress values could be doe (o the
stress copcentration in certain regions such as the pores o the
graln boundaries. These localized stresses could be the cause
of isolated local cracking onthe surface, as can be observed in
the microstnicture (Fig. 4).

Since the two peincipal stresses, axial stress o, and lat-
eril stress oy, along and transverse o the laser trverse, re-
spectively, are the primary stresses of inferest, only those
along with shear stress o, were considered in the discus-
sion. Furthexmoee, even though the other components of the
shear stresses, 0, and 0., were also predicted, they were
not repoctad doe to their negligible valies. The stresses in
Table 3 have tensile (positive) as well a5 compressive (nega-
tive) values. The mmcro stress was plotted against the laser
thicnce in Fig. 5 w sdentify the working eavelopes comprising
e range of laser fluence that Causes compressive stresses and
e range thinl produces tensile stresses. The effects of poros-
#ty and grain size a8 a divect function of the laser fluence (and
indirectly as a function of cooling t#e) on MK siress are
repeesented in Fig. 6.

Typically. inasystemcomprising a substrate (nnprocessed
aloming) and a coating (processed alumina surface reglon),
the stresses generated in the coating are tensile in nature if the
coefficient of thermal expansion of the coating is greates than
the coefficient of thermal expansion of the subszrate, and com
pressive stresses are geperated if the thermal expansion coef-
fickent of the coating is less than that of the sutstrate [2.35].
Since the substrate had 40% by volume porosity, the elastic
modulus and the coefficient of thermal expansion (CTE) of
the unprocessed alumina were calculated using the weighted
average method as 2448 GPa and 4.5 % 107° /°C and using
the properties of dense alumina mentioned in Tabke 1, From
Table 2, it can be observed that the CTE of the processad sur-

face region of alurmina (or coating) is higher than that of the
unprocessed alurming. Using the standard expression foe ther-
mal stresses as a function of material properties [2, 35] and
material constants listed in Table 2 for a 510pm [30] coat-
ing thickness (melt depth) comesponding to a laser fuence
of 45% ] /e’ on a 3. 57-mm-thick substrate (unprocessed alu-
mina) {taking the original coupon thickness 1o be eight times
the melt depth of the processed alurmina {2, 36] and then con-
sidering the substrate (unprocessad alumina) (hickness o be
the thickeess of the origiral covpon minus the melt depth),
4 lensile stress of 296186 MPa was estinsied foe a max-
imum temperature of 3918 K attamed during processing [30],
Thus, based on only the difference in CTE, a tenslle stress s
predicted in the present material system dunng laser surface
madificaion. However, In the present case. as the laser flu-
ence increased. the stresses gradually became dess tensile and
eventually they entered into the compeessive regime (Fig. 5).
Amoag many other factors, this can be mainly attributed to
the extensive annealing experienced at higher flucnces. Dur-
Ing laser processing of alumina, several subsequent tracks
were laid for coverage of a large surface treatment. Due to the
extensive temperature rise in the track being laid down, tem-
peratures of the neighboring tracks lnid earbier also substan-
tially rise, Jeading to release of the residual stresses (anneal-
ing) within themn and exerting compressive forces on the trock
being processad through physical expansion of the. rsxerial,
A similar phenomenon is also expected to take place at Jower
laser fluences, However, as the cooling rates enconntered af
lower fluences are high [24], the annealing effects within
the cadier tracks are Jess and Jead to refention of the tensile
stresses of higher magnitnde. Thus, the above- mentioned phe-

nomenon explaing the geperation of the tensile stress regime
at lower Muences (carresponding to higher cooling rates) dand
the formation of the compressive stress tegime at higher laser
fuences (coeresponding to lower cooling rates). The corgres

sive stresses are advantageous for long life of the cormponents,
as mentioned before,

As cbserved from Table 3 and Fig. 5, shear stress o,
values corresponding to all laser Anences are negligible and
also marginally vary as a function of laser Auence, indicat-
Ing no significant plastic deformation within the area of an-
alysis. Similar observations were expericnced in the TiC ce-
ramic phase of TiC /Al composite coating synthezsized using
laser-based processing [2], High-resolution TEM observa-
tions of these samples indicated no dislocation structures or
stacking fault defects in TiC [2]. Ceramics such as alumina
and TiC being covalently and/oc jonically bonded and com-
phex in erystal structures, they provide o limited mimber of
slip systerms for deformmtion even nnder extreme thermal

Lager Solidit ctios Gran

fuence pexcaity (27) size (2%) Teu (MP2) gy (MIP2) 00 (MP2) Py (MF2)

() fom) (%) (um)

a5 1€ 100 S2.1(£1580) ~3063.9 (£100507) ~B54 T3 (£8341.2) 3185 1£200.34)
ag) 12 428 1627 {2 2066.1) 326.6(£3135.8) 211.6(£1570.2) 453{1+2833)
355 3 1857 L.0{£1452.0) —=11827 (£390£7) =547 (£6249) =108 (£192.7)
572 T3 242 113.3{£2132.1) 3.67 (£2151.0) 3747 (24738) 201 (£25796)
611 3 M08 4593 (£2300.6) ~11616(£3576.€) ~44.08 (£517 .06} 3785 (226738)

TABLE 3 Meaq reacro s componenda for lasee-molied sloming ceramic
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conditions (rpid heating/cooling) of Jaser processing, Such
marginal shear stresses ensure longer life of the processed
Nents.

Since laser Moence has a significamt eflect on the mmcro-
seopic features like grain size amd porosity, changing the flu-
ence will affect the state of the stress, As obeerved in Fig. 6,
e dress values are in the compressive regime for increased
grain sizes associmted with decreasing cooling rates due (o
increasing laser fluences [28]. On the contrary, the tensile
stressesate geaerated with the generation of snmll graios with
high cooling rates associaed with Jower Jaser Nuences [28]
As all the grains are disoriented and not aligned in the same
direction, they have a tendency to align themsalves. This peo
cess of alignment of the grains Jeads to the stress formation,
which will be moee for smaller grains [37]. As the grains be-
come larger (in the present case, approximately greater than
150 pmy, the grain-boundary region reduces, which leads to

smaller stresses as can be observed in Fig. 6 in the tensile and
the cormpressive regimes.

The generation of corppressive stresses can also at the ms-
croscopic level be a function of differences in the thermal
conductivity and coefficient of thermal expansion of differ-
enl grains [38]. As the different grains may possess different
thesmophiysical properties, they try to attain a state of equilib-
rinm, thus Jeading to the siress generation in e process. In
the present case, the maxinumconpressive stress observed is
~+ 1055 MPa and it is Jess than 3400 MPa, the theccetical come
pressive strength of alumina [39], thus easuring the lirted
possivilities of failure of the cerarnic. On the contrary, the
maximum tensie stress of ~ 336 MPa is slightly greatec than
300 MPa, the theoretical tensile streapth of alumina [39). This
can be manifested in isolated minoe cracking on the surface
(Fig. 4.

Such stress data gives an estimate of the kser fluence
range 1o avoid the generation of stresses from exceeding the
tensile/compressive strength and obtain a crack-free surface.
The co stress regine [s advantageous foe certadn ap-
plications that involve sealing, as mentionad carlier. The seals
have been used as lming In furnaces [40], where it is neces-
sary to prevent penetration of molten slag, and they can also
act as thermal barmiers in heat exchangess in severe operat-
ing conditions. Compressive stresses are capable of inhibiting
slip and delaying the crack nucleation, 11 the laser-treated alu-
mini ceramic is used for certain applications like grinding,
the compressive stresses formed de to the laser processing
of the ceramic will further assist in increasing e fatigoe en-
durance limits of the components, thusenhancing the grinding
efficlency [41].

The solidification perosity has a significant effect on the
sresses generaled, The contritation of poees is 10 increase
the Intermal frsction of the material and the mechanism by
which this takes place can be Interpreted in terms of detect
effects. This can be attributed to the formation of inhomoge-
neous stress regions followed by the dissipation of this stress.
Dae to the variation in the loading, the Inhomogensous strain
and stress conditions becorne intensified and foem high dis-
location densities at the pore boundaries. The atoms within
these distorted reglons are forced to redistribute, cansing the
stress to reduce. Thus, the high dislocation densities help to
disperse the intense energy peevailing near the poces, thus
effectively redicing the stress. Hence, porous materials will
show an increased tendency to dissipate the stress and hence
lower values of stresses. As can be scen from Fig. 6, stresses
reduce with incresse in pocosity due o the above-mentionad
phenomena [42-45]. Thus, the porosity of the ceranmic can be
controlled by adjusting the laser fluence, which in furn would
control the stresses developed s requared by the application.

As meationed earlier, he grains and crystallies are two
different microscopic features with the mecro stress belng af-
fectad by the crystallite size. Ascan be seen in Fig, 7, the kaser
Meence clanges the crystallite size and hence the asociated
micro stresses. For a particular stress reglme, & can be ob-
served that an increase In kaser fluence conrespoading to lower
cooling rates ads to the feensation of larger crystallites,
This 15 a similar tend as that reported in the past, wherein
higher Auences provided lower cooling rates and larger grain
sizes (24,28, 34). Furthermoee, as observed in Fig, 5 for the
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stresses, while lower fcace teasile micro stresses
(Fig. 7). The phenomenon cansing the changes in e micro
streas duoe to the changes in crystallite size has boon exphained
carllor. As toany crystallites club together to forma grakn, the
crystallite size variations produce changes in the grain sise
and associated porosity because of which the gencration of
macro stresses and micro stresses follow the same general
trend & 3 function of keser Nuence (Figs. § and 7). Thus, this
serutioy helps 1o Jay ouf the processing regies for geoeration
of tensile und compressive sresses. It also helps to teing oot
the relation between muceo and micro sresses snd to tailor
these rexidual stresses to posssbly ingrove the fatigoe strength
and wear resistance of the materkal, which will e follow op
efforts.

6 Conchusion

Residunl stress analysis of kuser surfoce modithed
aloming ceramic was cortied cut using o obyect-cokented
finste element analyubs technique for Setermining e macro
stress and the FWHM method for precicting the micro stress,
The mmcro stress values were in the compressive regime for
increased grain sizes associated with cooling rates
doe 1o increasing kaser Moences, and the ensile Mo sliesses
were generated with generation of small grains with high
cooling rates associated with lower luser fluctices. Ay muny
crystallites club together 1o form a grain, the pencration of
mecro stresses and micto stresaes follow the same
rend 35 a fuaction of Jaser flvence. Types and nagnitndes of
residual stresses geaerated using the set of processing param-
eters emnployed in the preseat work modified the sarface of
alumning ceramic without any nujor suefice fullure (cracks).
Thas, this stexdy glves an insight into how o syste mstic control
of the laser processing conditions can be exercised to control
rain size am) porosity for generation of a desirad type and
magnitide of sresies in the cetimic component 10 sait 3 par-
ticular application.
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Laser beam operation mode dependent grain morphology of alumina

Anoop N. Samant, Sandip P. Harimkar, and Narendra 8. Dahotre®
Depxarvment of Matersaly Science and Englneering. The University of Tesnesser. Knaxville, Tomnosree

37996, 'SA

{Received 23 Avgust 2007; aceepied 24 Oxtober 2007, published online 19 December 2007)
The effect of laser beam operation mode on transition of grain worphology wus studied during

surface  madification of alumina ceramie. A 4 kW

HL 40060 continuous  wave

Ndiyttrium-aluminom-gamet (YAG) laser and o JK 701 pulsed Nd: YAG laser were employed 1o
conduct surface modification of alumuna, The laser beam operated in contineous wave mode
generated faceted grain structure on the surface of the coramic while the beam operated in pulsed
maxde produced nonfaceted grain structure. Such transition in grain marphology is maimnly attributed
to different levels of undercoating which is & function of cooling rates encountered in two different
modes of laser operstion. © 2007 American Institute of Physics. [DOL: 10,1063/1,2825403]

1. INTRODUCTION

Lasers have been extensively used 0 improve the sur-
[ace propertses of different materinls such as cenumics bo.
cause the high cooling rates encountered in laser processing
can provide different moephologies on the surface.'™ Alu-
ming is & coraméc with exeellent mochanical and thermal
properties and is used m environinents ivolving hgh lem-
peratures and aggressive operating conditions. Surface moxdi-
fied alumina can increase the 1ife of linings utiltzed in hest
exchangers and (umaces by reducing the surface porosity.
Porous alumma has also been widely used as & gnnding
wheel material and luser dressing of these wheels is gaining
Imﬂmt"kumamupmpwmwtr
sulomation and control, ™ * Porosity is mumtained in als-
mina for various ressons including but not linited to thermal
expunsion, (hermal conductivity, toughness, and for lodging
of metal particles during grinding operation.

