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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 (Al2O3), silicon 

nitride (Si3N4), silicon carbide (SiC) and magnesia (MgO). A 1.06 μm 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 Al2O3, Si3N4 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 Al2O3, Si3N4 and SiC and the vaporization temperature in case of MgO. 

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

LASER MACHINING OF STRUCTURAL CERAMICS - AN OVERVIEW
1
 

 

Introduction 

Structural materials can be classified as ceramics, metals or polymers with each type of 

material having its own advantages and drawbacks. Even though metals are strong, cheap and 

tough, they are chemically reactive, heavy and have limitations on the maximum operating 

temperature. Polymers are easy to 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 (ZrO2), boron carbide (B4C), alumina 

(Al2O3), silicon carbide (SiC), silicon nitride (Si3N4), sialon (Si-Al-O-N), berylia (BeO), 

magnesia (MgO), titanium carbide (TiC), titanium nitride (TiN), titanium diboride(TiB2), 

zirconium nitride (ZrN) and zirconium diboride (ZrB2). 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 ZrN) and ceramics that are a mixture of dielectric (semiconductive) 

materials and electrically conductive materials such as Si3N4-TiN, sialon-TiN, and Si3N4-SiC [3].  

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

 
_______________________ 

1
 The content of this chapter is originally from Reference [1]. 
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Table 1.1 Applications of different structural ceramics [1] 

 

Application Performance advantages Examples 

Wear Parts: seals, 

bearings, valves, nozzles High hardness, low friction SiC, Al2O3 

 

Cutting Tools High strength, hardness Si3N4 

 

Heat Engines : diesel 

components, gas turbines 

Thermal insulation, high temperature 

strength, fuel  economy ZrO2, SiC, Si3N4 

 

Medical Implants: hips, 

teeth, joints 

Biocompatibility, surface bond to 

tissue, corrosion resistance 

Hydroxyapatite, bioglass, 

Al2O3, ZrO2 

 

Construction: highways, 

bridges, buildings 

Improved durability, lower overall 

cost 

Advanced cements and 

concrete 

 

Al2O3 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 (ZrB2) 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. 
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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. 

 

 

 

 

 

 

 

 

 

 

 

 

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 
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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. 
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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 Ω 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]. 
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Plasma Arc Machining  

Ionized gas is used for machining the ceramic at very high temperatures leading to 

smaller kerf widths and good surface finish. As the vacuum chambers have limited capacity, the 

size of the components should closely match the size of the vacuum chamber [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 Si3N4 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 Al2O3 [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  

 

 

 

 

 

 

 

 

 

 

 

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.  

ii) Thermal process: The efficiency of laser machining depends on the thermal and, to some 

extent on the optical properties of the material. This makes hard or brittle 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 CO2, 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. CO2 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 μm in the far infrared region of the electromagnetic spectrum. 

CO2 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] 

 

  

Machining process 

 

Parameter Influencing Economy 

  

Capital 

investment 

Toolings/ 

Fixtures 

Power 

requirements 

Removal 

efficiency 

Tool 

wear 

Conventional 

Machining Low Low Low Very low Low 

Ultrasonic Machining Low Low Low High Medium 

Electrochemical 

Machining Very high Medium Medium Low 

Very 

low 

Chemical Machining Medium Low High Medium 

Very 

low 

Electric Discharge 

Machining Medium High Low  High High 

Plasma Arc Machining Very low Low Very low Very low 

Very 

low 

Laser Machining Medium Low Very low Very high 

Very 

low 

 

On the other hand, Nd:YAG lasers are solid state lasers that use dopants (Neodinium 

(Nd
3+

)) dispersed in a crystalline matrix (complex crystal of Yttrium-Aluminum-Garnet (YAG) 

with chemical composition Y3Al5O12) to generate laser light. Excitation is attained by krypton or 

xenon flash lamps and an output wavelength of 1.06 μm 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 μm 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 80º [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 Io is the 

incident laser energy, Ia1, Ia2 and Ia3 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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Ir1, Ir2 and Ir3 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 Qa absorbed by the ceramic after nr reflections is [49]: 

r
n

ca )r(QQ                    (1.1) 

where Q  is incident laser power, rc  is angle-dependent reflection coefficient of the ceramic, and 

nr  is number of multiple reflections given by: 

                                                                 
4

rn                                                           (1.2) 

where θ 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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where T is temperature field, t is time and x, y and z are spatial directions. The term α(T) is 

temperature dependent thermal diffusivity of the material which is given by k(T) /ρCp(T), where 

ρ is density of ceramic, Cp(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:  

 
4

0

4 Tt)0,y,T(x,εζ
A

aQδ

n̂

T
k(T)  

 ptt0if1δ  

                                                  pttif0δ                                          (1.4) 

where a is absorptivity of material elaborately discussed later in Chapters II to V, ε is emissivity 

for thermal radiation, To is ambient temperature, tp is on time for laser, ζ is Stefan-Boltzman 

constant (5.67 ×10
-8

 W/m
2
K

4
) , n̂  is normal direction and A is cross sectional area of the beam. 

The term δ takes a value of 1 when time, t is less than laser on-time, tp and it is 0 when time, t 

exceeds laser on-time. Thus the value of δ 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: 

                                0Tt)H,y,T(x,h(T)
n̂

T
)T(k ,                                    (1.5) 

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 (Eqs. (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 (Io>10
5
 W/cm

2
), the surface temperature of the ceramic T 

(predicted using Eqs. (1.1) – (1.5) ) may reach the melting point Tm 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 Tmax at 

laser on time tp and then decreases [49].  

