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Abstract

Increasing the biocompatibility of biomaterials is a hot topic in biomedical engineering.
Introducing new surface modification methods, that can just slightly enhance the
biocompatibility can directly improve the quality of lives of thousands or millions of
people all around the globe. The main goal of this thesis is to study laser processed thin

film multilayer structures which can be potentially used for biomedical applications.

In this thesis, the laser treatment process is numerically modeled to predict the
temperature field and surface profile for each set of laser parameters including the average
power, repetition rate and scanning speed. The model is successfully verified with
experimental measurements. The same model was modified for laser processing of thin
film coated metals. The results show that applying a thin film on the surface can

completely change the temperature field and make the heat affected zone smaller or larger.

A new surface modification method is introduced by combining laser processing and
electrospinning technique. In this method, the surface is processed by laser beam and then
it is coated with an electrospun thin layer. This method has potential applications in bone
implant fabrication. The implant can benefit from excellent biocompatibility of the
electrospun layer in short-term, before the fibers are degraded, as well as long-term
biocompatibility of the laser treated surface. In vitro tests showed that, this method can
improve the biocompatibility, especially when the laser processed surface is coated with
nanoscale fibers. Furthermore, it is shown that, by applying the electrospun layer on the

surface, the thermal conductivity of the surface is closer to human body’s conductivity. It



makes it an attractive method for modification of dental implants, where the cells can be
damaged while drinking ahot beverage. Additionally, antibacterial agents (e.g. silver and

ampicillin) were added to the fibers as an antibacterial agent, to prevent implant infection.
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Chapter 1

Introduction

1.1 Motivations and background

Laser processing is afast and easy method that has been studied previously for increasing
the biocompatibility of metallic surfaces [1-7]. Since metals are the most popular
materials used in bone implant fabrication, their surface can be processed by laser beam
to make them more biocompatible and minimize the risk of rejection without affecting
the chemical and mechanical properties of the bulk material. This method can even turn a
non-biocompatible metal into a biocompatible material [4, 5]. In most of the previous
studies, a bulk material was laser processed and thin film coated metals were almost

completely ignored. However, laser processing of thin film coated materials can open new



doors to biomedical engineers. Coating the surface with a different material to improve
the electrical properties for potential use as a biosensor or coating the laser processed
surface with apolymeric layer to further improve the biocompatibility are some examples.
In this project, laser processing of the thin film coated metals is studied through a
numerical analysis. Also, a series of experimental tests were carried out that shows how
coating a laser processed surface by a thin electrospun fibrous film can make further

improvement in biocompatibility of the surface.

Additionally, laser processing of thin film multilayer structures can have many
applications in other branches of engineering. For example, one of the methods to
fabricate poly-Si thin film transistors (TFTs) is based on laser processing of thin films. In
this method, athin film of amorphous silicon (a-Si) is deposited on a glass substrate and
it is processed by a UV laser beam. Since a-Sihas a very high absorption at UV spectrum,
it can be recrystallized into poly-Si by the laser beam without causing any considerable
temperature change in the substrate [8-10]. There are also various laser doping techniques
such as spin coating the Si layer with a phosphorus or boron containing liquid before the
laser processing the surface for nand p type TFTs respectively [11]. Controlling the grain
size of the resulting poly-Si layer is vital in this process [9, 10]. This can be only obtained
by controlling the temperature of the thin film and its cooling rate during laser processing.
As the process occurs at a very short time it’s extremely difficult to measure the
temperature and a proper thermal model can be the most useful tool for controlling the

temperature.



Despite the necessity of the thermal modeling of laser processing of thin film multilayer
structures, there have been very few efforts in this area so far. In the previous works, only
simple one dimensional models were used to calculate the temperature of different thin

film structures without considering the phase change [12, 13].

1.1.1 Biomaterials and biocompatibility

Biomedical engineering is one of the fastest growing branches of science and engineering,
which had a great impact over our lives recently. Use of almost any biomaterial requires
a direct contact between an external object and human body (skin, tissue, bone, etc.).
Obviously, it is critical to make sure that this external object doesn’t trigger an aggressive
response from the immune system and also it doesn’t cause any irritation, inflammation,
disease or other undesirable side effects. For this reason, the study of biomaterials has
attracted many attentions recently to find the best artificial or natural materials that are
less prone to rejection. This concept is usually addressed as biocompatibility, which is an
ambiguous term that has different definitions in the literature [14, 15]. The term appeared
in the literature for the first time in the 70s and the most accepted definition of
biocompatibility is “the ability of a material to perform with an appropriate host response
in a specific application” [14, 15]. This definition clearly shows that a “desirable”
response is expected and the biomaterials should be thoroughly examined, to make sure

all the biological interactions are beneficial for the specific application we have in mind.



1.1.2 Bone implants

There are many different types of medical devices that make extensive use of biomaterials
for different applications. The most common ones are scaffolds for tissue engineering and
bone implants. Scaffolds are usually made of a biodegradable polymer, and play the role
of the Extracellular Matrix (ECM) and provide the structural support required for tissue
growth and remodeling [16]. Bone implants are usually made of a metal and are used for
mechanical support to an injured bone or they can be used to replace a bone permanently
[17]. The most common types of bone implants are hip replacement implants and dental
implants. Desirable implants should have mechanical properties close to those of bone.
Titanium has strength, corrosion resistance and low density besides good chemical
stability and biocompatibility, which makes it the most popular material for fabrication of
bone implant. It is of crucial importance to enhance the biocompatibility of titanium as
much as possible in order to minimize the risk of implant rejection. This is usually done

by modifying the surface, where direct contact with tissue or bone occurs.

Clinical hip replacement surgeries were performed as early as 60s [18] and rejection has
always been an issue. Since the surgery is very painful and requires a long recovery time,
rejection can be a serious problem. Many surface modification techniques were proposed
and studied since then to prevent implant rejection as much as possible. Thanks to those
studies, the bone implants are now cheaper, more easily accessible and more efficient
compared to a few decades ago. However, rejection is still happening. The rejection rate
of dental implants, which are one of the simplest and most common types of bone implants

is still as high as 1.6% [19].



As we age, our bone density will drop and it cannot perform well inside the body anymore.
Since life expectancy has been increased significantly during the past few decades, this
issue has become even more important. It means more implants are needed every year
around the world. An enormous increase in the number of hip (137%) and knee (607%)
replacement surgeries has been predicted between the years 2005 and 2030 [20], which

shows there is a promising market for improved biomaterials with better biocompatibility.

1.1.3 Biological, chemical and physical requirements for bone implants

As explained in section 1.1.1, the term biocompatibility, usually implies some sort of
desirable biological responses inside the body. For bone implants, the most important

biological response is osseointegration.

Osseointegration is defined as “A direct structural and functional connection between
ordered, living bone and the surface of a load-carrying implant” [21]. This means a direct
and strong contact between the bone and implant is required in order to achieve a
successful implantation. In some cases, a fiorous capsule will be formed around the

implant, which may cause inflammation and can lead to rejection.

On the other hand, the material must have a high corrosion resistance. Otherwise, non-
biocompatible ions will be released in the body as a result of contact with extracellular
body fluid [17]. The physical properties such as density and thermal conductivity should

be as close as possible to the bone and obviously, it must have a high yield strength.



1.1.4 Different categories of biomaterials

There are three main categories of biomaterials based on their interaction with human

tissue:

1. Biotolerant materials, that form a very thin connective tissue capsule (0.1-10 um)
after a while. However, the bonding between the surface and tissue is very poor.

2. Bioactive materials promote a strong biological response and bone-like tissue will
be formed and strongly adhered to their surface.

3. Bioreabsorbable materials are the ones that will be degraded inside the body after

a certain amount of time.

Obviously, none of the materials from the first category are suitable for implant
fabrication and bioreabsorbable materials can only be used for surface coating or
absorbable implants and scaffolds, whereas bioactive materials are widely used in

fabrication of medical implants.

1.1.5 Surface modification for biocompatibility enhancement

Metallic implants are usually subjected to surface modification in order to increase their
biocompatibility and reduce the rejection rate. Since all the biological interactions happen
on the surface of the implant [22], the biocompatibility will be enhanced only by
modifying the surface without causing any considerable changes in the bulk properties.
These modifications include surface chemistry, topography, roughness and surface energy
[17]. Microscale surface roughness has been proven to have a positive effect on

biocompatibility. Generally, by increasing the surface roughness the osseointegration is



more likely to happen. Increasing the porosity is another way to enhance the
biocompatibility. This is mainly done by tissue growth inside the pores [23]. Increasing
the surface energy can also help the osseointegration process, since the material has a
better wettability and it’s more likely to be accepted by the body [24]. Jayaraman et al.

showed that grooved surfaces are more biocompatible than randomly rough surfaces [25].

In some methods, the material is coated by a more biocompatible material such as
hydroxyapatite, in order to increase the biocompatibility. Heat treatment and thermal
oxidation are the other method that improve the biocompatibility. Moreover, different
methods have been introduced to increase the surface roughness and make a porous
structure on the surface. Sand blasting, polishing and acid etching are some examples [17,

23].

These methods are time consuming and expensive in some cases. Laser processing is
another method for modifying surface texture and increasing biocompatibility; it is faster
and the whole surface can be patterned in few seconds. Laser processing can also improve
biocompatibility in other ways. Surface temperature will be increased drastically after
laser irradiation, and this causes surface oxidation [24]. Titanium is the most common
material used in fabrication of bone implants and it is known that TiO: is a bioactive layer
on the surface of Ti that can improve cell attachment and osseointegration [26]. In
addition, a high-temperature plasma plume will be formed due to laser ablation. As soon
as the laser beam is turned off, suspended particles will collide and form an interwoven

fibrous structure that increases porosity on the surface and consequently enhances the



biocompatibility [24]. Radmanesh and Kiani showed that patterning the Ti surface using
a low-cost nanosecond laser system would be enough for a considerable increase in cell
adhesion and biocompatibility of Ti sheets [2]. Colpitts and Kiani used the same

nanosecond laser system to turn silicon into a biocompatible material [4].

