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ABSTRACT 

 
Laser Induced Modification and Integration of Glasses 

Panjawat Kongsuwan 

Glasses have been widely used as substrates in new technologies especially flat panel displays 

(FPD), organic light-emitting diode (OLED) lighting, and lab-on-a-chip (LOC) applications. 

They are inexpensive, chemically inert with excellent optical, mechanical and thermal properties. 

In addition, they are biocompatible, and some compositions possess bioactive properties which 

are highly desirable in biomedical applications. This dissertation seeks to develop fundamental 

understanding of feature formation mechanisms and changes in morphology, structural, and 

mechanical properties of glasses induced by lasers in both high (a femtosecond laser) and low (a 

continuous wave laser) intensity regimes, and to investigate novel processes for modification and 

integration of glasses. 

Due to its nonlinear absorption capability in glasses, a femtosecond laser is used to generate 

internal features inside glass. Their morphology, structure, and mechanical properties such as 

modulus, hardness, ductility, and fracture toughness are experimentally characterized. 

Fundamental understanding of the feature formation and these property changes is developed 

through differential interference contrast (DIC) microscopy, spatially resolved Raman 

spectroscopy, spatially resolved nanoindentation, and predictive numerical simulations. The 

improved understanding lays ground work to investigate novel processes of transmission 

welding (TW) and single step channeling (SSC) in glasses. Joining or sealing of glasses in FPD, 

OLED, and LOC applications are currently based on adhesives. They are susceptible to moisture 

permeability and require high curing temperatures of entire parts for a long period of time. TW is 



investigated and the mechanism of joint formation is analyzed. A numerical model, developed to 

predict the welding widths, demonstrates the inverse teardrop-shaped absorption volume like the 

experimental weld seam geometry. Using indentation fracture analysis, the joint is determined to 

have better mechanical properties than the base material. Fabrication of microfluidic networks in 

LOC using traditional lithographic processes, or other hybrid processes is cumbersome because 

they involve multiple steps. SSC is investigated, and numerical models are also developed and 

experimentally validated to predict the channel lengths resulting from different laser and 

focusing parameters. The understanding of the channel formation mechanism, and the channel 

length variation corresponding to the working parameters is developed. TW has the potential to 

achieve a reliable, highly localized sealing process while SSC has the potential to simplify LOC 

designs requiring no adhesive for FPD and biomedical industry, respectively. 

Reduction of the risk of early failure for load-bearing biomedical implants could be achieved by 

coating bioactive glass onto bioinert metallic substrates. High bioactivity of bioactive glass 

accelerates the bone-bonding time. Coatings of 45S5 Bioglass, which has the highest rate of 

bioactivity by plasma spraying and enameling usually fail due to its significant crystallization 

and weak adhesion to the substrates. Double layer coating by a continuous wave (CW) laser is 

investigated to produce a dense bond coat having a strong adhesion and a porous top coat having 

high bioactivity. The morphology and microstructure of the resultant laser coatings are 

experimentally characterized. A mixed interfacial layer is found at the glass-titanium interface 

indicating a relatively strong chemical bonding. The top coat is examined revealing a porous 

structure with low crystallinity. A numerical model is developed to aid in understanding laser 

sintering mechanisms and is validated experimentally to predict the overall porosity and 

crystallinity of laser coating. 
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Chapter 1:  Introduction 

1.1 Introduction to Glasses 

Glasses are amorphous or non-crystalline solids that possess no long-range atomic order and 

exhibit glass transformation behavior which gradually softens to the molten state upon heating, 

and solidifies to a rigid condition without crystallizing upon cooling from the liquid state. 

Glasses are essentially artificial or inorganic products which are traditionally formed by cooling 

from a melt. There are numerous glass systems which can be classified as oxide glasses, halide 

glasses, chalcogenide glasses, and metallic glasses. Oxide glasses are based on one or a 

combination of oxides (e.g. SiO2, B2O3, SiO2-Na2O-CaO) in their compositions. Halide glasses 

comprise of halogen elements in combination with metal elements (e.g. BeF2, ZnCl2, ZrF4-BaF2-

LaF3) [1]. Chalcogenide glasses consist of chalcogen elements except oxygen combined with one 

or more elements from group IV and group V (e.g. As2S3, Ge-As-Se, Ge-Sb-Te). For metallic 

glasses, they are obtained by ultrafast quenching of liquid metal alloys and can be classified into 

metal-metalloid alloys (e.g. Pd-Si, Fe-B, Fe-Ni-P-B) and metal-metal alloys (e.g. Ni-Nb, Cu-Zn). 

Among inorganic glasses, more than 99% of the commercial tonnage consist of glass 

compositions which are oxides, and the silicate glasses are the most important ones which 

represent more than 95% of the tonnage of industrial glass products [2,3]. 

Silicate glasses are oxide glasses which have silica as a common fundamental constituent. They 

possess continuous random network structure. There are three classes of different oxides in 

silicate glass compositions such as network-forming oxides, network-modifying oxides, and 

intermediate oxides. The network-forming oxides (e.g. SiO2, B2O3, P2O5), the most essential 

components of any glass, form highly cross-linked networks of chemical bonds. These networks 
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are composed of oxygen polyhedra either the triangles (B2O3) or tetrahedral (SiO2, P2O5) and the 

corners of each polyhedron are shared with other polyhedral. The network-modifying oxides 

(e.g. Na2O, CaO, Li2O, MgO, K2O, BaO) alter the network structure by depolymerizing the 

network-forming oxides. They are usually presented as ions which are supposed to occupy 

random positions distributed through the structure, and located nearby non-bridging oxygen 

atoms (NBOs) to provide local charge neutrality [4]. The intermediate oxides (e.g. Al2O3, ZnO, 

PbO, TiO2, ZrO2) can act as both network formers and modifiers, depending upon the glass 

compositions involved. The schematic drawings of a two-dimensional structure for the 

representative one-component glass (vitreous silica) and the representative multicomponent glass 

(sodium-calcium-silicate glass) are shown in Fig. 1.1. [5] 

 

Figure 1.1:  Schematic drawing of a 2D structure for (a) vitreous silica glass, and (b) sodium-calcium-silicate 
glass. [5]    

Different oxides in glass compositions influence the properties of the silicate glasses. Silica 

(SiO2), the primary network-forming oxide, improves mechanical strength, raises working 

temperature, and reduces the thermal expansion coefficient resulting in improving thermal shock 

resistance. Boric oxide (B2O3) enhances resistance to mechanical abrasion, adjusts the viscosity, 

and reduces the expansion coefficient. Phosphoric oxide (P2O5) lowers the chemical resistance, 
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increases the UV and diminishes the IR transmissions. Sodium oxide (Na2O), the most used 

network-modifying oxide, decreases the viscosity and chemical resistance, and increases the 

expansion coefficient and electrical conductivity. Calcium oxide (CaO), an essential ingredient 

in industrial glasses, improves the chemical resistance of sodium silicate glasses (SiO2-Na2O) by 

greatly reducing their solubility. Lithium oxide (Li2O) increases the tendency for devitrification 

by reducing viscosity. Potassium oxide (K2O) and magnesium oxide (MgO) alter the viscosity. 

Barium oxide (BaO) raises the refractive index. Aluminium oxide (Al2O3) increases its working 

range, improves the mechanical and chemical resistance, increases the diffusion coefficient of 

alkali metal ions, and decreases the tendency of unmixing. Zinc oxide (ZnO) increases the 

hardness of silicate glasses. Lead oxide (PbO) increases the index of refraction and increases 

electrical resistivity. Titanium oxide (TiO2) increases the index of refraction, enhances phase 

separation, and improves acid resistance. Zirconium oxide (ZrO2) increases the tendency for 

devitrification, and enhances phase separation [3]. Hence, properties of silicate glasses are 

mainly determined by the chemical composition and, to a lesser degree, by the melting process 

and the subsequent thermal treatment. Silicate glasses are the most important and constitute most 

of the glass produced for usual applications such as construction, transportation, and lighting. 

There seem to be no limit in sight to what glass can offer civilization, and the silicate glasses will 

continue to be the material of choice for new technologies especially in optical and biomedical 

applications.  

1.1.1 Optical Glasses 

The optical properties of glasses are based on the interaction of the materials with the energy of 

electromagnetic waves. The components which utilize in imaging systems are mostly 

manufactured from glasses due to their qualified optical properties such as transmission, 
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dispersion, and refractive index. Optical glasses have been historically developed to provide the 

optical engineers and scientists with a variety of materials for using in the visible portion (380 to 

780 nm) of the electromagnetic spectrum. Furthermore, they have been later expanded to include 

new glasses for application in the ultraviolet (UV) and infrared (IR) spectral regions due to the 

development of intense, narrow bandwidth sources in the form of lasers and better detectors [6]. 

The refractive index is equal to the ratio of the speed of light in vacuum c to that in the material 

v, and it depends on the wavelength and normally decreases with increasing wavelength. This 

variation is called dispersion D and can be defined by the relation: 

ܦ  ൌ
݀݊
ߣ݀

 (1.1)

where n is the refractive index and  is the wavelength. The optical glasses must have low index 

variation, and are distinguished from ordinary industrial glasses where larger variations are 

tolerated. For many optical applications which utilize optical glasses for the formation or 

transmission of images, these optical glasses must have good homogeneity and a constant and 

well defined index. The index variation must not exceed 10-4 in ordinary applications, 10-5 in 

ordinary optics and  10-6 in glasses destined for certain scientific applications or for astronomy 

[3]. In imaging systems the refractive index and dispersion are the major parameters. Optical 

glass is classified according to its refractive index for the helium-d line (587.6 nm), nd, and the 

Abbe number, vd, which characterizes the dispersion. The Abbe number is given by: 

ௗݒ  ൌ
݊ௗ െ 1
݊ி െ ݊஼

 (1.2)

where nF – nC is the principal dispersion. The refractive indices nF and nC are measured at the 

hydrogen F line (486.1 nm) and the hydrogen D line (656.3 nm), respectively. The refractive 

indices nd and the Abbe number of optical glasses vary from approximately 1.4 to 2.4 and from 
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15 to 100, respectively [6]. An Abbe diagram is created by plotting the Abbe number of the 

material versus it refractive index. The optical glass companies usually use the Abbe diagram to 

illustrate these important parameters of their optical glasses as shown in Fig. 1.2. The fused silica 

(FS) and the borosilicate crown glass (BK-7) are widely used optical glasses that are easily 

observed in this diagram. Due to the fact that silica-based optical glasses are engineered 

materials, they can be developed to simultaneously optimize critical secondary properties 

(optical homogeneity, low volume light scattering, absence of striae, bubbles and particles, 

workability, chemical resistance, coefficient of thermal expansion, and birefringence) as well as 

the primary properties of refractive index and dispersion. 

 

Figure 1.2:  Abbe diagram of Schott’s glass portfolio. [7]    

1.1.2 Bioactive Glasses 

Bioactive glasses are surface reactive materials that evoke a specific biological response at the 

interface to form a firm bond with the living tissues such as bone. Bioactive glasses have 

osteoiductive and osteoconductive properties that can be used for either tissue replacement or 
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tissue regeneration of damaged bone tissues. The first bioactive glass, the 45S5 Bioglass®, was 

discovered by Hench in 1969. He used the Na2O-CaO-SiO2 diagram in phase diagram for 

ceramics to design the first three compositions as shown in Fig. 1.3. With a composition close to 

a ternary eutectic in the Na2O-CaO-SiO2 diagram, the 45S5 Bioglass® which contains 45% SiO2, 

24.5% Na2O, 24.5% CaO and 6% P2O5 in weight percent was selected as the implanted material 

[8]. He found out that the implants formed a bond with bone so strong that it could not be 

removed without breaking the bone [9]. Its low SiO2 content (compared to more chemically 

durable silicate glasses), high Na2O and CaO content (which function as network-modifying 

oxides), and high CaO/P2O5 ratio are key compositional features that are responsible for the 

bioactivity of the 45S5 Bioglass [10]. There are now several types of bioactive glasses: the 

silicate-based bioactive glasses, borate-based bioactive glasses, and phosphate-based bioactive 

glasses; however, the silicate bioactive glasses tend to attract more attentions from the 

researchers and more widely uses as bioactive glass products and clinical trials. Bioactive glasses 

based on silicate compositions have been used for medical applications as synthetic bone grafts 

for general orthopedic, craniofacial, maxillofacial, and tissue engineering scaffolds for bone [11]. 

Silicate bioactive glasses could be made by both the conventional melt-quenching technique, and 

the low-temperature chemistry-based sol-gel processing. They mostly contain SiO2, Na2O, CaO, 

and P2O5. In addition to these contents, some oxides such as MgO, K2O, or B2O3 could be mixed 

into their compositions to induce certain required properties as mentioned in section 1.1.1. Forty 

years of research of bioactive glasses by numerous research group surprisingly indicate that no 

other bioactive glass composition has been found to have better biological properties than the 

original 45S5 Bioglass [12]. 
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Figure 1.3:  Compositional diagram of silicate-based bioactive glasses for bone bonding. [8]    

1.2 Applications of Glasses 

Glasses are traditionally used as windows, containers, lighting, insulation, fiber, stemware, and 

other hand-crafted art objects due to their transparency, luster, and durability properties. 

However, glasses contribute significantly in many applications of new technologies and 

industries. Glass is the substrate material for chemical and biological analysis, and it is an ideal 

for DNA and protein separation by capillary electrophoresis due to its low electrical conductivity 

and chemical resistance. Glass is the material of choice for use in optical detection systems 

because it is transparent and has low native fluorescence. It is also the material for photonic 

substrates in which waveguides, optical logic circuits, lasers, amplifiers, and storage devices will 

most certainly be integrated for enhanced function [13]. Glass is also used as sealing material for 

the secure and stable combination of multiple cells into a high-performance cell stack of Solid 

Oxide Fuel Cells (SOFC) that require hermetic sealing. According to its high transparency, glass 

is the main substrate used in flat panel displays (FPD) and lab-on-a-chips (LOC). Bioactive glass 

could be coating for prosthetic metallic implants for the repair and reconstruction of damaged 

bone tissues. Among the applications of glass mentioned above, three main applications which 
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are Flat Panel Displays (FPD), Lab-on-a-Chip (LOC), and biomedical implants will be addressed 

here about the potential improvement if lasers are incorporated into their manufacturing 

processes. 

1.2.1 Flat	Panel	Displays	

In the past, display technology for televisions (TVs) and desktop computer monitors is the 

cathode ray tube (CRT). However, its bulky size and heavy weight are disadvantages, and CRT 

technology has limited applications. Nowadays, innovations for display technologies are not only 

making possible smaller and lighter electronic devices, bigger screens, richer colors, and 

remarkably high-resolution image, but also changing the way we connect with the world by 

making multifunctional handheld products with higher-resolution displays and lower power 

consumption. Flat panel displays (FDPs) have much thinner profile compared to the CRT 

display, and they can be used in various types of electronic systems such as cell phones, 

notebook computer, computer monitor, and large screen high-definition televisions (HDTVs). 

Flat panel display technologies can be generally classified as emissive and non-emissive [14]. 

Emissive displays such as plasma display panels (PDPs), organic light emitting diodes (OLEDs), 

and field emission displays (FEDs) emit light from each pixel with different intensities and 

colors to form images. Non-emissive displays such as liquid crystal displays (LCDs) and 

electronic paper displays (EPDs) do not emit light themselves, but modulate light in each pixel to 

display images. Therefore, a light source is needed for a non-emissive display such as the 

ambient light in a reflective display, and backlighting positioned behind the panel in a 

transmissive display. For example, LED TVs use light emitting diode (LED) backlighting, and 

LCD TVs and most other LCDs use cathode fluorescent lamp (CCFL) backlighting. The LCD is 

currently the dominant flat panel display technology due to the improvement of thin-film 
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transistor (TFT) large-area fabrication technologies, liquid crystal (LC) modes, color filters (CF) 

and backlights, the larger size, lower weight, cheaper prices, and often lower power 

consumption. The OLED is regarded as the most promising technology to be able to compete 

with the LCD in the future according to the slimmer, lighter form and energy-efficient 

adjustability [15,16]. These flat panel display technologies share a common structure. They have 

a sandwich-like structure with light-emitting or light-modulating cells. The representative 

sandwich-like structure of a TFT-LCD is shown in Fig. 1.4. The two pieces of glass in the LCD 

are the substrates of TFT panel and CF panel. The first panel is for the vapor-deposited silicon 

that forms the basis for the transistor array. The second panel is for the CF materials that enable 

the RGB displays. A very thin layer of liquid crystal (LC) is located between these two sheets.  

 

Figure 1.4:  A thin-film transistor liquid-crystal display (TFT-LCD) structure. [17]    

The geometry requirements for both TFT and CF substrates are essentially the same, but the 

chemical requirements for the TFT substrate are more rigorous, and thus LCD panel 

manufacturers generally require the same specifications for both products [18]. The criteria for 

the glass substrates are both low density and thermal expansion, and have thermo-mechanical 

reliability. Low density glass contributed to achieving low device weight for portable 

applications as well as more facile robotic handling during high-speed automation. Low 
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coefficient of thermal expansion (CTE) brought several benefits, including the reduction of 

breakage due to thermal shock or gradients and minimizing dimensional distortion during 

transient thermal steps. With high temperature attributes and mechanical reliability throughout 

all the stresses of display manufacture and device lifetime, the silica-rich compositions of the 

substrates are required to withstand extremes of chemical processing during panel 

manufacturing, as well as mechanical pressures generated by customers [19].  

The first glass employed in early trials for LCD applications was Pyrex®, which is low thermal 

expansion borosilicate glass generally used for laboratory glassware and kitchenware. However, 

even a small amount of sodium in its composition resulted in degrading the electronic 

performance of thin devices. Introduced in the early 1990s, Corning 7059, the barium 

borosilicate glass, was the first alkali-free glass used on a commercial scale for TFT applications. 

To increase chemical and thermal durability with lower density and CTE, the alkaline earth boro-

aluminosilicate glasses code Corning 1737, Eagle2000®, Eagle XG® were developed, 

respectively. The CTE and density desired for future substrates are quite likely to be as current 

substrate glasses; therefore, there are many compelling reasons to stick with alkaline earth 

borosilicate and aluminosilicate glasses [18,20]. The two glass substrates are assembled with 

different types of sealants in flat panel displays. For LCD, the main sealant is epoxy resin, and 

there are problems with the present manufacturing process such as viscosity increases as the 

solvent vaporizes, batch processes are needed for thermal curing, adherent of a jig requires a 

supply of consumables, and the thermocuring process causes mislocation and distortion of the 

glass substrates [21]. For OLED, the sealant is also epoxy, however, it does not have high 

reliability against moisture and oxygen permeability resulting in limited life, and the seal is quite 

thick [22]. Therefore, the novel process, transmission welding (TW) by ultrashort laser pulses 
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will eliminate the need for sealant, and would offer the weld integrity leading to better lifetime of 

the products.  

1.2.2 Lab‐on‐a‐Chip	

 A lab-on-a-chip (LOC) is a device that integrates one or several laboratory functions of a single 

chip of only millimeters to a few square centimeters in size. LOC is sometimes called micro total 

analysis system (-TAS). When fully developed, it will contain elements for the acquisition, 

pretreatment, separation, post-treatment and detection of a variety of samples in a wide range of 

its applications in genomics, proteomics, clinical diagnostic, drug discovery, and biosensors [23]. 

A glass substrate has been widely used for the fabrication of lab-on-a-chip and microfluidic 

systems due to its excellent optical transparency and ease of electro-ormotic flow (EOF) [24]. In 

addition, its biocompatibility is highly desirable in the biomedical applications such as 

encapsulation of implantable microsystems and LOC applications. One of the most successful 

examples of using glass as a substrate material in lab-on-a-chip applications is the capillary 

electrophoresis (CE) chip, which is fabricated using the glass etching and fusion bonding 

techniques. Multiple sequences need to fabricate the glass microfluidic chip similar to the 

procedure for Si micromachining by starting from thin-film deposition, photolithography, 

etching, and bonding. In photolithographic process, a photomask is needed, and it is usually 

generated by photoablation or e-beam ablation. Etching of glass is commonly achieved by 

isotropic wet etch, and a one- or two-mask processes were employed for glass etching to create a 

channel. Two channels on the top and the bottom glass plates were etched separately using two 

masks. Finally, the two glass plates were aligned and bonded majorly using the thermal bonding 

method [25]. Beside multi-step processes for fabricating the microfluidic network, one of the 

major disadvantages of the techniques described up to now is the bonding step that is expensive 
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and can introduce alignment errors [26]. Systems including photodiodes couples with a 

microfluidic network made of glass have been produced as shown in Fig. 1.5. 

 

Figure 1.5:  Integrated circuit including photodiodes with a microfluidic network etched in a glass substrate. 
[26]    

Joining in some LOC applications presents a particular challenge due to requirement of 

maintaining precise channel alignment. Therefore, channel fabrication in the single glass piece is 

preferable in such cases. Currently under investigation is the use of hybrid processes. Two 

processes are proposed: liquid assisted femtosecond laser processing [27] and etching of material 

irradiated via femtosecond laser [28]. In the first process, material in the focal volume is melted 

via femtosecond laser and removed by liquid. The second process consists of etching previously 

laser treated material. Both methods are based on thermal accumulation and involve several steps 

which make fabrication cumbersome. Based on an explosive plasma expansion mechanisam, 

when a femtosecond laser pulse is deposited into the glass, microexplosion in the focal volume 
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will create a void [29], and there is potential for channel fabrication through applying a train of 

connected voids generated from single femtosecond laser pulses. 

1.2.3 Biomedical	Implants	

Implants are biomedical devices which are used for replacing missing biological hard tissues, 

supporting damaged biological hard tissues, or enhancing existing biological hard tissues. 

Biomedical Implants are artificial devices, and are usually called “prostheses”. The first basic 

requirement for any materials to be selected as prostheses for placing in the living body is that it 

should be biocompatible and not cause any adverse reaction in the body. The damaged hard 

tissue is often a joint which is formed by the ends of two or more bones that are connected by 

thick tissues. The bone ends of a joint are covered with a smooth layer called cartilage, and 

normal cartilage allows nearly frictionless and pain-free movement. When the cartilage is 

damaged or diseased by arthritis, joints become stiff and painful. If the extent of damage to the 

joint is severed, and other treatment options do not relieve the pain and disability, the damaged 

joint or the arthritic will need to be removed and replaced by the artificial joint or the prosthesis. 

The prosthesis is generally composed of two parts: a metal piece that fits closely into a matching 

sturdy plastic piece. The plastic material is durable, wear resistant (polyethylene). For metal 

piece, titanium (Ti), its alloys (Ti-6Al-4V), alloys of cobalt and chrome (Co-Cr-Mo), and 

stainless steel (316L) which have excellent hard tissue biocompatibilities are used. Joint 

replacements can be implanted without cement when the prosthesis and the bone are designed to 

fit and lock together directly. On one hand, bonding between bone and biocompatible metals is 

biomechanical binding or biomechanical interlocking, which bone ingrowth occurs into 

micrometer-sized surface irregularities of the implants; however, its bonding to bone does not 

meet the clinical expectation. Biomechanical anchorage takes weeks to develop. On the other 
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hand, bonding between bioactive glass and bone is biochemical bonding, which is strong, and the 

anchorage is accomplished within a relatively short period of time. However, the limited 

mechanical strength and low toughness of bioactive glasses have prevented their use as load 

bearing devices  [30]. Therefore, to apply the bioactive glass as a coating on a mechanically 

tough substrate can solve the problem mentioned above. Biocompatible metal implants coated 

with bioactive glass thus possess both anchorage mechanisms because coated surfaces are 

normally rough which can facilitate the biomechanical anchorage, and coated materials 

accommodate biochemical bonding. The schematic diagram of artificial hip joints that consist of 

an articulating bearing (femoral head and cup) and stem, and the porous coating on the proximal 

portion of the femoral and hip stem are depicted in Fig. 1.6. 

 

Figure 1.6:  (a)(b) Schematic diagram of artificial hip joint and its position after surgery  [31], and (c) porous 
coated cobalt alloy total hip replacement implant. [32]   

The bioactive glass coating has increased bone-implant contact in the early growth period 

according to the rates of bioactivity of bioactive glasses, and the early bone ongrowth is known 

to increase primary implant fixation and reduce the risk of early implant failure [33]. However, 
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after the first discovery of bioactive glass, there is no other bioactive glass composition that has 

higher rate of bioactivity than 45S5 Bioglass®, and there is also no report of successful coating of 

this material either. Therefore, the potential of laser induced functionally graded coating of 45S5 

Bioglass would be crucial to explore. 

1.3 Laser Processing of Glasses 

1.3.1 Laser Absorption in Glass Materials 

The propagation of an electromagnetic wave in a material produces a displacement of electric 

charge. For a sinusoidal wave, the change of speed and intensity are contained in the complex 

index of refraction n* which is given by n* = n – ik ; where n is the refractive index and k is the 

absorption index. From the absorption index, a function of the wavelength , and the absorption 

coefficient  is defined as: 

ߙ  ൌ
݇ߨ4
ߣ

 (1.3)

For a homogeneous material, the relative fraction of the light intensity absorbed in traversing 

thickness dx depends on . Thus, the attenuation of the light traversing a material of thickness x 

is given by the Beer-Lambert law: I = I0 exp(-x). Since at the entrance surface a part of the 

beam is reflected, and at the exit surface another reflection also occurs, the transmitted beam 

through the glass plate has the intensity: 

௧ܫ  ൌ ଴ሺ1ܫ െ ሻ (1.4)ݔߙሺെ݌ݔሻଶ݁ݎ

where It is the transmitted intensity, I0 is the incident intensity, and r is the reflectivity. Derived 

from Fresnel’s formula which describes the relation between the reflectivity r and the refractive 



16 
 

index n, the reflected intensity of the beam incident perpendicularly upon a dielectric material 

like glass plate with the refractive index n is:  

ݎ  ൌ ൤
݊ െ 1
݊ ൅ 1

൨
ଶ

 (1.5)

The change in the intensity of a light beam passing through a glass plate is illustrated in Fig. 1.7. 

From Eq. (1.5), the reflectivity of a light beam on the ordinary glass surface is about 4% per 

surface.  

 

Figure 1.7:  Change in the intensity of a light beam passing through a glass plate [6]    

When the laser radiation hits a material, the processes taking place depend on the amount of 

deposited laser energy. This energy and its spatial and temporal distribution determine what kind 

of material modification will occur, and the main laser-solid interaction process is the excitation 

of electrons from their equilibrium states to some excited states by absorption of photons [34]. 

The typical single photon absorption process is the linear photon absorption mechanism that 

obeys the Beer-Lambert Law. The capacity of a material to absorb laser radiation depends 

mainly on the electronic structure of the material and the wavelength of radiation. Glass 
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materials usually offer high transmission throughout the entire visible spectrum and beyond in 

the near ultraviolet and near infrared ranges as shown in Fig. 1.8.  

	

Figure 1.8:  Transmittance curves of sample optical glasses. [35]    

Refer to the transmission curves in Fig. 1.8, and the reflectivity from Eq. (1.5), most of the 

silicate glasses exhibit high transmission resulting in very low absorption over almost all 

conventional laser wavelengths. Unless radiation by extremely high power laser, there will be 

nothing happen or it would be too difficult to induce any modification or integration of silicate 

glasses by conventional lasers based on a linear absorption mechanism. 