The temperatures reached and the corresponding irradiation times are: T1 < Tm at time t1 < 

tp, Tm at time t2, Tmax at time tp, Tm at time t3>tp, and finally T1 at time t4 > tp. 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 I 

(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 Eqs. (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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   Fig.1.7 Calculation of temporal evolution of melt depth a) surface temperature as a function of    

time b) temperature as a function of depth below the surface during heating and cooling [49]. 
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       Fig.1.8 Variation of melt depth during laser irradiation a) effect of laser power density at    

constant pulse time b) effect of laser pulse time at constant laser power density [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 Si3N4 do not melt but sublime, emitting N2 and depositing 

a recast layer of silicon on the machined surface [2]. Attempts have been made to machine Si3N4 

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 Si3N4 in air, a recast layer about 20 μm 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 (Si3N4) 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.  

 

 

 

 

 

 

 

 

 

 

   Fig. 1.9 Cross section of Si3N4 ceramic machined in a) air and b) water [55]. 
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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, Vevaporation and 

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

                                            
)LcT(

Q
V

vb

a

nevaporatio                                                     (1.6) 

                                           
)LcT(

tQ
d

vb

pa

nevaporatio                                                      (1.7) 

 

where c is speed of light, Tb is boiling point of the ceramic and Lv 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 (precoil) [67, 68] on the 

surface given by [69] : 

                                        
2221

691

b.
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Ap

va

recoil                                                  (1.8) 

where vvmax Lm/kTb2 , Tmax is surface temperature, k is the Boltzmann constant                 

(1.38065  10
-23

 J/K) and mv is the mass of vapor molecule. As seen in next chapter, the 

absorbed laser energy (Eqs. (1.1) and (1.2)) and associated surface temperatures predicted using 

Eqs. (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, Al2O3 and Si3N4. 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 (ξ) depends on the surface 

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

                                         
s
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                            (1.9) 

where ξ = Ne/Ng and Ng = Ne + Na. Ne and Na are the number densities of electrons and 

atoms/molecules respectively, gi and ga are the degeneracy of states for ions and 

atoms/molecules, Ei is the ionization energy and h is Planck‘s constant (6.626 x 10
-34

 m
2
 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 Tönshoff 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.  

 

 

 

 

 

 

 

 

 

 

 

 

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/Si3N4 and SiC/Si3N4 materials. (Fig. 1.11) [72]. 

 

 

 

 

 

 

 

 

 

 

 

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, 

dablation given by [49]: 

                                                   
th

a

a

ablation
Q

Q
lnd

1
                                   (1.10) 

where μa  is absorption coefficient of ceramic and Qth is threshold laser power. The ablation rates 

and associated machined depths are governed by laser energy Qa (predicted from Eq. (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
2
, 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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Fig. 1.12 a) Ablation profile of Y-sialon under irradiation b) ablated region in Y-

sialon [73]. 
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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 II 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. 

 

 

 

 

 

 

 

 

          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 CO2 laser (λ = 10.6 μm) 

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

 

 

 

 

 

 

 

 

 

 

 

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 Al2O3 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 

 

 

 

 

 

 

 

 

 

 

 

 

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 CO2 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 CO2 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 Al2O3 ceramic cut by controlled 

fracture technique is presented in Fig. 1.17b. 

 

 

 

 

 

 

 

 

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

fracture surface of Al2O3 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 Si3N4 ceramic (Fig. 1.19a) [77]
 
and 

also to cut gears from SiCω/Al2O3 composite (Fig. 1.19b) [72]. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 1.18 Three dimensional laser machining [36]. 
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Fig.1.19 a) Turning of threads in Si3N4 [77] b) a gear shape cut in                      

SiCω/Al2O3   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 Al2O3 , Si3N4,  SiC, and  MgO.  

Al2O3 

 Besides the applications mentioned earlier, Al2O3 is also used as a substrate in hybrid 

circuits as it possesses excellent dielectric strength, thermal stability and conductivity [78]. CO2 
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lasers have been adapted for drilling holes in thin Al2O3 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 CO2 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 Al2O3 by ruby lasers (400 J/cm
2
) was less than the energy 

density for drilling uncoated Al2O3 (750 – 1000 J/cm
2
). 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 Al2O3 workpiece was performed by Coherent, Inc at a machining speed of 

0.1 seconds per hole using a pulsed CO2 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 CO2 laser with energy densities ranging from 2kJ/cm
2
 to 500 kJ/cm

2
. 

CO2 and Nd:YAG lasers with power densities between 10
6
 and 10

8
 W/cm

2 
were used to drill 

holes in Al2O3 upto 0.25mm diameter and it was found that the holes drilled by CO2 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 Al2O3 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]. Al2O3 has also been machined 

with a KrF excimer laser with laser fluence (1.8 and 7.5 J/cm
2
), 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
2
), the melting / resolidification produced scales on 

the surface while at high fluence (7.5 J/cm
2
), 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 Al2O3. 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 Ra (surface roughness) and Rt (peak-to-valley distance) varied 

slightly compared to the starting values. Moreover, femtosecond near infra red (NIR) optical 

pulses have been used for microstructuring Al2O3 with improved edge quality at scanned 

intensities less than 50 W/cm
2
 [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, 

Al2O3 ceramic has been laser machined in one, two and three dimensions by using different types 

of lasers for several applications. 

