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ABSTRACT

This thesis lays the groundwork for a simulation model for the laser ablation of polymer
materials. A thorough review of the laser ablation of various polymer materials has been provided.
The current trends and challenges in utilizing laser ablation for micro/nano manufacturing and
information essential to the choice of an appropriate laser source for a polymer material have been
provided. Experimental studies on laser ablation-based drilling of micro-holes on high-density
polyethylene films have been performed. The influence of an increasing number of pulses and
laser power on the depth and area of the micro-holes has been analyzed. The experimental results
were utilized to validate a quantitative area-depth approximation model that was formulated based
on the gain factors and the laser intensity profile. Additionally, a finite element method-based
model has been developed for predicting the surface temperature and depth profile evolution with

time during laser ablation of polymer materials.



CHAPTER 1. GENERAL INTRODUCTION

1.1 Overview

Micro/nano-scale manufacturing has gained an increasing amount of attention and research
interest in the past decade. There are several applications of micro/nano manufacturing in the
medical and electronics fields like Micro Electro-Mechanical Systems (MEMS), micro-stents,
catheters, and nano material fabrication. These micro/nano-scale applications have many
advantages, such as low power consumption products and wearable technology. Conventional
machining techniques such as drilling, milling were adopted into the micro-scale to achieve
features in the micrometer regime. However, there were several disadvantages to manufacturing
micro/nano features using conventional techniques. For example, the tooling for creating such tiny
features requires high precision and is expensive. Also, machining hard to machine materials such
as titanium alloys with such tool sizes was complicated and needed frequent tool change. To
overcome these challenges of conventional machining processes, advanced novel techniques were
developed for the fabrication of features on the micro/nano-scale. Laser-based drilling, milling
were some of the methods that were utilized to achieve machining on the micro-scale. All these
laser-based manufacturing processes have a universal principle: Laser Ablation. Laser ablation is
a top-down process of material removal. Under ideal conditions, the material to be removed is
vaporized (sublimation) by a focused heat source. This process occurs only when the substrate
absorbs a sufficient amount of energy. This meant that it was essential to choose optimum laser
parameters for different material sources. For instance, certain materials have a good absorption
coefficient at specific wavelengths, like polymers laser ablation work well with an ultraviolet laser
source. Also, different materials have different ablation threshold fluence values, so the selection

of proper power density is also a contributing factor. Although the principle of laser ablation is the



same, the mechanism by which it occurs depends on the above factors. For example, the ablation
mechanism can be a purely thermal process, photochemical process, or a combination of both.
Even though this novel method was capable of producing geometries in the micro/nano-scale, there
were still several issues in terms of the quality and precision of the features produced. For example,
achieving high aspect ratio features, avoiding re-deposition of the debris onto the substrate, and
minimizing the Heat Affected Zone (HAZ) such that it does not affect the morphology of the
material are some commonly faced challenges. These challenges called for the appropriate
selections of laser parameters to avoid implications while employing laser ablation. However,
experimentally determining the optimum setting by trial and error requires time and wastage of
materials. To overcome this issue in determining the optimum parameters for laser ablation, a
simulation model that can predict dimensions of the feature produced for a given set of laser

parameters.

In this chapter, laser ablation experiments have been conducted on High-Density
Polyethylene (HDPE) substrate, and the influence of laser parameters such as the number of pulses
and power on the dimensions of the ablation crater has been established. Based on the experiments,
a simple but effective approach to model micro-drilling process on HDPE substrates using pulsed
laser ablation has been demonstrated and validated against additional experimental results. A
sequential procedure used to establish this model has been provided, which would act as the
knowledge base for adopting this model for laser ablation on other materials. In addition, a finite
element method based numerical simulation models of continuous laser ablation of HDPE has
been established using COMSOL to identify the temperature at the ablation surface and the
ablation depth profile evolution over time. This model will pave the way for a better understanding

of the ablation threshold conditions and identifying the ablation initiation in any material, given



the material properties are known. The models presented in this thesis will help predict the
dimensions of the ablated holes or features for a given material and laser properties. This will help
avoid the time and expenditure caused while determining the optimum laser parameters using the
trial and error method.
1.2 Thesis Organization

This thesis consists of five chapters. Chapter 1 provides an overview of the research and
motivation for conducting the research. Chapter 2 has a detailed literature review about laser
ablation, its mechanism, and parameters. Additionally, the applications and issues with the ablation
process have been presented. Chapter 3 contains the experimental setup, results, and discussion of
the influence of laser pulse number and power on the area and depth of the ablated crater.
Additionally, a quantitative model has been developed to predict the ablation depth and area of
high-density polyethylene films. Chapter 4 focusses on the development of a preliminary FEM
based laser ablation simulation model that predicts the surface temperature and depth profile
evolution with time. This work will be an initial groundwork for a more sophisticated model for
the prediction of the ablated surface. Chapter 5 will summarize the thesis work, the contributions

along with the potential challenges, and future works of polymer laser ablation.



CHAPTER 2. LASER ABLATION OF POLYMERS: A REVIEW

Modified from a manuscript published in Polymer International.
Sandeep Ravi-Kumar?, Benjamin Lies? , Xiao Zhang?® , Hao Lyu® , Hantang Qin?

4ndustrial and Manufacturing Systems Engineering, lowa State University, Ames, 1A 50011
USA; "College of Mathematics and Physics, Qingdao University of Science & Technology,

Shandong, China

| have contributed to more than 60% to the literature review paper titled “Laser Ablation of
Polymers: A Review.” | read through several research articles and journal papers on laser ablation
of polymers and came up with a database of the type of laser sources used for different polymer
materials and for different applications. This review article has been published on a top journal in

the field of polymers “Polymer International” (https://onlinelibrary.wiley.com/journal/10970126).

2.1 Abstract

Laser ablation (LA), which employs a pulsed laser to remove materials from a substrate
for generating micro/nano-structures, has tremendous applications in the fabrication of metals,
ceramics, glasses, and polymers. It has become a noteworthy approach for achieving various
functional structures in engineering, chemistry, biology, medicine, and other fields. Polymers are
one such class of materials; they can be melted and vaporized at high temperatures during the
ablation process. A number of polymers have been researched as candidate substrates in LA, and
many different structures and patterns have been realized by this method. The current states of
research and progress are reviewed from basic concepts to optimal parameters, polymer types, and
applications. The significance of this paper is to provide a basis for follow-up research that leads

to the development of superior materials and high-quality production through LA. In this review
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chapter, we first introduce the basic concept of LA, including mechanism, laser types (millisecond,
microsecond, nanosecond, picosecond, and femtosecond) and influential parameters (wavelength,
repetition rate, fluence, and pulse duration). Then, we focus on several commonly used polymer
materials and compare them in detail, including the effects of polymer properties, laser parameters,
and feature designs. Finally, we summarize the applications of various structures fabricated by LA
in a variety of areas along with a perspective of the challenges in this research area. Overall, a
thorough review of LA of several polymers is presented, which could pave the way for the
characterization of future novel materials.

2.2 Introduction

The laser is the acronym for “light amplification by stimulated emission of radiation,”
typically a high-intensity beam of electromagnetic radiation. The initial idea of laser theory was
presented by Einstein [1]. However, the first ruby laser was developed in the year 1960 by the
physicist Theodore H. Maiman. Soon after laser’s experimental realization, there were several
practical applications such as in the military, health, industrial, and scientific fields. The first
widely recognized application of laser was laser printers, which were invented in 1971 by an
American engineer Gary Starkweather [2]. There are significant applications of laser in
manufacturing sectors like laser drilling [3], laser cutting, holography, laser metal deposition, and

laser additive manufacturing [4,5].

Conventional machining techniques such as drilling, welding, milling, and turning are all
capable of machining a wide variety of materials. However, it is difficult to achieve the best results
in terms of surface finish and aspect ratio in machining hard-to-machine materials such as titanium
[6] and superalloys [5]. These requirements in the industries led to the development of novel

machining processes such as laser beam milling [7,8], laser drilling [3], and laser etching [8,9].



All of these lasers involved machining operations share a common phenomenon known as laser

ablation.

Laser ablation is the top-down process of removing material by focusing a laser beam onto
a substrate. Ablation occurs when the material absorbs sufficient energy to be melted or vaporized.
The first instance using laser ablation was reported in 1965 by Smith for the deposition of thin
films [10], but the films had poor quality due to ineffective experimental process control. Since

then, the development and understanding of laser ablation have been incremental.

Laser ablation is widely used in the fabrication of metals, ceramics, glasses, and polymers.
Polymers are of great interest due to the unique properties such as lightweight, corrosion
resistance, lower frictional properties, less wear in comparison to metals [11], and their application
potentials. In recent years, polymer-based laser ablation has gained huge interests due to its ability
to be used for the fabrication of microfluidic channels [12], optical waveguides [13], and flexible
electronics. The first report on the laser ablation of polymers was by Cozzens 1977 [14]. He used
an infrared laser source (A=10.6um) to irradiate eleven different polymers. Since then, there has
been a rapid rise in the applications of polymers such as nozzles for inkjet printers [15] and multi-
chip modules [16]. Consequently, researchers started exploring the various aspects of using laser
ablation for processing polymeric materials for such applications. For instance, researchers studied
the influence of laser types and parameters on the accuracy and precision of the ablated features
on the polymer materials. In this thesis, different laser types (see table 1) and the influences of

laser parameters on ablated structures were reviewed.

Furthermore, we reviewed several common polymer materials used for laser ablation,
including Polytetrafluoroethylene (PTFE), Polyimide (PI), Polydimethylsiloxane (PDMS),

Polyethylene Terephthalate (PET) and Polymethyl Methacrylate (PMMA). The feature structures,



laser dependence, and properties were compared among those polymers. The review of laser
ablation was based on the research activities of different groups, which can show the general
development of this manufacturing method and give an outlook of it. It could pave the way for
further development and application of laser ablation.

2.3 Laser Ablation
2.3.1 Mechanisms of Laser Ablation

The general mechanism of laser ablation is consistent throughout laser machining
applications such as laser beam milling, high precision drilling, and laser cutting. Ablation is a
combination of both vaporization and melt expulsion, as represented in Figure 2.1. When a focused
beam of laser radiation strikes a surface, the electrons present in the substrate are excited by laser
photons [17]. This excitation results in the generation of heat by absorbing photon energy, which
is consistent with Beer Lambert's law [17, 18]. Beer Lambert’s law states that the amount of light
absorbed is dependent on the thickness of the materials and intensities of the light source. The
heating effects cause melting or vaporization of the material, thus resulting in the removal of
macroscopic materials from the substrate. The transition from solid to gas results in the formation

of a plasma plume.

Plasma Plume

Ejected molten
\  material

Polymers

. |Conduction

- = —-; Heat affected
N Zone
INPUTS OUTPUTS

> Laser type (pulse duration, wave length, laser power, » Aspect ratio

repetition, ete.) N #» Redeposition
# Optical setup (fluence, pulse number, transition speed, etc.) | Vv Heat. affected zone
> Material characteristics (ablation threshold, absorption (HAZ)

coefficient, reflectivity, thermal ductivity, molecul » Crater formation

weight, etc.) » Etc.

