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ABSTRACT

The discovery of fluid cavitation and the invention of the laser changed their respective fields of study permanently.  Over the past 70 years, cavitation has become more widely understood, and laser technology has advanced drastically.  The combination of these two is a narrow field of study, and an even more-focused concept is the tailoring of specific laser-machining immersion fluids to enhance or suppress cavitation damage on a substrate.  In this work, a study involving low vapor pressure fluids (LVPFs) such as ionic liquids (ILs) for ultrafast laser immersion micromachining was performed.  ILs are conductive, molten salts.  These chemicals exhibit exceptionally low vapor pressure, which is theorized to make them good candidates for immersion machining.  The results of the experiments conducted in this Thesis suggest that LVPFs help to mitigate damage from fluid cavitation during ultrafast laser machining.  More specifically, it was determined that LVPFs in general appear to mitigate the damage to a substrate surface.  Other physical properties of the immersion fluids tested in these experiments were also considered, including density and viscosities (both kinematic and dynamic), and how these properties also affect cavitation damage to a substrate surface.  A total of eight fluids were tested in this paper, whereby the surface roughness of a borosilicate glass substrate was examined, as well as the cross section of the features made by laser ablation.  Additionally, the ability of each fluid to modify the effective focal range relative to the substrate surface, where material may still be removed from the substrate, was studied.  It was determined from these experiments that ILs may offer specialized, functional immersion alternatives to the most commonly used fluids (water or air) due to their ability to reduce surface damage from cavitation and, compared to air, reduce the amount of ejecta that resolidifies onto the substrate surface during laser machining.
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[bookmark: _Toc164783343][bookmark: _Toc167803592]1.1 Overview
In this thesis, the concept of cavitation will be discussed as well as how ultrafast laser machining creates it.  Chapter 1 is a brief overview of cavitation and lasers and a small amount of history regarding these topics.  Chapter 2 will discuss in more detail the mechanisms which dictate the dynamics of cavitation bubbles and their formation, in addition to how laser ablation works.  The end of Chapter 2 ties these two concepts together.  Chapter 3 discusses the experimental set-up and data-collection methods.  In Chapter 4 the results of all experiments are discussed in detail, and the main ideas and take-aways are given in the conclusion, Chapter 5. 
[bookmark: _Toc164783344][bookmark: _Toc167803593]1.2 Cavitation and its Inception
The birth of the term “cavitation,” in reference to fluids, may date back to as early as the 1890’s, when the phenomenon was first investigated by Barnaby and Parsons, but may even be attributed to Euler in 1754 [1].  In 1917, Lord Rayleigh developed the theoretical work to describe the process, from which Milton Plesset expanded his work to derive the Rayleigh-Plesset equation in 1949 [1,2].  Since then, the research on fluid cavitation has increased, and more models have been developed to depict the process of cavitation.

Fluid cavitation occurs when the static pressure in a localized volume of the fluid drops below the fluid’s vapor pressure at the current ambient temperature and pressure.  Cavitation is widely studied in an inertial reference frame, where a fluid or an object is moving relative to the other.  This is of particular importance for fluid engineering, where one must consider the pressure drop over surfaces such as propellers, pump blades, pipes, and hydrofoils to prevent cavitation from occurring.  Cavitation causes surface damage, which can reduce the useful life of the object.  In accordance with Bernoulli’s principle (Eq. 1.1), as a fluid increases its velocity at a constant depth, the static pressure must decrease to maintain continuity [3]: 

,				 (1.1)

where  is the fluid density,  is the fluid velocity, and  is the fluid pressure.  If  decreases to a value below the fluid’s vapor pressure, the fluid will spontaneously change phase into a vaporous form, causing vapor pockets or ‘cavities’ to form.  These vapor cavities may grow until the fluid static pressure causes the bubble to collapse on itself.  In such cases where cavitation is present, surface damage caused by cavitation to the object immersed in the fluid is usually detrimental. 

This is a simplified explanation of inertial cavitation, and a more in-depth review of laser-induced cavitation will be explored in the literature review; however, the main ideas remain the same: a vapor bubble is created, expands, and finally, collapses, causing damage to the surface of a nearby substrate. 
[bookmark: _Toc164783345][bookmark: _Toc167803594]1.3 Ultrafast Laser Micromachining
In 1916, Albert Einstein predicted the process of stimulated emission, by which a photon of sufficient energy, and some arbitrary phase and frequency, will pass by an excited atom’s electron orbital causing this atom to spontaneously release its excess energy as a photon [4,5].  This emitted photon will have the same frequency, phase, and propagation direction as the photon which passed by the electron orbital [4].  In most materials, the vast majority of atoms are not in an excited state, however, if they are excited such that the vast majority of atoms are in the excited state, then the spontaneous emission of a photon can cause a cascading effect whereby all of the excited atoms will release a photon (or multiple) simultaneously.  This is the premise on how lasers work, where ‘laser’ was originally an acronym—Light Amplification by Stimulated Emission of Radiation (LASER)—that has now become a commonplace term.  In mid-1960, Theodore H. Maiman demonstrated the first successful operation of a laser [4].  A short time later in 1964, the first picosecond-pulsed laser was demonstrated [6].   Since then, the field of lasers and laser optics has grown dramatically, and lasers are used in everyday applications from laser pointers to medical devices. 

Ultrafast lasers are pulsed lasers that emit ultrashort pulse lengths, usually on the order of nanoseconds (ns,  s) to femtoseconds (fs,  s) [7].  This incredibly short temporal pulse length gives rise to a very steep electric field gradient, which, when focused, enables nonlinear optical effects, such as Kerr self-focusing, multiphoton absorption, and filamentation [8].  With picosecond (ps,  s) to fs pulse lengths, laser ablation can be achieved without melting the substrate, and causing what is known as a heat affected zone (HAZ) [9,10].  A HAZ results from longer (tens of ps or greater) pulses which continue to couple energy into an excited, under-dense plasma while it expands outward around the focal region [11].  This greater amount of absorbed energy will then be transferred to the lattice during electron recombination, leading to thermal gradients appearing as discolored annular bands covering a much wider radial region centered around an ablated crater, where melting and splatter traces are often visibly apparent.  In contrast, sub-ps pulse lengths are too short to interact with the plasma on long-enough time scales to induce such large-area thermal effects [8,12].  In some cases with laser machining, reducing the excess damage to the surrounding affected area is ideal, and ultrafast lasers excel in this field.  Another use for ultrafast laser micromachining is the use of an immersion fluid to produce cavitation bubbles.  These bubbles can then either be studied or perhaps used in laser peening, a technique to work harden the surface of steels [13].  In Chapter 2.2 and 2.3, the processes of laser ablation and cavitation will be discussed in greater detail. 
[bookmark: _Toc164783346][bookmark: _Toc167803595]1.4 Motivation
	Fluid cavitation is typically detrimental wherever it is present.  Cavitation is known to cause damage to the surface of materials and is of concern for engineers designing ship screws (propellers), hydraulic pumps, impellers, piping, and nearly all applications where fluids flow over a surface.  In the work outlined in this Thesis, different immersion fluids are used to enhance or suppress cavitation damage done to a substrate during immersion laser machining.  The goal is to determine if a specific fluid (or fluids) may be used in conjunction with ultrafast lasers to produce better laser-machined surfaces, or at least categorize the effects of the different liquid immersions.  To define “better laser-machined surfaces,” the intent is to produce smooth final products whereby the ejected material from laser ablation does not redeposit onto the surface, leaving clean regions between ablation events.  This may be of use for work in microfluidics, medicine delivery devices, and biological work or study, where smooth surfaces surrounding ablated pits or holes are desired.  Other work at the University of Tennessee Space Institute (UTSI) involves the development of an electrospray thruster.  This device uses a dielectric material with specifically located holes to aid in directing and accelerating a propellant to produce thrust in a CubeSat [14,15].  For this project, deep, smooth, symmetrical holes are desired.  The author believes there are many other potential uses from the results outlined in this Thesis, but future work should be conducted to further this research.  


[bookmark: _Toc164783347][bookmark: _Toc167803596]Chapter 2: Technical background	
	
[bookmark: _Toc164783348][bookmark: _Toc167803597]2.1 A More In-depth Look at Cavitation
Consider a bubble of radius  as a function of time t inside a bulk fluid.  The bulk fluid will have an ambient temperature  and pressure .  The matter in the interior of the bubble is assumed to be uniform and thus will be assigned a pressure and temperature of  and , respectively.  Assuming the bubble boundary is not stagnated, it will have some velocity , where  is the distance the bubble boundary is from the center of the bubble.  Assuming negligible mass transfer across the bubble boundary, conservation of mass yields [16,17]

,		             		 (2.1)

which simplifies to

.					(2.2)

Substituting some arbitrary function, , for the kinematic boundary condition , Eq. (2.2) will further simplify to

.					(2.3)

The Navier-Stokes equation for conservation of momentum in spherical coordinates in the  direction is [16,17]

.			(2.4)


Substituting Eq. (2.3) and simplifying yields

,		(2.5)

where  is the kinematic viscosity, and  is the density (of the liquid).  The second term on the right-hand-side (attached to ) equals zero upon simplifying the derivative, thus removing it from the equation.  This implies that kinematic viscous stresses cancel out in spherical symmetry [16,17].  Eq. (2.5) then simplifies to 

.					(2.6)

Integrating both sides with respect to  from  to ∞ after application of the condition  as  yields

.					(2.7)

Note the differential pressure with respect to r changes to the difference between pressure inside the bubble and the liquid static pressure as r approaches infinity.  To apply a dynamic boundary condition, consider the bubble-bulk fluid interface.  The interface between the vaporous interior of the bubble and liquid exterior of the bulk fluid will be assumed to be an infinitely thin lamina.  The net force radially outward per unit area on a small segment of this lamina is [16,17]

,					(2.8)

where  is the normal pressure force from surface tension on the bubble interface and σ is the surface tension force on the lamina.  The forces must be equivalent because the mass of the lamina is zero.  Figure 2.1 is a free-body diagram that displays the forces on the interface to form the equilibrium balance equation: Eq. (2.8) [16,17].  Rearranging Eq. (2.8), and recognizing  is equivalent to:

. 				(2.9)

Thus, the force per unit area (Eq. (2.8)) can be rewritten as [16,17]

.			(2.10)

So, the boundary condition equation is [16,17]:

. 		(2.11)

Assuming no condensation or evaporation across the lamina, the force (Eq. 2.10) must be zero.  Solving for , substituting this value into  in Eq. (2.7), and simplifying the boundary condition yields the generalized Rayleigh-Plesset (RP) equation [16,17]:

.			(2.12)    

If the left-hand side and the physical properties of the fluid are known, Eq. (2.12) describes the motion of the cavitation bubble radius R with respect to time.  The excitation term  describes an external force acting on the bubble, and how this changes the bulk fluid static pressure.  For example, this force could be an ultrasonic sound wave generated by an ultrasonic cleaner, or a laser pulse focused into the liquid.  The internal environment 
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[bookmark: _Toc167803618]Figure 2.1. Equilibrium forces on the bubble interface.  Forces are displayed using solid blue arrows.  The lamina is the solid purple semicircle spanning the top half of the bubble. R is the bubble radius and Pb is the pressure inside of the bubble. 



of the bubble is described by the  term and is the polytropic expansion of vapor inside the bubble [16,17].  

