ABSTRACT

REEVES, NICHOLAS BEAMER. Fabrication of Flexible Metal Hollow Microneedles using Microsecond
Pulsing of Single Mode Fiber Laser. (Under the direction of Dr. Juei-Feng Tu.)

The use of laser ablation to create micron scale holes with large aspect ratios was applied to make
hollow needles on the micron scale of shape memory alloy wire. Nitinol was chosen to provide robust
and flexible properties so the resulting needles could be used for biomedical applications. Target
specifications of the needle were set at 150 um in diameter and at least 250 um in length, allowing
the microneedle to to be minimally invasive and cause as little pain as possible when used. Knowing
that the process of laser ablation can create irregular hole profiles, special care needed to be taken
to ensure the microhole was smooth and large enough to ensure the needle’s usefulness while also

keeping the strength of the surrounding material in mind.

Studies started with single microsecond length pulses on 800 um thick stainless steel sheets, making
note of what pulse lengths provided the deepest depth per shot while keeping melt produced in
the hole profile below a reasonable limit. Groups of different pulse configurations were then used,
making note of what pulse lengths and repetition rates both removed the most melt and solidified
material and increased the overall depth. In designing the experimental set up for drilling in nitinol
wire, interference fit holes were mechanically drilled into stainless steel to hold the wire at the laser
beam’s focal point. It was anticipated that the finite radial boundary of the nitinol wire would cause
complications not seen when drilling on the semi-infinite boundary conditions of stainless steel. Steps
were taken to promote heat transfer into the steel substrate to reduce the density of accumulated
heat energy in the radial direction surrounding the hole profile. It was desired that this experimental
design of drilling in wire would allow for sufficient heat transfer into the steel to mimic the semi-
infinite boundary conditions of previous steel experiments, and therefore improve hole quality. The
pulse configurations used for drill were used in nitinol experiments, with care in the analysis of the

experiments to determine how the hole profile changes in the two experiments.

A mathematical model for drilling with microsecond duration pulses in stainless steel was studied for
insight into how drilling into small diameter nitinol wire would effect hole quality. The modeled hole
profiles were seen to change significantly when nitinol material properties were used and higher heat
energy densities were accounted for in the radial direction. Theoretical hole profiles in nitinol were
shown to be wider and radius and shallower in depth, agreeing with the difficulty seen in producing
large aspect ratio holes experimentally. Both experimental and theoretical studies strongly suggest

that evaporative removal of material is necessary to produce large aspect ratio holes in nitinol wire.
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Chapter 1

Introduction and Background

1.1 Motivation

The hypodermic needle is an essential component of the medical industry. Drug transfer of several
pharmaceuticals can not be administered orally because of drug sensitivity to the digestive process.
Bolus delivery from a hypodermic needle is often the only other method for delivery. For medical
testing of bodily fluids, hypodermic needles and lancets are the most common devices used for
removing small amounts. The use of hypodermic needles is not without several problems that need
to be addressed. Use of needles and lancets causes considerable local tissue damage along with pain
during use. This can be especially troublesome for patients who require frequent use of a needle or
lancet. The biggest contributing factor to both the amount of pain and damage caused by a needle is
the needle size. Conventional hypodermic needles have reached a manufacturing limit of 305 ym
(McAllister et al., 2000). The large size of conventional hypodermic needles also limits it use for precise
administration of both location and amount of drug transferred. It is not always ideal to use large
bolus delivery of some drugs that must be administered through the skin. Smaller yet more frequent
dosages or transient applications will become more possible when the hypodermic needle is scaled

down on the micron scale opening new doors for the medical industry.

Research in microneedles has sought for over a decade to address the shortcomings of the conven-

tional hypodermic needle. Manufacturing processes from the integrated circuits field have been



applied to produce several types of both microneedle arrays and single hollow microneedles. Since
previous attempts to fabricate microneedles have used IC techniques, most use silicon based com-
pounds for the needle material which is inherently brittle and hazardous for use. Microneedles would
benefit from being fabricated by metals in that it would increase the robustness of the needle and
open a wider range of applications. Stainless steel has been used to create solid but not hollow mi-
croneedles. These steel needles, although biocompatible, lack the ductility that is needed in hollow
needles to prevent fracture. Examples of hollow metal microneedles in literature use the same process
of lithography and masking of silicon and call on metal platting after the creation of the mold. Fabrica-
tion of metal microneedles use a large number of production steps and excess waste in masking and
removal steps. Additionally, the metal coatings used have been done with nickel which has toxicity
concerns in medical applications. A technique of making hollow microneedles from a highly ductile
and biocompatible metal in a easily scaleable production process is needed to open more application

opportunities for microneedles.

1.2 Research Goals

This study addresses the feasibility of fabricating micrometer scale hollow microneedles from metal
with known biocompatibility that is necessarily robust and ductile for use on human skin. To achieve
this, nitinol wire, a smart metal already used in the medical field, has been selected as an appropriate
material. This material exhibits excellent qualities of flexibility and ductility that exceed steel and
silicon. A technique will be proposed to drill a blind hole into wires of small diameters to create a
hollow microneedle. The target diameter of the needle has been set at 150 um to be competitive with
current techniques of manufacturing single hollow microneedles. The target depth of the blind hole
has been set at 250 um along the length of the wire to allow the needle to be functional at different

depths into the skin.

1.3 Conventional Hypodermic Needles and Fabrication Limits

With the development of new pharmaceutical drugs in modern medicine, there has been a steady
development in techniques to transport these drugs into the body. As recently as the early nineteenth
century, it was not known that medicine could be delivered through the skin effectively with the
publication of an 1809 experiment by Francois Magendie. Soon after, a metal lancet created by G. V.
Lafargue to administer morphine was developed (Encyclopedia.com, 1998). In 1844, E Rynd developed
a drip needle to replace the lancet for this same purpose (McAllister et al., 2000). Alexander Wood then
combined an early syringe with a needle to cure sleeping disorders with morphine in 1853. Within a



few years, he refined his syringe to a plunger and graduated cylinder attached to a high gague needle

creating the conventional hypodermic needle (Encyclopedia.com, 1998).

The introduction of Wood’s hypodermic needle revolutionized the delivery of drugs into the human
body. Chemicals that at one time could not be delivered orally could now be used reliably with
the hypodermic needle through the skin (Encyclopedia.com, 1998). The syringe that began as a
single metal tube and needle with a leather plunger has become a disposable and reliable method of
bypassing harsh intestine or liver and delivering medications straight into the blood system (McAllister
et al., 2000). The hypodermic needle has been adapted for a large variety of purposes with changes
in materials and size. This has made the hypodermic needle the most common method of drug and

vaccine administration as well as bodily fluid extraction (Kim et al., 2004).

The industry behind the conventional hypodermic needle is large with many companies and man-
ufactures but the manufacturing technique is fairly consistent. To create the needle itself, molten
steel is first drawn through a die specific for each gauge of needle. As the steel is drawn, a continuous
hollow wire is formed and rolled before it is cut into the specific length of each needle. This is the
most common form of mass needle production. Needle geometries that are too complex to be easily
produced with drawn steel are manufactured using die casting. The syringe barrel and plunger are
typically made using extrusion molding or injection molding of plastics, glass and rubber and may be

fitted to the needle during assembly and packaging (Encyclopedia.com, 1998).

Although the conventional hypodermic needle has greatly expanded the abilities of modern phar-
maceuticals, it does have its limitations. The smallest currently available conventional needles are
30 gauge or 305 um in outer diameter. Pin injectors are available as small as 31 gauge or 254 ym.
These smaller needles are typically used for insulin monitoring and administration (McAllister et al.,
2000). Since the force required for a needle to puncture the skin s directly dependent on the needle tip
diameter, smaller needles require less force and cause less pain and skin damage to the patient (Davis
et al., 2005; Gardeniers et al., 2003). This perceived association of pain with conventional hypodermic
needles causes needle phobias among patients and may take away from the effectiveness of drug
delivery (Davis et al., 2005). Additionally, the handle and care of large conventional needles requires
specific skill and expertise of administrators. Large needles cause one million reported accidental
needle sticks in the United States per year, which raises concern over safety and sanitation (Kim et al.,
2004).

The large size of convention hypodermic needles also limits it effective delivery and transport of
drugs and fluids across the skin. Hypodermic needles are designed to administer bolus delivery of
medication at a single time. Conventional needles operate on a scale of chemical quantities that have
not kept up with the abilities of modern microbiology (McAllister et al., 2000). For many modern

medications such as protein-based and DNA-base compounds, a controlled time release into the



body of specific dosages would be more ideal (Henry et al., 1998). Additionally, the amount of fluid
or blood needed for several common phlebotomy practices has drastically decreased in modern
medicine while the method of extraction continues to be a lancet or hypodermic needle (Smart and
Subramanian, 2000). This leads to wasteful and harmful habits in testing, especially for patients who

require regular monitoring (Gardeniers et al., 2003).

1.4 Microneedle applications

1.4.1 Painless Insertion Into the Skin

Modern medicine would benefit greatly from a reliable method of transporting drugs through the
skin. Unfortunately, the outer most layer of human skin, the stratum corneum, is amazingly effective
as a barrier to the outside environment for being only 10 to 15 um deep (Henry et al., 1998). Of the
many attempts to increase skin permeability for drug and fluid transport, the creation of micron scale
needles has become the most promising and active approach (Prausnitz, 2004). Microneedles have
been manufactured in a variety of lengths from 30 um to 6 mm (Lin and Pisano, 1999; McAllister et al.,

2000) and offer extremely small tip diameters as small as 5 um (McAllister et al., 2000).