By controlling the processing parameters during surface
modification, coavenient control can be obtained over the
final surface microstructure The laser can be opernted in
continuoes wave (ew) ar the pulsed mode (PM). Both these
modes of kser operation can be used to modify the ceramic
surface depending on the type of final microstructure desired
on the sarface. In a ew laser, the laser s pumpes conting.-
wﬂyﬂhmliﬂllnqnmal.whibmnphullua
there i a laser power-off period between two pulses.’ cw
lasers have been extensively used for porous aluming surfsce
modification and. genernted mctmuucture have been dili-
gently discussed in the pasl. " However, the cffect of
palsed laser processing on surface microstructisre of poarous
alwmina coramic has not been carefully studied yet, Hence,
the present study alms al comparing the microstructures in
surfoce modified region of porous alumina due 10 PM laser
opertion with those obtained by cw laser operation and un-
derstanding the physical phenomens anderlying these two
peocesses which could cause the Lransition in nucrostruciure.
This study will help to select an appropriate mode of laser
operution in wiloring a desired surface microstructure.

YAl 1 whesn commpunlosce dould be abimmet Telephuse: 965
V143600 FAX. 8659744115, Electronk: sl sulibote @utkeda

0021-68702007/102(12)1 231056523 00

Dowrdoaded 07 Ape 2000 to 160.36 192.110. Redistribuli sbje

102, 9231051

to AIP §i

Il. LASER SURFACE PROCESSING

Alumina ceramic compacts having 40% by volume po-

rosity were obtamed from MSC Industrial Supply Co.,
Melvilke, NY. Sintering of the material introduced the poros-
ity in the ceramic, which is desirable for grinding operation.
The surface ares of these coupons wis 5 <5 ey’ and their
thickness was 2,54 cm. The surface of some of the ceramic
coupons were exposed to a 4 kW HL 4006D ow Nd yttrium-
aluminum-gamet (YAG) (106 um wovelength) laes with
fiber optically delivered beam from TRUMPE, §
Germany, while some compacts were irmadisted by a JK 701
pulsed Nk YAG faser (1,06 um wavelength) from GSI Lu-
monics, Rughy, England. The laser used for cw laser opern-
tion displayed the input energy in terms of power supplhied in
watts while the lsser used for PM kaser operation provided
the input energy in terms of energy supplied in joules. The
sser process parametens Gnpul enesgy, tepetition e, and
traverse speed) were systematically varied and the inferac-
ton betwesn the laser beam ond the ceramic surfuce wis
observed. Therefore, the baser processing parametens (power
or input energy, trumsverse spoed, elc.) selecled and emn-
ployed in the present stindy represent s range of paraineters
outside of which the parameters were unable to create any
Interaction (lor lower Input energiest with the ceramic sur-
face or unable 10 cause surface melting (instead for higher
mput energies vaporization occurred). For the continuous
wave lsser, power densities varying from 203100 1o
271 10" Wiem® and baser traverse speed of 100 ca/min
were employed 10 dress the cernmic surface. For the PM
laser operation, power denstties virying from O.08 = 108 1o
1,13 < 10" Wiem” pnd velocities ranging from 5.08 ta 7.62
cm/min were emploved, Hitachi S3500 scanning electron
mecroscopy  chamctenized the surface features for both the
processing maodes.

Hil. THERMAL PREDICTIONS

Microstructure {grain structure/nxorphology) formed on
surface due 10 laser processing depends on the temperature
mmmunmmummuuwm.w
pmwu. cw and PM laser operations are bound to genorate
different thermal conditions and sssoclated cooling rates

© 2007 Amencan Insahse of Physcs

Or copyrighl; see Nep.ijap skp.or glapicopy right jsp

251



1231062  Samant Hadmkac and Dahotre

within the material. Hence, n ocder to conrelate the micro-
structure (grain moephology ) with cooling rates, it was nex-
easary 10 first determine the cooling mites attained during the
process. For this purpose, a Uwee-dimensionsl heat flow
mklw:hunpcdmmﬂsm.%mm:uam
sient mode’ based on Fourier’s second law of heat transfer,

Mxyzh -r’mn N FNy.0 R Tz, 1
at o ay |

whaeoblhednmnldlﬂ'lnvwdﬂwmuauIMbgwm
twl(!p(’ pudcndtyo!m(bk;lm’ K 18 thermal cen.
dwctivi ofIJGWImK. and €, is the specific heat of 800
g K. AL time tm0, the mf;ul femperatare of =T,
=208 K wus uppled. At the sample surface, the equilibrium
between the laser energy absorbed by the sample and the
radiation bosses is given by

n

alix,y, 00 m:.v.u.n mx.v.o [
Py & : M’
dx ay
= cal Tix,y,0,0% = T3],
d=1if 0=r=1,
S=0 00 1> ]

where ¢ s cmissivity for thermal mdistion=(7," 1 is laser
power intensity, f,, is residence time, T, is ambient tempers-
ture (208 K), o is Swin-Boltzman constant=5.67
% 10°% W' K4, and A s absarptivity=08."" Convectica
taking place at the bottoa surface of the ssmple Is glven by

‘_[ allsy. L0 A alie vl g ol v L.t
dax Jy o

=Ty L =Tl 3

where & s the conveclive hest tramsfer coefficiont
2200 W' K ™ und £ is the thickness of the sample

Residence time (s} =

pulse width (s) < beam diameter (cm) « repetition rate (Hl‘

4 Appl Phys. 102, 123106 12007)

=250 cm. It is assume] that no beat loss tskes place
Hrough the other surfaces, The maximum cooling rales en-
countered in both the processing modes were estimuted after
solving this midel. In order 1o explore the possible coerels-
tion between the melt depth and the formed microstructure,
the melt depth was predicted using the thernsal profiles de-
veloped by the earlier mentioned model [Bgs, (1)-(3)] by
tracking the dopth at which the melting point of alumina
(2323 K) was reached.

The amoant of eoergy gomg mio material surface and
the time for which this energy is supplied {residence time)
aifect the maximum surface temperature reached during pro-
cessing and, hence, the corresponding maximum cooling
rates. In onder to solve the model for cooling rates, n was
necessary 1o inpul the enerpy density wwd the time for which
1 is being supplied 1o the material, As the traverse speed
dictates the time of interaction between the material surface
and beam, the residence tune was defermmned using the
ruverse speed.

For cw laser operation, the beam was ellipucal in cross
section with major and minoe axes dimensions of (.5 and
0,15 cm, respectively. As the beam continuously emits. en-
crgy without the power being shut off dering surface pro-
cessing, the residence time of ow operation was determined
by dividhng the minor axis of the beam by the traverse spead,
the minor axis being in the direction of beam traverse. On
the contrary, for the pulsed lasar the beam was cireular in
ceoss. section (dismater of 0,04 ¢m} and there was a power
ofl period between two consecutive pulses. Therefore, the
pulse width and repetition rate of the laser pulses are also
taken mio account o determine the residence time, the time
for which the Jwer beam interacts with the surface. In light
of this, the residence time for the pulse mode was caleulated
by using the following relation:

traverse speed (cmi/s)

The amount of total energy going tnto the masersal de-
pends an the traverse speed as it decides the time ol interac-
ton (residence) between the beam and materinl. Such energy
can be éxpressed as energy per unit beam cross-sectional
area per unit beam Internction (residence) time, which also

can be termed as encrgy donsity per unit tinse and expressed
=

Energy density per unit time (Wiom®)
incident energy 1J)
= residence time (8) ~ area of incident beam (cn’)
s

Dowrdoaded 07 Ape 2000 to 160.36 192.110. R:

@)

Expressing the input energy n this form matmuned con-
sistency In units even though the energies were displayed
differently by the different Jasers as mentioned belore in Sec.
11 In the case of ew mode of kaser operation, incilent energy
Is given by the following equation:

Incident energy (J) = incident power (W)
* residence time (s, 6

This energy donsity per unit residence time and the rese-
dence tune were input to the model for determining the cool
Ing rate, The parameters it were employed for ew and PM
Reser processing and the parameters that were provided as an

to AIP i
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TABLE | Parameten assoctaled with o Lasr openatuon

4 Appl Phys. 102, 123106 12007)

Fnongy Sansity Teaverse Spoed Revidenco tow. Cooliny st Taser beam

Por unl s e time, Ismimint Lw (ms) K. (Kisk pemtianiea depey

. (Wiear) Do i)
2080 100 L0 b 555
220« 00" a2 o
3Tt 6 65
250" 260 Rl
27 (2] u

input foe the thermal model discussed earlier (energy dessaty
per unit residence tiime and the residence timel are listed in
Tables | and [, respectively, These tables also mclude the
cooling rates and melt depths predicted by this model, The
effects of the cooling rates on the surfuce microstracture,
however, will be discussed in the subsexuent sections.

V. RESULTS AND DISCUSSION

The representative surface microstructures obtained by
the ew laser procesing of aluping are illustrated in Fig. 1 for
energy densities per unit time of 2.2 104, 2.3 < 10%, and
2510° Wien' (corresponding to 1300, 1400, and 1500
W, respectively). The microstructures mdicale the presence
of extremely faceted morphology for surface grains. The for-
ation of these {acets has boen extensively discussed by Ha-
simkar et al. ¥ on the basis of van der Drift model. This
theory ussumes that every gruin cultivates with a erystallo-
graphic facet mwoving with o certain noanal velocity until #
meets the surface of another developing grain, thes leading
1o the formation of grain boundanes because of the impinge-
ment of the different grains on cach other. Especially. the
faceting of surface grains is mainly due 1o the competitive
sugmentation of different crystallographic planes, which pre-
chicts the encrgetically favorable shape of the grains dunng
solidification. The facets generute due to the difficulties in
kietics encountered winle new planes of atoms are bemg
formed, Interface kinetics and anisofropic surface energy are
the motivating forces for the preferred dendritic divections in
[sceted mmlmbgy."' In laser surface modified porous alu.
ming, i has been docomented by Harimkar o al.'> that the
[scets are formed due 1o the evolution of inlense crystailo-
graphic texture refated to {110} and |211} planes which cor-
respordd to maximum texture coefficients foe these planes.

The representntive surface microstructures comespond.
ing to PM lasér operation are dlustrated in Fig. 2 for energy

dersitics per unit time of 113104 0.47 ¢ 10%, and 099
100 Wiem® (eomresponcling 1o 25, 15, and 5 J, respec-
tvely). As the process parameters foe the PM operation were
different from those vsed in the cw mode of laser operation,
the energy density per unit time valoes were also dafferent
withoul any correlation between each ather, Unlike the groin
morphology corespotding 1o cw Laser operution (Fig. 1) the
grains corresponding 10 PM laser operation fuiled to show
the faceted morphology. However. the gram moephology re-
mained the sause for o particala mode of operation (i.e., te
grains showed facets for the cw mode of laser operation
while they were nonfaceted for the PM mode) even though
the different process parumeters were varied for & particular
mode, It can be seen from Fig. 2 that different processing
consfitions of the PM laser operation generate graink of dif-
feremt shapes. The possible causes hehind the formation of
different shapes of the grains as a result of PM operation are
currently under investigation and will be documented in sub-
sequent pablications. Optimizing the PM laser process po-
rumeters to optimize any desirable material property (such ns
gram size or porosity) will also be a separate stady and will
be presentod i due course of time. On the contrary, the
current efforts alm to foces on the transttion of faceted to
nonfaceted surface grams with a change in laser processing
from ew to PM operstion akoag with an explanation of pos-
sible thermal conditaons bohind such tranggson.