Si3N4 

 Si3N4 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 Si3N4 cutting 

tool insert is presented in Fig. 1.23 [72]. Harrysson et. al. drilled holes in Si3N4 using CO2 and 

Nd:YAG lasers. High thermal stresses produced intense cracking in CO2 laser drilled samples  
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                   Fig. 1.21 Surface roughness after laser treatment for a) raw Al2O3 at fluence                    

of 1.8 J/cm
2
 and b) polished Al2O3 at fluence of 7.5 J/cm

2
 [91]. 
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Fig. 1.22 Laser carving a) schematic layout and b) 3D star in Al2O3 ceramic [92] 

 

 

 

 

 

 

 

 

 

 

 

Fig.1.23 A 0.1 mm diameter hole drilled in 6 mm thick Si3N4 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]. 

 CO2 laser was operated in continuous and pulsed mode for cutting Si3N4 and it was found 

that deep and narrow cuts were produced by pulsed mode as compared to continuous mode of 

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 CO2 laser to machine Si3N4 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 10
-7

 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 Si3N4, laser milling is a newly 

developed method of producing wide variety of complex parts from ceramics such as Si3N4 

directly using the CAD data, thus making it possible to machine Si3N4 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 CO2 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 90º 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 Si3N4 and Al2O3 [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 CO2 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 CO2 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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Fig. 1.24 Variation of a) hole depth and b) hole diameter with pulse duration for SiC 

drilling [74]. 
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Chapters II-VI, 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 Al2O3, Si3N4, 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 II 

ONE- DIMENSIONAL LASER MACHINING
1
 

 

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) 

Al2O3, Si3N4, 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 Al2O3, 

Si3N4, SiC and MgO. These coupons were obtained from a commercial source (Coorstek, 

Golden, CO for Al2O3, Advanced Ceramics Manufacturing, Tucson, AZ for Si3N4, 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 μm 

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  

_______________________ 

1
 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 

Al2O3 
Circular 

disc 
89mm diameter and 4mm thick 5, 10, 20 and 30 

Si3N4 
Rectangular 

plate 
12mm x 15mm and 3.5mm thick 3, 6, 10 and 20 

SiC 
Rectangular 

plate 

12mm x 15mm with thicknesses of 

2mm and 3mm 
25 and 125 

MgO 
Rectangular 

plate 
12mm x 1                          12mm x 15mm and 3mm thick 3, 6, 9 and 20 

 

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 Al2O3, Si3N4 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 (tp) and 

corresponding off time for each pulse (toff) 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
TM

 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.  



 

 46 

 

 

 

      Fig. 2.1 One-dimensional laser machining of a) Al2O3 [63] b) Si3N4 [62]                        

c) SiC  [66] d) MgO  [65]. 

 

 

a 

b 
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Fig. 2.1 Continued. 

 

 

 

 

c 

d 
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                        Table 2.2 Machined depths and machining energy for Al2O3, Si3N4,                          

SiC and MgO. 

 

Ceramic 
Number of 

pulses 

Machined 

depth(mm) 

Machining 

energy (J) 

Al2O3 

5 0.26 ± 0.013 0.20 

10 0.56 ± 0.040 0.40 

20 3.23 ± 0.232 0.80 

30 4.0 ± 0.050 1.20 

 

Si3N4 

3 0.92 ± 0.020 0.12 

6 1.13 ± 0.110 0.24 

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 

 

MgO 

3 0.25 ± 0.057 0.12 

6 0.86 ± 0.040 0.24 

9 1.54 ± 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 × Average Power    

  = Total number of pulses × Pulse Width × 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 2.5 s 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
TM 

‘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 (Eqs. (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 (Eqs. (1.3) – (1.5)) as discontinuous functions that were 

used to model the heating and the cooling processes. As mentioned earlier in Chapter I (Eq. 

(1.4)), energy was input to the system during tp of 0.5 ms (corresponding to heating) and was cut 

off during toff of 0.0495 s (corresponding to cooling). In order to incorporate this effect, the 

energy was input as a discontinuous function.  

 

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 Al2O3, Si3N4, SiC and MgO was 3800, 2370, 3100, and 3580 kg/m
3
 

respectively [110] and it was also input to the model along with thermal conductivity and 

 

 

   Fig. 2.3 Variation of thermophysical properties with temperature of a) Al2O3, b) Si3N4, c)  

SiC , and d) MgO [110] 
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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 

1μs and the ‗time dependent‘ solver was used in COMSOL
TM

. 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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Fig. 2.4 Flow chart for temperature determination in COMSOL
TM
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where Ti 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]: 
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where '

1iT  is the temperature during cooling of the earlier pulse (K) predicted from Eq. (2.2), 

above and Q  is 80W for Al2O3, Si3N4 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 

Eqs. (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 Eqs. (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 Eqs. (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 III to 

VI). Solution of Eqs. (1.3) – (1.5) and Eqs. (2.2) – (2.3) lead to the evolution of temperature with 

time for all the ceramics (Al2O3, Si3N4, 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 I 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 Al2O3 

(2323K [114]) was reached, the total melt depth (zm) 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 Al2O3 ceramic yields different species 

such as AlO(g), Al(g), Al2O(g) and AlO2(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 Al2O3.  