The generalized RP equation (Eq. (2.12)) is a highly idealized depiction of the seemingly chaotic events that happen during cavitation expansion and collapse.  The assumptions used in this derivation are as follows: there is a single bubble in an infinite media, the internal conditions of the bubble are uniform, there are no additional external forces such as gravity or electromagnetism which effect the bubble, bulk fluid viscosity effects are negligible during bubble dilation, the density of the liquid is far greater than the density of the vapor inside the bubble and its compressibility is negligible, there is no mass transfer across the boundary (the mass of the vapor is constant), and finally, the vapor pressure is constant during any oscillations of the cavitation bubble [16,17].  In reality, one may not be able to use one or any of these assumptions for an exact description of a cavitation bubble, but for simplicity, this Thesis will follow to the generalized RP equation which was derived using these assumptions.    

[bookmark: _Toc164783349][bookmark: _Toc167803598]2.2 Ultrafast Laser Ablation
The ultrashort pulse duration of fs lasers produces a unique ablation method compared with longer-pulse laser machining.  Since the pulse time of the laser is so short, melting of the substrate is not the main ablation method for fs lasers, as it is with ns or longer pulse lengths.  Instead, for dielectric materials, nonlinear absorption of the photons occurs [12].  For this process to happen, the electric field of the incident light must be approximately equal to the electric field strength that binds the valence shell electrons to their parent atom [12].  Wavelengths in the visible spectrum and near infrared do not have enough energy to be linearly absorbed by dielectrics such as glass [8].  For valence band electrons to be excited to the conduction band, multiple photons must simultaneously be absorbed by the electrons to gain enough energy to jump to the bandgap.  The number of photons required is dependent on the wavelength of the laser light used and the relationship is shown in Eq. (2.13):

, 					(2.13)

where m is the number of photons, h is Planck’s constant, f is the frequency of light, and  is the bandgap energy [8].  Photon energy is typically reported in terms of electron volts, or eV, where from Eq. (2.13) it can be shown that 1 eV is equivalent to a photon of nm.  Glass, which has a bandgap ~9 eV, therefore clearly requires a multiphoton-absorption process to excite from the valence to conduction band [18].

For laser pulses longer than ~10 fs, electrons excited into the conduction band can continue to absorb the incoming photons [12].  Linear absorption of multiple photons by an electron in the conduction band will lead to the already-excited electron gaining additional energy (more than ) and allowing it to impact-ionize an electron in a lower energy state [8].  The impact of the energized electron with another lower-energy electron can thus create two electrons at the bandgap minimum energy level.  This process may continue as long as the laser field (i.e., the pulse) exists and is of sufficient intensity.  This is called avalanche photoionization [8].  

The electron in the conduction band that is excited is called a seed electron.  These seed electrons can come from multiphoton absorption or tunneling ionization, or even a combination of the two [8].  Tunneling ionization is a process in which a high-intensity electric field skews the bandgap of the atomic potential and allows an electron to tunnel from the valence band to the conduction band without the absorption of photon energy [8].  For fs laser pulses, photon absorption happens faster than the lattice relaxation time, which occurs on the time scale of approximately 1 ps () [6,8,12].  This means that thermal effects from electron recombination occur long after photoionization has occurred.  Thus, with no time for relaxation of the electrons, the number of electrons in the focal volume of the laser pulse will increase until a critical number density is reached; at this point, the electrons in the plasma will start oscillating with the same frequency as the laser light [8,12].  For light with a wavelength of 515 nm, this frequency is about 582 THz, and its photon energy is 2.41 eV. 

If the plasma response time is shorter than the period of an external electromagnetic (EM) field, the incident radiation will be shielded from the plasma.  This shielding can be quantitatively observed by developing a relationship between the two frequencies [19]:

,				(2.14)

where  is the plasma frequency,  is the EM frequency,  is the fundamental electric charge,  is the electron number density,  is the permittivity of free space,  is the mass of an electron,  is the EM wavelength, and  is the speed of light.  

If the frequencies match, the left side of Eq. (2.14) can be set equal to unity and the expression solved for .  To find ,  is replaced with : the critical number density of electrons required for optical breakdown.  In glass,  is on the order of 1021 electrons per cubic centimeter, and the corresponding optical intensity to achieve this is about 1013 W/cm2, a value easily achieved by tightly focusing sufficiently energetic (µJ) fs pulses [8,19].  The exact numeric value depends on the wavelength of light, but the order of magnitude remains largely the same over the visible spectrum.  It can then be noted that any wavelength greater than this critical value for  will be reflected and, indeed, this fact can be used to transmit long-wave RF signals beyond the horizon by bouncing the radio signal off the ionosphere [19].  Reiterated, plasmas with a frequency greater than an external EM field frequency are “over-dense” and will reflect the incident EM radiation.  Conversely, plasma with a frequency that is less than incident EM radiation is “under-dense” and will act as a nonlinear refractive medium [19].

When light propagates through a dielectric material, such as glass, it induces microscopic displacement of bound charges in the lattice.  The displacement of these charges forms transient electric dipoles [8,20].  The polarization of the dipoles is dependent on the electric susceptibility () of the material and can be expanded in a power series of the polarization vector.  For low electric field intensities, only the first-order (linear) susceptibility term is considered, since this term contributes the most to the polarization.  However, when the electric field strength is high, processes such as Kerr self-focusing and plasma defocusing can occur, and the higher-order terms cannot be neglected because the electric field intensity for these processes to occur is so large.  These processes are inherently nonlinear and thus cannot be described purely by linear terms.  Kerr self-focusing and plasma defocusing may both occur during fs laser ablation because the electric field intensity is so high, thus the nonlinear terms are no longer negligible.  Kerr self-focusing occurs under high-intensity irradiation conditions because the refractive index of a transparent material can exhibit a nonlinear dependence on light intensity and result in a lensing effect that causes a laser pulse to focus in the absence of a curved lens, hence “self-focusing” [8,12,21].  Plasma defocusing, as the name suggests, causes a dispersal of the laser pulse by the generated plasma.  A delicate balance between these two processes can cause microscopic “filaments,” plasma channels that propagate much deeper into the substrate material than would otherwise be possible without these effects [22].  Note that these and other nonlinear optical effects generally require exceptionally concentrated light intensities enabled by focusing ultrafast laser pulses to manifest.  To numerically describe how these processes are related to the electric field intensity, the polarization vector must first be defined.

In amorphous glass the polarization vector can be described with the following equation:

,				(2.15)

where the first nonlinear term, , is equal to zero because glass is an amorphous solid.  Second-order nonlinear optical interactions can only occur in non-centrosymmetric crystals, a crystal structure which does not exhibit symmetry about central-point reflections, or inversion centers.  Because glass generally does exhibit inversion symmetry in its bulk,  is zero (although the symmetry is broken at surface interfaces, but that topic is beyond the scope of this Thesis) [23].  Subsequent nonlinear terms past 3rd-order will here be considered negligibly small (4th-order and higher) [8].  As seen in Equation 2.15, for low intensities of the electric field, the  term (which is typically very small for most materials) is negligible.  For example, BK-7 glass has an  of about 1.51 (unitless), but  has a value on the order of  m2/W for 515 nm light.  However, as the electric field intensity increases, the nonlinear electric susceptibility term begins to impact the polarization of the material.  With some substitutions and rearranging, the refractive index () can then be defined as:

, 			(2.16)

where  is the linear refractive index term, and  is the nonlinear, or intensity-dependent refractive index (with subscript ‘2’ even though it depends on ) [8].  In Equation 2.16, it is seen that the nonlinear refractive index term is dependent on the laser intensity, .  In most materials, this nonlinear term is positive and will increase the total refractive index as the laser intensity increases [8].  If the intensity profile changes spatially or temporally, the refractive index also changes accordingly.  This equivalently forms a positive lens which focuses the light towards the center of the highest intensity region, the origin of self-focusing.  Consequently, a positive feedback loop is formed between optical intensity and refractive index until the optical intensity reaches the optical breakdown threshold.  At this point, nonlinear photoionization occurs, and a free electron plasma is formed [8].  This plasma has a negative refractive index change (compared to self-focusing) and acts as a diverging lens that defocuses the incident laser pulse [8,24].  These two processes may come to an equilibrium with each other to form a region of high optical intensity and plasma density that reaches deep into the target medium.  This dynamic balance is called intensity clamping [24].  A diagram of the temporal evolution of laser ablation is shown in Figure 2.2 [12].
[bookmark: _Toc164783350][bookmark: _Toc167803599]2.2.1 Laser Ablation Plasma and its Expansion into a Fluid		
[bookmark: _Toc420995900][bookmark: _Toc422997487]Although much research has been done separately on the dynamic processes of fs laser ablation and laser-induced cavitation, there is little research process during the time between these two phenomena.  The time domain for fs laser ablation begins and ends well before the fluid cavitation process starts.  With respect to the time scales, a relatively large temporal gap resides in the region between these two processes.  Electron-matter interactions occur much faster than liquid inertial effects.  Lattice heating effects from electron-matter recombination occur on the order of 10 ps, whereas cavitation processes may begin to occur around 10 µs [8,25].   

After the fs laser pulse has ended, no additional external energy will be added to the plasma.  Therefore, any processes that happen after the end of the fs laser pulse will transfer energy (either kinetic or potential) between the fluid, plasma, and/or solid substrate, and the entire thermodynamic system will have a constant total energy with respect to time.  If enough energy was originally deposited into the substrate and plasma during the laser pulse, the ionized atoms in the lattice of the solid substrate will have a large charge imbalance due to the severe deficit of electrons in their valence shells.  As a result, the bond strength between atoms or molecules in the solid substrate will be severely weakened.  This enables the Coulombic repulsion of like charges to overcome the lattice bond energy, causing a rapid dissociation of the substrate lattice.  This process is called a Coulomb explosion and is a form of non-thermal laser ablation [26].  The resulting expulsion of material from the lattice expands outward into the plasma and fluid medium.  
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[bookmark: _Toc167803619]Figure 2.2 Approximate time scales of ultrafast laser ablation processes [12].