Figure 2.1 Laser-material interaction zone and input/output parameters



The transition from solid to the gaseous phase takes place in a series of steps. The initial
heat produced by the absorption of the laser photons results in the formation of a melt pool at the
laser-substrate interaction zone. The temperature further increases due to the incoming pulses, and
the melt pool reaches the vaporization state [19]. High pressure is created during vaporization,
which is also called a recoil pressure, which pushes molten materials from the pool where it is
ejected [20]. The ejected material is a concern due to its re-deposition on the substrate. Also, it
interacts with the incoming laser pulses [21, 22]. By further increasing the temperature at the laser-
substrate interaction zone, the liquid attains an explosive liquid-vapor phase transition stage [23,
24]. The above mechanism is commonly seen during ablation using long-pulsed lasers. In this
mechanism, the dynamics of the fluid phase and the vapor conditions are quite complex, and the

re-solidification of the molten material also results in geometric changes in the ablated features.

Based on the properties of laser and material such as fluence, absorption coefficient,
reflectivity, wavelength, and pulse duration, the ablation mechanism can be purely chemical or
thermal or a combination of both. Photochemical ablation occurs due to the breaking of the
covalent bonds in the polymer chains via the energy of the UV photons. Photothermal ablation
considers the electronic excitation by the UV photons to be thermalized, which then results in the
breaking of the polymer bonds. Several researches have focused on explaining the mechanisms
present at the laser-material interaction area by assuming one mechanism dominates and then
simulating the dominant process [25,26,27]. These various mechanisms are all dependent on the
specific combination of light and material properties. As a result, it is essential to consider certain
vital phenomena while studying the laser-material interaction. These phenomena include the type
and magnitude of light energy absorption and the time scale of the laser pulse. The extreme

intensity of the laser pulse in the ultra-short time frame provides inaccurate predictions under



classical heat transfer conditions. At normal intensities, the absorption is linear and follows Beer
Lambert’s law. This implies that the excited electrons by the photon absorption transfer the heat
to the lattice, thereby resulting in melting and vaporization. However, at ultrashort timescale, the
absorption becomes nonlinear and becomes intensity dependent. The bound electrons of the
material can be directly ionized by the more intense absorption due to high intensities. So it is
essential to characterize the laser being used and to predict the mechanism occurring at the laser-
material interaction zone. These various mechanisms are all dependent on the specific combination
of light and material properties. In practice, there are limitations regarding which combinations
can be achieved, which is explained in the following sections.

2.3.2 Ablation Parameters

In order to better study polymer laser ablation, it is essential to understand the parameters involved
in laser ablation of polymers, which depends on a variety of factors such as laser wavelength [28,
29], repetition rate [30], fluence [31], and pulse duration [32]. Firstly, for a laser system, there are
two characteristics that are important to laser ablation, the monochromaticity, and directionality of
the beam. The monochromaticity means that the wavelength of all emitted light is the same. This
singular wavelength is very useful for calculations regarding the interaction of the light with
optical components and material. The directionality of the beam refers to a low angle of
divergence, and this increases the ease at which the light is controlled and focused. The effective
optical spot size, directly related to laser fluence, is different for each system and plays a vital role
in ablation. Here, the fluence is the total energy of the laser over the area represented by the focal
spot size and is typically measured in J/cm2. The most common laser type used in the ablation
process is the pulsed laser. In the case of a pulsed laser, it is appropriate to measure the fluence of
each pulse as opposed to the fluence over the total time. These individual pulses can vary in

duration and in repetition rate and are characteristic of the laser type, which will be discussed in
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the next section. The positioning of the focal spot of the laser on the substrate influences the etch
rate, redeposition of the debris, and the microstructures formed on the sample surface [33]. The
research conducted by Wang reported easier machining and lesser debris redeposition while
focusing the laser near the bottom surface of the sample [34]. Lei studied the backside and front
side ablation of a gold film on a silicon substrate under varying pulse energies and focal positions
[35]. He accounts for the presence of two types of damage happening based on the laser fluence:
Ablation and Burst. He used Finite Element Method (FEM) simulation to verify the burst damage

occurring during the backside ablation.

In addition to the influence of the laser source, properties of the substrate materials such as
thermal conductivity [36], absorption coefficient [37], and reflectance [38] will all influence the
ablation structures as well. Despite the fluence of the laser being used, the absorption of photons
by the material is essential for ablation to happen. Each material has unique absorption coefficients
for different beam wavelengths. For example, polymers generally exhibit increased absorption of
the photons at ultraviolet wavelengths. Once the light has been absorbed by the material, it is
important to consider how the surrounding material is affected by the transfer of heat through
thermal conductivity. The molecular weight of the polymer also influences the ablation efficiency
[39]. It has been reported that the increase in molecular weight results in a highly viscous molten

material during ablation and consequently results in a lower ablation rate of the polymer [39].

The combination of these material characteristics and the optical properties of the incident
light result in various ablation mechanisms. The emphasis on which mechanism to focus on is
dependent on the application of the light/material interaction. The focus of this review is the laser

ablation of polymers, all of which emphasize the same general mechanism. The ideal output
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characteristics of these mechanisms include high aspect ratios, limited heat affected zone, minimal
material redeposition, and better minimum resolution on polymers.
2.3.3 Laser Source

The laser sources can be classified based on their wavelengths into Ultraviolet/Excimer
Lasers and Infrared Lasers. An excimer laser is a pulsed gas laser that emits UV light with a power
efficiency between 0.2% and 2% [40]. Excimer laser gained attraction because most polymers
exhibit a high absorption coefficient at excimer wavelengths and the ease of making a small portion
of laser to strike on to the work surface using an aperture [41]. Typical examples of excimer laser
are F laser, ArF laser, KrF laser, XeCl laser, and CeBr laser having an emission wavelength in
the ultraviolet spectrum (10 to 400 nm) [40]. A drawback of using excimer lasers for ablation
purposes is that the gas used as the laser medium has to be changed more frequently. As a substitute
for these excimer lasers, a diode-pumped solid-state laser such as Nd: YAG lasers are used [42,
43]. They are capable of achieving the ablation threshold at small spot sizes because of high-
quality beams. Still, it is difficult to mask the laser without forming diffraction patterns on the
irradiated surface. The other way to classify laser sources is based on the timescale of their pulse
durations. The lasers are classified into millisecond (ms, 1073s), microsecond (us, 10°s),
nanosecond (ns, 107°s), picosecond (ps, 107*%s), and femtosecond (fs, 10"°s) lasers. The timescales
of the laser pulses influence the ablation mechanism, accuracy, and precision of the features.
Millisecond and microsecond lasers are produced by chopping the continuous wave laser beam. It
has been reported that the ablation of polymers by long pulses, leaves evidence of molten materials
and carbonization of the walls of the ablated features [44]. Unlike longer laser pulses, ultrashort
laser pulses in the timescales of femtoseconds or picoseconds provide advantages in terms of high
precision, large material removal rate, and minimal thermal damage. It is attributed to two

processes: thermal diffusion and nonlinear absorption. In the ultrashort timescale, there is
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insufficient time to transfer the heat energy from the excited electrons to the lattice, causing
minimal thermal damage. However, under extreme intensities, the plasma plume generated tends
to result in heating of the surrounding material. This minimization in energy loss due to thermal
diffusion helps achieve features with high aspect ratios, no recast layer, and minimal cracking [45].

2.4 Polymer Material

Laser parameters and material properties both affect the success of laser ablation. Aside
from researches on the creation of the laser beams, the materials themselves have been heavily
researched and studied. In this section of the thesis, the review is focusing on polymer materials
and their related ablation processes. Research has been conducted on polymer materials that have
promising applications in various fields such as medical, engineering, and chemical sensing. The
materials required of these fields limit the composition and, thus, the material characteristics that
are integral to performing laser ablation.

The polymers used for laser ablation have been classified based on several criteria, such as
their availability, application, ablation behavior, and decomposition behavior. For example,
Polymethyl Methacrylate (PMMA) depolymerizes upon irradiation while polyimides (PI)
decompose into fragments upon irradiation. Similarly, certain polymers are available readily, such
as PMMA, PET, and PTFE, whereas some are customized based on specific requirements of the
application (Designed Polymers). Certain polymers such as PDMS and Polycaprolactone are used
in biomedical applications such as venal implants and cell encapsulation. A summary of polymers

and related laser sources are listed in Table 2.1.
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Table 2.1. Types of polymer ablated corresponding to different laser sources

Polymer Laser Sources
KrF laser [52,53,54,55], Nd: YAG laser [56],
Polymethyl Methacrylate (PMMA) ArF [54,57,58], KrCl [54], XeCl [44,59], CO-
[44]
Polystyrene (PS) KrF laser [52], ArF laser [60,61]
Poly(a-methyl styrene) ArF [58]

XeCl [62, 63, 64, 65, 66, 67], ArF laser
[66,67,68], KrF laser [52,62,66,67,68,69],

Polyimide (P1) XeF laser [68], Nd: YAG laser [70,71], KrCl
laser[64], Nd: YVOs [72]

Polyethylene Terephthalate (PET) ArF laser [58,73], KrF laser [52], XeCl [63]

Bisphenol Polycarbonate (BP PC) ArF laser [58], KrF laser [52,74]

Polyethylene (PE) lodine PALS [75]

Polytetrafluoroethylene (PTFE) KrF laser [52,76]

XeCl laser [77], KrF laser [78], Nd:YAG
[79], Nd:YVO4 [80,81], CO2 [82]

Polyacetylene ArF laser [72]

Polydimethyl Glutaramide (PMGI) XeCl laser [44,83]

ArF laser [84], XeCl laser [84], KrF laser
[84], Nd:YAG [85]

Nylon XeCl laser [86], Nd:YAG [86,87], CO [86]

CO2 laser[88,89], Ti:sappire laser [90], ArF
laser [91], Erbium doped fiber laser [92]

Polyether Ether Ketone (PEEK)

Polyetherimide (PEI)

Polydimethylsiloxane (PDMS)

2.4.1 Polytetrafluoroethylene (PTFE)

Polytetrafluoroethylene (PTFE), also known as Teflon, is a crystalline synthetic
fluoropolymer of tetrafluoroethylene. Teflon, with an absorption coefficient of 158 cm?, is a weak
absorber. It is a highly versatile material used in a wide variety of applications owing to its stability
and durable characteristics. Due to its good electrical resistance, it is used as an insulator for wiring
and cables. PTFE is used in mechanical engineering applications in parts that have sliding action

such as gears and pulleys since they have a low frictional coefficient. PTFE is widely used in the
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food packaging industry and in the chemical industry as a material for sealing aggressive
chemicals. As mentioned previously, each application requires different material characteristics.
This leads to the creation of several grades of PTFE based on the filler material incorporated into
it. Venkateshwarlu studied the effects of various fillers on the mechanical properties of PTFE
based composites [87]. He used glass, bronze, carbon, mica, sand, porcelain, alumina, antimony
trisulphide, and marble as fillers and studied the mechanical properties, including hardness and
tensile strength.