The high cooling rates (107 10" K/#) encountered dus-
mg the rapid solidification process such as laser surface pro-
cessing generufe tesr or poncquilibrium conditions,” which
can load to sohdification of the melt at 4 temperature differ
ent from the equilibrivm melting temperuture of alumina
(~2323 K, The difference between the inelting poirt of the
ceramic and the lemperature ot which actual solidification
occurs bs the underconling. Cortin materials undergo o tran.
sition from faceted to nonfsceted morphology due to the dif-

TANLE 0 Parsmetems assocised with PM laser oporation

Encagy demstty Traveme  Fabe  Hepetton  Rosdesce Couling Laser beamn
per et nesidence speed waith e (Hz)  time, e, pesention deph,
ume, fpanfmea | ) fy (e Ripag (K0 Dygy ()
Foe (Woenry
(RN R T 3 176 B0 910
LT S8 “ 10 189 1017« 10 000
0Tt S . 143 251 [FUTES T 00
ong <10 504 ‘ m s 1337 10 W
00 1t 7 0s 0 33 1955 10" 0
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101 Peconad gt odwarvod on shumann serlaie provesand by 4 ow L
oA 220 (e 2% 100 and (o 2910 Wiam

ference in undercooling expencoced under i ferent process-
ing comditions ' 1t has been reporied by Li er al " hat small
undercooding forms facoted strociures wisle nonfucoled foa-
tures arc a reaull of large undercooling. A couling rute hus u
strong hearing om the undercooling of mebs.'* ' Hence, it

J Appt Phys. 102 123106 2007,

PIGL 3 Sartavr imrographs o PN Lasey ogwaation ot 0 1000, e
BATX 0w fe) s 10 Wom!

wins necessiry 10 brng out & relationshig between the coolmg
rite and wndarcooling to correlate the odscrvied macrostrog-
tures with the cooling rebes and assoclated undercoolings of
cew und PM laser condihons. A cooling nde in terms of un-
derwooling can be expressed e

R=MAT". N

where M is a constant of proportionabity that depends upon
the factors such s macleation rate constant, solidification
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TARLE TH, Values of dantenssondoss oy sabe and andervosling.

ow lasex opesition P et operation
P R g 2 oS o P P
oonling cate, Undcroocl ing, wooling e, ey cooling.
.'. ars, u,’. Aty
D ot Imx s ] '
Lars ot 1ot (P (L]
L0 wrt At (K1} [B1)
230% W' Arox o Lte 130
R SUX |t 18 (K3

rale, and concentration change ™ The parameter “n™ which is
referred to the oeder of suckeation is strictly an empirical
parmeeter reluted (0 lhc mlcullm provess and tue oo fun-
dumecatal ugumwxc

1t can be observed from Tabdes | and I that the cooling
rafes foe the M laser processing are much higher (tree
orders of magmitude) compared 1o the cooling rales (or the
oW lnser processing. These cooling rates can be cnployed in
Eq. (7) 1w prodset sponding unch ding: However, the
constant of peopoctionality M from B (7) is not eaily aval-
able i the open litersture. Tn Lt of this, the covling rate
vithues were nosdimensionalized and the correspoading di-
mensontess indercooling vilues were predicted for cw and
PM operations. As meationed carlier, the order of sucieation
() betng puroly empirical with no lendamental significsne ';;
awhcuf"commulymld in the lierature was used.
Dimensionless conling rates (R} were obtained by dviding
evoling rutes with the cooling mic comesponding 10 the ¢n-
argy density per umit residence time of |13 10" Wrem?
for PM lsor operutions, Thus, an equation that can be gen-
eruied from Eq. (7) using dimersiondess patamesees is given
s

(R =(Ar" %

The valses of the dimetsionless coolig raie & and the cor-

gronding dumension) dercoolt ,M'cnmpmwmg
Eq. (8) for both ow and PM laser operations are n
Tabke 1L The relatiombips between B wnid A7” for cw and
PM laser operations ure iWustrssed e Figs. 3 amd 4, respec-
tively. In bodh ow and "M laser operations, the cooling rate
and undercooling hold a polysomial relatonship (Fgs. 3 and
4). It can also be reahized from Table 1T pod Figs 3 and 4

5.5 4 Contnuous Wave Laser Operation
-
2451
-
|3
‘u‘

25 v T

0s 15 25 as
R*x 107

PO 3 Dymenwoiess usdaosoling aad cooling ome samanon for ew lewr
opemtion,

Downdcadod 07 Ape 2000 to 160.36.102.110. Redi
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PIG A Dvreniwondioss saderonoling and coolag (e sassation o IV Lt
B

that the underconling valses for PM Jaser operation are
nearly Imnmdmgnmdcm;!:tcunmﬂmuw

1o CW Ly
As mmoa‘l carer, lhc magniude of the cooling rate
and ¢ ding und ¢ have a strong bearmg on the

mmdlmldadu&admw-i&ﬁ

canon, Fusthermon, the physical phesomsoon by which -
.hmwhng governs (aecting his been explained by Catin o
al ™ The free encrgy umumudvnhtuodd-lqw
interface can be dored to be periodic i muture and this
paidhnlhmumo(lktlllkcm.m.mmgy
baarier fas 10 be tuckied while shifting from one stomie po-
sition to the next. For Jow undercooling. a expericaced in
cw laser operation, the drving Torce or summounting this

ler appean 1o be bnad ol imterface

10 oveut, bomee, Muu:amtm.ﬂaqw«lm
imterface (Fig. 1). This was slso &mhae:?-lnud using the
van der Deif model by Wacimbar ef a2 foe formation of
foceted graion in surfuce modifiod slatming ming ow Taser
operation. On the other hand, If the undercooling is large us
expencoced in PM Liser operathon (2 orders of magnitide
compared 1o ew laser operation), then uniterruplead moton
of the interface is fikely o take place and thus provide
diffuse and nomfaceted inmerface as observed in Fig. 2. Tn
addition 10 the extent of drivimg foece, the e assockated
with the cooling rige is expectad o contrad the gram mor-
phology. Thiw, extreeely bigh coolmg rates assocuiied with
PM laser operation >3 arders of magnitsde compared 1o ew
laser operation) (Table UL, g 33 provided inadoquate tme
for the facels (0 grow thereby forming sonfaceted grains
In addition, during dw palse mode operamon, the dimiegr-

tion of dendrites in also lkely to tuke place due 10 the stirmiag
effect pmmwd by the kmpact of the pubse with 1he cetamic
surfoce. ! As & result of thas feagmentation, the dendrites are
prevented from growing im0 the faceted grains,

The predicted melt depths for the ™M operation were
Tigher for a majority of the energy densities (Tables 1 and 11}
as comguired 1o the cw mode of laser operation. I the PM
operation, higher etergy densities were supplied for a shorser
penod of time, thus melting more masersal (o 4 majorey of
the cases as compared o the ew misde of laser operstion
where snaller magnitedes of energy denxities were supplhied
for 2 lomger period of Hme This, the mel depel was 3 fune-
Bom of #e imput energy and the time for whoch 1t was sup-
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plied (residence tine) without much direct bearing on the
undereooling, On the contrary, the undercooling is directly
affected by the cooling rate. which in tum 3 affected by the
mode of laser energy delivery. Therefore, although the melt
depths in PM operation are larger than the wmelt depth in cw
operation, the cooling rates of PM operarion are three ordess
of magnitude higher thian the cooling rates of ow operation.

V. CONCLUSION

Surface modification in porous aluming by cw and PM
laser operations produced faceted and nonfaceted grains, re-
spectively. Cooling rates.and undercoolings for PM operation
are of several ceders of magnitude higher compared to that of
cw laser operntion. Unobstructed motion of the solid-liguid
interface due 1o high cooling rates and undercoaling in PM
laser operation created nonfaceted grains, On the contrary,
slow cooling rates responsibie for small underconling during
ow laser operation were respansible for the foemation of fac-
eter] grain morphology.
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ARTICLE INFO ABSTRACT

‘The effect of deposinion of Al + AlyOy on M lSlMu;alluypmnused using a pudsed Nd:YAG Liser s
presented ia this study. A corsp g with wical jount o the substrate was formed, The

Arricle Mesery
Received 31 Datober 2008

Recetved i revised form 20 january 2009 MCrostructune and phase constituents were characterized sod cornelated with the thermal predictions.

mm‘:‘zlm’ The basec scan speed bad an effect on the sveraze melt depth and the aenount of retaitsed andjor reconsti-
tuted alursir i the finad coating The coating 2ol al fes and highly refined dendrites

Yeywortr formed duw 10 the extremely Nigh cooling rases (of the oeder of 10% KJs & The microbardoess of the coating

Pelsed lmér was bigher and several fold Improvement of wear resistance comparad 10 the substrate was observed

Themal modeling for thee coutings, These microstructural features aod plegsical properties wese correlated with the effects

MRS 53N My alloy predicred by a thermal model,

Mictclurdse © 2000 Elsevier BV. Ml rghes reserved.

Melr degth

1. Introduction feature of thes process is localized melting and solidification within

The increasing dermand of light structural materials i commers -
clal applications, such as automobile and aerospace, has driven
he rapid development of Mg alloys due 1o their low density and
high specific strength (Cao et al, 2005), However, the inherent
hexagonal close- packed [HCP) orystal structure of Mg and itsinabil-
ity to form a dense oxidation layer on the surface lead to the
restricted mechanical properties of My alloys and thereby limit
thelr applications in wear and corrosion environments. In light
of these limitations, modification of the bulk materials through
alloying and forming Mg-matrix composites (fiber reinforoed and
particulate reinforced ) has been attempted (Volkova, 2006; Ye and
Liu, 2004) Neverthetess, the improvement of wear and cotrosion
resistance of Mg alkoys can also be achieved by moditying chemical
andfor physical properties of the surface, since the Gilure through
wear and corresion often begin ar the surface of components. A
number of coating technologies (eg. CVD, PVD, plasma spraying,
electron beam vaporization, magnetron spottering, microwave oxi-
darion and laser assisted technigue) have been tmied to modify the
sutface properties of My alloys (Gray and Luan, 2002),

Among various surface modification rachniques, laser surface
treatrment of Mg alloys has sttcacted significant interests, The key

&m»malmunm Tl o) R85 974 50%, Lo +1 BES M Q15
address: ndatnaeaiuk odu (NI Dabotre).

24-01365 - see ot mattor © 2009 Ehevier LY. AN righ reserved
Aok W0 MOIES I pechec 2000 02004

a short time and shallow depth, while the bulk material remains
cooland serves as aninfinite heat sink. Thus, a wide variety of chem-
ical and microstructizal states can be retained owing to this rapid
quench effect (Draper and Ewing, 1984) Momw« short process:
ing time, flexibility in op on, e y in el TRy tal
consumption, shallow heat affected m andd pmlmn are the
Important advantages of laser surface engineering over conven-
tional processes {Majurndar et al., 2004}, In the past, laser remelting
and cladding has been reported to Improve the wear and corrosion
resistance of Mg and lts dloys (Abbas et 4., 2005: Mondal et al.,
2008; Yue et al., 2007: Yue and S, 2007; Yue and Lin, 2008; Warg
ef al, 1993} It ks also found that hard ceramic reinfoccement can be
Introduced into metal matrix to form a compasite coating on Mg
Alloys by simudtaneous Brser melting of & precursor and a portion
of the substrate. Composite coatings reinforced by Al;0;, SiC and
MgSi have been deposited on Mg alloys by laser surface engineer
Ingand It by that by forming sudh a composite coating wear
and corroston resistance can be significantly improved (Magumdar
et al, 2004, 2003: Gao et al., 2006: Volovitch et al., 2008) Although
continuous wave Lases has been extensively investigated in tesms of
lase!urxemotﬂncauonolmallmm:tsaudwfmdyaboux
pulsed laser, C d with ¢onth wave Liser, the high peak
power of asingle pulse produced by the pulse Laser can read-lyrn:h
the threshald of high absorbtivity of Mg which

poind, thus resulting o better absorption. The short dlnuon llmc
of lager pulse which means shoet heating time can also contribute
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(o highes cooling rates and subsequent grain refinement and forma
ton of non-equilibrium phases. Besides, by adjusting the duration
time. repetition rate, pulse energy. a flexible processing window
can be obtained for tailoring and patteming the microstrociure and
propetties aof the coating.