1.1.6 Thermal models for laser processing

With recent developments in MEMS/NEMS device fabrication, there is an inevitable
demand for new machining methods, since the conventional methods cannot be used in
micro/nanoscale. Laser processing is one of the most popular methods used in micro/nano
manufacturing. It is widely used for cutting, drilling and heat treatment as well as for
texturing a solid material.

Processing the surface of a material, which is the main focus of this study, has various
applications in small scale device fabrication and biomedical engineering [1, 27, 28].
Mathematical modeling of this process can provide us with useful information about heat
affected zones, molten zones and topology of the surface after laser processing. Almost
the whole process can be explained by laws of thermodynamics and heat transfer, except
when the pulse duration is extremely small (e.g. when it is in femtosecond range), where
we are in the domain of cold ablation [29, 30]. Ultra short pulses can be modeled using
different techniques such as two-temperature model [31] or molecular dynamics [32].
There have been numerous efforts in the past to propose a proper thermal model for the
interaction between a solid surface and laser beam in hot ablation domain. These works

can be categorized in three different groups [33].



In the first category, the 1D or 2D heat conduction equation was analytically solved to
calculate the temperature distribution around the irradiated zone. Hendow and Shakir used
an analytical solution of the 2D heat conduction equation to calculate the temperature
distribution and predict the ablation zone [34]. Ho et al. solved the 2D heat conduction
equation and considered the shape of interface between solid and vapor in their equation
to predict the ablated zone [35]. Chen et al. analytically solved the 2D equation for
repetitive laser pulses [36]. The problem with these analytical solutions is that, a wide
range of simplifying assumptions must be made to make the equation solvable. For
instance all the thermal properties are considered to be constant.

The second category consists of numerical solutions of the heat conduction equation. Ren
et al. Solved the 2D equation using ANSYS CfX without considering ablation [37].
Shukla and Lawrance used NX 5.0 to solve the 3D conduction equation, considering phase
change [38]. Weidmann et al. solved the 2D equation for calculating the temperature
distribution and used the Arhenius equation to estimate the speed of ablation and predict
the ablated zone [39]. Sinha solved the 2D equation and took phase changes in his model
to predict the ablation zone. In this model the size of computational cells was decreased
when their temperature exceeded boiling point to model evaporation [40]. Marla et al.
presented another model that solved the 1D equation considering temperature-depende nt
thermal properties. In their model, ablation was modeled using Knight’s theory of
vaporization [41] and plasma shielding was also considered in the equations [42].
Foroozmehr et al. simulated laser processing of the powder bed considering optical

penetration depth of the powder and using a simple porous media model in ANSYS CFX



[43]. In some models, a two-phase model is used by solving the Navier-Stokes equations
and heat conduction equation simultaneously to model the ablation process. An example
can be seen in the work of Zhang et al. [44].

In the third category, non-physical Artificial Intelligence (Al)-based methods such as
Artificial Neural Network (ANN), Fuzzy Expert System (FES) and Extreme Learning
Machine (ELM) are used, which are beyond the scope of this project [33, 45]. Although
a wide range of methods have been proposed which fall into these three categories, they

still suffer from lack of accuracy, long processing time and limited capability.

1.1.7 Thin film deposition techniques

Thin film deposition is a cost-efficient method to alter the physical and chemical
properties of a surface without changing the bulk material’s properties. In this method,
just a minimal amount of the additive material is needed, because the thickness of the
layer doesn’t exceed a few micrometers in most cases. It enables us to make use of
extremely expensive materials such as gold, platinum or silver for a reasonable price. For
example, since gold is a very biocompatible material and also has a very high electrical

conductivity making it a very interesting candidate for biosensor fabrication [46, 47].

There are countless techniques for thin film deposition. Most of these techniques fall
within one of the two following categories: Physical Vapor Deposition (PVD) and

Chemical Vapor Deposition (CVD) [48].

In PVD methods, thin film deposition happens through purely physical processes. The

desired source material is evaporated and then it will be condensed as a thin film on the

10



surface of the substrate. There are plenty of different PVD methods that can be classified
based on the energy source used for the evaporation process. The most simple method is
thermal evaporation which is usually done in vacuum [48]. Arc-PVD is another method,
where the material is evaporated by an electric arc. The apparatus, usually consists of a
vacuum pump, an anode, the arc ignitor, the arc power supply, the substrate and the source
material which plays the role of the cathode in the circuit [49]. In Electron Beam PVD
(EB-PVD), electron beams are used to evaporate the source material in a vacuum. In this
process the substrate is usually heated to gain better fusion between the substrate and thin
film [50]. Sputtering is another method which is very similar to EB-PVD, where the
surface is bombarded by ions instead of electron beam [48]. Pulsed laser deposition is

another PVD technique, where the material is evaporated using a laser beam [48].

The high temperatures needed in PVD techniques to evaporate the source material may
affect the chemical and physical properties of the substrate. If the boiling temperature of
the source material is very high, PVD can be completely impossible. On the other hand,
CVD techniques mostly rely on chemical reactions onthe surface and they don’t alter the
properties of the substrate. Therefore, they can be used for a much wider range of
materials. Also, since chemical reactions are involved the bonding would be stronger than
thin films deposited by PVD techniques. Moreover, the quality of the deposited film is
usually better in CVD techniques and a better step coverage can be achieved. In this
method, gaseous chemical compounds are diluted with an inert gas, which passes over the
surface of the substrate and will be deposited on the surface as chemical reactions are

happening between the gas and the surface. CVD techniques are categorized based on the
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conditions in their reaction chamber. The most common ones are Atomic Pressure CVD

(APCVD), Low-Pressure CVD (LPCVD) and Plasma-Enhanced CVD (PECVD) [48].

1.1.8 Electrospinning technique

Electrospinning is one of the most popular methods to generate micro/nanoscale
polymeric fibers. In this method, the electrostatic forces are manipulated to generate
small-scale fibers. The electrospinning apparatus has four main parts: needle, pumping
system, high voltage supply and collector (Figure 1). The polymer should be in liquid
phase for a successful electrospinning process. Therefore, it must be dissolved in a proper
solvent. The polymeric solution should be pumped to the needle at a constant flow rate.
If the flow rate is adjusted properly, a big droplet will be formed at the tip of the needle
due to surface tension. After applying a high voltage to the needle, collector or both, and
gradually increasing it, the droplet will be deformed to a cone because of electrostatic
forces. This cone is known as Taylor cone [51]. By further increasing the voltage, at a
certain point, the electrostatic forces will overcome surface tension and fibers will be
generated at the tip of the needle. The solvent will be evaporated before the fibers reach
the collector. By aiming these fibers to a substrate, a thin fiborous layer will be deposited

on the surface.
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Solution
High voltage
Needle Power supply

Figure 1 - Electrospinning setup
The electrospinning process can be controlled through different parameters. Flow rate is
an important parameter that directly affects the size and quality of the fibers. Usually
higher flow rates will result in fabrication of larger fibers [52]. The distance between the
needle and collector is another easy parameter to control. Usually by increasing the
distance, the fibers become smaller. However, this is not true for all the polymer [53]. If
the distance is shorter than a minimum amount, no fibers will be generated, because the
solvent does not have enough time to evaporate [54]. On the other hand, if the distance is
too long, there would be lots of beads and junctions in the fibers [53]. The other
controllable parameter is voltage. Even though it has no considerable effect on the size
[53], it can control the quality of fibers. Generally, if the voltage is too low or too high,
the fiber web is more prone to form junctions and beads [52, 55]. Concentration of the

solution also plays an important role. Usually larger fibers are obtained by increasing the
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concentration [53]. Each polymer is electrospinnable only in a limited concentration
range. The concentration should be higher than a minimum amount called the
entanglement concentration (ce). Also, it was reported that for most polymers, bead-less
electrospinning only happens at a concentration approximately 2-2.5times higher than ce
[56].

Solution’s properties can also be manipulated by adding an additive material to control
the process. However, it is difficult to isolate the effect of adding the additive material on
a single parameter without affecting the other physical and chemical properties of the
solution. Increasing the solution’s conductivity can reduce the beading in the fiber web.
This is usually done by adding salt or alcohol to the solution. The fiber size is also
increased by making the solution more conductive [53]. Surface tension is another
parameter that can affect the size and quality of fibers [53]. However, different materials
do not behave the same after increasing or decreasing the surface tension [57, 58].
Molecular weight of the polymer is the other parameter. Some polymers are only
spinnable in a certain range of molecular weights. Although, increasing the molecular
weight usually improves the quality of fibers [59], it does not have a significant effect on
the size [60]. The shape and composition of the needle and collector can also have a
significant effect on the process. Additionally, ambient conditions such as room
temperature and humidity can affect the quality of the fibers [53].