With the versatility in the properties of PTFE for different grades, PTFE has been
successfully applied in the medical and electronics sector. For example, membranes of PTFE are
used as a barrier for bone promotion around titanium implants [88]. These applications involve the
material to have features in micro/nano-scale and demand precision. Researchers investigated the
methods to minimize defects, such as the heat-affected zone and surface dendrite formation. Kuper
studied the ablation of PTFE with femtosecond UV laser pulses at 248 nm [46]. He reported that
thermal damage was absent for fluences as low as 0.5 J/lcm? with an ablation rate of 1 pum per
pulse.

Womack studied the use of femtosecond laser ablation in depositing thin films of PTFE on
silicon wafers [70]. She emphasized that the femtosecond (fs) lasers produced precisely machined
features, unlike nanosecond laser pulses. The deposition rate and film quality were characterized
by using scanning electron microscopy, X-ray diffraction, and IR spectroscopy, which showed
strong supports of high deposition and quality by using fs laser pulses. Huber studied the ablation
rate of sintered PTFE and reported its dependence on the wavelength of the laser [89]. He reported
that, at a given laser fluence value, the ablation rate increased initially and then decreased as the

wavelength increased. He further stated that there was no relationship between the experimentally
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measured ablation depth and the linear optical penetration depth, which was calculated using a
Monte Carlo simulation. Mitra measured the laser ablation threshold of PTFE using a photothermal
beam deflection technique [90]. He measured the ablation threshold at different wavelengths and
estimated the coefficient of absorption of Teflon at each wavelength. He reported that the value of
the absorption coefficient increases with a decrease in wavelength. Wang investigated the laser
ablation of PTFE in ambient air [91]. He reported the clear edge definition and increase in ablation
depth can be achieved by increasing the number of pulses. The effect of air ionization at higher
fluences in deteriorating the ablated structure quality and decreasing the ablation efficiency was
reported. While all other researches were focused on ablating pure PTFE, there have been
researches that focused on identifying the advantage of doping PTFE. Yang said the ablation of
PTFE doped with aluminum nanoparticles [92]. He stated that the doped Teflon can be ablated
precisely with near infrared laser and does not require a vacuum ultraviolet or femtosecond
excimer laser.

2.4.2 Polyimide (PI)

Polyimide is a high-temperature engineering plastic. Polyimides are thermally stable even
up to the temperature range of 300-400 °C. As a result of its high heat and fire resistance compared
to other polymer materials, Pl is suitable for a diverse range of applications such as aerospace,
optoelectronics, and defense. They have good machinability, electrical, and thermal insulation
properties [93].

The machining efficiency and etching mechanism of polyimides via laser ablation have
been investigated. Brannon studied etching of polyimide using pulsed excimer lasers of different
wavelengths (248, 308, 351 nm) [56]. He reported that the laser ablation threshold at which
significant etching occurred can be correlated with the wavelength-dependent absorption

coefficient. It was stated that the absorbed energy per unit volume required to etch the substrate is
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equal for several distinct wavelengths. It is reported that the presence of oxygen does not influence
the etch rate, but it controls the oxidation of the ablated material. Yu, Ma, and Lei conducted laser
ablation of molybdenum (Mo) on the polyimide substrate using the axicon lens [94]. They studied
the narrow grooves produced by ablation under varying parameters such as laser power, scanning
speed, and the axicon tip distance from the sample. Selective scribing of the Mo material on the
Pl substrate was attributed to the large difference in threshold fluence of Mo and PI (0.18J/cm?
and 0.75J/cm? respectively at 60 fs pulse duration). They reported that the use of an axicon focused
beam could produce narrow groves of high quality even with large height fluctuations of moving
substrates.

Research has been conducted to determine the influence of laser parameters such as pulse
duration and pulse repetition rate on the ablation of polyimides. Taylor used photoacoustic
spectroscopy to determine the dependence of pulse duration on the ablation of polyimide using a
XeCl laser source [57]. He ablated P1 with XeCl laser of pulse duration 7-300 ns and reported that
the ablation threshold has a weak relation with the pulse duration. He observed an etch depth of
0.1-1 um per laser pulse, and it was independent of the pulse duration. However, there are other
processes that occur during the laser ablation of PI at particular pulse durations. Chuang studied
the laser ablation of Pl using Nd: YAG laser (355 nm) to investigate the saturation of the ablation
rate with an increase in laser fluence [64]. He reported 80 percent saturation at the fluence of 0.5
mJ/cm?2. He measured the reflectivity, emission intensity, and photoacoustic signal based on the
fluence values. It was concluded that the trailing part of the laser pulse was blocked by the plasma
plume and the excited polymer particles, which prevented the laser from hitting the polymer

substrate.
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Apart from saturating the ablation rate, the debris formed has been found to have an
influence on the morphology of the ablated polymers. Taylor studied the distribution of the ablated
debris formed during the XeCl laser (308 nm) ablation of pure and dopant induced PI [58]. Similar
to Dyer [95] and Niino [96], Taylor observed cone-like structure formation on the surface of both
polymers. He reported that the cone formation was due to the redeposition of the debris and not
based on impurities in the polymer.

2.4.3 Polydimethylsiloxane (PDMS)

PDMS is a mineral-organic polymer belonging to the siloxane family. The structure of the
PDMS consists of carbon and silicon. PDMS has been widely used in the fabrication of
microfluidic devices. It is used as a food additive and as an anti-foaming agent in beverages. One
reason to use PDMS to manufacture microfluidic devices is its transparency at optical frequencies,
which allows for visibility of the contents in the micro-channel. Additional reasons include its
autofluorescence [97], bio-compatibility, and inexpensiveness compared to the previously used
materials such as silicon.

Researchers studied the use of laser ablation with PDMS to manufacture microfluidic
devices of different features in a cost-efficient manner. Yan studied the use of laser ablation
techniques to produce single-layer microfluidic devices with abrupt depth variations [82]. He used
the laser to engrave channel patterns on to PMMA plate and then used it to create the master pattern
for the single-layer PDMS microfluidic devices. He reported the capability of this technique to
produce microfluidic devices with micrometer structures in one step. Li reported a simple, cost-
effective method for fabricating microfluidic devices with PDMS multilayer configurations [83].
He used a system similar to Yan and used conventional lithography, and sputtering technique to
fabricate an alignment bonding of top and bottom electrode patterned substrates. This was used

for the integration of the electronics in the microfluidic devices. He further validated the proposed
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method by fabricating and testing a di-electrophoresis based integrated electronic microfluidic chip
for the manipulation of microparticles. Wolfe studied Ti:Sapphire laser (femtosecond pulses) to
produce stamps for micro-contact printing and for the fabrication of microfluidic channels [84].
This proposed technique was capable of producing features as small as 1 pm in width and 2 pm in
pitch. Unlike conventional molding, this technique does not need curing.

Unlike using a mask for fabricating the PDMS micro-channels, researchers focused on
identifying methods for direct fabrication of the microchannels on polymer materials. Hautefille
reported a technique to etch microscale volumes of material from the PDMS surface [98]. He
utilized infrared laser along with microscopic clusters of carbon materials to generate microplasma
at the PDMS-air interface layer. Further, he reported the technique’s application to fabricate
interesting photonic features and the presence of combustion residues in the form of carbon nano
domains with local fluorescence and increased hydrophobicity. Hsieh studied the direct
micromachining of microfluidic channels on PDMS and other biodegradable materials such as
polyglycerol sebacate [85]. He proposed a polymer surface modification method for the fabrication
of a microfluidic system, which eliminated the steps of mask/mold production as in
photolithographic or soft photolithographic techniques. He also investigated the relationship
between laser parameters, depth, and width of the ablated features.

Another research topic in the field of laser ablation of PDMS is direct micro patterning and
fabrication. Huang studied the thin-layer separation and micro-fabrication of PDMS using an ultra-
short pulsed IR laser (1552 nm) [86]. The influence of pulse overlap rate and irradiation pulse
energy on the ablation width, depth, and surface quality are analyzed. He reported a pulse overlap
rate range of 1-2 pulses per pm and 1-1.5 pJ to achieve quality separation and fabrication without

any visible thermal damages. Moon studied the effect of crater size on the surface morphology of
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PDMS [99]. He studied the PDMS surface with varying both the interpulse interval and the inter-
spot distance between successive pulses. It was reported that the surface morphology was
dependent both on the inter-spot distant and interpulse interval between successive pulses.

2.4.4 Polyethylene Terephthalate (PET)

PET is a commonly used transparent thermoplastic in the textile industry as polyester,
packaging industry, and as an engineering plastic when combined with other materials such as
glass fiber to improve the material strength. There have been numerous studies on the application
of laser ablation for micromachining of PET and the mechanism occurring at the laser-material
interaction zone. Watanabe studied the fragmentation of PET during laser ablation using a 248 nm
excimer pulse to characterize the ablation mechanism [81]. He reported that the fragmentation was
accelerated by thermal energy at fluence above the threshold value of 30 mJ/cm2. He stated the
importance of both thermal and photochemical reactions in the ablation of PET. Other defects on
laser ablating PET are studied by investigating the surface of the substrate. Arenholz studied the
surface of PET after irradiation by an ultraviolet laser at various wavelengths (193 nm, 248 nm,
308 nm) to better understand the growth and structure of surface dendrites using atomic force
microscopy [100]. He reported that the size (length of dendrite arms) and structure of the dendrite
were dependent on the laser wavelength and the ambient pressure. By studying the surface of PET
after ablating with 193 nm ArF laser [67], Lazare reported an increase in surface roughness as the
number of laser pulses increased. The surface roughness peaked at a maximum of 1-2 um at ten
pulses.

There were researchers who tried to understand the contribution of laser ablation on the
morphological changes in the material. Mansour studied the surface-induced morphology changes
on ablating PET using Nd: YAG laser of 266 nm [101]. He proposed a theoretical model to

determine the ablation etch depth for a given incident laser fluence. P.E. Dyer studied the excimer
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laser ablation of PET and reported the thermal coupling and etch rate measurements and observed
that a thermal balance was present up to the threshold fluence and above which the ablated material
removed excess energy [61].

The influence of laser parameters such as pulse width and wavelength on the ablation
efficiency and surface morphology have been investigated. Liu studied the difference between the
use of short and long pulses for the ablation process [102]. He used a Ti: sapphire laser source to
ablate PET. He reported that the heat-affected zone, cracks, and non-uniform ablation were more
frequent during ablating with a higher pulse width (200 ps) as opposed to a shorter pulse (80 fs).
With the increasing interest in the identification of the cause of defects, researchers started to
investigate methods to control defect growth during laser ablation. Elaboudi studied the
photoablation of polymers underwater and compared it with ablation in the air [103]. He reported
that the threshold fluence decreases while ablating underwater and aimed at identifying the
hydrolysis reaction responsible for the decrease in laser threshold.