The aim of this shidy was (0 examine the effect of processing
speed on the depth of coating and explore the [easibility of improv-
ing wear resistance of My alloy using a pulsed Laser by forming a

i i infiorced compasite coating. A powder mi

Al Alz Oy (G5 W)+ A(SWLA) was Used as the precursor owing (o
the ultra hardness and superior tribological properties of ahumina
(Dang and Hell, 19499). Swi.s of aluminum was added to Improve
the interfacial strength and the wetting behavior between

sium and alumina (Majumdar et al., 2004 ), Phase constituents and
microstructure was characterized, Furthermoce, thermal modeling
was carried out to understand the effects of thermal cycle expe-
rienced by the matedals during the Laser treatment and further
condrol over such processing.

2, Experimental

Permanent mould cast (PM) MRI 153 M alloy (Al 795, Ca 0.98,
Zn< 001, Mu (012, S 0,27, S0 <0001, My bal. wa, ) plates with dimen-
sions of 45mm « ASmm « Amn were wsed 25 2 substrate, The
precursos comprising of 95wrs Aly0y (98,05 purity, polygonal in
shape with an average particle stze of 10 jum) and Swis Al (99.5%
purity. 10 pm particle size) was mixed with i proprictary oiganic
hinder [LISI WISE53, Warren Paint and Color Company, Nashville,
TN} and speay deposited 10 an sverage (hickness of appeoimately
120 pm on the substrate, The A0y and Ml particles were evenly
distributed n the precursor. JK 701 pulsed Nd:YAG laser with an
average power of 400W was used for {aser processing. The {aser
beamn was delivered by a fiber optic systemn and a 120mm focal
length convex lens providing a defocused spot diameter of 500 wm
on the surface of substrate. The configuration of the focusing lens
asembly provided a uniform beam distribution, in both ternporal
as well as spatial evolution. Hence it was assurmed that the energy
is evenly distributed across the pulse, Several laser tracks were
lald with minimal overlap (<5%) to cover the entire surface area,
As the overlap was very small, 0o significant overlap effects were
observed. The scanning speeds of 21 mm/s, 42 mm/s, 63 mmy/s, and
S4mim/s were Tor laser processing at a pulse wideh of
(1.5 ms, repetition rate of 20 He and pudse energy of 4) using Ar as a
cover gas af a pressure of 80 psi (5.5 bar)

Suuctural characterization was conducted by employing a
Philips Noceleo »:1 Diffeactometer (XRO) with CuKy raciagion
(wavelength L5418 A) operating 3t 20kV and 10mA. The scanning
angle {24) ranged from 20° (o I00' with a step size of 0.02° and
count time of 1 % Samples for observation were cut
transverse to the laser track by a low speed diamond saw under oll-
cooling condition, These samples were then successively polished
with 600, 0O, and 1200 grit emery papers. Final polishing was
cmduual with o.:nun alumina suspersion on 4 microcloth and

]| dby w with ami of 100 ml ethanol, 10 ml acetic
»id. 6ml uctiradd and 20 mi distitled wates, A LED 1525 scanning
electron microscope [SEM) was used to observe the microstruc-
ture, Microhardness tests wete pecformed with a load of 50 for
125 duration by a Vickers microhardness tester ( Buehier, Model
Numbec: 16006300}

Wear Lests were

by using a pin-on-disc wear and fric-

thon monitor (Model: No. TR201EV) according 1o the ASTM (-84
standard, The experiment was conducted under dry stiding condi-
tion at room temperature. The disc with diameter of 100 mm and
hardness of HRC 58 was made froem EN 32 steel, Cylindrical sped.
mens of & mm diameter and 5 mm height were rachined from the
coated sample and used as the pin Dusing the wear testing, the pin

wias placed at a clistance 40 mm from the center of the disc rolating
at 200 rpm, corresponding to 4 linear velocity of 0837 mjs. In the
present lnvestigation the toral sliding distance was kepe constant
at 1 km while the Joad was varled from SN 1o 40N, The wear rane
{mm? /) was presented as the total voluene lost within the wear
track over the entire sliding distance.

3. Computational

The vartous phyysical atributes such as depth of melting and
other microstructural features during laser processing depend on
the temperature distribution and associated cooling rates through
the coating and substrate. For this purpose, a thermal model was
built In COMSOL'S™ heat transfer transient mode to correlate the
observed attributes with the laser processing conditions ( Harlmkar
et al. 20006: Harimbkar et al. 2007; Basu et al. 2008 Du et al, 2008a;
Chen et al,, 2008). Geometry In the form of a cube correspond.
ing to the precursor (45 mum » 45 mm » 120 pm) was coupled with
anothes cube epresenting the substrate (45 mm « 45mm » 4 men),
The temperature evolution and cooling rates are g i by the
enetgy imput to the systern and (he time for which the surface is
exposed ta this laser energy (irradiation time). The repetition rate
and the pulse width of the laser beam of diameter, 500 wm were
taken Into account to determmine the trradiation thme bacause there
was a power off period between two sciccessive pulses, The resl-
dence tirme was estimated using the following relation (Samant et
al,, 2007):

Residence time(s)

_ Repetitionrate (Hz) « Pulse width(s) » Beam dameter (cm)
Traverse speed (cm's)

mn

Laser processing speads of 21mmjs, A2mmjs, 63mm/s, and
84 mmjs corresponded o irvadiation times of 236,73 ps, 118.0 us.
78,8 s, and 50,1 s respectively. Thus, in this study, the laser beam
wis considered a quasi-stationary beat source and the coordinate
system could be translated along with this heat source. The sffect
of a moving laser beam was considered (0 be the sune as a sty
tionary beam that is interacting with the surface for 3 time equal
0 the residence time. Similar approach has been considered in the
past by Harlmkar et al. (20061 Du et al, (20083), Chen ot al, {2008,
Basu et il {2008 ), Ahistrion e al. (2004 Amold et al, (1993) and
Parwa and Shin { 20071 The residence time peedicted for diffecent
speeds was input to the moded along with the energy density per
unit beam cross-sectional area given by:

Energy density(W/cm’)
Incident energy (1)
= e widthis) « T Peam () @

Assuming a uniform beam diswuibution In both the tampocal and
spatial evolution, The energy density corresponding to input energy
of 4), pulse width of 0.5ms and bearn cross-sectional area of
196 5 107 e was 4,07 « 10F W/em?,

The heat transfer taking place during laser processing was mod-
eled using Fourier's second Law of heat transfer:

Tx. ;. =t)

K1) [.#r(.,y,.,:) Pyt | #lixyzn

3)

= PR el ha Tt

where 4 1) and G(T) are the variations in thermal conductivity and
specific heat as a hunction of emperature (R 1), o is the den-
sity, T is the temperature field, s the time and x y and ¢ ate the
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spatial divections, Using thw law of mixrures, the density of pre-
cursor was computed o be 3278 kgim? that also took into account
the porosity of the precursor layer {~12% from the optical micro-
graphs using Image |™ software) while the density of the substrate
{MRI 153M Mg) was found 1o be 1774.24 kgjm?, As laser surface
melting is a rapid heating and cooling process, the thermophysical
properties of materials under laser irradiation change rapédly over
alarge temperature range. Hence, variation of thermal conductivity
and specific heat were considered as o Tunction of rmpetute foe
both the precursor and the substrate los impeoving the sccutacy of
simulations (Fig. 1) {Towdoukdan, 1967) The Latent heat of solidifi-
cation was accounted for by incorporating the variation of specific
heat as a function of temperatuze. This took into cansideration the
phase change due to melting At time ¢ =0, the initial temperature
of T=Ty = 300 K was applied.

The halance between the absorbed laser energy at the surface
and the losses due to radiation was given by:

x,3.0,1 X% 0.1) T y,0.1)
_m\m; ) m; ), 4:; )')
= bal - eq(Tlx, 3, 0.0 - 78) (4)
d=1 whenlD<t<t,
d=0 whent >t

wihere [ s the laser energy density predicted above in £q. (2), K1)
i8 the temperature dependent thermal conductivity of the matesial
(g 1)« is the emissivity for thermal radiation, 1, is the irradiation
tme [ Eq. (1)) 7 is Stelan- Boltzman constant (5,67 = 107 Wim?K*),
and a is the absorpeivity of the matesial. The term § takes 3 value
of 1 when time, ¢ is less than rcadéation time, ¢ and it is O when
time, 1 exceeds lrradiation time. Thus the value of § depends on
the pulse on time and ensures that the enetgy is Npue 1o the sys.
tem only during the rvadiation time ancd cuts off the energy supply
after that during pulse off tme. The laser energy is incident on
the precursor and it is then transferred 10 the substrare by dif-
ferent heat transfer phenomena. Hence, only the sbsorptivity of
the precursar was considered for cadculations. Furthermore, as the
reflection of a mixture of opague particles is 3 function of the rel-
ative surface area (Schatz, 1967 ) the surface-area percent of the
precursor was used to evaluate the absorpevity of the precursor.
In oxder to determine the surface-area percent, the weight percent
of the components of the peecursor (Alz03 and Al) was coaverted
into volurme percent. The size of all the particles being same, it was
assumed that volune percent was the same s surface area per
cent. Thus, considering 12'% parosity. 85wt ALO; and Swes A
were equivalent to 82 and 6 area ¥ respectively. In situ absorptiv.

Ity measurements in short duration hw- energy density dyramic
process such s laser-material | being ly diffi-
cult, values of absorpeivity of precursor components (0.8 fﬂN:Q\
and L7 for Al at 106 wm wavelsngrh) commonly found in fit-
erature [Touloukian, 1967) along with their surface area percent
mentioned sbove were used for caleulations yielding an absorp:
tivity value for the precursor of 066, Nonethedess, attempts are
ongoing for measuring absorptivity under laser processing con.
ditions similar to the ones smployed in this stxly and they will
be incorporated In future simulations. Also, as for a given material
and processing condition, the absarptivity is equal to the emissivity
| Sturge, 2003), emissivity was also taken as 066,

The corwvection at the hottom surface of the sample was given

by:
_“n(bnx.g‘.n.t) i m:.;;o.x) 4 Il'(x.é.D.z)')

= KTl ¥, £, £) - To), (5)

where D15 the thickness of the sample which was taken as4.12 mm
(120 wm for the precursos +4 mm for the substrace) and B T) is the
heat transfer coefficlent (W/m? K) which was included as a func-
tlon of temperature (Inset in fg. 1) (Incropera amd Dewitt, 2002),
Even though the sample was sufficiently thick (4,12 mm) ir was not
assurmed to be s semd-infinite body and convection from bottom
sutface was not neglected In order 1o improve accuracy of calcula-
tions by considering all modes of heat transfer on the Laser process
as also done by Shuja and Yilhas (2000) and by Yilbas and Mansoor
(2006). A noar-uniform grid was used for ssmulations with a finer
mesh under the laser beamn as compared to the rest of the geome.
try where temperatures and their gradients are highest [Parwa and
Shin, 2007} The grid independence test was conducted and mesh
size of approximatedy 53,000 elements resulted in a grid indepen-
dent sobution. The temperature profiles were obtained by running
the sirmalations with extremely sall time steps of 10 ps in order
to incorporate the changes in sutface temperature during the resi-
dence time due Lo lager scanning spewd, The correspondiog cooling
rates [slope of the cooling curve at different time instamts} and
depth of melting were obeained from these computations and their
comelations with the processing conditions are discussed in the
later part of this study.