The small scale of these microneedles offers great benefit to the patient during administration. Skin
is composed of three layers: stratum corneum, epidermis and dermis. Although some nerve tissue
is located in the epidermis layer 50 to 100 um deep, it is considerably denser even further down in
the dermis (Henry et al., 1998). Where as a conventional hypodermic needle would pierce well into
the dermis layer and has a large diameter ensuring it will irritate nerve tissue in both the dermis and
epidermis, microneedles may be designed to operate within the epidermis layer and be thin enough
to interfere with the nerve tissue. Therefore, microneedles have the ability to be painless and have
proven to be so in several tests (Kaushik et al., 2001; Smart and Subramanian, 2000). Additionally, the
use of microneedles have been seen to cause very little irritation or rash, considerably less than that

of everyday minor abrasions (Kaushik et al., 2001; Prausnitz, 2004).

1.4.2 Controlled Transport of Drugs Into the Skin

Applications of microneedles can be seen to fall in two categories: transport of drugs into the skin and
removal of fluids for testing and monitoring. Skin permeability has been increased on the order of
four magnitudes through the use of microneedles (Henry et al., 1998). In achieving this, drugs can be
used for transdermal delivery through different techniques. First, arrays of solid microneedles may

be used to create holes for the medication in a patch-like reservoir to pass through (Prausnitz, 2004).



Similarly, arrays of solid needles may be coated with medication and then scraped onto or inserted
into the skin (Gill and Prausnitz, 2007). Hollow microneedles allow for quicker transfer and better
quantity control of medication. With a hollow needle, fluid may be pressure driven and monitored by

pumps from the microelectronics industry (Lin and Pisano, 1999; Prausnitz, 2004).

1.4.3 Removal of Fluids for Testing and Monitoring

Hollow microneedles also give promise for the painless removal of blood and other fluids from around
the epidermis. More efficient methods of testing can now monitor glucose levels in blood with as
little as 200 nL samples (Smart and Subramanian, 2000). This has the potential to be removed using
microneedle arrays or single microneedles (Gardeniers et al., 2003; Smart and Subramanian, 2000).
In addition to monitoring glucose levels, hollow microneedles could replace catheters in delivering
precisely controlled amounts of insulin (Davis et al., 2005). The use of hollow microneedles allows for
much more control on the efficiency of testing and administering while relieving the patient of pain

and tissue trauma associated with a conventional hypodermic needle (Prausnitz, 2004).



Chapter 2

Microneedle Literature Review

2.1 General development of microneedles

Transdermal drug delivery has been an appealing alternative to conventional hypodermic needles
and oral delivery for some time. Transport of drugs across the skin would allow for controlled release
of precise amounts over a specified time. Unfortunately, this method of delivery is severely limited due
to the outermost layer of skin’s effectiveness as a barrier. To address this issue, there have been several
proposed methods of transport that have been met with varying degrees of success (Henry et al., 1998).
The use of a microneedle to provide transport across the skin’s barrier was first introduced in the
1970’s, but was not effectively demonstrated until manufacturing techniques of the microelectronics
industry were applied to the concept in 1998 (Prausnitz, 2004). This method used etching to create
solid silicon microneedle arrays and was found to increase permeability of the drug calcein into the
skin by several magnitudes (Henry et al., 1998).

Other techniques of the microelectronics industry were quickly applied to the microneedle application.
In 1999, Lin and Pisano (1999) published a method employing IC manufacturing techniques to
produce a silicon microneedle. This approach used a larger hollow needle instead of an array of solid
needles and would allow the use of bubble-powered pumps on the micron scale to electrically control
delivery rates. The feasibility of use in living tissue was demonstrated with insertion of the microneedle

into porterhouse steak. A similar silicon microneedle of 2 mm was produced the following year that



was designed for blood sampling. In this study, the ability of the needle to puncture human skin was
measured and compared to the buckling force. Other mechanics of the needle were observed that
show single hollow microneedles of this size are a feasible and reliable method to fluid transport out
of the human body. The pain associated with the use of this microneedle on the arm was compared
to a lancet stick in both the arm and fingertip in clinical trials. It was found that a majority of test

subjects considered the needle stick as barely noticeable (Smart and Subramanian, 2000).

Microneedle arrays continued to be developed. By the year 2000, solid microneedle arrays similar to
those demonstrated by Henry et al. in 1998 had a density of 105 per cm? allowing the treatment of
thousands of individual cells by microinjection. Transfer of the drug was demonstrated by coating the
microneedles before insertion or topically applying the drug after insertion. By this time, methods
for producing hollow glass microneedle arrays had also been developed. Mechanical pumping with
a device similar to a syringe was used to inject chemical dies and drugs into plant cells (McAllister
et al., 2000). Clinical testing continued alongside development. Studies of a three-by-three mm array
of solid microneedles were found to cause the same sensation as a smooth surface. The skin where

the arrays were applied was visually inspected and no irritation was found (Kaushik et al., 2001).

Silicon micromachining was used to produce single hollow needles with multiple channels using
methods very similar to the needles produce by Lin and Pisano (1999) that would allow localized
delivery of chemicals to neural tissue while recording and producing electrical signals to and from
the body. The use of these needles was demonstrated on guinea pig brains (McAllister et al., 2000).
Similar to single silicon hollow microneedles, surface micromachining was used to produce medal
hypodermic microneedles. These needles are similar in size to the individual needles produce by Lin
and Pisano (1999) but are machined in linear arrays of 25 needles. Each needle is connected through
channels that allow fluid to flow from one needle to another. The purpose of this system is to allow
transfer of fluids even if several of the needles become blocked after being inserted into tissue. To
further prevent blocking of the needle by tissue, multiple output ports were placed along the shaft of
the needle instead of at the tip. This linear array of needles allows for flow rates up to 2.7ul/min for
the entire array (McAllister et al., 2000).

By 2004, a general understanding of microneedle mechanics had been developed through studies.
Insertion force required to break skin was empirically found to vary with needle tip radius from .1 to
3 N for 500 ym length microneedles. Furthermore, insertion force is independent of wall thickness
meaning solid and hollow microneedles with identical outer tip radii will behave the same. Fracture
forces, from which margins of safety could be determined, were seen to vary with wall thickness.
Fracture force to insertion force ratios were seen to range from below one to above ten, suggesting
the microneedles with the highest margin of safety have a larger wall thickness and smaller tip radius
(Davis et al., 2005; Prausnitz, 2004).



Development continued for microneedle arrays with micromachining techniques being used to
produce needles with more complex geometries or from new materials. Metallic hollow microneedle
arrays were created with silicon molds using laser fabrication that featured tapered geometries
and varying wall thicknesses (Kim et al., 2004). Another two-step process was demonstrated that
fabricated nickel-plated hollow microneedle arrays that could offer a wide range of tapered and conical
geometries (Davis et al., 2005). Silicon hollow microneedle arrays produced using micromachining
and etching were developed that featured significantly wider base geometries while maintaining very
small tip radii. Additionally, these silicon microneedles featured offset flow channels 40 ym from the
tip (Gardeniers et al., 2003). Use of both metal and silicon microneedle arrays were demonstrated by

successful insulin delivery to diabetic lab rats (Davis et al., 2005; Gardeniers et al., 2003).

Recent studies in microneedle research have continued to develop the array approach. In one such
study, laser cutting was used to create a range of geometry profiles in stainless steel plates. These
profiles were then bent out of plane to create a solid microneedle array on the stainless steel substrate.
Also in this study, new application methods for dip and scratch delivery were developed (Gill and
Prausnitz, 2007). Another approach to creating solid metallic microneedle arrays was demonstrated by
solidifying laser-induced ablation of tantalum plate. This method produced solid microneedles with
extremely small tip radii and aspect ratios as high a six. Along with these new techniques, applications

beyond the medical industry have been named for microneedles (Omatsu et al., 2010).

2.2 Materials

A majority of the literature on microneedles indicates that the most common material used is silicon.
Henry et al. (1998) made use of silicon in creating the first solid microneedles in 1998, claiming devel-
opment in the microfabrication of integrated circuits could easily be applied to needle production
at both the research and development level as well as scaled up production. Silicon was also the
material chosen for fabricating the first hollow microneedles. The same microfabrication methods
could be used to create a single hollow needle while offering many of the features of IC chips built
into the unit. Different regions along the microneedle feature different types of silicon, such as heavily
boron-doped silicon along the needle tip or phosphorus doped glass (silicon dioxide) along the hollow
channel. Single crystal or polycrystalline silicon may be used to provide different material strengths
and electrical properties (Lin and Pisano, 1999). Although the application of IC manufacturing to
produce microneedles has been easy to implement, the use of silicon causes the microneedle to be
very brittle. Single hollow silicon microneedles must have surprisingly large wall thicknesses to just
be handled (McAllister et al., 2000).