When the plasma is created during fs laser ablation, the pressure and temperature of the ionized material are of extreme magnitudes.  The temperature and pressure may be on the order of 104 K and 1015 MPa respectively (as observed by Zhao et al.), but the exact values are heavily dependent on the amount of energy deposited, and atomic constituents of the plasma [27].  For example, Gou et al. observed a plasma pressure and temperature of 430 atm (~43 MPa) and 22,000 K at 50 µJ pulse energy using a regeneratively amplified Ti:sapphire laser with a central wavelength of 800 nm and pulse duration of 50 fs with a 5×, 0.15 NA lens [28].  Their target substrate was a gallium phosphide (GaP) crystal situated in air (the ambient environment).  Zhao et al. used very similar laser parameters, but with 2.3 mJ pulse energy and a different target medium, thus demonstrating the dependence of atomic constituents of the plasma and pulse energy on the thermodynamic state of the plasma. 

Such high temperatures and pressures cause the plasma to expand radially at extreme hypersonic velocities, up to ~Mach 70 (Mach refers to velocity relative to the speed of sound in a dense medium, where Mach 1 ≈ 350 m/s for room-temperature air), in the first ns in the case of the GaP experiment [28].  For instances where the ambient fluid is not of gaseous form, the expansion of the plasma will be more inertially confined, as a denser immersion medium (like a liquid) will require more energy from the plasma to expand.  As such, the expansion rate may be limited to a more modest supersonic regime (>Mach 1)  [25].  In either case, the rapid expansion rate causes shockwaves to form that propagate both through the immersion medium and the substrate material.  Rapid and continual cooling of the plasma while it expands dramatically decreases its radial velocity, which leads to a shockwave decoupling from the plasma expansion wavefront [25].  The shocks will continue through the substrate and immersion medium, but the now shock-separated expansion wavefront will be continually retarded by the immersion medium at an increasing rate.  

Depending on the laser’s focal distance from the substrate surface, two possible outcomes arise, with one special case for each.  Zhang et al. describe the outcomes being γ > 1, and γ < 1, where γ is the dimensionless ratio of the distance of the laser focal point to the substrate surface divided by the maximum radius of the bubble.  A diagram of this is shown in Figure 2.3 [25].  Discussing first the possible outcomes, for γ > 1, the initial bubble expansion remains spherical until the maximum radius is achieved (Figure 2.2b).  If γ < 1, the initial expansion phase will contact the surface of the substrate causing a nonspherical bubble to form (Figure 2.3c) [25].  Special cases are γ = 0 and γ >> 1 (not shown in Figure 2.3).  If the laser focal point is situated on the substrate surface (γ = 0), the expanding plasma will contact the surface of the substrate and the expansion will be hemispherical, with the flat part of the hemisphere being the boundary of the substrate.  If the focal point is far from the surface of the substrate (γ >> 1), the growth and collapse of the bubble will be spherically symmetric.  This special case is very similar to the generalized Rayleigh-Plesset equation discussed in Chapter 2.1, Eq. (2.12).
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[bookmark: _Toc167803620]Figure 2.3. A diagram of the temporal evolution of cavitation bubbles, (a) The definition of γ; (b) γ > 1; (c) γ < 1 [25].


Before proceeding to discuss the total collapse of the bubble, the energy depletion of the bubble should be mentioned.  No matter the location of the focal point of the laser in the fluid, the bubble will expand radially outward until the pressure inside of the bubble is equal to the pressure outside of the bubble.  The inertia of the plasma expansion forces the bubble boundary to continue to grow, and thus the pressure inside of the bubble will decrease below the static pressure of the surrounding fluid [25].  

It should be noted that at some point during the entire expansion and collapse process, the plasma encased in the bubble will recondense into a vapor/gas.  Without perfect thermodynamic knowledge of the state of the matter in this region, it becomes difficult to determine precisely when the plasma stops behaving as such and transforms into a vapor.  Whether this happens prior to the bubble even reaching its maximum radius or sometime during collapse varies between sources.  Thus, from this point onward the matter inside of the bubble will be referred to as a vapor to fit the Rayleigh-Plesset equation narrative.      

	Upon initial collapse of the bubble, the vaporous matter inside the bubble boundary will be forced into a continually decreasing volume.  This causes the pressure and temperature of the vapor to increase.  When the pressure inside of the bubble becomes equivalent to the fluid static pressure, the internal pressure will resist the collapsing motion of the bubble.  Due to the inertia of the liquid forcing the bubble collapse, the bubble boundary will overshoot this equilibrium point and continue to collapse the bubble [25].  Continual compression of the vapor inside the bubble will thus increase the pressure beyond the equilibrium point and cause the vapor-bubble interface to expand outwards once again.  The high rate of pressure increase from collapse causes secondary shockwaves to form, which propagate through the immersion medium and into the substrate material [25].  The bubble will expand once again to a point where the internal pressure is less than the external pressure, and the collapse and rebound process may repeat.   This expansion, collapse, and then rebound process may occur as long as there is sufficient energy in the vapor to promote an imbalance in pressure inside the bubble [25].  

Eventually, the static pressure of the bulk fluid will force a full collapse inward.  The increase in pressure as the bubble collapse will not be enough to stop the collapsing vapor-bubble interface, and the bubble will be dissolved into the surrounding liquid medium.  Unless γ >> 1, the collapse of the bubble will be nonspherical, meaning that one side of the bubble will collapse faster than the other.  The nonsymmetrical collapse leads to a liquid microjet forming, which bisects the bubble [25].  This liquid microjet may impact the surface of the substrate and cause additional damage, if the pressure of the microjet impact exceeds the yield strength of the substrate material [25,29,30].


[bookmark: _Toc427156470][bookmark: _Toc164783351][bookmark: _Toc167803600]Chapter 3: Materials and Methods
[bookmark: _Toc164783352][bookmark: _Toc167803601]3.1 Fluid Physical Properties
Eight fluids were carefully selected based on their varying physical properties to be used as the immersion media.  The fluids and their properties are listed in Table 3.1.  Air, being the ambient environment and only gas tested in this experiment, was chosen to be a control.  In addition to air, water was also chosen to be a control, as much research has already been done using water as an immersion fluid for laser machining [31].  The two ionic liquids (ILs) used, BMI [1-butyl-3-methylimidazolium trifluoromethanesulfonate] and EMI [1-ethyl-3-methylimidazolium bis(trifluoromethanesulfonyl)imide], were chosen for their exceptionally low vapor pressures and intermediate viscosities, densities, and refractive indices compared to the other fluids [32,33].  The ILs’ values for viscosity, density, and refractive index are not as low as for air or water, but in the case of viscosity, not as high as some of the other fluids.  For the other physical properties, the ILs are in the same neighborhood as most of the other fluids; this makes them a good comparator for testing the theory of whether low vapor pressure fluids (LVPFs) can decrease cavitation damage and in helping to determine how viscosity can impact laser immersion machining.  The microscopy immersion oils (Type A and Type B) have identical physical properties outside of viscosity, making it easier to determine how viscosity will change the effectiveness of immersion laser machining.  Finally, glycerol and isopropyl alcohol were chosen for their stark contrast in viscosities and vapor pressures.  Glycerol has a high viscosity and low vapor pressure, while isopropyl alcohol is opposite: having low viscosity and is volatile. 

The physical property values in Table 3.1 were collected from manufacturers’ data or published literature.  However, published vapor pressure data for glycerol, EMI, and BMI at room temperature could not be located.  Therefore, these fluids were all tested in-house using thermogravimetric analysis (TGA) to determine their vapor pressures.  To measure the vapor pressure, each fluid was run for 2 hours at 100 °C.  This boiled off any absorbed water that was present in the fluids.  The TGA measures the weight of the sample as time advances, thus when all water content is removed from the sample, the mass decrease (from evaporation of the sample) will stabilize and form a linear decrease.  The slope of the mass decrease with time allows for the vapor pressure of the test fluid to be compared to a known vapor pressure at a similar temperature.  Conveniently, data for glycerol’s vapor pressure at 100 °C was able to be sourced.  In this case, GLY was used to check the validity of the method.  Eq. 3.1 shows how the vapor pressure can be calculated with TGA data: [34]

, 				(3.1)

where,  is the vapor pressure of the sample,  is the molecular mass of the evaporating reference substance,  is the molecular mass of the evaporating sample,  is the reference vapor pressure,  is the mass change of the sample substance with time, and  is the mass change of the reference material with time (GLY).  Because these fluids have exceptionally low vapor pressures and are hygroscopic, it was necessary to run a TGA analysis at 100 °C to remove any absorbed water and more accurately determine the vapor pressures.  Due to the nature of very low vapor pressure liquids, it is difficult to determine a room temperature vapor pressure, but the vapor pressure is expected to decrease in magnitude with a decrease in temperature, in accordance with the Clausius-Clapeyron relation [35]. 
[bookmark: _Toc164783353][bookmark: _Toc167803602]3.2 Materials and Setup
Ultrafast laser pulses were produced using a Tangerine 20 W ultrafast pulsed laser by Amplitude.  This laser system produces laser pulses at 1030 nm, which are frequency-doubled to 515 nm using second-harmonic generation in a nonlinear crystal external to the laser system.  The pulse width was set to 0.37 ps (370 fs, the minimum) and single pulses were used for machining with a pulse energy of either 2.5 µJ or 5 µJ.  Pulse energy selection will be discussed in the next section.  The laser pulses were focused by a Leitz Wetzlar 160×, 1.2 numerical aperture (NA, for water) microscope objective.  The pulses were focused onto a Corning borosilicate glass slide (BK7) that is 22×22 mm2 and nominally 170 µm thick.  The glass slide was held in place electrostatically using a polydimethylsiloxane (PDMS) slab on a stainless-steel mounting chuck with pores [36].  The pores allowed a small wafer vacuum pump to be used, should additional fastening force be needed.  The vacuum pump was specifically used for the air samples.  The chuck assembly was fixed onto an Aerotech ANT95-3-V and ANT95-50-XY nano-positioning stage combination for precise and accurate positioning in the x-, y-, and z-directions.  With the laser outputting low optical power and continuous pulses (200 kHz), the top surface of the glass could be brought into focus with the laser spot.  Sweeping the stage laterally in the x-direction and noting the change of focus, the surface of the glass can be leveled using a tilt stage.  Next, the y-direction was leveled using the same process.  A diagram of the machining setup is shown in Figure 3.1.  Commands to move the stage setup and fire the laser are generated by a custom LabVIEW virtual instrument (VI) program.  
[bookmark: _Toc164783354][bookmark: _Toc167803603]3.3 Z-Step Array
This experiment aimed to determine the machinable range of each fluid, that is, the z-range over which material is removed by the ablation process, thus forming pits/holes in the glass substrate.  To do this, a series of pulse locations was designed in the VI program.  These pulse locations were laid out in a rectangular array of 5×100 (5 rows, 100 columns).  Each row and column were separated by 20 µm spacing (y- and x-directions, respectively).  Additionally, each firing event was set with a time delay of 500 ms.  Thus, each pulse location was separated both temporally and spatially to prevent any residual cavitation bubbles from interfering with the next laser pulse and any subsequent surface damage to the glass from effecting the cavitation process on the next pulse.  With 20 µm between each point, the entire array is 2000 µm in length along the x-direction.  At the beginning of the array, the focus of the laser is set to 50 µm below the surface of the glass (z = −50 µm), z = 0 µm being the surface position of best apparent focus (the process of determining this position is described in the following section).  Each additional point in the array is then raised by 1 µm in the z-direction, e.g., the first point’s relative (x, z) coordinates are (in
[bookmark: _Toc167803616]Table 3.1. Fluid physical properties
	