2.4.5 Polymethyl Methacrylate (PMMA)

PMMA is another type of low-cost thermoplastic, also known as acrylic glass. It is widely
used in applications such as optical, biomedical, solar, sensors, and nanotechnology. There have
been numerous studies geared toward understanding the application of laser ablation for machining
PMMA. Specifically, how the precision and resolution (aspect ratio, recast layer, re-deposition,
micro-cracks) are affected by the laser as well as the material properties (absorption coefficient
and thermal conductivity). Nayak studied the effects of laser power and processing speed on the
precision of the depth, width, and surface profiles of microchannels manufactured on PMMA of
different polymer weights (96.7 kDa, 120 kDa, 350 kDa, and 996 kDa) using a CO2 laser [39]. He
observed that the depth and width increase along with laser power. There were pores formed in

higher molecular weight PMMA, whereas none were observed in lower molecular weight samples.
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He reported that the choice of material was the key factor for CO2 laser ablation for applications
that require high precision.

Similarly, Baudach studied the precision of the width and depth of features machined on
PMMA films of 250 pum using Ti: sapphire laser. He observed that the ablation threshold value
varied between 0.5-2.5 J/cm? depends on the number of laser pulses hitting the spot. He reported
that the diameter of holes (um) was influenced by the laser fluence and the number of pulses [104].
Beyond studying the precision of the machined features, researchers paid great attention to device
fabrication and testing. Klank reported the ease of producing microfluidic channels in PMMA
using CO? laser. He reports that the feature depth can be controlled by the laser power and scanning
speed [105]. The Gaussian beam created during LA has been verified to help for self-aligning the
optical fibers.

Although laser ablation, under the proper control of parameters, is capable of producing
micro/nano-scale features with precision and accuracy, there are a considerable amount of defects
such as a recast layer, redeposition of debris, and heat-affected zone. Researchers have studied the
ablated debris to better understand the photochemical reactions occurring and the process by which
the debris is ejected and then redeposited. Danielzik [51, 53] and Estler [50] used quadrupole mass
spectrometry to study the ablated particles. Estler studied the photochemical composition of the
ablated particles and reported the change in the composition with varying wavelengths. Danielzik
studied the velocity distribution of the ablated PMMA particles and reported it to change between
thermal velocity distribution and non-Maxwellian velocity distribution depending on the laser
fluence. Burrell [52] used X-ray photoelectron spectroscopy to study PMMA and Poly(a-methyl

styrene) surface composition after irradiating it with a laser in the UV wavelength. He reported the
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absence of surface compositional changes, which indicated that no surface intermediates that are
different from the starting materials were formed.

The formation of craters around the ablated surface is another defect that has been
investigated. Efthimiopoulos studied XeCl laser ablation of weakly absorbing PMMA and reported
the formation and collapse of bubbles [106]. He stated that the phenomenon of bubble creation
and collapse occurs over multiple pulses while using 3-9 J/cm? energy fluence. For high energy
fluence (>9 Jlcm?), the bubble creation and collapse occur with a single pulse duration. He
concluded that successive pulses might be needed to advance the process of bubble creation and
collapse based on the energy fluence.

There are other applications of PMMA, such as thin film deposition and nano particle
generation. Blanchet studied the deposition of thin films of PMMA by laser ablation using Nd:
YAG laser in the ultraviolet wavelength range [107]. He reported that the temperature of the
substrate was important to determine the morphology and molecular weight of the films. The films
were maintained at temperatures between 100 and 200 °C. The deposition occurred due to the
ejected monomer falling on the glass substrate and redeposited due to the re-polymerization of the
monomers.

2.4.6 Other Polymers

There are several other polymers that have been studied for laser ablation. Polyetherimide
(PEI), a high-temperature resistant thermoplastic, is used for the production of PEI embossing
tools. These tools are used for the packaging of membranes and the production of microchannels
for the use of sealing bosses [79]. It was reported that the boss width was dependent on the laser
diameter. Jensen studied the use of laser ablation for the rapid prototyping of microsystems made

of polymers [72]. He created a microsystem using Polyether ether ketone (PEEK), which can be
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used for injection molding a series of prototypes. He stated that this application could be extended
to other thermally and mechanically strong polymers such as PEI.

Polyethersulfone (PES) is another polymer that has been widely used as a replacement for
metals in automotive components. Similar to other polymers, researchers studied the mechanism
that leads to the formation of these micro defects on the surface of the films. Laser-induced surface
microstructure formation was first reported by Dyer [95]. Niino observed the formation of
microstructures on the surface of PES films while ablating with a XeCl laser source [96]. He
studied the mechanism resulting in the formation of these microstructures using a XeF laser source.
He reported that the thermal processes on the ablated surface played a significant role in the
formation of the microstructures.

Although laser ablation of polymers was first reported in 1965, it was not possible to fully
exploit the potential of polymer laser ablation using the commercially available polymers such as
PMMA, PI, PTFE, PET, PEI, PES, PE, and PDMS. This was because of the drawbacks of these
polymers, such as carbonization, ablation debris re-deposition, and low sensitivity to laser
radiation. This led to the idea of designed polymers: synthesizing polymers based on specific
requirements of applications. The basic idea behind this approach is to combine the properties of
one polymer with others. For example, Triazene polymers tend to have high etch rates and good
ablation quality but poor stability (oxidation of the substrate during irradiation). On the other hand,
Polyesters exhibited higher stabilities but poor sensitivities (absorption at particular wavelengths).
A designed polymer aimed at combining these two polymers in order to achieve high-quality

machining (high surface finish, less heat affected zone, and high aspect ratio).

Similar to other commercially available polymers, researches have been conducted to

understand the ablation mechanism, their efficiency, and the defects that arise during their
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application. The impact of structural parameters on the ablation behavior and characteristics has
been studied. Triazo based polymers are one class of designed polymers that contain triazene
chromophore in its polymer chain. Lippert studied the laser ablation of triazene polymers films
(50 pm thick) using PI as a reference polymer [ 108]. He measured the etch rates, threshold fluence,
and the surface defects induced during laser ablation. He reported that the polymers containing the
triazene group have the lowest ablation threshold fluence (25 mJ/cm?) and the highest etch rate (3
um/pulse). Lippert further investigated the triazene group polymer’s laser ablation to identify the
influence of etch depth per pulse on the laser fluence [109]. The complete absence of debris was
attributed to the photolysis reaction that decomposes the fragments. It was concluded that the
removal of material from areas larger than the laser beam was due to the generation of shock waves

while irradiated with high fluence laser pulses.

The dynamic behavior of the etching process was also investigated. Hauer studied the
ablation of triazene group polymers and PI reference films using XeCl (308 nm) and ArF lasers
(193nm) using nano second interferometry and shadowgraphy [110]. Similar to Lippert [108], he
reported the absence of surface swelling and the presence of a shock wave. He reported the etching
of triazene polymer to start and stops with the laser beam. The speed of shock waves to increase

with an increase in fluence and was higher for 193 nm than 308 nm wavelength laser beams.

Another class of designed polymers is the diazo based polymers. They exhibit excellent
absorption at 308 nm wavelengths. Similar to triazo based polymers, these polymers contain a
diazo chromophore in its polymer chain. Some of the examples of diazo based polymers are diazo
sulfide polymer, diazo sulfonate polymer, and diazo phosphonate polymer. Jeffers studied the use
of the diazo coating in the preparation of printing plates by irradiating with laser light [111].

Busman invented a process of laser-induced mass transfer imaging of materials using diazo
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compounds [112]. He emphasized that the new method will improve the sensitivity of the laser-
induced thermal imaging with the use of diazo compounds.

2.5 Applications of Laser Ablation of Polymers

The application of laser ablation on polymers extends over a broad spectrum. The
phenomena of laser ablation have been used in the LIGA process, which is a combination of
lithography, electroplating, and molding. This process is typically used to create a pattern that is
then used for mass fabrication. The most commonly used polymer in the LIGA process is Pl [113].
Pl is coated over a silicon wafer substrate where laser ablation is then utilized to create micro
features with high aspect ratios on the polymer material. Once the features have been formed on
the polymer, electroplating is done to coat the polymer surface with metals [113]. Subsequent to
the metal deposition, the polymer material can be dissolved, resulting in the shell created by the
metal coating. Because of PI’s high thermal stability and insolubility in most solvents, there is
difficulty in stripping it off after electroplating. Current research in this field is aimed at developing

novel polymer materials that can meet the requirements of the laser LIGA process.

Another widely used application of laser ablation is in the field of telecommunication.
Fiber Bragg gratings (FBG) in the telecommunication field require the outer layer of polymer
material to be removed in addition to the actual “inscription” on the fiber optics when obtaining
side written gratings [114]. Some of the traditional ways of achieving this are by means of
mechanical stripping or chemical stripping. But there are disadvantages of using these techniques
such as structural damages and environmental effects. Laser ablation for removal of the material
has been found to overcome the limitations of traditional methods [115]. Further, researchers are
investigating laser ablation for jacket stripping of single-mode fiber (SMF), which has a dual

polymer layer system [116].
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Laser ablation of polymeric materials has been extensively used in the fabrication of high-
performance photonic devices, micro fluidic devices, and optical waveguides. It has been reported
that laser ablation can produce clean vertical cuts through plastics and polymer waveguide core
[117]. This technique has been found to provide efficient coupling of light from optical fibers into
polymer photonic devices. One example will be the fabrication of micro lenses. A KrF excimer
laser was scanned over successive contours of chosen diameter and scanning velocity. An array of
lens was fabricated based on the aperture used for shaping the laser beam. Naessens reported the
method for micro lens fabrication in polycarbonate material utilizing an excimer laser [118]. Pan
said the laser ablation of PI for the fabrication of polymeric micro-optical components [119]. This
method of fabrication of micro lenses provides flexibility in terms of shape, focal length, and

diameter of the lenses.

The field of micro-electro-mechanical systems (MEMS) have also adopted laser ablation.
Lan reported the fabrication of MEMS on silicon and PI substrate by laser ablation using a 355 nm
laser source [120]. He was able to manufacture microscopic holes and nozzles of various diameters
using low power laser direct drilling. This fabrication technique is fast and clean compared to a

traditional photolithography process.