Compared to metals, biopolymers have more resemblance to biological media. For this
reason, a layer of electrospun fibers of suitable biopolymers can considerably enhance the

biocompatibility. Additionally, the high porosity of the fibrous structure and its
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significantly higher wettability in comparison with metals will further increase the
biocompatibility. Using a nanofiber coating, even with man-made polymers such as
poly(lactic acid)-co-poly(glycolic acid) (PLGA), was proven to increase adhesion of
Mesenchymal Stem Cells (MSC) on a titanium plate and alloy [61]. Chen et al
investigated the effect of fiber diameter on cell adhesion. Their results show that smaller
fibers have better cell adhesion in nanoscale regions whereas increasing the diameter in
the microscale region had no effect on cell adhesion [62]. Some special components can
be also added to fibers to enhance the integration. For instance, collagen is often used for
this purpose [61, 63]. Li etal. [64] and Zhang etal. [65] added gentamicin and vancomycin
to their polymeric solutions to fabricate antibacterial electrospun fibers that can prevent
implant-related infections. Electrospun fibers are recently used in fabrication of dental
implants and it was shown that, the contact between gingival tissue and implant is

significantly improved using collagen nanofibers [66].

1.1.9 Implant-related infection

Implant infection is a serious problem that can cause pain, implant rejection or even death
if remains untreated. On the other hand, the only effective treatment in these cases is
removing the implant and redoing the surgery [64]. The main cause of implant infection
is bacterial contamination and it can be prevented by adding antibiotics or other
antibacterial agents to the surface of the implant. A few studies have been conducted on
adding antibiotics to electrospun fibers in order to prevent implant-related infections. Li
et al. added gentamicin to PLGA/PEO fibers and the fibers showed a significant

antibacterial activity [64]. Zhang et al. studied the effect of adding Vancomycin to PLGA
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fibers. They showed that the Vancomycin has a very slow release rate and the fibers were

still able to kill the bacteria even after 28 days [65]. Silver nanospheres and ampicillin

were used as antibacterial agents in this study. By adding these agents to the fibers, we

can decrease the risk of infection.

1.2 Researchobjectives

The main goal of this thesis is to study the application of laser processed and thin film

coated surfaces to enhance their biocompatibility for their potential use as biomedical

devices.

The main objectives of this research are listed as follows:

1

To study the physical properties of the material and laser parameters that can affect
the topography and chemical composition of the surface during the laser
processing process.

To develop a numerical model for nanosecond laser pulses in order to gain a better
understanding of the physical processes occurring during the laser processing of
single or multilayer surfaces.

To examine the feasibility of combining laser processing and electrospinning as
two different surface modification methods for better implant fabrication.

To study the effect of coating an implant by electrospun fibers on its thermal
properties.

To examine the possibility of adding antibacterial agents to the fibrous layer to

prevent implant infection.
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Chapter 2

Methodology

2.1 Experimental methods and equipment

2.1.1 Laser processing

In this project, the material is processed using an Nd:YAG nanosecond laser system
(Bright Solutions SOL-20). Frequency of laser pulses can be selected and power can be
controlled by changing the level of emission. Also, the pattern, line distance and scanning
speed are controlled by EZCAD® software. The wavelength is 1064 nm and pulse
duration is in the range of 6-60 ns and is read from performance curves provided by the
manufacturer for each power and frequency. The diameter of the circular output beam is
reduced from 9 mm to 8mm using an iris diaphragm. The galvo scanner (JD2204 by Sino-

Galvo) has an input aperture of 10 mm and beam displacement of 13.4 mm. In order to
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focus the normal beam onto the surface of the samples, a scan lens with a focal length of
63.5 mm was used along with the galvo scanner system. The theoretical focused beam

spot diameter was calculated to be around 20 pm.

2.1.2 Electrospinning

The system chosen for carrying out electrospinning tests was the YFlow® StartUp
Electrospinning Lab Device, “addressed for process design of core-shell nanofibers and
nanospheres.” The electrospinning technique was performed with polycaprolactone as
the spun polymer in solution and titanium as the target substrate.

Polycaprolactone (PCL) is a semi-crystalline, aliphatic polymer with known
biodegradability, good biocompatibility, and mechanical strength [67]. Acetone was used
to dissolve the polymer as it is an environmentally benign and non-toxic solvent. Previous
studies indicate acetone to be a reliable electrospinning solvent and state that it should be
given greater consideration when selecting polymer/solvent systems [68]. Polymeric
solutions were made via the weighing out of a known concentration of PCL and acetone
into a beaker that was tightly sealed and placed into an Ultrasonic Cleaner set at 110°F
and monitored to determine proper dissolution. A thermoclyne was also used to further
mix the solution to a desired endpoint with low heat and high spin, as well as successive

additions of acetone to the original weight due to its evaporation.

2.1.3 Three-dimensional (3D) optical microscopy

This study used the Zeta-20 Optical Profiler (Zeta Instruments) to obtain surface profile

of the laser treated samples for quantitative topography measurements. This optical
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profiler can capture 2D and 3D images of a surface, which allows us to see the profile of
laser treated grooves and holes at different points. This equipment can also be used to find

the roughness and measure the size of small features on the surface.

2.1.4 Scanning Electron Microscopy (SEM)

SEM was invented in early 30s. A conventional SEM consists of the electron column and
a console. The specimen is placed inside avacuum specimen chamber. The electron gun
inside the column will emit an electron beam which scans the target surface using a
condenser and objective lenses. The focal length of the objective lens is usually quite long,
which keeps the picture in focus while zooming in and out. When the electron beam is
interacting with the surface, various signals are generated that can be processed and
displayed as an image (Figure 2). In most SEMs, secondary electrons are collected above

the sample and turned into images [69].

Primary electron

Secondary electron Backscattered electron

Auger electron X-rays

Figure 2 — Various signals generated as a result of interaction between electron beam and the surface
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In this study, all the SEM images were taken using JEOL 6400 Digital SEM located in
Microscopy and Microanalysis center at UNB-Fredericton campus. This equipment can

visualize features as small as 100 nm.

2.1.5 Energy Dispersive X-ray (EDX)

EDX is one of the most common spectroscopy methods for elemental analysis. In this
method presence of a specific element on the surface can be detected, however the exact
chemical formula cannot be understood. The principles of this method are very simple. In
this method, the surface is excited by the primary electrons, which results in X-ray
emission (Figure 2). The energy of the emitted X-ray is unique for each element.
Therefore, by collecting the emitted X-ray from surface and measuring its energy all the
elements can be easily detected [70]. Usually, SEM and EDX are combined into a single
instrument, since X-ray beam is already emitted from sample during SEM (Figure 2). In

this study, again JEOL 6400 Digital SEM was used for EDX analysis.

2.1.6 X-Ray Diffraction (XRD)

XRD is a very common crystallography technique in which X-rays will be targeted at the
surface and it will be diffracted to many different directions as it interacts with the crystal
structure. By collecting the diffracted beams at different angles and measuring the
intensities afew characteristic peaks can be determined which are unique for each material
and crystal structure.

In this study the XRD analysis was conducted by Bruker AXS D8 XRD located at the

Department of Earth Sciences on UNB-Fredericton campus [71].
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2.1.7 Simulated Body Fluid (SBF) Immersion

The main concern about bone implants is to have proper bonding between bone and
implant. SBF immersion is a widely used in-vitro method to assess this bonding. In this
method samples are soaked in SBF for a few weeks and if bone-like Hydroxyapatite (HA)
was formed on the surface, a proper fusion between bone and the surface can be expected
after placing the implant inside the body. Hydroxyapatite is the main mineral component
of hard tissues and is widely used in biomedical applications due to its excellent

bioactivity and biocompatibility [72].

Table 1 — SBF ingredients [73]

Order Material Amount (gr)
1 NaCl 8.035
2 NaHCO3 0.355
3 KCI 0.225
4 K2HPO4.3H20 0.231
5 MgCh.6H20 0.311
6 HCI 0.039
7 CaCk 0.292
8 Na2SO4 0.072
9 Tris 6.118
10 HCI 0-0.005
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SBF is a water based liquid that has similar inorganic ion concentrations to those of human
blood plasma [74]. SBF is prepared by using chlorides, carbonates, oxides, and sulphates
of alkali metals as extensively researched and performed using the Kokubo Method [75].
In this study, the SBF was prepared based on Kokubo’s recipe, which involves dissolving
different materials in a water based system, step by step while controlling the temperature
and pH. The ingredients are listed in Table 1 for making 1000 ml of SBF [73].

In this study, samples were immersed in SBF and kept inside an incubator for four weeks

and the temperature was kept constant at 37°C.

2.1.8 Antibacterial testing

The antibacterial activity of silver nanospheres and ampicillin was assessed using the agar
diffusion test. In these tests, ampicillin resistant and wild type gram-negative E.coli was
cultured overnight inside the incubator at 37 °C. Then 5 pl of the bacterial culture was
added to the lysogeny broth (LB) and overlaid a LB agar plate. The samples were placed
inside the plate and were incubated for 24 hours at 37 °C. If a circular clear zone (zone of
inhibition) was formed around asample, it means that the sample had antibacterial activity

and killed all the bacteria inside the zone.

2.1.9 Thermal conductivity measurement

A Hot Disk TPS instrument was used to obtain a temperature difference curve after
applying a constant heat flux on the surface. In this instrument, thermal properties are
calculated by applying the Transient Plane Source (TPS) technique on measured

temperature curves. With this technique, both thermal conductivity and thermal capacity
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can be measured in a single shot. However, in this technique samples are assumed to be
large enough in all directions, because heat transfer equations are analytically solved for
an infinite solid. Therefore, a thin film multilayer sheet that is the subject of this study is
not an ideal sample for Hot Disk. For this reason, only the temperature curve was extracted
from this instrument and a numerical model customized for the same samples was used
to find the thermal conductivity.

In this study, two multilayer sheets were placed on stainless steel cylinders with known
thermal properties. The experiment was conducted in double-sided mode and the sensor
was fitted between layers. In this mode, the sensor is placed between two similar samples
and the heat flux is applied on the surface of the both samples. Samples were placed inside
the cell and were left there for 60 minutes before turning on the Hot Disk to achieve
thermal equilibrium. The power was 200 mW and was applied for a very short period of
time of around one second. Each experiment was repeated three times (with 30 minutes
waiting time to achieve equilibrium); however, the extracted temperature trend was

almost the same at each trial.