                                                         
232

2

3
2 OAlOAl                                                          (2.4) 

However, some material was lost at the surface due to evaporation and the rate of 

evaporation je (kg/m
2
s) was given by [116]:  
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where p(Ts) is the saturation pressure given by Clausius-Clapeyron equation:  

                                         
seevs T/TkT/Lexpp)T(p 10

                                            (2.6) 

where p0 is ambient pressure (1.013 x 10
5
 N/m

2
), Lv is 108.74 kJ/mol for Al2O3 [117] and Te is 

the vaporization temperature (3250K [118]). The losses due to evaporation begin to take place 

after the surface temperature exceeds the vaporization temperature of Al2O3 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:  

                                                 
timeinincrementj

z e
eva

                                                   (2.7) 

where ρ for Al2O3 is 3800 kg/m
3
 [110]. The evaporated depth (zeva) was subtracted from the total 

melt depth (zm) 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]:  

                  
d

)timeinincrement()T(
tgarc

dt)T(k

Lz
T

/

veva
eva

42
23

                             (2.8) 

This drop in temperature was subtracted from the temperature predicted by Eqs. (1.3) – (1.5) and 

Eqs. (2.2) – (2.3).  

Furthermore, at temperatures above dissociation temperature, the Gibbs free energy (ΔG) 

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: 

                                                           Vdiss= 
4

2

avazd
                                                  (2.9) 

where zava is available melt depth explained earlier. This volume was equivalent to Nmoles = V / 

22.4  10
-3 

moles and the loss of energy corresponding to dissociation of this volume of 

machined cavity above dissociation temperature was estimated by:  

                                                  Edissociation = ΔG  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 (zeff) will be available for expulsion for the next time 

instant and it would be the portion remaining after a fraction of zava was expelled by precoil  
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          Fig. 2.5 Heating curves for different number of pulses in Al2O3 [63]. 

(Eq. (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
2
). 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]:  
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r                                           (2.11)    

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

length of 120mm, λ is laser wavelength of 1.064 μm and zt 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 (Eq. (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 vexp given by [121]:  

                                                   t
r

r/p
)t(v

eff

effrecoil
exp

1
                                             (2.12) 

where β is the surface tension coefficient of liquid Al2O3 given by  

                                                    ))2500(1(65.0 sT                                            (2.13) 
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where ω= 6 x 10
-5

 K 
-1

 is the surface tension temperature coefficient [125]. As the temperature 

reached after the first few pulses is less than the melting point of Al2O3, there will be no material 

expulsion. Hence the expression for expulsion velocity (Eq. (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 (zexpelled) and the depth of machined cavity zt was 

given by Eq. (2.15) [126]. 

                                              dt)t(vz
t

expelledexp

0

                                                              (2.14) 

                                                           
t

elledexpt zz
0

                                                             (2.15) 

Thus material removal in Al2O3 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 Al2O3 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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  Fig. 2.6 Temporal evolution of machined depth during laser machining of Al2O3                    

a) computational predictions b) schematic for progression of cavity formation [63]. 
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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 Si3N4, 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 Al2O3, SiC and MgO [63, 65, 66].  

 

Ceramic 

Depth of 

machined 

cavity (mm) 

Pulsesexperimental 

(Time, sec) 

Pulsespredicted 

(Time, sec) 

Machining 

energyexperimental   

(J) 

Machining 

energypredicted 

(J) 

Al2O3 

0.26 5 (0.25) 3 (0.15) 0.20 0.12 

0.56 10 (0.5) 7 (0.35) 0.40 0.28 

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 

 

MgO 

0.25 3 (0.15) 2 (0.11) 0.12 0.08 

0.86 6 (0.3) 4 (0.2) 0.24 0.16 

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 Si3N4 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 Al2O3 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 t2 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 Al2O3 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 (Eqs. (1.3) – (1.5) and Eqs. (2.2) – (2.3)), 

the procedure for predicting attributes of machined cavities in Si3N4 and SiC discussed below 

was the same as used for Al2O3 (Eq. (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 Si3N4 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)). 

   
)g()l( NSiNSi 243 23                                          (2.16) 

Dissociation temperature of Si3N4 was tracked in the temperature profiles obtained by solving 

Eqs. (1.3) – (1.5) and Eqs. (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 Al2O3. 

Evaporation also assists in material removal (Eq. (2.5) – (2.8)) and melting, dissociation and 

evaporation together lead to machining in Si3N4 [62]. The latent heat of evaporation for Si3N4 

was 336.94 kJ/mol [131] and it was used to determine the recoil pressure (Eq. (1.8)) and 

temperature drop due to evaporation (Eq. (2.8)). To determine energy loss due to dissociation 

(Eq. (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 (Eq. (2.12)). As the thermophysical 

properties of Si3N4 control the dissociation of Si3N4 into its species, the Si3N4 properties were 

considered only till Si3N4 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 Si3N4 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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Fig. 2.7 Evolution of a) surface temperature and b) machined depth with time in  

Si3N4  [62]. 

b 
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Table 2.4 Comparison between experimental and predicted attributes of machined  

cavities in Si3N4 [62]. 

 

Pulses 

(Time,s) 

Machined  

depth experimental 

(mm) 

Machined 

depth predicted 

(mm) 

Machining 

energyexperimental 

(J) 

Machining 

energypredicted 

(J) 

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) 3.5 3.71 0.80 0.80 

 

Al2O3. The time required to machine a certain depth was not predicted for Si3N4. 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 Si3N4 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(g), Si2(g), SiC2(g), Si(l), C(s), Si(s), 

Si2C(g) , C(g), and Si3(g) [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 = Si(l) + C(s)                                                                              (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 Al2O3 and Si3N4, some loss of 
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material also occurs due to evaporation and a combination of melting, evaporation (Eq. (2.7) and 

Eq. (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 Si3N4, the surface 

tension coefficient of liquid Si (0.843 N/m) was considered to determine depth of machined 

cavity (Eq. (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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Fig. 2.8 a) Heating curves for 2 and 3 mm thick plates and b) evolution of 

machined depth with time in SiC [66]. 