1.3.2 Introduction to Femtosecond Laser 

A femtosecond laser is a laser which emits optical pulses with durations between a few 

femtoseconds and hundreds of femtoseconds, and it essentially belongs to the category of 

ultrashort pulse or ultrafast lasers. Femtosecond laser pulses can be generated directly from a 

wide variety of lasers with wavelengths ranging from the ultraviolet to the infrared. With very 

few exceptions, the generation of ultrashort laser pulses relies on a mode locking technique. A 

laser is typically constructed with a pair of mirrors separated by a distance L which enclose a 

gain medium and other components. The generation of ultrashort laser pulses is based on the 
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confinement of the energy in the cavity into a small spatial region [36]. A single pulse bounces 

back and forth between the mirrors at the velocity of light, c, and the output beam arises from 

partial transmission of the intracavity pulse through the output coupler. Thus, the output beam 

consists of a train of replicas of the cavity pulse separated by 2L in space or 2L/c in time. Two 

conditions generally govern the frequency spectrum of a laser. First, the overall envelope of the 

spectrum is determined by the emission profile of the laser medium and by the characteristics of 

any wavelength selective element within the cavity. Second, for each transverse mode the cavity 

allows oscillations only at discrete set of frequencies, known as the longitudinal modes of the 

cavity as shown in Fig. 1.9 (a). In general, the longitudinal mode in the laser cavity will oscillate 

independently, and the phases of these modes are different from each other. Consequently, the 

output from a laser is temporally fluctuated to a random intensity (in case that there are only a 

few oscillating modes) or the output is averaged to a near-constant intensity: CW (incase that 

there are many thousands of modes). The total electric field E(t) resulting from such a multimode 

oscillation at a fixed point in space is given by: 

ሻݐሺܧ  ൌ ෍ ௡ܧ

ேିଵ

௡ୀ଴

଴ݒሺߨሾ2݊݅ݏ ൅ ݐሻݒߜ݊ ൅ ߮௡ሺݐሻሿ (1.6)

where N is the number of oscillating modes, n(t) is the phase of the nth mode and v0 is the 

lowest-frequency mode above the lasing threshold. The average laser power output P(t) is 

proportional to the square of the total electric field. Mode locking refers to the use of a 

modulating optical element to lock together the phases of N longitudinal modes existing in a 

cavity and therefore to produce a train of pulses with increasing peak power and shorter pulses 

on the order of picoseconds or femtoseconds. To simplify the analysis in mode-locking 

condition, the identical amplitudes En = E0 for all modes are assume, and the phases of all modes  
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are set to zero; therefore, the summation of Eq. (1.6) then yields: 

ሻݐሺܧ  ൌ ݊݅ݏ଴ܧ ൤2ߨ ൬ݒ଴ ൅
ܰ െ 1
2
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 (1.7)

The resulting electric field consists of a rapid oscillating part at the light central frequency 

଴ݒ ൅
ேିଵ

ଶ
ሺேగఋ௩௧ሻ	with the envelope ቚୱ୧୬ ݒߜ

ୱ୧୬	ሺగఋ௩௧ሻ
ቚ oscillating with ݒߜ ൌ  The example of four .ܮ2/ܿ

oscillating modes in mode-locking condition is illustrated in Fig. 1.9 (c).  

 

Figure 1.9:  (a) Longitudinal modes in a laser cavity, (b) comparison of one, two-, four- and six-mode cases, 
and (c) superposition of four sine wave with equal amplitude E0, differing in frequency by v. The electric 

field of individual waveforms, the total electric field E(t), its envelope and the output power P(t) are shown. 
[36] 
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Averaging the fast oscillation vc the output power P(t) is proportional to the average power of 

one wave P0 and is expressed by:  

 ܲሺݐሻ ൌ ଴ܲ ൤
ሻݐݒߜߨሺܰ݊݅ݏ
ሻݐݒߜߨሺ݊݅ݏ

൨
ଶ

 (1.8)

In conclusion, the properties of laser pulses generated by mode locking technique are the power 

is emitted in the form of a train of pulses with a period corresponding to the cavity round-trip 

time ோ்ܶ ൌ  the peak power PPeak increases quadratically with the number N of modes , ݒߜ/1

locked together: PPeak =N2P0, and the FWHM pulse duration t decreases linearly with the 

number N of mode locked together or equivalent is approximately the inverse of the gain 

bandwidth v: ݐ߂ ൎ ்ೃ೅
ே
ൌ ଵ

ேఋ௩
ൌ ଵ

௱௩
. The increase in the number of modes leads to an increase in 

the peak power and a decrease in pulse duration as shown in Fig. 1.9 (b). There are a number of 

methods for generating a mode-locked ultrashort pulsed beam such as electro-optical, acoustic-

optical, and saturable absorber mode-locking. To achieve ultrashort pulse, the laser medium is 

required to have high bandwidth. Due to its high bandwidth of about 128 THz in Ti:sapphire 

laser medium, the common ultrashort pulse laser technology is Ti-sapphire lasers with the central 

wavelength about 800 nm. A mode-locked Ti:sapphire pulsed laser oscillator usually outputs low 

power ultrashort pulses. To generate the high power ultrashort pulses, the integrated Ti:sapphire 

Regenerative Amplifier system is needed. In this system, the lower power ultrashort pulse from 

the oscillator is delivered to the pulse stretcher, regenerative amplifier, and pulse compressor, 

respectively to produce the high power compressed pulse through Chirped Pulse Amplification 

process as illustrated in Fig. 1.10. 
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Figure 1.10:  Principle of Chirped Pulse Amplification 

1.3.3 Nonlinear	Absorption	Mechanisms	

Light or photon absorptions can be categorized into linear process and nonlinear process.  Linear 

photon absorption obeys the Beer-Lambert Law, which states, “The absorption of a specific 

wavelength transmitted through a material is a function of material path length and is 

independent of incident intensity.”  For femtosecond laser pulse width, which is extremely short, 

the laser power in the pulse duration is significantly higher, or several orders of magnitude larger 

than that of conventional nanosecond laser pulses; therefore, nonlinear absorption becomes 

significant for all materials, no mattering it is opaque or transparent to its wavelength [37]. For 

the interaction between visible or near-infrared light with glasses, under normal conditions (e.g. 

continuous low power illuminations), glasses will transmit almost all of the light through as 

shown in Fig. 1.8. Therefore, in a transparent material like glass, there is no linear absorption of 

the incident laser light. For any modification of glass to occur, a nonlinear absorption mechanism 

must deposit laser energy into the material by promoting electrons from the valence band to the 

conduction band. Photoionization and avalanche ionization are two classes of nonlinear 

excitation mechanisms. Because the probability of nonlinear absorption increases strongly with 
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growing laser intensity, photoionization and avalanche ionization occur in femtosecond laser 

irradiation. Photoionization excites the electron from the valence to the conduction band; seed 

electrons are thus generated. There are two regimes of photoionization: the multiphoton 

ionization (MPI) regime and tunnel ionization (TI) regime [38]. In multiphoton ionization, a 

bound electron in valence band absorbs enough photons so that the number of photons, N, times 

the photon energy, hv, is greater than ionization potential (band-gap), Eg, of material, then it is 

promoted to be a free electron in conduction band as shown in Fig. 1.11 (a). In tunneling 

ionization, a strong electric field distorts the Coulomb well so that a bound electron would 

escape through the short barrier as shown in Fig. 1.11 (b).  

 

Figure 1.11:  Schematic diagram of ionization induced by femtosecond-laser irradiation: photoionization as 
function of Keldysh adiabatic parameter : (a) multiphoton ionization, (b) tunneling ionization, and (c) 

avalanche ionization. [39]    

Keldysh [40] showed that the two regimes could be described within the same framework. He 

introduced the adiabatic parameter called Keldysh parameter, , that determines which of two 

regimes will take place. He derived this parameter from the consideration that the ease or 

difficulty of tunneling can be expressed as the ratio of “the time it takes for the electron to tunnel 

out the potential barrier while the potential is bent down” to “half of the laser cycle time”. 
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Therefore, the Keldysh parameter represents the ratio between the frequency of the laser light, , 

and the frequency of an electron tunneling through a potential barrier, t, and is expressed as:  

ߛ  ൌ
߱
߱௧

ൌ
߱
݁
ඨ
௚ܧ଴ߝ݊ܿ݉

ܫ
ൌ

1
ܨ଴ܭ2

 (1.9)

where m and e are the mass and charge of an electron, c is the speed of light, n is the refractive 

index of the material, Eg is the band-gap of the material, 0 is the permittivity of free space, I is 

the laser intensity, F represents the reduced electric wave field, and K0 is a process parameter. 

When   1, or the laser intensity (photon flux) is above 1013 W/cm2 [37], the multiphoton 

ionization dominates, while   1, or the intensity is higher than 1015 W/cm2 [37], the tunneling 

ionization dominates. For a general multiphoton ionization process in which N photons are 

absorbed, the ionization rate can be expressed as [41]: 

 ܲሺܫሻ ൌ ேߜ ൬
ܫ
԰߱

൰
ே

ௌܰ (1.10)

where N is the cross section of N-photon ionization with a unit of cm2NsN-1, which refers to the 

probability of a particle (here an electron) being emitted, ԰ is the reduced Planck constant 

defined as ԰ ൌ ߱ ω is the laser frequency given by ,ߨ2/݄ ൌ  and NS is the solid atom ,ߣ/ܿߨ2

density. For transparent dielectric materials such as glasses, multiphoton ionization is an 

important mechanism to produce initial seed electrons (free electrons) for avalanche ionization. 

In avalanche ionization, two sequences, started with free carrier absorption of a seed electron and 

followed by impact ionization to produce two free electrons as shown in Fig. 1.11 (c). Free 

carrier absorption is a phenomenon that a free electron in conduction band absorbs photons 
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sequentially and moves to higher energy states. When a free electron at higher energy states 

(conduction band minimum + band-gap) collides with a bound electron in valence band, it results 

in two free electrons with band energy near the conduction band minimum. This process is called 

impact ionization. In femtosecond laser micromachining inside glass, the photoionization (either 

multiphoton or tunneling ionization) and the avalanche ionization work together and can be 

called as avalanche photoionization. The process iterates and produces a critical density of free 

electrons in the cloud necessary for plasma formation and the ablation process. The electron 

density distribution is governed by the Fokker-Planck equation [42]: 

߲ܰሺܧ௞, ሻݐ
ݐ߲

൅
߲
௞ܧ߲

൤ ௃ܴሺܧ௞, ,ߝሻܰሺݐ ሻݐ െ ,௞ܧ௣ܰሺܧ௞ሻܧሺߙ ሻݐ െ ,௞ܧሺܦ ሻݐ
߲ܰሺܧ௞, ሻݐ
௞ܧ߲

൨ ൌ ܵሺܧ௞, ሻݐ (1.11)

where N is the free electron density distribution, Ek is the kinetic energy of an electron, Ep is the 

phonon energy, t is the time, RJ is the electron heating rate,  is the rate of electron-photon 

energy transfer to the lattice, D is the diffusion coefficient, and S represents sources and sinks of 

electrons. The term ௃ܴሺܧ௞, ,ߝሻܰሺݐ  ሻ describes the Joule heating, which causes electron-electronݐ

collisional ionization (avalanche); ߙሺܧ௞ሻܧ௣ܰሺܧ௞,  ;ሻ is the energy transferred to the latticeݐ

,௞ܧሺܦ ሻݐ
డேሺாೖ,௧ሻ

డாೖ
 accounts for the electron energy diffusion. The nonlinear absorption nature of 

femtosecond laser pulses, thus enables the modification and integration of glass materials. 

1.3.4 Femtosecond Laser Matter Interaction 

For conventional laser processing (from near infrared to near ultraviolet), photons are absorbed 

by electrons through inter- and intra-band electronic transitions. Therefore, the laser beam 

induces a non-equilibrium electronic distribution that thermalizes via electron–electron and 

electron–phonon interactions [43]. In general, the excitation energy is dissipated into heat within 
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a time which is short compared to any other time involved in the process. As a consequence, 

with low to medium intensity of conventional lasers (either continuous wave or nanosecond 

pulses), the laser beam can just be considered as a heat source which induces a temperature rise 

on the surface and within the bulk of the material. The temperature distribution is determined by 

optical and thermal properties of the material and, near phase transitions, by transformation 

energies for crystallization, melting, boiling, etc. When the laser-light intensity is increased, 

material vaporization (vapor plume) or plasma plume would take place resulting in removing of 

the material from the surface [44]. An overview of the various applications and parameter 

regimes employed in laser processing is illustrated in Fig. 1.12. 

For material processing with femtosecond laser pulses, the dominant absorption is nonlinear 

process, and when a significant number of valence band electrons are ionized through avalanche 

photoionization, or when free electron density reaches the critical density (plasma critical 

density), plasma is then formed in the material. Critical density is the free electron density at 

which the plasma frequency equals to the laser frequency. The plasma frequency, p, is given by 

[45]: 

 ߱௣ ൌ ඨ
ߨ4 ௘ܰ݁ଶ

݉௘
 (1.12)

where Ne is the electron density, e is the electron charge, and me is the electron mass. The laser 

frequency, ߱ ൌ  where c is the speed of light and λ is the laser wavelength. Therefore, the ,ߣ/ܿߨ2

critical density, Ncr, can be expressed by: 

 ௖ܰ௥ ൌ
݉௘߱ଶ

ଶ݁ߨ4
ൌ
௘ܿଶ݉ߨ

݁ଶߣଶ
 (1.13)

The number of the critical density is on the order of 1021 cm-3 [38,45]. Plasma becomes strongly 
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Figure 1.12:  Applications of lasers in materials processing. [44]    

absorbing the laser pulse energy leading to the transfer of the energy from hot plasma to the 

lattice. The timescale of the physical phenomena associated with the interaction of a 

femtosecond laser pulse with transparent materials is shown in Fig. 1.13. The dissipation 

mechanisms are the combination of thermal diffusion and shockwave emission. It is widely 

assumed that the ablation starts when the free electron density reaches the critical density. With 
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Figure 1.13:  Timescale of the physical phenomena associated with the interaction of a femtosecond laser 
pulse with transparent materials. [46]    

all types of materials, ablation is strongly non-stationary and starts only after approximately one 

to several ten picoseconds. In metals, femtosecond laser pulses generate a hot electron gas in a 

‘cold’ lattice. This transient nonequilibrium is described by the two-temperature model (TTM). 

In semiconductors, hot electron-hole pairs are generated by single-photon and/or avalanche 

photoionization. In dielectrics, avalanche photoionization results in the formation of plasma 

within a thin surface layer. At very high intensities, Coulomb explosion is observed  [44]. Since 

the energy input is terminated before the modification or the removal of material occurs, the 

femtosecond laser results appear, in most cases, much cleaner, better defined, and less heat 

affected zone (HAZ) than those obtained with the conventional laser pulses [43]. For metals and 

semiconductors, the laser-matter interaction, the modification, and the removal of materials 

could only take place at the surface. For the transparent dielectrics such as glasses, it is desirable 

to induce modification either at the surface or inside the bulk depending on the focusing 

parameters.   
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1.3.5 Effects of Focusing Parameters 

As mentioned earlier, there is no linear absorption of the incident laser light in a transparent 

material like glass. Using femtosecond laser pulses, the photon absorption in glass is a nonlinear 

process. Nonlinear absorption take places spatially in the region in which there are extremely 

high laser intensities, and that region has to be in the vicinity of the focusing plane by an optic 

lens. Therefore, this nonlinear absorption mechanism enables the structural modification in the 

interior of transparent bulk glasses. In general case of laser processing by linear absorption 

mechanism, the laser beam is focused on the surface of a material, and the calculation and 

adjustment of the focal area or focal spot size are done before actual processing. The absorption 

will be occurred mainly inside the focal area and over the penetration depth of the laser beam. 

However, in case of nonlinear absorption of a femtosecond laser pulse inside a transparent 

material like glass, the absorption could be estimated as the focal volume. Quantification of the 

focal volume is done primarily in the field of fluorescence correlation spectroscopy (FCS), where 

nonlinear absorption properties of femtosecond laser pulses are utilized for imaging the interior 

of biological systems. The theoretical basis comes from the theory of electromagnetic diffraction 

in optical systems [47]. The illumination point spread function, IPSF(x,y,z), describes intensity 

everywhere in space near the focus. IPSF can be calculated based on the work of Richards and 

Wolf [48], and fits of the lateral and axial intensity squared profiles to a Gaussian function. By 

approximating the IPSF as a three-dimensional Gaussian volume, analytical integration over all 

space yields the focal volume of Gaussian ellipsoid shape with the estimated diffraction-limited 

lateral (xy) and axial (z) 1/e radii of IPSF [49]. This Gaussian ellipsoid focal volume provides 

a quite good start to predict the ratios of longitudinal and lateral radii of the affected region of 

glass irradiated by femtosecond laser pulses [50]. Although the theoretically predicted major and 
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minor radii of the focal volume ellipsoid are multiple times smaller than the radii of the affected 

volume observed experimentally, the ratios are relatively close and it indicates that the focal and 

affected volumes are indeed in proportion. Tight focusing is related to the high numerical 

aperture (NA) of focusing lens and in correlation with amount of laser energy deposited into the 

focal volume. Morphology is a function of focusing parameters, NA of the objective lens in 

particular. NA governs the shape of the affected region, and is inversely proportional to the 

feature aspect ratio [51]. The role of NA on the nature of structural changes is quite significant, 

and it depends on the shape and size of features required in each application, the focusing lens 

with appropriate NA would be selected accordingly. The focal distance of each focusing lens is 

fixed; however, by adjusting the position of the material with respect to the lens, the location of 

the feature in the interior of glass sample can be controlled. Since the laser beam that is focused 

inside the glass plate propagates through both air and glass, the effect of the longitudinal 

aberration due to the refractive mismatch of two different mediums would be unavoidable [52]. 

This aberration affects both shape and size of the feature inside glass, and the deeper the 

focusing depth from an air-glass interface resulting in the larger longitudinal aberration range. 

Therefore, understanding the effects of focusing parameters on the results of femtosecond laser 

induced modification of glasses would be crucial to predict and get the desirable finished 

products.    

1.4 Glass Powder Sintering 

Sintering is a thermal treatment for bonding particles into a coherent, predominantly solid 

structure via mass transport events that often occur on the atomic scale. The bonding leads to 

improved strength and lower system energy [53]. A sintering process is traditionally viewed as 

occurring in three stages. The initial stage of sintering begins with the formation of contacts in a 
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loose powder stack. It becomes interparticle welds or neck growth between contacting particles 

that grow with time at the sintering temperature. In the intermediate state, the pore network 

gradually disconnects itself as channels achieve unstable shapes and close. At the onset of the 

final stage the pore network has completed its disconnection and the pores collapse into isolated 

spherical pores. In this final stage, these isolated pores shrink and mostly disappear. All three 

stages are accompanied by densification such as the macroscopic shrinkage of the body [54]. The 

reduction in surface energy is the thermodynamic driving force for sintering. The total interfacial 

energy of a powder compact is expressed as A, where  is the specific surface (interface) energy 

and A is the total surface (interface) area of the compact. The reduction of the total energy can be 

expressed as [55]: 

ሻܣߛሺ߂  ൌ ܣߛ߂ ൅ (1.14) ܣ߂ߛ

The change in interfacial energy () is due to densification and the change in interfacial area is 

because of grain coarsening. However, the actual occurrence of sinter binding requires transport 

of matter. In crystalline solids, matter transport occurs by diffusion of atoms, ions, or molecules 

along definite mechanisms or paths such as surface diffusion, lattice diffusion, vapor transport, 

grain boundary diffusion, and plastic flow. In glass (or amorphous materials), viscous flow is the 

dominant sintering mechanism due to densification of glass proceeds more rapidly by viscous 

flow than by diffusion [56]. A viscous material like glass follows the behavior of a Newtonian 

fluid. Viscous flow, where the particles coalesce at a rate that depends on the particle size and 

material viscosity, , is a thermally activated process, and is characterized by a deviation from 

the Arrhenius-type behavior: 
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where Q is activation energy, T is temperature, R is the molar gas constant, and 0 is 

approximately a constant. The activation energy of viscosity Q changes from a high value at low 

temperatures in the glassy state to a low value at high temperatures in the super cooled liquid 

state. When the temperature is higher than the glass transition temperature, T > Tg, the activation 

energy of viscosity is low because most of its joining bonds in glass has broken, which facilitates 

flow [57]. Viscous sintering models based on an energy balance concept have been developed to 

account for the kinetics of sintering. The energy released by the decrease of surface area is used 

for viscous flow, which is responsible for the mass transport that produces densification.  Frenkel 

[58] first developed the viscous sintering model for the initial stage to calculate the shrinkage 

rate of two equal particles. Mackenzie and Shuttleworth [59] developed the model for the final 

stage by considering a matrix with spherical monodispersed pores. Scherer [60] developed the 

viscous sintering model for the intermediate stage by considering a geometric array of sintering 

particles that mimicked the structure of dry gels. These viscous sintering models provide an 

excellent description of the sintering of glass. The major variables which determine sinterability 

and the sintered microstructure of a powder compact can be divided into two categories: material 

variables and process variables. Material variables relate to raw materials including chemical 

composition of powder compact, powder size, powder shape, powder size distribution, degree of 

powder agglomeration, and etc. The process variables are mostly thermodynamic variables such 

as temperature, time, atmosphere, pressure, heating and cooling rate [55]. In case of laser 

induced sintering, the effects of process variables that involve the temperature, time, heating and 
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cooling rate on sinterability, morphology, and microstructure of glass powder would be 

interesting to examine. 

1.5 Crystallization in Glasses 

Glasses are amorphous solids that are typically obtained upon rapid cooling or quenching from 

the melt to the temperatures below the glass transition to prevent crystallization or to avoid 

significant nucleation and growth of the more stable ordered phases. Typical glass-forming 

liquids such as silicate melts are commonly characterized by their relatively high viscosities ( > 

100 Pas) at the apparent melting point or liquidus temperature, and by a steep increase of 

viscosity with decreasing temperature. These properties favor the process of transformation of a 

liquid into a glass [61]. The cooling rate that produces the lowest detectable degree of 

crystallization is called the critical cooling rate for glass formation. It represents the least time 

required to form a given degree of crystallinity. For two melts of identical size, the melt with the 

smaller critical cooling rate has better glass forming ability. Currently, the quenching rate up to 

104 – 106 Ks-1 is possible to achieve for silicate glasses [62]. On one hand, any melt forms a glass 

if rapidly cooled so that insufficient time is provided to allow reorganization of the structure into 

crystalline arrangements. On the other hand, most glass-forming melts can be crystallized if 

holding at the temperature just below its liquidus point long enough for structural arrangements 

to occur. Crystallization, which actually refers to a combination of two individual kinetic 

processes: nucleation and crystal growth respectively, can occur either on cooling or reheating. 

When a glass is heated for sufficiently large time intervals to temperatures within or above the 

glass transition range, crystallization or “devitrification” readily starts either from the surface 

(heterogeneous) or bulk (homogeneous) nucleation. Heterogeneous nucleation starts at the 

interface boundaries and surfaces and is catalyzed by the presence of foreign impurities and 
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nucleating agents. Homogeneous nucleation is a stochastic process occurring with the same 

probability in any given volume, and nucleus forms in the absence of any phase inhomogeneity, 

surface borders, or interfacial boundaries. The general expression of the nucleation rate is an 

exponential function of the thermodynamic and kinetic barriers. The thermodynamic barrier 

involves the net free energy change in the system when a nucleus is formed. The kinetic barrier 

is the activation energy required for an atom to cross the liquid-nucleus interface. It involves the 

breaking of bonds with its nearest neighbors and certainly some realignment into the more 

ordered structure within the surface of the nucleus. The nucleation rate either the steady-state or 

time-dependent, I, can be expressed as [5,62]: 
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where I0 is a constant, W* and GD are the thermodynamic and kinetic free energy barriers to 

nucleation, respectively, kB is the Boltzmann constant, and T is the absolute temperature. For the 

crystal growth rate, U, it general equation is given by the expression [5]:   
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where a0 is the interatomic separation distance, v is the vibrational frequency, and E and G are 

the kinetic and thermodynamic barriers to crystal growth. Since crystallization occurs between 

the glass transition and melting temperatures, and both the nucleation and crystal growth rate are 

temperature dependent functions, the effects of temperatures on these rates for a glass forming 

melt are traditionally shown as in Fig. 1.14. In silicate glasses, two classic glass systems: the 

lithium disilicate and calcium sodium silicate glasses, have received substantial attention 
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concerning their nucleation and crystallization kinetics over a number of decades [61,63]. These 

glass systems have had considerable commercial application especially in the area of optical and  

 

Figure 1.14:  Effect of temperature on the rates of nucleation and crystal growth for a glass forming melt. [5]    

dental glass-ceramics (GCs), however, it depends on applications whether crystallization of 

glasses is desirable. Crystallization and glass formation are essentially competitive kinetic 

processes, and in order to avoid uncontrolled crystallization of glass products one needs to know 

the main factors governing nucleation and crystal growth.  

1.6 Nanoindentation 

The application of traditional testing procedures such as uniaxial tensile test, three-point bending 

test, double torsion test, etc. to micro-scale geometries, become difficult due to challenges in 

setting up fixtures, applying controlled loads, and handling the specimen. In addition, these 

methods cannot measure the spatially resolved material properties in micro-scale areas. 
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Nanoindentation is favorable in this characterization due to the small indentation size. The 

nanoindentation, depth-sensing indentation testing, is a modern technique which can be used to  

 

Figure 1.15:  Load versus displacement for elastic-plastic loading followed by elastic unloading. [64]    

characterize the mechanical properties of materials. A small diamond-tip indenter in one of 

different geometries such as Conical, Berkovic, Cube-corner, and Vickers, is pressed into the 

sample to a prescribed displacement or load. From the basic principle of Oliver and Pharr 

method [65], experimental readings of indenter load and depth of penetration with the known 

geometry of the indenter provide an indirect measure of the area of contact at full load, thus the 

indentation hardness or the mean contact pressure of the specimen material can be estimated. 

Schematic diagram of load-displacement curve from indentation of a conical indenter tip is 

shown in Fig. 1.15. Indentation hardness indicated a resistance to penetration or permanent 

deformation. Indentation hardness, HIT, is the mean contact pressure of the contact, and is found 

by dividing the indenter load by the projected area of the contact, and it can be expressed as: 
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where P is the indenter maximum load, A is the projected area of the contact, hp is the depth 

penetration measured from the edge of the circle or area of contact, and  is the semi-angle for 

an equivalent conical indenter. When the load is removed from the indenter, there is some degree 

of recovery due to the relaxation of elastic strains within the material. Thus an analysis of the 

initial portion of the elastic unloading response gives an estimate of the elastic modulus of the 

indented material. The elastic modulus, EIT, of the specimen can be determined from the slope of 

the unloading of the load-displacement response, and it can be expressed as: 
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where dP/dh is the slope of the elastic unloading. The area enclosed by the load-displacement 

curve represents the energy lost through plastic deformation. The energy recovered elastically is 

the area underneath the elastic unloading curve [64]. Due to the small indentation size and by the 

arrangement of indentations in spatial arrays at close spacing practically three-times the depth of 

the indents, nanoindentation can be highly spatially-resolved in the sub-micron scale. Since 

nanoindentation is a non-destructive test at microscopic dimensions, spatially resolved indents 

can be conducted covering the micro-scale area of interest to study the change in mechanical 

properties. 

1.7 Objectives and Organization of Dissertation 

In Chapter 2, femtosecond laser pulses were focused in the interior of a single fused silica piece. 