2.2 Numerical methods

In this study, the heat conduction equation was numerically solved in 2D and 3D forms
using ADI and Douglas-Gunn method respectively. In both cases the numerical code was

written in C++.
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2.2.1 2D heat equation and ADI method

The heat conduction equation (Eq. 1) is directly derived from writing the energy balance
equation for a small volume control.

or 1
o, S =V.(kVT) @)

In this study, this equation was solved in a two-dimensional cylindrical form for constant

thermal conductivity (chapter 5). This can be written as:

aT _k a( 8Tj o°T 2)
oo r— +k—2
Pot rorl or OX

After discretizing this equation using the finite difference method, ADI technique was
used to solve Eq. 2 numerically [76]. Each time step is divided into two sub-steps. In the
first sub-step, the temperature is solved implicitly in the axial direction and explicitly in
the radial direction (Eqg. 3). In the second sub-step, the solution is implicit at radial

direction and explicit at axial direction (Eq. 4).

P T 2T+ T, AT, T o= 2T, +T, 3)
Jolol =k > += +k
A / (Ar) r o 2Ar (Ax)’
Tn+l Tj* _ T.iLl 2 ijn+1 Tln:l:l 1T|3I11 T|n1+11 le+l 2T +T (4)
pC, =k +— +k
A/ (Ar)* r o 2Ar (Ax)

By writing these equations for each node, a tridiagonal system will be generated. If the
number of grids at axial and radial directions are Nx and N, at each time step, there will
be Nr tridiagonal matrices for the first sub-step and Nx matrices for the second sub-step.

Each matrix is in the form presented in Eq. 5 and will be solved using Thomas algorithm.
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2.2.2 3D heat equation and Douglas-Gunn method

In this study, the heat conduction equation is solved for a 3D geometry and varying

thermal properties (chapter 3 and 4). Therefore, Eq. 1 can be written as:

o1 O°T O°T o) okaT okaT okaT (6)
Po o = (ax R j Xk yoy e

This equation is numerically solved using Douglas-Gunn method [77]. In this method,

each time step is divided into three sub-steps, and at each sub-step, tridiagonal systems

are solved for one of the three spatial directions. Difference equations for these sub-steps

are presented in Eq. 7 to Eq. 9. 8% operator and x for x direction are defined in Eq. 10

and 11 and they are defined likewise for y and z directions.
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At each sub-step the whole domain is scanned in two spatial directions, and tridiagonal
matrices are written and solved in the other direction. For instance, tridiagonal matrices
for the first sub-step at each scanned point (j,k) are written similar to Eq. 12 and solved at

x direction (for varying i).
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2.3 Samples and objects of study

1. Polycaprolactone, average Mn 80,000 purchased from Sigma-Aldrich.

2. Acetone, ACS reagent >99.5%, purchased from Sigma-Aldrich.

3. Titanium sheets.

4. Silicon sheets.

5. Silicon sheets coated with a 1 pm layer of aluminium.

6. Silicon sheets coated with a 100 nm layer of gold.

7. Silver nanospheres suspended in water at 0.02mg/ml with the average size of 20
nm purchased from Sigma-Aldrich.

8. Silver nanospheres suspended in water at 0.02mg/ml with the average size of 40
nm purchased from Sigma-Aldrich.

9. Silver nanospheres suspended in water at 0.02mg/ml with the average size of 80
nm purchased from Sigma-Aldrich.

10. Ampicillin, sodium salt, purchased from Fisher Scientific.
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2.4 Validity and reliability of the measurements

All the data (diameter, depth and width of the grooves, roughness or porosity) are
collected from at least 10-20 different spots on the surface and mean values and standard

deviations are calculated.

2.5 Assumptions

1. Temperature and humidity of the lab are almost constant while running the
electrospinning machine.

2. Laser beam profile does not change considerably at each run.

3. Incomputer simulation, thermal properties of molten Titanium are assumed to be
constant.

4. Computer simulations will only be carried for solid or liquid Titanium and Navier-

Stokes equations will not be solved for the air.
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Chapter 3

Thermal modeling of laser processing on
a metallic surface!

In this chapter, a 3D model is presented to solve the heat conduction equation which
considers phase change and temperature-dependent thermal properties. The main purpose
of this model is to provide a fast and yet accurate model that can be used to find the laser
parameters for any desired application and texturing pattern. It can provide us with useful
information about ablation depth and temperature trend at any point, which can be
manipulated to choose the laser parameters. We believe the running time shouldn’t exceed
a couple of minutes for estimation of ablation depth. Otherwise, there is almost no point

in using the model, because laser processing is a fast method and the actual value can be

1 The results presented in this chapter were published in AIP Advances
Naghshine, B. B., & Kiani, A. (2017). 3D transient model to predict temperature and ablated areas during
laser processing of metallic surfaces. AIP Advances, 7(2), 025007.
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measured in a shorter amount of time. The 3D equation is solved in order to have both the
groove profile and temperature distribution at any section and also be able to define
scanning speed as an important laser parameter in the code. On the other hand, Navier-
Stokes equations are not solved in this model, to reduce the computation time and make
the model as fast as possible. This opens up new possibilities such as optimization. For
instance, the laser parameters can be optimized for the largest or smallest heat affected

zone (HAZ) and thus higher or lower level of oxidation.

3.1 Temperature calculations

In the present model, heat conduction equation (Eq. 13) is solved in Cartesian coordinates
for a thin metallic sheet. The domain is discretized into interactive cubic cells. The cells
can shrink in z direction during the ablation process. Thermal conductivity, specific heat
and absorption are considered as functions of temperature. These properties are updated
at each time step in the numerical algorithm, which makes them a function of space (Eq.
14). Thermal properties are plotted as a function of temperature for titanium (Figure 3).

Furthermore, the properties are considered to be constant after the melting point due to

lack of data.
oT 0T 0°T O°T) okoT okoT ok aT (13)
pPCy—=Kl —t+t St |ttt
ot ox- oy® oz OX OX oy oy oz oz

k — k(T) for each time step N k — k(X, y’ Z) (14)

Eq. 13 is solved using the method described in section 2.2.2.
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Figure 3 — (&)Thermal conductivity [78], (b)specific heat [78] and (c)Absorption [79] as a function of
temperature

3.2 Boundary conditions

The boundary conditions at the surface (k=0) are convection, radiation and laser
irradiation (Eg. 15). A Gaussian profile is considered for the laser beam and the center of
the beam is moving on the surface with scanning speed. For the back side (k=N),
insulation boundary conditions are written and for the other sides, boundary conditions
are convection, radiation and laser pulse.

—k ﬂ =h (Tair -
0z

T (15)

surface

4 4 "
) +o¢ (Tair _Tsurface ) T A aser

3.3 Phase change and ablation

Phase change and ablation are considered only in the last sub-step (z direction). Also, all
the calculated temperatures that are above boiling point at the first and second sub-steps
will be set at the boiling temperature.

In the last sub-step, if the calculated temperature of one or more cells at each i and j is
larger than boiling temperature, the ablative energy will be calculated using Eg. 16, where

N is the number of cells with a temperature higher than boiling point.
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If this energy was sufficient to ablate the first cell on the surface, then that cell is taken

out and its boundary conditions are transferred to the next cell and boundary conditions

”n
laser

are updated for all the neighboring cells. Also, q.... is reduced by the amount of energy

needed to vaporize that cell which is pAzL, /At. Otherwise, if the energy is not high

enough to ablate the top cell completely, the Az is reduced by

Ablative EnergyxAt/(va) and Q. is decreased by ablative energy. Then the third

sub-step is repeated until convergence, when all the temperatures are below boiling point
or the ablative energy is zero.

The phase of each cell can be solid, liquid or a combination of both. If the temperature of
acell is calculated to be greater than its melting point and the cell is completely or partially
in solid phase, or the calculated temperature was less than melting point and it was fully
or partially in liquid phase, the laser pulse flux will be modified using a similar algorithm
considering the latent heat of fusion (L;).

The flowchart of the computational code is shown in Figure 4. As can be seen, whenever
the temperature is passing the melting point or boiling point, the phase change algorithms
are called. Figure 5shows the phase change flowchart for evaporation. Similar algorithms

are considered for melting and solidification.
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Enthalpy-based method also offers a different approach for phase change modeling [80].

In this method, Eq. 13 is rewritten as:

d(pH) OT 0T o°T) okoT okoT okoT 7)
=k + + +——F——t+——
ot ox* oy 6z° ) oxox oy oy ot oz

Where H =c,+AH and AH is defined in Eqg. 18.

L, , T>T, (18)
AH =< fL, , T,<T<T,
0, T<T,

Tirand Tsare the liquidus and solidus temperatures respectively and fiis the liquid fraction.
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3.4 Plasma shielding and power loss

During laser processing plasma will be formed in the material’s plume, which can absorb
the energy of laser beam. This cannot be neglected in the model, because the plasma
plume may have a large optical thickness and cause a considerable decrease in the laser
intensity that reaches the surface of the material. For instance, plasma absorption in
helium is 70% at a power density of 10° W/crm? and pulse duration of 30 ns [81].

Based on experimental studies, plasma absorption is a function of power density of laser
pulses and it will increase as power density goes up [82]. A simple model for plasma
absorption has been used in previous works [83, 84]. Plasma absorption can be written as

Eq. 19 based on this model:

=1-exp(-A(t)) (19)

aplasma
Where A(t) is optical thickness of the plasma and it can be estimated as Eq. 20:

A(t)=ah (t)+DbE, (1) (20)

ablation
Ea is the energy absorbed by the plasma, habiation IS the ablation depth and a and b are
calculated based on experimental results.