Laser ablation has been used in the medical field for the fabrication of biomedical devices
for the use in minimally invasive surgery and other advanced surgical techniques. Laser ablation
and other micromachining techniques help achieve the complex and small feature sizes required
in these devices. In addition to the fabrication tools and devices for surgical application, the laser
ablation technique is directly used for surgery of the cornea. Trokel reported the use of excimer
laser for removal of the corneal tissues in cow eyes [121]. The laser-tissue interaction was

photochemical in nature. He also told of the absence of thermal damage to the adjacent tissues.
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2.6 Challenges and Future Scope

Although laser ablation of polymers has been researched for the past two decades, there
are still several challenges that have yet to be addressed. For instance, there are several models
and simulations that try to explain the ablation mechanism at the laser-material interaction zone
that results in the etching of the material. These models tend to explain the physics phenomenon
such as absorption, reflectivity, optical excitation, thermal, and chemical reactions to refer to the
ablation occurring at the laser-material interaction. However, it is difficult for a systematic way to
explain the ablation mechanism of these phenomena. Some models assume the ablation occurs
purely due to thermal reactions occurring due to laser irradiation, while other models suggest
chemical reactions are dominant. A single model cannot explain the ablation in different materials
because the mechanism of ablation depends on the type of laser and the properties of the material.
Future research is needed in studying the contribution of each physical phenomena in etching the
material and investigating an optimal model that accurately explains the ablation mechanism from
a system point of view.

Micro/nano manufacturing requires high-quality control of the material, precision,
accuracy, and process during laser ablation. Despite the extensive study on laser ablation of a
variety of polymers and understanding the influence of laser parameters and material properties
on the ablation, there are inaccuracies in machining a feature of desired dimensions. Currently, it
is difficult to create a feature of the exact desired depth and width. This is because of phenomena
such as heating of the substrate over subsequent pulses, plasma plume formation, and etch debris
interfering with the subsequent pulses. Presently, there is no perfectly accurate physical model that
helps in determining the optimal parameter for synthesizing the desired feature dimension. Future

research focusing on establishing a quantitative model that can improve the parameter settings
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(spot size, repetition rate, pulse duration, intensity) required to achieve the desired dimension will
contribute to increasing the application of laser ablation to various fields.

Further research in studying laser ablation of composite polymer materials would be of
great scope. The use of fiber-reinforced composites has become more common due to the strength
and lightweight of the material. Along with the growing use of composites, the need for composite
repair and machining is growing as well. Traditional machining processes have trouble with fiber-
reinforced composites due to the abrasive nature of the combination. Ablation may have great
potential in that area as it has been used in the past to ablate fused silica (glass fibers) and various
polymers in the past.

2.7 Summary and Outlook

Laser ablation has become a powerful method in the fabrication of micro/nano structures
on various polymers. The discussions provided in the previous sections are an overview of the
works done in the field of laser ablation over the past two decades for polymer-based laser ablation.
The effect of laser parameters on machining, their influence on the substrate’s surface morphology,
and the various applications of laser ablation have been studied. These parameters are dependent
on both the material composition as well as the laser characteristics. Different laser types and
influences of laser parameters to ablated polymeric structures have been reviewed. Several
common polymer materials, including Polytetrafluoroethylene (PTFE), Polyimide (PI),
Polyethylene Terephthalate (PET), Polydimethylsiloxane (PDMS) and Poly Methyl Methacrylate
(PMMA) are analyzed in the effects of polymer properties, laser parameters, and feature designs.
The review of laser ablation is based on the research activities of different groups and can show

the general development of this manufacturing method.
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Several overarching trends have been observed throughout this review. While these trends

can be used for a preliminary understanding of laser ablation, a deeper understanding should be

derived from the works being reviewed.

Smaller pulse duration results in more vaporization and less melting. Higher Melting can
cause a large HAZ and redeposition due to expulsion, cracks, and non-uniformity. Also,
more vaporization results in the formation of a plasma plume, which can reduce the
quality of the ablated features due to saturation.

The absorption coefficient of a given material varies for different wavelengths. This
needs to be well characterized in order to make any accurate predictions. This means
that the combination of laser type and material used is very important.

A high repetition rate may not leave enough time for the plasma to disperse during
vaporization, thus reducing the effectiveness of successive pulses due to interference.
Higher molecular weight can result in lower ablation rates due to the formation of highly
viscous molten material during ablation.

Larger thermal conductivity of a material can lead to a larger HAZ, specifically with

longer pulse durations.

As the development of modern manufacturing based on laser ablation, the coming years

will see the further development of LA towards a precise controlling technology with many

applications beyond polymers. Quantitative verification and the modeling of laser ablation are

quite complex and can always be further improved. In addition to the study of the mechanisms of

ablation, precision, accuracy, and process control can also be enhanced from a manufacturing point

of view. Future research into establishing a quantitative model that can suggest the parameter
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settings (spot size, repetition rate, pulse duration, intensity) required to achieve the desired
dimension will increase the applicability of laser ablation in various fields.
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CHAPTER 3. AN AREA-DEPTH APPROXIMATION MODEL OF MICRO-
DRILLING ON HIGH-DENSITY POLYETHYLENE (HDPE) SOFT FILMS USING
PULSED LASER ABLATION

Modified from a manuscript published in the Journal of Micro and Nano Manufacturing.
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4ndustrial and Manufacturing Systems Engineering, lowa State University, Ames, 1A 50011
USA; "College of Mathematics and Physics, Qingdao University of Science & Technology,
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My research has been focused on establishing simulation models to predict ablation profiles better
and to help develop a better understanding of the polymer laser ablation. | have conducted
experiments on polymer laser ablation of HDPE and developed a quantitative model to predict the
dimensions of micro drilled holes. This work is published in the “Journal of Micro and Nano-
manufacturing” titled “An Area-Depth Approximation Model of Micro-drilling on High-Density

Polyethylene Soft Films Using Pulsed Laser Ablation” (https://doi.org/10.1115/1.4045331). | have

contributed to more than 70% of the works presented in this chapter.
3.1 Abstract

Micro-drilling based on laser ablation has been widely applied for manufacturing
micro/nano features on different materials as a non-contact thermal removal approach. It has the
advantages of high aspect ratio manufacturing capability and reduced surface damage. However,
laser ablation is a complicated process that is challenging to model, thus manufacturing accuracy
and dimensional prediction are essential yet difficult aspects when a new substrate material is
tested. In this thesis chapter, a standardized modeling procedure was demonstrated to predict the

area and depth of laser ablation based on experimental study and simulation validation. A case
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study was conducted where micro-drilling of high-density polyethylene (HDPE) was investigated
using a 1064nm nanosecond pulsed laser. Blind micro-holes were fabricated on the HDPE samples
by ablating under different laser powers and the number of pulses. Gain factors were defined and
determined by the experimental data. A quantitative area-depth approximation model was
formulated based on the gain factors and the Gaussian laser intensity profile, which can predict the
ablated dimensions on the HDPE samples and enhance the control of manufacturing accuracy. A
comparison of the measured and the simulated results of micro-holes presented average 96.5%
accuracy for the area and 85.7% for the depth. This research provided a simple but effective
approach to predict dimensions of micro-holes on various substrates using laser ablation under
different laser power and the number of pulses, which could pave the way for development and
modeling of laser ablation on polymers.

3.2 Introduction

Laser ablation of polymers has been the area of considerable investigation over the past
several decades. This is because of its potential applications in machining features in the micro-
scale with minimal surface morphological changes [1]. Other notable uses of laser ablation of
polymers are in the LIGA process to create patterns, fabrication of high-performance photonic
devices [2, 3], optical waveguides micro-fluidic channels [4, 5] and micro-electro-mechanical
systems [6]. Ablation is a subtractive process that combines both evaporations and melt expulsion.
The ablation occurs when the material absorbs sufficient energy to be vaporized or melted. The
absorbed energy from the laser photons results in the heating, melting, and vaporization of the
substrate. In some cases, the substrate electrons excited by photons could result in the breakage of
the covalent bonds in the polymer chains [7]. Also, there is a considerable amount of heat absorbed

by the surrounding materials, resulting in heat-affected zones and thermal cracks. Despite the
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extensive research on laser ablation, the interaction between the substrate and the laser beam has
not been well understood, especially in the case of polymer laser ablation [8]. Polymer laser
ablation involves both photo-thermal and photochemical reactions. It has been reported that the
infrared radiation produced a photo-thermal reaction, while the ultraviolet wavelength produced

photochemical reactions at the laser-material interaction zone [9].

In addition to the mechanism, the ablation process depends on several laser and material
parameters (wavelength [10, 11], repetition rate [12], fluence, pulse duration [13], absorption
coefficient [14], thermal conductivity [15] and reflectivity [16, 17]), which leads to the difficulty
of universally predicting the process occurring at the laser-material interaction zone. Higher
fluence generates improved ablation rate and resulting in increased heat affected zone [18]. The
repetition rate of the laser influences heat accumulation and incubation in the substrate [12]. The
vaporization of the material produces the formation of a plasma plume, which interferes with the
incoming laser pulses. Thus, the absorption of a portion of the pulse energy and a reduction in the
ablation rate is generated [19, 20]. Irrespective of the laser fluence, the amount of heat absorbed
depends on the absorption coefficient of the substrate [14, 21]. Higher molecular weight polymers
result in a decrease in ablation efficiency because of the formation of a highly viscous molten
material [22]. In addition to the laser and the material properties, optical parameters such as the

positioning and size of the focal spot of the laser on the substrate influence the ablation rate [23].

Several studies have been conducted on the ablation of polyethylene, and because of the
above-mentioned ambiguities at the laser-material interaction, modeling of the ablation process
has been a challenging task. Tawfik reported the ablated crater depth and mass of HDPE using

laser-induced plasma spectroscopy technique and obtained the influence of the number of pulses
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on the ablated depth [24]. Torrissi studied the laser ablation of ultra-high molecular weight
polyethylene using a 438 nm laser and reported the influence of laser pulse energy on the ablated
crater depth and volume [25]. Gordon established a finite element model that explained the thermal
processes occurring at the laser-material interaction zone during the ablation of polyimide [26].
He also modeled the temperature dependence on the ablation rate and the influence of the laser
repetition rate on the volume of material etched. Sinkovics established a MATLAB based model
for explaining the thermal effects of laser ablation of polymers [27]. He assumed that the laser
energy to heat transformation occurred instantly without any time. Balogh modeled the Nd:YAG
laser ablation as a simple thermal process [28], the ablation threshold was set as a threshold
temperature and the energy to temperature transformation factor. Experiments were performed on
a polyimide film using a 355 nm and 300 pJ laser to validate the simulation results. Despite these
extensive researches on laser ablation of polymers, the simulation and prediction based on laser
ablation models are far from experimental conclusions [29]. The models available currently are
established on some assumptions, such as neglecting the influence of incubation effect on the
heating of the substrate, considering the ablation to happen only within a very thin surface layer
[30, 31]. Further, different materials have intrinsic material properties, like thermal conductivity,
absorption coefficient, etc. Therefore, currently, the models require frequent changes and

alterations to predict the ablation process accurately.