Proper use of optical and laser processing parameters generated structural rearrangement of the 
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material through a thermal accumulation mechanism, which could be potentially used for the 

transmission welding process. The morphology of generated features was studied using 

differential interference contrast optical microscopy. In addition, the predictive capability of the 

morphology is developed via a finite element analysis. The change in mechanical properties was 

studied through employment of spatially resolved nanoindentation. The specimen was sectioned 

and nanoindents were applied at the cross-section to examine mechanical responses of the laser 

modified region. Fracture toughness measurements are carried out to investigate the effects of 

the laser treatment on strength of the glass. 

In Chapter 3, femtosecond laser pulses were focused on the interface of two glass specimens. 

Proper use of optical and laser processing parameters enables transmission welding. The 

morphology of the weld cross section was studied using differential interference contrast optical 

microscopy. In addition, a numerical model was developed to predict the absorption volumes of 

femtosecond laser pulses inside a transparent material. The model takes into account the 

temporal and spatial characteristics and propagation properties of the laser beam, and the 

transmission welding widths were subsequently compared with the absorption widths predicted 

by the model. The model can lead to the achievement of a desirable weld shape through 

understanding the effects of laser pulse energy and numerical aperture on the shape of the 

absorption volume. The changes in mechanical properties of the weld seams were studied 

through spatially resolved nanoindentation, and indentation fracture analysis was used to 

investigate the strength of the weld seams. 

In Chapter 4, channeling inside a transparent material, glass, by femtosecond laser was 

performed by using a single step process rather than hybrid processes that combine the laser 

irradiation with an additional tool or step to remove the material. Tightly focusing of a single 
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femtosecond laser pulse using proper optical and laser processing parameters could induce the 

micro-explosion and could create voids inside transparent materials, and the effects of these 

parameters on the resultant feature geometry and channel length were studied. Understanding of 

the channel length variation at different locations from the specimen surface could enhance 

prediction capability. Taking into account of the laser, material, and lens properties, numerical 

models were developed to predict the absorption volume shape and size at different focusing 

depths below the surface of a specimen. These models will also be validated with the variation in 

feature and channel lengths inside the specimen obtained from the experiments. Spacing between 

adjacent laser pulses and laser parameters were varied to investigate effects of channel 

overlapping and its influence on long channel formation. 

In chapter 5, functionally graded bioactive glass coatings on bioinert metallic substrates were 

produced by using continuous-wave (CW) laser irradiation. The aim is to achieve strong 

adhesion on the substrates and high bioactivity on the top surface of a coating material for load-

bearing implants in biomedical applications. The morphology and microstructure of the bioactive 

glass from the laser coating process were investigated as functions of processing parameters. 

Laser sintering mechanisms were discussed with respect to the resulting morphology and 

microstructure. A numerical model was developed to aid in understanding the laser sintering 

mechanisms by capturing the combined effects of laser heating, densification, pore coalescence, 

and crystallization on the sintering behavior of bioactive glass. The numerical model was 

validated using experimental results and could be used to predict the porosity and crystallinity of 

sintered bioactive glass. 
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Chapter 2:  Characterization of Morphology and Mechanical Properties of 

Glass Interior Irradiated by Femtosecond Laser 

2.1 Introduction 

Glasses are widely used in optical, electronic, and biomedical applications because of their 

excellent mechanical, thermal, and optical properties. For applications such as microfluidics, lab-

on-a-chip, and flat panel displays, there is a need to join glasses. Glass joining techniques based 

on adhesive agents are unreliable and have poor mechanical, thermal and chemical durability [1]. 

Further, anodic bonding, another glass joining technique, requires heating of the entire device by 

applying a large electrical field for an extended period of time [2]. This is undesirable as the 

entire device is subject to thermally induced changes due to elevated temperatures. Therefore, 

localized melting and joining only at the interface by transmission welding using a femtosecond 

pulse laser has the potential to improve reliability and durability. 

Over the last decade, several research groups have studied the use of femtosecond lasers to 

process transparent materials. Davis et al. [3] and Glezer et al. [4] reported on the femtosecond 

laser induced changes in the interior of transparent materials, and discussed the potential for 

fabrication of photonic devices for telecommunication applications and three-dimensional optical 

data storages. These early reports prompted further investigation into the laser-matter 

interactions and the mechanisms for feature formation in transparent materials. Due to the 

physics of laser-matter interactions, femtosecond lasers are specifically suitable for processing 

dielectric materials. When a femtosecond laser pulse is focused into the interior of the material, 
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the laser intensity around the focal volume is extremely high and causes nonlinear absorption. 

Consequently, permanent structural modification occurs locally at the location of the laser focus. 

A study of the morphology of these structural changes showed that laser energy governs the size 

and the numerical aperture (NA) of the objective lens governs the shape of the affected region 

[5]. It was also shown that the features can be induced through mechanisms dominated by 

localized melting or explosive plasma expansion, depending on the laser and focusing 

parameters [6,7].  

More recently, there has been interest in joining transparent materials by utilizing the thermal 

accumulation mechanism. Tamaki et al. [8] first reported welding between two pieces of silica 

glass by femtosecond laser pulses without the insertion of an intermediate layer. The mechanical 

properties of the weld and treated bulk samples were then characterized by various methods. 

Tamaki et al. [9] conducted tensile tests to determine the joint strength; however, the testing 

procedure was not precise because of inability to continuously increase the applied load. Another 

early attempt to characterize mechanical properties of femtosecond laser-irradiated glass was 

done by Miyamoto et al. [10]. They performed three-point bending test, and showed that the 

mechanical strength of the laser-melt zone was higher than that of base material; however, the 

sample had to be polished to unveil the laser induced feature at the bottom surface in order to 

experience the maximum tensile stress. Borrelli et al. [11] used a double torsion test to measure 

fracture toughness and investigate the strengthening effect and revealed that the fracture 

toughness is increased within the laser-treated area. Bellouard et al. [12] performed 
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nanoindentation tests on treated regions of fused silica and showed an increase in Young 

modulus within the laser irradiated zones. However, these measurements were not spatially 

resolved, and were not constrained to within the treated regions.  

Studies referenced above demonstrated the feasibility of transmission welding using 

femtosecond lasers. However, the understanding of the changes in mechanical properties within 

the affected area is limited, while the changes in optical properties were well described by 

Schaffer et. al. [13,14]. In the study presented here, two aspects are studied, the feature 

morphology and its mechanical properties. In order to simplify characterizations, experiments 

were conducted using single-piece specimens. Diffraction interference microscopy is employed 

to study morphology, and spatially resolved nanoindentation is used to develop a further 

understanding of the change in mechanical properties such as modulus, hardness, ductility, and 

fracture toughness upon femtosecond laser irradiation of bulk transparent materials. The effects 

of laser processing parameters such as pulse energy and scanning speed on those mechanical 

properties are also reported. 

2.2 Background 

2.2.1 FS Laser Interaction and Feature Formation Mechanisms in the Interior of Glasses 

When femtosecond laser pulses are focused in the interior of a transparent material, the laser 

intensity within the focal volume becomes extremely high resulting in nonlinear absorption. Due 

to the high intensity (> 1013 W/cm2), free electrons are initially produced by multiphoton 

ionization. These electrons serve as seeds for subsequent avalanche ionization, through which a 
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substantial number of free electrons will be produced. The probability of multiphoton ionization 

per atom per second, wmpi, and that of avalanche ionization per unit time wavi, are written as [15]: 
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where  is the laser frequency, veff is the electron-phonon collision frequency, nph is the number 

of photons necessary for the electron to be transferred from the valence to the conduction band, 

EI is the ionization energy, and osc  is the electron quiver energy in the laser field. osc  has units 

of eV and is expressed in a scaling form [15], 1422 10/)1(3.9  Iosc  , where  is the 

coefficient for beam polarization, I is the laser intensity in units of W/cm2, and  is the laser 

wavelength in units of m. The density of free electrons, ne, from the two major mechanisms, 

multiphoton and avalanche ionization is [15]: 
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where n0 is the density of initial seed electrons, na is the density of neutral atoms, and t is time. 

When the free electron density reaches the critical value, ncr, the ionization threshold is achieved, 

and plasma is created in the material. This critical free electron density is described as [16]: 
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where me is the electron mass, c is the speed of light, e is the electron charge, and  is the laser 

wavelength. The free electron density is saturated in a few femtoseconds at the beginning of the 

laser pulse. During the remaining part of the pulse, plasma strongly absorbs the laser pulse 
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energy, which creates a region of high energy density. Subsequently after the end of laser pulse, 

the transfer of the energy from the hot plasma to the lattice results in structural changes in the 

bulk transparent material [16]. 

Depending on the optical and laser processing parameters, the bulk transparent material can be 

modified through the micro-explosions or thermal accumulation mechanisms [17]. For the 

micro-explosion mechanism when a single laser pulse is deposited into the target material, high 

laser intensity created by either tight focusing of low energy pulse or loose focusing of high 

energy pulse cause shock wave generation. The shock wave carries matter and energy away from 

the focal volume, compressing the surrounding material while a rarefaction wave behind the 

shock front propagates into the opposite direction, creating a rarified central region or void [18]. 

As a result a void surrounded by densified shell is generated. The thermal accumulation 

mechanism occurs, when multiple pulses either with low energy and high repetition rate or with 

high energy and low repetition rate are irradiated at same location or at low scanning speed. Heat 

accumulates inside the focal volume causing the localized melting which is followed by heat 

conduction into the surrounding material. Due to rapid resolidification the melted region 

subsequently solidifies into a higher density phase [13]. In the latter mechanism, the feature size 

is determined by a combination of pulse energy and repetition rate, the stage translation speed, 

and the NA of the objective lens.  
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2.2.2 Characterization of Mechanical Properties by Nanoindentation 

Nanoindentation or depth-sensing indentation testing is a modern technique which can be used to 

characterize the mechanical properties of materials at small length scales. An analysis of a load-

displacement curve gives hardness and the elastic modulus of the indented material, which are 

expressed as [19]:  
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where HIT is the indentation hardness, EIT is the indentation modulus representing the combined 

modulus of the indenter tip and the specimen, P is the indenter maximum load, zp is the 

penetration depth, dP/dz is the slope of the elastic unloading curve, and  is the semi-angle for 

an equivalent conical indenter. 

Lawn et al. [20] studied the deformation properties of materials using indentation tests. Their 

primary interest is in the brittle materials especially glasses. Using the condition for 

compatibility of the two half-cycles at the maximum load, the elastic recovery is: 
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where zr is the residual impression depth, zm is the maximum depth of penetration,  is the 

numerical constant related to the Poisson’s ratio and indenter’s geometrical factor. From Eq. 

(2.5) the extent of recovery depends on the H/E ratio. Thus, the ratio of H/E plays an important 

role in identifying the elastic/plastic behavior of materials.  
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When dealing with an elastic/plastic field in large scale events, where cracking occurs, H/E can 

be related to toughness. Lawn et al. [21] have shown that the quantity E/H emerges as the 

primary manifestation of the elastic/plastic far-field driving force for fracture. The crack opening 

force, Pr, produced by the residual stress field, can be expressed as Pr~(E/H)1/2cot2/3P, where P 

is the peak indentation load, and  is the semi- angle for an equivalent conical indenter. 

Assuming half-penny crack geometry, the stress intensity factor due to residual far-field force is 

written as K~f()Pr/c
3/2 [22], where f() is an angular function introduced to allow for the effects 

of the free surface, and c is the crack length. Assuming that the crack arrests when it grows to a 

length at which the stress intensity factor is just equal to the fracture toughness [23]. An 

appropriate expression of fracture toughness, KC, evaluated by indentation testing can be written 

as: 
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where k is an empirical constant which depends on the geometry of the indenter.  

Because brittleness measures the relative susceptibility of a material to two competing 

mechanical responses, deformation and fracture, H/KC has been proposed as the quantification of 

the brittleness [24] based on the critical flaw condition, 2
0

* )/( HKC C , where 0 is 

geometrical constant. The inversion of brittleness is the ductility; therefore, KC/H, which is 

related to the allowable critical flaw size represents the ductility index of materials in indentation 

testing.  
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In addition to the fracture mechanics analysis, an energy-based analysis is another approach that 

is used to determine elastic recovery, densification energy [25], and ductility [26] from load 

versus displacement curves obtained through indentation testing. Ductility is typically defined as 

the degree of plastic strain at fracture. The ductility index, D, is defined in terms of the 

indentation energy ratio as the following [26]: 
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Where Ur is the irreversible hysteresis energy, Ut is the total applied energy, Ue is the elastically-

recovered energy, zr is the residual indentation depth, zm is the maximum indentation depth, Pld is 

the indentation load during loading, and Pud is the indentation load during unloading.  

2.3 Experimental Setup and Characterization 

Experiments have been conducted utilizing a chirped amplified Ti:Sapphire laser system which 

outputs high energy ultrashort pulses with 800 nm wavelength and 130 fs pulse duration at a 1 

kHz repetition rate. S1-UV grade fused silica was used as the base material for these 

experiments. The laser beam was focused by 40x objective lens with NA 0.60 into the interior of 

1.0 mm thick, 10 mm square fused silica specimen mounted on a motorized linear stage. A 

schematic diagram of the experimental setup is illustrated in Fig. 2.1. Different conditions of 

laser processing parameters were applied by varying the feed rate of the stage and the energy of 

the laser pulses. Pulses were applied at energies ranging from 12 J to 30 J at stage velocities 

between 0.04 mm/s and 0.2 mm/s. After the femtosecond laser treatment, the samples were then 
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sectioned, ground and polished with cerium-oxide and a leather polishing pad. Due to the 

transparency of the sample, transmitted-light differential interference contrast (DIC) optical 

microscopy, which can reveal more contrast and detail in the feature morphology was used to 

obtain the side view optical micrographs.  

 

Figure 2.1: Schematic illustration of experimental setup. The laser beam is focused into the interior of the 

fused silica sample, and the scanning direction is along y-axis. 

After the femtosecond laser treatment, the affected region was examined via nanoindentation 

using a three-sided Berkovich indenter tip to characterize the mechanical properties. The 

Berkovich geometry has the advantage that the edges of the pyramid are more easily constructed 

to a sharper point than the four-sided Vickers geometry, and is generally used in small-scale 

indentation [19]. 200 nm depth spatially resolved nanoindents with 5 m spacing in the x and z 
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directions were conducted to cover both the affected and unaffected regions of the cross-section. 

2 m deep and 440 mN load nanoindents were also performed on the features to induce cracks, 

which were then scanned by atomic force microscopy (AFM) to measure the crack length and 

investigate the change in fracture toughness of the laser-irradiated zones. Five feed rate 

conditions at the same energy level, 30 J, and another five laser pulse energy conditions at the 

same feed rate, 0.04 mm/s, were used to investigate the effects of laser pulse energy and laser 

scanning speed on feature morphology and mechanical properties due to structural modifications. 

2.4 Results and Discussion 

2.4.1 Experimental Morphology by Transmission DIC 

As mentioned previously, when femtosecond laser pulses are focused through an objective lens 

to a spot inside bulk glasses, if proper conditions are met, the material confined within the focal 

volume experience structural modification. Usage of objectives with high NAs (NA>0.4), feature 

morphologies appear to have shapes with smaller ratios of longitudinal to lateral radii [5]. This 

agrees well with the ratios of major to minor radii of an ellipsoidal focal volume as described by 

Zipfel et al. [27]. Using a three-dimensional Gaussian ellipsoid to approximate focal volume, the 

radii of focal volume at 1/e2 intensity are NA dependent and written as [27]: 
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where xy and z represent the lateral and longitudinal radii of the Gaussian elliopsoid at 1/e2 

position in their corresponding direction, respectively,  is the laser wavelength and ni is the 

refractive index of the transparent material. 

 

Figure 2.2: Transmission DIC optical microscopy of cross section view (x-z plane) of femtosecond laser-

irradiated fused silica (beam diameter of 1.5 μm, scanning speed of 0.04 mm/s, and rep rate of 1 kHz). 

 

Figure 2.3: Transmission DIC optical microscopy of cross section view (x-z plane) of femtosecond laser-

irradiated fused silica (beam diameter of 1.5 μm, pulse energy of 30 J, and rep rate of 1 kHz). 
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The cross sections of features created by different laser pulse energies with a scanning speed of 

0.04 mm/s and by 30 J laser pulses at various feed rates are seen clearly with the use of DIC 

optical microscopy as shown in Fig. 2.2 and Fig. 2.3 respectively. These features have a long and 

narrow teardrop shape with an ellipsoidal dark core in the center. The shape and size of the core 

relates to the focal volume as described by Eq.(2.8), and the distinctive color of this region could 

be a consequence of the high level of interaction of a material with laser pulses, which repeatedly 

deposit energy into this region with large overlap. The outer regions show some discoloration 

and are expected to have experienced a temperature equal or greater than the softening point of 

fused silica. The asymmetric shape of outer regions is considered to be the result of focusing 

effects [16] and different temporal slices of the energy above the threshold [1,5]. The irregular 

profile near the top area of the features is probably caused by the inhomogeneous distribution of 

the laser intensity rather than material properties. Due to the nature of the process, the focal 

volume can be seen as heat source. This inner darker region can be associated with focal volume 

where laser energy is directly deposited and the presence of the outer region is due to heat 

conduction between the focal volume and surrounding material [10,13,17]. From Fig. 2.2 and 

Fig. 2.3, it can be seen that the feature size is strongly dependent on the scanning speed and laser 

pulse energy. The higher the laser pulse energies and lower feed rates correspond to formation of 

larger features. This is particularly important for transmission welding of the glasses in flat 

display industry where components inside of the enclosure can be thermally sensitive and highly 

localized weld is desired.  
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Figures 2.4 and 2.5 show the feature heights, widths, and aspect ratios (height/width) as a 

function of laser pulse energy and laser scanning speed respectively. The feature heights and 

widths are respectively defined from the longest and the widest portions of both regular and 

irregular features. For higher laser pulse energies, the temperature in the focal volume is higher, 

and when it is conducted to the surrounding area, the affected region which experiences the 

temperature above the softening point is bigger in both directions as shown in Fig. 2.4. On the 

other hand, the higher the speed, the less time there is for heat to accumulate inside the focal 

volume. As a result, the temperature is lower, and the affected region is smaller both in height 

and width as shown in Fig. 2.5. At same laser scanning speed, 0.04 mm/s, the aspect ratios are 

more-or-less constant with the laser pulse energy in the range of this study as shown in Fig. 2.4. 

This suggests that since each area of the material is processed for the same amount of time and 

there is no change in the focal volume ratio, the percentage of increasing in size each direction 

due to different pulse energies is about the same. However, from Fig. 2.5 the aspect ratios are 

decreased when the laser scanning speed is decreased as similarly observed by Vukelic et. al. 

[17]. Since the temperature gradients between the focal volume and the surrounding material in 

the axial and lateral directions are different due to the Gaussian ellipsoidal shape of the focal 

volume, Heat flux will be greater and strongly conducts in the lateral direction. Thus, the 

percentage of increasing size in this direction is higher than another direction as a function of 

time, resulting in the decreased aspect ratios.  
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Figure 2.4: Height, width, and height/width ratio of the feature (affected area as shown in Fig. 2.2) in 

femtosecond laser-irradiated fused silica at different pulse energy levels but same scanning speed of 0.04 

mm/s. Error bars denote standard deviation.

 

Figure 2.5: Height, width, and height/width ratio of the feature (affected area as shown in Fig. 2.3) in 

femtosecond laser-irradiated fused silica at pulse energy level of 30 J with various scanning speeds. Error 

bars denote standard deviation. 
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2.4.2 Morphology from Isotherm Modeling 

As described in the previous section, heat accumulation and diffusion play an important role in 

feature formation. A simplified heat conduction model was used in order to capture the basic 

mechanisms of structure changes and to predict the size of the softening/melting region induced 

by femtosecond laser processing of transparent materials. The work piece material is assumed to 

be isotropic, and the temperature dependence of thermal conductivity and specific heat is taken 

into account. Modeling includes deposition of the femtosecond laser pulses at a 1 kHz repetition 

rate into the interior of a finite three-dimensional plate of fused silica. One-temperature heat 

conduction equation has been solved since the two-temperature model is suitable only for low 

fluences and widely used for metals [28]. The governing equation is therefore the temperature 

dependent classical heat equation with a laser source: 
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where  is density, Cp is specific heat, k is conductivity, x, y, and z are the Cartesian coordinates, 

t is time, and I is the laser intensity or the energy rate supplied externally into the body. Laser 

energy is assumed to be absorbed only inside a focal volume. Based on Eq. (2.8), the focal 

volume is modified to use a double ellipsoidal shape in order to compensate for a teardrop shape 

of features caused by focusing effects [16]. Therefore, the intensity profile of a moving laser 

beam is a 3D spatial Gaussian ellipsoid and a 1D Gaussian in time, which can be written as: 
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where I0 is the peak intensity, Δx, Δy, and Δz are distances measured in Cartesian coordinate 

system from the center of the laser beam, and pt is a full-width-at-half-maximum (FWHM) pulse 

width. The aspect ratio of the focal volume, z/xy, is kept constant as it depends on wavelength 

and NA only, which are constant. Although simplified with respect to actual process, the 

established numerical model allows one to estimate the size of the affected region based on the 

input parameters, laser pulse energy, repetition rate and feedrate. The analysis is implemented 

with the commercial finite element (FEM) program ABAQUS/Standard. 

 

Figure 2.6: Representative temperature distribution in femtosecond laser-irradiated fused silica at pulse 

energy level of 30 J and scanning speed of 0.04 mm/s. The gray area represents the material region that 

experiences the temperature equal or greater than the softening point (step time of 520 fs). 
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The representative isothermal contours of the affected region during processing using 30 J laser 

pulse energy and 0.04 mm/s laser scanning speed is illustrated in Fig. 2.6. The gray color contour 

represents the material region that experiences temperatures equal or greater than the softening 

temperature of fused silica. This contour shape is similar to the feature morphology as shown in 

Fig. 2.2 and Fig. 2.3. The feature sizes and aspect ratios of these numerical results along with the 

experimental ones are plotted as a function of laser pulse energy in Fig. 2.7. The numerical 

models predict the same increasing trend of feature size as the experimental results both in height 

and width as shown in Fig. 2.7 (a), and also the same more-or-less constant trend of the aspect 

ratios as the experimental ones as shown in Fig. 2.7 (b). However, there is some discrepancy 

between the numerical and experimental sizes. This is due the fact that the numerical model does 

not take into account hydrodynamic motion and shock wave that comes as its consequence as 

well as pressure effect. As a result the size of the feature is underestimated. From Fig. 2.7 (a), it 

is clearly seen that there is higher discrepancy in the prediction of the feature widths. Thus, it 

could be thought that the effects of shock wave and pressure are more dominant in determining 

the feature size in the lateral direction than in the axial direction. Subsequently, the aspect ratios 

are overestimated, as seen in Fig. 2.7 (b). Therefore, the thermal model suggests that the 

mechanisms responsible for feature formation of femtosecond laser-irradiated fused silica using 

low repetition rate, high energy regime, and low scanning speed are more complex and could be 

the combinations of high pressure explosive plasma expansion and high temperature thermal 

diffusion. Future studies will concentrate on further improvement of the established numerical 

model. 
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Figure 2.7: Experimental and numerical feature morphology comparison (a) feature size (b) height/width 

ratio of femtosecond laser-irradiated fused silica at different pulse energy levels with same scanning speed of 

0.04 mm/s. Error bars denote standard deviation. 

(a) 

(b) 
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2.4.3 Spatially Resolved Nanoindentation 

An array of 200nm depth nanoindentation measurements were performed over the cross section 

of femtosecond laser-modified fused silica with spatial resolution of 5 m as shown by the 

reflection DIC optical micrograph in Fig. 2.8. The radius of plastic zone from a cavity model of 

an elastic-plastic indentation by a conical indenter, which described by Johnson [29], was used as 

a guideline to define the spacing between each indent. The plastically deformed radius is written 

as: 
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where rp is the radius of plastic zone, d is the indentation depth, β is the angle between the 

indenter face and the surface (19.7° for the equivalent cone for a Berkovich indenter), E is 

Young’s modulus, Y is the yield stress, and  is Poisson’s ratio. The load-displacement curves of 

indents on both modified and unmodified regions in Fig. 2.8 were measured, and the 

representative curves of these two regions were compared as illustrated in Fig. 2.9. Hardness and 

Young’s modulus are extracted from the loading and unloading curves respectively. 

The contour maps of two basic material properties, Young’s modulus and hardness, correspond to 

the array of nanoindents in the optical micrograph were plotted as shown in Fig. 2.10. It is 

observed that the Young’s modulus and hardness in the femtosecond laser-irradiated region are 

reduced, and that the size and shape of these contours look similar to the morphology of the 

affected region in Fig. 2.8. The reduction in modulus and hardness confirms presence of structural 
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Figure 2.8: Representative reflection DIC optical microscopy of spatially resolved nanoindentation array 

(200nm depth and 5 m spacing) on the cross section (x-z plane) of fused silica irradiated by femtosecond 

laser. The circle locates the weakest point in Young’s modulus and hardness corresponds to Fig. 2.10. 

 

Figure 2.9: Representative load-displacement curves for 200nm indentation in untreated and irradiated 

regions of fused silica sample. 
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modifications inside the affected region. The region undergoes irreversible densification which is 

a consequence of high pressures created by the plasma expansion. At the same time the presence 

of breaks in the linkage within a structure due to the nature of the process also allows easier 

displacement of the atoms and reduces the elastic modulus [30]. Young’s modulus should be 

proportional to the number of bridging bonds per unit volume of glass [31], and the hardness 

relates to the connectivity of the structure [32]. From fluorescence microscopy it was shown that 

in fused silica nonbridging oxygen hole centers (NBOHC) are formed in the regions exposed to 

femtosecond laser irradiation especially in high pulse energy regime [14]. NBOHC are 

considered as defects, and cause the connectivity of glass network structure to be decreased.  

 

Figure 2.10: Spatially resolved determination of (a) Young’s modulus (b) hardness on the cross section of 

laser-irradiated region (30 J pulse energy and 0.04 mm/s scanning speed). The maps correspond to the array 

of 200nm depth nanoindents with 5 m spacing shown in Fig. 2.8 and are constructed based on the load-

displacement measurement results shown in Fig. 2.9. 

(a) (b) 
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Therefore, the combination of high pressure and high temperature generated by femtosecond 

laser pulse trains cause the material in the affected region to become more flexible (lower E) and 

softer (lower H). As the point which has the lowest value of Young’s modulus and hardness 

shown in Fig. 2.10 is aligned with the optical axis of laser pulses and is almost in the middle of 

the feature, it could be the center of the intensive interaction region as discussed in the 

experimental morphology analysis section, and the existence of this weakest point is a 

consequence of that. 

Figure 2.11 shows the spatially resolved mapping of H/E ratios over the femtosecond laser-

irradiated region. It is observed that the H/E ratios in the femtosecond laser-irradiated region are 

reduced. When focusing on elastic and plastic strains and considering each of the two properties, 

 

Figure 2.11: Spatially resolved determination of the ratio between hardness and Young’s modulus (H/E) on 

the cross section of laser-irradiated region (30 J pulse energy and 0.04 mm/s scanning speed). The maps 

correspond to the array of 200nm depth nanoindents with 5 m spacing shown in Fig. 2.8 and are constructed 

based on the load-displacement measurement results shown in Fig. 2.9. 
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Young’s modulus and hardness, materials with lower values of Young’s modulus exhibit lower 

resistance to elastic deformation or higher elastic strain, while materials with lower values of 

hardness exhibit lower resistance to plastic deformation or higher plastic strain. However, in 

displacement-controlled nanoindentation, there is the same amount of total strain, and the elastic 

and plastic strain portions cannot increase or decrease in the same time. Thus, the changes of 

these two properties will compete with each other, and the materials will show their changes in 

elastic/plastic behavior. Plastic behavior dominates at lower values of H/E while elastic behavior 

dominates at higher values of H/E. Therefore, the decrease in H/E ratios means the material in 

the modified region experiences a higher degree of plastic deformation which can be viewed as 

an increase in ductility.  