Since these initial attempts to fabricate microneedles, many similar methods have been created



that utilize silicon. As early as 2000, Silicon Dioxide was used to fabricate glass hollow microneedle
arrays machined from bulk silicon (McAllister et al., 2000). Other approaches took use of silicon
microfabrication with the addition of metal platting to produce metal microneedles. Hypodermic
microneedles have be made of silicon using processes similar to those produced by Lin and Pisano
(1999). These microneedles have been created using seed layers machined from bulk silicon and
the platting a layer of metal such as palladium, gold and nickel (McAllister et al., 2000). Microneedle
arrays created from bulk silicon micromachining have also benefitted from metal plating. This has
been used to create both solid and hollow microneedle arrays for high needle density patches (Kim
et al.,, 2004; McAllister et al., 2000). An example of the benefit of metal plating is that a microneedle
with wall thickness of 18 um can sustain a bending moment up to .71 mN (McAllister et al., 2000). It is
important to note that even though the use of metal coatings improves the strength and flexibility of
the micro needle, it dose so by adding several more steps in production to an already labor intensive

fabrication process.

In an attempt to reduce the process of creating metal microneedles, the molds used for electroplating
have been created from Mylar films. This allowed nickel microneedles to be created. It was found that
failure of small microneedles, like those found in needle arrays, is a function of the ultimate stress
of the needle material. Electroplated nickel used in microneedle production was found to have an
ultimate stress of 1.2 GPa, considerably higher than the bulk Nickel value of .32 GPa (Davis et al., 2005).
Further studies have found that buckling or exceeding the yield strength at the needle tip are the
causes of failure for hollow microneedles. Both critical loads are functions of needle geometry and
the material’s Young’s modulus. Critical buckling forces range from 1.8 to 2.25 N and forces reaching
tip yield strength are 1.25 to 2.8 for microneedles 200 and 400 um tall. For larger needles with higher
aspect ratios, the 85 Gpa Young’s modulus of nickel would prove to be too brittle for use (Kim et al.,
2004).

Solid microneedle arrays have been created from both titanium and stainless steel sheets. Production
of these microneedle arrays is significantly more efficient than metal platting while providing may
of the same advantages (Omatsu et al., 2010; Prausnitz, 2004). Although the use of titanium and
steel is more desirable than nickel or silicon dioxide because of their large Young’s modulus, solid
microneedle arrays offer limited applications and are not suitable for bolus delivery or fluid removal
from the body. Hypodermic microneedles would benefit greatly from the material properties of steel

or titanium but a fabrication process has yet to be developed.



2.3 Size and shape

It can be seen that the size of a microneedle is dictated by its desired purpose. As discussed earlier,
microneedle development may be categorized into either high-density needle arrays or single hollow
needles. Henry et al. (1998) first developed solid microneedle arrays to overcome the stratum corneum
defense against transdermal drug delivery. They found that by penetrating through this 10 to 15um
outer layer of skin, permeability could be increased by four orders of magnitude. To achieve this, a
150 um long conical needle with a base diameter of 80 um was fabricated (1998). Figure 2.1 below
shows an image taken with a scanning electron microscope of the microneedle array produced by
Henry et al. (1998) Other microneepdles fabricated as arrays vary in size from 10 to 1000 um in length.
Needle geometries tend to be pyramidal or triangular when solid and conical or cylindrical when
hollow, although there are exceptions. Figure 2.2 shows a single microneedle of 500 um in length
developed by Davis et al. (2005) This hollow needle was used for insertion test and was designed for

array use.

Figure 2.1: Solid silicon microneedles in a 20 by 20 array from Henry et al. 1998. Needles are 150 um in
length and 80 ym in diameter at the base.
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Figure 2.2: Hollow microneedle of 500 um length next to a 27 gauge hypodermic needle from Davis
et al. 2005

Microneedles fabricated to be used as single needles or in linear arrays feature larger aspect ratios
as high as 43 (Lin and Pisano, 1999). The cross sectional geometries are typically more complicated
but tend to be rectangular with a taper along the needle shaft to a sharp point. Total needle length
has been demonstrated from 1000 to 6000 um for single hollow microneedles. These microneedles
often feature output ports that are placed along the shaft as opposed to at the needle tip to help
protect the ports from being blocked during insertion. Figure 2.3 is an image taken with a scanning
electron micrograph of a metal microneedle. The output ports can be seen 300 um above the tip of
the needle and extend as far down the length of the shaft as the microchannel shown in the cross
section. The microchannel along the shaft of the needle allows it to be used as a hypodermic needle

or for sustained drug delivery over time (McAllister et al., 2000).
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Figure 2.3: Image of tip and cross-section from 6 mm long metal hollow microneedle from McAllister
et al. 2000. Needle features multiple 30 by 30 um output ports from inner channel of 140 by 20 um.
Distance from needle tip to output ports of 300 um.

2.4 Fabrication methods

Initial development of microneedles used both in array and single layouts took fabrication techniques
from the IC industry. The microneedle array produced by Henry et al. in 1998 (as seen in Figure 2.1
above) began with a silicon wafer masked with a chromium pattern by using a DC-sputter and a
lithographic process. The masking pattern geometry dictates the diameter of the needle base. An ion
etching method is then applied for 250 minutes that removes silicon from the wafer left unprotected
by the chromium mask. Under-etching of the mask eventually causes the mask to fall off, leaving
behind a sharp silicon point. The aspect ratio of the needles was controlled by ratio of SFg and O, gases
used in the etching process. Hollow miconeedle arrays have been produce using similar techniques of
masking silicon dioxide to bulk silicon. This method used ion etching to produce the inner geometry
and chemical wet etching to produce the outer geometry and height of the needle (McAllister et al.,
2000).

Bulk silicon micromachining processes were also used to produce Lin and Pisano’s single hollow
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microneedles in 1999. Single-crystalline silicon goes through several stages of boron doping, SiO»
masking, silicon nitride growth and wet and plasma etching. The resulting needle may be divided
into two regions: a shank measuring 1 to 6 mm in length with single crystalline silicon and heavily
boron doped silicon for strength and a IC-interface region of polysilicon which allow for the inclusion
of microelectronics (Lin and Pisano, 1999). The microneedle developed by Smart and Subramanian
(2000) to test the amount of pain felt by the patient uses similar but simplified silicon processing

techniques to produce a shaft of 2 mm in length (2000).

A majority of microneedles in the literature have been fabricated with some form of lithography of
silicon, with metal plating then added occasionally to create metallic needles. This approach is easily
adapted from the IC manufacturing industry but requires several steps as described above. Solid
microneedle arrays have been fabricated in two-step processes from metal sheets using both laser
cutting of stainless steel or acid etching of titanium, but these processes can not be used to produce
hollow microneedles, severely limiting the verity of applications they may be used for. Additionally,
the needles must be mechanically bent out of plane after the cutting or etching process (Prausnitz,
2004). This may prove to be unnecessarily tedious for industrial applications. After bending out of
plane, the microneedles may require a third step of electropolishing to remove any burs in the cutting

process (Gill and Prausnitz, 2007).

Laser ablation has been used to produce solid metal microneedle arrays. An ablation process was
demonstrated using an Nd:YAG laser on a Tantalum plate which takes advantage of the resolidification
of the material after evaporation to leave a high aspect ratio solid needle at least 10 um long (Omatsu
et al., 2010). This process is appealing in that it is a single-step fabrication method, however it may
only be applied to create solid microneedles. The literature on single hollow microneedles does not
offer a fabrication method that differs from the lithography processes described above. The feasibility
of single hollow microneedles would benefit from a fabrication method that required fewer steps than
a lithography process and worked with only the desired final material such as those methods that

make use of laser cutting or chemical etching.

2.5 Application varieties

Interest in microneedles was initially based in the medical industry. Solid needles on the micron scale
were shown to be useful in transport across the stratum corneum. This allows for more effective drug
delivery through the skin when used in an array of several needles (Henry et al., 1998). This would be
used in a "poke with patch" method, where the drug would be held against the skin after micron size
holes were punched into the skin. Using this method, a large number of different chemicals, drugs

and DNA could be effectively administered across the skin Prausnitz (2004). Solid microneedle arrays
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could also be coated with the drug prior to insertion, a process studied by Gill and Prausnitz (2007)
in 2006. The needles can then be inserted directly into the skin statically or scraped across the skin.
Arrays made with hollow microneedles allow pumping mechanisms to be used in conjunction with
a patch. This makes array delivery more useful for larger DNA and chemical compounds and more

control in transient processes (McAllister et al., 2000).

Single hollow microneedles and hollow microneedles in linear arrays allow for drug transport in
faster processes than arrays while avoiding the complications that can arise with bolus delivery with
conventional hypodermic needles. Use of a micron scale hollow needle allows for more precision in
delivery and an much broader range of capabilities in fluid transport, be it into or out of the body (Lin
and Pisano, 1999). Drug delivery from single hollow microneedles would allow for repair of neural
tissue damage (McAllister et al., 2000). Previous studies of these needles have shown their ability to
both monitor glucose levels and deliver insulin (Davis et al., 2005; Smart and Subramanian, 2000). Due
to the micron scale of both array and single microneedles, all fluid transport in and out of the body can
be done with little to no pain perceived by the patient and minimal damage to the skin. Microneedle
arrays have been shown to be statistically indistinguishable from a smooth surface by patients and
not cause any rash or swelling that would indicate irritation (Kaushik et al., 2001). Similarly, a single
microneedle fabricated for glucose testing was considered as barely noticeable by a 85% majority of

test subjects (Smart and Subramanian, 2000).