 

a 
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cavity evolution illustrated in Fig. 2.6b for Al2O3 would be applicable to Si3N4 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 (Eq. (2.18)) followed by evaporation of the material 

exposed to laser fluence. This mechanism is in contrast to the machining of Al2O3, Si3N4 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 t1 to t4 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 (Eq. (2.9) and Eq. 

(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 (Eqs. (1.3) – (1.5), Eqs. (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. 2.9 Progression of cavity in MgO. 

 

 

 

 

 

 

 

              

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. 

 

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 Al2O3, Si3N4, SiC              

and  MgO  (- phenomena present;  - phenomena not present) [64]. 

Physical 

process 

Material Al2O3 Si3N4 SiC MgO 

Melting     

Dissociation     

Evaporation     
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Fig. 2.12 Stepwise procedure for prediction of attributes of machined cavities. 
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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 III 

IN-SITU SURFACE ABSORPTIVITY PREDICTIONS
1
 

 

 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 I and II, 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 μm. 

Hence, an attempt was made in this study to predict the absorptivity of Al2O3, Si3N4, 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 II [138]. 
_______________________ 

1
 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 II. 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 II. 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 × 5mm × 8mm were made from dense Al2O3, Si3N4, SiC, 

and MgO. In order to sense the temperature rise during laser interaction, a K-type thermocouple 

with a bead diameter of ~ 800 μm was glued to the coupons using a high temperature ceramic 

adhesive (Ceramabond
TM 

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 Tthermocouple + 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 μm 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) × 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 II 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, rtip 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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   Fig.3.2 Top views of thermocouple glued to the ceramic surface in a) Al2O3, b) Si3N4, c)    

SiC, and d) MgO[138]. 

 

            Table 3.1 Physical parameters corresponding to experimental conditions                           

and ceramics used in computational model [138]. 

 

Ceramic 

Out of focus 
beam 

diameter d 
(mm) 

Distance of 
thermocouple tip 
from laser beam 

center 
rtip (μm) 

Surface 
roughness 
Ra (μm) 

Al2O3 1.2 842 0.913 ± 0.154 

Si3N4 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, rtip 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 μm), 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 Al2O3, MgO, and Si3N4 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 μm 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 
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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 

(Eq. (1.3) – (1.5)) explained in Chapter I 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. 

 

 

 

 

 

 

 

 

 

 

 

 

 

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 

temperature evolution was predicted by using the heat transfer model in COMSOL
TM

  which has 

been elaborately explained in Chapters I and II (Eqs. (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
3
 for Al2O3, Si3N4, 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 tp 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 II [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 (Eqs. (1.3) 

to (1.5)) to obtain a solution for the maximum predicted surface temperature at distance rtip 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. 
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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 Al2O3, Si3N4, 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 Al2O3, MgO, and Si3N4 (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 μm 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 Al2O3, Si3N4, 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 Al2O3, Si3N4, SiC and MgO [138]. 

 

Ceramic Number of pulses 

 

T average (K) 

 

Absorptivity 

Al2O3 

400 1039 0.25 ± 0.002 

500 1051 0.19 ± 0.001 

600 1086 0.17 ± 0.001 

700 1102 0.15 ± 0.001 

 

Si3N4 

400 927 0.34 ± 0.020 

500 1039 0.30 ± 0.004 

600 1105 0.29 ± 0.003 

700 1136 0.25 ± 0.001 

 

SiC 

400 735 0.85 ± 0.022 

500 787 0.72 ± 0.031 

600 847 0.71 ± 0.018 

700 914 0.66 ± 0.006 

 

MgO 

400 866 0.32 ± 0.007 

500 912 0.26 ± 0.002 

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 μm 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 μm), 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: 

                                                                      lf EE                                                      (3.1) 
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where El is energy of the electron in the lower band, Ef  is energy of the final state in the upper 

band, and ħω 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 
dc/1  where ζdc 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
1
 

 This chapter focuses on predicting absorptivity transitions at temperatures above first 

phase change temperature based on material removal mechanisms discussed in Chapters I and II. 

The absorptivity values were evaluated through in-situ experimental measurements (Chapter III) 

at low temperatures (700-1150 K) and computational thermal model (Chapters I and II) at high 

temperatures (> 1150K) [150]. 

 

Experimental Procedure 

 Coupons of dimensions 25.4 mm × 25.4 mm × 4.5 mm were made from dense Al2O3, 

Si3N4, SiC and MgO. JK 701 pulsed Nd:YAG laser (1.06 μm 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  

 
_______________________ 

1
 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 III 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 

sectional views (Fig. 4.1) at three different locations in each coupon by ImageJ
TM

 software and 

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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Fig.4.1 Cross- sectional views and SEM images (inset) of cavities machined in Al2O3, Si3N4, 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 
TM

 heat transfer transient mode 

and discussed in Chapters I and II 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 III, 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 II, 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, tres as there  
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Table 4.1 Physical parameters corresponding to experimental conditions and values of 

absorptivity and transition temperatures predicted by computational model for Al2O3, Si3N4, SiC 

and MgO [150]. 