In this study, a new method is proposed to predict the plasma shielding effect without
solving a separate differential equation for plasma. This method is inspired by Eq. 19 and
18. Plasma absorption is assumed to be constant over time (steady state) and since Eaand
hablation are both a function of laser pulse power, a linear correlation between optical

thickness and pulse power is assumed. Also, a limit is introduced for plasma absorption,

since it can never absorb the whole energy. The resulting formula can be seen in Eq. 21:
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Figure 6 — Plasma absorption for laser processing of titanium sheets used in this study

o, 15 the maximum absorption that happens at the highest pulse power. y is non-

max

dimensionalized pulse power, which is calculated by dividing the pulse peak power to the

highest possible peak power that can be generated by the laser beam. «,. and c are

determined by experimental results. The plasma absorption as a function of the peak
power of the laser pulses is shown in Figure 6 for titanium. On the other hand, a 10%

power loss was considered for the galvo scanner based on our measurements.

3.5 Numerical and experimental results for laser processing ofa
titanium sheet

Ablation depth was measured using the 3D optical profiler at 10-15 points for eleven
different sets of laser parameters and maximum, minimum and average values were

calculated. The same values were calculated from model’s results along the line (at the
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center of the line) and the numbers were compared to each other. As Figure 7 shows, there

is a strong correlation between numerical and experimental results (r=0.96 and p<10-° for

average depth and r=0.92 and p<10-* for maximum depth).
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Figure 7 — (a) Average calculated ablation depth vs.average measured depth (b) Maximum calculated
ablation depth vs. maximum observed depth

Figure 8 and 9 show that the model can successfully predict the effect of changing each
laser parameter on the ablation depth with a good precision. Figure 10 shows how ablation
depth is increasing as the surface is irradiated at different frequencies and scanning
speeds. When there are 300 pulses per millimeter (power=10 W, frequency=60 kHz, pulse
duration=35 ns, scanning speed=200 mm/s at Figure 10a) four consecutive pulses caused
ablation. However, the ablation was mainly caused by only two pulses. It can be compared
to another case (power=10 W, frequency=50 kHz, pulse duration=29 ns, scanning

speed=700 mnVs at Figure 10b) where the number of pulses was as low as 70 pulses per
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millimeter and the surface was processed only by one pulse at each point. As can be seen,

the ablation rate is almost constant during a single pulse and is zero between pulses.
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Figure 8 — Ablation depth vs. frequency at (a) power=5 W, scanning speed=200 mm/s (b) power=10 W,
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Figure 9 — (a) Ablation depth vs. power at frequency=50 kHz, scanning speed=200 mm/s (b) Ablation
depth vs. scanning speed at power=10 W, frequency=50 kHz

Maximum surface temperature was recorded during the process and the results are shown
in Figure 11 at cross section for three different frequencies. Since the pulse energy is
higher at low frequencies, we can see that a larger area was affected by laser pulse as the

frequency is decreasing. However, because the thermal conductivity of titanium is
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relatively low and the process happens in a very short time, we cannot see a significant

difference.
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Figure 11 — Cross section of the ablated zone and maximum temperature at power=5 W, scanning
speed=200 mm/s and (a) frequency=25 kHz, pulse duration=22 ns (b) frequency=50 kHz, pulse
duration=36 ns (c) frequency=60 kHz, pulse duration=42 ns and measured groove profile at the same
power and scanning speed and (d) frequency=25 kHz (e) frequency=50 kHz (f) frequency=60 kHz.

Maximum surface temperature is shown at Figure 12. The surface temperature was almost

the same at different laser parameters and as can be seen, the surface temperature was
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increased only around 25 um away from the edge of the groove and the rest of the surface
was not affected by the laser beam. This can be confirmed by experimental results. We
can see a color change around 28 pum away from the edge of grooves (Figure 12), which
shows this area was affected by the laser. We can see a slightly larger affected zone in
experimental results because the surface was also affected by the plasma inside the
material plume, which was not modeled in this study. This distance is almost constant in
all cases in both numerical and experimental results. Moreover, it can be seen that, the
width of grooves is smaller in numerical results (Figure 11). This can be explained by
actual chaotic beam profile, which is different from the Gaussian profile considered in the
model. The other reason can be the flow of molten material at the surface. On the other
hand, thermal properties of molten titanium are unknown and are assumed to be constant

in this model, which can affect the prediction of the ablation zone.
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Figure 12 — (a) Maximum surface temperature at power=5 W, frequency=50 kHz and scanning speed=200
mnvs (b) Color change on the surface for the same laser parameters
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Chapter 4

Laser processing of a thin film coated
surface’

4.1 Materials and sample preparation

The numerical model introduced in chapter 3 is modified for a thin film coated structure
in this chapter. A pure silicon sheet, a silicon sheet coated by an aluminum layer with the
thickness of 1 um and a silicon sheet coated by a very thin gold layer with a thickness
around 100 nm were processed by laser at different powers and repetition rates. The thin
films were deposited using PVD technique on the surface of the samples. The samples

were purchased with thin film coating and were directly used for laser processing.

2 The results presented in this chapter were submitted to Beilstein Journal of Nanotechnology.

41



The plasma absorption was estimated using the method explained in section 3.4. As three
different materials were studied, three sets of plasma absorption coefficients were
calculated from experimental results. The plasma absorption functions are plotted in the
following pages for each material. All the numerical analysis and experiments in this
chapter were carried out on single pulses. The laser pulses cannot be easily isolated due
to limitations of the equipment. To isolate the single pulses, the scanning speed was set at
its maximum value (around 1000 mnvs). In this case, if the repetition rate is relatively
low, the distance between the location of two consecutive pulses on the surface will be
long enough to remove the effect of the neighboring pulses. Therefore, a dotted pattern
will be created on the surface and each dot can be considered as the result of laser
processing by a single pulse on the surface (Figure 13).

The samples were processed with different laser parameters (power and frequency) and

the hole profiles were captured using the 3D optical profiler from at least ten different

points.

7 um

@) (b) ©)

Figure 13 — () Isolated pulse on the surface of silicon, (b) Isolated pulse on the surface of aluminum, (c)
Isolated pulse on the surface of gold
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4.2 Laser processing of bare silicon sheets

Physical and optical properties of silicon are plotted as a function of temperature in Figure
14. The properties at higher temperatures, where the values are unknown, were assumed
to be constant and equal to the closest known point. The melting and boiling points of

silicon are 1414 °C and 3538 °C respectively and the heats of fusion and vaporization are

1788 and 13637 kJ/kg [85].
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Figure 14 — (a) Thermal conductivity of silicon [86], (b) specific heat of silicon [86], (c) absorbance of
silicon [87].
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Figure 15 shows the plasma absorption for laser processing of uncoated silicon samples.
After introducing all these functions, the numerical analysis was carried odut.

The results for varying frequencies at 5 W are presented in Figure 16. As can be seen in
Table 2, the numerical and experimental results are in good agreement. The holes on the
surface of the specimen that was processed at 75 kHz and 5 W were very shallow and it
was difficult to capture a precise profile using the 3D optical profiler. It was mainly due
to the noise captured by the equipment (there were some fluctuations around 0.2-0.3 um
on the surface). However, 2D images of the sample’s surface verifies the formation of

these shallow holes (Figure 17). This is in agreement with the calculated depth (0.4 pm).
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Figure 15 - Plasma absorption for laser processing ofsilicon sheets obtained from experimental results
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Table 2 — Measured and calculated ablation depths

Power (W) Frequency Averaged Calculated Accuracy (%)
(kH2) measured depth (um)
depth (um)
5 25 1.6 1.8 87.5
5 50 1.4 1.5 92.9
5 75 - 0.4 -
10 50 2.2 2.1 95.6
15 50 1.9 1.9 100
Standard deviation 0.35 0.25 3.87
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Figure 16 — (a) Measured profile at 5 W and 25 kHz, (b) measured profile at 5 W and 50 kHz, (c)
calculated profile at 5 W and 25 kHz, (d) calculated profile at5 W and 50 kHz, (e) calculated profile at 5
W and 75 kHz.

Figure 18 shows the profiles for different laser powers at the repetition rate of 50 kHz.

The hole profiles were successfully calculated and are in accordance with experimental

results.
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Figure 17 — Shallow holes formed on the surface of the silicon sample at 75 kHz and 5 W
The diameters of the holes at low frequencies and high powers are slightly larger in the
experimental results. The laser-driven shock wave and the flow of the molten silicon can
explain the smaller calculated hole diameter. Figure 19 shows the temperature contour at
the end of the pulse at the surface and cross-section of the silicon sheet for the repetition
rate of 25 kHz and the power of 5 W. The melting point is highlighted and it shows a
molten zone was formed around the ablated area. The pressure difference caused by the
shock wave can push away the molten material and make both molten and ablated zones
slightly larger. At low frequencies and high powers, the peak power of the laser pulses is

higher, which results in astronger shock wave. The fluid dynamics of the molten material
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IS not in the scope of this study and was not considered in the model. Therefore,

predicted diameters are slightly smaller than the actual values, at high pulse energies.
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Figure 18 — (a) Measured profile at 5 W and 50 kHz, (b) measured profile at 10 W and 50 kHz, (c)
measured profile at 15 W and 50 kHz, (d) calculated profile at 5 W and 50 kHz, (e) calculated profile at
10 W and 50 kHz, (f) calculated profile at 15 W and 50 kHz.
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4.3 Laser processing of aluminum coatedsiliconsheets

Physical and optical properties of aluminum are shown in Figure 20. Similarly to the
previous section, the properties were assumed to be constant at unknown ranges. The
melting and boiling points are 660 °C and 2470 °C respectively and aluminum has a latent
heat of fusion of 397 J/kg and a latent heat of vaporization of 10800 kJ/kg [85]. Figure 21

shows the plasma absorption of aluminum, which extracted from experimental results.