Interest in microneedles outside of medical applications also exist. Metal microneedle arrays used as
electrodes would make promising improvements for imaging on the nano scale and allow for high
speed imaging in two dimensions. Metallic microneedle electrodes also increase the efficiency of field
emission displays. Another application for microneedles is in developing sensors for the subatomic
quasiparticle, plasmon. The use of metallic microneedles has been proposed for creating plasmonic

probes (Omatsu et al., 2010).
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Chapter 3

Research Objectives

This research proposes an alternative method for producing a hollow needle on the micron scale. There
is a need for this type of needle in the medical industry to further advance the type drug application
in areas where orally and bolus delivery are not appropriate. Unfortunately, prior hollow microneedle
production has been heavily dependent on techniques used in integrated circuits industry. This
hinders microneedles in two ways. If the final material is silicon, the robustness of the needle is
questionable and may cause problems with biocompatibility. Second, if the final material is some
metal such as nickel, this has been achieved through a complicated method of silicon masking and
electroplating. It will be shown how laser drilling can be used to create a micron scale hollow needle
from thin shape memory alloy nitinol wire. The end result is a needle that can safely be used for
medical applications such as blood testing with excellent ductility and flexibility ensuring the needle

will not fracture.

Laser drilling has been chosen as the means of manufacturing for this experiment because it provides
many beneficial characteristics for machining on the micron scale. The use of a laser allows for non
contact drilling of the needle which will provide consistent results with out a change in tooling. The
needle will be made in a one step removal process for a single material. Furthermore, microsecond
duration laser drilling has been shown to produce clean and clear high aspect ratio holes that fit the
desired characteristics of the center hole for this proposed needle. If laser drilling is conducted on a
single nitinol wire of a small diameter, a large amount of energy is trapped around the hole profile.

This excess energy has been shown to melt or burn away the tip of the wire, suggesting that laser
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drilling cannot be used for this purpose. This research seeks to determine if embedding the nitinol
wire within a steel plate under transitional fit conditions will allow enough heat energy to dissipate
away from the hole profile to allow result from laser drilling experiments similar to those of stainless

steel plate drilling.

The aim of this research presents a challenge both theoretically and experimentally. The use of a
fiber laser with microsecond duration pulses is significantly longer than the thermal diffusivity of the
material. Laser energy will be shown to produce molten material in both steel and nitinol that will
compromise the hole quality and depth. The proposed experimental procedure for drilling in nitinol
wire will focus on minimizing the heat energy density immediately surrounding the hole profile to
reduce the melt generation and promote large aspect ratio holes. This will be done by promoting heat
transfer from the nitinol wire into surrounding stainless steel during the drilling process. Theoretical
analysis will be used to give insight as to what types of pulse durations are most effective in removing
material through evaporation while minimizing low energy absorption and melt generation in the

hole profile.

In conducting this research, an in-depth knowledge was gained of the many parameters at play in laser
ablation and how they interact. Additionally, a new understanding of laser drilling with microsecond
pulse lengths into thin wires was achieved. In preparation for this research, an in-depth study has
been conducted on laser drilling of stainless steel sheets. Since diameters of the wire and ablated
hole are of similar size, a study on how a micron-scale substrate behaves in laser ablation compared
to a semi-infinite substrate was conducted. This behavior has been explained through modeling to

support results observed when drilling with various laser pulses in different diameter wires.
Topics of interest within the background literature include:
* Variance of temporal operation of laser drilling
- General mechanics of laser ablation from microsecond duration pulses
— Effects of multiple laser pulse configurations

* Modeling of Laser Drilling

General Review of heat conduction equation

Adaption of heat equation for microsecond duration pulses

Simplification through dimension reduction

Overview of vapor properties of the ablated material

Solutions of heat equation through iteration of finite difference model
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Specifics of experimental research are as follows:

 Laser microhole drilling in stainless steel sheets

Emphasis in high drilling depth and high aspect ratio while maintaining good hole quality

Drilling with single laser pulse

Drilling with multiple pulse group consisting of one long primary pulse and multiple

secondary pulses

Drilling with repetitions of multiple pulse groups

* Laser microhole drilling in nitinol wire
— Design of experimental procedure to address burning of nitinol wires in laser drilling
— Experimental comparison of microholes in nitinol wire and stainless steel sheets

— Considerations of heat transfer across outer circumference of wire; microhole drilling

tested with diamond based and silicon based heat conductive compound and without
— Multiple pulse drilling in 760, 360 and 150 ym wire
— Multiple group drilling in 150 um wire using multiple primary pulse lengths

— One microsecond laser pulse drilling of 360 um wire; explanation of observations using

mathematical modeling of laser ablation
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Chapter 4

Parameters of Laser Microhole Drilling

4.1 Basic Interactions of Lasers with Mater

When a laser produces an output beam that is incident on a material, the unique properties it
possesses can allow a large transfer of energy. Power from a laser beam transfers energy to a material
through the process of thermal radiation just like any other light source, however the characteristics
of its beam allow this power to be focused on such a small area. For many situations, the magnitude
of heat energy transferred to a solid material is so great that the material will go through a process
of melting and evaporation. It is also possible ionized plasma will be produced. When this process
happens over a short enough time scale, an explosion of material can occur that is referred to as laser
ablation. The result is a removal of a controllable amount of material from the substrate creating a
void or hole (Ready, 1978).

There are several variables which alter how laser light is absorbed into a substrate. In designing a laser,
the density of power within it’s beam, known as its brightness or radiance, and the change in that
power output over time are driving parameters in the heat transfer process. The material properties of
the substrate also play a large role in its interaction with a laser beam. When light is incident on any
material surface, a portion of that light will not be absorbed but instead reflected. Thus, when a laser
is used to radiate on a material, a significant portion of the energy will be lost from reflection. The

amount of light that is reflected is dependent on the frequency of the laser beam and the substrate

18



material. Once heat energy is absorbed into the substrate, there are two properties of the material
that drive the removal process: thermal diffusivity, or the rate at which heat flows through a material,

and the latent heat of vaporization (Ready, 1978).

4.2 Radiance of a Laser Beam

The most useful way to gage how a lasers output power will effect its ability to remove materials is to
determine its power density, brightness or radiance. The most common units of radiance are w/cm? -
sr. Increasing the power output of a laser will not necessarily increase the radiance as higher power
lasers have more complex TEM,,, , values, or poor beam quality, leading to a reduction in brightness
and minimum spot size. Since a laser can be considered a collimated beam of monochromatic light,
the focus spot size achievable is substantially smaller than that of other light sources. A decrease in
focus spot size will lead to an increase of brightness. This causes laser output to have considerably
higher values of brightness than other light sources. For example, the brightness of the sun is 130

w/cm? - sr while values of laser output brightness can exceed 2 x 1017w /cm? - sr (Ready, 1978).

Since the brightness of the laser will change drastically with the divergence of the beam, operating at
the focus position from the laser optics is essential for having efficient material removal. Each laser
has a depth of field that will determine how sensitive its ability to remove material is to deviation from
the focal position. The depth of field, Z, is expressed below in Eq. 4.1 as a function of wavelength A,
focal length F, and radius of the lens a (Ready, 1978).

Z=AF?/a? (4.1)

A small focal area is desirable to provide a small heat effected zone with in the substrate, but will cause
the depth of field to be small, limiting the practicality of the laser. In designing the focusing optics for
alaser, this is a trade off that must be addressed between minimum focus spot size and maximum
depth of field.

4.3 Temporal Operation of Lasers

The physical attributes that go into the design of a laser can determine how its output behaves over
time. If the optical pumping mechanism is able to maintain population inversion in the lasing medium
while output is being produced, the laser is said to be able to produce continuous operation. In this
situation, the laser output quickly reaches steady-state power and will maintain that power until the

pumping stops exciting the lasing medium. Although considered to be at steady-state, output power
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of a continuously operating laser can still fluctuate up to £10%. Additionally, peak power spikes occur

shortly after laser output begins (Ready, 1978).

Laser output can also be limited to specific finite durations in what is referred to as pulsing operation.
This may be achieved by several methods. Normal pulse operation occurs when the time duration of
output is subject to the duration of the optical pumping mechanism. The frequency of the pulses will
be related to the pumps ability to achieve population inversion and the total duration of the pulse
will normaly depend on the geometry of the resonant cavity (Ready, 1978). For laser ablation to be
used for hole drilling, percussive pulses consisting of high spikes of intensity with short tails in the
temporal region tend to be the most effective. This will improve the coupling of explosive vapor and
melt ejection (Steen and Mazumder, 1998). Typical time durations of these lasers are on the order
of 100 us to 10 ms. Within the pulse, spikes of peak power can occur similar to those seen during

continuous operation on the order of approximately 1 us (Ready, 1978).

To produce laser pulses of shorter time durations that are independent of the optical pumping
mechanism, a system of Q-switching is used. In these lasers, the ability to store energy within the
cavity is indicated by its value of Q. A resonant cavity with a high Q value is said to store energy very
well. If the mirrors of the resonant cavity were to be changed from a highly reflective to a highly
transparent state, the Q value would correspondingly switch from high to low. This would allow
all energy stored within the resonant cavity to be dumped quickly as a pulse of laser output. The
typical type of lasing mediums that incorporate Q-switching techniques are high powered solid lasers
such as ruby and Nd:YAG. Methods of quickly switching the Q value include spinning mirrors and
electro-optical devices. The resulting pulse will have a much higher peak power and much shorter
time duration than those of normal pulse operation but the total amount of energy that is deposited

will be less. These durations are on the order of 10 s (Ready, 1978).