 

Figure 2.12: Spatially resolved determination of the normalized dissipated energy on the cross section of 

laser-irradiated region (30 J pulse energy and 0.04 mm/s scanning speed). The maps correspond to the array 

of 200nm depth nanoindents with 5 m spacing shown in Fig. 2.8 and are constructed based on the load-

displacement measurement results shown in Fig. 2.9. The maps represent ductility index and densification. 
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Further, one can determine the ductility index through employment of Eq. (2.7). The ratio of the 

irreversible hysteresis loop energy Ur to the total energy Ut, is defined as the degree of plastic 

flow [26]. The ductility index D varies from 0.0 for a purely elastic to 1.0 for a purely plastic 

material. A mapping of the results from this approach is illustrated in Fig. 2.12. The contour map 

showed that ductility index of femtosecond laser-irradiated region is increased up to 25%. The 

increase in ductility index corresponds well with the highly plastic behavior indicated by the 

decrease in H/E ratio. 

With the “open” network structure of fused silica, it is considered that the main mechanism for 

plastic deformation is densification rather than plastic flow [33], and that the irreversible 

hysteresis loop energy Ur can also be defined as the energy consumed for densification [25]. The 

increase in normalized irreversible loop energy shown in Fig. 2.12 corresponds to the increase in 

 
Figure 2.13: Volume fraction distribution of three- and four-fold ring structure based on the 606 cm-1 and 495 

cm-1 peak in Raman spectra of cross section of femtosecond laser-irradiated region (30 J pulse energy and 

0.04 mm/s scanning speed). [17] 



63 
 

 

refractive index of the treated glass [13]. Spatially resolved and decomposed Raman spectral 

analysis [17] revealed that the volume fraction of three- and four-fold rings of affected regions 

irradiated by 30 J pulse energy and 0.04 mm/s scanning speed, increases as illustrated in the 

contour map of Fig. 2.13. The densification has been related to the change of structure from five- 

and six-fold rings to become three- and four-fold rings, which have smaller intertetrahedral 

angles and thus are more densely packed. Therefore, in addition to the increase in refractive 

index [13,14], as well as the structural changes characterized by spatially resolved Raman 

spectroscopy [17], the increase in normalized dissipated energy by spatially resolved 

nanoindentation testing also suggested that fused silica irradiated by femtosecond laser pulses 

undergoes densification.  

Toughness, a measure of the ability of a material to absorb energy up to fracture, is an integration 

product of strength and degree of plastic strain or ductility. Considering the conservation of the 

volume in the cavity model, Johnson [29] locates the elastic-plastic boundary for conical or 

pyramidal indenters during contact. The expression, which relates hardness, H, to yield strength, 

Y, and Young’s modulus, E, is written as: 
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where β is the angle between the indenter face and the surface, and  is Poisson’s ratio. As can be 

seen from this equation, when H/E is decreased, the yield strength is also decreased. 

Femtosecond laser-irradiated regions showed a decrease in yield strength and an increase in 
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ductility. Thus, the changes in toughness result from the competitions between the percentage 

decrease in yield strength and the percentage increase in ductility. If the change in yield strength 

was less dominant, the affected regions of fused silica would have higher toughness. 

2.4.4 Effect of Laser Processing Parameters on Mechanical Responses 

As demonstrated previously, the materials in the affected region are more flexible (lower E), 

softer (lower H), and highly plastic (lower H/E ratio). Referring to the difference of each 

property between the untreated and the irradiated regions, Figure 2.14 and Fig. 2.15 show the 

maximum decrease of modulus, E, hardness to modulus ratio, H/E, and hardness, H, as a 

function of laser pulse energy and laser scanning speed, respectively. All three quantities show 

decreasing trends in cases of increasing pulse energy or decreasing scanning speed. The 

decreasing trend of the H/E ratios revealed more dominant plastic behavior in the new structural 

materials created by more energetic pulses or by slower scanning speeds. Due to higher pressures 

and temperatures caused by more energetic pulses, the mean separation between the atoms 

increases, and the structure of the irradiated glass tends to exhibit more breaks in the linkage. 

Thus, the more nonbridging oxygen hole centers (NBOHC) are created, and the connectivity of 

the structure decreases. Therefore, E and H decrease further with increase in laser pulse energy. 

On the other hand, the lower the speed, the more interaction time and a higher number of pulses 

are used to modify the network structure of the glass. As a result, there are more NBOHC, and 

the connectivity of the structure decreases. Therefore, there is a further decrease in E and H due 

to the decrease in laser scanning speed. 
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Figure 2.14: Maximum decrease of modulus (E), hardness (H), and hardness to modulus ratio (H/E) of 200nm 

depth nanoindents inside the femtosecond laser-irradiated regions (same scanning speed of 0.04 mm/s but 

different pulse energy levels.) Error bars denote standard error. 

 

Figure 2.15: Maximum decrease of modulus (E), hardness (H), and hardness to Young’s modulus ratio (H/E) 

of 200nm depth nanoindents inside the femtosecond laser-irradiated regions (same pulse energy level of 30 J 

with various scanning speeds.) Error bars denote standard error. 
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2.4.5 Fracture Toughness Comparison  

Cracks were produced in the glass using 2 m depth displacement-controlled and 440 mN load-

controlled nanoindentation tests. Due to the feature size and the residual imprint size, only one or 

two indents could be placed on each feature as shown by the reflection DIC optical micrograph 

in Fig. 2.16. After indentation, the fused silica samples were scanned by AFM to investigate and 

measure the final crack lengths, c, from the center of the residual impression to the ends of 

cracks at specimen surface as shown in Fig. 2.17. The decrease in H/E ratios of the affected 

regions as shown in the previous section, which represents highly plastic behavior, will cause the 

larger impression lengths, a, measured from the center of the contact to the corners of the 

impression. As expected, the final crack lengths, c, which should have a direct relationship with 

the impression lengths were larger in the affected regions were created by both load- and 

displacement-controlled nanoindentations.  

From the final crack length, c, max load, P, and the E/H ratio, the fracture toughness, KIC, in the 

femtosecond laser-irradiated regions was calculated as a function of laser pulse energy and laser 

scanning speed and compared to the values from the untreated regions as shown in Fig. 2.18. 

Although the higher E/H ratios of the modified materials enhance the residual forces which drive 

the crack, the power of the E/H term is three times less than that of the c term in Eq. (2.5). Thus, 

the fracture toughness is decreased comparing to the untreated regions. However, the brittleness 

index H/KC in the affected region is decreased as well, which corresponds to the increase in 

ductility index. As shown previously in Fig. 2.14 and Fig. 2.15, the H/E ratios were more reduced 



67 
 

 

 

Figure 2.16: Reflection DIC optical microscopy of 2 m depth nanoindents on and off the femtosecond laser-

irradiated region for fracture toughness measurements. 

 

Figure 2.17: (a) AFM scan (the derivative of topography) of 2 m depth indentation (b) Crack parameters for 

Berkovich indenter. Crack length c is measured form the center of the residual impression to the tip of crack 

at specimen surface. 
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Figure 2.18:  Comparison of fracture toughness measured by crack-induced indentation method between 

untreated and irradiated regions at 30 J pulse energy with various scanning speeds, and at different pulse 

energy levels with 0.04 mm/s scanning speed of fused silica sample. 

in cases of increased laser pulse energy and decreased laser scanning speed. The increase in E/H 

ratios and the larger crack lengths, c, in cases of increasing pulse energy or decreasing scanning 

speed, cause decreasing trends of fracture toughness as shown in Fig. 2.18. It is shown that the 

maximum decrease is less than 10%, and the decrease in fracture toughness can be minimized if 

lowering the pulse energies or increasing the scanning speeds.  

2.5 Conclusion 

The interior of fused silica was irradiated by femtosecond laser pulses with pulse energies higher 

than the threshold for multiphoton and avalanche ionization. The morphology of the affected 

regions has been investigated, and it has been observed that the feature size increased in both 



69 
 

 

height and width with an increase of the laser pulse energy or with decrease of the scanning 

speed. The aspect ratios remain more-or-less constant with pulse energy due to the constant size 

of focal volume and constant interaction time. Further, an increase with scanning speed is due to 

reduced interaction time and the preferable direction of heat conduction caused by the 

differences in temperature gradients between the radial and longitudinal directions. Spatially 

resolved measurements of mechanical properties, i.e. hardness, Young’s modulus, H/E ratios, 

etc., on cross sections of the affected regions were performed. A decrease in the Young’s modulus 

and hardness were observed due to higher content of the NBOHC in treated regions that cause 

lower connectivity of the atomic structure caused by energetic pulse interaction with the 

material. However, the new structural material exhibits greater plastic behavior, and the ductility 

increases. This study has also shown that the fracture toughness is slightly decreased (< 10%) 

and the processing conditions of this study could be used for transmission welding applications. 

Furthermore, this study has shown that the decrease in fracture toughness can be minimized by 

lowering the laser pulse energy or increasing the laser scanning speed. 



70 

 

 

Chapter 3:  Transmission Welding of Glass by Femtosecond Laser: 

Mechanism and Fracture Strength 

3.1 Introduction 

Glasses are widely used in various flat panel displays and biomedical applications. Joining 

techniques of glasses are usually based on the use of an adhesive agent or interlayer. Laser beam 

welding is considered to be a highly flexible technique with potential for joining glasses. The 

main advantages of laser welding over processes such as adhesive joining and anodic bonding 

are that the energy is supplied without physical contact to the workpiece and can be selectively 

coupled to the desired joining area, respectively. Due to the high level of transmission of light 

through transparent materials, glass-glass joining by conventional lasers requires an interlayer or 

opaque material between the top and bottom pieces to absorb the laser energy. Due to the non-

linear absorption characteristics of femtosecond lasers, however, transmission welding of 

transparent materials without an interlayer is possible when the laser beam is tightly focused on 

the interface.  

Two different regimes of transmission welding by ultrashort pulsed lasers have been identified. 

Welding in the low repetition rate regime (1-200 kHz) and high repetition rate regime (>200 

kHz) is dependent on whether the time interval between successive pulses is longer or shorter 

than the characteristic time for heat diffusion outside the focal volume [1]. Tamaki et al. [2] first 

demonstrated welding between two silica glass plates without a light-absorbent intermediate 

layer using a low repetition rate femtosecond laser. Watanabe et al. [3] then reported the welding 

of dissimilar transparent materials using the same femtosecond laser, and also investigated the 

parameters that resulted in joining by varying the laser pulse energy and the translation velocity. 
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To this point, however, there have been no morphological studies of the weld seam and the 

geometry of the weld in this low repetition rate regime is not well understood. Tamaki et al. [4] 

also reported on laser micro-welding of transparent materials based on a localized heat 

accumulation effect using high repetition rate femtosecond laser irradiation, and performed a 

simple tensile test after welding to estimate the joint strength. The testing procedure, however, 

was not precise due to its inability to continuously increase the applied load. Further studies [5–

7] on the possibility of ultrashort pulsed laser welding of borosilicate glass substrates in the high 

repetition rate regime have been reported; however, there has been no quantitative evaluation of 

joint strength and no studies on the mechanical properties of the weld seam. 

There are many attempts to simplify the problem by characterizing mechanical properties of the 

molten region irradiated by an ultrashort pulse laser inside a single piece of transparent material. 

Miyamoto et al. [8] evaluated the mechanical strength of the laser-melt zone using a three-point 

bending test, and showed that the strength in that zone was as high as in the un-irradiated base 

material; however, the sample had to be polished to locate the laser induced feature on the 

bottom surface of the test sample in order to maximize the tensile strength. Borrelli et al. [9] 

performed a double torsion test to measure fracture toughness, and revealed that the apparent 

fracture toughness is increased within the laser-treated area. Bellouard et al. [10] used 

nanoindentation tests to show an increase in Young’s modulus within the laser treated zones of 

fused silica irradiated by femtosecond pulses with high repetition rate; however, these 

measurements were not constrained to within the treated regions. Kongsuwan et al. [11] 

performed spatially resolved nanoindentation tests and revealed a decrease in Young’s Modulus 

and hardness, and an increase in ductility in regions of fused silica irradiated by femtosecond 

laser pulses with low repetition rate. The mechanical properties and strength of real weld seams 
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rather than of features created inside single-piece specimen, however, still requires further 

investigation. 

In this study, transmission welding using a femtosecond laser at a low repetition rate has been 

performed to investigate the morphology and mechanical properties of the weld zone. The role 

and effect of the gap at the interface between two transparent material plates on the welding and 

joining mechanisms have also been investigated. Differential interference contrast optical 

microscopy is employed to study the morphology of the weld cross section, and a numerical 

model is developed to predict the feature shape. The possibility of using the absorption volume 

predicted by the model as a guideline for selecting processing parameters to get a desirable weld 

shape is also discussed. Spatially resolved nanoindentation is used to investigate the changes in 

mechanical properties, and indentation fracture analysis is performed to study the strength of the 

material in the weld seams. 

3.2 Background 

3.2.1 Formation Mechanism of Transmission Welding by Femtosecond Laser 

When a femtosecond laser beam is tightly focused by objective lens on the interface of two 

transparent material plates, the laser intensity at a focal region becomes extremely high resulting 

in nonlinear absorption. Due to the Gaussian temporal profile of a femtosecond laser pulse, the 

leading edge of the converging laser pulse starts breakdown the material at or above the focal 

plane when the intensity reaches the material ionization threshold, and the subsequent portions of 

the laser pulse with higher intensity then produce breakdown still further above the focal plane 

where the beam diameter is larger [12,13] leading to a teardrop-shaped absorption volume.  
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At the end of the femtosecond laser pulse, the laser energy absorption process is completed, and 

a hot-electron plasma will be almost completely confined within the absorption volume with its 

surface area partially exposed to the air gap inevitably existing between the two plates. When the 

electrons have transferred their energy to the ions of the material, hydrodynamic motion starts, 

and a shock wave emerges from the energy deposition zone [14]. The average pressure, Pavg, in 

the absorption volume, Vabs, that drives the shock wave can be calculated as [15]: 

 ௔ܲ௩௚ ൎ ܳௗ௘௣ ൌ
௣ܧܣ
௔ܸ௕௦

 (3.1)

where Qdep is the total deposited energy density,  A is the absorption coefficient and Ep is the laser 

pulse energy. When two parallel transparent material plates are pressed together to have a very 

small gap, the van der Waals force per unit area, Fvdw, between the two plates is given by [16]: 
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where d is the distance between plates, h is the Planck’s constant, c is the speed of light, and n is 

the refractive index of the plates at infinite wavelength. The shock pressure in the absorption 

volume due to ultrafast laser processing is considerably higher than the van der Waals force per 

unit area between the two plates. Considering model of a beam simply supported at both ends 

and subjected to a concentrated load at any point [17], the gap at the interface is increased by a 

deflection,  , which can be written as: 
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where wxy is the radius of the absorption volume, l is the distance between both supported ends, a 

and b are the distance from the load point to each supported end, E is the Young’s modulus of 
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the material, and I is the area moment of inertia.  This deflection is approximated from the 

average pressure in Eq. (3.1) which is a simplified model with a linear relationship to energy 

density. However, the pressure inside the absorption volume could be a non-linear function of 

energy density due to phase transition. After the femtosecond laser absorption process, the free 

electrons and the lattice will attain a local thermodynamic equilibrium in a time scale on the 

order of picoseconds [15] after which the materials will be in a superheated state [18]. In 

addition to shock-wave emission, the absorption volume will undergo a thermal process in which 

phase transitions take place. For high levels of superheating, corresponding to high excitation 

energy density, nucleation of gas bubbles or phase explosion can occur, and a heterogeneous 

phase of vapor and liquid droplets may develop [19,20]. The nucleation of gas bubbles causes an 

increase in the pressure within the absorption volume [20]. This could result in greater deflection 

of the plates and possible ejection of the material [20,21]. 

3.2.2 Numerical Analysis of Absorption Volume 

In practical, most of the ultrashort laser pulses from mode-locked lasers are a transform-limited 

pulsed beam, in which case, the temporal shape of a pulse is a sech-function. However, for the 

sake of simple mathematical manipulations, the temporal shape can often be approximated with a 

Gaussian function [22]. Based on the fundamentals of laser beams and optics, in order to 

accurately capture the shape of the absorption volume, a numerical model should be constructed 

by considering the assumed Gaussian temporal distribution of laser power, )(tP , within the laser 

pulse duration as given in Eq. (3.4) as well as the Gaussian spatial distribution of the laser 

intensity, ),,( tyxI , as given in Eq. (3.5). 
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where Ep is the laser pulse energy, tp is pulse duration, ݎ ൌ ඥݔଶ ൅  ଶ is the distance from theݕ

center of laser beam, R0 is the 1/e2 radius of the unfocused beam, and t is time. A laser beam with 

an intensity profile corresponding to Eq. (3.5) will converge to a diffraction-limited spot radius, 

wo, and the beam waist as a function of distance from the focal plane, w(z), can be calculated as:
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where z is the distance from the laser focal plane, ϴ is the half-convergence angle of laser beam 

coming into the focus, M2 is the laser quality factor,  is the laser wavelength, and NA is the 

numerical aperture of an objective lens. At each point in time during the pulse duration, the 

spatial distribution of the laser intensity is described by Eq. (3.5). As the beam propagates into 

the sample, the width decreases as described by Eq. (3.6), and at some point, the laser intensity is 

absorbed at various locations forming a plasma when it reaches the intensity threshold, Ith, of the 

material given by [23]: 
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where nc is the electron critical density, na is the density of neutral atoms, mpi is the field

 
ionization coefficient, and nph is the number of absorbed photons. The breakdown will start 

closest to the focal plane and move upwards along the beam axis during the first half of the pulse 

duration due to the Gaussian temporal distribution of the laser power. This requires a smaller 
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beam spot to reach the threshold intensity at lower powers and a larger beam spot at higher 

powers. The absorption volume is determined by combining all of the points where absorption 

occurred during the first half of the laser pulse. The energy in the second half of pulse duration 

will be absorbed in this absorption volume to generate a higher-density plasma in the absorption 

volume. 

3.2.3 Fracture Strength of the Weld Seam 

The material in transmission welded region possesses properties different from that in the initial 

state. Nanoindentation is a non-destructive test capable of extracting elastic modulus and 

hardness of the specimen, and in addition to those properties, it is widely accepted that KIC can 

also be obtained by measuring the post-indentation radial crack size emanating from the indent 

as a function of load as shown by Lawn : ܭூ஼ ൌ ݇ ቀா
ு
ቁ
ଵ/ଶ ௉

௖య/మ
 [24]. For triangular pyramid 

indenters such as a Berkovich or cube corner, the profile of the radial crack is more likely a semi-

elliptical geometry [25] rather than halfpenny shape observed for Vicker indenters. For an 

elliptical crack embedded in an infinite body in tension, Irwin [26] derived the stress intensity 

factor, KI, using 3D potential functions as: 
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where σ is the tensile stress, a and b are major and minor radii of an elliptical crack, ϴ is the 

angle from the major axis, and E(k) is a complete elliptic integral of the second kind defined as: 
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Although no closed-form solution is available for semi-elliptical surface cracks, proper 

numerical factors can be used to account for the effect of free surfaces. The free surface factor 

tends to 1.1215 for long surface cracks, and would tend to 1 for semicircular shapes. The free 

surface factor, f, is typically written as [27]: 

 ݂ ൌ 1 ൅ 0.1215ሺ1 െ
ܾ
ܽ
ሻ (3.10)

Indentation testing at high loads will initiate radial cracks with known length, c, from the center 

of indentation point and with depth, d, assumed equal to the indentation depth. Therefore, 

assuming a semi-elliptical geometry with one free surface, the stress intensity factor at the tips of 

the post-indentation radial cracks under an applied tensile stress will be the following: 
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where r is depth-to-length ratio of surface semi-elliptical cracks induced by a Berkovich 

indenter. Depending on the application, the weld seams may be subjected to different types of 

loading such as tension, shear, etc. Mode I (opening mode) fracture is the most applicable to 

glasses since they generally fail in tension. From the post-indentation radial crack, if the material 

is under a tensile load, fracture will occur when the stress intensity factor at the crack tip, KI, 

reaches the critical stress intensity factor, KIC, which is a physical characteristic of the material. 

Using a power series to express the E(k) function in Eq. (3.12) and accounting for only the first 

four terms, the tensile fracture stress, σf, of the materials can be obtained using Eq. (3.13). 
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where KIC is the fracture toughness from indentation. Due to the presence of the crack, the 

residual strength of the structure decreases progressively with increasing crack size.  

3.3 Experimental Setup and Characterization 

Transmission welding is performed using a chirped amplified Ti:Sapphire laser system which 

outputs high energy ultrashort pulses with 800 nm wavelength and 130 fs pulse duration at a 1 

kHz repetition rate. Commercial grade borosilicate glass (BK7)  1.0 mm thick was sectioned into 

6 mm x 12 mm samples and  cleaned by RCA-cleaning [28], and were subsequently pressed 

together at a pressure of roughly 2 MPa for 10 min. The pressed samples were super glued on the 

both ends before being fixed to a motorized linear stage and processed by femtosecond laser 

pulses. The laser beam was focused by a 40x objective lens with a NA of 0.60 at the interface 

between the plates. A schematic diagram of the experimental setup is illustrated in Fig. 3.1. 

After the femtosecond laser treatment, the samples were then ground with carbide papers and 

polished with cerium-oxide and a leather polishing pad to have smooth surface. Reflective light 

differential interference contrast (DIC) optical microscopy, which can reveal more contrast and 

details in the feature morphology, was used to obtain the cross section view of the weld seams. 

The weld zone was examined via nanoindentation using a three-sided Berkovich indenter tip to 

characterize the mechanical properties. Arrays of 100 nm deep nanoindents with 3 m spacing in 

the x and z directions were conducted to cover the cross section of both the weld zone and a 

nearby unaffected regions to provide a spatially resolved measurement of material properties. 

150gf to 350gf load nanoindents were also performed on the features to induce cracks in order to  
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Figure 3.1: Schematic illustration of experimental setup. The laser beam is focused onto the interface of two 
borosilicate glass plates, and the scanning direction is along the y-axis. 

investigate the fracture toughness of the weld zones. Different laser pulse energy conditions were 

used to investigate the effects of laser pulse energy on morphology and mechanical properties of 

the weld seams.  

3.4 Results and discussion 

3.4.1 Weld Formation and Geometry 

While other studies [6–8] have used high precision flatness glass plates and required the gap 

between the plates to be less than λ/4 in order that the welding to succeed, BK7 glass plates with 

standard flatness of 3-5 waves/inch were used in this study. Figure 3.2 shows the transmission 

welded cross section (xz-plane) of two BK7 glass plates with the processing condition of 10 μJ  
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Figure 3.2: Reflective DIC optical microscopy of cross section view (xz-plane) of a weld seam (laser pulse 
energy of 10 μJ, scanning speed of 0.02 mm/s, and repetition rate of 1 kHz.) 

laser pulse energy and 0.02 mm/s laser scanning speed from reflective DIC optical microscopy. 

There is continuity of the material from the top piece to the bottom piece in the processed region. 

From this figure, it can also be observed that the shape of the affected region is a teardrop shape 

and it looks similar to the morphology of femtosecond laser modified regions inside a single piece 

of a material [11]. AFM topography was also carried out to image cross section profiles across 

both welded and reference regions as shown in Fig. 3.3 (a) and Fig. 3.3 (b). Although the gap 

between the plates is not as low as λ/4 due to the standard flatness of the plates, it is very clear 

that the two borosilicate glass plates were joined. In order to investigate the possibility of 

connecting multiple weld lines to have a larger weld seam, transmission welding of multiple 

laser scanning lines with the spacing between lines less than the weld width from the single line 

case was performed. Figure 3.4 shows the cross section view (xz-plane) of a sample processed 

with five overlapping weld lines. The individual weld lines cannot be distinguished, and it can be  
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Figure 3.3: (a) 3D AFM topography on the cross section (xz-plane) of a weld seam (laser pulse energy of 10 μJ 
and scanning speed of 0.02 mm/s) and (b) AFM line profiles across glass interface near and on the weld seam. 

 

Figure 3.4: Reflective DIC optical microscopy of cross section view (xz-plane) of a multiple-line weld seam 
(laser pulse energy of 10 μJ, scanning speed of 0.02 mm/s, and repetition rate of 1 kHz, 5 scanning lines with 6 

μm spacing between lines.) 

concluded that the transmission welding of large areas may be performed by automatically 

controlling the movement of a positioning stage and overlapping welds with a spacing less than 

the width of a single-line weld seam. 
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Due to its low repetition rate and the presence of an air gap at the interface, the pressure 

evolution inside the absorption volume will play an important role in the mechanism of weld 

seam formation. The glass and air inside the absorption volume that are ionized and experience 

high temperatures and high pressures will eventually be transformed and solidified, and become 

the weld joint and surrounding affected regions. According to the numerical analysis of the 

absorption volume in section 3.2.2, when a 10 J pulse energy is used, the absorption volume is 

approximately 9.08 x 10-16 m3, and the surface area of this absorption volume is approximately 

4.80 x 10-10 m2. An average pressure of 11.0 GPa, which calculated from Eq. (3.1), is assumed to 

be generated inside the absorption volume. From Eq. (3.3), this pressure causes deflection of the 

plates in the z-direction of roughly 44 nm if the weld line is 1 mm from a glue-supported end or 

476 nm if the weld line is located at the center of the workpiece. The standard roughness of the 

glass plates and the images in Fig. 3.2 to Fig. 3.4 suggest that the final gap at the weld interface 

is approximately 2 μm. Assuming the initial gap is less than 2 m, due to the effect of laser 

energy deposition, the gap will be opened wider, and the surface area of the absorption volume 

will be almost completely confined by the surround solid material with approximately 10% of 

the area exposed to the open space within the gap. Therefore, depending on the average pressure 

and the area which is exposed to open-space, some fraction of the post-shock state material could 

be driven out of the absorption volume to the surrounding area at the interface between the plates 

as debris. 

To verify this mechanism, the top view (xy-plane) of weld lines processed with different pulse 

energies as shown in Fig. 3.5 (a), were analyzed. From the numerical analysis in section 3.2.2, 

the absorption volume and the deposited energy density increase at a higher rate than laser pulse 
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energy; therefore, as defined by Eq. (3.1), the average pressure inside the absorption volume 

decreases with increasing laser pulse energy. Due to higher average pressure and higher 

deposited energy, debris which was driven out to the area surrounding the welding lines is 

clearly observed in the two conditions on the right of Fig. 3.5 (a) using lower pulse energy 10 J 

and 20 J, respectively. This debris is considered to be due to the occurrence of phase explosion 

under these conditions. However, for the 10 J pulse energy condition the debris was not driven 

far away from the welding line compared to the 20 J pulse energy, as seen in Fig. 3.5 (a). This  

  

Figure 3.5: (a) Top view (xy-plane) and (c) cross section view (xz-plane) of weld seams performed at different 
processing conditions obtained through transmission DIC optical microscopy (laser scanning speed of 0.06 

mm/s, 0.04 mm/s, 0.03 mm/s, and 0.02 mm/s respectively from the left) (b) Top view (xy-plane) and (d) cross 
section view (xz-plane) of a weld seam for 10 J and 0.02 mm/s condition. 
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could be due to the location of absorption volume with respect to an interface as shown in Fig. 