2.5 : ‘ " ‘ " 1300
<
£ 1200 |
z 2 |
2 1100 |
2 5
S 15 < 1000
B 3

(o

(@]
o © 900}
©
o 800
|_

05— ‘ : ‘ : 700 : ‘ ‘

500 1000 1500 2000 2500 200 400 600 800
Temperature (K) Temperature (K)
(a) (b)

40

w
o
T

w
o
T

Absorptance (%)
N N
o (&)]

-
(&)}

-
o

400 500 600 700 800 900
Temperature (K)

©)

Figure 20 — (a) Thermal conductivity of aluminum [88], (b) specific heat of aluminum [88], (c)
absorbance of aluminum [87].
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Figure 21 - Plasma absorption for laser processing ofaluminum obtained from experimental results

Table 3 — Measured and calculated ablation depths

Power (W) Frequency Averaged Calculated Accuracy (%)
(kH2) measured depth (um)
depth (um)
5 25 2.1 2 95.2
5 50 2 2 100
5 75 1.5 1.6 93.3
10 50 2.4 2.5 95.8
15 50 3.7 4.1 89.2
Standard deviation 0.82 0.98 3.96

The measured and calculated ablation depths are presented in Table 3. Surface profiles at
different frequencies and 5 W are shown in Figure 22. By applying a thin aluminum film
on the surface, the ablation depth was significantly increased at 75 kHz compared to bare
silicon samples. This can be explained by the smaller latent heat of vaporization and lower

boiling temperature of aluminum, which means more material can be ablated by
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consuming the same amount of energy. This can be further verified by the deeper holes at
25 and 50 kHz. The other reason is the lower plasma absorption of aluminum compared
to silicon (Figure 15 and 21). Similar conclusion can be made from Figure 23 and the
holes are generally deeper in aluminum coated samples. Furthermore, the predicted hole
diameters are smaller than the actual values at low frequencies and high powers. This is
because of the stronger shock waves which pushes the molten material away to the edges,

and is not considered in the model.
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Figure 22 — (a) Measured profile at 5 W and 25 kHz, (b) measured profile at 5 W and 50 kHz, (c)
measured profile at 5 W and 75 kHz, (d) calculated profile at 5 W and 25 kHz, (e) calculated profile at 5
W and 50 kHz, (f) calculated profile at 5 W and 75 kHz.

At the interface of the two layers (1 um away from the surface), a sudden change in the
diameter of the hole can be seen and it is suddenly decreasing in the silicon layer. This

diameter change was apparent in the numerical results however, it’s not as obvious as the
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diameter changes in the experimental data. It can be explained by the results shown in
Figure 24, which shows the maximum temperature at the end of the pulse on the surface
and cross section of the sample at 50 kHz and 5 W. In these contours, the melting points
of aluminum and silicon are highlighted (660 and 1414 °C). It can be clearly seen that,
the molten zone in aluminum is slightly larger than silicon. Consequently, the molten
aluminum was pushed away to the edges by the laser-driven shock wave. As mentioned
in the previous section, the shock wave and fluid dynamics of the molten material are not
considered in this model, which makes the predicted diameter reduction smaller,

compared to the actual profile at high pulse energies.
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Figure 23 — (a) Measured profile at 5 W and 50 kHz, (b) measured profile at 10 W and 50 kHz, (c)
measured profile at 15 W and 50 kHz, (d) calculated profile at 5 W and 50 kHz, (e) calculated profile at
10 W and 50 kHz, (f) calculated profile at 15 W and 50 kHz.
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4.4 Laser processing of gold coatedsiliconsheets

Figure 25 shows the thermal conductivity and absorbance of the gold. The variations of
the specific heat with temperature are unknown. Consequently, ¢, was kept constant at
129 J/kgK in the model. The melting point, boiling point, latent heat of fusion and latent

heat of vaporization are 1064 °C and 2970 °C, 64 kJ/kg and 1736 kJ/kg respectively [85].

Thermal conductivity (W/mK)
Absorptance (%)

200 400 600 800 1000 1200 400 600 800 1000 1200

Temperature (K) Temperature (K)
(@) (b)

Figure 25 — (a) Thermal conductivity of gold [89], (b) absorbanceofgold [87]

Figure 26 shows the plasma absorption, calculated from experimental results for gold
coated samples. The calculated and measured hole profiles are shown in Figure 27 and 28
and measured and calculated depths are shown in Table 4. It is evident that the holes
became slightly deeper at high powers compared to bare silicon samples. It can be
explained by the reasons stated in the previous section. A quick comparison between
Figure 15 and 26 shows that the plasma absorption is lower for gold coated samples and
again the shock wave could have pushed away the molten material (Figure 29), which
results in deeper and wider holes. However, the molten zone is very small for gold coated
samples, which means the deeper holes created on the gold coated surfaces are mainly

because of the lower plasma absorption.
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Figure 26 - Plasma absorption for laser processing ofgold obtained from experimental results
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Figure 27 — (a) Measured profile at 5 W and 25 kHz, (b) measured profile at 5 W and 50 kHz, (c)

measured profile at 5 W and 75 kHz, (d) calculated profile at 5 W and 25 kHz, (e) calculated profile at 5

W and 50 kHz, (f) calculated profile at 5 W and 75 kHz
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10 W and 50 kHz, (f) calculated profile at 15 W and 50 kHz.

Table 4 — Measured and calculated ablation depths

Power (W) Frequency Averaged Calculated Accuracy (%)
(kHz) measured depth (um)
depth (um)
5 25 2.1 2.1 100
5 50 2.2 2.3 95.5
5 75 1.8 1.7 94.4
10 50 2.1 2.2 95.2
15 50 3.6 3.9 91.7
Standard deviation 0.71 0.85 3

The results presented in this chapter can be utilized to fabricate better biomedical devices.
For instance, in the HAZ, a residual stress zone will be formed on the surface and it has
been proven that living cells will avoid this area and they won’t adhere to the surface.

This concept can be used for cell programming which has numerous applications in
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biomedical engineering. By comparing Figure 19b, 24b and 29b, we can see that the HAZ
can be altered significantly by applying athin film on the surface. Therefore, the size of
the residual stress zone can be easily controlled which makes this concept even more
attractive for cell programming applications.

Single pulses were studied in this chapter because, if there is more than one pulse at a
certain point, the plume will contain particles from two different materials. This makes
the estimation of plasma absorption extremely difficult and the process becomes too
complicated for modeling. On the other hand, another issue may arise if a specific point
on the surface is irradiated by multiple pulses (which happens during either laser drilling
processes or patterning the sample at extremely slow scanning speeds). As the groove or
hole becomes deeper, the laser beam will go out of focus. This will dramatically decrease
the ablation rate and after the first two or three pulses, the laser beam will be completely
out of focus and it can only melt down some material inside the hole or groove rather than
removing the material and making the hole deeper or cutting the material. Since there is
not enough information about the out of focus beam profile, it is impossible to model the

process for multiple pulses.
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Chapter 5

Potential use of laser treated metallic
surfaces coated by a thin layer of
electrospun fibers for implant
fabrication®

This chapter shows an example of laser processed thin film multilayer structure that can
be potentially used for biomedical applications. Moreover, a thermal analysis has been
carried out on a dental implant that shows that applying the proposed method on a dental
implant not only can improve its biocompatibility, but also can enhance its thermal

properties.

3 The results presented in this chapter were published in the Journal of Applied Physics.
Naghshine, B. B., Cosman, J. A., & Kiani, A. (2016). Synthesis of polycaprolactone-titanium oxide
multilayer films by nanosecond laserpulses and electrospinning technique for better implant
fabrication. Journal of Applied Physics, 120(8), 084304.
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5.1 The proposed method

1) Laser micro patterning 2)Electrospinning

Solution
High voltage
Power supply

Figure 30 - Combination of laser processing and electrospinning

Although both electrospinning and laser processing have been widely studied separately
as effective methods of surface modification for biomedical applications, nothing could
be found about simultaneous use of both methods. In the current study, a combination of
the two methods mentioned here was applied to a Ti surface as a new approach for
increasing the biocompatibility of metal implants. Electrospun fibers of polycaprolactone
(PCL) were aimed at a laser treated Ti surface (Figure 30). The main advantage of this
new method is better short-term biocompatibility (before degradation of electrospun
fibers), due tothe highly porous structure and better wettability of fibers compared to bare
Ti, while maintaining a rough and porous laser treated surface, even when fibers are

completely absorbed by body. Therefore, we can benefit from both short-term and long-
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term biocompatibility provided by two different methods. The method can be used in the
fabrication of any kind of implant for various parts of the body, including dental implants

or any bone implant used for hip or knee replacement.