4. Results and discussion

The microstructure and structural characterization of the laser
processed samples was carried out and an atempt was made ©
correlate them with the thermal modeling predictions as discussed
in this section,

4.1 Structural characterization

Structural chacacterlzation of the coating was cartied out in
order 1o see the effect of laser processing on the phase distribution
and cocresponding microstructure in the surface and subsurface
regions. In light of this, the overlay of XRD patterns oblained from
the surface of the sample Is shown in Fig 2. The major phases
present in the coating are o-Mg and Al Oy, and some minor peaks
belonging to AlgsMgsy and MgD were also detected. In general,
the coatings produced tsing different laser scan speeds have simi-
lar XRD patterns, and only the peak Intensity of each phase varied,
(Hustraring that a relatively broad processing window can be used
without affecting the phase constituents of the composite coat-
ing considered in the present work, The laser- marerial interaction
|=ads to the melting of the precursoe (Al AlOs ) and a portion of
the substrate (MRI 153 M Mg). The subsequent cooling and solidifi-
cation result in evolution of the phases listed abowe, The formation
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Fig- 2 XRD pameriis of the Liser peocessed samples.

af MgO is buted to the following reaction { Ragone, 1995):

My + 0w M0 AG « —50) 960 4 42057 - 5 36T In T(208K =« ¥ « 923K)
AC = 608, MO + 112,767 ~ 0,447 40 T(23K < T « 1380X)

6)

From the Gibbs free energy of the above reaction, It can be found
that Mg possesses a high affinity to O, which can come fram the
environment and/or dissociated/melted Al 04 due to the high fem-
perature attained duning the process, However, the presence of
Al 05 in XRD patterns corresponding to all four processing speeds
may be due to resolidification of melted Al Oy and/or recanstitution
of decomposed /dissociated ALO; through the following reaction

YT T
:{T,i_!;c_){ru.l’).. = N

AN Sormenit of of / Jovrnad of Materiab Procesiing TecAnefugy e (20059 xes - axn

|

PR | - -
% n._"_\r—\
3 e § . Mg "
E wf | . ap
é o | - A%,
0} .
jl—— |
10 i '
4 + ¢ R —— —
%% w0 s e 70w %
Speed (mmis)
Fig 3 Relanve phase ssmount 23 4 fusction of laser processing speed.
(Gaskell, 1995}
2AL), = 150y = Al Oy,
AG « -1, 687, 200 4 J26.8T (993 « T < 2327K) n

A semiquantitative analysis of the relative amount of each phase
was conducted using the following formula [Greish and Brown.
2003; Du et al. 2008b):

I,
o= (8)
o

where |, Is Integrated peak intensity of the phase in concern and
3711, corresponds to the sum of integrated peak intensity of each of
the four phases in the present composite coating. The correspond-
ing plans of the peaks used in the calculation are indicated in Fig, 2
andd the result of semiquantitative analysis is shown in Fig 3, A

Fig 4, SUN imapes of the laser procosed samplon: (a) 21 mimus, () &2 mm's, (ot 63 meniy, and (d) BSmmmis (lnser; High magnifcation smage of the costeng showing the

secondary dendrves. |
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decreasing trend of the Mi-containing phases (o-Mg, AlpeMgs,
and Mg0) with the increasing laser scan speed Is observed while
the relative amount of AlyO 3 showed a reverse trend. With the fact
that the peecursor thickness was same (120 ) for all processing
speds, the laser material intetaction time decreased with increas-
ing speed leading 1o observed trend in the phase content. it also
appeared that although My may have suffered some evaporative
losses during laser processing due to its low boiling polnt (U et al.
19493), It had a marginal effact on the trend of relative amount of
phases in the coating. As seen later, based on the thermal modeling
and experimental observarion, it Is found that the measured coating
thickness decreased from 363 wm 10 224 pm with increased faser
processing speed from 21 mm/s to 84 mm/s due to the correspond -
ing decrease In laser-matecial intecaction time,

42 Microstructural evolution and thermal predictions

Cross-sectional views of the samples treated at different laser
processing speeds are shown in Figg. 4. The composite coating on the
surface has a wavy surface texture due to the overlap pulse process-
Ing. The distinctinterface between the coating and substrate shows
a sound metallurgical joint. Moreoves, it can be found that the heat
affected zone (HAZ) is pracically negligible, which is indicative of
localized heating assoclated with the laser beam.

Due to the uneven profile, the depth of melting was measured at
ten different locations in three different cross-sectional areas and
the average value was reported for each processing speed along
with the standard deviation corresponding to the scatrer in mea-
surements (Table 1) An Increase In the processing speed from
21 mm/s to 84 mm/s reduced the residence time from 236, js to
5.1 s respectively. As the effective laser energy going into the
material system reduced with residence time, less material melted
and average melt depth decreased with increased speed. These
measured melt depths were compared with values predicted using
temperature distribution profiles as seen later in this stady,

Thecoating mainly consisted of polygonal particles (indicated by
whiteclrelein g 4d) Inaddition to highly refined cellular dendritic
grain structure (insers in Fig. 4 ) The EDS anatysis on these polygo-
nal particles provided an Al to O ratio dose to 0.67, thus confirming
that they are Al Oy particles from the precursor. The highly refined
cellular dendritic grain structure Is atributed to extremely high
cooling rates associated with Laser processing. The average com.
position of the cellular dendrite measured by EDS is 83at.% Mg
1L1ats Al 24ae% 0, L0atk Ca, L4aL®: Mn, 06aL% Zn, 04 a5
Sn and 0.1 at% Se, (lustrating that it is mainly a solid solution of
o-Mg with other elements. In order to see the effect of the laser
processing speed on the formation of dendrites, the average SDAS
(secondary dendrite arm spacing) values corresponding to each
processing speed were obtained using the Hnear intercept met o
(Fig. 53 This method involves measuring the distances {spacings)
between secondary dendrite arms along a Hne normal to the den-
drite arms. This procedure was repeated for five different image
frames and the average SDAS is represented in Fig. 5b along with
the corresponding error bars (Harimkar et al, 2006} The correla.
tion between the measured SOAS and the predicted cooling rates is
discussed later.

The temperature profiles for different processing speeds
obeained from Egs. (1)-(5) above are presented in Fye 6. The
decrease In residence time and corresponding input laser energy
with increase in processing speed reduced the maximum surface
temperature, As the temperature distribution into the material
evolves as a function of time, maximum melt depch corresponds
to the residence time for each of the processing speeds. The maxi-
mum temperatures reached under all four processing speeds are
sufficlently than the melting point of alumina (2323K
[Touloukian, 1967)) Hence, the total melt depch was predicted
by tracing the location of melting point of magnesium (923K
[Touloukian, 1967)), the lowest melling component of the sys-
tem} in the temperature distribution within the matedial (Fig 7a)
because (he content of magnesium in substrate (~S0wWLE) was
moce than the other slements,

Although, the maximum temperatuces teached under all four
processing speeds were sufficiently higher than melting point of
Aumina (2323 K [Touloukian, 1967)) (Hg. 6) the residence time
varied for all speeds which In tum decides If alumina particles
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of average size 10 m in the original precursor are fikely to com-
phetely meit, Hence in order to determine if the processing speeds
employed in the present work were capable of melting the alumina
partictes through their core (Le. reaching meiting remperature at
the center) in the precursor, the spatial decay in the temperature
distribution (diffusion length) at the melting point of alumina was
predicted for each case and was compared with the radius of the
alumina particles (5 um). For directional heat flow problems, the
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Fig. 7. () Prediwctson of total (final) melt depth. () Prediction of melt depth corme-
sponding 1o the meltiog pount of alsming for éifferest protessing speeds

diffusion length, &; can be approximated using the thermal diffu-
sivity, x given by KTYpCu(T), and the residence time (, as follows
(Danied et al., 2008; Biuerle, 2000):

i =2/, (9)

At the melting point of alumina its thermal diffusivity is
BA3 « 107 m/s, density Is 3800 kg/m’ (Touloukian, 1967), ther-
mal conductivity is 6.27 W/mK and specific heat is 1958 J/kg K. It is
seen from Table 1 that the predicted diffusion length for each pro-
cessing speed (s much more than the radius of an aluminag particle,
Thus, for all the cases considered in this study, temperatures higher
than the melting point of alumina were attained at the core (cen-
ter) of the particle and alumina seen in the melted region (Fig. 2) for
all speeds; may have reconstituted. as mentioned earlier, through
resolidification and/or reaction between Al and O. Furthermore,
majority of such reconstituted alumina particles within the matrix
of coating are refined (Fig. 4) due to the rapid cooling rates (as
explained later) associated with all processing speeds employed in
the present work where as few particles are reconstituted as islands
in the near surface region (Fg 4band c).

Also, the melting point of alumina which is much higher than
that of aluminum (933 K (Touloukian, 1967)) was traced to esti-
mate the quantity of melted and reconstituted alumina from the
onginal precursor layer under different processing speeds (Fig. 7b).
It can be observed from Fig. 7b that for the processing speeds of
21, 42, and 63 mmy/s the melting temperature of alumina reached
to the depth equal to or greater than 120 um indicating that all
Alumina particles within the original precursor fayer of 120 um
thickness completely melted and reconstituted in the final melt
region. Where as for the fastest speed (84 mmy/'s) the melting tem-
perature of alumina can be traced anly to the depth of 95 um
(Fig. 7b) suggesting that the alumina particles within the bottom
25um thick precursor layer were retained without undergoing
any melting in the final melt region. As the original precursor
mixture contained 95wt (82 volumeX) alumina, only 198 wt.x
(17 volume®) unmelted alumina was retained in the final meit
region corresponding to the fastest speed {84 mm/s), In essence,
due to the extremely rapid cooling rates associated with all laser
processing speeds (as explained later) first three speeds produced
very fine reconstituted alumina and the fastest speed provided a
mixture of reconstituted (83 volume®) and retained (unmelted)
(17 volume®) alumina (Fig. 4). Thus the laser processing speed can
be varied to control the content of retained and/or reconstituted
alumina in the coating. It can be observed from Fig. 8 that the final
melt depths predicted using the model proposed earlier were in
close match with experimentally measured values, Furthermore,

500
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as explained above, similar to experimental vahses, predicred final
melt depth @so decteased with increase in processing speed, Slight
discrepancy between predicted and expesimental values could be
due 1o pon-unilorm nature of the melt as mentioned eackier
and limitations of the software | Image |™ ) erployed for conduct-
ing these measuremets.

The slope of the temperature profiles discussed earlier [Fig. 6)
gave the cooling rates presented in Table 1. An increase in (rocess
ing spewd froen 126 cmmin to 508 cmjmin increased the maximam
cooling rate [rom (.96 « 107 K/s 10 1.98 « 109 Kis. Thus, even though
the cooling rates were extremely high (of the arder of 10% Kjs) there
was amarginal difference in the magnitudes of cooling rates for dif-
ferent processing speeds. According to solidification theory, SDAS
is & function of the cooling rate (Kurz and Fisher, 1908} lfence
marginal variation |n cooling rates (Table 1) was responsible for
minot changes in SOUAS values observed for different processing
spesds (g 5b) Furthermore, the manifestation of marginad vari
ation in these physical aributes of the melted regions produced
under the present set of laser processing parameters is also realized
In the mechanical properties of the coating

Thus the size of the melt pool and assoclated properties of the
precursor could be controlled fmodified by varying the laser pro
cessing speed and a thermal model can be used 1o successtully
predict the solidification characteristics during pulsed laser surface
meatrment of MRI 153 M My alloy.

43 Micredurdmess and weat resistance

Microhardness was measured on the cross-sectional plane
ansverse o the laser track. The vartation of microhardness dis-
tributions for melt regions corresponding to all processig speeds
remained within the same range and, in general the hardness of
medt tegion was 1.5 20 tirnes higher than the substrate] Fig. 9) The
Interface between the melt pool and the substrate (melt depth) is
also shown in Fig. 9 for ll the p I to il the
depeh from which theye is a dtop in hardness comesponding to the
unmelted substrate. The average valies of the microhardness foc
the couting and the substrate are epresented in Table 1 along with
the corresponding scatter in data. Thus, the precursor composition
of B5wr.s ALy and Swi.k Al was able to Improve the hardness of
MRIE 153 M Mg alloy.