3.5 (c). Because of its teardrop shape, the higher position of the absorption volume with respect 

to the interface causes the larger confined area of the absorption volume by the surrounding 

material, and it implies that the shockwave pressure will be greater. Therefore, if the absorption 

volume is moved up as shown in Fig. 3.5 (d), the debris will be driven further from the welding 

line as observed in its corresponding top view in Fig. 3.5 (b). On the other hand, no debris will 

be observed as shown in the two conditions on the left of Fig. 3.5 (a) using pulse energy of 50 J 

and 30 J, respectively due to their lower average pressure and lower deposited energy density, 

which could not induce phase explosion. While significant cracking is observed around the 

leftmost weld line, this cracking is considered to be due to thermal shock rather than pressure 

created by the expanding plasma. The higher peak power and higher scanning speed result in a  

 

Figure 3.6: Comparison of experimental weld width and simulated absorption width at different laser pulse 
energies. Error bars denote standard deviation. 
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higher peak temperature and greater thermal gradient surrounding the absorption volume, 

respectively. The thermal stress overcomes the fracture stress of the material, and cracks are 

initiated as clearly observed in the leftmost weld line of Fig. 3.5 (a).  

The effect of laser pulse energy on the weld width is shown in Fig. 3.6. The weld width should 

be the same order of magnitude as the width of features created inside single-piece specimen. 

Higher laser pulse energies have shown to result in larger widths of features in single-piece 

specimen [11]; therefore, it is expected that the weld width will increase in size when the laser 

pulse energy is increased as clearly seen in Fig. 3.6. 

3.4.2 Absorption Volume Modeling 

To model the absorption volume shape, one should consider both temporal and spatial 

distribution characteristics of femtosecond laser pulses, and also account for the focusing 

characteristics of a collimated laser beam through transparent materials. In a transparent material, 

significant absorption is not achieved below a specific intensity threshold. This model aims to 

determine the locations within the material that achieve this intensity as a function of time within 

the laser pulse duration. Fig. 3.7 illustrates the schematic flow diagram of the absorption volume 

modeling. From the laser pulse energy, the full-width-at-half-maximum (FWHM) pulse width, 

and the assumption of a Gaussian temporal profile, the distribution of power in the laser pulse 

duration can be determined by Eq. (3.4). Subsequently, using Eq. (3.5), the distribution of 

intensity in the unfocused laser spot can be calculated at each point in time during the pulse 

duration using the 1/e2 radius of the unfocused beam and the assumption of a Gaussian spatial 

profile. From the laser intensity at any location within the unfocused laser beam and the intensity 

threshold of the transparent material, the material breakdown locations in the lateral direction of  
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Figure 3.7: Schematic diagram of absorption volume modeling process. 

the converging laser beam can be derived by considering how small the beam area should be in 

order that the intensity at these locations will reach the material intensity threshold. 

Consequently, the material breakdown locations along the optical axis can be determined using 

the diffraction-limited spot size and the beam propagation equation as described by Eq. (3.6). 

The material breakdown locations at each point in time form concave-down parabolic line which, 

when combined over the full temporal profile, form the absorption volume as shown in Fig. 3.8 

(a) and Fig. 3.9 (a). The numerical calculations have been performed by using parameters 

presented in Table 3.1. Assuming a small air gap at the interface (the dielectric properties of air 

gap are negligible), and ignoring reflections at the interface, this model is applicable for 

transmission welding as well as for processing inside bulk samples. 
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Table 3.1:  Laser, optical, and material parameters used in the absorption volume model 

Parameters Value Unit 

Laser wavelength, λ  800 nm 

Laser pulse duration, tp 130 fs 

Laser quality factor, M2 1.5 - 

Laser pulse energy, Ep 10 - 30 J 

Unfocused beam radius, R0 6 mm 

Absorption coefficient, A 0.7 - 

Numerical aperture, NA 0.4 – 1.2 - 

Intensity threshold of BK7, Ith 2.15 x 1013 W/cm2 

Figure 3.8 (a) shows the simulated cross sections of the absorption volume at different laser 

pulse energies. The cross section shape of the absorption volume indeed looks like the teardrop 

shape. The width and height of cross section increase with increasing laser pulse energy 

corresponding to experimental results reported in other studies [11–13]. Higher laser pulse energy 

leads to higher peak power, which generates higher local intensities at the same spot size. 

Consequently, the material breakdown locations will be farther from the center in the radial axis, 

and will also be farther from the focal plane in the optical axis. Therefore, the height and width 

of the absorption volume for high laser pulse energies are greater than for low laser pulse 

energies as shown in Fig. 3.8 (b). The aspect ratios of the absorption volumes at different laser 

pulse energies are more-or-less constant; a similar trend was observed for features created in 

single-piece specimen in a previous study [11]. This trend agrees well with the focal volume 

aspect ratio calculated using the illumination point spread function, for which the ratio is 

constant and independent of laser pulse energy [29]. The widths of absorption volume at 
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different laser pulse energies were also compared to the experimental weld widths in Fig. 3.6. 

The simulated widths showed good agreement with the experimental ones, and followed the 

same trend of increasing width for higher laser pulse energy. Therefore, the absorption volume 

model allows for prediction of the weld width for a wide range of pulse energies. 

 

Figure 3.8: (a) Cross section view (b) height, width, and height/width ratio of modeling absorption volume at 
different laser pulse energies (NA 0.6) 
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Figure 3.9: (a) Cross section view (b) height, width, and height/width ratio of modeling absorption volume at 
different NAs (laser pulse energy of 20 μJ) 

Figure 3.9 (a) shows the simulated cross sections of the absorption volume using different 

numerical aperture (NA) objective lenses for a fixed laser pulse energy. For high NAs, the 

teardrop shape of the absorption volume tends to have more-or-less equivalent size in height and 

width corresponding to the experimental results of Schaffer et al. [12]. Each point within the 
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Gaussian intensity distribution of the unfocused laser beam requires a specific magnification to 

reach the intensity threshold of the material. This magnification defines the radius of the focused 

beam at which absorption will occur and is dependent of the NA of the objective lens. Therefore, 

the widths of absorption volumes are constant and independent of NA as shown in Fig. 3.9 (b). 

However, the corresponding breakdown locations of the material along the optical axis depend 

on the diffraction-limited spot size and the converging angle of the focused laser beam. For 

higher NAs, the unfocused laser beam is converged at a greater rate; therefore the focused beam 

will achieve the required magnification and radius at a location closer to the focal plane along the 

optical axis. The heights of the absorption volumes are thus decreased with higher NAs as shown 

in Fig. 3.9 (b). The aspect ratio of the absorption volume decreases with higher NAs, which 

corresponds well with the feature aspect ratio of the experimental results studied by Schaffer et 

al. [12]. 

As seen in section 3.4.1, the weld width depends on the laser pulse energy. The higher the 

energy, the wider the weld width; the height of the affected region also increases with laser pulse 

energy. However, minimizing the size of the region affected by transmission welding may be 

required for certain applications since there is less alteration of material properties. It can be seen 

from the numerical model that the higher the numerical aperture, the smaller the aspect ratio and 

height of absorption volume. Therefore, the absorption volume model could be used to choose 

the optimal optical and laser processing parameters that should be used in order to get a desirable 

weld shape. The initial results suggest that higher laser pulse energies and higher numerical 

apertures are more desirable for transmission welding due to their wider weld widths and smaller 

affected regions. 
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3.4.3 Mechanical Properties of the Weld 

Figure 10 shows the reflective DIC optical image of a nanoindentation array on the cross section 

(xz-plane) of a transmission welded line of two borosilicate glass plates. The indents were 

performed to a depth of 100 nm with a spatial resolution of 3 μm and covered both the 

unaffected and welded regions. At same maximum indentation depth, the maximum load of an 

indent performed in the unaffected region is greater, and its residual depth is shallower than in 

the welded region, which implies that the mechanical properties in transmission welded region 

are changed through processing. In order to understand how mechanical properties change, and 

how they relate to the weld strength, the spatially resolved nanoindentation and indentation 

fracture will be drawn into consideration.  

 

Figure 3.10: Reflective DIC optical image of spatially resolved nanoindentation array (100nm deep indents 
with 3 m spacing) on the cross section (xz-plane) of a weld seam (laser pulse energy of 10 μJ and scanning 

speed of 0.02 mm/s). 
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Figure 3.11 (a) and Fig. 3.11 (b) illustrate the contour plots of Young’s modulus to hardness 

(E/H) ratios corresponding to the array of 100 nm deep nanoindents with 3 um spacing on the 

cross section (xz-plane) of a transmission welded region and on the cross section of a feature 

inside a single-piece bulk specimen irradiated by the same laser pulse energy of 10 J, 

respectively. The thick white lines in Fig. 3.11 (a) represent the weld interface. Compared to 

their original values, the E/H ratios in the welded and treated regions are increased. The widths 

of the contours in these two cases are also similar; however, the E/H ratios in the weld seam 

show two separate regions with high E/H ratios. Fig. 3.12 (a) shows the variation of E/H ratios 

along the three horizontal lines (H1 – H3) across the weld seam of Fig. 3.11 (a). The vertical 

dash-dot line in this figure represents the optical axis, which is the line in z-direction that passes 

through the center of the weld seam. Due to the effect of the air gap at the interface, some 

fraction of laser energy may be reflected back to the top piece, and an air gap with a lower 

breakdown threshold may be ionized during irradiation and partially obstruct the nonlinear 

absorption of laser beam in the bottom piece of material. Therefore, less energy is coupled into 

 

Figure 3.11: Spatially resolved determination of the ratio between Young’s modulus and hardness (E/H) on 
the cross section of (a) a welded region of two-piece specimen (b) a feature inside one-piece specimen using 
the same laser pulse energy of 10 uJ and scanning speed of 0.02 mm/s. The contour maps correspond to the 

array of 100 nm depth nanoindents with 3 μm spacing. 
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Figure 3.12: The variation of E/H ratio (a) vs. X-position along the horizontal lines (lines H1 – H3) in Fig. 3.11 
(a) across the weld seam, and (b) vs. Y-position along the line C1 in Fig. 3.11 (a) across the weld seam and the 

line C2 in Fig. 3.11 (b) across the feature inside one-piece specimen (laser pulse energy of 10 μJ, scanning 
speed of 0.02 mm/s.) 
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the bottom portion of the absorption volume, and there is less change in mechanical properties in 

the region of the weld seam right below the interface as shown by the smaller increase in E/H 

ratios in line H3 compared to lines H1 and H2 in Fig. 3.12 (a). The E/H ratios along the line C1 

across the weld seam do not change gradually as in the case of the one-piece specimen shown by 

line C2 in Fig. 3.12 (b). Therefore, the air gap plays a significant role in the coupling of laser 

energy into the bottom piece during transmission welding.  

From indentation analysis, higher E/H corresponds to a higher residual stress field intensity, 

implying a weaker elastic recovery and thus less pronounced radial crack extension during the 

unloading half-cycle [24]. Therefore, the E/H ratio of a material can be directly related to the 

fracture toughness of material, and higher E/H ratios may lead to higher fracture toughness. To 

confirm this effect in the transmission welded region, deeper indents were performed to induce 

radial cracks at the corners of the nanoindentation features. Figure 3.13 shows a DIC optical image 

 

Figure 3.13: Reflective DIC optical microscopy of indentation fracture on cross section (xz-plane) of a weld 
seam (laser pulse energy of 30 μJ, scanning speed of 0.02 mm/s, repetition rate of 1 kHz.) 
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of cracks induced by a high load nanoindentation test. The bottom corner of the nanoindentation 

imprint is within the welded region, and the crack at the bottom corner extends across the weld at 

the interface between the two borosilicate glass plates. Comparing the crack lengths at the three 

corners of the nanoindentation imprint in Fig. 3.13, it is clear that the crack length in the welded 

region is shorter than those in unaffected region. Due to higher E/H ratio and shorter crack length 

in the transmission welded region, it can be confirmed that the fracture toughness of material 

inside the welded region is increased which agrees with the fracture toughness increase observed in 

ultrafast laser-treated areas of glasses obtained using double torsion tests by Borrelli et al. [9]. 

The direction of a propagating crack front can be altered by a residual stress field and since there 

are significant residual stresses in glasses irradiated by femtosecond lasers [30,31], the crack will 

be on a more tortuous path and thus more energy will be required for propagation [32].  

 

Figure 3.14: Fracture Toughness of the material in welded regions with different laser pulse energy levels 
(10J – 30J) at fixed laser scanning speed of 0.02 mm/s and in a reference region from indentation fracture 

measurements at different loads. Error bars denote standard deviation. 
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Figure 3.14 shows the indentation fracture toughness of material inside the weld seam compared 

to the reference material, and also shows the effect of laser pulse energy on the fracture 

toughness. In the ultrafast laser-treated region, there are more nonbridging oxygen hole centers 

(NBOHCs) [33] and the connectivity of the structure is decreased, and at the same time the 

remaining connected ring structures of material become more compact [11]. The presence of 

NBOHCs may help branch the main crack while a higher driving force is required to propagate 

the main crack through the more compact ring structure. Therefore, the fracture toughness of 

material in the weld seam is greater than in the reference material as shown in Fig. 3.14. The 

higher the laser pulse energy, the stronger the laser-matter interaction is inside the focal volume. 

It has been shown that there are more NBOHCs and more compact ring structures when 

processing is performed using higher pulse energies [33]. The presence of micro cracks, which 

are initially observed in the 30 uJ case and very distinctive in the 50 uJ case, has been shown in 

Fig. 3.5. Each of these micro cracks is a fracture surface which aids crack propagation, reducing 

the toughness of the material [32]. Therefore, there is an increasing trend in fracture toughness 

with pulse energy in the energy range of 10 – 25 μJ and the fracture toughness begins decreasing 

at a pulse energy of 30 μJ as shown in Fig. 3.14. It is also shown that in case of indentation field 

cover the area of the non-homogenous material (weld seam plus reference region), the fracture 

toughness calculated by nanoindentation method will be varied depending on the size of 

indentation filed. The higher the indentation field could affect the variation in fracture toughness 

as seen in Fig. 3.14. 

Indentation at different levels of load will produce cracks with different lengths at the corners of 

indentation imprint. Assuming that these cracks have a semi-elliptical geometry, the externally 

applied tensile stress to fracture the material both in the weld seam and the reference regions can 
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be calculated by Eq. (3.13). The fracture stress of a cracked plate is lower than both the strength 

of the uncracked material and the ultimate tensile strength. When the tensile fracture strength of 

materials is plotted as a function of crack length the material with higher fracture toughness will 

show higher residual strength [34]. Figure 3.15 shows the tensile fracture stress of material in the 

reference and welded regions as a function of initial crack length. Due to the higher fracture 

strength at the same crack length, for a given crack size, the tensile stress required to fracture the 

weld seam is higher than the reference material. To obtain high fracture energy, it is necessary 

for glass to utilize energy absorbing processes [35]. It has been shown that several processes can 

toughen glass resulting in an energy absorbing process around the primary crack front and non-

linear behavior prior to fracture [32]. The ultrafast laser-treated region, including the weld seam, 

could be analogous to a toughened processed zone; therefore, a higher stress is required to fracture 

 

Figure 3.15: Fracture Strength as a function of crack size of the material in welded regions with different 
laser pulse energy levels (10J – 30J) at fixed laser scanning speed of 0.02 mm/s and in a reference region. 



98 

 

 

the weld compared to the reference regions. This is consistent with concepts that suggest that 

toughening (increase KIC) leads to strengthening (increase f) especially for brittle solids such as 

glass [36]. The effect of the laser pulse energy on the fracture strength is also illustrated in Fig. 

3.15. Due to the presence of micro cracks at sufficiently higher laser pulse energies as mentioned 

earlier in this section, it can be seen that the fracture strength does not monotonically increase 

with laser pulse energy, rather there is an optimum pulse energy beyond which the resultant 

fracture strength will decrease. However, the detrimental effect of the micro cracks is smaller 

than the beneficial effect of the compact ring structure (3-member rings) which has the highest 

barrier to fracture of all ring configurations [37]; therefore, the fracture strengths in welded 

regions for all laser pulse energy conditions in this study are still higher than the reference 

region. 

3.5 Conclusion 

Transmission welding of two borosilicate glass plates with standard flatness was performed by 

using low repetition rate femtosecond laser irradiation. The weld cross section (xz-plane) 

revealed that the transmission welding of standard flatness glass plates was successful. The weld 

morphology was investigated, and it was observed that the affected region is a teardrop shape 

similar to the features created by femtosecond laser irradiation of the interior of single piece 

transparent samples. Large area transmission welding seams can also be formed by applying a 

multiple-line overlap welding process. A numerical model was developed to investigate the size 

and shape of the absorption volume as a function of laser pulse energy and numerical aperture of 

the objective lens. The model was able to predict the teardrop shape of the absorption volume, 

and the width of the absorption volume agreed well with the weld widths obtained through 
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experiments for a wide range of pulse energies. The E/H ratios in the weld seam showed two 

separate regions with high E/H ratios implying that air gap plays a significant role in the 

coupling of laser energy into the bottom piece during transmission welding. The material inside 

the welded region revealed an increase in fracture toughness; therefore, a higher stress may be 

required to fracture the weld compared to the reference region. The geometry and mechanical 

properties of the weld seam obtained in this study suggest that transmission welding using low 

repetition rate femtosecond laser irradiation is a promising technique for spatially selective 

joining of glasses. 
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Chapter 4:  Single Step Channeling in Glass Interior by Femtosecond Laser 

4.1 Introduction 

Microchannels are the essential features in micro-fluidic devices, micro-total analysis systems 

(-TAS), and lab-on-a-chip (LOC) devices for biomedical applications. Lab-on-a-chip devices 

are microsystems integrated with functional components such as micro-optics, waveguides and 

micro-fluidics aiming at the miniaturization onto a single substrate of several functionalities. 

LOCs use networks of microfluidic channels to transport, mix, separate, react and analyze very 

small volumes of biological samples. Several substrate materials are used for LOC fabrication 

including silicon, glass and polymers. However, glass is still the material of choice for many 

applications due to its chemical inert, stable in time, hydrophilic, nonporous, optically clear, and 

easily supports electro-osmotic flow [1]. Currently, fabrication of microfluidic devices still 

heavily relies on photolithographic techniques, which require multilayer and multistep 

processing procedures to form 3D microstructures [2]. 

Femtosecond laser micromachining has emerged as a revolutionary technique for creating 3D 

microfluidic structures inside transparent substrates [2]. Laser irradiation inside transparent 

materials using the fluence equal or above the material damage threshold can alter the material 

structure and resulting mainly in positive/negative refractive index change. For higher fluence, a 

strong laser-matter interaction is occurred, and micro-explosion confined in the focal volume 

takes place with creation of voids. Glezer et al. [3] tightly focused femtosecond laser pulses to 

initiate micro-explosions inside transparent materials and found that submicrometer structures or 

voxels can be produced inside the materials. Juodkazis et al. [4] showed that the nanovoid in 

glass is formed as a result of shock and rarefaction waves at pulse power much lower than the 



101 
 

threshold of self-focusing. Gamaly et al. [5] determined the mechanism of void formation as a 

result of micro-explosion and analyzed the size of the void as a function of the deposited energy. 

Using this mechanism, there is potential to form 3D patterns of voids inside glass. 

Currently, there are mainly two strategies for fabricating 3D microchannels embedded in glass 

using femtosecond laser. The first strategy employs femtosecond laser direct writing followed by 

chemical etching in either silica glass or photosensitive glass. Marcinkevicius et al. [6] first 

demonstrated the possibility of 3D microchannel fabrication in fused silica using the 

combination of femtosecond laser dielectric modification and subsequent etching in an aqueous 

solution of hydrofluoric (HF) acid. Hnatovsky et al. [7] fabricated microchannels in fused silica 

and BK7 borosilicate glass by this two-step hybrid process, and also investigated the optimum 

irradiation conditions needed to produce high-aspect ratio microchannels with small symmetric 

cross-sections and smooth walls. Sun et al. [8] demonstrated the dependence of the 

microchannels fabricated in fused silica glass using chemical etching on the femtosecond laser 

pulses with different central wavelengths. Kiyama et al. [9] compared two different etching 

agents and demonstrated that a concentrated aqueous solution of potassium hydroxide (KOH) 

allowed higher etching selectivity than commonly used aqueous HF solution. Some researchers 

[10,11] also performed a three-step hybrid process to fabricate the 3D microfluidic structures by 

irradiating femtosecond laser into a photosensitive Foturan glass, thermal annealing to produce 

crystallites of lithium metasilicates in the laser-irradiated regions, and selectively chemical 

etching those regions in aqueous HF solution. Another strategy is to perform femtosecond laser 

drilling from the rear surface of the glass in contact with distilled water, by which the water 

introduced into the microchannel can help remove the ablated material. Li et al. [12] first 

demonstrated the possibility of 3D microhole fabrication inside silica glass by water-assisted 
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femtosecond laser drilling. Hwang et al. [13] fabricated straight, bent, and curved microfluidic 

channels in fused silica by this method, and clarified that the debris is removed with the help of 

bubbles generated in the channel. Iga et al. [14] investigated how the diameters of the channels 

drilled from the rear surface of silica glass by a femtosecond laser depend on the incident energy 

and the number of laser pulses. An et al. [15] machined combined structures consisting of 

cascaded microchambers and microtrenches inside silica glass by water-assisted ablation with 

femtosecond laser pulses. The first process is limited by the etching selectivity as a function of 

etching period, and by the amount of fresh aqueous solution to reach the inward part of a 

microchannel. It thus usually gets a taper channel. For the second process, the ablated debris can 

no longer be ejected from the microchannel when the length of the channel increases. This 

clogging issue may be resolved by using a porous glass of which its porous network allows 

continuous infiltration of water into the ablation zone; however, the whole channel needs to be 

repeatedly scanned multiple times to completely remove all the debris, and subsequently post-

annealing process is required to consolidate the porous glass into a compact glass resulting in 

shrinking of the channel dimensions in all directions [2,16].   

In this study, rather than using hybrid processes such as liquid assisted femtosecond laser 

processing or femtosecond laser irradiation combined with subsequently chemical etching the 

treated region, single-step channeling is investigated by attempting to connect the voids created 

from each single femtosecond laser pulse irradiation. This novel process uses single femtosecond 

laser pulses instead of pulse trains at a specific repetition rate, and does not require an additional 

process to remove material from the channel. In order to understand the channel formation 

mechanism, to get the acceptable channel geometry, and to develop prediction capability, the 

effects of optical and laser parameters on the resultant morphology by single femtosecond laser 
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pulse are studied. Numerical models are developed to predict the feature shape and lengths 

which also correspond to the channel lengths. The possibility of using the numerical features 

length simulated by absorption volume modeling and electromagnetic diffraction modeling as a 

guideline to estimate the experimental results is also discussed. 

4.2 Background 

4.2.1 Channel Formation and Focusing Effect 

When a femtosecond laser pulse with high energy in the order of microjules is tightly focused 

into fused silica, non-linear absorption will occur, a high number density of free electrons will be 

generated inside the absorption volume due to multi-photon and avalanche ionization. These hot 

free electrons will transfer their energy to ions, and thermal equilibrium of free electrons and 

lattice will be attained in picoseconds. In addition to a thermal process in which phase transitions 

take place, high pressure within the absorption volume builds up. When a high pressure and 

temperature volume is created inside this restricted volume, there is hydrodynamic expansion 

which proceeds as a micro-explosion. Shock wave emerges from this volume, compressing the 

surrounding material, and simultaneously rarefaction wave behind the shock front propagates in 

the opposite direction creating a void [17,18]. 

Spherical aberration caused by focusing through the air-sample refractive index mismatched 

interface determined the variation of the threshold pulse energy as a function of the focusing 

depth and the size of the modified zones in fused silica [19]. Marcinkevicius et al. [20] reported 

that the spherical aberrations increased the size and distorted the shape of the photo-damaged 

region. Liu et al. [21] experimentally studied the influence of the focusing depth on both the 

index change threshold and damage threshold as well as on the cross section of the fabricated 

waveguides under irradiation of 1-kHz femtosecond laser pulses. 
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When the laser beam is focused through the air-glass interface, the paraxial focus or the focus 

produced by the central area of a focusing lens is located at the distance which is the product of 

the refractive index of glass and the focusing depth ( dn2 ). By paraxial approximation and using 

the Snell’s law on the interface, ݊ଶߠ݊݅ݏଶ ൌ ݊ଵߠ݊݅ݏଵ ൌ  is satisfied, and the longitudinal ܣܰ

aberration range, lpa, due to spherical aberration, which is the distance from the paraxial-ray focal 

plane to the peripheral-ray focal plane can be written as [21,22]: 

 ݈௣௔ ൌ
ଵߠ݊ܽݐ
ଶߠ݊ܽݐ

݀ െ ݊ଶ݀ ൌ ቎ඨ
݊ଶ
ଶ െ ଶܣܰ

1 െ ଶܣܰ
െ ݊ଶ቏ ݀ (4.1)

where 1 is incident angle of focusing beam, 2 is the refracted angle of the focusing beam, n2 is 

the refractive index of glass, d is the focusing depth from the interface , and NA is the numerical 

aperture of an objective lens. On the other hand, by using diffraction theory and taking into 

account the variation in size of the converging Gaussian beam, ݓሺݖሻ ൌ ଴ට1ݓ ൅ ቀఏ௭
௪బ
ቁ
ଶ
 is 

satisfied. The diffraction limited spot size location, f , will be related to the focusing depth, the 

converging incident angle, and the converging refracted angle as : ݂ ൌ ఏభௗ

ఏమ
, and longitudinal 

aberration range, ldf, due to spherical aberration, which is the distance from the diffraction 

limited focal plane to the peripheral-ray focal plane can be written as: 

  ݈ௗ௙ ൌ
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ଵି݊݅ݏ ቀܰ݊ܣଶ
ቁ
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െ

ሻܣଵሺܰି݊݅ݏ

ଶሻ݊/ܣଵሺܰି݊݅ݏ
቏ ݀  (4.2)  

Either the longitudinal aberration range in Eq. (4.1) or that in Eq. (4.2) will have an influence on 

the nonlinear energy deposition by spreading the intensity distribution along its range. Therefore, 
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the feature or the channel resulting from the laser-matter interaction region due to nonlinear 

absorption inside transparent materials will be proportional to the focusing depth.  

4.2.2 Numerical Analysis 

By taking into account the effect of the longitudinal aberration range, the numerical model based 

on the electromagnetic diffraction of a laser beam focused through an air-glass interface could be 

constructed to predict the absorption volume shape and size at different focusing depths below 

the surface of a specimen. A laser beam of known power arrives at the interface through the first 

medium of refractive index n1, and the interface at the surface of a specimen separates the 

medium of refractive index n1 from the second medium of refractive index n2. The 

electromagnetic field before the interface can be expressed as a superposition integral that sums 

up all possible plane waves propagating within the convergence angle of the high-aperture lens. 