5.2 Sample preparation

The titanium sheet was processed at a repetition rate of 100 kHz and a power of 10 W
with ascanning speed of 200 mmv/s. These are the optimized parameters for the same laser

system to increase the biocompatibility of Ti which are taken out from previous works [2,

3].
Table 5 - Chosen parameters for electrospinning process
Concentration | Needle to collector | Voltage | Flow rate
(%) distance (cm) (kV) (ml/hr)
Nanoscale fiber 5 10 15 1
Microscale fiber 15 18 20 5

Table 5 shows the chosen parameters used to fabricate the nanoscale and microscale
fibers. Microscale and nanoscale fibers were successfully generated on the titanium sheets
with chosen favorable parameters. SEM images of electrospun PCL fibers on the surface
of the samples prior to being immersed in SBF are shown in Figure 31. The average
diameter of the fibers was calculated to be 185 nm for nanoscale fibers and 843 nm for
microscale fibers. Also, image processing of SEM images shows that porosity is 17% for
nanoscale fibers and 38% for microscale fibers. Although Figure 31 and 33 may indicate

higher porosity for nanoscale fibrous structures atfirst glance, it should be noted that SEM
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images are two-dimensional and as the diameter of the fibers increases, fibers from deeper
layers can be seen in the image. On the other hand, deeper layers seem darker and they
are filtered based on color to keep only the first two or three layers. Porosity is calculated
using those filtered images. Moreover, the microscale samples had higher thicknesses
despite consuming the same amount of PCL solution for fabrication of all the samples,

which proves that microscale fibrous structures had higher porosities.

Mean: 185 nm A # 81 Mean: 843 nm
Std Dev: 66 nm [ sonues 41 ). =77 Std Dev: 56 nm
Count: 31 JUTTAIRS L% Count: 100

Figure 31 - SEM images of sample surfaces before SBF immersion. A) nanofibers B) microfibers
5.3 Biocompatibility assessment
For SBF immersion tests, laser and non-laser-processed samples for both nanofibers and
microfibers results were recorded and compared. Samples were soaked in SBF and kept
inside an incubator for four weeks, and the temperature was kept constant at
approximately 37 °C. SEM images of these samples are shown in Figure 32 and 33, and

it is evident that more HA is formed on the surface of nanofiber, laser-processed samples.
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Figure 32- SEM images of samples with microscale fibers after SBF immersion. A) unprocessed sample,
5000X magnification B) laser-processed sample, 5000X magnification

Figure 33 - SEM images of samples with nanoscale fibers after SBF immersion. A) Unprocessed sample,
100X magnification; B) laser-processed sample, 100X magnification; C) unprocessed sample, 5000X
magnification; D) laser-processed sample, 5000X magnification
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In analyzing EDX results, more of the emerging HA components,

calcium and

phosphorous, can be found in the greatest amounts in the laser-processed nanofiber

sample as compared to their lowest amounts in the unprocessed, microfiber sample

(Figure 34). By comparing Figure 34 to the previously published EDX analysis of the

uncoated titanium sheets processed by the same laser system [90], it is evident that

calcium and especially phosphorous peaks are much stronger when the sample is coated

by electrospun fibers.
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Figure 34 - EDX analysis of A) unprocessed nanooscale sample B) processed nanoscale sample C)
unprocessed microscale sample D) processed microscale sample

XRD results are depicted in Figure 35. The X-ray source was a sealed 2.2 kW Cu X-ray

tube and the operating voltage and current were 40 kV and 30 mA. The X-ray optics was

based on the Bragg-Brentano para-focusing geometry. Samples were scanned in the range
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of 20=5-80°. As it can be seen, the presence of HA is confirmed in nanoscale samples by
appearance of five characteristic peaks at 26=26°, 31.6°, 32° and 32.8° [91] and the
intensity is higher in the laser-processed samples. However, no HA can be seen in the
microscale samples. Some other peaks are also visible in Figure 35 at 26=21.5°, 22.5°,
24°, 26.5° and 27.5° which are not among the characteristic peaks of HA. Moreover, a
peak corresponding to CaCOs3 can be seen at 260=26.5° for some samples and also another

peak at 20=22.5°is visible in nanoscale samples which is related to PCL.
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Figure 35 - XRD analysis of samples

Overall, the generated nanofibers, In comparison with microfibers, were shown to have
more HA formation following SBF immersion, as shown in Figure 32 and 33. The gaps

between fibers that appear in both micro and nano SEM images prove this as nanofibers
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have gaps consistently filled with HA, whereas microfibers have inconsistent and small
portions of developing HA. This can be attributed to the fact that nanofibers have a higher
surface area which results in steady HA accumulation.

When referring to these same figure with samples representing processed and unprocessed
conditions, surface treatment of materials with laser radiation also resulted in an increased
surface area due to the formation of a rough, columnar surface topography. Thus, like the
comparison of nanofibers to microfibers, the increased surface area in laser-processed
samples resulted in more favorable conditions. With this higher surface area, nanofiber
samples are the most apt to HA generation following the immersion in SBF.

Regarding EDX results, more oxygen was found to be present after laser processing as
compared to the non-processed samples. The biocompatibility of Ti is attributed to the
existence of the thin TiO2 layer, and this layer was more profound for laser-processed
samples. There is a strong correlation between the increase of oxygen and an increase of
HA components calcium and phosphorous. Similarly, nanoscale results were more
significant for the presence of these elements as well, as compared to microscale (Figure

34).

5.4 Thermal analysis of a dental implant coated by electrospun fibers
while drinking a hot beverage

For dental implants, an additional factor should be taken in account, which is the
significant mismatch between Ti and bone in terms of thermal properties. A relatively
large heat flux can be conducted through the implant while drinking a hot beverage, which

can cause damage to recently formed cells during the healing period. The temperature
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increase caused by drinking a hot beverage can be quite significant. Wong et al. showed
that a 47°C increase in temperature can be detected 3 mm away from a heat stimulus of
60°C through a simple analytical solution to a heat transfer equation inside the dental
implant [92]. Feuerstein et al. recorded temperatures as high as 76.3°C when they
measured tooth-gum interface temperatures of 14 volunteers while they drank very hot
beverages [93]. Patel and Geerts performed similar experiments. They reported that in
58% of their tests the 47°C/min threshold of bone injury was reached [94]. Ashtiani and
Imani solved a three-dimensional heat transfer equation using a commercial numerical
solver to calculate root, crown, and mandible temperature. Their results show that a
maximum temperature of 55°C occurs at the bone-implant interface while it is exposed to
a liquid at a temperature of 67°C [95].

Since the thermal conductivity of most polymers is very low, applying an electrospun
layer of PCL fibers to the surface can have positive effects on the thermal properties of
the dental implant during the healing period.

Heat transfer equations were solved to calculate the temperature around a dental implant
while being exposed to a hot beverage to make sure that electrospun fibers can act as a
proper insulator layer. Crown, root, and bone were considered to have acylindrical shape
(Figure 36). For this geometry, atwo-dimensional heat conduction equation in cylindrical

coordinates (Eq. 22) was solved [96].
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Figure 36 - Cross-sectional view of crown, implant, fibers and bone
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For the electrospun layer, a simple porous media model was used (Eg. 23), where p_Cp

and k are calculated through Eq. 24 and 25 [96].

—oT ko oT) =0T (23)
pCp —_—=——| r— +k—2

ot ror\ or OX
pCp = (l_ P)(pcp)fiber + P('Ocp)ﬂuid (24)
k = (L= P)Kier + PKiig (25)

In these equations P is the porosity of fibrous structure. Additionally, Pennes’ equation
[97] was written for the bone (Eg. 26). In this equation @ is blood perfusion rate and

is metabolism heat generation. Their values are 1 m/min/100g and 136 W/m3

"
q metabolism

respectively for cancellous bones [98]. Thiood is also set at 37 °C.
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Material properties are assumed to be constant and are listed in Table 6.

Table 6 - Mechanical and thermal properties of materials

Material Density (kg/m®) | Thermal Specific Heat
Conductivity (IkgK)
(W/mK)

Bone [98] 1210 0.29 2290

Root (Ti) 4510 11.4 523

Crown [95] 2400 1.5 1070

These equations were solved using the ADI method described in section 2.2.1. Additional
terms in Eq. 26 were added as source terms. The bone cylinder was considered larger than
the root and crown. Consequently, a symmetry boundary condition was written on the
outer surface of the bone cylinder. A convective boundary condition was written for the
crown due to its exposure to the hot beverage. Moreover, because of the interfacial
continuity condition among all the cylinders, equal heat flux was considered in the
interfaces. A C++ program was developed to solve these equations.

The Hot Disk TPS Thermal Analyser was used to evaluate this model and measure the
thermal conductivity of the electrospun fibers. In the TPS technique, thermal conductivity
and specific heat are calculated based on an analytical solution of the heat equation for an
infinitely thick solid sample, and temperature changes measured after applying heat on

the surface of the sample. The Hot Disk cannot be used directly to measure the thermal
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properties of electrospun fibers, since they have a porous structure and are very thin;
which is very different from assumptions made in the TPS technique. Therefore, the Hot
Disk was only used to extract the temperature curve after applying the power on the
surface of the fibrous layer.

The samples were placed on a thick stainless steel cylinder with known thermal properties
and a 200 mW heat source was applied to the fibrous layer through a Hot Disk sensor in
the shape of a double spiral with a diameter of 4.002 mm. The sensor also measures the
temperature. The temperature trend on the surface of the fibrous layer was then extracted
using the Hot Disk Thermal Analyser. The same equations (Eq. 22-25) were numerically
solved for the same geometry, including a thick stainless steel layer, a thin Ti sheet, and
a thin fibrous layer filled with air. A concentric ring shape was considered for the heat
sources to mimic the spiral shape of the sensor. The thermal conductivity is estimated
from the temperature curve through this model.