Name
	Shorthand
	Dynamic Viscosity [cP]
	Vapor Pressure [mmHg]
	Density 
	Refractive Index

	Air [37]
	AIR
	0.018
	760
	1.20E−03

	1.00

	Water [37]
	H2O
	0.89
	23.7
	1.00
	1.33

	†1-butyl-3-methylimidazolium trifluoromethanesulfonate [32]
	BMI
	80.0
	††1.03E−03
	1.29
	1.44

	†1-ethyl-3-methylimidazolium bis(trifluoromethanesulfonyl) imide [33]
	EMI
	35.6
	††2.30E−03
	1.52
	1.42

	Type A Immersion Oil [38,39]
	TA
	139
	< 0.10
	0.92
	1.51

	Type B Immersion Oil [38,39]
	TB
	1160
	< 0.10
	0.92
	1.51

	Glycerol [34,40,41]
	GLY
	1410
	0.17
	1.26
	1.47

	Isopropyl Alcohol [42]
	IPA
	2.40
	40.0
	0.79
	1.38

	†Ionic Liquid
	†† These values were experimentally derived using thermogravimetric analysis at 100 °C 
[34,41].
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[bookmark: _Toc167803621]Figure 3.1. Laser machining setup with coordinate axes.


µm): (0, −50) and the second point’s coordinates are: (20, −49).  This continues to the end of the array at (2000, +50).  A diagram of this process is shown in Figure 3.2.  

To aid in discerning the z-position at any point along the array, vertical division markers were set at every 200 µm along the array.  Each vertical division denotes a set of 10 pulse locations.  These vertical division markers were accompanied by a horizontal line that spanned the entire array length: 2000 µm.  Both the vertical division markers and the horizontal line were offset below the array to avoid interference with the machining process.  Finally, to denote which array belongs to a specific fluid, a marker was inscribed onto the glass beside the array (along x), as seen in Figure 3.3.  Each marker uses the shorthand notation outlined in Table 3.1 to describe which fluid was used.  

The lens of the objective was cleaned between each new fluid to ensure no cross contamination occurred.  This was done by using Thorlabs lens cleaning tissues soaked with organic solvents like acetone or isopropyl alcohol.  After the lens was cleaned with these wet tissues, the lens was washed with deionized water (while still attached to the microscope turret), sprayed from a clean 3 mL pipet.  The water was collected in a plastic cup to ensure no water accidentally spilled onto the machining setup.  After washing, the lens was dried with a new lens tissue.  This process was repeated for all fluid samples across all experiments. 
[bookmark: _Toc164783355][bookmark: _Toc167803604]3.3.1 Immersion Machining
Air, the only gas tested, required a flow of dry nitrogen over the surface to help clear any debris from the laser machining process and protect the objective from contamination because of its short working distance (~100 µm).  The industrial nitrogen was supplied by a pressurized tank and fed through tubing to a valve where the nitrogen flow could be turned on or off.  The valve fed to a thin metal pipe that directed the flow onto the surface of the glass under the objective.  For the liquid immersion media, 3 mL disposable plastic pipets were used to transfer a few drops of each liquid onto the surface of the substrate.  The objective was then positioned using the microscope turret adjustment to immerse the objective tip in the liquid, and then the surface was brought into focus by observing when the visible but dim laser spot appeared most concentrated.  This step is necessary because each liquid has a higher refractive index than air, which changes the z-location of the focus.  In the case of the immersion oils, this proved to be a difficult process, because the oils have a very similar refractive index to the borosilicate glass substrate, making reflectance from the glass surface very weak. However, by using the burst mode operation of the laser, in which individual pulses are subdivided into an envelope of a user-selected number of subpulses with 25 ns separations, the intensity of the spot could be increased to aid in visualization but without initiating cavitation or damaging the substrate surface.  This result was possible because the pulse energy dispersed among the individual subpulses did not reach the ablation or cavitation threshold, and the comparatively longer timing between subpulses precluded accumulative energy absorption, as discussed in Section 2.2.
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[bookmark: _Toc167803622]Figure 3.2. Z-step array machining with immersion fluid.
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[bookmark: _Toc167803623]Figure 3.3. Z-step array example for H2O.  Surface damage for both 2.5 µJ and 5 µJ pulse energies starts approximately −10 µm below apparent surface focus.


It should be noted that the mirror directing the laser beam through the objective to the sample is a dual-wavelength, dielectric mirror designed to reflect both 1030 nm and 515 nm light.  Because of its dual-wavelength coating, its reflectance is not perfect at either wavelength, and a very small percentage of light reflected from the sample surface is transmitted through the mirror, allowing for optical observation through the stereo eyepiece of the machining microscope, but only when the incident laser intensity is low enough to be eye-safe, as during the surface-location part of experimental setup.  Care was taken during these measurements when using the higher machining pulse energies not to view the focused laser either through the eyepiece or external to the machining area without appropriate laser safety eyewear.

For each new fluid tested, a new location well-separated from already-irradiated areas on the glass substrate was chosen.  The order in which the fluids were tested was arbitrary, so long as each fluid had a unique marker and was sufficiently distant from another fluid array.  All experiments applied the fluids in a similar manner to the description given in this section.  
[bookmark: _Toc164783356][bookmark: _Toc167803605]3.3.2 Pulse Energy Selection
Two pulse energies were selected for use during the Z-step experiment, 2.5 µJ and 5 µJ.  The power of the laser beam was measured with a Thorlabs S425C-L thermal sensor and PM100D power meter. Pulse energy was calculated by dividing the measured wattage by 200,000 (the pulse rate during measurement was 200 kHz) to obtain the pulse energy in joules.  The choice of pulse energies was arbitrary, although it was decided that the lower value should be above the ablation threshold in air (~633 nJ) for the 160× objective to ensure localized single-pulse ablation damage, but not so high as to cause massive disruption over a large surface area.  The choice simply to double the selected energy this provided a convenient option for direct comparison of the machining results. 

The two different pulse energies required two separate arrays for each fluid.  The method described in this section was used for both pulse energies.  For the case of 2.5 µJ pulses, this array was set above (in +y) the previously mentioned vertical divisions and horizontal line.  The 5 µJ pulse energy array was placed below (−y) the vertical divisions and horizontal line.  The 5 µJ array was created in the same manner as the 2.5 µJ array, with the only differences being the location of the array and the pulse energy.  With two pulse energies, a larger data set could be collected, as well as possibly outlining how pulse energy would also affect the machining range of the fluids.  For the other two experiments (discussed in the next section), the pulse energy for immersion machining was set to 5 µJ.
[bookmark: _Toc164783357][bookmark: _Toc167803606][bookmark: _Toc420995905][bookmark: _Toc422997492][bookmark: _Toc427156475]3.4 Surface Focus Damage and Cross Section Experiment
For this experiment a 3×3 mm2 array of holes at a constant z-height was laser-machined into the glass substrate.  Each hole was drilled by a single pulse and separated in the x- and y-directions by 5 µm spacings.  The intent was to create a dense, uniform, and square array of holes such that a transverse fracture could be made in the glass to enable the observation of the cross-section of the holes.  To make this fracture, first the machined glass substrate was flipped upside down.  Next, the top surface (surface closest to the microscope objective) of the flipped array was brought into focus.  A scribe line was lasered using pulses at 200 kHz repetition rate, traversing at 2000 µm/s, and 3 µJ pulse energy across an oblique angle to the array.  After machining, the substrate was removed from the chuck and placed on the surface of a work bench where the scribe line was aligned with the edge of the bench.  Pressure was applied to the suspended corner of the glass while securing the supported corner, until the glass slide broke apart.  Because glass is an amorphous solid, it is difficult to break along linear planes; however, by using the dense population of holes on one surface and adding a scribe line on the opposite face to the array, a high-enough stress concentration should exist to ideally propagate a fracture along through the slide starting along the scribe line, and thus revealing a diametrical split across some holes in the array.  In practice, this result is challenging to achieve for thin glass, like the cover slips used in these experiments, which frequently end up fracturing into several irregular pieces, and with non-orthogonal or even multifaceted z-planes.  However, even a few holes lining up along an edge are enough to reveal the profiles in the cross section.  Each sample was cleaned with compressed air after fracturing to remove any loose debris that may have collected on the surface. 

For the surface profile data, each of the eight substrates were sampled five times at random locations on the 3×3 mm2 array to create a larger data set for each trial.  Each area (~130×130 µm2) was chosen to be sufficiently distant from another area to avoid overlap in the surface roughness data collection.  Four out of five sampled locations resided respectively in the four corners of the array, and one sample was collected from the middle of the array.  The areas were scanned using a Keyence VK-X3000 3D Surface Profiler in laser confocal mode.  This mode uses the intensity of reflected laser light (emitted from the microscope) to detect height information about the surface of the substrate.  The microscope lens is moved axially to gather information over the entire field of view [43].