Microhole drilling experiments at the Intricate Laser Processing Lab at North Carolina State University
make use of laser pulse durations in a range of several microseconds to tens of milliseconds from a C.W.
fiber infrared laser. The pulse durations were controlled using electronic timing circuits. An example
of a laser pulse used to produce a microhole can be seen below in Figure 4.1. In the figure, it can be
seen that the total output pulse last a duration of approximately three microseconds. The steady state
power of the pulse is 300 W. There is however a spike in power that can be seen to occur that reaches a
maximum of approximately 1470 W. This spike occurs during regular use of the electronic control on

the fiber laser output and is the largest factor in producing micro-holes (Lehman, 2009).

Even shorter pulse durations are obtainable by means of mode-locked operation. Within a pulse
generated by Q-switching, several longitudinal modes are occurring at once. If in the design of the laser
specific modes are selected to interfere with each other, oscillations will occur within the pulse. What

would have been a 10 s pulse now is decided into several pulses on the order of 10 ps. Additionally,
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Figure 4.1: Comparison of laser power output with input electronic control signal. Notice the 1470 W
spike in laser power output before the steady state 300 W is reached (Lehman, 2009).

the peak power that occurs within each pulse increases but the total energy deposited decreases as
before. Mode locking in Q-switched lasers often happens erratically and its ability to be used reliably

is dependent on the lasing medium and care in design of the resonant cavity (Ready, 1978).

4.4 Keyhole Effect

Laser drilling is typically done at the focus position of the beam. Although a beam with a large depth of
field would be more desirable for large aspect ratio hole drilling, a phenomenon known as the keyhole
effect allows a laser to continue providing the required energy for material removal when the melting
front has moved far beyond the focal position. As light propagates past the hole entrance, it reflects
off the walls of the hole towards the center instead of being absorbed. This will intensify the radiance
of the laser at the hole center beyond the initial radiance at the focal point on the hole opening. As a
result, the material removal rate can be seen increase when the hole starts to form (Matsuoka et al.,
2006).

When the workpiece is steel, the absorption of 10.6 um infrared light on the surface at the beginning

of the ablation process is around 20%. As the hole depth increases and the keyhole effect begins to
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take over, energy absorption into the molten material at the bottom of hole is efficient enough to
consider the keyhole as a black body (Mazumder and Steen, 1980; Zhang and Faghri, 1999). Most heat
conduction loss into the substrate is through molten material along the sides of the keyhole. This
can be seen in longer pulse lengths at lower radiance or along the outer edge of a laser beam with a
Gaussian type distribution. Material will absorb enough energy to melt, but not enough to vaporize as
in the center of the beam profile where the radiance is higher (Zhang and Faghri, 1999).

4.5 Single Microsecond Pulse Drilling

Laser microhole drilling using pulse durations on the microsecond range is not a process of pure
evaporation as in pulses on shorter time scales. Material removal is instead effected by a range of
factors and can occur in the liquid, gas or plasma phases. Previous work investigated the drilling
process from pulses similar to Figure 4.1 and has found that drilling can be described in four steps.
This can be seen below in Figure 4.2 (Lehman, 2009). For these studies a 300 W fiber laser was used
with a near gaussian beam distribution and similar wavelength to Nd:YAG lasers. The absorption of
light in stainless steel is approximately 40%.

t=250ns L= 500 ns t=600 ns t=5ps
Laser Power 600 W Laser Peak 1500 W Laser Power Weak Vapourization
Shallow Cavity Formed Vapour/Plasma Intensity Dccrcasing Melt Ejection
S0% ol aExi. Vapour Intensity Max for
Both Photediodes A :
Particke Ejection
Expanding Shodk
Wava Multiple Rellections

/ Focus Laser Energy Into
dottom of Cavity

Plasma

O oox ook SEE

Figure 4.2: Process anatomy of a pulse duration in the microsecond range describing the four stages
of ablation and the mechanisms of material removal that occur (Lehman, 2009).
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Step one in Figure 4.2 occurs while the pulse is increasing to the 1470 W spike in power, as seen
in Figure 4.1. Material removal during this step is through semi-adiabatic evaporation. High energy
plasma can be produced at temperatures from 16,000 to 70,000 K. As the process transitions to step
two, a shock wave from the initial plasma formation propagates through the surroundings. As the
laser reaches the peak power, a keyhole is formed and material continues to evaporate into plasma.
The hole depth quickly increases during step three as energy absorption from the laser pulse is
enhanced through the keyhole effect described above even though the laser power is decreasing to
the steady state power of 300 W. The material removal can now be described as a combination of high

temperature ablation and semi-adiabatic evaporation.

As the laser pulse extends into the microsecond range and the power of the laser drops to the steady
state value, the mechanics of microsecond material removal began to differentiate themselves from
shorter pulse durations. In step four, the depth of the hole impedes the ability of the laser to deposit
energy to the bottom of the hole. Beam power is at the steady state of 300 W until the end of the pulse
and must make several reflections to reach the bottom of the hole. Melt formed at the bottom and
along the sides of the keyhole does not have the high energy seen in the previous three steps. After the
pulse ends, melt and evaporation continue to leave the hole at a slower rate. This continues for a total
of 150 us after the beginning of the pulse when significant cooling has occurred. Melt and evaporation
that did not have enough energy to leave the hole can solidify on the bottom and sides, potentially

blocking the hole profile.

Below in Figure 4.3, a hole profile produced in stainless steel using the microsecond range single
pulse in Figure 4.1 can be seen. The hole profile demonstrates how microsecond range pulses can
produce high aspect ratio microholes that approach 200 um while remaining unblocked and clear.
The efficiency of microsecond range pulses in drilling can be accredited to the 1470 W power spike
that produces higher shockwave pressures and plasma temperatures, two factors that provide the

kinetic energy to remove large amounts of material from increasing depths.
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Figure 4.3: Hole profile produced from the single pulse configuration in Figure 4.1 using a 26.2 us
electronic control pulse. The hole has a depth of 195.7 um without solidified material, a hole opening
of 22.3 um and aspect ratio over 8.7 (Lehman, 2009).

4.6 Double Pulse and Multiple Pulse Drilling

In laser induced spectrometry, multiple laser pulses have been used to enhance the amount of
material removed and increase the signal produced. This may be done using two collinear pulses or
orthogonal pulses used to reheat the plasma plume above the ablated surface. The resulting ablation
has characteristics of lower stresses and cleaner surfaces (Babushok et al., 2006). Work has also been
done to investigate the effect of using multiple pulse scenarios in laser drilling. Research has been
conducted with nanosecond length pulse durations by General Atomics and the Penn State Electro-
Optics Center demonstrating how the use of multiple pulses improves drilling efficiency and hole
quality while increasing the material removal rate (Lehman, 2009). An example of a control signal and

laser pulse used to create a multiple pulse configuration can be seen below in Figure 4.4.

Previous work at the Intricate Laser Processing Lab at North Carolina State University using a fiber
laser has shown how these same principles may be used to improve drilling with microsecond pulse
lengths. Using three quickly repeated pulses at a frequency of 13.1 kHz, as seen by the first three
pulses in Figure 4.4, blind hole depth achieved in stainless steel were comparable to that of three
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Figure 4.4: Laser output (green) and electronic control signal (blue) of a multiple pulse configuration.
The primary and secondary pulse lengths are chosen independently. The total number of pulses is
controlled by varying the frequency and process length (Lehman, 2009).

independent pulses. Where as each independent pulse would benefit from the initial power spike
of a microsecond pulse, the group of three pulses only experiences this phenomenon once. Never
the less, the depth drilled is within less than 10% of the three independent pulses, demonstrating
the group of multiple pulses’ increased drilling efficiency (Lehman, 2009). As drilling depth increases
with microsecond length pulses, complete removal of melt becomes a problem. Material solidifies
inside the hole, creating blocked regions and limiting effective depth. Work done by Lehman in 2009
demonstrated how groups of short pulses work especially well for removing solidified melt that did not
have enough energy to be removed from the hole drilled by an initial longer pulse. Results show that
one long primary pulse followed by two short secondary pulses at 13.1 kHz causes the most plasma
ejection for amount of energy deposited. It should be noted that the secondary pulses demonstrate a
peak power of 800 W, lower than individual pulses but still higher than the steady state 300W output.
Additional pulses did not cause significant material removal as pulse energy is wasted in reheating the

hole profile, suggesting that the three pulse configuration is ideal for microhole drilling.

The two secondary pulses in Figure 4.4 above occur within the 150 us after the start of the initial pulse.

This means that the pulses occur during the forth step of microsecond scale single pulse drilling
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describe in the process anatomy, allowing energy from the secondary pulses to generate plasma and
not reheat material in the hole profile. The generation of plasma within the hole profile helps to
ensure that material has enough kinetic energy to be fully removed from the substrate and not solidify
and block the hole. The efficiency of drilling with multiple pulses is shown in Figure 4.5, the hole
profile in stainless steel resulting from the pulse configuration in Figure 4.4. Hole depth was increased
by more than 20% while the diameter of the hole opening increased by 11% producing an aspect ratio
0f 9.6.(Lehman, 2009).

,. W }

Figure 4.5: Hole profile produced from the pulse configuration in Figure 4.4 limited to three total
pulses. Hole depth is extended to 236.0 um, opening diameter of 24.7 us and aspect ratio of 9.6
(Lehman, 2009).
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Chapter 5

Modeling of Laser Drilling

5.1 General Approaches

Mathematical modeling of laser material processing began in the 1970’s when industrial lasers
emerged for cutting and welding. Modeling was needed to answer questions of these processes
such as temperature distributions throughout the fusion and heat affected zones and cooling rates
of the material after being irradiated. Key parameters that were recognized early on by Mazumder
and Steen were the optical properties as well as beam power, distribution and diameter (1979). Addi-
tionally, these models needed to represent three dimensional space to account for the movement in
laser cutting and welding. Numerical methods were used to solve the partial differential equations
describing the heat energy balance across the volume of the irradiated substrate. Although limited by
the computing capabilities of their time, models such as that of Mazumder and Steen were able to
generate dimensionless curves for widths and depth of the keyhole in the wielding process as well as
the effects of changing the weld speed. These general dimensionless curves could also be applied to

specific laser processing conditions (Mazumder and Steen, 1980).