Each plane wave is transmitted through the interface obeying the Fresnel refraction law. Using 

the fields calculated in the first medium as boundary conditions to obtain solution for the 

diffraction problem using a second integral representation of the electromagnetic field in the 

second medium. The resulting electric field distribution in the second medium is then a solution 

of the time-independent wave equation and Maxwell’s equations and can be written as [23,24]: 

  ,ݔଶ௫ሺܧ ,ݕ ሻݖ ൌ
െ݅݇ଵ݂݈଴

2
ሾܫ଴ ൅ ଶܫ cos൫2ߠ௣൯ሿ  (4.3)  

  ,ݔଶ௬ሺܧ ,ݕ ሻݖ ൌ
െ݅݇ଵ݂݈଴

2
ଶܫ sin൫2ߠ௣൯  (4.4)  

  ,ݔଶ௭ሺܧ ,ݕ ሻݖ ൌ
െ݅݇ଵ݂݈଴

2
ଵܫ cos  ௣ߠ (4.5)  

where k1 is wave number in the first medium, f is the focusing distance, l0 is the field amplitude 

factor, x and y are the positions in lateral directions, z is the position in axial direction, and p =  
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tan-1(y/x) is the inclination angle. The integrals I0, I1, and I2 are given by [23]: 

 

଴ܫ ൌ න ඥܿݏ݋߶ଵ݊݅ݏ߶ଵ݁݌ݔ	ሾെ݅݀ሺ݇ଵܿݏ݋߶ଵ െ
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(4.8)

where  is the angular semi-aperture of the lens, k2 is wave number in the second medium, 1 is 

the incident angle on the interface, 2 is the refracted angle from the interface, s and p are the 

Fresnel coefficients, and J0, J1, and J2 are the Bessel function of the first kind and order zero, 

one, and two, respectively. Hence the distribution of the time-averaged electric energy density, 

we , and the total energy density, w , inside the specimen near the focal plane is the following 

[24]: 
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where * is the conjugate of an complex number. The electric energy density and total energy 

density of points in the vicinity of a focal plane will be significantly high, and when compared to 

the material damage threshold, the absorption volume could be identify to predict the size of 

features and channels at different focusing depths below the top surface of transparent materials. 
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4.3 Experimental Setup and Characterization 

Single step channeling is achieved by using a chirped amplified Ti:Sapphire laser system which 

outputs high energy ultrashort pulses with 800 nm wavelength and 130 fs pulse duration at a 1 

kHz repetition rate. The commercial grade S1-UV fused silica of 3.0 mm thick was cut to 

approximately 6 mm x 12 mm size. The laser beam was focused by 40x objective lens with NA 

0.6 inside the specimen. A schematic diagram of the experimental setup is illustrated in Fig. 4.1. 

Different conditions of laser processing and optical parameters were applied by varying the 

energy of the laser pulses and focusing depth with respect to the top surface of the material. Long 

channels were obtained by cascading each channel generated by single laser pulses along an 

optical axis. Different laser pulse energy and focusing depth conditions were used to investigate 

the size of features and channels and to investigate the effects of channel overlapping and its 

influence on long channel formation. 

 

Figure 4.1:  Schematic illustration of experimental setup. The laser beam is focused through the air-glass 
interface into the interior of fused silica sample. 
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After the femtosecond laser irradiation, transmission light differential interference contrast (DIC) 

optical microscopy was used to obtain the axial cross section (xz-plane) of the features and 

channels. The samples were ground and polished with lapping films to the line across channels. 

Reflection DIC optical microscopy and AFM topography were used to verify the existence of 

cavities on the polished surface. Raman spectroscopy was also carried out to further support 

whether the channels are real cavities.  

4.4 Results and Discussion 

4.4.1 Channel Geometry 

In order to achieve long micro-scale channels in glass materials, other studies have used hybrid 

processes such as the combination of ultrashort laser irradiation and chemical etching or the 

liquid-assisted drilling by ultrashort laser scanning along an optical axis. However, single 

femtosecond laser pulse irradiation using high laser pulse energy and high numerical aperture of 

objective lens can also produce the reasonable long channels. Figure 4.2 shows the axial cross 

section (xz-plane) of features and channels created inside fused silica sample using laser pulse 

energy of 10 J, 20 J, and 30 J, respectively at the same focusing depth of 1500 m below the 

top surface of 3 mm thick fused silica with standard flatness of 3-5 waves/inch from transmission 

DIC optical microscopy. The features defined by the distinctive color change around irradiated 

regions due to material alteration in optical and mechanical properties, have high aspect ratios 

(length/width). The feature is strongly dependent on laser pulse energy as shown in Fig. 4.2, and 

the formation of larger features is corresponded to the higher the laser pulse energies. Inside the 

features, there are dark core regions, and these regions could be the consequence of the high 

level of interaction which subsequently generates high temperature and high pressure, and 

eventually causes the material explosion inside laser focal volume. The dark color regions are 
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Figure 4.2:  Transmission DIC optical microscopy of axial cross section (xz-plane) of features and channels at 
same focusing depth of 1500 µm using pulse energy of (a) 10 µJ, (b) 20 µJ, and (c) 30 µJ. The above three 

figures have been adjusted to the same scale. 

believed to be cavities, and the longest uniform dark color area inside the feature is identified as 

a channel from single laser pulse irradiation. The features and channels have a long and narrow 

tear drop shape corresponding to the shape of absorption volume. 

To verify whether the identified channel is really a cavity, the fused silica sample was ground and 

polished from the top surface until the new polished surface was located at a line across 

channels. Figure 4.3 shows the radial cross section (xy-plane) of the polished sample irradiated 

by a series of single pulse with pulse energy of 30 µJ from reflection DIC optical microscopy. 

From the reflective optical image in Fig. 4.3, the cross section of channels looks dark as well as 

the optical transmitted image, and the radial cross section shape of features and channels is 

irregular, roughly circular shape. The size of features and channels in this x-y view image is 

about a few micrometers corresponding well with the x-z view image. The cavity on the surface 

of transparent material normally looks dark when observed with the reflective optical microscope;  
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Figure 4.3:  Reflection DIC optical microscopy of radial cross section (xy-plane) of the new polished surface 
across the channels irradiated by a series of single pulse energy of 30 µJ. 

 

Figure 4.4:  (a) 3D AFM topography and (b) the AFM top view image and line profiles across the channels on 
the new polished surface (xy-plane) across the channels irradiated by a series of single pulse energy of 30 µJ. 
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therefore, these identified channels could be assumed as cavities as well. However, the Atomic 

Force Microscopy (AFM) measurements of topography of channels in radial cross section were 

also performed to assure that the channels are cavities. The 3D topographic image of four 

distinctive channels with 10 µm spacing is illustrated in Fig. 4.4 (a). The AFM top view image 

and line profiles across channels can also be seen in Fig. 4.4 (b), and from the vertical line 

profile it can be concluded that the channel size in the direction perpendicular to the laser beam 

is about a few micrometers for laser pulse energy of 30 µJ. In addition to the optical microscopy 

and AFM topography images, the Raman spectroscopy was also used to measure structural 

changes at and around the feature and channel inside the fused silica sample. Raman signal 

measurements were performed in a series of fifteen points along the line cross the representative 

channel in x-z view as illustrated in Fig. 4.5 (a). Raman spectral analysis of fused silica reveals 

that there are three-, four-, and five- and six-fold rings structure in the material, and these rings 

structure correspond to the 606 cm-1, 495 cm-1, and 440 cm-1 peak in Raman spectra, 

respectively. The lowest peak intensity of all ring structures at point 10 which locates at center of 

the representative channel, and lower peak intensity at its adjacent points compared to other 

points in the reference region as plotted in Fig. 4.5 (b) reply that there are low detected volumes 

of material in the vicinity of those points. This Raman results could be indirectly verified that the 

identified channels are cavities as well. Therefore, the optical microscopy, AFM topography, and 

Raman spectroscopy support each other that the defined channels are cavities. Sidewall surface 

roughness is an important parameter in fluid flow through microchannels for optofluidic 

applications. Although it is not focused in this study, and the spatial resolution of the measurement 

with respect to the size of microchannels may not be high, inspection on the cross section of 

microchannels using optical profilometer suggested a sidewall surface roughness of  1 nm. 



112 
 

 

Figure 4.5:  (a) Raman signal measurements points across the axial cross section (xz-plane) of a feature and 
channel, and (b) the peak intensity of the 3 rings, 4 rings, and 5-6 rings structure of fifteen points across the 

channel. 

Figure 4.6 shows the shape and size of features and channels created inside fused silica sample 

using same laser pulse energy of 30 J at different focusing depth in the range of 500 – 2500 m 

below the top surface within 3 mm thick of the material from the x-z view. It can be seen that the 

size especially in the optical direction (z-axis) is strongly dependent on the focusing depth. The 

greater the focusing depths correspond to the generation of longer features and channels. The 

variation in size in the optical direction is caused by spherical aberration due to the focusing of 

laser beam through the refractive index mismatched air-glass interface. On one hand, as 

illustrated in Fig. 4.1 the plane of focal volume will move to the lower location than the Gaussian 

focus plane (if there is no interface) due to the refraction of laser beam. On the other hand due to 

the presence of the air-glass interface, the focused rays inside laser beam cone, which initially 

converge to the single focal plane at different angle, will diversely propagate to different focal 
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Figure 4.6:  Transmission DIC optical microscopy of axial cross section (xz-plane) of features and channels 
using same pulse energy of 30 µJ at different focusing depths of (a) 500 µm, (b) 1000 µm, (c) 1500 µm, (d) 

2000 µm, and (e) 3000 µm. The above five figures have been adjusted to the same scale. 

 

Figure 4.7:  The effect of material surface roughness on the feature lengths using same laser pulse energy of 
30 µJ at different focusing depths. Error bars denote standard deviation. 
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planes in glass, and this phenomenon results in a longitudinal aberration range. The deeper the 

focusing depths will correspond to the occurrence of longer aberration ranges. Figure 4.7 shows 

the effect of material surface roughness on the feature lengths using same laser pulse energy of 

30 J at different focusing depths. The size of features generated by focusing the laser beam 

through the optical finishing smooth surface with standard flatness of 3-5 waves/inch is 

significantly enhanced from the case that generated by focusing through the rough cutting 

surface using speed saw. With optical finishing smooth surface, low fraction of laser beam 

reflection and scattering on the surface is occurred, and higher energy can be deposited inside the 

transparent material. Therefore, to generate quite reasonable long features and channels inside 

fused silica by single femtosecond laser pulse, one should seriously consider using the optical 

finishing smooth top surface of the material. 

Figure 4.8 shows the feature lengths at different focusing depths of pulse energies of 10 J, 20 

J, and 30 J, respectively, compared to longitudinal aberration ranges in Eq. (4.1) defined as 

Paraxial aberration ranges in section 4.2.1. The feature lengths have increasing trends with the 

focusing depths with respect to the top surface of samples, and range from 23 to 283 microns in 

length and 4 to 46 in aspect ratio. As seen in Fig. 4.8, the feature lengths depend on both 

focusing depths and laser pulse energies. The greater the focusing depth, the longer the feature 

length; the length of the feature also increases with laser pulse energy. The features lengths of all 

pulse energies in this study fall within the paraxial aberration ranges. This could be due to the 

deposited laser pulse energy will be absorbed and broadly distributed in this paraxial aberration 

ranges, and the absorbed energy density of points only within this ranges will probably be greater 

than the material damage threshold. It results in feature lengths shorter than the paraxial 

aberration ranges. The feature lengths show leveling trends at deep focusing depths, and due to 
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Figure 4.8:  Comparison of experimental feature lengths at 10 µJ, 20 µJ, and 30 µJ, and the paraxial 
aberration range at different focusing depths. Error bars denote standard deviation. 

the spreading of lower energy within the same aberration ranges caused by the lower absorbed 

energy density, the lower pulse energies level off at shallower focusing depths compared to the 

higher ones as observed in Fig. 4.8. Although the paraxial aberration ranges are not perfectly 

matched the feature lengths, a guideline that the feature lengths will be approximately equal or 

less than the paraxial aberration ranges could be used.   

Figure 4.9 shows the channel lengths at different focusing depths of pulse energies of 10 J, 20 

J, and 30 J, respectively, compared to longitudinal aberration ranges in Eq. (4.2) defined as 

diffraction limited aberration ranges in section 4.2.1. In the range of this study with respect to 

focusing depths, the channel lengths have only an increasing trend for the case of 30 J pulse 

energy, but also show leveling and decreasing trends for the case of 10 J pulse energy. It replies 

that at further depth locations the pulse energy will be over spreading such that the absorbed energy 
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Figure 4.9:  Comparison of experimental channel lengths at 10 µJ, 20 µJ, and 30 µJ, and the diffraction 
limited aberration range at different focusing depths. Error bars denote standard deviation. 

density that is greater than the material damage threshold occurs in shorter and shorter ranges, 

and the material explosion will happen in shorter ranges as well resulting in shorter channel 

lengths as clearly seen in case of 10 J in Fig. 4.9. The diffraction limited aberration ranges are 

sometimes shorter or longer than the feature lengths at different laser pulse energies in this study, 

however, they are quite close to and always greater than the channel lengths of all pulse energies 

and focusing depths. Therefore, a quick guideline could also be used to estimate that the resulting 

channel lengths will be less than the diffraction limited aberration ranges. 

By cascading a single pulse channel along the optical axis within the thickness of fused silica 

sample using a long working distance objective lens, the connection of channels can be 

performed to produce a long channel which has adequate length for most microfluidic and lab-

on-a-chip applications. However, the appropriate overlapping distance of single channel has to 
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be considered. Figure 4.10 (a) and 4.10 (b) show the transmission DIC optical image in xz-plane 

of cascading channels using different overlapping distance for two single pulses. The left and the 

middle one are the locations of the bottom and the top channels that will be cascading, 

respectively. The right channels are the results of cascaded channels.  As seen in Fig. 4.10 (a), the 

two channels are not completely connected due to an inadequate overlapping distance. When the 

overlapping distance is increased, the cascaded channel has uniform dark color in the 

overlapping region, which implies that the channel cascading can be succeeded if an appropriate 

overlapping distance has been used. Figure 4.10 (c) shows the representative cascaded channels 

of multiple single pulses. From observation by optical microscope, the channel cascading is  

 

Figure 4.10:  Cascading of two single pulses with (a) an inadequate overlapping distance, and (b) an 
appropriate overlapping distance. (c) Cascading of multiple single pulses using pulse energy of 30 µJ. The 

above three figures have been adjusted to the same scale. 
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usually succeeded if the overlapping distance of the features is equal to or greater than 68%. 

Although the microchannels by single-step channeling process can be performed only in the 

direction that is paralleled to the incident laser beam and the shape of microchannels has to be 

simple and straight rather than contour or complex, this novel process could still be a potential 

alternative to produce micro-scale channels inside transparent materials for microfluidic and lab-

on-a-chip applications. In addition to long 1D channel, which is easily fabricated by this 

technique, the 2D and 3D structures with the changes in directions of microchannels could be 

fabricated by changing the setups during processing or by using a robot arm with six degrees of 

freedom to handle the workpiece. However, the effects of non-perpendicular surface with respect 

to the incident laser beam on shape and size of microchannels need to be further explored 

4.4.2 Numerical Modeling 

From experimental results, the shape and size of features and channels varies as a function of 

focusing depth. In order to predict the shape and size of those features and channels at different 

focusing depths below the specimen surface, the two numerical models of laser absorption 

volume and electric energy density field inside a transparent material were constructed. The first 

numerical model considers the temporal profile and spatial intensity of Gaussian laser beam 

which propagates through a focusing lens and an air-glass interface to points in the vicinity of a 

focal plane, and determines breakdown points which have intensity greater than the material 

intensity damage threshold. The second numerical model considers the electric field inside the 

second medium after focusing electromagnetic wave through a focusing lens and an interface 

between two different mediums, then determines the electric energy density field in the vicinity 

of a focal plane, and compares it with the energy density damage threshold of the material. Both 

numerical models will take effect of the longitudinal aberration ranges into account.  
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4.4.2.1 Absorption Volume Modeling 

From temporal and spatial distribution characteristics of femtosecond laser pulses, the intensity 

of an unfocused laser beam in each time slice was determined. When the unfocused laser beam 

has been converged to the smaller area in the vicinity of a focal plane, the magnified intensity 

will be compared to the material intensity damage threshold, and the breakdown points which 

have intensity greater than the threshold will be determined [25]. Consequently, the 

corresponding locations in the optical axis of these breakdown points will be calculated 

considering focusing parameters, optical properties of two materials, and aberration effects from 

air-glass interface. Eventually, all breakdown points will combine and generate the absorption 

volume. Figure 4.11 shows the representative simulated axial cross section (rz-plane) of the 

absorption volume by 30 J pulse energy at the focusing depth (a paraxial focal plane) of 1000 

m below the top surface of fused silica material. The cross section shape of the absorption volume 

 

Figure 4.11:  The representative simulated cross section (rz-plane) of the absorption volume by 30 µJ pulse 
energy at the focusing depth of 1000 µm from the absorption volume model. 
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looks like the teardrop shape and has high aspect ratios (length/width). It is interesting that the 

top breakdown point in optical axis of this representative absorption volume is occurred closely 

to the diffraction limited focal plane at -1040.4 m rather than the paraxial focal plane at -1000 

m. The size of the absorption volume is indeed dependent on the focusing depths and laser 

pulse energies, and the longest distance along the optical axis of the absorption volume is defined 

as the numerical feature lengths simulated by the absorption volume modeling. More details of 

the results from this numerical model will be shown and verified with the other numerical model 

and the experimental results in section 4.4.2.3. 

4.4.2.2 Electromagnetic Diffraction Modeling 

A superposition of plane waves inside mediums can represent electromagnetic fields. Taking into 

account the optical properties of two different mediums, the focusing parameters, and Fresnel’s 

refraction law at the interface between two different mediums, a superposition of refracted plane 

waves can construct the time-independent or time-averaged electric and magnetic fields. The 

area in the vicinity of the focal plane which has high enough electric energy density especially 

greater than the damage threshold of the material can be counted as a material structural 

alteration area which represents the feature and channel generated by a single femtosecond laser 

pulse. Figure 4.12 illustrates the 3D surface map of representative electric energy density field on 

the xz-plane along an optical axis in the vicinity of the focal plane for laser pulse energy of 30 J 

at the focusing depth of 1000 m below the top surface of fused silica material. The region of 

interest is located between the focal plane of axial and peripheral rays within the angular semi-

aperture of the objective lens with numerical aperture (NA) equal to 0.6. As seen in Fig. 4.12, the 

electric energy density is extremely high only near the optical axis between the paraxial focal plane 

at -1000 m and the peripheral focal plane at -1138.4 m below the top surface of the material. 
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Figure 4.12:  The 3D surface map of representative electric energy density field on the xz-plane along an 
optical axis in the vicinity of the focal plane for laser pulse energy of 30 µJ at the focusing depth of 1000 µm. 

 

Figure 4.13:  The contour map of representative electric energy density field on the xz-plane along an optical 
axis in the vicinity of the focal plane for laser pulse energy of 30 µJ at the focusing depth of 1000 µm. Lines 

C1, C2, C3, C4, and A1 represent section lines across this field. 
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The contour map of electric energy density in this region of interest by 30 J pulse energy at 

1000 m focusing depth is shown in Fig. 4.13. This Contour looks like tear drop shape and 

similar to the appearance of features and channels, and the total length and width of this contour 

are also about the same size as the experimental features in Fig. 4.6 (b). In the Fig. 4.13, lines 

C1, C2, C3, C4, and A1 represent section lines across this representative high electric energy 

density field. Lines C1 and C4 are located along the paraxial- and peripheral-ray focal planes, 

respectively. Lines C2 and C3 are located along the top two peaks of electric energy density, and 

line A1 is located along the optical axis. The contour and 3D surface maps on xy-planes along 

lines C1, C2, C3, and C4 are illustrated in Fig. 4.14 (a), (b), (c), and (d), respectively. From these 

 

Figure 4.14:  The contour and 3D surface maps in xy-planes along (a) line C1 located along the paraxial-ray 
focal plane, (b) line C2 located along the highest peak of electric energy density, (c) line C3 located along the 
second highest peak of electric energy density, and (d) line C4 located along the peripheral-ray focal plane. 
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contour and 3D surface maps, the distribution of electric energy density along axes perpendicular 

to the laser propagation direction has a Gaussian profile. The peak energy density of electric field 

on both paraxial- and peripheral-ray focal planes in Fig. 4.14 (a) and (d) are slightly less than the 

material damage threshold, and this could give the answer why the experimental feature lengths 

in section 4.4.1 are usually shorter than the defined paraxial aberration. The contour maps in Fig. 

4.14 (b) and (c) along the xy-planes which have top two peaks of electric energy density show 

multiple rings which have energy density greater than the material damage threshold. The size of 

outbound rings with such high electric energy density is approximately 2 m, and it can be seen 

that this size is corresponded to the width of experimental features and channels in section 4.4.1.   

Figure 4.15 shows the electric energy density on the optical axis along line A1 in Fig. 4.13. The 

oscillation of the electric energy density along this optical axis could be due to the constructive  

 

Figure 4.15:  The electric energy density on the optical axis along line A1 in Fig. 4.13 compared to the damage 
threshold of fused silica sample. 
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and destructive interference of phase factor resulting from a superposition of refracted plane 

waves. From the line profile of electric energy density along the optical axis, the numerical 

feature length simulated by the electromagnetic diffraction model is defined as the distance 

whereas the electric energy density is greater than the material damage threshold (Eth) as 

illustrated in Fig. 4.15. The numerical feature lengths from this model are strongly dependent on 

both the focusing depths and the laser pulse energies. More details of the results from this 

numerical model will be shown and verified with the previous numerical model and the 

experimental results in next section.        

4.4.2.3 Validation of Numerical Models with Experimental Results 

From the simulated absorption volumes similar to the representative cross section map in Fig. 

4.11, and the simulated electric energy density line profiles along the optical axis similar to the 

representative profile in Fig. 4.15, the numerical feature lengths calculated by absorption volume 

and electromagnetic diffraction models at different focusing depths below the top surface of 

fused silica sample using the single femtosecond laser pulse energy of 30 J as well as the 

experimental feature lengths are plotted in Fig. 4.16. The feature lengths from both numerical 

models have increasing trends with the focusing depths, and line up pretty well with the 

experimental feature length results. Especially for this particular laser pulse energy of 30 J, the 

results from the electromagnetic diffraction model almost perfectly match the experimental 

results and better predict the feature lengths than the absorption volume modeling. By taking the 

aberration effect from air-glass interface into consideration, the locations of breakdown points in 

the optical axis of the absorption volume model are approximated by using the law of tangents; 

therefore, the longer the focusing depth, the greater the discrepancy predicted by the absorption 

volume model. The electromagnetic diffraction model thus gives the better fit for the focusing 
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Figure 4.16:  Comparison of feature lengths from two numerical models and experimental results at different 
focusing depths using laser pulse energy of 30 J. 

depth longer than 500 m. For the focusing depth shorter than 500 m, there is less spreading of 

the electric energy density near focal plane, and energy density could be so intensified that it 

would conduct to an adjacent area resulting in longer experimental feature length; therefore, the 

absorption volume model apparently gives better results. Figure 4.17 shows the numerical and 

experimental feature length as a function of laser pulse energy at two different focusing depths of 

1000 m and 1500 m below the top surface of fused silica sample, respectively. As seen in Fig. 

4.17, the electromagnetic diffraction model has some difficulties in determining the feature 

length when the laser pulse energy is less than 20 J due to the electric energy density become 

lower than the material damage threshold at low pulse energies, and the level of laser pulse 

energy at which feature lengths could not be defined is also dependent on the focusing depths. 

The deeper the focusing depths, the greater the spreading of electric energy density resulting in 
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the higher levels of pulse energy at which the feature lengths could not be determined. This 

problem could be due to the time-independent or time-averaged based approximation of the 

model whereas the absorption volume model which considers the temporal profile of laser pulse 

as well as the spatial profile still be able to predict the feature lengths at low pulse energy, 

however, the discrepancy between the numerical and experimental results will increase 

correspond to the lower pulse energies. Therefore, depending on the working parameters, the 

electromagnetic diffraction model better predicts the feature lengths with some restrictions at low 

pulse energies. 

 

Figure 4.17:  Comparison of feature lengths from two numerical models and experimental results at different 
pulse energies for focusing depth of 1000 m and 1500 m below the top surface of fused silica sample, 

respectively.  

4.5 Conclusion 

Single step channeling inside fused silica glass was performed by a series of single femtosecond 

laser pulses. The axial cross section of the generated features by the transmission DIC optical 
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microscopy revealed that they range from 23 to 283 microns in length and 4 to 46 in aspect ratio. 

Those features also have a long uniform dark colored region, which is identified as a 

microchannel. The radial cross sectioning of this channel in conjunction with the surface 

topography confirmed that the channels are cavities. The reflection DIC optical microscopy and 

Raman spectroscopy also support this fact. The size of the features and channels is strongly 

dependent on the laser pulse energies and focusing depths. The variation in size of features and 

channels with focusing depths is due to aberration caused by the refractive index mismatch at 

air-glass interface. With overlapping distance of the feature equal or greater than 68%, channel 

cascading could be successfully performed to produce a longer channel in millimeter scale. Two 

numerical models were developed to investigate the shape and size of features and channels 

generated by single femtosecond laser pulses at different laser pulse energies and focusing 

depths. The numerical results were validated using the experimental ones, and both absorption 

volume and electromagnetic diffraction models could be used to estimate the feature lengths.  
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Chapter 5:  Laser Induced Porosity and Crystallinity Modification of a 

Bioactive Glass Coating on Titanium Substrates 

5.1 Introduction 

Biomaterials are a class of materials used in biomedical applications for the repair and 

reconstruction of diseased or damaged parts of the human body. Their compositions can be 

categorized into four major classes: metals, ceramics, polymers and composites. Based on their 

interaction with the human body, they can be classified into three additional groups: bioinert, 

bioactive and bioresorbable [1]. Ti and its alloys, both bioinert metals, are most widely used in 

orthopedic implants due to their excellent bulk properties of high strength, ductility, corrosion 

resistance and biocompatibility [2]. However, they do not provide strong enough bonding to 

bone due to interfacial stability problems with the host tissues [1,3,4]. Bioactive glasses, on the 

other hand, have the ability to form a hydroxycarbonate apatite (HCA) layer on their surface and 

in consequence naturally bond with bone. The rate of development of the interfacial bond 

between bioactive glasses and bone can be referred to as the level of bioactivity. Among the 

widely known bioactive materials hydroxyapatite (HA), 45S5 Bioglass, and A/W glass-ceramics, 

45S5 Bioglass has the highest rate of bioactivity [5]. This leads to the rapid surface reactions that 

form a bone-bonding HCA layer [6]. 