Whear rare at different applied load for boch the as-received sub-
strane and laser weated samples are shown in Hg. 100 As expected,
the wear rate increased wirh the inceease in applied load for both
materiaks, Compared with the substrate, a substantial reduction of
wear rate of the laser treated samples was observed at all loads,
Indicating an Improverment of wear reststance for the coatings, This
was also (n accordance with the increase of microhardness in laser

3,

Wear Rate (mm
=

Flg. 10, Wiear rate of substrate and laser treated samples a6 different applisd had
(heset: Detalied view f wear site of the (0a0egs. |

processad coatings | Fig. 9) since hardness plays an important role
in wear behavior for materials and s generally used as a measure-
ment of wear resistance (Chen et al., 2000) This improvement of
wear tesistance in the laser reated samples could be explalned
by considering its different wear mechanisms from that of the sub-
strate, It has been shown in the literature [ Mondal et al, 2008: Chen
ef al., 2009) that micro grooving and micro cutting are the dominant
wear mechanisms foe Mg atloys, and due to the low microhardness
and poor ductitity a high wear loss is expected for Mg alloys. Nev-
ertheless, for the laser processed caatings which are composite in
nature, both the hard reinforcement (predominantly AizOy ) and the
highly refined Mg matrix considerably improved the wear resis-
tance (D et al., 2008¢), The Alz05 particles can effectively peevent
grooving and ploughing during the wear process, while the highly
refined dendrites of Mg play the role of strong and ductile metal
manrix

In order to explore the influence of laser processing parame-
ters on the wear behuvior of the laser treated samples, a deuied
comparizon of the wear of the ¥ <
shownin the Inset (n g 10, In comparison, lh-cmusnmd
with taser scan speeds of 21 mm/s, 834 mm/s, and 42 mm/s experi-
enced the high, medium and low wear rates respectively. In the
current investigaton the processing parameter varied was laser
scan speed, which is the predominant factor affecting the tem-
perature of melting pool and cooling rate, As explained earlies,
the leved of temperature determined the extent of retained AlyO0y
partiches whesreas Lhe cooling rate controlled the level of refine.
Ment in grain size (SDAS) arxt the size of reconstituted] Al G, From
Table 1 it can be seen that the sample processed with 21 mm/s was
associated with the lowest cooling rate (098 « 108 Kis) among ol
the laser processed samples and the SDAS of this sample (Fig. 5)

Fig & Microhandness variaoon foc differen processing sjoeds.

K 1 arelatively higher value, This coating consisted of relatively
coarses dendrites and reconstituted Al,Oy particles, thus experi-
encing the high wear rate. Nevertheless, it is interesting to note
that the sample processed with B4 mm/s expetienced lower tem-
perature [Fig. 4) and the highest cooling rate (Table 1) that were
mpomihle for retention om,o, along with foemation of refined

ituted AlyO, | 1 to mediam wear rate. On the other

tund the samples processed with 42 mmjs (medium cooling rate:
« 107 Kis) contained only refined and reconstituted Al O; due

0 Midl it exchilxted the lowest wear rate of 0.095 < 107 mm? fm
at the applied load of 40 N which was approxmately 30 times less
than that of as-recetved substrate (3« 102 mim? fm ) Such conrrast
behavior is attributable to the refinement of the grain structure and
presence of resained Al;0y. It is likely that retained AL, particles
may cause detrimental effect to wear resistance of the composite
coatings. Coating with retained Aly0y particles may lexd 10 less
wear resistance becauss of the their coarse size inherited from the
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precursor powder (10 um) and their poor interface with the Mg
matrix compared with that of in situ formed (reconstitured } AL Oy
particles, Such poor interface between particles and matrix might
cause puliing out of the particles. As a resulr, although the coar-
ing processed ar 84 mm/s is associated with the highest cooling
rate and finest microstructure, it showed 3 medium wear resis
tance due to retained Al;0y. On the ¢ y. coating produced at
AZmm/s exhibited the highest wear resistance as it consisted of
a commbination of fully reconstituted and refined Al/Oy and it was
assoclated with a moderately high cooling rate. This result also pro-
vided an indication that processing parametess that lead to fully
reconstituted Al; 03 partictes & well as fine microstruscture should
be considered for tailloring and optimizing the wear properties of
such composite coating.

5. Conclusion

MR1 153 M My atloy wias successfully coated with 95wt Al Oy
andd Swrt Al by using & pulsed Nd:YAG laser. Seructural char-
acterization showed that the coating consisted of a-Mg A0y,
AlgoMgyy and Mg, The average measured melt depth decreased
from 363 yn 10 224 wm as the laser processing speed increased
from 126 confmin to SO8 con/min dus to the decreass in residence
time (from 236.7 ps 10 59,1 ps), Thermal predictions showed thae
anly the sample processed with B4mmjs had retained alumina
Aong with major poction of reconstituted alusning, while other peo-
cessing speeds lead to coatings with ondy the reconstituted alumina.
The maximuen predicted cooling rate increased from 0,96 . 108 Kis
to 1.98 « 108 Kis with increase in speed from 21 to $4 mm/s, These
extremely high cooling rates wers responsibie for the formation of
fine dendrites which h.ul mldmy dendrite arm spacing (SDAS)
of. d 1 jare. M increased from - 80 HV for the sub-
strate 16120 KV for the coating. Due 10 the presence of hard A0
prticles and highly refined Mg grains the wear rate decreased sub-
stantlally compared with that of the substrate (3« 10-7 mm*/m)
and the sample processed with 42 mmys showed the hest reststance
 wear {1095 « 10-2 mm? fm).
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ARTICLE INFO ARSTRACT

Articie Justory: The elficacy of pulssd NEYAG laser (o1 the laser surface stiucturing (dressing) ol potous
Rocedund 31 July X007 alumitys ceramic was optisnize] using the Taguchi analytical procedute. The laset process-
Roowtved in revissd torm ng parmneters like the pulse width, repetition mate and {he scanning speed wete evalusted
11 September 2007 and the factors essertial to optimize the interdendritic porosity and grain size wese pre-

Acceptid 73 Octobes 2007 dicted, The analysis of vimkance (ANOVA) helped to identity the processing parameters (it
contributed the mest 10 minimize the potosity and muximize the yain gze The pulse tep

ctition rate was the most significunt factor in mindmixing the interdendritic porosity while

Keywords the scanning speed played a vital role in increasing the graln size. The Taguchi method
Taguchi method could yiel! a combination of diffeswnt process parammetess that could be used 1o optimize
NEYAG laswr the mictostructural Saturs,

Alming © 7007 Elsevier V. All righta reserved.
Optimization

Ceramic

i Introduction

Cetambcs such as alumina are secking increased applica.
thons as sophisticated engineering materials where surface
alterations are vital (Nicolas o al,, 1997, Queiroz et al,, 2004),
The surface modibication processes have a substantial effect
on the microstructural properties of the cemmics Gahr and
Schnelder, 2000; Cappelll et al,, 2000), Such surface madified
aluming have increasing applications as they can be used
to improve the life of cerumic linings In furnaces [Brudky
ot al, 1999) and alse surface modified abrasive wheels can
rejuvenate the surfaoe topography required for precise mate-
rial machining (Harimkay et al, 2006). Hence, coming up
with optimum processing parameters to manipulate the
microstrutural features formed during surface modification
Is extremely vital. Even though modified ceramics have many

* Corvesponmbing) asthor. Tel: +1 865 974 3609, fex: +1 865 974 4115,

E-madl sddress: ndahotre@utk.edu (NR Daholre).

CRA013605 - seo front matter © 2007 Elsevier BV, All rights reserved.

Aol 100N L Jmal protec. 2007, 10065

applications, detailed studies related to microstiucture evo-
tathon are Hmnited MHurimkar and Dahotre, 2006), Keeping this
objective In mind, the current study alms at coming up with
laser parumeters that cin optinsize any desituble material
property. Pulsed NOYAG lasers wete used for processing
the ceramic as they are capable of delivering superior peak
powers with excellent beam quallty due to which they are
widely used in the manutacturing industries (Bandyopadhyuy
ot al, 2006), Tagchi's method was employed 1o recognize and
configure the experimental pammeters for optinmim output
material properties {intordendritic poresity and grain size).
Being o statlstically vigomus mwthod (Ross, 1989, Bendell
et al,, 1989), it requires fewer experiments to be Girried out
and the inferences can be associated with statistical kevel
of confidence. In addigion to this, ako the method is more
versatile than the standard design of expetiments [DOT)
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technique (Montgomery, 1991). Tremendous applications
of Taguchi method have enhanoed several prooesses and
product reliability and quality (Phadke ot al, 19%83; Phadke
and Dehnad, 1988; Pan ot al, 2005). In this approach, an
attempt was made to minkmize the nterdendritic porosity
and maximize the graln size of potous aluming ceramic just
to demonstrate the ability of the method without any specifc
application in mind. Sirmilar study can also be carntied out to
msaximize the porosity and/or minimize the grain size

The alumine that was used for the analysis had 40% by
volurme potosity. Sintering of the mateial caused the poros-
ity in the ccramic and such high porosity is required as ot
could be used for grinding operation. As the kaser pubse intet-
acts with the surface of the material, the high coling mtes
and corresponding temperature changes in the material will
cause the maternial to solidity with dendritic stroctures. Such
laser material interaction also affects the porosity bebween
these dendrites, An attempt has been made to optimize this
Interdendritic porosity so that it could be used for different
applications as each application may require variable kvels of
porosity. Laser processing also produces signiticant changes
in the grain size that would have significant influence on the
mechanical properties of the material; benoe, optimization of
gruin slze as Tuncthon of laser process hay also been consid
ered.

2. Laser surface processing

A JK 701 pulsed NAYAG Eser (1064 nm wavelength) from GSi
Lurnonics, Rughby, England was used for bradiating the s

face of alumina cermic compacts which were obtained trom
comunercial soutoe (MSC Indhistrial Supply Co,, Melville, NY)
The laser was capable of providing pulse eneigy in the range
of 0,1-55), repatition mtes varying fiom 0.2 1o S00Hz and
pulse width could be varied from 0.3 to 20 ms. Effects of laser
Iadsation on the ceramibe suface were observed by taking
micrographs of the irradiated surtace. Hitach] S3500 SEM was
employed for characterizing the surface features.

Variables {control tactors) that were selected for parametnic
study were: pulse wideh (W}, repetition rute (1), and scanning
speed (5). The causes (materials and processing parateters)
and their key eflects (materials properties) related to aku
mina ceramic are represented in Fig. 1. The Hlustration clearly
emphasizes that causes in varlous comblnations can be con
trolled for yealization of prime elTects associated with surface
modification of alumina cerarmic for required application, As
explained later, the correlation betweeon cause and effect can
be designed for desired eatcorme trough Taguchi analysis,
The repotition rate (K] and the pakse width (W) were varied
starting from the lowest possible value to the highest vahe
for different scan speeds and the corresponding effects on the
surtace microstructure were observed, For certain sets of com
bination of parameters there was no intemation of the laser
beam with the cersmic surfzce while for certain other com
binations, lases cutting {extensive vaporization) ocaurred on
the surtace, The main toous of this study was to come up with
those parameters that caused surface melting and study the
associated porosity and grain £ize. Henoe, the parameters that
talled to create any Intetaction or Tailed to canse surface melt
ing were not reported in this study. Using this proceduie, pulse
widths of 0.5, 2,4, 5,5, 7, and 8 ms were used for the study along

Trial nuirnbey Fuctors Factor vahies
w R s Pulse width (ms} Repetition rate (He) Speed fcrvimnin)
1 4 1 | 5 L] 28
2 4 1 ) s L] re2
) 4 1 1 $ ] oy
Ll 1 $ " 0b » I
5 t S 4 05 » m
& 1 s 2 08 . S0
’ ) 1 ) o v rar
] @ 1 5 7 . b7~
9 7 1 K L) L N
10 ) 2 2 4 w 508
1] 1 ) 2 4 133 son
¥ 1 s 2 4 x Lon
13 2 4 5 2 1 7R
" 7 s 5 2 20 7682
" 2 @ 5 2 . 7
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Fig. 1- Cause-and-effect diagram foe laser processing.

with repetition rutes of &, 10, 13.3, 16, 20, and 251iz. In addl
tion to these parameters, lser beam scanning speeds of 287,
508,635, 7.1, and 7 & cnvmin werv Used. Keeping one pariim
eter constant, others were vaned to ghve the different sets of

A®R

Sum

pocessing conditions. Table 1 sumenarizes the values (levels)
aasigned to the virious processing parameters (lactors), The
combinations of these lactors and Gactor values (lovels) pro

vided the condstions of trial puns s indicsted Jatey in Table 2
It was observed that surface melting socurted for the cormbl

nation of the mentioned seven levels of pulse width, six kvels
of repetition rate and for five fevels of scan speed. The pro

gressive seduction of stbsequent nurmber of parmeters was
merely 3 coincldence without any particular intention to do
s0, Using these parametery, the experiments were then an-
dotnly run and not in any systematic order. By mbdomizing,
the experiment is protected fromn the influence of hurking vari

ables or nolse, such as change of relative humidity, change of
ambient temperature and 50 on which may significintly a ffect
the response. Henoe, the standard methodology of randomiz

ing the experimental runs was followed in this study,

Surface roiciographs of the processed potous ceramic were
recorded for each of the corphinations of the different process
parvmeters, mage/™ softwate, a public dormain JAVA image
pocessing program insplred by National Institutes of Health
MNIH) Image™, was used for analyzing these micrographs to
determine the volurme percent interdondritic porosity, For this
purpose around five micrographs from different locations on
the surface were taken for each sef of the processing condition.
The contrast in the image was enhanosd and the image was
sharpenied using the software following which a binary image
was formed from the mictograph. This prooedure ensured
clear visual distinction between the grains and the pores, thos

f]