27



5.1.1 One Dimensional Heat Equation

As the search for understanding of laser processing progressed, modeling techniques specific for
laser drilling were developed. Several analytical models have been developed for drilling, taking into
account the effects of vaporization, liquid expulsion, motion within the keyhole and absorption losses
in the plasma. As a compromise to avoid computational complexity, only the appropriate effects and
parameters are considered for the specific design. An example is the effects of motion within the melt,
which are only relevant for metals under radiance intensities of 101! W/cm? (Solana et al., 1999). To
determine and model specific parameters, different approaches have been taken. Drilling speed from
a continuous laser source, for instance, may be described with reasonable accuracy by the solution of

one-dimensional time-dependent heat-conduction as seen below in Eq. 5.1 (Solana et al., 1999).

0°T 10T
222 = <37 (5.1)
In Eq.5.1, z is the axial coordinate along the propagation of the beam, T is the temperature, x is the
heat conductivity (%) and ¢ is time. The boundary conditions assume that the substrate extends
infinitely in the z direction and that T,—,, = 0. Further simplifications were made in assuming a
uniform, "top hat," distribution of power across the beam. After converting the parameters into
dimensionless variable and several derivations, the solution for this partial differential equation are

achievable but very complex (Solana et al., 1999).

5.1.2 Cylindrical Heat equation

Approaches to modeling the hole profile in more accurate power distrabutions include finding so-
lutions to the heat equation in two dimensions (Dobrev et al., 2005) and three dimensions using
cylindrical coordinates as seen below (Collins, 2010; Solana et al., 1999).

10' oT" 92T 10T

ror "or Yoz Txar 52
Eq. 5.2 above uses the same variable definitions as Eq. 5.1 with the addition of r representing distance
in the radial direction. As this is a three dimensional model of the hole profile, a uniform power
distribution is no longer appropriate. Instead more accurate assumptions of power distributions
should be made such as a Gaussian beam. Boundary conditions assume that the substrate extends
infinitely in the r and z directions and the temperature at r = z = 0o is the ambient temperature
or zero. The solutions to this equation will be axisymmetrical in nature and although complex, still
require several assumptions that cause inaccuracies between theoretical and experimental hole
profiles (Solana et al., 1999).
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5.2 Modeling of Microsecond Duration Pulses

5.2.1 Adaption of Cylindrical Heat Equation

Modeling has been developed with the Intricate Laser Processing Lab At North Carolina State Uni-
versity for drilling with a fiber laser with near-Gaussian power distribution, (W(r, t)), seen below in
equation Eq. 5.3.

W(r, t) = Wp(t)e 2/ Ro) (5.3)

This power distribution decrease radially from the center of the beam, r = 0. Experimental values in
for peak laser intensity, Wp(¢), and beam radius, Ry, are independent values specific for each laser. Ry,

is defined as the radial distance where intensity decreases to Wy(¢)e~2 (Collins, 2010).

The model is based on the axisymmetric heat equation 5.2. Boundary conditions of the PD.E. below
are as stated before with the addition of a Stefan boundary describing movement of the hole boundary,
I:

T(r, z, 0) = T()

ksVT-n=—-Wn;+psLyu-n (5.4)

lim; ;00 T = Tp.

In this equation, u is the vector velocity of the melt and 7 is the normal vector facing outward from
the melt propagation. Vector n, is downward in the z direction, limiting all absorption of the beam to
the axial direction (Collins, 2010).

For drilling with long pulse lasers as discussed before, there is a propagation of two fronts: a solid-
liquid phase change front and a liquid-gas front. These two moving fronts can be modeled in the heat
equation by incorporating them into the boundary conditions above (Eq. 5.4) in what is known as
the Stephan problem. This approach has been used by some of the models reviewed (Collins, 2010;
Solana et al., 1999; Zhang and Faghri, 1999). A Stefan-like boundary condition of the heat equation
describes a balance of energy across the phase boundary as it propagates in time. For laser ablation,
this is a balance between the absorbed heat energy from the laser beam and a loss of energy as the
phase change front propagates away from the initial irradiated surface (Collins, 2010). This boundary
exist for all time, ¢, greater than zero. It should be noticed of the energy balance that all power from
the beam, W, is absorbed into the hole profile.

The heat conductivity, x, of Eq. 5.2 may be represented by the density, p;, the heat capacity, cs, and
the thermal conductivity of the substrate, k. Using theses physical properties, a change of variables

takes place:
— ks(Tv - Tm)

w

(Tv - Tm)2

r*=Ry,, 2z* e

) t*:pscsks
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The values T, and T, are the melting and vaporization temperatures. These values may be used to

create a non-dimensionalized equation using variables:

r z . T-T,
—cz="T= m

7= , _—
r* z* T,— Tn

This produces a non-dimensionalized version of equation Eq. 5.2 that can be seen below as equa-
tion Eq. 5.5. . A A
oT + o*T oT
or oF 0z Ot

Of particular interest is the first term in the equation above. The variable € is a collection of constants

(5.5)

in the system and is expanded as:

The value of € in equation Eq. 5.5 demonstrates how heat flow in the radial direction is of a 10~
order less in magnitude than heat flow in the axial direction. This value is computed for irradi-
ance of 10°W/m? on stainless steel (Collins, 2010). Similar results have be found through non-
dimensionalization of the cylindrical heat equation, such as € =0.0041 for a laser with irradiance of
10''W/m? on to stainless steel with increasingly smaller value at higher power densities (Solana et al.,
1999). Below in figure Figure 5.1, experimental data is compared to results of modeling laser ablation
with and with out the effects of radial heat diffusion. Over a range of power intensities, the effects of
radial heat diffusion are seen to only vary the material removal rate by less than two percent, further

supporting that radial heat flow is insignificant in semi infinite materials (Zhang and Faghri, 1999).
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Figure 5.1: Material removal rate as a function of beam intensity. Experimental data and laser drillingg
model results can be seen. Note the similarity between models with and without conduction heat
losses in the radial direction (Zhang and Faghri, 1999)

5.2.2 Hole Boundary Shape Functions

Knowing that the temperature gradient in the radial direction is insignificant when compared to
the axial temperature gradient allows the assumption that the drilling phenomenon occurs due to
semi-one dimensional heat conduction. An assumed hole profile shape may be assumed to give the
model an axisymmetric solution for hole depth. This profile, s(z, t), may be a variety of shapes such
as uniform, conical and parabolic and is a step function of the hole depth at time ¢, £(¢), depending

on the desired accuracy of the hole profile. The hole radius is defined as:

R(t)=s(0,t)=x&(1).

For the model developed by Collins, three hole profile shape were used. First, a constant profile can
be assumed where s(z, t) = k£(¢). In this profile, the hole boundary is distance R(t) from the center of

the beam for depths z < £(t). This profile effectively transforms Eq. 5.2 into a one dimensional model.

31



Additionally, conical and parabolic hole profiles were assumed to more accurately model the ablation
process. Examples of conical an parabolic shapes can be seen below in Eq. 5.6 and Figure 5.2. Values

of k are determined through analysis of previous experimental data of both hole depth and radius.

#
Conical profile,  si(z,1)= gl(g(t)_Z) lizzgg
ifz <

(5.6)

#

$
k2 E()P =&z ifz>E(1)
0

Parabolic profile, s(z,t)= if 2 < £(1)
ifz <&(t

s (z.t)
Vapor

\\R

Figure 5.2: Sketch of conical and parabolic shape functions in Eq. 5.6. Knowing that heat conduction
in the radial direction is negligible, hole radius, s(z, t), can be assumed as a function of hole depth,
&(t) (Collins, 2010).

5.2.3 Radial Averaging

With the radial heat gradient of the non-dimensionalized heat equation shown to be negligible in
comparison to the axial heat gradient, the model argues that radial averaging of the heat equation
would reduce complexity in finding solution while not significantly effecting the accuracy of the
model. To do this, a quantity is integrated over an infinitesimally thin washer at depth z of inner
radius, s(z, t), and outer radius, 2R(¢). This boundary of 2R(t) is decidedly within the appropriate
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limit of the radial heat gradient argument. The calculus for determining the radial average of quantity,

g, is shown below in Eq. 5.7.

_ Yo Y1)
q(z,t):m 0 S(Z't)q(r,z,t)rdrdg

o (5.7)
QR(1)

= s dnz 0rd

To determine a radially averaged heat equation, the terms % and 2275 are averaged using Eq. 5.7.

The averaged gradients are then substituted back into Eq. 5.5. Through the choice of averaging
the temperature gradient from s(z, t) to 2R(t), it is argued that T = T(s, z, t) for depth of z. This
assumption reduces the number of terms in the radially averaged heat equation as shown in Eq. 5.8.