 

Ceramic 
Processing speed 

(mm/s) 
Depth (mm) 

Aspect 

ratio, X 
a1 a2 a3 T1(K) 

Al2O3 

2.11 0.63 ± 0.034  1.1 0.041 0.05 0.32 1165 

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 0.22 1151 

6.35 0.20 ± 0.01 0.4 0.084 0.12 0.32 1135 

 

Si3N4 

2.11 0.40 ± 0.011 0.52 0.031 0.07 0.19 1723 

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 

 

SiC 

2.11 0.92 ± 0.005 1.34 0.054 0.07 0.79 1473 

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 0.13 0.73 1413 

 

MgO 

2.11 0.62 ± 0.011 0.99 

- 

0.06 0.25 1263 

4.23 0.34 ± 0.015 0.61 0.07 0.2 1228 

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 

 

 

 

 

 

 

 

 



 

 95 

was a power off period between two successive pulses [151]: 

    
speedScanning

diameterBeamwidthPulse rateRepetition Pulse
timeResidence  = 

V

dpf
                   (4.1) 

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: 

         
beamincidentofAreawidth Pulse

energyPulse
density power Peak   =  

2

4
dp

e
                      (4.2) 

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
2
 (for a d of 0.5 mm) was 4.07 × 

10
10

 W/m
2
. 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 μm) laser processing used in this study and corresponding governing 

mechanism have been elaborately discussed in Chapter III. 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 T1 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 (Eqs. (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 II. 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 III, 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 T1 was 

determined using the thermal model (Eqs. (1.3) – (1.5)). As seen in Chapter II, in ceramics such 

as Al2O3, Si3N4, 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 Al2O3, 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 Al2O3: 

6.914 × T 
2 

– 13.13 × T + 6.396 (Fig. 3.4) to a value a1 corresponding to T1 attained at a time t < 

tres. The value a1 was obtained by iterating the thermal model (Eqs. (1.3) – (1.5)) such that the 

corresponding maximum surface temperature, Tmax at the end of laser beam exposure (tres) was 

the melting point (MP) of Al2O3 (2323 K) as seen in Fig. 4.2a. This ensured that material 

removal started taking place by melting and gave the absorptivity transition temperature T1.  

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 a2 was reported for which corresponding Tmax at tres was the vaporization / 

dissociation temperature (VT) of Al2O3 (3250K) and vaporization was included as a MRM in 

addition to melting (Fig. 4.2b). 
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Fig.4.2 Schematic illustrating the procedure for determining absorptivity values 

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

Predicting a1 and a2 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 a3 > a2 was identified such that the predicted 

depth of cut at the end of tres , 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 

 



 

 100 

depth plot for Al2O3 is shown in Fig. 4.3 which was obtained by using a1 and a2 predicted 

through procedures described above in Fig. 4.2a and 4.2b. The value of a3 corresponding to this 

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

The absorptivity values (a1, a2, a3) and the transition temperature T1 for Al2O3 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  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

         

         

 

 

 

 

       

 

              Fig.4.3 Temperature versus depth profiles for Al2O3 at various processing speeds [150]. 
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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 a1, a2 and a3 in Si3N4 and SiC discussed below was 

the same as used above for Al2O3. 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 Si3N4 gets 

expelled and at temperatures above boiling point of silicon (3514 K [161]), liquid Si vaporizes 

and material removal in Si3N4 thus takes place by a combination of melting, dissociation and 

evaporation [162,163]. Hence, in the thermal model (Eqs. (1.3) – (1.5)), absorptivity first 

decreased as per the polynomial law for Si3N4: – 1.90 × T 
2 

+2.93 × T – 0.7825 (Fig. 3.4) to a 

value a1 at T1 (Fig. 4.2a) and then it rises to a2 (Fig. 4.2b) followed by a3 (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 a3. The final temperature 

versus depth plot for Si3N4 was obtained similar to Al2O3 (by using a1 and a2 predicted above 

and iterating a3 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 (Eqs. (1.3) – (1.5)) the absorptivity first decreased to a1 associated with T1 (Fig. 4.2a) (in 

consensus with the law for SiC: 9.47 × T 
2 
– 18.24 × T + 9.46  (Fig. 3.4)) and then it increased to 
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              Fig.4.4 Temperature versus depth profiles for Si3N4 at various processing speeds [150]. 

a2 (Fig. 4.2b) and then a3 (Fig. 4.2c). Similar to Si3N4, 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 

a3. Obtained in a manner similar to Al2O3 and Si3N4 above (by first predicting a1 and a2 (Fig. 

4.2a and 4.2b) and then iterating a3 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
6
 - 10

7
 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 a1 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 (Eqs. (1.3) – (1.5)) the absorptivity first 
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decreases to a value a2 in accordance with the linear law for MgO:  – 0.68 × T + 0.87 (Fig. 3.4) 

corresponding to T1 attained at a time t < tres. The value of a2 was obtained by iterating the 

thermal model with Tmax at tres equal to the vaporization/ dissociation temperature of MgO 

(3123K) (Fig. 4.6a). This was followed by an increase in absorptivity to a3 and machining of 

desired depth. In Fig. 4.6b, to determine a3, several iterations were carried out in the thermal 

model by systematically increasing a3 in steps of 0.01 and a value a3 > a2 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  

 

 

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 (Al2O3, Si3N4 and SiC). 

The temperature versus depth plot for MgO is represented in Fig. 4.7. In this plot, the 

value of a2 was the one determined by the above procedure (Fig. 4.6a) while the value of a3 was 

such that predicted depth at end of residence time was equal to the measured depth (Fig. 4.6b). 