In this thesis, we demonstrated a simple but effective approach to model micro-drilling
process on polymer substrates using pulsed laser ablation. When a polymer substrate is identified,
a process-based modeling procedure could be followed. This will help to predict the area-depth of
blind micro-hole drilling based on experimental study results when the number of pulses and laser

power is the two dominant factors in process control of laser ablation. A case study was conducted
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where laser ablation of HDPE samples with 1064 nm laser was studied under different laser power
and number of pulses. Simulation of the micro-drilling process was performed considering a purely
thermal standpoint. A laser ablation model was established based on the experimental results,
which adopted mathematical equations from the experimental observation to formulate a
quantitative area-depth approximation model of the micro-drilled holes. The crater depths and
diameters, observed using an optical 3D scanning microscope, were validated against the
simulation results. The simulation model developed in this thesis has 96.5% accuracy for the area
and 85.7% for the depth prediction on average. It will be a step and good example towards
obtaining a quantitative depth-area approximation model that can be used widely on different
polymer materials.
3.3 Experimental Setup and Results

Figure 3.1(a) represents the experimental setup for the micro-drilling. The topmost object
in Figure 3.1(a) is the Opotek 3034 tunable laser head, which was operated at a constant
wavelength of 1064nm. The diameter of the laser beam was 4mm, and the pulse duration was in
the nanosecond regime. This laser light is represented by the red beam in Figure 3.1(a). It should
be noted that in reality, this beam could not be seen as it operates in the infrared spectrum. The
beam enters the focusing lens, which focuses the cylindrical beam into an ultra-small spot onto the
sample. A Labmax PC laser power meter was used to measure the mean power of the laser at
different energy percentages ranging from 10 to 100 percent. Figure 3.1(c) shows the power of the
laser as a function of the percentage of maximum power. The maximum power of the laser system
was 350 mW. The substrate material used was high-density polyethylene. The ablation threshold
of HDPE is 38 J/cm? at 1064 nm wavelength. The high-density polyethylene (HDPE) sample, 0.4
mm thick, was mounted on a micro-positioning stage. It could vary the position in which the

focused beam strikes the sample in the X and Y-axis. The Z-axis was kept constant as it was
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calibrated such that the focused beam spot was as small as possible. The material of the micro-
positioning stage used, was steel. All optical elements were arranged precisely to avoid errors in

the system.
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Figure 3.1 (a) Experimental setup of laser ablation: opotek 3034 tuneable laser at 1064 nm
wavelength, (b) Mechanism of laser ablation, and (c) Laser power tuned at different percentages
of maximum power.

The independent variables in the experiment were the power and the number of pulses,
while the focal spot size, repetition rate, and wavelength were kept constant. The sample was
irradiated for a combination of increased power and number of laser pulses. The number of laser
pulses was varied from 3, 5, 7, 9, 11, 20, and 30 pulses. The pulse range was choses to show how
the dimensions of the crater change with subsequent change in the number of pulses. The laser
power was varied from 1, 3.3, 6.6, 10, 33, 66, and 100 percent. These ranges were chosen in order
to have equal representation between the orders of magnitude. For example, 3.3 and 6.6 were
chosen between 1 and 10, while 33 and 66 were chosen between 10 and 100. The power
percentages were chosen to obtain data as a log of the input power. For each condition, the depth
of ablation and the area of the ablated crater were observed and measured using a HiroxRH-2000
optical focus variation microscope. In this thesis study, the focus was more on to obtaining features
in the micro scale with high aspect ratio. This was one of the reason why we focussed on the area

and depth of the ablated crater and not the volume of the material removed or the rate at which the
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material is removed. Figure 3.2(a-c) represents the dimensions of the crater and the 3D and 2D
depth profile of the ablated hole captured by the optical 3D scanning microscope. It was observed
that the obtained crater shape is more elliptical than circular. This could be due to human errors
while clamping the substrate on the micropositioning stage and not having the laser beam strike
perpendicular to the substrate. This could be due to the non uniformities on the HDPE sample that
could have prevented the substrate from being placed flat on the stage. The area was calculated by
fitting an ellipse to the observed crater shape and determining the major and minor axis length
using the optical microscope, as shown in Figure 3.2(a). The mean depth of the hole was calculated
based on 3D scanning results and cross-section profiles, as shown in Figure 3.2(b-c). The datum
in Figure 3.2(b-c) is the bottom of the crater. The hole was generated with 5 pulses under 6.6% of
maximum power, resulted in a ring outside the hole. It was the aggregation of melted materials
during the ablation process. The measured data was then used to calculate the area of the elliptical

shape crater.

Depth Profile of Ablated Crater 5 Pulse 6.6 %

4l 35357.“ Power

00 01 02 03 04 05 06 0.7
um

Figure 3.2 (a) 2D image of micro-drilled crater and (b) 3D profile of the micro-drilled hole, and
(c) Cross sectional depth profile of micro-drilled hole for 5 pulses at 6.6% of maximum power

Figure 3.3(a-f) shows the 3D depth profile obtained from the optical microscope for 3, 7,
9, 11, 20, 30 pulses at 6.6 percentage power. With the increase of laser pulses, the depth of the
hole becomes large. The amount of pulse affects the total energy applied to the polymer. Thus,
different depths of the holes are generated with various pulses. All the independent variables were

controlled via a computer to have maximum control and precision while reducing the possible
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human errors. The power percentages were chosen to obtain data as a log function of the input
power. The number of pulses was selected to show how a single pulse could affect the material
and how additional pulses in a short time could change the depth and diameter of the ablated holes.
All the ablation experiments and results measurements were taken on the optical table to ensure

the stability of the system and precision of the data.
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Figure 3.3 (a-f).3D profile of the micro-drilled holes for (a) 3, (b) 7, (c) 9, (d) 11, (e) 20, (f) 30
pulses and 6.6% of maximum power.

3.4 Data Analysis and Modelling
3.4.1 Effects of Number of Pulses and Power on Hole Depth

The hole depth as the function of the number of pulses and power percentage is shown in
Figure 3.4(a-b), respectively. An overall upward trend in depth was observed along with an
increase in power as well as an increase in the number of pulses. However, it can be seen that there
was a relative decrease in depth at certain pulse numbers and power, which can be attributed to the
presence of pores in the HDPE sample material or due to the non-uniform surface of the material
used. The imperfection (e.g., pores in HDPE films) of substrate materials were intrinsic properties
of the substrates that could not be controlled. However, due to the nature that all results came from
substantial experimental data, one could consider the imperfection of the substrate as uncertainty

that could be eliminated with enough data sampling. Another reason that could have resulted in
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varying depth, could be heat transfer from the bottom of the substrate to the base plate of the micro
positioning stage. The depth was modeled in a linear fashion, which was dependant on power along
with the number of pulses. The depth equation was as follows.

D = ((—0.156 * LOG(P) + 3.4522) * N) + 21.573 x ¢(0:0034+P) (1)

Where D was the depth in um, P was the power as a percentage (5 being 5%), and N being
the number of pulses. The above equation was derived by plotting the experimental depth data
obtained against power. The repetition rate in this experiment was 20 Hz, and the pulse duration

was 10 ns.
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Figure 3.4 (a) Depth of ablation (um) as a function of the number of pulses at several different
power levels, and (b) Depth of ablation (um) as a function of the power level at several different
numbers of pulses.

The data also showed that a high depth of ablation could be achieved using low power,
given that the number of pulses was high enough. The data showed that with lower percentage
power with high number of pulses, the depth was higher than any other power percentage with
maximum number of pulses, which indicated that it was possible to achieve a high depth of
ablation with lower power by increasing the number of pulses. Under the power of 10%, the depth
increased as the pulse number increase, seen in Figure 3.4(b). For laser ablation, it is essential to

optimize both the number of pulses and laser beam power.
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3.4.2 Effects of Number of Pulses and Power on Hole Area

The depth information can be coupled with the analysis of the area information. Unlike the
depth information, the area demonstrated a clear trend, as shown in Figure 3.5(a), that was used to
determine the area output as a function of the number of pulses and the power information. This
IS a characteristic of this particular system, but this general theory could be used for other materials
after a simple characterization. The trend equation was as follows:

A= Gpx e®*P) = ((0.0033 % N) + 0.0728) * e(0-0062*P) 2)

where A represented the area of the ablation zone in mm? N represents the number of
pulses and Prepresents the power as a percentage (100 being 100 percent). The equation mentioned
above was derived from plotting the experimental area data obtained against the number of pulses.
A gain factor was defined to represent the value by which the area of the crater increases for the
subsequent steps in the number of pulses hitting the substrate. These gain factors were the values
calculated from the exponential function in Figure 3.5(a). The equation of the trendlines from
Figure 3.5(a) provided a gain factor Gy = ((0.0033 = N) + 0.0728), shown in Figure 3.5(b). The
gain factor was plotted against the pulse number, and an increasing linear trend can be observed.
The equation generated from the trendline was used to determine the area of the ablated crater.
This equation can be used to predict the area of ablated holes, which had an accuracy of 96.7%.
The main contributor to the error between the trend line and the actual values was when the power
was at 1%. The area observed was consistently lower than the predicted area. Further at certain
experimental conditions with 1 percentage power, there was no material removal. Instead there
was some material growth or changes on the exposed area. This could be due to thermal
deformations occuring due to laser heating. It was important to note that a low power would result

in a smaller area, but high pulses with low power could result in a large depth from the trend in
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the number of pulses of Figure 3.4. This phenomenon indicated that a high aspect ratio could be
achieved when using low power and large number of pulses, which was due to the fact that the

increase in melt material caused by the increased power and the conduction of the heat through the

material.
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Figure 3.5 (a) Area as a function of the power for a given number of pulses, and (b)
Multiplication factor trend used to calculate the area of the crater.

3.4.3 Area-Depth Approximation Model

The model based on the experiment data yielded depth and area information regarding the
crater formed during the laser ablation process. The input parameters for this experiment were the
pulse power as a percentage of maximum power, and the pulse number. With these, the area and
depth were calculated using the equations above, which were derived from the data. There was no
set equation to describe the depth and area of a crater for a given set of input parameters such as
power and pulse number. In order to characterize this, trend lines were used to describe each set
of independent variables.

The fits for these trend lines depended on the R%value. The smallest amount of deviation
could always be obtained by using a high order polynomial fit, but it would not make logical sense

for that trend. For example, the depth trend appeared to be linear, where the Y-intercept depended
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on the power level. All of the lines had a similar slope, the trend line was then graphed, and it
showed that this trend did indeed have the lowest R? value. As for the area, the data followed an
exponential trend, showing that the area increases exponentially as the power of the laser increases.
A line of best fit was then produced, and of the available fits, the exponential had the least
deviation. The average percent error from the observed values of the area was 3.7%. Most of this
deviation was a result of a larger area prediction for the 1% power pulses. This trend described

how the additional power was translated into the heat and melting of the material.
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Figure 3.6 (a) Standard gaussian laser intensity profile for one individual pulse, and (b) Visual
depiction of the area and depth of laser ablation zones at 5 pulses and 6.6% of max. power.