The used of prime notation represents derivatives with respect to depth, z.
& b 0
ks 02T 4ss’ oTrT 0 T 0 5.8)
= - — - —T(s,z, .
t pscs 0z® 4R*’—s? 0z 0z

oT

The boundary conditions of the cylindrical heat equation in Eq. 5.4 must also be radially averaged
with Eq. 5.8. There is no effect on the initial condition and temperature at infinity, however the
boundary of the evaporating front requires attention. Due to negligible heat gradient, the gradient at
the boundary can be assumed to propagate in the z direction. This argument can not be used for the
energy loss due to the propagating front, p; L, u - v. Instead, this is controlled by the shape function

chosen to approximate the hole profile. Thus, radial averaging of the boundary condition yields:
0
ksET(s,Z,t):_W"_psLyuz'l, (5.9)

where [ = 1,2 depending on which shape profile is chosen. Finally, the temperature at the boundary
of the hole, I', may be calculated from the radially averaged boundary condition in Eq. 5.9 as shown

below in Eq. 5.10. %

rT(r,z, t)dS
=L 0"~ (5.10)

N

5.2.4 Vapor Properties and the Knudsen Layer

The model considers all material removal through the process of vaporization. This is shown in the
energy balance of Eq. 5.9. As a result of this assumption, it is necessary to understand and model the
state of the vaporized material. Upon inspection of the boundary layer, molten and solid material is

being evaporated at some rate which is a function of physical parameters and temperature. Vaporized
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material is also condensing. For the laser drilling process, these rates are not equal and the system is
in non-equilibrium. Therefore, the two states of material have different physical properties and there
is a net transport from dense solid and liquid to vapor. The boundary layer between two states that

are not in equilibrium is referred to as the Knudsen layer.

The presence of the Knudsen layer carries two implications: kinetic gas theory must be used to model
the vapor properties and the boundary layer must be infinitesimally thin. This requires a jump dis-
continuity between the solid and vapor states. If it is assumed that there is thermal equilibrium in the
solid state before vaporization and in the vapor state afterwards, distribution of particles within the
two states may be modeled. Jump conditions across the boundary arise from balancing the mass, mo-
mentum and energy flux derived from the Euler gas dynamics equations. After much derivation, jump
conditions are modeled similar to the Rankine-Hugoniot conditions shown below in Eq. 5.11, 5.12,
and 5.13. The functions F~(m) and G~(m) are both error functions of the dimensionless quantity,

m, related to the drilling speed, u. The quantity y is a ratio of specific heats of gas mixtures (Collins,

2010). * 0,
T + y—1m y—1m1
—=" 14 22 g2 5.11
T, T r+12 ﬁ}’%—l 2 2 ( )
3 T
F-(m)+ =G (m)
b _ - (5.12)
Ps 2e™m T
& 4 T 4 =
Tls 2 Qs s u
= 2m?*+1)-m — ™= = wherem=—— (5.13)
B= ( ) T o T T

Since u is still unknown, the above equations are still insolvable. A final equation from Euler gas
dynamics is used to relate the speed of expanding vapor into ambient conditions. In Eq. 5.14 below,
subscripts a and v represent properties of ambient air and vapor respectively (Collins, 2010).

Ca %—1 $
u,=—5 S , wherec;= 7;R;T; (5.14)
[ll v

The ratio of pressure between the vapor and ambient air above in Eq. 5.14 must be found for either
subsonic conditions close to the Knudsen layer and supersonic conditions further from the boundary.
Once properties of the vaporized material are modeled, solutions of the radial averaged heat equation

may be found in terms of the drilling speed, u, and temperature at the evaporating front, T; (Eq. 5.10).
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5.2.5 Iteration Methods for u and T;

The dependency drilling speed, u, and boundary temperature, T, in both the radially averaged heat
equation (Eq. 5.8) and vapor state properties (Eq. 5.11, 5.12 and 5.13) suggest that numerical iteration
be used. As before, the vaporized material that results from drilling is assumed to behave according
to a specific distribution. This allows for Eq. 5.15 below requiring information from both the heat
equation and gas properties across the Knudsen layer.

4 4

ap RT RT

——=u=p; ——p

- S BmF(m) (5.15)

Below, the flow diagram in Figure 5.3 describes the process of iteration for # using 7; and some time
step, At. The function for finding the drilling speed from the heat equation and vapor state model,
Z(u)=u, is understood as nonlinear, thus requiring a numerical method. The process of iteration of

u follows the procedure:

1. For some given value of u and initial temperature profile T", solve heat equation model Eq. 5.8

and 5.9 for temperature profile of next time step, T"*!, as well as the boundary temperature, T;.
2. Using T, model vapor state variables across the Knudsen layer using Eq. 5.11, 5.12 and 5.13.

3. Usingsolutions to the heat equation and vapor state properties, determine value of u with Eq. 5.15

and check for convergence.
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Figure 5.3: Flow diagram describing process of iteration in determining u and T; from the radially
averaged heat equation and vapor properties across the Knudsen layer (Collins, 2010).

For the iteration described in Figure 5.15, an implicit-explicit finite difference method was used to
produce the discretized one dimensional heat conduction equation,

6 7 18 4ss’ 0 &
"= J—aAtD?> T”—m DIT”—aT(s,z,t) ) (5.16)

In the equation above, there is a time step of At, a = p’:sc X and the temperature vector across the spacial
node in the z direction, T". The coefficients D! and D? are respectively the discretization operators
of the first and second time derivatives of the heat equation, Eq. 5.8. Recall the boundary condition
in Eq. 5.4 relating the power distribution of the beam, W, and energy lost through evaporation at the
hole boundary to the boundary temperature gradient in the z direction, aa_z T(s, z, t). For solving this
discretized form of the heat equation, the spacial domain was defined as 0 < z <500 um with a total

number of nodes, N = 1000.
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Solutions of step number two and three of the flow diagram in Figure 5.3 also require iteration to
solve for a value of m from the nonlinear function (f(x)) in the model of the Knudsen layer. This was

computed using Newton’s method of n iterations of the variable x":

n+l _ n_f(xn)
T Ty

Similary, solutions for the nonlinear function of the drilling speed at the boundary layer, Z(u)=u,
through use of the secant method:
xh —xn-1

xn+1:xn f(xn)

 flem)— faxn

Parameter estimation of k for the model is derived from the relation between hole radius and depth

through the shape functions of the radially averaged heat equation. Recall the relation:

R(1)=w&(1),

relating the two parameters. Using experimental data for hole depth, d ., and radius, r,yp, converg-
ing values of k are found using modeled values of depth, d 04, and radius, 1,44 in the function:

(2 (2
dmod(K)_dexp n Tmod(K)— Texp

J(x)=

dexp Texp

Values of J(x) are minimized using the Nelder-Mead method.

5.2.6 Solutions and Validation

Experimental validation of the model proposed by Collins in 2010 was done by comparing theoretical
and experimental results. Identical pulse configurations were tested experimentally and with the
model to determine the total depth and hole radius. The hole profile that is modeled follows the
moving boundary layer at temperature T; with the determined drilling speed, u. A comparison of the

data can be seen below in Table 5.1.

37



Table 5.1: Experimental validation comparing experimental results to theoretical results of microsec-
ond range ablation using three different approximations of hole profiles (Collins, 2010).

Hole Depth  Hole Radius

(um) (um)
Experimental Data 185.0 11.5
One-Dimensional 80.0 N/A
Conical profile 109.5 7.3
Parabolic Profile 82.4 7.0

To achieve these results the laser power output over time of a microsecond range pulse was approxi-
mated as shown in Figure 5.4. Notice how the power spikes as discussed previously and then drops to
a steady state of 300 W before trailing off at the end of the pulse.
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Figure 5.4: Laser power output over time from experimental data compared to modeled power output
(Collins, 2010).

There is a large discrepancy between the experimental data and results from the mathematical model.
This can be seen to be a direct result of what mechanisms the model considers when determining
what material is removed. As discussed before, the drilling speed follows T; through the substrate
as material is evaporated. The first three steps of laser ablation described in Figure 4.2 demonstrate
material removal through ablation and evaporation, both processes that, like T, exceed T, of the
material. The model does not take into account the motion of the T, boundary layer and if any melt
would have the kinetic energy to escape. Experimental data has shown that movement of the melt in
step four of Figure 4.2 contributes to a considerable amount of the material removal. By disregarding
removal of the melt, the model predicts a hole depth and radius more than 41% and 36% respectively

less than results achieved in the lab at best. Since the melt removal that dominates step four of the
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process anatomy is ignored, there is vary little difference between the models of pulse durations that

extend beyond the initial 1470 W output spike in laser power (Collins, 2010).

The laser power output at steady state seen in Figure 5.4 has been shown experimentally to continue
to remove material in longer duration pulses. Such pulse durations demonstrate the same initial
spike and quick drop in power but vary in duration of steady state output. In Table 5.2, longer pulse
durations were modeled for hole depth and radius. Results from the model are shown to be insensitive
to increased time duration at the steady state output power for both conical and parabolic shape

profiles.

Table 5.2: Modeled hole radius and depth from varying steady state power durations similar to that
in Figure 5.4b (Collins, 2010).

Laser Pulse Conical Profile Parabolic Profile
Duration (us) Depth (um) Radius (um) Depth (um) Radius (um)
.5 109.52 7.31 82.4 7.05
1 11.13 7.41 83.78 7.17
2 113.6 7.57 85.92 7.35
3 115.1 7.67 87.25 7.46
4 115.6 7.71 87.73 7.51
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Chapter 6

Experimental Procedure

6.1 Experimental Equipment

6.1.1 Fiber Laser

The laser used for this study was a single mode, continuous wave, Ytterbium-doped fiber laser
manufactured by IPG Photonics. The power output of the laser is 300 W, the maximum modulation
frequency is 25 kHz and the wavelength is 1075 nm. The output beam has a high beam quality with a
TEMyo value and a near Gaussian distribution of M? = 1.04. The output of the fiber laser is sent to the

optical equipment through a fiber optic cable. Below, the fiber laser can be seen in Figure 6.1.