Fig. 2 - Surface SEM images of laser surface modified alumina

P

. mn",. - l'.l "Oll'

o

are displayed on the right side of the SEM image. (a) W« Sms, Re 8Hz, 8 « 7.62cymin, ) W« 7 ms, R« 8 Hz, S« 7.62 crymiin,
() Wedms, R=20Hz, 8« 5.08cnymin, (d) W =2ms, R« 16 Hz, 8 = 7.62 an/min, (¢) W = 0.5ms, R = 20Hz, §=7.11 cymin, and (f)

W=0.5ms, R=20Hz, §=508can/min,
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ensuring precise potosity measurements by the software. The
mean porosity vakie was reported by performing caloulations
fot the different microgruphs and this value was assumed as
tepresentative of the entire volume of the cermmic, Purther

more, the mean geain size was alse prodicted by the software
by measuring the stzes of sound 10 grains of roughly the
same size In each of the micrographs. This way &t ensured
that the grain size which was representative tor that partic

ular processing oondition was calculated, The density of the
porous cernmic was calonlated using the theoretical density
of dense aluming (3.8 gcm’) Gitzen, 1970 by using the rela-
tion

Density of poroos ceramic =
(Mhvecrvtionl density of dunse alunsas) « (1 - pare fraction) i

The relative density was given by the tmtio of density
of porous to fully dense abiming, The miciographs and the
corresponding binary images required for calculations are rep
tesentod in Fig, 2. In Fig. 2, for cases a-¢, the black regions in
the binary images indicates the gralns, while the white reglon
indicates the porosity excegs In the last case [case [) where
the white portion represents the grains with the black regions
being the poosity,

3. Taguchi analysis

3.1, Design of orthogonal array and signal-ro-noise
analysis

The three types of varlables that are generally encountered
when applying the Taguchi method are signal factors that
aftect the average response, control factors that affect the
extent of variability about the averuge response and nolse

factors that have an influence over a response but cannot
be comtrolled in actual applications (Tam ot al., 1967). When
sinmlated experiments ate porformed, The results need to be
converted into a signal-to nolse ratio {SN) which helps to
wecognize the optitim conditions of operation. The higher-
the-bwtter, the lower-the-better, and, the nominal-the-better
are the three categories of quality characteristics, Regandiess
of the category of the quality chamcteristic, a greater S/N mtio
ks essontial for better quality chaticteristics. The degree of
freedom (DOT) Indicates the amount of informmation contalned
In 2 data 4. For each factor, DOF 18 one less than the mumber
of lactor values (levels). In the present cass, the total num

ber of degrees of freedom s 15 [6 DOF for pulse width, 5 DOF
fot repetition mate, and 4 DOV for scanning speed), The num:

ber of experiments should be equal 1o or greates than the
number of degroes of lreedom (Ross, 1989, A special armange

ment of orthogonal arrays was made in order to examine all
the designed parameters at u relatively low cost, Orthogonal-
ity implies that the factors can be assessed separately and
the effect of one factor does not interfers with the estims-
tion of the influence of another factor {Ross, 198%, Hence, an
L1% orthogonal armey was employed ss It could provide the
minkmm degrees of freedom required for the experiroental
exploration. The column assignment and experimental layout
are shown In Table 2.

SN matlo was calculsted in owler to measure the qual-
iy charactenstic deviating from the desired value. The SN
ntio » 8 given by 5= -10g (MS.D), where MSIL is the
mean square deviation for the oufput chatacteristic. The
mean-square deviation M.5.10) for the lower the bedter qual
Iy chasacteristic can be expressod as (Yang and Tarng, 1996}

=

o

=

I
|-

o

17
%

i @

il
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Ints and

Trial mumber Porosity 1 Porosity 7 WNT Graln size 1 Cirabn size 2 SN
1 2 " -V YA 13 omn 012751
3 A 195 -JI 5N A8 o JIASETS
3 23 M WM IRs in 1845716
\ M RUBO T WM 105 1m 0 ST
‘ EA N M -3 331% 18s L% Wdias
. 104 8Bm .00 138 wn 150
7 0 S84 MLESTY 153 54 1941674
L 09 S 1A 18 A7 2859
. N a7 20TV i4n J1n WM
10 7135 i -y 200 T 1975366
11 M4 Mo 2 983 L08 248 1864794
12 " nn M54 124 g 1921174
1= ym s AN 260 116 ey
" RN 72 78960 152 154 1534410
1s 7634 1R 80 -850 200 152 16, 79974
W' N unluws for porosty. YN SN ol aes for grain stes
whete m i the number of tests and P, Is the value of the mes (2} The sumof aquares frorm the tested factors
suredd output quantity for the [ test while the M5S0 for the
higgher-the-better quality churacteristic is given by t S
S8, =100 )
bl &7 )

(2]

32 Analysis of variance (ANOVA)

ANOVA enabled to establish the yelative
significance of the individual processing
The ANOVA wus based
rhane ,the degree of freedom (D), the suim of the
squates {55), and the percentage of contribution to the tetal
variation {C) {(Ma et al, 2000), The parameters used In ANOVA
are calculated by the tollowing equations

The technique of

fuctor on the intey

dendrithc poresi
an the

y and the grain size

Total sum of squares,

-~

N

—

)

ol —

where k is the total number of experiments and 7, is the
S/N mtio of the ' test

whete p represants one of the tested factors, | is the bevel
number of this specific factor p, 7 is the v petition of each
lesel of the factor p and S, is the sum of the SN ratio
tnvolving this factor and kevel §
[ Degree of freedom () for each factor is the mumber of its
levels minos one

(1) Varkance

V= (6}
(5 Percentsge of contribution to the todal vardation

T %) 100 )
4 Results and discussion

Two sets of values for porosity and graln size were obtained
usinng Imagel™ soltware by considering two diffetent micro
graphs of the surface. Using these sets of data for porosity
and grain size, the avenge value was predicted, Table 3sum

Foctor DOF 55 58 v Y G G

Pubse width 0 1260 w7 PR TN 110 M0 2076
foepetition tte L3 2084 ny o 121 TR 25/
Speed 4 1927 554 45 238 W20 =88

[—degrees of freedom defined earher, 55" —sum ol squates foo
VI vatinmee for porosity cabouatioon, V¢
"wee

Yaiance 101 siae caleudations, CF

posneity caloalatione SS —sum of squses Tor grain ciee aalculntions;
oM stion tosmeds porosity. CF—contribation townrds gin
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Fig- 3 - Response graph,

marizes the average measured grain shze, and aversge volums
percent interdendritic porosity along with predicted density
and relative density of the slumina cemmic processed using
various combinations of process pam meters, It i obvious from
the table that apparently there are no distinct trends in relat
Ing causes (o effects in the present effort. The realization
of any trend is further complicated due 1o employment of a
lurge number of varisble process pamimeters. In light of this,
sdoption of Taguchl analysts to define the process reghmes for
approprlate outoome is justified.

The 1aw data for each of the experiments and the cal
culated /N value for each cage I8 represented in Table 4,
Utilizing the calouloted SN values, a iesponse graph was gon
erated {Fi, 3) which showed the variation in the SN ratio due
1o the varation of the ditlerent control factors. This graph
showed the average value of the /N ratio that each control
factor produced for both minimizing the porosity and akso for
maximizing the grain size. Thus, even though 15 tiials were
avallable, the number of control factors were 18 g8 can be seen
from Table 1, Hence, 18 points were plotted conesponding o
the 18 control factors tor optimizing the porosity and similury
18 points were plotted to optimize the grain size. This graph
was created for minimizing porosity and maximizing grain
size for the aluming cerambc for any desitable application,

From Fig. 3, it can be ifustrated that highest yield of the
SN 1atho for percentage potosity, heno: minlmum porosity
could be attained lor the combined settings of W;, &; and
S5, Le. for a pulse width of Bns, repetition rate of 11.37Hz
and scanning speed of 5.08 co/min, Sirndlarly, for maximum
grain size, the highest yield of the /N ratlo can be achieved
for the combined settings of W, %; and §;, ie. for a puise
width of 7 ms, repetition rte of 10H2 and scanning speed
of Se8cmymin. As these combinations of pararmetor settings
were not tested In the experiment, it assutes that the orthog-
onal experinent s able to ldentity the optimum pammeters
In the muit]-dimensional parametes space, The clrcled values
in Fig. 3 represent the parametens required to attaln minlmum
porosity and maxiroun grain size. Presently, the experiments
are on going to validate the optimization of process parame-
ters predicted by the Taguchl analysis. So far, the prelimd
efforts have indicated emoung}ngobsuvum and dztmkd
etforts and ot ions will be dina follow

L ¥

up paper in due course of time.

-ws

&

¥
Porosity (% volune)

1 . + 1
° v v °
0 2 a 6 8 1
Pulse width (ms)

0 &1 125 W1 20
Repetition Rate (H2)

0 19 38 a ™ 25

Scanning Speed (cnwimim)

Pig. 4 - Rogime identification plot (suffix p corresponds 10
parameters causing minimum porosity, suffix o
corresponds to parameters producing maximuam graln
size).

The yesults of ANOVA for minkmizing povosity ond max-
mzing grain size are shown In Tuble S Wheteln the
caloulations were done manually and by using the soffware
Analysis Lab™ 1o determine the sum of squares and var
ance. The tepetition rate plays a ading role in attecting the
nterdendritic porosity (44.19% contribution). The laser beam
scanning speed (1585% contribution) governs the grain sine
warlation significantly, Tablke 5 also indicates the contribution
of each of the other p ters 1t ! sity and grain
skae. The change in lml-mdmt potosnyand grain skze with
the different parameters such as repetition rate, scan speed
and pulse width is represented in the wgime identification
plot in Fig 4.

The parameters causing minimmim porosity and maxioum
galn size predicted from the response graph In Py, 3 were
Mentified in Fig. 4, The tegion encotnpassed by the carve
passing through these patameters causing minimum inter
dendritic potosity and msxitmum grain sive defined the reglon
of working parameters and it p:ovidcd the mﬂxn- of param-
eters wherein minimum p ua grain s
can be achieved. Simdlar cumcuuld also be generated if we
need to maximize the porosity andfor minimize the grain sioe
depending ob the application for which the processed nhu
mina ceramic woukl be wsed for, Thus, as the application of
Taguchi analysis can predict the egime of parameters o go
with in order to maximbze or minimize any material property,
this analysks tums out to be yery useful,

S. Conclusion
The laser process parameters such as repetition mte, scin-

ning speed and pulse width influenced the interdendritic
potosity and grain size. The Taguchi method for the design
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of experiment was employed fo identify a bination of

SE.S AN, Khanga, AA., Dahotre, NB., 2006,

for optimized physical attrit of the
an:mit: and contribution [inﬂlx'ncr) of each of these param-
eters toward these attyibutes, Due to this ability, it would be
possible to control the laser-asststed process morne efbciently
and effectively and, thus enabling the use of these porous
alumina ceramics tor several applications including grinding
wheels,
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eramics: A Mo

Overview

A rumerionl approach for predicting
microsirac ures during the laser sarface
modification of ceramics bas beer pro-
poved. Laser surface modification is a
sear-non-equlibrium or nos-equilid-
riumpmcessinvolving highcooling mies
(1O -1 Kistlending so rapid solidifica
ton. As the basic goveming solidification
theory behivd convertional processes
Ko caxting ad laser processing ls he
sanie, theopproachand the theory behind
the conventional procexses cax be
extended b sach rear-nos-equllibriun
processex by adequately modifying the
convendional models. They stady looks
at variows challenges in modeling lhe
laser processing phenomesa and elabo.
rales on presen) efforts avd filare mod-
eling goals,