A final note about samples and fluid testing: for each experiment, eight fluids were tested (8 samples).  For each sample, five separate trials were completed.  Each trial comprised five data collection locations, whether that be five rows of pulse locations for the z-step array experiment, or five scanned areas for the surface roughness experiment.  This brought the total number of data points for each sample (each fluid) to 25, reducing the likelihood of inaccuracies of each experiment’s data.  The only exception for this is the TA and TB samples for the surface focus (and cross section) experiment, where only a single sample was able to be obtained for each fluid (but still had 5 trails per sample). 
[bookmark: _Toc164783358][bookmark: _Toc167803607]3.5 Sample Imaging
Most sample imaging was done with a JSM-IT700HR scanning electron microscope (SEM).  For quick imaging, the SEM could be set to a low-vacuum mode, which enabled backscattered electron imaging (BED).  This allows samples to be scanned without being coated in a conductive material, which is typically needed for non-conductive sample imaging, and adds additional time and complexity.  Low-vacuum settings can be used for topographical and compositional SEM imaging.  Some images gathered in the cross-section experiment were captured using backscattered electron topographic or compositional imaging (BED-T or BED-S).  For most other SEM imaging, samples must be electrically conductive to prevent the sample surface from being electrically charged by the electron beam.  To prevent charge build-up (a process in which electrons are added to the sample at a rate faster than the sample can discharge them), the sample can be sputter coated.  This is a process that places a thin layer of conductive material onto the sample surface.  An example of a sample being sputter coated is shown in Figure 3.4.  In the case of the cross-section experiment samples, the substrate was mounted to a 45° angle chuck, 38 mm in diameter for coating and imaging of the broken surface of the glass.  Additionally, the SEM sample stage can rotate a sample 45° about the x-plane (in z), and 360° in the xy-plane.  This means that the sample cross section can appear normal to the incident electron beam should the 45° angled chuck and the x-plane rotation be additively used.  Allowing for the sample to be rotated a maximum of 90° allows for the cross section of each sample to be viewed.  Some of the images discussed in the results section are taken at an 85° angle (sample stage was tilted by 40 degrees, plus the 45° chuck), respective to the SEM origin.  Other images are taken at ~80° angle respective to the incident electron beam to add a depth of field to the image, as well as showing the surface surrounding the hole.

In the case of all experiments discussed in this paper, all samples were sputter coated using platinum as a sputtering material.  For sample sputter coating, each glass slide was secured to an aluminum SEM stud with carbon tape which wrapped around the back of the sample and onto the top surface of the glass.  During sputtering, the platinum would form an electrical connection with the carbon tape.  This tape grounded the samples to the SEM during imaging, aiding in reducing charging of the sample.  

For higher-resolution images, coated samples were imaged using secondary election detection mode (SED).  An example of a typical sample SED image is shown in Figure 3.5, where high resolution imaging of the ablated substrate can be observed in detail.  Other images of the samples were with optical microscopes such as the VK-X3000 3D Surface Profiler.  This microscope allowed for 3D profiles of the sample surface to be scanned and mapped.  The scans used a Nikon 150×, 0.95 NA lens on the VK-X3000.  



[image: A machine with purple light

Description automatically generated]
[bookmark: _Toc167803624]Figure 3.4. A sample being sputter coated in platinum.
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[bookmark: _Toc167803625]Figure 3.5. Left: an example of a hole created using H2O as an immersion fluid with a single 5 µJ pulse.  Right: the superimposed red outer circle denotes the brittle fracturing region, while the yellow inner circle denotes the filamentation region. 



[bookmark: _Toc164783359][bookmark: _Toc167803608]Chapter 4: Results and Discussion 
[bookmark: _Toc164783360][bookmark: _Toc167803609]4.1 Z-Step Array Results
To record the location at which surface modification is done to the substrate, each sample was sputter coated usings platinum as a sputtering material.  This enabled the use of secondary electron detection (SED) for imaging with the SEM.  SED was used to collect high-resolution images such that the location of any surface modification could be observed and recorded.  For each fluid sample, five total experiments were conducted.  The positive and negative ranges over which surface damage was observed were recorded and averaged.  Negative values denote a laser focal point below the substrate surface, while positive values are above the substrate surface.  Figure 4.1 displays the focal ranges over which surface modification was observed for each immersion fluid at 2.5 µJ pulse energy (a, c, e) and 5 µJ pulse energy (b, d, f).  Figure 4.1a and 4.1b are sorted by ascending vapor pressure of the fluids.  Figures 4.1c and 4.1d are sorted by ascending kinematic viscosity, and Figures 4.1e and 4.1f are sorted by ascending fluid density.  The maximum range tested in this experiment was ±50 µm.  The purpose of comparing the vapor pressure, kinematic viscosity, and density between liquids was to highlight specific constants that are used in the generalized Rayleigh-Plesset (RP) equation (Eq. (2.12)) that may dictate cavitation bubble dynamics.  For this experiment, the aim was to determine if specific fluids enhance or suppress machining by allowing the focus to have an increased or decreased range through which material removal was still observed.  
	
	In Figures 4.1a and 4.1b a steady decrease in the relative range is observed in the first three fluids.  The −z machinable range remains mostly the same for BMI, EMI, and GLY, while the +z machinable range decreases with each increment of vapor pressure.  The two immersion oils (IOs, TB and TA) produced the largest +z machining range, with TB exhibiting the maximum of the two.  H2O produced the minimum total range, having the smallest overall machining range.  IPA’s machining range is similar to EMI for both pulse energies, and finally, AIR produced the largest −z machining range of all fluids.  AIR’s subsurface range reached –50 µm for 5 µJ pulse energy, and nearly –50 µm for 2.5 µJ pulses. 

Figures 4.1c–4.1f display the same sets of data shown in Figures 4.1a and 4.1b but reordered based on other physical properties to highlight any noticeable trends that might be associated with other fluid physical properties.  Figures 4.1c and 4.1d are an ascending sort based on the kinematic viscosity, .  The kinematic viscosity is the dynamic viscosity () divided by the density (), shown in Eq. 4.1.  It can be obtained for each fluid by the data given in Table 3.1 

.						(4.1)
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[bookmark: _Toc167803626]Figure 4.1. Range of features for each fluid with 2.5 µJ pulse energy (a, c, e) and 5 µJ pulse energy (b, d, f).  Each fluid is sorted by ascending: vapor pressure (a,b), kinematic viscosity (c, d), and density (e, f). 


In Figures 4.1c and 4.1d, (ascending kinematic viscosity), the data suggests that increasing the kinematic viscosity of the immersion fluid will also increase the +z machining range, with two exceptions being AIR and GLY.  

The ascending density sort (Figures 4.1e and 4.11f) seems to identify an oscillation in +z machining range.  The point of inflection is H2O, which has a density of approximately 1 g/cm3.  This result suggests that density may play a stronger role in extending the machinable +z range for immersion liquids, but more research on this topic is likely necessary, covering and expanded range of densities about H2O’s to verify the trend.  
As for differences between pulse energies, increasing the pulse energy from 2.5 µJ to 5 µJ increased the total machining distance across all fluids, but with varying amounts between fluids.  The subsurface machining range for most fluids, remains largely the same at around –10 µm below surface focus except for TA and AIR.  A peculiar observation is that for pulse energy of 5 µJ, TB reached the maximum +z range of +50 µm, while AIR reached the maximum −z range of –50 µm.  The exact reason for this is unknown, but perhaps may be attributed to the refractive index of the immersion medium, although TA did not demonstrate the same machining range as TB despite nearly identical physical properties besides the viscosity.  Another possibility is that the 160× objective was designed for water immersion, and thus its focusing ability may be significantly modified when used with other immersion media, which might include focal aberrations not occurring with H2O. 

	In Figure 4.2, examples of the hole geometry created in this experiment are shown for AIR (Figure 4.2a), H2O (Figure 4.2b), IPA (Figure 4.2c), and GLY (Figure 4.2d).  Each hole was created using a single 2.5 µJ pulse.  In Figure 4.2a and 4.2b, the control fluids are shown.  AIR has a small central hole, approximately 500 nm in diameter.  Surrounding the hole location, solidified recast material and leftover debris is seen, which partially obscures the hole entrance.  For H2O, the hole geometry is very large and irregularly shaped compared to AIR or GLY, and approximately 2.5–3 µm in diameter.  The brittle fracturing region appears to be more than double this, about 7 µm in diameter.  With the IPA sample, brittle fracturing of the substrate surface is also seen.  The central hole diameter for IPA appears to be approximately the same diameter as H2O.  Finally, with the GLY sample, the central hole diameter is much smaller, approximately half the size of IPA or H2O.  Again, brittle fracturing surrounding the hole is seen, but appears to be less severe than the higher vapor pressure liquids.  From this limited data set, it may appear that LVPFs may inhibit the damage done by cavitation, and hence, reduce brittle fracturing of the substrate.  This will be explored more in the following experiments.  Each image was taken at approximately the same z-position.  Because each fluid may not have produced a hole exactly in the same z-location, the range for these images varies from z = –2 µm to about z = –6 µm.  Comparison of these holes is only to exemplify the typical behavior of substrate ablation using different immersion media.  The magnifications for each image are 15,000×, 10,000×, 10,000×, and 20,000× for 4.2a–4.2d respectively. 
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[bookmark: _Toc167803627]Figure 4.2. High-magnification SEM images of holes created by cavitation using (a) AIR, (b) H2O, (c) IPA, and (d) GLY as the immersion media.  Each hole was made with a single 2.5 µJ pulse.  

	Figure 4.3 displays a collection of typical holes created using the two ILs and IOs as immersion medium for laser machining.  EMI is shown in Figure 4.3a, followed by BMI in Figure 4.3b.  The IOs are TA in Figure 4.3c and TB in Figure 4.3d.  With the ILs and IOs more recast material is seen on or around the hole locations than in the previous samples, but little to no brittle fracturing.  EMI (Figure 4.3a) appears to have a similar amount of recast surrounding the hole location as BMI (Figure 4.3b), forming the “torus”-like mounds seen as the smooth exterior tori around the central holes.  The source of these features is not known at present, but two possible causes can be offered.  First, because the temporal evolution of the cavitation process was not observed, some property (or properties) of these fluids could have altered the dynamics of the laser-fluid interaction that coupled more energy into the substrate and inducted thermal melting.  However, given the ultrafast nature of the pulses used here, it does not seem likely that the laser-matter dynamic would be so significantly affected.  A stronger possibility is that these fluids, having higher dynamic viscosities, heated up more during the cavitation bubble collapse, to the point of locally melting the substrate material (thermal parameters such as diffusivity, conductivity, and specific heat were not considered in this Thesis).  Again because of the higher viscosities, this melted glass could not easily flow away from the ablation region and essentially cooled and solidified in place, while the collapsing bubble’s fluid jet punched the central hole of the torus.  Central hole diameters of about 1 µm are seen for both IL immersion fluids.