The bonding between bioactive glasses and bone is biochemical bonding (i.e., ionic, hydrogen, 

etc.) [7]. However, the limited mechanical strength and low toughness of bioactive glasses 

prevented their use for load-bearing applications such as orthopedic implants [1,8]. In order to 

solve this issue, coating bioactive glasses onto biocompatible metal substrates has been 

developed. Among investigated coating methods such as enameling, plasma spraying, rapid 
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immersion, pulsed laser deposition (PLD), electrophoretic deposition (EPD), ion beam 

sputtering, sol-gel technique and laser coating, enameling and plasma spraying are the most 

commonly used coating methods. However, they presented cracks and porosity in the coating, 

caused relatively poor adhesion at the metal-glass interface, and high temperature treatments of 

the whole implant could damage the metal substrates [1]. On the other hand, laser coating is a 

localized heating process and has potential to both fusion bond and sinter the bioactive glasses 

on the metal substrates. Moritz et al. [9] explored the possibility of applying CO2 laser irradiation 

for coating bioactive glass 1-98 on titanium medical implants. Mirhosseini et al. [10] used a 

combined laser/sol-gel technique to produce calcium silicate coatings and determined its effect 

on osteoblast response. Cheng et al. [11] investigated transmission laser coating of HA on Ti 

substrates. Comesana et al. [12] investigated the potential of the laser cladding technique to 

produce S520 bioactive glass coatings on Ti6Al4V alloy substrates. Chen et al. [13] made a 

functionally graded composite material coatings of different HA and pure Ti mixture on 

Ti6Al4V alloy substrates by laser cladding . O’Flynn et al. [14] examined the effect of laser 

sintering on a G250 bioactive glass-ceramic, but their attempts to coat G520 on Ti6Al4V by laser 

enameling were unsuccessful. Studies referenced above reported laser coatings of different 

bioactive glass compositions. However, the laser coating of 45S5 Bioglass, which has the highest 

rate of bioactivity, has not been investigated yet. Furthermore, plasma spraying and enameling 

coatings are unsuccessfully performed for this material [15,16]. 

Among the factors that determine the effectiveness of a material as a bioactive agent are the 

textural and morphological properties. Three main factors that affect the bioactivity of bioactive 

materials are porosity, surface roughness, and crystallinity. Porosity of the implants greatly 

enhances their bone bonding ability. Microroughening the bioactive glass surface significantly 
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accelerated the early formation of surface reactions [17], and an increase in the surface area of 

the initial glass accelerates chemical reactivity in bioactive glasses. The crystallization rate of the 

apatite layer is affected by the texture of the silica substrate, increasing as pore size and pore 

volume increase [18–20]. Formation of silica rich and calcium phosphate-rich layers, indicating 

bioactivity, was slower on surfaces of samples that included sodium calcium silicate crystals than 

on the amorphous parent glass. The apatite formation increased from 10 hours for amorphous 

parent glass to 22-25 hours for 60-100% crystallized glass-ceramic [21]. Therefore, 

crystallization did not prevent the development of a crystalline HCA layer, but rather it increased 

the onset time of generating this layer. 

In this study, a Nd:YAG laser and a Fiber laser both at 1064 nm wavelength are used to produce 

double layer coatings of 45S5 Bioglass on titanium substrates to achieve a functionally graded 

bioactive glass coating. This coating has a strong adhesion to the titanium substrates and high 

bioactivity on the top surface of the coating material. The sintering mechanisms, morphology 

and microstructure of sintered bioactive glass, as well as the effects of laser processing 

parameters on the porosity and crystallinity of the coating material have been investigated. A 

numerical model is also developed to yield greater insight into the temperature dependent laser 

sintering behavior of the bioactive glass and to predict its porosity and crystallinity. 

5.2 Background 

5.2.1 Implants and Bioactive Glasses 

Most implants, such as hip and knee replacements, that use only bioinert metal substrates, often 

suffer from problems of interfacial stability with host tissues. Bioactive glasses are a group of 

surface reactive biomaterials that have been used to repair and replace diseased or damaged bone 

in the human body. However, bioactive glasses alone are not strong enough to be used for these 
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load-bearing applications. Therefore, applying a glass coating onto a mechanically tough 

substrate is an alternative to reduce the risk of early implant failure. Coating a substrate with a 

bioactive glass serves three purposes: the substrate is protected from corrosion, tissues are 

protected from corrosion products which may induce systemic effects, and the bioactive glass 

bond easily with bone. Bioactive glass coating of bioinert metal implants has increased bone-

implant contact in the early growth period. Early bone ongrowth is known to increase primary 

implant fixation and reduce the risk of early implant failure. A common characteristic of 

bioactive glasses is a time-dependent, kinetic surface modification that occurs upon implantation. 

When a bioactive glass is immersed in a physiological environment, such as a human body or 

simulated body fluid (SBF), reactions on the surface of this material are as following [8] :  

1) Ion exchange between modifier cations in the glass with ions in the solution leads to formation 

of silanols (Si-OH): 

Si – O – Na+ + H+ + OH-   Si-OH + Na+
(solution) + OH- 

2) Hydrolysis, in which Si-O-Si bonds are broken and the glass network is disrupted, leads to 

further formation of silanols: 

2(Si-O-Si) + 2(OH)  Si-OH + OH-Si 

3) Polycondensation of silanols in which the disrupted glass network changes its morphology to 

form a hydrated silica gel-like surface layer: 

2(Si-OH) + 2(OH-Si)  -Si-O-Si-O-Si-O-Si-O- 

4) Precipitation, in which an amorphous calcium phosphate layer is deposited on the gel.  

5) Mineralization, in which the calcium phosphate layer gradually transforms into a crystalline 

hydroxyapatite layer (HCA).   
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When a layer of biologically active HCA forms, bonding of the implant with tissue can occur. 

The rate of HCA formation and the time for onset of crystallization varies greatly depending on 

the composition, morphology, and microstructure of the bioactive glass.  

5.2.2 Kinetics of Sintering 

Sintering is a processing technique used to produce density-controlled materials. Powdered 

particles join together by the application of thermal energy. Three categories of sintering 

processes are solid-state, liquid-phase, and viscous sintering. Densification of glass occurs by 

viscous flow, and viscous sintering is the dominant sintering mechanism for glasses. At 

temperatures above the glass transition temperature, glasses behave as ordinary Newtonian 

liquids. Due to surface tension, viscous flow takes place resulting in neck growth and shrinkage 

during sintering of glass particles. The work done by surface tension in decreasing the total 

surface area is equal to the total energy produced by dissipation of the flow of the viscous glass. 

Based on an energy balance concept, Frenkel [22] first proposed a viscous sintering model for 

the initial stage sintering. For viscous flow sintering, the neck growth and shrinkage are 

expressed as the following: 
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where x is the neck radius, a is the particle radius, s is the surface energy,  is the viscosity, t is 

the sintering time, and l/l is the shrinkage. The viscosity of glasses varies significantly from an 

average value of 1011.3 Pa·s at the glass transition temperature to a viscosity of ≤ 10 Pa·s at the 

practical melting temperature. The temperature dependence of the viscosity of glass is commonly 

expressed by the Vogel-Fulcher-Tamman (VFT) equation as following: 
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where 0 is a constant, B is a variable related to the activation energy for viscous flow, T0 is a 

fitting temperature ranging from zero to glass transition temperature, and T is the absolute 

temperature. When the glass powders are heat-treated over their transition temperature, a 

remarkable shrinkage of the material from viscous sintering occurs, and the powder structure 

starts consolidating and porosity is significantly reduced. 

5.2.3 Kinetics of Crystallization 

Both glass formation and crystallization are kinetic phenomena. The manufacture of glass is 

based on rapidly cooling the melt so that it will not form a crystalline, low-energy state[23]. 

Most glass-forming melts show some sign of crystallization if held just below the liquidus 

temperature long enough for structural arrangements to occur. Crystallization can occur either on 

cooling slowly from the melts or reheating to the temperatures below the practical melting point. 

The overall crystallization results from nucleation and crystal growth, and it could be analyzed 

using the Johnson-Mehl-Avrami-Kolmogorov (JMAK) theory [24–26]. The primary crystalline 

phase in crystallization correlates strongly with the oxide content of the glass and its thermal 

history. In bioactive glasses, different crystal types can form depending on the composition. 

Bioactive glass 45S5 has been reported to crystallize to Na2Ca2Si3O9 (2Na2O·CaO·3SiO2) during 

heating [27,28]. 

The compositions of 45S5 bioactive glasses are in the N1C2S3-N1C1S2 composition region as 

shown in phase diagram of CaO·SiO2 - Na2O·SiO2 in Fig. 5.1 [29]. The crystals grown in this 

glass are solid solutions (Na2Ca2Si3O9 ss) having the chemical formula Na4+2x-Ca4-x[Si6O18] 

(0≤x≤1). These solid solutions are formed by replacement of one Ca atom by two Na atoms. 

Ohsato [30] explained that the structure of Na4Ca4[Si6O18] in high temperature form, made up of  
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Figure 5.1:  CaO·SiO2-Na2O·SiO2 pseudo-binary phase diagram of the sodium/calcium silicate system [29]. 

puckered six-membered [Si6O18]
12- rings, is isostructural with Na6Ca3[Si6O18]. The structures 

consist of puckered six-membered rings of silicate tetrahedral, which are stacked in a cubic 

close-packing arrangement and held together by alkali and alkaline-earth ions. In the initial stage 

of phase transformation in both stoichiometric and non-stoichiometric glasses, the compositions 

of the crystals deviate considerably from those of the parent glasses [31]. The variation in the 

crystal composition is accounted for by the replacement of one Ca atom by two Na atoms. In the 

final stages of phase transformation, the average composition of crystals equals that of the parent 

glass. The crystals are solid solutions, and their composition changes during growth, approaching 

the parent glass composition with increasing crystallized volume fraction [32]. 

5.3 Numerical Simulation 

Coupled modeling of the heat transfer, sintering potential, pore growth, and crystallization is 

performed to simulate the laser sintering behavior of bioactive glass. The laser radiation is 

considered as a heat source, and laser energy is assumed to be absorbed in a volume of a green 
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body defined by a Gaussian distribution in the radial direction and exponential decay in the depth 

direction. 
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where Q is the flux at point (r,z), Q0 is the peak flux, R0 is 1/e2 radius of the laser beam on the 

top surface, and  is the absorption coefficient of the green body.  

In laser sintering, nucleation and crystal growth occur simultaneously, with rates that change 

continuously as the temperature changes during heating and cooling. According to the JMAK 

crystallization kinetics, the crystallized volume fraction for a non-isothermal condition can be 

expressed as [33]: 
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where X is the volume fraction transformed (crystallized), d is the dimensionality of growth 

(which is equal to 3 for homogeneous bulk crystallization), t is the time the sample experienced 

laser sintering, T is the temperature, and K is a temperature dependent crystallization rate that 

includes both nucleation and growth. Its function can be assumed by the Arrhenius equation: 
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where Ec is the activation free energy of crystallization, R is the gas constant, K0 is the pre-

exponentials of crystallization rate, and T is the absolute temperature.  

Based on the continuous media theory for selective laser sintering developed by Kolossov et al. 

[34], the porosity of the coating layer is defined by a sintering potential  given by: 
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where the range of  is [0,1) corresponding to either the relative density of an original green 

body at  = 0 or fully dense glass  = 1. The rate of densification (T) is first derived by Frenkel 

[22] and later expanded to be a temperature dependent function given by: 
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where   is the surface tension or surface energy,  is the viscosity of heat-treated material, and 

d0 is a characteristic length scale of the initial material. The thermal conductivity of partially 

dense glass depends on the temperature and sintering potential, and is given by:  

 
݇ሺ߶, ܶሻ ൌ ሾܽ ൅ ሺ1 െ ܽሻ߶ሿ݇௕௨௟௞ሺܶሻ  (5.9)

where kbulk is the thermal conductivity of the bulk, and a is the ratio between the conductivity of 

loose powder and the bulk conductivity. The temperature dependent viscosity of amorphous glass 

can be expressed using the Vogel-Fucher-Tamman (VFT) equation as mentioned in section 2.2. 

When glass is partially crystallized, the effective viscosity, eff, will depend on the degree of 

crystallization and the viscosity of the amorphous glass. The effective viscosity can be 

approximated by the Einstein-Roscoe equation:  
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where Xmax and n are adjustable parameters, and the values of 0.75 and 2.5 are widely used, 

respectively [35]. When densification and crystallization take place simultaneously, the increase 

of effective viscosity may reduce the sintering rate and inhibit the densification. Only glass-glass 

contacts develop necks by viscous flow [36,37]; therefore, the modified sintering rate with 

concurrent crystallization could be expressed as: 



137 
 

 
ሺܶሻߞ ൌ

ሺܶሻߛ

݀଴ߟሺܶሻ ൬1 െ
ܺሺܶሺݐሻሻ
0.75 ൰

ିଶ.ହ ሾ1 െ ܺሺܶሺݐሻሿ  (5.11)

During the later stage of sintering, it is possible that an isolated pore containing gas may diffuse 

and coalesce with its neighboring pore. The rate of pore growth caused by pore diffusion and 

coalescence could be expressed as [38]: 
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where rp is a pore radius, vp is the pore molar volume, kB is the Boltzmann constant, and Dp is the 

pore diffusion coefficient, which is temperature dependent and can also be determined by the 

Arrhenius equation. The pore growth factor, Pg, can be calculated as a function of final pore 

radius, rf, and initial pore radius, ri: 
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The overall porosity results from the competing mechanisms of viscous flow densification and 

pore coalescence. The overall porosity, P, can be determined as a function of initial density, i, 

sintering potential, and pore growth factor by the expression below: 
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To systematically predict temperature, sintering potential, pore growth, and crystallization, the 

mathematical model of each module described above needs to be rationally arranged. The flow 

chart of the integration of these modules is shown in Fig. 5.2. This setup is solved using 

COMSOL Multiphysics. Simulation results offer a useful insight into the temperature dependent 

behavior of laser sintering, capturing the combined effects of laser heating, densification, pore 

coalescence, and crystallization on the resulting porosity and crystallinity.  
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Figure 5.2:  Flow chart of the numerical model. It captures the combined effects of laser heating, 
densification, pore coalescence, and crystallization to predict degree of porosity and crystallinity. 

5.4 Experimental Setup and Characterization 

45S5 bioactive glass powder was pre-coated on Titanium grade 2 substrates using a 

sedimentation method by mixing the glass powder with ethanol before depositing the glass slurry 

on the substrates. Before sedimentation, the substrate was ground using a 120 grit silicon carbide 

paper to roughen its surface, allowing for increased mechanical interlocking between the 

substrate and the coating layer. The sample is subsequently heated in a furnace at 120 °C for 12 

hours to assure that the ethanol is completely evaporated. A GSI Lomonics JK-2000 Nd:YAG 

laser and a SPI redEnergy G4 Fiber laser both operating in continuous wave (CW) mode at a 

wavelength of 1064 nm were used for double layer coating of the bioactive glass on a titanium 

substrate. The Nd:YAG laser at fixed intensity of 40 W/mm2 and scanning speed of 1.25 mm/s 

was used for coating the dense bond coat layer onto Ti substrates. A second layer of glass slurry 



139 
 

was subsequently deposited on top of this densified bond coat. Finally, the Fiber laser with spot 

size of 700 m was used for sintering the porous top coat layer onto the dense bond coat layer of 

the bioactive glass. Laser powers of 10 to 12 W (intensities of 26 to 31 W/mm2) and scanning 

speeds of 1.0 to 2.0 mm/s were adjusted for sintering of the top coat. Laser coatings were 

performed with shielding by ultra-high purity argon gas which was flowed on the surface at a 

flow rate of 12scfh. A schematic diagram of the experimental setup is illustrated in Fig. 5.3. 

The glass powder is highly transmitting at the 1064 nm wavelength; however, due to multiple 

surface scattering [39] the overall absorptivity of deposited glass powder is as high as the case of 

a nonlinear absorption mechanism [40] after measuring a time-averaged laser power that passes 

 

Figure 5.3:  Schematic representation of 45S5 Bioglass laser coating on a titanium substrate. Laser sintering 
of (a) the dense bond coat layer and (b) the porous top coat layer. The bond coat layer is necessary to achieve 
strong adhesion on the substrate. The top coat layer with a highly bioactive porous structure is beneficial for 

early formation of a bone-bonding HCA layer. 
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through the deposited glass powder layer on fused silica. After laser coating, the samples were 

embedded in epoxy molds, and then ground with silicon carbide papers and polished with 

alumina and leather polishing pads to examine the cross section views using a Hitachi S-4700 

scanning electron microscope (SEM). Compositional analysis was also performed using energy 

dispersive x-ray spectroscopy (EDX) on the Hitachi S-4700. Morphology and microstructure of 

the bioactive glass were also observed using an Olympus BX-60 optical microscope. An Inel 

XRG-3000 X-ray diffractometer (XRD) with CuK radiation was used to determine the 

crystallization phase and percent crystallinity.  

5.5 Results and Discussion 

5.5.1 Morphology and Porosity of Pre-treated Glass Powder 

For 45S5 Bioglass, which has the highest rate of bioactivity, coatings by plasma spraying or 

enameling usually fail due to the lack of adhesion to the substrate [15,16]. By properly 

controlling the parameters of laser irradiation on the glass powder layer, a functionally graded 

45S5 Bioglass coating with dense structure having strong adhesion on a titanium substrate, and 

with a highly bioactive porous structure on the top surface was achieved. Figure 5.4 (a) and (b) 

show the representative top-view optical micrograph and cross-sectional SEM image of this 

deposited powder layer before laser irradiation. The crushed 45S5 Bioglass powder has no 

specific shape, with particle size < 50 m. These glass particles temporarily stay together to form 

a thin layer on the titanium substrate. The deposited powder layer has high porosity as shown in 

Fig. 5.4 (b). The porosity was characterized using image-analysis by direct observation of the 

cross-sections of the deposited powder layer. Areas of the glass particles and the pores were 

separately specified as shown in Fig. 5.4 (c). The yellow lines indicate boundaries of glass 

particles. Area fraction calculation of porosity was done by using ImageJ software. The average  
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porosity is 39.2%, or the relative density of the deposited glass powder layer is 60.8%. 

 

Figure 5.4:  (a) Top-view optical micrograph and (b) cross-sectional SEM image of deposited glass powder 
layer by sedimentation; (c) Image analysis to characterize porosity. The yellow lines indicate boundaries of 

glass particles, and the average porosity of deposited glass powder layer is 39.2%. 

5.5.2 Bond Coat Layer on the Ti Substrate 

The coating of a bioactive material on a bioinert metal for orthopedic implants is considered to 

be successful if the coated material is strongly adhered onto the substrate. Laser irradiation of the 

glass particles increases their temperature such that the viscosity of 45S5 Bioglass is decreased 
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from the softening point (106.65 Pa·s) to the practical melting point (10 Pa·s). For the required 

dense structure of the bond coat layer, higher laser power for increasing the temperature of 45S5 

Bioglass above its practical melting point is required. Figure 5.5 shows the morphology of this 

desired bond coat layer in both top and cross-section views. Due to the Gaussian distribution of 

the laser beam, there are two distinctive regions of laser affected zone as shown in the top-view 

optical micrograph in Fig. 5.5 (a). The dark center region apparently has a dense structure, and 

the glass powder is believed to reach the practical melting temperature in this area. With lower 

laser intensity in the peripheral area of the beam, the resulting gray region has a porous structure. 

The glass powder experiences temperatures above the softening point and sintering takes place in 

this area. There is a transition between these two regions, and the microstructure in the transition  

 

Figure 5.5:  (a) Top-view optical micrograph and (b) cross-sectional SEM image of the bond coat layer; (c) 
Expanded view at the interface between Ti-substrate and the bond coat. Region at the center has a dense 

structure. 



143 
 

area will be discussed in Section 5.3.2. From the cross-sectional view in Fig. 5.5 (b), and (c), it 

indeed shows that the center region has a dense structure, and there is continuity without any 

lateral cracks on the coating interface between the 45S5 Bioglass and the titanium substrate. On 

the other hand, there is a distinctive gap between the deposited powder layer and the substrate as 

shown in Fig. 5.4 (b). Figure 5.6 shows an EDX composition map and line scan composition 

profiles across the interface as depicted in Fig. 5.5 (c). The existence of a 10 m wide mixed 

interfacial layer is clearly shown in Fig. 5.6 (a) and (c). In a thermally activated process, there is 

diffusion of titanium into silicate glass melts [41,42]. When the thermal energy of a titanium atom 

 

Figure 5.6:  (a) Cross-sectional SEM image of the interface region in Fig. 5.5(c) denoting a scanning area for 
(b) EDX composition map and a scanning line for (c) EDX composition profiles across the interface. It 

indicates titanium diffusion into the glass with a ten microns wide mixed interfacial layer. 
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is greater than its activation energy, it could break inter-atomic bonds to move into melted glass 

causing interfacial reactions to form titanium silicides and titanium oxide [43,44]. The EDX 

composition map in Fig. 5.6 (b) shows that Ti from the titanium substrate diffuses towards the 

glass, resulting in relatively strong chemical bonding between the bond coat layer and the 

titanium substrate. 

5.5.3 Top Coat Layer on the Bond Coat   

5.5.3.1 Morphology and Porosity 

The porous structure on the top surface of the coated implants is desirable for high bioactivity. It 

can be achieved by applying lower laser powers to not reach the melting regime of the 45S5 

Bioglass, but high enough to induce sintering of the material. If the processing parameters are 

used for coating the porous top coat layer directly onto the titanium substrate, there will be a gap 

between the bioactive glass and the substrate as shown in Fig. 5.7 (a), and the coating layer 

would be easily detached from substrate by applying a relatively small force. Therefore, the bond 

coat layer of bioactive glass as discussed in the previous section is essential. The deposition of 

the 45S5 Bioglass powder on the bond coat layer is shown in Fig. 5.7 (b). This deposited glass 

powder layer was laser irradiated under sintering conditions resulting in the top coat layer as 

shown in Fig. 5.7 (c). The glass powder was successfully sintered together and also bonded with 

the bond coat layer. It is clear that the top coat layer has a porous structure with mostly closed 

pores, but some open pores are found near the top surface. The fluorescence micrograph in Fig. 

5.7 (d) shows the existence of the open pores as a fluorescent dye mixed with epoxy flows into 

those pores from the top surface. Since the 45S5 Bioglass is originally an amorphous material, 

the dominant material transport mechanism is the viscous flow. The densification by viscous 

flow proceeds more rapidly than that by other solid-state diffusion mechanisms [45,46]. During  
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Figure 5.7:  Cross-sectional SEM images of (a) direct laser sintering (from the denoted rectangular area in 
Fig. 5.5(b)) of a porous glass layer onto a Ti-substrate, (b) a second layer of glass powder deposited on the 

dense bond coat before another laser irradiation, (c) morphology of resulting dense bond and porous top coat 
layers by laser coating; (d) The fluorescence micrograph of pores opened to the top surface. Figure 5.7 (a) 
shows weak attachment of porous glass coating directly on a titanium substrate as compared to the double 
layer coating with a dense structure having strong adhesion on the substrate and with a highly bioactive 

porous structure on the top surface in Fig. 5.7 (c).    

laser sintering, the decrease in temperature-dependent viscosity causes the orientation of glass 

particles to be changed, and glass particles will develop more points of contact. Neck formation 

at the contact points and neck growth subsequently occur together with the formation of an array 

of interconnected pores. Finally, the shape and size of particles and pores gradually change until 

the pores become isolated. Figure 5.8 shows the SEM cross-section micrographs with expanded 

views of isolated pores and pre-existing interface area between the two glass layers. There is no 

distinctive gap between the layers as shown in Fig. 5.8 (c). With the open pore structure of the 

deposited glass powder layer as seen in Fig. 5.7 (b), the sintering atmosphere has important effects 
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Figure 5.8:  Cross-sectional SEM images of (a) double layer laser coating; (b) Expanded view at the porous 
top coat layer and (c) the pre-existing interface between two layers. Swelling of the porous top coat layer 

results from pore coalescence dominating over viscous flow densification. There is no gap between the bond 
and top coat layers. 

on densification and microstructural development during sintering. Atmospheric gas will get 

trapped inside when the pores pinch off and become isolated. For an insoluble gas like air, the 

gas is compressed and its pressure increases as the shrinkage of the isolated pores takes place. 

When the gas pressure becomes equal to the driving force for sintering, the shrinkage stops. At 

the same time it is possible that diffusion of the gas between neighboring pores can occur [47]. 

Temperature gradients and gas pressure differences in various sizes of pores are the driving force 

for the diffusion. Volume shrinkage due to densification by viscous flow and volume expansion 

due to pore growth (or pore coalescence) by gas diffusion will compete with each other. When 

the pore coalescence is more dominant than viscous flow densification, swelling of the laser-
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sintering region occurs as shown in Fig. 5.8 (a).  Since laser sintering is a considerably fast 

heating and cooling process, most of the pores do not have enough time to rise to the surface 

based on their buoyancy. Different spherical-like shapes of various pores, resulting from the 

competition between viscous flow densification and pore coalescence is shown in Fig. 5.8 (b). 

They range from six to tens of microns. The overall porosity of laser sintering of 45S5 Bioglass 

depends on not only viscous flow densification and pore coalescence, but also crystallization 

which will be discussed in the next section. 

5.5.3.2 Microstructure and Crystallinity 

Thermal treatments of 45S5 Bioglass above the glass transition temperature lead to 

crystallization. Crystallized or devitrified glass occurs by nucleation of the crystal phase and 

subsequent growth. A bulk 45S5 Bioglass sample can be fully crystallized, and the 

microstructure of heat-treated bulk 45S5 Bioglass is shown in Fig. 5.9 (a). From this optical 

micrograph, the grain structure and boundaries are clearly observed, and the average grain size is 

roughly ten microns. For 45S5 Bioglass powder, during heat treatment, sintering and 

crystallization occur at the same time. In the sintering temperature range, a material experiences 

necking and becomes denser due to viscous flow. At the same time, it also starts nucleation and 

growth of the Na2Ca2Si3O9 crystal phase, and the material will be partially crystallized. With 

laser irradiation, the heating and cooling times are so fast that the result of treated glass powder 

will be either fully dense glass without a crystal phase or porous glass with a partially 

crystallized phase. This depends on whether or not the treatment temperature is above the 

practical melting point. In this study, a higher laser power condition was selected to induce 

melting of the glass powder so that it would fusion bond with the titanium substrate, resulting in 

a strong adhesion to the substrate as shown in Fig. 5.5 (a). However, in the peripheral area of the  
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Figure 5.9:  (a) Optical micrograph of crystallized 45S5 bulk glass heat-treated in the furnace; (b) Top-view 
optical micrograph (expanded view from the denoted rectangular area in Fig. 5.5(a)) and (c) top-view SEM 

image of the partially crystallized dense area by laser sintering; (d) EDX composition profiles show that 
crystals are calcium-rich compared to the amorphous glass.   
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Gaussian laser beam, there is a sintering region. From the left to the right of the indicated area in 

Fig. 5.5 (a), there are sintering, transition, and melting regions, respectively as shown in Fig. 5.9 

(b). Among these regions, glass powder experiences different temperature regimes. On the left 

hand side, the temperature is within sintering temperature but lower than the practical melting 

point; therefore, it becomes partially crystallized and porous glass. On the right hand side, the 

temperature is above the practical melting point; therefore, it becomes densely amorphous glass. 

However, in the transition region, there is partially crystallized dense glass with cubic like 

isolated grain approximately five microns in size. In this region the temperature is supposedly 

high enough to fully densify the residual glass and the Na2Ca2Si3O9 crystal phase together, but 

lower than the liquidus temperature of the crystal phase. Figure 5.9 (d) shows line scan EDX 

composition profiles across the two isolated crystals in Fig. 5.9 (c). Based on the phase diagram 

of the CaO·SiO2 - Na2O·SiO2 in Fig. 5.1, even though there is a continuous variation in glass and 

crystal compositions during crystallization by the replacement of one Ca atom by two Na atoms 

in the crystals [30,32], the crystals should be calcium-rich and sodium-depleted when compared 

to the parent glass as shown in Fig. 5.9 (d). Figure 5.10 shows the XRD spectra from the 

deposited glass powder layer by sedimentation, the laser coating sample, and the coating sample 

by enameling. The deposited glass powder shows a typical amorphous spectrum with single 

broad peak. In both partially crystalline samples, the diffraction pattern and all distinctive peaks 

agreed with those of the Na2Ca2Si3O9 crystal phase reported on PDF card No.04-011-6167. The 

spectrum of the enameled sample by firing in the furnace at 750 C for 15 min shows higher 

peak intensity than the laser coating sample, and it shows that the crystallinity of the laser 

coating sample is lower than the enameling coating sample. The lower degree of crystallinity is 

more desirable for achieving the high bioactivity of the implants. The quantification of 
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crystallinity and porosity of laser coating samples at different processing parameters were 

performed and discussed in the next section. 