The thickness of the Ti sheet was 100 pm and the thickness of the fibrous layer was
measured to be 80 um for microscale fibers and 50 pm for nanoscale fibers using cross-
sectional SEM images. As mentioned in section 5.2, porosity was estimated by image
processing of the SEM images. Specific heat of the PCL is 1400 J/kgK [99] and its density
is 1145 kg/m3. The code was run multiple times with different thermal conductivity values

for PCL. As is shown in Figure 37, a good agreement can be seen at k=0.1 W/mK which

is a reasonable number since k is usually less than 0.3 for most polymers. Hence, k is

0.072 W/mK and 0.087 W/mK for microscale and nanoscale fibrous layers respectively

when they are filled with air. However k will be 0.25 W/mK (microscale fibers) and 0.17

70



W/mK ' (nanoscale fibers) when the fibrous layer is filled with extracellular fluid inside

the body.
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Figure 37 - Temperature rise of fibrous layer after applying a 200 mwW heat source for A) microscale
sample B) nanoscale sample

Solving the heat transfer equation for the geometry shown in Figure 36 indicates that the
presence of a 1 mm thick electrospun layer of the same nanoscale PCL fibers fabricated

in this study can decrease the temperature rise of bone by about 10 °C after one minute of
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exposure to a hot beverage (Figure 38). Beverage (coffee) temperature is assumed to be
85 °C for the worst-case scenario [100] and convective heat transfer coefficient is 5000

W/meK [95, 101]. The flowchart of the computational code is shown in Figure 39.
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Figure 38 - Maximum bone temperature while drinking hot coffee, considering an implant without any
fiber and implants covered with a layer of electrospun nanoscale fibers with three different thicknesses.
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Figure 39 — The flowchart of the computational code
5.5 Adding antibacterial agents to the fibers
In this study, silver nanospheres and ampicillin were added to the fibers to make them
antibacterial and prevent the implant-related infections as explained in section 1.1.9. The
silver suspension and ampicillin powder were directly added to the electrospinning
solution at different concentrations. After covering the titanium sheet with the fibers, they
were placed inside the LB agar dishes containing ampicillin resistant and wild type E.

coli, and were incubated for 24 hours at 37 °C.

Silver is a very strong bacteriostatic material, which means it can stop the bacteria from

reproduction without Killing them. The main advantage of silver over antibiotics is that,
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bacteria cannot become resistant to it. That’s why it has recently been considered for
clinical applications. The only issue is the toxicity of silver. However, the high surface to
volume ratio of silver nanoparticles allows them to effectively stop the bacteria from
reproduction even at very small doses that are not toxic to human body [102, 103]. The
silver nanospheres at three different sizes (20, 40 and 80 nm) were suspended in water at
the concentration of 0.02 mg/ml. The silver suspension was added to the electrospinning
solution at 1 wt% and 5 wt%. It should be noted that, at higher concentrations, the solution
was not electrospinnable. No zone of inhibition was observed for wild type and ampicillin
resistant E. coli at different sizes and concentration (Figure 40). That’s mainly because of
the low concentration of silver nanospheres in the suspension and the limit for adding the
suspension to the solution. Adding the particles to the fibers by a different method can be

considered in future studies.

Figure 40 — Antibacterial testing of the fibers containing silver nanospheres against wild type E. coli.
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Figure 41 - Antibacterial testing of the ampicillin loaded fibers (labeled as “H” in the images) and fibers

soaked in ampicillin (labeled “D” in the images) against wild typeE. coli.

In the second phase, ampicillin powder was added to the solution at the highest possible

concentration which is 16 wt%. The samples were placed inside the LB agar dishes. A

control sample without ampicillin was placed at each plate and also, another sample was
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soaked in a high concentration ampicillin solution (100 mg/ml) and was placed in each
dish. The samples were soaked in PBS for different time spans (8, 16 and 24 hours) to
assess the release rate of the ampicillin. As predicted no zone of inhibition was observed
for ampicillin resistant E. coli. However, a clear zone of inhibition was observed around
the ampicillin loaded fibers and the soaked samples. After soaking the samples in PBS,
no zone was observed around the soaked sample. On the other hand, there was still a zone
of inhibition around the ampicillin loaded sample after 8 and 16 hours, which shows the

release rate was much slower when the ampicillin was added to the solution (Figure 41).
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Chapter 6

Summary and future work

6.1 Summary

In this thesis, laser processing of thin film coated metals for biomedical applications was
studied. This study shows how applying a thin film on the surface can affect the laser
processing and how we can control the surface properties. This can provide us with new

possibilities that can be useful for designing new and better biomedical devices.

In this thesis, a very thorough model was introduced for laser processing of metallic
surfaces. In this model, many factors including varying thermal properties, plasma

shielding and laser beam profile were taken into account. The model is three-dimensional,
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which enables us to model the movement of the laser beam and therefore add scanning
speed as a very important laser parameter to the model. This model can return the groove
profile and temperature field for any given laser parameters, including power, repetition
rate and scanning speed. The results were verified by experimental measurements and a

very strong correlation was observed between numerical and experimental results.

This model was modified for laser processing of a thin film coated sample by a single
pulse. The results were validated by experimental measurements on a silicon sheet coated
by aluminum and gold thin films. It has been shown that, applying a thin film can
completely alter the temperature field and surface profile mainly through altering the

plasma absorption coefficient.

Thin film coating of laser processed materials was also introduced as a new method for
surface modification of the bone implants. In the introduced method, a laser treated
titanium sheet was coated by a thin film of PCL micro/nano fibers generated through
electrospinning process. PCL is an excellent biocompatible and biodegradable polymer
that provides a more favorable environment for cell proliferation compared to a piece of
metal. On the other hand, PCL will be degraded after a while and if it is coated on a laser
treated surface, the cells can easily adhere to the laser processed surface, which improves
the long-term biocompatibility of the implant. A SBF test was carried out to assess the
short-term biocompatibility of the laser treated titanium sheets coated by nanoscale and
microscale PCL fibers. The specimens were analyzed through SEM, EDX and XRD and

the bone-like hydroxyapatite was successfully identified on the surface of the samples and
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the highest amount of hydroxyapatite was found on the laser treated samples that were
coated by nanoscale PCL fibers. This shows that, the presence of a laser processed surface
underneath the electrospun fibers can enhance the short-term biocompatibility. It was also
proven that, the electrospun layer can act as a thermal insulator which makes it even more
biocompatible when this method is applied to a dental implant that is under a large heat
flux during the hot beverage intake. Furthermore, Ampicillin was successfully mixed with
the electrospun fibers. In vitro tests were carried out that shows that the ampicillin will be
gradually released inside the body within the first 24 hours, which can reduce the risk of

infection.

6.2 Future work

The following are suggestions for future studies to explore the full potential of the

techniques introduced in this thesis:

e Estimation of the out of focus laser beam profile to model the laser processing at
slow scanning speeds and laser drilling process.

e Modeling the laser processing of polymers.

e Conducting in vivo tests to assess the long-term biocompatibility of the laser
treated titanium coated by electrospun fibers.

e Replacing PCL with a hydrophilic polymer such as chitosan for electrospinning
process to further improve the biocompatibility.

e Replacing ampicillin with a hydrophilic antibiotic such as tetracycline to obtain a

slower release rate.
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Laser processing of the electrospun fibers and assess their biocompatibility.

Adding silver nanoparticles to the fibers by a different method.
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Appendix A — Physical and thermal
properties of the materials

Aluminium

Atomic weight 26.98
Density (kg/m?) 2700
Melting point (°C) 660
Boiling point (°C) 2519
Latent heat of fusion (kJ/kg) 397
Latent heat of vaporization (kJ/kg) 10800
Heat capacity (J/kgK) 897
Thermal conductivity (W/m?K) 247
Coefficient of thermal expansion (um/mK) 23.1
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Gold

Atomic weight 196.97
Density (kg/m®) 19300
Melting point (°C) 1064
Boiling point (°C) 2856
Latent heat of fusion (kJ/kg) 64
Latent heat of vaporization (kJ/kg) 1736
Heat capacity (J/kgK) 129
Thermal conductivity (W/m?K) 317.9
Coefficient of thermal expansion (um/mK) 14.2
Silicon

Atomic weight 28.08
Density (kg/md) 2340
Melting point (°C) 1412
Boiling point (°C) 3270
Latent heat of fusion (kJ/kg) 1788
Latent heat of vaporization (kJ/kg) 13637
Heat capacity (J/kgK) 705
Thermal conductivity (W/m?K) 156
Coefficient of thermal expansion (um/mK) 7.6
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Titanium

Atomic weight 47.87
Density (kg/m®) 4510
Melting point (°C) 1668
Boiling point (°C) 3287
Latent heat of fusion (kJ/kg) 296
Latent heat of vaporization (kJ/kg) 8880
Heat capacity (J/kgK) 523
Thermal conductivity (W/m?K) 11.4
Coefficient of thermal expansion (um/mK) 8.6
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Appendix B — Laser processing
simulation software

A graphical user interface was developed for the model introduced in this thesis (Figure
42). In this program, after entering all the input values (Figure 43), all the results will be

shown in a very user friendly way.

, :
%= Laser Processing - O X

Figure 42 — The laser processing program
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Figure 43 — Inputvalues for laser processing of bulk materials and thin film multilayer structures.

By opening the “Line Graph” window (Figure 44), The groove/hole profiles and the
molten zones are depicted as 2D graphs at different locations. Four different graphs can

be shown simultaneously.
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Figure 44 — The “Line Graph” window
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The temperature contours at the surface and different cross-sections can be seen in the
“Contours” window (Figure 45). Also by opening the “3D Graph” window (Figure 46),
the ablated zone can seen as a 3D graph. We can easily zoom in or out in all of these

graphs and also in the 3D graph, we can rotate the object or in order to change the view.

(& contours - X

Contour

Cross Section 40

Figure 45 — The “Contours” window

[ 30 Graph = X

3D Graph

Figure 46 — The “3D Graph” window
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Finally, a report will be generated that shows the laser parameters and materials as well

as the minimum and maximum ablated depths and returns the average depth and standard

deviation (Figure 47). Also. The report and all the graphs and contours can be easily

printed on the paper.
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Figure 47 — The “Report” window
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