For the TA sample (Figure 4.3c), the surface experienced a brittle fracturing around the pulse location which evacuated the surrounding substrate material, revealing a small-diameter hole.  It is possible the remaining diametrically small hole is the beginning of the filament made by the laser ablation process, and the hole entrance was completely removed by the brittle fracturing of the sample surface.  As for the TB sample, the pulse location is completely covered by recast material ejected from the pulse location during laser machining.  A majority of the TB sample’s pulse locations were of this nature, making it difficult to examine the interior of the holes and immediate surrounding areas.  However, upon close inspection of the image, it is likely there is a partially covered hole in the center of the recast material, seen as the black region in the torus-shaped recast material.  This may also merely be a lack of electron bombardment in this location.  This sample appears to have some charging effects, seen by the dim but frequent horizontal lines across the substrate surface (the background of the image), and the bright contrast of the recast material versus the dim substrate surface.  Typically, these effects are indicative of sample charging in SEM images [44].  Despite these negative effects, it may be observed that the recast material appears to be of similar size to the TA sample ablation region (Figure 4.3c).  This, in turn, may imply the surface characteristics of machining with the IOs are similar, assuming the brittle fracturing of the TA sample had not occurred.  The sample machining characteristics and surface damage will be discussed more in-depth in the next section.  The images in Figure 4.3 were all taken at 10,000× magnification, and approximately at surface focus (z = 0 µm) to remain mostly consistent Figure 4.2. 

Possible sources of error for this experiment include inconsistent surface focus between
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[bookmark: _Toc167803628]Figure 4.3. High-magnification SEM images of holes created by cavitation using (a) EMI, (b) BMI, (c) TA, and (d) TB as the immersion media.  Each hole was produced using a single 5 µJ pulse. 


samples.  Because the surface focus is determined by manually finding the point where the laser spot size appears smallest, the surface focus may vary slightly from sample to sample, as this judgment is user specific.
[bookmark: _Toc164783361][bookmark: _Toc167803610]4.2 Surface Focus Damage
In this experiment, the surface of each machined array was analyzed by determining the arithmetic mean height (Sa) and the maximum height (Sz).  Arithmetic mean height is the difference between each point measured compared to the arithmetical mean of the evaluated surface [45-47].  Sa is expressed as an absolute value and is widely used to measure surface roughness.  The maximum height is the sum of the highest peak and the deepest valley over the analyzed area [45-50].  Each fluid is discussed relative to one another because Sa is measured using the entire surface; the spacing between each hole would affect the value of Sa.  A more densely packed array (hole spacing smaller than 5×5 μm) would increase the value of Sa, whereas increasing the hole spacing would decrease the value of Sa, since damage to the surface would be more/less concentrated, respectively.  This section discusses the observed damage and recorded data from these measurements.  Any significant findings in regard to Sa will be discussed on the basis that an order of magnitude decrease in the Sa value from H2O is significant.  Sz is excluded from this because it is a measure of absolute height range.  While it is still important to consider the Sz of the samples, Sz can be skewed by outlier data easily. 

Figures 4.3 and 4.4 display the averaged Sa and Sz (respectively) of each fluid plotted on a logarithmic y-scale.  Each fluid was investigated over five trials, where trials were conducted at five separate locations in an array, 25 recorded points in total.  The numbered areas from each trial were averaged to produce the mean values graphed below.  In other words, areas #1 from trials 1 through 5 were averaged together, then areas #2 from trials 1 through 5 were averaged together, etc., producing 5 mean-data sets.  This was the case for all fluids except TA and TB.  The IOs proved difficult to create repeated data sets of, most likely due to their index-matching properties with borosilicate glass interfering with surface location.  Index- matching immersion fluids strongly inhibit reflectance from the surface of a substrate of closely matched refractive index, so it can be very difficult to discern where the surface of the glass is.  Without a proper focus on the substrate surface, modification of the glass may be minimal, or even non-existent.  However, one trial run proved successful, and this data is included in the graphs, but the values for the IOs were not averaged like for the other 6 fluids.

Figure 4.3 displays the mean Sa of each fluid tested.  Notably, H2O and IPA have significantly higher average surface variation compared to the other 6 fluids.  These two liquids share a common physical property: a relatively high vapor pressure compared to the other fluids tested (except for AIR).  The increased variation in the substrate surface may be attributed to the high vapor pressures of H2O and IPA, which allow for the fluids to more readily cavitate during lasing.  High vapor pressure fluids may cavitate more easily because less energy is required to be absorbed by the fluid to initiate a phase change in the fluid.  With the experimental parameters mentioned previously, the laser pulse will cause 
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[bookmark: _Toc161156591][bookmark: _Toc167803629]Figure 4.3. Variation in arithmetical mean height for all fluids tested over the five test areas.
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[bookmark: _Toc161156592][bookmark: _Toc167803630]Figure 4.4. Variation in maximum height for all fluids tested over the five test areas.
fluid cavitation no matter the vapor pressure of the fluid tested.  

	The remaining 6 fluids in Figure 4.3 are more closely packed and have lower variations (smaller Sa values) over their substrate surfaces.  This means that less physical damage has been done to the surface of the substrate using these fluids.  Physical damage includes chipping and cracks that propagate across the surface, causing excess material removal that would otherwise not occur from non-liquid-immersed laser machining alone.  This provides evidence that cavitation damage occurred and increased the surface modification to the sample.  This can be corroborated with the AIR sample, which does not undergo cavitation.  In Figure 4.3 it is shown that the AIR sample does have a lower Sa than IPA and H2O.  For the other fluids (TA, TB, GLY, EMI, and BMI), the arithmetic mean height is of similar numeric value to the AIR sample.  This implies that these fluids suppress the additional damage done by cavitation.  These five fluids all share the same physical property: low vapor pressures.  

	In Figure 4.4, the Sz for each sample is shown.  Again, a similar trend is seen, where IPA and H2O have the largest differences between their highest peak and deepest valley compared to the other 6 fluids.  It might be expected that a fluid which can cavitate more easily, and thus cause more severe cavitation damage (perhaps due to a low vapor pressure), would produce deeper features in the substrate.  These features are evidently created from the fracturing of the substrate during cavitation bubble collapse.  However, recalling that the xy-spacing between laser pulses in this set of experiments is only 5 µm compared with 20 µm in the z-arrays, it makes sense that the glass surface would experience more stress from closely spaced events than from more-isolated shots, and thus would be more prone to suffer additional fracturing in this set of experiments.

The data for TA, TB, and BMI depict more variation over the 5 test areas than seen previously in Figure 4.3 on a per-fluid basis.  This implies that these liquids can still cause brittle fracturing of the substrate surface from bubble collapse and, possibly, do not fully suppress fluid cavitation and its adverse effects.  On the contrary, it is shown that GLY and EMI have a uniform Sz across the tested areas and are less likely to produce random variations in the substrate topography.  This provides further evidence that these two liquids suppress cavitation damage.  AIR also has relatively uniform Sz, but with no liquid to cause cavitation, the surface variation can instead be attributed to recast material on the substrate. In an immersion liquid, this ejected material would tend to be captured in the fluid before it redeposits on the surface and rinsed off during cleaning.  

In Figure 4.5 the fluids are sorted by ascending vapor pressure value and plotted against Sa.  The fluids show a descending trend in the Sa value until H2O, where the value spikes, before the trend continues downwards again.  From this downward trend with increasing vapor pressure, it can be interpreted that lowering the vapor pressure of the fluid past a threshold does not proportionally decrease Sa, and in part, suppress cavitation damage.  In fact, from ordering the vapor pressures, a minimum Sa is found for IO TA, which falls in the middle of the sorted fluids.  This oil has a vapor pressure of less than 
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[bookmark: _Toc161156593][bookmark: _Toc167803631]Figure 4.5. Averaged Sa sorted by vapor pressure in ascending order.


0.10 mmHg (the exact room temperature vapor pressure is unknown), while H2O has a vapor pressure of 23.7 mmHg at room temperature.  TB has a similar vapor pressure as TA, and GLY is one order of magnitude below TA and TB.  Using the KDB correlation equation for GLY, the vapor pressure of GLY can be calculated at 25 °C [51-53]:

.				(4.2)

In Eq. 4.2  is the temperature in kelvins,  is the vapor pressure of the fluid in kPa, and A, B, C, D are coefficients whose values are listed in Table A1 in the Appendix.  At 25 °C (298.15 K), GLY therefore should have a vapor pressure of 1.6×10-4 mmHg, according to Eq. 4.2.  The vapor pressure boundaries which sandwich TA are now established; it seems plausible that a fluid with a vapor pressure within the limits of 1.6×10-4 mmHg and 23.7 mmHg will suppress cavitation damage the best and reduce the Sa. 

	In Figure 4.6, the laser and optical images used to calculate the Sa are shown for TA, H2O, and IPA (Figures 4.6a, 4.6c, and 4.6e respectively).  The generated surface maps are shown as well (Figures 4.6b, 4.6d, and 4.6f).  Figures 4.6b and 4.6f are inverted in z to more easily display the locations of the holes drilled by the laser.  Comparing Figures 4.6b and 4.6d, it is seen that the H2O sample experienced much more fracturing of the surface compared to TA.  Deep, localized fracture regions can be seen in Figure 4.6d; these are the blue-colored locations on this 3D map.  Note that the color scale for each image is relative and based on the sample’s own data, and the color scale does not translate between images.  These aforementioned fracture locations are absent on the TA sample (Figure 4.6b), and much less severe on the IPA sample (Figure 4.6f).  The TA sample also has much smaller diameter holes than the H2O or IPA samples.  The array for TA is more uniform and consistent in diameter and surface roughness than H2O or IPA.  The holes made in the IPA sample are of similar diameter to the H2O sample, but with less severe (but still substantial) surface damage from cavitation.  This specific example is contrary to the previous section’s conclusion that LVPFs suppress cavitation damage.  IPA will be discussed in more detail in Section 4.3.

Recalling the generalized Rayleigh-Plesset equation (Equation 2.12), bubble dynamics are dictated by the kinematic viscosity, density, surface tension, and pressures inside and outside of the bubble.  While it is difficult to measure the pressure inside the bubble and the surface tension between the bubble-liquid interface, the density and kinematic viscosity can more easily be measured or are known values.  Thus, it is important to also consider the impact of fluid density and kinematic viscosity on cavitation dynamics and bubble suppression.  In Figures 4.7 and 4.8, the Sa values for the tested fluids are sorted in ascending order for density and kinematic viscosity, respectively.  