The laser profile on the surface follows the shape shown in Figure 3.6(a), which is a

Gaussian beam, and the equation representing the Gaussian intensity is as follows:

I(r,z) = 2Pe(_wz+zjz)/ w (3)

Where I is the intensity of the laser, P is the power, z is the propagation distance of the
laser, r is the radius of the laser spot. The beam-width is characterized as the point at which the
intensity drops to 1/e? of the maximum intensity. In the case of the laser system in this study, the
beam width was 4 mm. The power of the beam was measured and charactered using a power meter,
and the result is the profile shown in Figure 3.6(b). These data points represented the average

power over 10 seconds with a repetition rate of 10 Hz. From this, the peak power was characterized
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and denoted as P in the equation. The power of the laser in this work resulted in the intensity
distributions shown in Figure 3.6(a), which was just the fluence over 1 second. The fluence per
pulse was the intensity over the repetition rate, which in this case, was 10. The fluence that resulted
from this experiment was quite low. It led to additional melting instead of vaporization, resulting
in smaller aspect ratios. Due to this beam profile, the ablation crater followed a similar shape,
which was due to the relationship between the emitted energy and intensity. There was more
energy in the middle of the pulse profile than the edge. The approximation of depth and area was
characterized by the fits shown in Equation (1-2) and modeled in Figure 3.6(b). The crater shape
was modeled using Euation 4. The normalization of the crater shape and establishing the depth

was done by using Equation 5.

(-32)
Crater = (2e\ w?/)/A 4)
Crater with depth = Crater x D/ Maximum Value of Crater (5)

Where [ is the coordinates of the target plane, w is the beam width, A is the area, and D
is the depth. The above two equations create the vector values of A and D to generate a series of
values that indicate the profile of the hole. These values were then plotted against the x and y plane
to obtain the visual representation of the area-depth approximation. Figure 3.7(a-b) represents the
accuracy of the area and depth prediction of the quantitative approximation model comparing to
experimental results, respectively. The depth-area approximation model was not 100% accurate
due to two factors. The first factor, the top of the crater, has excess material that has been melted
and expelled upwards. This material formed a ridge above the substrate surface, which was not
consistent enough to characterize and model. This ridge can be viewed in Figure 3.2(b). This ridge
formation can be the result of thermal deformation caused by the laser heating of the area around

the target area. It can also be seen that the ridge was larger on the right side of the crater than the
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left side, which was a typical example of the inconsistent ridge formation mentioned earlier. The
second inconsistency was at the bottom of the ablation zone. The material was not completely
expelled from the substrate, so there was a buildup at the bottom of the crater. This buildup filled
in the bottom of the ablation zone, which caused the crater to have less depth and decreased the
aspect ratio. The buildup at the bottom of the crater could be seen in Figure 3.2(b). This molten
buildup was mostly due to the pulse duration of the nanosecond laser, which made the heat transfer
to its surroundings and melted the material instead of vaporizing it. The buildup made it impossible
to measure the “true” depth that the laser ablates as one could only measure to the top of the
buildup. This was the reason that the predictive model appeared more narrow than an experimental
profile. As a result of those inconsistencies, this model could be used to predict the area at the top
of the crater, as well as the depth of the ablation zone. The shape profile differs in reality due to
the excess molten material mentioned above. The model accuracy can be significantly enhanced
when ablating through holes instead of blind holes. The area-depth approximation results of the
simulation for various values of power percentage and pulse numbers were compared with the
experimental observations. The percentage difference was calculated by using the difference
between the experimental and simulation results divided by experimental results in the area and
depth values. A difference value close to zero on the scale indicated a highly accurate prediction
for that particular value of power and number of pulses. Figure 3.7(a-b) only demonstrated the

total sampling points with the x-axis, indicating just a serial number of each sampling point.
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Figure 3.7 Accuracy of the (a) Area and (b) Depth approximation of the simulation with respect
to the experimental observations.

The quantitative area-depth approximation model was developed by considering the laser
drilling of the blind hole on HDPE soft films. This experimental based approach can be
extrapolated for other materials by following the procedure described in Figure 3.8. The ablation
was considered as a purely thermal process and began with defining the initial parameters of the
laser. The target plane dimension and resolution are set, while a matrix was generated for the use
in the calculation of the intensity of the laser. A surface plot has been created for the intensity
values calculated at different points on the matrix, using the experimental peak power observed
from the power meter. Similarly, the depth and the area of the drilled crater is determined from the
experimental equations of depth approximation and gain factor trend. The values of depth and area
of the drilled holes are normalized to create a surface plot prediction of the drilled hole. The
accuracy of the model was represented by comparing the simulated values with the experimental
data. This overarching approach could be powerful for rapid prototyping on new substrate
materials using pulsed laser ablation, where the intrinsic properties of the substrate material cannot
be acquired. It could also be integrated as a prediction and optimization tool for process engineers

when micro-drilling using laser ablation.
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Figure 3.8 Procedure to establish area-depth approximation model for micro-drilling based on
pulsed laser ablation given any new substrate material.

3.5 Conclusion

A quantitative area-depth approximation model was developed to predict the area and
depth of the micro-drilled holes based on experimental data. A purely thermal viewpoint was
considered to model the laser ablation based micro-drilling. Micro-drilling was performed on high-
density polyethylene (HDPE), and blind holes were fabricated by ablating under different number
of pulses and laser power. An incremental trend was observed in the depth of the crater for an
increase in the number of pulses and the laser power. The presence of pores in the HDPE sample
and the non-uniform surface caused a relative decrease in depth of the micro-drilled holes. From
the results, it was inferred that a higher aspect ratio could be achieved by decreasing the power
and increasing the number of pulses. This also produced a lesser heat affected zone and melt
expulsion crater. Gain factors were determined from the experimental area data and were used in
simulating the area-depth approximation in the quantitative model. A comparison of the measured

and simulated results yielded, on average, a 96.5% accuracy in predicting the area and 85.7%
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accuracy in predicting the depth and is presented as a validation for the model. A sequential
procedure used to establish the model has been presented, which will be a knowledge base for
extending the model for other materials. This model will eliminate the time and material wastage
involved in conducting test runs to determine the parameter settings required for producing a hole
of specific dimensions. This model provides a simple but effective approach to predict dimensions
of micro-holes on various substrates using laser ablation under different laser power and the
number of pulses, which could pave the way for development and modeling of laser ablation on
polymers.
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CHAPTER 4. FINITE ELEMENT METHOD (FEM) BASED SIMULATION OF
LASER ABLATION: SURFACE TEMPERATURE AND DEPTH PROFILE
EVOLUTION

Modified from a manuscript accepted for publication in the 2020 Manufacturing Science &
Engineering Conference Proceeding.

Sandeep Ravi-Kumar?, Liangkui Jiang?, Hantang Qin?

4ndustrial and Manufacturing Systems Engineering, lowa State University, Ames, IA 50011

USA

In addition to the quantitative model presented in Chapter 3, | have developed a finite element
based simulation model that can predict the ablation surface temperature and the depth profile
evolution during laser ablation. This model was aimed to provide a better understanding of the
ablation threshold conditions and the initiation of ablation. | have contributed to more than 70%
of the work in this chapter. The work presented in this thesis chapter has been accepted for

publication in the “2020 Manufacturing Science and Engineering Conference Proceedings.”

4.1 Abstract

Laser ablation has been widely used for material removal on different types of substrates.
Accurate feature profile fabrication with minimum damage to the surrounding material requires
precise control of the laser and material parameters. One approach to achieve this is by establishing
a simulation model to help process control and optimization. However, laser ablation is a complex
process that is difficult to model. In this chapter, numerical simulation models have been
established to identify the temperature at the ablation surface and the ablation depth profile
evolution over time. The ablation has been modeled using the heat transfer in solids module in
COMSOL Multiphysics with the manual material definition of high-density polyethylene (HDPE).

The laser beam is modeled as a continuous heat source by utilizing a ramp function. Information
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for establishing a pulsed laser system has been provided. Results are provided for the surface
temperature and depth profile evolution for various time steps. Results of the simulation of laser
ablation of the HDPE sample using a 50W laser using both the models were presented. The next
step of our work is to validate the simulation results by comparing it against experimental data.
This will render these models to have the potential to be able to predict the ablation crater profile
with higher accuracy. This model will pave the way for a better understanding of the ablation
threshold conditions and identifying the ablation initiation in any material, given the material
properties are known.
4.2 Introduction

Laser ablation (LA), also known as photo-ablation, is the process of removing material by
irradiating it with a laser beam [1-2]. As a rapid manufacturing approach in the industry, it has
been employed to remove many kinds of materials, such as polymers [3-4], metals [5], ceramics
[6], and semiconductors [7], even biological tissues [8]. During the ablation process, materials are
removed by a high-power laser beam, leaving holes or desired patterns. The laser flux affects the
material conditions. The material is heated by the absorbed laser energy and evaporates at low
laser flux, while the material is typically converted to a plasma at high laser flux. Compared with
the traditional manufacturing methods of micro-nano materials, LA has several advantages: (i) it
is a rapid and high-efficiency approach to manufacture designed structures without masks. Thus,
complicated structures are generated by LA [9-11]. (ii) LA is a chemically clean, simple, and
straightforward method with almost all kinds of materials and solvents from metals to polymers.
With different laser beam, liquid and solid materials are both ablated into designed patterns. (iii)
The ablation process is mild without any particular temperature and pressure requirements, which

results in broad application scope in industrial manufacturing. (iv) There are different lasers that
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are employed for ablation, including nanosecond laser [12], femtosecond laser [13], and
picosecond laser [ 14]. These lasers are used in special kinds of materials, resulting in the synthesis
of micro-nano structures in one-step or multi-step.

The nature of LA is the interaction between laser and matter, which generates a thermal
effect on materials. Mafuné [15] reported the fabrication of silver nanoparticles by laser ablation
of a metal silver plate in an aqueous solution, which showed almost the same absorption spectrum
as the chemistry method fabrication. McCann [16] reported the fabrication of microchannel on
cyclic olefin polymer films using a picosecond pulsed 1064 nm Nd: YAG laser. It showed an
excellent ability to tailor microchannel depth and width by varying laser fluence. Many optical
devices were also realized by LA, such as parallel surface gratings and Fresnel zone plates [17].
For composites material, Taki [ 18] reported a micro square grid fabricated on an aluminum surface
using LA by introducing molten glass-reinforced poly(butylene terephthalate), poly(styrene) and
acrylonitrile—butadiene—styrene, which has excellent mechanical property. A novel sensor patch
was developed by polyethylene terephthalate films metalized with aluminum. This tactile sensor
showed promising results for using these patches in applications with contact pressures
considerably lesser than normal human contact pressure [19]. LA is now widely used in
manufacturing nanoparticles, optical devices, biological sensors, and other functional structures.