The values of a2 and a3 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,   

 

 

 

 

 

 

 

 

 

 

    

           Fig.4.7 Temperature versus depth profiles for MgO at various processing speeds[150]. 
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Fig.4.8 Flowchart for predicting absorptivity transitions based on MRM for  

ceramics[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 Al2O3, Si3N4 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 

a3 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 (Al2O3, Si3N4 , 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
1
 

  

 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 I 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 Al2O3, Si3N4, SiC and MgO coupons (25.4 mm × 25.4 mm × 4.5 mm) were 

exposed to a 1.06 μm 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 

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

_________________ 

1
 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 Al2O3, 2, 3 and 4 passes for 

Si3N4, 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
TM

 was used to facilitate repeated to and from motion of laser beam.  

 Similar to one-dimensional machining (Chapter II) and single pass two-dimensional laser 

machining (Chapter IV), 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 II, 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 

Al2O3, 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
TM

 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 Al2O3 and Si3N4  
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Fig.5.2 Cross- sectional views of cavities machined in a) Al2O3, b) Si3N4, c) SiC, and d)  

MgO for different number of passes [167]. 
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Fig. 5.2 Continued. 
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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 III 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 × 10
10

 W/m
2
 (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 μm 

wavelength) absorptivity were included as a function of temperature (Fig. 3.4, Table 4.1) 

[138,150]. Furthermore, as mentioned in Chapters II, III 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 Al2O3, Si3N4, 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 Al2O3, Si3N4, SiC and MgO [167]. 

 

Ceramic 
Number of 

passes 

Depthmeasured 

(mm) 

Depthpredicted 

(mm) 

Widthmeasured 

(mm) 

Widthpredicted 

(mm) 

Al2O3 

1 0.63 ± 0.034 0.63 0.56 ± 0.060 0.60 

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 

 

Si3N4 

1 0.4 ± 0.011 0.40 0.63 ± 0.10 0.57 

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 

 

SiC 

1 0.92 ± 0.005 0.92 0.54 ± 0.040 0.61 

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 

 

MgO 

1 0.62 ± 0.011 0.62 0.64 ± 0.008 0.59 

3 1.52 ± 0.060 1.50 0.86 ± 0.025 0.70 

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 

(treturn). The heat transfer phenomena, associated material removal mechanisms (melting, 

dissociation, vaporization based on the type of ceramic) and absorptivity transitions mentioned in 

Chapters II, III and IV for Al2O3, Si3N4, 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, dstart. The diameter at the end of a pass, dend (> 

dstart) is given by [54]:  

                              

21
2

2

4
1

/

start

ft
startend

d

)z(
dd                                               (5.1) 

where zt 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, dend were assumed to be 

same and the successive pass was processed with dend. 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, dend predicted by Eq. (5.1) above for each (i
th

) pass was used to predict the residence 

time and peak power density for the next ((i+1)
th

) 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 

(dend). 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 

(treturn) 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 tscan and treturn. Thus, after i
th

 pass, laser beam comes back to starting point 

(point A in Fig. 5.1) for the next (i+1) 
th

 pass in a time, tcooling given by: 

                                                   
V

L

d

tL
ttt

end

res
returnscancooling                                        (5.2) 

The temperature at the start of this (i+1)
th

 pass is temperature of staring point of i
th

 pass (point A 

in Fig. 5.1) at time equal to tcooling. This temperature was noted from the cooling curve of i
th

 pass 

at time = tcooling and input as an initial temperature for i+1
th

 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, dend and considering it to be equal to the cavity width as mentioned 

above (Eq. (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 
th

 track will be machined is preheated by earlier i
th

 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 IV 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
TM

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

laser  passes [167]. 
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Fig.5.4 Comparison between predicted and measured depth of cavity in a) Al2O3, b)  

Si3N4, c) SiC, and d) MgO for different number of passes [167]. 

 

 
 

Fig.5.5 Comparison between predicted and measured width of cavity in a) Al2O3, b)  

Si3N4, c)  SiC, and d) MgO for different number of 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 I 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
1
 

 It was mentioned in Chapter I that 3D Laser Carving on Al2O3 has been carried out by 

Wang et. al. [92] while threads and gears have been cut in Si3N4 ceramic [77] and SiCω/Al2O3 

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 Al2O3, Si3N4, SiC and MgO coupons by overlapping laser pulses in x direction (with 

overlap, sx) 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 

 
_______________________ 

1
 The content of this chapter is originally from Reference [166]. 
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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 Al2O3, 

Si3N4, 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 
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               Fig.6.2 Three-dimensional cavities machined in a) Al2O3, b) Si3N4, c) 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 MRRmeasured, 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 L×W×Z) 

machined in Al2O3, Si3N4, SiC and MgO are listed in Table 6.1 and will be used to determine 

MRRmeasured as 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 

MRRmeasured. On the contrary, a thermal model incorporating various material removal 

mechanisms for laser machining developed in Chapters I 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 Al2O3, Si3N4, SiC 

and MgO [166].  

 

Ceramic 
Length 

 L (mm) 

Width  

W (mm) 

Measured 

machined 

depth  

Z (mm) 

Surface 

roughness 

Ra (μm) 

Total 

processing 

time 

 tprocessing 

(sec) 

MRR measured 

(mg/sec) 

Al2O3 23 10 
0.76 ± 

0.013 
2.75 ± 0.95 5.01 132.24 ± 2.37 

Si3N4 10 10 
0.86 ± 

0.114 
2.68 ± 1.02 2.14 95.06 ± 12.70 

SiC 13 10 
0.76 ± 

0.064 
4.22 ± 0.87 2.81 108.65 ± 9.28 

MgO 25 10 
0.58 ± 

0.166 
1.65 ± 0.59 5.45 95.57 ± 27.36 
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and MRRpredicted in different ceramics. The procedure for determining these MRRs (MRRmeasured 

and MRRpredicted) , comparison between their values and factors affecting material removal are 

discussed in the following sections. 