In Figure 4.7 it is seen that H2O is surrounded by fluids which yield a low Sa value.  The IOs have a density slightly less than H2O, at 0.92 g/cm3 while GLY is approximately 25% more dense than H2O at 1.25 g/cm3.  Regarding Eq. 2.12, the density of the fluid is found in the denominator of the pressure, surface tension, and (by definition of kinematic
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[bookmark: _Toc167803632]Figure 4.6. Optical and laser confocal images combined (left) and subsequent 3D surface roughness plots (right) for (a), (b) TA; (c), (d) H2O; and (e), (f) IPA.
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[bookmark: _Toc161156595][bookmark: _Toc167803633]Figure 4.7. Averaged Sa sorted by density of the fluids in ascending order.
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[bookmark: _Toc161156596][bookmark: _Toc167803634]Figure 4.8. Averaged Sa sorted by the kinematic viscosity of the fluids in ascending order.


viscosity) viscosity terms.  This, then, would decrease the values of these coefficients with an increase in density.  From Figure 4.7, it is difficult to pinpoint any specific trend with an increasing density sort; however, it is observed that all other fluids yield less surface damage than H2O. Most fluids appear clustered close together in Sa magnitude, with the exceptions of IPA and H2O.  From this limited data set, it may be concluded that density plays some role in cavitation suppression but may not be a dominant factor. 

	In Figure 4.8, H2O is the least viscous fluid (with respect to kinematic viscosity) tested, then IPA, which precedes AIR.  This graph displays a trend of similar shape to an exponential decay, with some small oscillations towards the tailing end, though it is not a perfect fit.  It may be inferred that a fluid which exhibits a larger kinematic viscosity will suppress cavitation damage.  Caveats to this claim are also shown in the graph.  One example is there is not a strict decrease in Sa with each increment of a fluid.  BMI is ranked fifth out of eight on this figure but possesses the third highest Sa value.  Similarly, TA is ranked sixth, but has the smallest Sa value. 

EMI is the first liquid to exhibit an order of magnitude reduction in the Sa value when compared to the control (H2O).  AIR displays approximately the same Sa value as the higher kinematic viscosity fluids (like EMI).  Additionally, the higher kinematic viscosity fluids produced similar Sa values, implying there may be a diminishing decrease in the Sa value as kinematic viscosity increases.  The sharpest change in Sa value occurred between the range of H2O and AIR (0.90 and 15.0 cSt respectively), but only a single fluid tested in these experiments fell within this region: IPA, which has a kinematic viscosity of 3.03 cSt.  It appears likely that fluids with kinematic viscosity lower than ~15.0 cSt may increase the Sa value.  However, only two liquids tested in this series of experiments had kinematic viscosities lower than 15.0 cSt (H2O and IPA).  Future work should explore Sa values from more fluids in this lower kinematic viscosity range (<15 cSt) to verify the apparent exponential-like decay in Sa observed with these experiments. 

From Figure 4.8 it can be inferred that a liquid which possesses a kinematic viscosity between those of IPA and TB may suppress cavitation damage.  The empirically determined numerical values are 3.03 cSt < ν ≤ 1260 cSt for IPA and TB, respectively, where 1260 cSt is just the highest kinematic viscosity tested in these experiments, but by no means an absolute upper limit.	

	Sources of error for this experiment include the lack of repeated data for TA and TB.  Due to difficulties in locating the surface of the glass substrate, only one array sample was able to be machined properly for each of these two fluids.  Therefore, only 5 data points were collected each for TA and TB, instead of 25 data points as with the other fluids.  While the 5 data points will help reduce the probability of statistical anomalies, such as artificially increased/decreased Sa values from machining inconsistencies, a larger data pool would decrease the uncertainty of these measurements.  Examples of machining errors include no damage at a pulse location, which may occur due to cavitation bubble interference from a previous shot.  Should the machining speeds chosen for this experiment be inadequate to properly allow for the lifetime of the cavitation bubble to elapse, the bubble may defocus the laser, and thus no damage would be done to the substrate.  Without knowledge of the exact time each fluid takes to cavitate, these machining speeds may be too slow and interference from the next laser pulse with the previous cavitation bubble may occur. To remedy this, a slower translation speed may be beneficial, which would allow for more time to pass between shots and reduce the chance for defocusing.  

Table 4.1 displays the machining speeds for each fluid used in this experiment and each fluid’s kinematic viscosity.  These machining speeds were chosen as a “best guess” for which the fluid is believed to be allowed to finish the process of cavitation as well as being close to the upper limit whereby the microscope objective would not cause voids to form upon lateral translation due to the viscosity of the testing fluid. 

[bookmark: _Toc164783362][bookmark: _Toc167803611]4.3 Cross Section 
	This experiment used the same samples discussed in Chapter 4.2.  The goal of this experiment was to observe how each fluid physically changed the geometry of the ablation region as well as to profile resulting internal (subsurface) modification.  Beginning with the ILs, in Figure 4.9 the cross section for both EMI (Figures 4.9a, 4.9c) and BMI (Figures 4.9b, 4.9d) are shown.  In Figures 4.9a and 4.9c, the surface of the EMI sample is relatively smooth with little recast material on or around the pulse locations.  In Chapter 4.2 it was determined that the average Sa of the EMI sample was 27.41 nm.  Visual inspection of the incident laser surface in Figure 4.9 appears to agree with surface profile measurements that EMI has only small-scale surface variation after immersion machining.  Little brittle fracturing caused by cavitation on the surface surrounding the pulse locations has occurred.  The cross section of the pulse locations shows some small “cupping” around the impact zone slightly below the surface.  These cup-like divots are formed from the laser ablation process.  Inside each divot, a thin long region of ablated material is seen.  These are the filaments formed from self-focusing, which was discussed in Chapter 2.2.  In Figure 4.9c, the filaments are seen to propagate at least ~30 µm into the substrate.  The exact depth is undetermined because the fracture angle of the glass is likely not perpendicular to the laser incidence surface, and therefore does not clearly bisect a filament. For the BMI sample, more erupted material from the laser ablation process can be seen on the surface (Figure 4.9b) compared to EMI (Figure 4.9a).  The higher surface irregularities found on the BMI sample agree with the data collected in the previous chapter where BMI was calculated to have an overall average Sa of 38.13 nm (across all samples), about 10 nm more than EMI.  Recall the definition of Sa, which accounts for all areas on the sample in the scan location.  This includes those unaffected by laser ablation, such as the area between two pulse locations.  So, the value of Sa will be affected by the flatness of the glass.  An unmachined location on the glass substrate may have a Sa value of a few nm.  This explains why the recast material on the surface of the BMI sample appears to be on the order of ~0.5 µm in height, but the Sa value is measured in just tens of nm. 


[bookmark: _Toc167803617]Table 4.1. Translational machining speed for each immersion fluid and its kinematic viscosity.
	Immersion Fluid
	Machining Speed 
	Kinematic Viscosity [cSt]

	AIR
	2000
	15.0

	H2O
	500
	0.90

	BMI
	200
	62.0

	EMI
	200
	23.4

	TA
	200
	151.1

	TB
	50
	1260.9

	GLY
	50
	1128.0

	IPA
	500
	3.0
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[bookmark: _Toc167803635]Figure 4.9. Cross-sectional view of EMI (a), (c) and BMI (b), (d).  Images (c) and (d) were acquired at a lower magnification so that the filament depth can be observed. 

In Figure 4.9b the same cup-like divots are seen as in the EMI sample.  However, the filament depth for BMI was found to travel at least ~48 µm below the surface of the glass.  Again, the fracture angle of this cross section may not be perpendicular to the glass surface, so the exact depth remains undetermined.  An example can be seen in Figure 4.9d, where the filament appears to start some distance below the surface of the glass, stop, and then continue.  The start and stop process of filamentation may also be caused by self-focusing and plasma defocusing in the material as the laser pulse propagates through the transparent glass, so it is unknown which case is present in Figure 4.9d or if both are.  Either way, the surface of the BMI sample is seen to have more recast build up on the surface of the substrate when compared to the EMI sample.  

	Figure 4.10 shows the cross section of both TA (Figures 4.10a, 4.10c) and TB (Figures 4.10b, 4.10d).  Both immersion oils produced the lowest values for Sa at 14.42 nm (TA) and 21.53 nm (TB).  Very little surface modification was produced by these fluids during laser machining.  For TB (Figure 4.10b), the recast material is of similar size seen on the surface of the BMI sample (Figure 4.9b).  The only difference between the two IOs is their viscosity, with TA being the less viscous.

	The TB sample (Figures 4.10b, 4.10d) produced deep and broad subsurface modification.  These areas may be where the laser vaporized the substrate, but the vaporized material was unable to escape to the surface and was recrystallized inside the substrate.  This phenomenon has been observed and recorded in fused silica, where the vaporized material is quenched from a high temperature, which changes the density of the quenched material compared to the surrounding, unaltered material [8]. 

	In the control samples (H2O and AIR), there is a stark difference in the surface modification between these fluids, as seen in Figure 4.11.  The H2O sample (Figures 4.11a, 4.11c) underwent heavy cavitation erosion during laser machining.  Severe brittle fracturing of the H2O sample surface is seen in these two images.  For ductile materials (like metals), the microjet impact on the surface is generally what is considered to be the main destructive process in cavitation erosion.  However, for hard and brittle materials, the microjet impact may not be the main cause of cavitation erosion and could be attributed to the shockwaves generated upon expansion and collapse [54].  Indeed, with hard/brittle materials the impact of the microjet may not produce a high-enough pressure to destroy the surface.  That is to say, the microjet impact may happen over a long enough time to distribute the impact force such that the stress experienced by the substrate does not reach the fracture threshold.  The impulsive pressure produced by cavitation collapse is of higher magnitude than the microjet impact [54].  The impulse loading of the surface from these shockwaves may be the cause of the damage during cavitation erosion of a brittle material, although the microjet impact is still believed to contribute to cavitation erosion in conjunction with these shocks [54].  