 

Figure 5.10:  XRD Spectra of (a) the enameling process sample fired at 750 C for 15 min in the furnace, (b) 
laser sintering of the porous top coat layer at 12W and 2.0 mm/s, and (c) amorphous 45S5 bioactive glass 

powder deposited by sedimentation. Laser sintering causes less crystallinity than enameling, which is 
beneficial for bioactivity of implants. 

5.5.3.3 Effect of Laser Processing Parameters 

The overall porosity of a laser coating sample was characterized by using image-analysis to 

directly observe a sintering cross-section area of the porous top coat layer of bioactive glass. The 

boundary line of the sintering area was traced, and its area was calculated and compared with the 

powder-deposited area before laser sintering to determine the overall porosity. The degree of 

crystallinity of a laser sintering sample was quantified by comparing its integrated peaks 

intensity in XRD spectrum to that of the fully crystallized sample [48]. A heat-treated sample at 

750 C in the furnace for ten hours is assumed to be fully crystallized and its spectrum was used  
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Figure 5.11:  (a) Porosity and (b) crystallinity of laser sintering samples vs. laser scanning speed. Error bars 
denote standard deviation. Faster scanning speeds correspond to the formation of higher porosity and lower 

crystallinity. 
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Figure 5.12:  (a) Porosity and (b) crystallinity of laser sintering samples vs. laser power. Error bars denote 
standard deviation. Crystallinity is more-or-less constant with laser powers. 



153 
 

as a reference. Figure 5.11 (a) and (b) show the porosity and crystallinity of laser sintering 

samples as a function of laser scanning speed. Both of these quantities are strongly dependent on 

the scanning speed. Faster scanning speeds correspond to the formation of higher porosity where 

pore growth becomes more dominant as compared to densification. This implies that sintering 

time has more influence on the viscous flow densification than the pore growth. However, at the 

highest power of 12 W and the lowest scanning speed of 1.0 mm/s, the overall porosity is less 

than the deposited glass powder layer as shown in Fig. 5.11 (a). The higher sintering temperature 

(close to the practical melting point) and the longer sintering time made the viscous flow 

densification dominant. Figure 5.11 (b) shows that sintering time significantly influences the 

crystallization kinetics. Longer sintering times result in larger crystal fraction of the laser 

sintering sample. The porosity and crystallinity of laser sintering samples as a function of laser 

power are shown in Fig. 5.12 (a) and (b). For higher laser powers, the pore growth further 

dominates the densification at the scanning speed of 2.0 mm/s. This implies that the sintering 

temperature has more influence on the pore growth than the sintering time does. However, at the 

scanning speed of 1.0 mm/s, the higher laser powers induced higher sintering temperature  (close 

to the practical melting point) resulting in the transition for the dominant mechanism from the 

pore growth to viscous flow densification, as show in Fig. 5.12 (a). At the same scanning speeds, 

the crystallinity is more-or-less constant with the laser power as shown in Fig. 5.12 (b). Since the 

crystallization temperature of 45S5 Bioglass is below 750 C [49], the increase in sintering 

temperature far beyond this temperature by higher laser power has little effect on the 

crystallinity. All processing conditions result in a porous structure with low crystallinity; 

therefore, the laser coating is a viable process for bioactive glass coating of biomedical implants.  
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5.5.4 Numerical Modeling 

A 2D axisymmetric FEM laser sintering model with the set of coupled heat transfer, 

crystallization, sintering, and pore coalescence equations are solved concurrently within a 

spatially resolved finite element domain. The 3D model is more realistic to simulate the 

temperature rise ahead of a laser beam, however, for computation simplicity 2D axisymmetric 

model using the laser irradiation times equal to the laser spot size divided by the scanning speeds 

could be reasonable to achieve the equivalent thermal time history and to imitate different 

scanning speeds of experiments. Only small fraction of glass would be partially crystallized due 

to high heating and cooling rates by laser irradiation, the latent heat of crystallization is assumed 

to be negligible. The numerical models are validated using experimental results and can be used 

to predict the porosity and crystallinity of the laser sintering  

 

Figure 5.13:  Representative revolution (225 degree) of 2D temperature distribution of a coupled laser-source 
heat transfer, sintering potential, pore growth, and crystallization model (laser power of 11 W, at 0.35s of laser 

irradiation). 



155 
 

 

Figure 5.14:  2D cross-sectional images for (a) crystallinity, (b) sintering potential, and (c) porosity; (d) The 
morphology of sintered glass whose shape corresponds well with the numerical one. 

layer. Figure 5.13 shows a representative 2D revolution (225 degree) of temperature distribution 

of the laser sintering from the numerical simulation. Peak temperature is below the practical or 

apparent melting point of 45S5 Bioglass. However, it high enough to sinter the glass powder 

onto the bond coat layer, resulting in the porous top coat layer. Figure 5.14 shows cross-sectional 

views of the crystallinity, sintering potential, and porosity from the numerical simulation, as well 

as an experimental feature for comparison. The size of the sintered and crystallized area of 

bioactive glass in the model as shown in Fig. 5.14 (a) and (b) is essentially comparable to the 

experimental sintered area in Fig. 5.14 (d). The resulting porosity in the model as shown in Fig. 

5.14 (c) is calculated from the combined effect of densification and pore growth using Eq. (5.14). 

The porosity contour map in Fig. 5.14 (c) corresponds well with the morphology of the sintered 
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glass in Fig. 5.14 (d). Compared to the initial porosity of deposited glass powder, the porosity of 

the sintered glass is higher at the center of the laser-irradiated area while lower at the peripheral 

area, because pore growth is dominant compared to densification at higher temperatures. To 

validate the numerical models with the experimental results, the overall porosity of sintered glass 

in the models for each processing condition is determined from the average of spatial porosity 

within the sintering region. Additionally, the crystallinity is determined from the average of 

spatial crystallinity within sintered radius in the r-direction and the X-ray penetration depth in z-

direction. For the XRD equipment used in this study with 25 incident angle, the X-ray 

penetration depth is 57.98 m. Since the numerical model is a 2D axisymmetric model, it is more 

reasonable to validate the results only at different laser powers. Figure 5.15 shows the numerical 

and experimental results of porosity and crystallinity as a function of laser power. The numerical 

results correspond well with the experimental results by predicting an increasing trend of the 

porosity and a more-or-less constant trend of the crystallinity with the laser power. At the same 

scanning speed, the increasing porosity shows that the higher temperature distribution from the 

higher power condition results in more driving force for gas entrapped in the pores to diffuse and 

coalesce with the surrounding ones, and the pore growth mechanism further dominates the 

densification. On the other hand, temperatures much higher than the onset temperature of 

crystallization mentioned in the previous section has less effect on the crystallization kinetics 

compared to crystallization time. Therefore, the crystallinity of sintered glass is nearly constant 

with the laser power. The porosity predicted from numerical models may have a small 

discrepancy compared with that from the experimental results, however, the numerical model is 

proved to predict the right trends and yield greater insight into the temperature dependent 

behavior of laser sintering of glass.       
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Figure 5.15:  Numerical (dashed lines) and experimental (solid lines) percentages of porosity and crystallinity 
at different laser powers. Numerical models predict an increasing trend of porosity and more-or-less constant 

trend of crystallinity with the laser powers. 

5.6 Conclusion 

Laser coating of 45S5 bioactive glass on titanium substrates has been investigated for biomedical 

implants. Line scan EDX composition profiles show that there is mixed interfacial layer between 

a dense bond coat layer and the titanium substrate indicating a relatively strong chemical 

bonding. A porous top coat layer is successfully sintered onto the bond coat layer with no 

interface. All processing parameters investigated here for the top coat layer result in a porous 

structure with low crystallinity. The overall porosity of laser coating results from competing 

mechanisms between viscous flow densification and pore coalescence. Swelling of the porous 

top coat layer is due to pore coalescence dominating over viscous flow densification. Higher 

porosity and lower crystallinity correspond to faster scanning speeds while crystallinity is more-
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or-less constant with laser powers. The numerical models developed in this work aid in 

understanding the laser sintering mechanisms and allow for prediction of the overall porosity and 

crystallinity in top coat layers. The numerical results correspond well with the experimental ones. 

The work described above shows that double layer laser coating of the 45S5 bioactive glass with 

high level of bioactivity is successfully done. 
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Chapter 6:  Conclusion 

In this thesis, a number of laser processes aimed to investigate the modification and integration 

of glasses. Glasses are highly transmitting at wavelengths in a wide range of spectrum from near 

ultraviolet (NUV) to near infrared (NIR). However, most of the laser energy can be coupled into 

glasses by either nonlinear absorption or multiple surface scattering. The nonlinear absorption 

takes place in high intensity regime by femtosecond laser irradiation. The multiple surface 

scattering can occur in low intensity regime by continuous wave (CW) laser irradiation of a glass 

powder layer. In the case of femtosecond laser irradiation, the changes in morphology, structure, 

and mechanical properties of glasses upon laser irradiation have been extensively investigated, 

and the state of knowledge of these changes has been advanced. New processes for the 

modification and integration of these materials into devices are developed. In the case of CW 

laser irradiation, coatings of bioactive glass powder on a titanium substrate have been 

investigated. The sintering mechanisms, as well as the porosity and crystallinity of coated 

bioactive glass are analyzed through both experimental and numerical investigations. The major 

findings and contributions of each study are summarized as follows. 

6.1 Femtosecond Laser Irradiation 

6.1.1 Feature Formation and Property Changes 

When ultrashort laser pulses are focused in the interior of glass, features are generated within a 

volume confined by surrounding material due to a nonlinear absorption mechanism. Feature 

generation strongly depends on the laser processing parameters. The link between these 

parameters, the knowledge of absorption volume, and resulting morphology are the main factors 

to explain their formation mechanisms. The morphology of the features is investigated through 

the use of transmission differential interference contrast (DIC) optical microscopy. The shape 
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and size of an absorption volume is performed through the development of 2D axisymmetric 

absorption volume model which includes considerations of the temporal and spatial distribution 

of laser, beam propagation after a focusing lens, and the intensity breakdown threshold of a 

material. The absorption volumes constructed from numerical models show an inverse teardrop 

shape similar to experimental features. Feature formation was understood to be based on micro-

explosions with the side effect from thermal accumulation. Temperature increase by thermal 

accumulation has a tendency to lower the intensity breakdown threshold. It causes the material to 

breakdown further upward in case of laser irradiation on the high overlapping area such as the 

use of a low scanning speed condition.  

Changes in mechanical and structural properties of glass induced by femtosecond laser 

irradiation are experimentally characterized through spatially resolved nanoindentation and 

Raman spectroscopy. Reconfiguration of the three-, four-, and combination of five- and six-fold 

rings within the treated area has been quantified through identification of the volume fraction of 

those particular ring structures. The strength of fluorescence signal in Raman spectra, which 

represents the non-bridging oxygen hole center (NBOHC), has also been quantified to show the 

presence of small cavities in the laser-irradiated area. The reduction in Young’s modulus and 

hardness from nanoindentation measurements in combination with the increase of densely 

packed structure and small cavities from Raman spectroscopy show that the features are 

generated by micro-explosion mechanism resulting in more densified glass mixed with small 

cavities. Young’s modulus and hardness decrease; however, the E/H ratio and ductility index 

increase. This indicates that more energy is required to fracture the laser-irradiated region 

compared to the reference region, or it implies that the fracture toughness of the treated material 

is higher which may be beneficial to transmission welding applications. 
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6.1.2 Transmission Welding (TW) and Single Step Channeling (SSC) 

Joining of two glass substrates in flat panel display, OLED lighting, and lab-on-a-chip 

applications based on adhesives have poor reliability, moreover they are susceptible to moisture 

permeability. Some adhesives and other bonding processes such as thermal bonding and anodic 

bonding require high curing temperature of entire parts for a long period of time. Since 

femtosecond laser represents a non-contact, flexible tool, which enables the localized processing 

even in the interior of glasses with minimal heat affected zone (HAZ), a new joining process 

(TW) has been developed by utilizing a nonlinear absorption mechanism to form a highly 

localized joint at the interface between two glass substrates. The morphology of the joints 

formed using the TW by femtosecond laser is investigated, and it indicates that the joining is 

successful with no gap at the pre-existing interface. The welding affected region assembles the 

teardrop shape similar to features in the interior of glass. The joint width is found to be 

corresponded to the predicting absorption width from an absorption volume model. The 

numerical model suggests high numerical aperture and higher laser pulse energy to achieve 

bigger joint width and lesser affected region distanced from the interface. High-load 

nanoindentation to induce cracks has been performed on the weld seams. It shows a shorter crack 

line at the joint compared to that at the glass base material. The shorter crack length and the 

greater E/H ratio confirm the hypothesis from the previous study that the fracture toughness of 

femtosecond laser-irradiated region is increased compared to the reference region. Through 

indentation analysis at different high-loads, it also indicates that the fracture strength of the joint 

is increased. Therefore, TW has the potential to achieve a reliable, highly localized sealing 

process for the flat panel display and biomedical industry. 
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Microchannels are the essential features in micro-fluidic devices, lab-on-a-chip (LOC) devices, 

and micro-total analysis systems (-TAS) for biomedical applications. Currently, fabrication of 

these devices heavily relies on photolithographic techniques, which require multilayer and 

multistep processing procedures to form microchannel structures. These techniques can 

introduce alignment errors in joining process, and liquid adhesive would also run into etched 

channels. Since high energy single femtosecond laser pulse can generate a reasonably long 

microchannel when appropriately control the laser and focusing parameters, a new process (SSC) 

has been developed by utilizing an aberration effect and a micro-explosion mechanism to form a 

high aspect ratio, long microchannel in the interior of glass. The elongation of the absorption 

volume, resulting from spherical aberration of a laser beam which focuses through the air-glass 

interface, has been investigated by numerical models. Models can be used to predict the length of 

microchannels with respect to the laser and focusing parameters. The microchannel geometry by 

single femtosecond laser pulse is investigated through the use of transmission DIC optical 

microscopy. Because of the micro-explosions inside the elongated absorption volume, the 

generated features represent a long narrow dark color area. Experimental characterizations at 

cross sections of microchannels through the use of AFM topography and Raman spectroscopy 

indicated that the narrow dark color area observed from the side view of the optical micrograph 

is a cavity. With the utilization of a simulation to predict a channel length as a function of laser 

pulse energy and focusing depth for single laser pulse, a long microchannel can be achieved by 

cascading a series of single pulse channels along the optical axis within the thickness of glass. 

SSC could be a potential alternative to produce microscale channels inside transparent materials 

for microfluidic and lab-on-a-chip applications. 
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6.2 Continuous Wave (CW) Laser Irradiation 

Bioactive glass can be transformed into bone like phase and naturally bond with bone. The best 

use of bioactive glass in load bearing implant applications is as a coating on one of common 

implant metals and alloys. High bioactivity of bioactive glass accelerates the bonding time so 

that the risk of early implant failure is reduced in orthopedic implant (hip and knee replacement) 

and dentistry implant applications. 45S5 Bioglass has the highest rate of bioactivity, however, its 

coatings by plasma spray and enameling techniques usually fail due to its significant 

crystallization leading to lack of adhesion to the substrate. To address this limitation, double 

layer coating of bioactive glass by CW laser irradiation has been developed by utilizing fast 

localized heating to form a dense structure fusion bonded with metal substrate, and a porous 

structure sinter bonded to the dense glass. The resultant joint between 45S5 Bioglass and 

titanium substrate is analyzed by EDX composition map and profiles across the interface. It 

indicates a diffusion-based joining mechanism with a ten microns wide mixed interfacial layer.  

It is shown that there is swelling of the laser sintering region with its overall porosity higher than 

the initial porosity of a deposited powder layer. The microporosity in the sintered area is not 

detrimental due to it enhances bioactivity of the bioactive material. The evidence of swelling 

shape gives insight into sintering mechanisms. There are not only crystallization and viscous 

flow densification but also pore coalescence by diffusion of entrapped gas in pores. A numerical 

model has been developed to yield valuable insight into the temperature dependent behavior of 

laser sintering process. It neatly captures the combined effects of laser heating, densification, 

crystallization, and pore growth on the resulting morphology and microstructure of the sintered 

glass. The numerical model predicts consistent trends of porosity and crystallinity by the effects 

of laser processing parameters and corresponds well with those measured experimentally. The 
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top bond coat layer formed through the couple layer laser coating process is found to have a 

porous structure with low crystallinity. The degree of crystallinity delays the bioactivity of the 

bioactive material; however, the crystallinity of laser coating sample is significantly lower than 

that of the enameling sample. Hence, the CW laser coating could be a viable process for 

bioactive glass coating (including the 45S5 Bioglass) of biomedical implants.  

6.3 Future Work 

The major findings and contributions outlined above, in both modification and integration by a 

femtosecond laser and coating by a CW laser at 1024 nm wavelength form a foundation on 

which further developments can be based. In terms of transmission welding process, the results 

have shown the ability of femtosecond laser to join the two glass substrates. While the 

mechanical properties have been extensively investigated, the permeability of the moisture and 

oxygen has yet to be tested. Since most devices in flat panel display and OLED lighting 

applications are encapsulated between glass plates that both act as a hermetic barrier and form 

the substrate for the device, the seal between these substrates should be hermetic as well in order 

to provide a barrier for oxygen and water. Investigation of hermetic sealing of transmission 

welding by femtosecond laser should provide an insight into a possible process improvement. In 

addition to the transmission welding by laser irradiation from the top surface of the glass 

substrates, the different orientation of the glass substrate may be examined such as laser 

irradiation from the side onto the interface of two glass substrates. The wider welding width may 

be possible to be achieved in such a case. Taking into account the dielectric properties of air gap 

and reflections at glass-air interfaces, the absorption volume model would be further improved to 

investigate their effects on the shape and size of the absorption volume. Transmission welding of 

dissimilar glasses may also be conducted to investigate effects of different dielectric properties 
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on the weld seams. In terms of single step channeling process, it may be possible to study the 

channel that is generated by couple of femtosecond laser pulses at different delay times of the 

second pulse with respect to the first one in the range of picoseconds to microseconds. The 

micro-explosions caused by the second pulse may help refresh the channel and may improve its 

surface roughness. The use of aberration correction optics such as deformable mirrors or 

spherical aberration compensation plates would also be considered to control and modify a size 

of the resulting channel. 

In terms of double layer laser coating, the work described above focuses primarily on the 

sintering mechanisms, the effect of processing parameters on the degree of porosity and 

crystallinity of the sintered glass. While the high porosity and low crystallinity is desirable for 

acceleration the bonding time, the bioactivity test has yet to be conducted to investigate the 

competing effects of these two factors. This test may be useful to verify which factor would have 

more influence on the bioactivity of bioactive coating implants. In addition, it may be of interest 

to investigate double layer laser coating of different glass compositions. In order to provide a 

greater deal of scope for further work, glass compositions with different crystalline phases would 

give considerable insight into the kinetics of sintering with concurrent crystallization during laser 

coating. 
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Appendix 

This appendix provides a detailed account of numerical models developed during this thesis, 

their use, and many software scripts used to analyze data. This appendix has been organized into 

sections, each associated with a specific chapter of the thesis. Processing data, software scripts, 

and numerical simulations associated with internal feature generation and modification are 

located in (\\Appendix\Chapter2), transmission welding in (\\Appendix\Chapter3), single step 

channeling in (\\Appendix\Chapter4), and double layer coating in (\\Appendix\Chapter5).  

A1:  Internal Feature Generation and Modification 

Numerical models with different laser processing parameters were developed to predict feature 

size inside glass irradiated by femtosecond laser pulses. They were implemented using 

Abaqus/standard, the commercial finite element (FEM) program. The relevant files of the 

representative numerical model are included in (‘\\Appendix\Chapter2’). ‘FS-Laser_Glass.cae’ is 

a model file which can be opened from within the Abaqus/CAE window. Model geometry, basic 

material parameters, analysis steps, boundary conditions, load conditions as well as mesh 

controls can be defined within this file. ‘FS-Laser_Glass.inp’ is an input file (script) which was 

written from the CAE file. It includes all of the information contained within ‘FS-

Laser_Glass.cae’. ‘FS-Laser_Glass.for’ is the user-defined subroutine used in the model. It is 

body heat flux ‘Dflux’ of which the user can define the absorption and distribution of the thermal 

energy input by laser. The simulation should be run in Abaqus Command window using the 

command “Abaqus job=FS-Laser_Glass.inp user=FS-Laser_Glass.for interactive”. When the 

simulation is completed, it will generate many files including ‘FS-Laser_Glass.odb’ which is the 

visualization file. FS-Laser_Glass.odb can subsequently be opened in Abaqus CAE window 

through which the visualization of the thermal profile can be performed. Decomposition data of 
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Raman spectra is located in (‘\\Appendix\Chapter2\Raman Decomposition’). The decomposition 

is processed using OriginPro software by specifying a user defined fitting function that consists 

of three Lorentz peaks (volume fraction of different ring structures) and stretched exponential 

(fluorescence). The experimental and numerical feature sizes, the raw load-displacement curves 

of spatially resolved nanoindentation, and the summary of nanoindentation measurements are 

provided in excel files. The schematic drawings of experimental setup and the compiled data of 

morphology, Raman spectroscopy, and nanoindentation for work associated with internal feature 

generation and modification are also included in (‘\\Appendix\Chapter2’).    

A2:  Transmission Welding 

A 2D axisymmetric numerical model developed to offer greater insight into physical phenomena 

corresponding to nonlinear absorption of a femtosecond laser pulse by transparent dielectrics, 

and to predict the absorption volume inside glass and a welding width of transmission welding. It 

was implemented using MATLAB program. By specifying the laser parameters and number of 

points in time and space, the script ‘AbsorptionVol1.m’ first calculates the power distribution in 

each time slice, and subsequently calculates the intensity distribution in space of an unfocused 

laser beam. The intensity increase as the laser beam is focused to the smaller area toward the 

focal plane. Once it reach the material intensity damage threshold, absorption assumed to occur 

(close to the focal plane), and the radial coordinates of breakdown points are determined 

followed by their corresponding axial coordinates from the beam propagation equation. Those 

breakdown points in each time slice will construct an absorption line, and all lines from every 

time slice will form the absorption volume. The user has to input the laser pulse energy (E [J]), 

the numerical aperture (NA), and the lens focal length (f [m]), and the simulation should be run 

in MATLAB command window using the command “AbsorptionVol1 (E, NA, f)”. Another 
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MATLAB script ‘AbsorptionVol2.m’ is similar to ‘AbsorptionVol1.m’ but considering the 

change in converging angle of laser beam at air-glass interface due to the refractive index 

mismatch. The shape of this numerical absorption volume is assumed top-half ellipsoid and 

bottom half conical frustum. The absorption volume, its surface area, average pressure, van der 

Waals force and deflection are calculated by running the script ‘Volume_AbsorptionVol1.m’. The 

schematic drawings of experimental setup and the compiled data of Atomic Force Microscopy 

(AFM), nanoindentation, and indentation fracture analysis for work associated with transmission 

welding (TW) are also included in (‘\\Appendix\Chapter3’).    

A3:  Single Step Channeling 

A number of different numerical models were developed to predict channel lengths inside glass 

by single step channeling (SSC) process. The 2D axisymmetric absorption volume model as 

described in Chapter 3 of this thesis is further improved by taking into account the aberration 

effects due to the refractive index mismatch at air-glass interface. Considering the different 

incident and refracted angles of focusing rays, the breakdown points occur upward in the optical 

direction. It generates the longer absorption length as a function of pulse energy and focusing 

depth. One additional input (the paraxial focusing depth: Depth [m]), is required to run the 

MATLAB script ‘AbsorptionVol3.m’, and the command “AbsorptionVol3 (E, NA, f, Depth)” 

should be run in the MATLAB command window. ‘AbsorptionVol3_DiffD.m’ and 

‘AbsorptionVol3_DiffE.m’ are MATLAB scripts that can be run automatically to generate 

numerical results at different paraxial focusing depths and different laser pulse energies, 

respectively. A three dimensional (3D) electromagnetic diffraction model, which captures the 

electric energy density field in the vicinity of focal plane of a single femtosecond laser pulse 

irradiation inside glass is also developed. Taking into account the optical properties of two 
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different mediums (air and glass), the focusing parameters, and Fresnel’s refraction laws at the 

interface between two different mediums, a superposition of refracted plane waves can construct 

the time-independent or time-averaged electric fields. The MATLAB script for the 

electromagnetic diffraction model is ‘EM_Diffraction_XYZ.m’. It calls the integrals I0, I1, and I2 

as given in Eq. (4.6) to Eq. (4.8) from other MATLAB scripts, which are ‘Torox_I0_XYZ.m’, 

‘Torox_I1_XYZ.m’, and ‘Torox_I2_XYZ.m’, respectively. The schematic drawings of 

experimental setup and the compiled data of experimental features and channels, Raman 

spectroscopy, and numerical results for work associated with SSC are also included in 

(‘\\Appendix\Chapter4’). 

A4:  Double Layer Coating 

Simulation of double layer laser coating of bioactive glass is performed through COMSOL 

Multiphysics. A 2D axisymmetric FEM laser sintering model with the set of coupled heat 

transfer, crystallization, sintering, and pore coalescence equations are solved concurrently within 

a spatially resolved finite element domain in a fully coupled backward Euler time. It captures the 

combined effects of heat transfer by laser heat source, viscous flow densification, pore 

coalescence, and crystallization due to laser sintering. The relevant model file is included in 

(‘\\Appendix\Chapter5’). ‘TopCoat_2Da_Sintering.mph’ can be opened though COMSOL 

Multiphysics, within which all relevant model parameters such as geometry, laser parameters, 

material parameters, boundary conditions, meshing, etc. can be modified. The parameters in 

global definitions of the model are listed in ‘Parameters_Global Definitions.txt’, whereas the 

variables in model definitions are listed in ‘Variables_Model Definitions.txt’. The Heat Transfer 

(ht) module determines the temperature distribution in time and space from a user defined heat 

source as given in Eq. (5.4) and thermal conductivity (as a function of sintering potential) as 
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given in Eq. (5.9). Other three modules, which are Sintering Potential_PDE (g), 

Crystallization_PDE (g2), and Pore Growth_PDE (g3), use temperature as a main input 

parameter to determine their temperature dependent properties such as Sintering Potential () as 

given in Eq. (5.7), Crystallized volume fraction (X) as given in Eq. (5.5), and Pore radius (rp) as 

given in Eq. (5.12), respectively. Meshing is performed with bias toward the top surface of top 

bond coat layer and the center of the laser beam. The MATLAB scripts are also included for 

analysis of data. ‘Changecolor3_TiNaCa.m’ can be used to change the background color of the 

composition contour map from Energy dispersive X-ray spectroscopy (EDX). 

‘SingleLayer_Ab.m’ is used to determine the absorption coefficient of deposited glass powder 

layer. In addition, the compiled data of experimental porosity, X-ray diffraction (XRD), and 

EDX line profiles for work associated with double layer coating are also included in 

(‘\\Appendix\Chapter5’). 
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