INTRODUCTION

Ceramics are a vital class of material
with tre nendous applications in various
fiekds sich msthe biomedical, matomotive,
arospace, Chemical, petrochenscal, and
clkectronics industric s Susface engincer-
g of cormrmies frplies the modiNication
and design of 4 maface Lo ingrove heat
resistance, wear resistance, or other
desitable properties depending oo the
application foe which e modifled sor
face will be utilized. For exanple, sur-
face-modified ceramies offer aninnova-
uvo apgroach 1o the well ettablishod
challenges of drug delivery,' Lases sur-
face modification vas been shown to
inctease the surface area af hydroxy-
apatite and gloss reinforced hydeoxy-
apatite, which can in turm. increase the
reactivity and doug delivery capability
of bath materials.” The growth of &
crvatalline oxide ceramic layer on the
sarface of titamium implants has
improved the propetiios of these
fmmplants. Surface - miodi fied polycrystal:
line alinana akso has wide applications

In dental medicine *

Laser treatment offers a poteatial
solution o cermmc procesaing and
tachining of precesintorequired shapes,
Az the grocess is son<omacting, 1ool
wear and high contact stresses between
the tool asd machined samplos are
wvoided. Thus, Tasers e significantly
used inthe milling, defiling. conmg, o
marking of cetamics' The surface

modification of cormescially availalie
alumina has been camied out by laser
Irvadiation to reduce fcton and wear,
thus erhancing its tribological proper
tes* Laser modification plass a vital
role inrecrystallizing to obtain peeferred
rain ovie ntation at the smucface layer of
oxide ceramics, This technique can be
uged o gencrate high-quality productive
cloctronke ceramges, !
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Laser Fradiation of Zr(), ceramic
significantly modifies its surface and
produces good adherence of motal
deposits onto the ceramic sarface * Alu-
mina coramic posscsses outstanding
hormal and mechamical propertios,
which make it a peeferred muaterial for
e in Sractural componenis that require

ty. Laser processing can
be timed 10 demify the sface porosity
of these ceramics m applications where
the cerammics are exposed 1o high tem-
peratares andsevereenvirontments.“The
surtace madification fechnaqie can be
applicd for several innovative purpescs,
sich as the dresutng of grinding whools,
first proposed by NR. Babu ot ol '
This 000-CONMACT Process ICTeXsas pro-
ductivity, maintains a comstant quality
of wheol surface topography, and pro-
wdes betier automation.

Optimizing the laser provessing
pararmeters inoeders to oblain the desired
mirface topography is achallenging task
To make the optimization process less
complicated, modeling techdgues can
be wsed to evaluate the relationship
between the surface mecrostrictire and
the lser processing paametess such as
power fntensiey and laser speed. Hence,
mwdeling is essential for studying sur-
face-modified ceramios and will e the
roain focus of this pager.

MODELING APPROACH

Surfoce modification using lasers
involves melting the raatorial Shat inter-
ats with the faser beam followsd by the
solidification of this molien usMerial
During the cooling cycle (Le, after the
laser irradiation time is over), the
solidific ation of the molie nmaterial leads
10 the formation of different tjcrosime-
tural features depending on soveral
factoes sach a5 cooling rate amd laser

fluence. Heace, considering basic theo-
thes of solidilcation is extremely vital
while modeling the laser processing
phenomena. Soladification in conven-
tonal is mainly governed by
the rate at which the Tatent heat s taken
away fromthe interface, In this case, the
crystal growth occurs slowly enoagh so
that the solid and Lguld immed laely on
oither wido of the Intarface can be con-
sidered to be inlocal equiliteinm Such
astmplification ks peemissible in the case
of metaly kolidify ing ot the rates cncoun-
tered 0 normal casting operations,
typically on the ceder of 10°C/5." The
coripostions can be obtalned from the
solidus and lquidos on the phase dis-
gam.

At very high growth ates (V> 100
), * such as those that eocnr inrapid
solidification processing. conditions of
local eqquilibedum no longer exist, Ragad
solidifcation has attained a regime of
erystal growth speed whwte the devia-
tions from local equiliteiom are impec-
tast, in which isterface mution cannol
be thoaght of as heat flow o diffasion
limdted. Initial work in the area of
sulidification has been directed towvand
macroscopse modeling (Le., anatytical
v numerical solntions of the continuity
equations in the presence of & phase
change),” On the contrary, past model.
Ingeffoets inthe field of laser processing
were Tocused towand determining the
Influonce of operating conditions ou the
towporature disteibation within the
heated work picce withoat including the
prediction of microsnxtures goseraed
for different procemsing comditions. "
This stody looks at the different moodel-
ing aspects of lascr peocessing phenotm-
wna, the challenges faced, and atiengts
rmade 1o predict surface microstrue tare
it terom of grain morphology and to

carrelate surface features with process-
Ing parmneters,

Modeling Challenges

Aficr the isteraction of i laser beam
with the salld, the solid sirface Is heatod
which is followed by muerial nelting
and rapid evaporation @ Several factors
acodtobe accounted for when modeling
the Jasor processg phesormena aod it
is cumbersome to include all the factors
futo the model at the sae tme. This
leads to the stop-wise development of
the modeling efforts, Laser processing
£ highly influenced by thermophiysical
properties such os me ing tenperature,
thermal conductivity, diffusivity, and
fatent heat, which peed (0 be accoanted
for during the modeling and tailoring of
the process, Honoe an integratod modol
ing techaique based on a modular
appraach has 1o be considerad that will
take Into account the thermo physical

such astherrmal conductivity and specific
heat, vary with temperative. But the
variation of these propertics with tem-
perature or any function governing the
variation cannot be casly obtaincd.
Hemce, most of the modeling efforts
asute 4 comstant value of a centaly
property. In addgtion, cetamics soch as
alumina possess porosity which is intro-

Equations
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runges from a fraction of one pervent 10
several percent depending upon the
intended wse, and affects material prop-
erties such as thermal conductivity and
density.

Laser processing akso results in phase
changes in the material, which signifi-
cantly affects properties, Taking into
account this phase change effect in the
modeling efforts is also a challenging
task. The cooling rates ercountered in
laser processing are extremely high and
these high cooling rates have a distin-
puished effect on the gram morphology.
Hence, it s vital to consider these high
cooling rates tn modeling efforts, Sig-
nificant loss of heat takes place by
convection and radistion effects, and
these losses need 10 be accounted for (o
ensure accurste temperature predictions,
Absorptivity isthe fraction of the incident
radiation that s absorbed by the body
surface. Bxact experimental determins-
tion of this absorptivity value needs to
be done for peecise modeling, Figure 1
represents the multiscale changes in
alumina ceramic during laser processing
and the corresponding models that could
be applicable st different stages.

Current Efforts in Modeling

The density of porous aluming was
considered by applying s weighted sver-
age method o fully dense aluming (p =
3,800kg/myandporosity (for example,
40% by volume), Porosity also has an
effecton the thermal conchuctivity; hence,
the thermal conductivity corresponeding
1o 40 vol.% porows aluming (K =14.6
WimK) was considered.”!

After considering the effect of poros-
iy oo the differemt thermo-physical
properties, (he next step was the precise
determination of the melt depth that
enabled accursle surface temperature
predictions. This & essential for the
precise grain evolution, which depends
on the temperature snd cooling rate at
a given time. The application of laser
fluence on the surface of the ceramic
issipates beat throughout the surface
and develops a temperature gradient
throughout the substrate, with maximein
temperature reached at the surface. The
tempersture values and the size of the
melt pool depend on the thermo-physi-
cal properties of the ceramic, making it
necessary 1o consider the parosity model

first.

Fourier’s second law, as depicted in
Eguation 1 (all equatsons are shown in
e Equations table), was used 1o model
theheat transfer phenomena during laser
processing of alumina ceramic, where A
is absorptivity ol aluming; 135 Laser power
Intensity; € is emissivaty ol alumina for
thermal radiation; a s Stefan-Boltzman
constant; and L is irradiation time, The
convective boundary condition ot the

bottom surface of the sample was given
by Equation 2, where h is convective
heat transfer coefficient and L is the
thickness of the sample. The other sur-
faces were considered to be insulated
A three-dimensional heat Aow model
was developed using the COMSOL
Multiphysics™ mexieling package. The
temperature distribution within the
material ancl the medt depth from the
surface was predicted from this model.
Themelt depth was calculated by tracing
the meiting point in the temperature vs.
distance from surface profiles for dif-
ferent times. High laser fluence caused

the surface of the ceramic to melt and
subsequently solidify into ahighly dense
recast layes. Tho variations of sarface
temperature ¢aloulated from this model
are presented in Figure 2 as o function
of tume for various laser fluences.
All the factors that Sead to the gen-
ertion of the melt pool, such = the
recoil pressure, need 1o be accounted

for. This pressure s created duc to the

rapid evaporation s the surface of the
melt, which drives the flow of molten
material into the porows substrate, thus
further extending the mell depth. The
evapoeation of the material that takes
place at such a high rate on the surface
generates an extremely stroag recoil
pressure to counterbalance this high
evaporation, which drives the molten
melt depth predictions do not ke mlo
accoant the recoll pressure effect on the
melt depth. Carman-Kozeny equations
{Bquation 3) were employed to analyze
the effect of recorl pressure on the depth
of infiltration, and were subscquently
integrated with the calculated depth of
melting from the thermal model, where
dpfdz is the pressure gradient across the
melt, p is dynamic viscosity, u isthe flow
rate, ks the porosity, and d, isthe average
alumina particle diameter. As shown in
Figure 3, the caleulated depth of melting
increases with laser processing fluence
duetothe melting front sdvancing deeper
into the material with increasing laser
processing fluence.

“The varlation of surface cooling rates
with laser fluence is also represented
Figure 3. This figure clearly indicates
a decreasing cooling rate with increas-
ing laser fluence, which also goes well
with the universal theories of solidifica-
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tion.~

Considering detatled aspects of the
processsuch asthe mbiltration meft depth
leads 1o refinement in the model output
onid enhances the melt depth caleulated
froan the three-dimensicnal (3-1) beat
flow maxdel, a5 can be observed from
Figure 3. Thus, so far the modelmg efforts
have been able to predict the surface
temperature profifes, the associated
surface cooling rates, and certam features
like the melt depti. These computed
parameters have a significant effect on
e surface micrestructure evolution and
form the basis for modeling the laser
processing phenomena, as also can be
scenin Figure |, Following the prediction
of these features, the next stop woald be
1o study the evolution of the surface
microstructures such as the morphology
of the grains thal ar¢ formed on the
surface during the solidification pro-
cess.

Future Modeling Goals

Under certain conditions, ceramics
like alumena solidify with characteristic
physical nature such as faceted crystals
(Figure 1). Surface features like the
faceted morphology of the surface grains
ure greatly aftected by the evolution of
crystallographictexture.” Each facet bas
a plane associated with it that moves
with a given normal speed which may
be difforent for different facets, the
boundaries of which will be determined
by the intersection of the planes. Models
suchasthe Van der Drift model™ considet
that each crystallite or grain grows with
tach arystallographic facet moving with
n known normal velocity until a facet
meets the surface of ancther growing
crystallite, leading to the formation of
grun boundaries due to the impingement
of the grains on each other,

The development of facets in Jaser-
surface-modified alumina was experi-
mentally observed by A A Khangar ¢t
al* and a phenomenological explanation
for this development was provided by
SP Harimkar et al.” based on the Van
der Drift mode) of faceted growth. How-
ever, a numenical approach has not yet
been developed that enables one to

foresee the effects of thermal aspects of
[aser processing on the morphology of
the surface grains, A level-set method™
for the motion of faceted interfaces can
be utilized to predict the faceted growth
observed i laser-processed cetnmics
suchasakiming. Inthe level-set method,
n continuous function @ix,t) could be
mtroduced suchthat the orystal interface
Twillbogivenby Equation 4. The veloc-
ity ficld can then be used to evolve the
phase ¢ according to Bquation S.

On solving the above equaticn using
finite differences, the zero level set of
pixt) could generate the evolution of
the mterface, Thus, this work aimis at
modeling the evolution of surface grain
sructure in laser surface modification
phenomena and the associated micro-
gructure development using minimal
experimental technigues oaly for micro-
structural analysis and heavy computa-
Honal techniques 10 optimize the luser
Processing parameters.
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