In direct contrast to the fluid cavitation damage shown in Figures 4.11a and 4.11c, very little surface damage is seen in the AIR sample (Figures 4.11b, 4.11d).  The laser 
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[bookmark: _Toc167803636]Figure 4.10. Cross-sectional views of TA (a), (c) and TB (b), (d).  Minimal surface modification is seen in both samples.
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[bookmark: _Toc167803637]Figure 4.11. Cross-sectional views of H2O (a), (c) and AIR (b), (d). 


ablation process in ambient air does produce shockwaves because the optical breakdown threshold of air is similar to that of glass: approximately 1013 W/cm2 [8,55].  When the laser ionizes the air above the substrate surface, the rapid expansion and collapse of the air causes shocks to form.  An analogous process is thunder, which is the formation of shockwaves during the collapse/recombination of the atmosphere after a lightning strike.  For shockwaves in rarified matter, however, there may be little or no damage to the solid substrate surface.  

A final note on these samples, the surface of the AIR sample, seen in Figure 4.11b, has much more deposited ejecta from laser machining than the H2O sample, or previous samples like the ILs (Figure 4.9) and IOs (Figure 4.10).  In liquid immersion laser machining, the ejected material from laser ablation is mostly cast into the liquid medium and suspended in the liquid before it is allowed to congeal onto the surface.  No such liquid existed for the AIR sample; so, some of the recast material settled on the surface of the substrate despite the flow of nitrogen gas over the surface during the machining process which was meant to blow small debris away from the objective.  

	A question may arise of why the other liquids do not have such significant damage to their surfaces compared to H2O.  To come to a possible conclusion, consider the final two fluids tested: IPA and GLY, which are shown in Figure 4.12.  The cross section of the IPA sample is shown in Figures 4.12a and 4.12c.  GLY is shown in Figures 4.12b and 4.12d.  Beginning with the GLY sample, a smooth surface with little recast material is seen in Figure 4.12b.  This is similar to what is seen in the previous non-control samples: the ILs and IOs.  Comparing the physical properties of GLY with the ILs and IOs, it is seen that the only common physical property these fluids all closely share is a low vapor pressure.  Conversely, IPA has a relatively high vapor pressure compared to these fluids and is of similar magnitude to H2O.  The IPA cross sections display deep and diametrically wide filaments.  The surface of the IPA sample also has a large amount of recast material deposited on its surface.  Not pictured in Figure 4.12 is fracture propagation between hole locations that occurred frequently across the IPA sample.  This process also occurred in the H2O sample, but on a larger scale.  In Figure 4.13 an example of this is shown.  In nearly all other samples, with almost no exceptions, there were no fracture propagations between holes.  Thus, leaving a possible answer to the previously mentioned question that, a liquid which has a (relatively) high vapor pressure will enhance the damage produced from cavitation, while a liquid with a low vapor pressure fluid will inhibit cavitation damage.  Recalling the estimated range of vapor pressures that reduce cavitation damage established in Section 4.2 (1.6×10-4 mmHg to 23.7 mmHg), IPA falls outside of this range with a vapor pressure of 40 mmHg.  It was stated previously that no matter the vapor pressure of the fluid used, the laser will induce cavitation due to the laser fluence, and it was established that high vapor pressure fluids require less additional energy to undergo a phase change from a liquid to a vapor.  One of the assumptions of Eq. 2.12 is that there is no heat or mass transfer across the bubble boundary, meaning that no vaporous material condenses inside the bubble, or no liquid is vaporized from heat transferred from the plasma to the liquid.  
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[bookmark: _Toc167803638]Figure 4.12. Cross-sectional view of IPA (a), (c) and GLY (b), (d).
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[bookmark: _Toc167803639]Figure 4.13. Optical images of fracture propagation between hole locations of (a) H2O and (b) IPA.  The red ovals encapsulate examples of localized fracture propagation between holes. 


Therefore, the RP equation may not be sufficient to fully describe the process of cavitation, and alternative models that consider heat and mass transfer, like used by Akhtov et al. (and discussed by Zhang et al.), may be more accurate [25,56].  Furthermore, Zhang et al. discussed how different physical properties of a fluid affect cavitation and determined that the surface tension of the fluid is an important physical property that dictates how large a bubble can grow [25].  For water, Long et al. discussed how cavitation bubbles can be compressed into a tiny size, thus causing a large increase in the temperature and pressure that produce a secondary shock [25,57].  Long et al. also tested n-butanol and ethanol and found that cavity-induced reactions are created in the two alcohols which produce gaseous products that inhibit cavitation collapse [57].  IPA has a vapor pressure of similar magnitude to these alcohols, so it is possible that during cavitation of the IPA sample, gaseous products were produced that inhibited the collapse of the cavitation bubble, and thus reduce the damage to the substrate surface despite having a higher vapor pressure than H2O.



[bookmark: _Toc420995910][bookmark: _Toc422997497][bookmark: _Toc427156482][bookmark: _Toc164783363][bookmark: _Toc167803612]Chapter 5: Conclusions and Recommendations
	The work outlined in this paper has focused on the impact of different immersion fluids on femtosecond laser micromachining, and the effect these fluids have on cavitation damage on the surface of a borosilicate glass slide.  More specifically, the use of eight different fluid immersion mediums for micromachining has been studied to explore the possibility of enhancing the focal distance at which material removal by fs laser ablation occurs. The names of the fluids (followed by their shorthand names in brackets) that were tested in these series of experiments are: air [AIR]; water [H2O]; ionic liquids 1-butyl-3-methylimidazolium trifluoromethanesulfonate [BMI]; and 1-ethyl-3-methylimidazolium bis(trifluoromethanesulfonyl)imide [EMI]; immersion oils Type A [TA] and Type B [TB]; glycerol [GLY]; and isopropyl alcohol [IPA].  Of these fluids, EMI and BMI are the only novel fluids where (to the author’s knowledge) little-to-no research has been done on the effects of immersion laser machining with them.  These two ILs were determined to have exceptionally low vapor pressures.  The effects of vapor pressure on liquid cavitation are well known.  As such, this research aimed to investigate whether ILs may be good candidates for use in fs laser micromachining.  

	From the data collected for the z-step experiment, the ILs were shown to exhibit better machining properties than the two control fluids, H2O, and AIR.  The ILs reduced the brittle fracturing of the glass substrate, which was abundant on the H2O sample.  AIR, however, did not produce brittle fracturing because no liquid cavitation was present during machining.  The AIR and H2O samples were unable to produce damage features for focal distances beyond a few microns above the surface of the sample, whereas the low vapor pressure ionic liquids were able to.  Additionally, the other LVPFs like the IOs and GLY were also able to increase the positive focal distance machining range.  Of interesting note, machining in AIR caused surface defacement even while the focus of the laser was located deep inside the substrate material.  From the results of this experiment, it seems plausible that LVPFs like ILs may reduce the cavitation damage done to a substrate surface during liquid immersion fs laser micromachining.  

	For the surface damage experiment, the surfaces of the samples were empirically compared using a surface profilometer.  With the laser focus positioned at the surface of the substrate, it was determined that H2O causes the most damage by brittle fracture of the glass surface.  The arithmetic mean height (Sa) and maximum height (Sz) of the samples were recorded and compared over 25 total samples, with the exceptions of the IOs.  It proved to be difficult to achieve a proper focus at the surface of the substrate with these fluids due to their index-matching properties with the borosilicate glass.  As such, only 5 data points were collected for each of these fluids.  The ILs produced surface roughness data on par with other LVPFs like GLY, the IOs, and the only non-liquid immersion medium used, AIR.  An overall conclusion may be drawn from the results of the experiment that, for roughening of the surface of a glass substrate, H2O appears to be the best fluid to do so.  For minimizing the surface roughness, IOs may be a good choice, however, due to their index-matching properties with glass, it can be difficult to work with these fluids.  The ILs produce similar surface roughness to the IOs, and have a different refractive index than glass, making them easier to work with.  The high viscosities of GLY or TB also reduce the speed at which machining can occur.  This makes these fluids potentially undesirable for rapid machining applications, at least at ambient temperatures.

	The cross-section experiment allowed the viewing of the interiors of holes, whereby the geometry of the modified material could be closely compared between fluids.  It was determined that LVPFs again showed less surface deposition of the ejected material than higher vapor pressure fluids.  Additionally, the side profile allowed the viewing of the approximate heights of the ejected masses which redeposited onto the surface of the substrate.  EMI showed very little build-up on the surface of the substrate.  Subsurface modification of the substrate, which appears to be melted and resolidified material, was observed in the IOs which are LVPFs.  The IPA sample displayed diametrically wide cone-shaped filaments which extended further into the substrate sample than for the other immersion fluids.  IPA and H2O are the only samples to experience brittle fracture propagation across hole locations, giving evidence that high vapor pressure fluids may enhance the damage to a substrate by cavitation damage.  
	
	From the results of these experiments, it was determined that a fluid which exhibits a vapor pressure in the range of 1.6×10-4 mmHg (GLY, at RT) to 23.7 mmHg (H2O, at RT) is likely to reduce cavitation damage.  Fluids with vapor pressures less than 1.6×10-4 mmHg appear to have a minimal reduction in the cavitation damage upon further reduction in the vapor pressure.  Fluids above this vapor pressure range are conjected to enhance the damage of cavitation on a substrate to a point (40.0 mmHg, the vapor pressure of IPA), whereby the damage may be reduced by reactions inside the vaporous material in the bubble which inhibit the collapse of the cavitation bubble.  The density appeared to have no distinguishable impact on the surface damage of the substrates from the surface roughness data, as both low-density and high-density fluids were found to be capable of producing the same Sa values on the substrate.  Increasing the kinematic viscosity decreased the surface damage to the substrate.

[bookmark: _Toc420995911][bookmark: _Toc422997498]	For future work on this topic, it is recommended that fluids which exhibit other physical properties be tested, such as a fluid with a higher vapor pressure than IPA, one example being heptane.  In the fluids tested in these experiments, there remains a large gap between H2O and the IOs for the values of vapor pressure.  Other physical properties should also be explored more, like density and viscosity, or perhaps different atmospheric pressures may be explored (higher/lower ambient pressure).  Additionally, different substrate materials should also be tested.  These may include other glasses like fused silica, or metals and alloys like aluminum or steels.  A more accurate model of cavitation may also be used to evaluate which physical properties dominate in the cavitation process.  Thermophysical properties were conveniently ignored in this paper but do play a part in cavitation bubble dynamics.  As such, it is recommended in the future that the thermal conductivity of each fluid be considered, as well as thermal diffusivity, like how the dynamic and kinematic viscosities of each fluid were considered.  
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Table A1.  KDB Coefficients [53].

	Coefficient
	Value

	A
	-2.125867E+1

	B
	-1.67262E+4

	C
	1.655099E+2

	D
	1.100480E-5
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