It is still not fully clear for the mechanism of LA, especially the interactions of laser and
matter. The researchers paid much attention to the simulation and theoretical analysis of LA. In
1965, Ready [20] proposed two models and analyzed the effects of high-power pulses of laser
radiation of specified shapes absorbed at opaque surfaces. Chan [21] reported a one-dimensional
steady-state model to describe the damage caused by materials removal by vaporization and liquid

expulsion by a Mott-Smith-type solution. Garcia [22] presented a detailed study of the wavelength
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influence in pulsed laser annealing of amorphous silicon thin films with UV (355 nm), visible (532
nm) and IR (1064 nm), and KrF (248 nm) excimer laser sources. Strop [23] established a 3D
axisymmetric finite element model to simulate the process of LA. It showed that irradiation of the
molybdenum layer with an ultra-short pulse caused a rapid acceleration in the direction of the
surface normal within a time frame of a hundred picoseconds to a peak velocity of about 100 m/s.
Zhang [24] proposed a thermal physics model of continuous-wave laser melting of germanium
epitaxial films on silicon substrates in COMSOL Multiphysics based on heat transfer theory. In
previous works, the simulation of LA was focused on different models with potential application
areas and conventional materials.

There are still many limitations of the polymer-based LA model to analyze the ablated
structures with the relationship of laser parameters. In this thesis chapter, we proposed two models
of thermal laser ablation by a continuous laser system using COMSOL Multiphysics that helps
determine the temperature at the ablation surface and the depth of ablation. The heat transfer
module was used with a manual material definition to establish an HDPE sample. This work could
promote the development of polymer-based LA and provide an effective way of determining the

initiation of ablation.

4.3 Materials and Methods
4.3.1 Simulation Model

Assumptions were made in order to simplify this model of laser ablation and are as follows.
1. The ablation is a purely thermal process. No chemical reaction influence is taken into
consideration.

2. The ablation model is only suitable for materials that undergo sublimation.
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3. The phase change occurs only on the top surface, and no internal heating occurs. Thus, we
eliminate the chances of gas-filled voids forming under the substrate material leading to
cavitation.

4. The material properties remain unaffected by the temperature changes of the substrate.

5. The gaseous material formed is removed immediately. There is no interaction between the
removed material and the laser beam. So, the heating of the substrate by the upcoming laser
beam is not affected by the gaseous plume formed.

6. Radiative heat transfer does not occur during the ablation process.

4.3.2 Laser Procedure

The laser beam was modeled as a heat source acting on a plane. The laser power is set as
50W with a spot radius of 2mm. The laser heat source is applied in the form of a ramp function

with a slope of 10° as shown in Figure 4.1. This function helps depict the heat source as a

continuous laser system. This ramp function establishes the temperature-dependent heat transfer

coefficient required to model the ablative heat flux.
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Figure 4.1 Ramp function.
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A pulsed laser system can also be modeled by multiplying the heat flux with an analytic
function provided in the COMSOL library that represents the frequency of pulses hitting the

substrate, as shown in Figure 4.2.
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Figure 4.2 Analytic function that can depict a pulsed laser system.

4.3.3 Geometric Description of the Model

The HDPE sample is modeled as a two-dimensional rectangle of width and height of 5cm
for the depth model and as a cuboid with a thickness of 1cm for the surface temperature model.
The depth model has been established in two dimensions since we do not consider the diameter of
the ablated crater in this simulation. The ambient environmental conditions are set at 293.15K
temperature and 1-atmospheric pressure. Table 4.1 represents the material properties used for
defining the sample in the simulation of laser ablation. These properties are derived from the
previous research works and best judgement. There might be some discrepancies between the

material properties provided in this section to the actual material properties of HDPE.
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Table 4.1. Material properties used in COMSOL simulation.

Property Expression Value
Thermal Conductivity K 0.48 W/m-K
Density P 975 kg/m?
Specific Heat Capacity Cop 1000 J/kg-K
Heat of Sublimation Hs 500 kJ/kg

Since we assume that the ablation and the heating are only occurring at the top surface of
the sample, a user-defined free triangular and tetrahedral mesh has been established, as shown in
Figures 4.3(a-b). This allows for more accurate finite element simulations at the laser-matter
interaction zone and minimizes the time spent for calculations beneath the top layer.

0025 (b)
0.02

0.015]

0.01

KA AKX RRPAAINA
NN RPRRPASEK

PRE
0.005 ¢ VAVAVAVAVAVAVAVAVAVASS €
B \VAVAVAYAVAVAVAVAVAVAVANA

Figure 4.3 Mesh geometry for (a) surface temperature model (b) depth model.
4.3.4 Heat Transfer Description
The thermal boundary condition for the laser ablation models involves the heat flux to be
applied at the top surface of the system. The remaining surfaces are provided with thermal
insulation. A general inward heat flux (q;) is applied on the top surface of the HDPE sample. In

order to represent the laser ablation, an ablative heat flux, which is a convective heat flux and is
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established on the top surface of the rectangular sample. Equation 1 represents the ablative heat

flux provided using the COMSOL heat transfer is the solids module.

qda = KT — T,) 1)
Where (a is the ablative heat flux, T is the temperature of the substrate at any given time,
Ta is the temperature at which ablation initiates, and h is the temperature-dependent heat transfer
coefficient. In this thesis work, this temperature-dependent heat transfer coefficient is established
using the ramp function, as shown in Equation 2. This means that the heat transfer coefficient is

zero before the start of ablation and increases linearly after the ablation initiates.

h = Ramp(T —T,) (2)

Where Ramp represents the ramp function, as shown in Figure 4.1. To represent the
material being removed during the ablation, the deformed geometry interface in COMSOL has
been employed. It has been established that the velocity of ablation is independent of the absorption
coefficient and is influenced by the power density of the material [25]. Equation 3 governs the

ablation rate of the substrate.

yod 3)

Where V is the ablation velocity, p is the density of the material, and Hs is the heat of
sublimation temperature. This material removal rate is established in the COMSOL model by
setting the prescribed normal mesh velocity as the above equation. The term q in Equation 3 is

cumulative of the two heat flux established in the model.
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4.4 Simulation Results
The simulation was finished using the time-dependent solver setting in COMSOL. The
computation was done for a time duration of 60 seconds, with 0.1 second time steps. Figures 4.4
and 4.5 represent the results of the surface temperature model at 3 and 4 seconds, respectively.
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Figure 4.4 Temperature distribution in Kelvin across the surface at time 3 seconds.
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Figure 4.5 Temperature distribution in Kelvin across the surface at time 4 seconds.

From the simulation, temperature information was gathered at various times during the
laser ablation process. A graph was plotted for the laser spot temperature against time steps, as

shown in Figure 4.6.
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Figure 4.6 Surface temperature at the laser spot vs. time steps during laser ablation using 50w
laser at 0.002m spot radius.

It was observed that the surface temperature due to ablative laser heating increases
gradually over time and then saturates at 900K. Similar to the temperature model, the depth model
was also solved using the time-dependent solver in COMSOL. Figure 4.7 represents the ablation
profile evolution over time. The results also represent the heat-affected zones created during the
ablation of the substrate.

It was observed from the depth model that the ablation started at 5.6 seconds, and the depth
gradually increased over time. There are several benefits to these simulations. From these results,
the user can identify the time at which the ablation initiates for a given laser fluence value.
Meanwhile, the user can benefit by identifying the surface temperature at which the ablation starts.
Traditionally, the laser ablation threshold is mentioned in terms of ablation threshold fluence,
which means the amount of laser energy required to initiate ablation. However, over time, the heat
accumulation on the surface of the material results in ablation to occur at fluences below the
ablation threshold fluence. In conclusion, this model will help researchers determine the threshold

condition in terms of temperature, irrespective of the laser fluence.
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4.5 Future Work

The next step in this model is to validate the simulation results by comparing it against
experimental data. This will render these models to have the potential to be able to predict the
ablation crater profile with accuracy, provided the material properties are known. Discrepancies
in the material property might cause variations in the predicted results. So, validation of this model
could be performed based on a material with very well-defined material properties. Also,
improvements will be made by taking into consideration some of the assumptions that were
neglected in the current models. For example, the future model will take into consideration the
effect of the interaction of the removed material with the upcoming laser beam, radiative heat
transfer in the material, and temperature-dependent material properties.

4.6 Conclusion

In this chapter, numerical models were established that predict the ablation surface
temperature and the evolution of the ablated profile using a heat transfer module in COMSOL.
The material was manually defined to be a high-density polyethylene sample with isotropic
properties. The laser beam was modeled as a continuous heat source. Information on how to
establish a pulsed laser system has been provided. Results of the simulation of laser ablation of the
HDPE sample using a 50W laser using both the models were presented. This model will pave the
way for a better understanding of the ablation threshold conditions and identifying the ablation
initiation in any material, given the material properties are known.
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CHAPTER 5. GENERAL CONCLUSION

Laser ablation has achieved a considerable amount of research attention in terms of the
fabrication of micro/nano structures on polymer materials. In this thesis, an extensive literature
review on polymer laser ablation was presented to understand the effect of laser parameters on
machining, their influence on the substrate’s surface morphology, and the various applications of
laser ablation. Different laser types and influences of laser parameters to ablated polymeric
structures have also been presented. This extensive literature review was published as a review
paper titled “Laser Ablation of Polymers: A Review” in the journal “Polymer International.” The

journal publication is available in this link (https://doi.org/10.1002/P1.5834).

Secondly, experiments were conducted on laser ablation based micro-drilling of blind holes
on High-density polyethylene samples using 1064 nm laser at various pulse numbers and laser
power to determine its impact on the dimensions of the holes. It was evident that an increased
aspect ratio feature can be produced by lowering the laser power and increasing the number of
pulses. This condition also seemed to decrease the heat-affected zone and melt expulsion craters.
Gain factors were determined from the trends plotted and were used to develop a quantitative area
depth approximation model of laser ablation to predict the area and depth of micro-drilled holes.
The developed model was validated against experimental area-depth data and yielded an average
of 96.5%, and 85.7% accuracy in predicting the area and the depth of the micro-drilled holes on
HDPE, respectively. Additionally, the procedure adopted in establishing this model was presented
for it to act as a knowledge base for the future. This work has been peer-reviewed and published
in “Journal of Micro and Nano-manufacturing” titled “An Area-Depth Approximation Model of
Micro-drilling on High-Density Polyethylene Soft Films Using Pulsed Laser Ablation.” The

journal publication is available in this link (https://doi.org/10.1115/1.4045331).
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Additionally, the finite element method-based model has been developed to predict the
ablation surface temperature and the depth profile evolution over time. The model was established
in the COMSOL Multiphysics with heat transfer in solids module. The laser source was defined
as a continuous heat source, and the material properties were manually defined as HDPE. The
results from this simulation model help in a better understanding of the ablation threshold and the
initiation of ablation in terms of ablation threshold temperature. This works has been accepted for
publication in the “2020 Manufacturing Science & Engineering Conference Proceedings.”

The future scope of this thesis work would be to validate the current FEM based model
against experimental results. Furthermore, the FEM based simulation model can be converted into
a more sophisticated model of laser ablation by taking temperature-dependent material properties
into consideration. Another aspect is to consider the interaction between ablation debris and

plasma plume with the subsequent incoming laser pulses and validating it with experimental data.
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