Measured Material Removal Rate (MRRmeasured)  

 As laser beam is incident on ceramic surface, in addition to overlap between adjacent 

pulses (sx) 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 (sx 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 sx depends on scanning speed, pulse repetition rate and beam diameter 

and is given by [92,168]: 

                                                         
df

V
1sx                                                                       (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 sx 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 



 

 127 

 

Fig.6.3 Schematic illustrating overlap in x and y directions and cylindrical volume machined  

per spot area [166]. 
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Fig.6.4 Overlap between adjacent laser pulses [166]. 

 

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

                                                                 
'a

L
N                                                                       (6.3) 

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 Nd required to machine this area is 

obtained by replacing L with d in Eq. (6.3). For processing conditions employed in this study, Nd 

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 sy 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 sy 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, tprocessing (Table 6.1) required for machining entire volume of cavity 

was given by:  

                                                      tprocessing= N × 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 (MRRmeasured) 

listed in Table 6.1 was given by:  

                                                        
gsinproces

measured
t

ZWL
MRR                                             (6.6) 

MRRmeasured varied from (95.06 ± 12.70) mg/sec for Si3N4 to (132.24 ± 2.37) mg/sec for Al2O3. 

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 MRRpredicted .  

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 I 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 MRRpredicted for a 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

'a)n(d
spulse

1
                                               (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 

Eq. (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 spulse was different for each pulse (spulse2, spulse3, and spulse4 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 spulse × e 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 

Nd pulses is given by:  

                                                 e
d

'a)n(d
E

d
N

n

effective

1

1
                                        (6.8) 

In Eq. (6.8), n represents the incremental pulses (varying from 1 to 8 pulses) while Nd represents 

final number of pulses covering a spot area (8 pulses for all ceramics considered in this study). 

Total time of interaction for Nd pulses (td) is given by Nd × 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:  

 beamincidentofAreawidth Pulse N

area spot per energyEffective
density power peak Effective

d

          

                                                = 

4

1

2

1

d
pN

e
d

'a)n(d

d

N

n

d

                                                             (6.9) 

Under the processing conditions used in this study, the peak power density is 2.01 × 10
10

 W/m
2
 

corresponding to a beam diameter of 0.5 mm at surface and this energy was incident for time td 

equal to 4.0 ms.  

To determine depth machined per spot area in time td 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 (td, and effective peak power 

density (Eq. (6.9)), and dimensions of coupon were input to computational model [150]. As 

mentioned in Chapter IV, 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 td. The predicted machined depths, zt for Al2O3, Si3N4, SiC and MgO are listed in Table 6.2. 

Total predicted volume loss per unit time was given by:    

                                      
d

t

t

)/zd(
timeunitperlossvolumeedictedPr

42

                     (6.10) 

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
3 

for Al2O3, Si3N4, SiC and MgO respectively [110]). MRRpredicted so obtained varied 

from 63.98 mg/sec for Si3N4 to 136.95 mg/sec for SiC. It can be seen that Si3N4 demonstrated 

lowest value of MRRmeasured (95.06 ± 12.70 mg/sec) and also MRRpredicted (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 Al2O3 was highest (132.24 ± 2.37 mg/sec). This 

discrepancy could be attributed to uneven/ rough surface (Ra = 4.22 ± 0.87 μm) 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 Al2O3, Si3N4, SiC and MgO [166]. 

 

Ceramic 

Predicted 

machined depth 

zt (mm) 

Heating rate × 

10
6
 (K/sec) 

MRR predicted 

(mg/sec) 

Al2O3 0.57 3.10 106.32 

Si3N4 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 MRRpredicted is 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).  

 

 

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 Al2O3, Si3N4, SiC, MgO   

[166]. 

 

However, a crossover of trend lines for MRRpredicted and MRRmeasured was observed 

around a heating rate of ~3.75 × 10
6
 K/s. This cross over is due to difference in predicted and 

measured MRR values of SiC and can be attributed to highly rough (Ra = 4.22 ± 0.87 μm) 

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 MRRmeasured) 

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 Al2O3, Si3N4, 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 Al2O3, Si3N4 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 Al2O3, Si3N4 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 μm) 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 Al2O3, MgO, and Si3N4 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 Al2O3, Si3N4, 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 T1 for Al2O3, Si3N4 , 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 Al2O3 and from 0.4 to 1.16 mm (for variation in number of passes 

from 1 to 4) in Si3N4. Corresponding widths varied from 0.56 to 0.75 mm in Al2O3 and from 

0.63 to 0.82 mm Si3N4.  

 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 Al2O3, Si3N4, SiC and MgO were 3.1× 10
6
, 1.86 × 10

6
, 5.02 × 10

6
, 

and 2.26 × 10
6 

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 Al2O3, Si3N4, 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 μm respectively. 
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 For processing conditions employed in this study, cavities machined in Al2O3, Si3N4 and 

MgO had a smoother surface (Ra varying from 1.65 ± 0.59 for MgO to 2.75 ± 0.95 μm for 

Al2O3)  compared to cavities machined in SiC (Ra = 4.22 ± 0.87 μm). 

 

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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                    Fig.7.1 Comprehensive flow chart for laser machining of structural ceramics. 
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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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