6.1.2 Optical Equipment

After the beam propagates through the fiber optic cable, it passes through a beam collimator to ensure
the beam enters the optics at a constant width and parallel path. The beam measures approximately 5
mm in diameter before it inters the proceeding optical equipment. The beam then passes through
an optical isolator that is used to protect the laser and optical fiber from destructive interference
through reflection off the workpiece. One tradeoff of using this beam isolator is that the beam quality

is slightly hampered with the beam dimeter increased to 7 mm and the power distribution increased to
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Figure 6.1: IPG Photonics fiber laser

M2 =1.15. Reflected light is directed from the isolator to a laser power meter to absorb any otherwise

stray light energy. The fiber optic cable, collimator and beam isolator are shown below in Figure 6.2.

Figure 6.2: Beam isolator and power meter
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The beam passes through air to a beam expander where the beam diameter increases approximately
three fold to 21 mm. Finally, the beam passes through a 100mm triplet lens assembly in the laser
head, after which it converges to its focal point. The final optical piece in the laser head is a protective
lens with an anti-reflective coating. The tip of the laser head has a shielding gas outlet of nitrogen.
Several sized nozzles may be fitted to the tip concentrate the gas flow and provide varying levels of
protection from sparks coming off the work piece. The beam expander and laser head are shown
below in Figure 6.3 attached to the Z axis motor and stage.

Figure 6.3: Beam expander and laser head assembly

6.1.3 Motion Control and Motors
The beam expander and laser head in 6.3 are fixed to a Tusk auto stage actuated by a brushless

servo motor made by Bearing Engineers. This slide is used to shift the focal position in the Z axis
(in the direction of beam propagation). Below the laser head, a work table with M5 threaded holes
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is used to create a variety of fixtures for different experimental samples. This work table may be
moved along the X-Y plane (perpendicular to beam propagation) by two linear motors made by
Parker Automation. Table 6.1 below gives more information on the motors used in the research. The
worktable can be seen mounted to the X and Y motors in Figure 6.3. A Galil motion controller was
used with each of the linear motors on the X and Y axes and a Teknic amplifier and controller was
used with the Z axis. Communication with the amplifiers is through Galil DMC Smart Terminal on

one of the lab computers.

Table 6.1: Ranges and resolutions of motors

Motor  Resolution Range
XandY 0.5 um 1m
Z 0.6 um 0.1m

6.1.4 Laser Modulation and Control

Modulation of the fiber laser is enabled through one of two ways. First, computer control with in
Galil DMC Smart Terminal, Simulink models and the dSPACE 4.0 interface allow external control.
This allows tight control of laser modulation in correspondence to the motion in the X, Y and Z axes.
Another option for modulation is through the digital circuit control box interface ( Figure 6.4), which
will be described below. Similarly, the output power of the laser may either be set using computer

control or on the fiber laser’s own interface.

Temporal pulse control of the laser is regulated by the digital circuit that allows for many single
and multiple pulse configuration on the microsecond and millisecond time scale. The process of
producing a pulse may be broken into three different parts: total process time, primary pulse duration
and duration of secondary pulse(s). The time allowed for all three of these parameters may be
controlled individually by changing the resistance applied to the corresponding 555 circuits. The
frequency at which subsequent pulses occur is regulated by output from a function generator. This
digital circuit is shown above in Figure 6.4. The output signal to the laser was observed using a
Tektronix MSO 2024 oscilloscope.

All connections between the function generator, oscilloscope, digital circuit and laser are made with
BNC cables. The computer running Simulink was connected to dSPACE. The computer running Galil
DMC Smart Terminal has a 100 pin connector that sends information to each of the motor amplifiers
as well as dSPACE for laser modulation. Figure 6.4 shows the dSPACE control box below the pulse
control digital circuit.
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Figure 6.4: Pulse control digital circuit and dSPACE

Through variation of the resistance on the 555 circuits and the frequency of the function generator,
groups of pulses can be created consisting of a primary pulse and one or several secondary pulses
within a certain process time. The addition of a timing divider chip allowed repetition of these
pulse groups at various frequencies. This function requires modulation through computer control to

determine the total number of groups to be used. The function generator and oscilloscopes used are
shown below in Figure 6.5.

44



Figure 6.5: Function generator and oscilloscopes

6.2 Experimental Preparation

6.2.1 Centering Test

The nozzle placed at the bottom end of the laser head is important during the laser ablation process
as it provides protection from the hot melt and plasma ejected from the workpiece. Additionally, the
nozzle increases the speed of the shielding gas which aids melt ejection. The triplet focusing optics in
the laser heard must be centered along beam propagations to ensure that the beam is not impeded by

the nozzle. The following procedure was used to center the optics.
1. Set-up:
(a) Secure workpiece on worktable. Ensure that flatness is within 5- 1074 in.
(b) Clean surface of workpiece and center under laser head nozzle.

(c) Lock position of linear motors.
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(d) Apply ink to the tip of the nozzle and fix it to the laser head.

(e) Carefully lower focusing triplet with the Z axis motor until the nozzle is in contact with the

workpiece.
(f) Ensure that the ink leaves a clear "bull’s eye" mark on the workpiece.
(g) Remove the nozzle.
2. Experiment:
(a) Power on the fiber laser.
(b) Bring laser head to the focus position for the workpiece.
(c) Fire a one microsecond laser pulse.
(d) Remove specimen and perform analysis described below.

(e) Adjust the laser head in the X and Y directions using 4 set screws. A turn of one degree

corresponds to 1.2 um.
(f) Repeat setup and experiment to ensure optics are centered to the beam.
3. Analysis:
(a) With optical microscope at 8x magnification, examine the "bull’s eye" and ablated hole.
(b) Use digital camera to capture image of the experiment.

(c) In Motic imaging software, measure distance of ablated hole from center of "bull’s eye."

6.2.2 Focus Test

The focus position of the laser head for a given workpiece thickness is found by using the drilling
experiment described below. As the spot size of the laser beam is at its minimum at the focal point,
the laser is considered to be in focus when the diameter of the ablated hole is at a minimum. The
change in the focus position was assumed to be equal to changes in workpiece thickness for small

changes (i.e., less than 2 mm).
1. Set-up:
(a) Measure and record thickness of the workpiece.

(b) Secure workpiece on worktable. Ensure that flatness is within 5- 10745 in.
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(c) Clean surface of workpiece and center under laser head nozzle.
(d) Position laser head nozzle approximately 1 cm above the workpiece.
2. Experiment:
(a) Power on the fiber laser.
(b) Fire a one microsecond laser pulse.
(c) Move the laser head 50 um in the negative Z direction.
(d) Repeat steps (b) and (c) until an ablation spark is seen.
(e) Record Z position and move in X direction one mm.
(f) Move laser head 20 um in the negative Z direction and fire a one microsecond laser pulse.

(g) With one mm between each ablated hole, continue step (f) until spark from ablation is

noticeably smaller.
3. Analysis:

(a) With optical microscope at 16x magnification, examine the series of ablated holes and

determine which end corresponds to the lowest Z position.
(b) Use digital camera to capture image of the experiment.
(c) In Motic imaging software, measure the diameter of each hole.
(d) Plot hole diameters in Excel as a function of Z position.

(e) Using polynomial curve fitting, determine what Z position will give the smallest hole

diameter.

6.2.3 Preparation of Wire Jig

Stainless steel sheets were used to hold the nitinol wire securely for ablation. The wires were held
parallel to the laser beam with the top tip of the wire in the same plane as the top of the steel sheet. To
achieve this, the 0.8 mm thick steel sheets were first ground parallel to a flatness of at least 5- 10~ in.
Holes were mechanically drilled into the sheet using a Sherline desktop milling machine to provide a
transition fit as shown in Figure 6.6. The stainless steel sheets used in this preparation are from the

same material as the previous experiments to keep a consistency of material properties.
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Figure 6.6: Desktop milling machine used to create wire jig

Below, Table 6.2 shows the diameters of wire with the corresponding drill bit diameter. It should be
noted that the hole diameter and corresponding wire diameter of the two larger nitinol wires are a
better match for providing the desired transitional fit condition for the experimental procedure. The
large difference between the 150 um wire and corresponding hole diameter was due to availability of

drill bits that are 200 um in diameter or less.

Table 6.2: Drill bit and hole diameters used to hold nitinol wires

Wire Dia. Drill Bit Dia. Hole Dia.
760 um 750 um 908 um
360 um 350 um 413 um
150 um 200 um 244 ym
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6.3 Laser Drilling

6.3.1 Drilling of Stainless Steel Sheets

Several studies of laser ablation were conducted on stainless steel plates of approximately 750 ym
thickness prepared to the same specifications as in the centering and focus test. First, drilling with
single microsecond duration pulses were tested for a range of different control pulse lengths from 26.2
to 32.0 us. Pulse lengths were selected using the digital circuit control box interface and confirmed
using the oscilloscope. An example of the laser output and control signal can be seen in Figure 4.1.
All single pulses were performed with the function generator sending a 100 Hz signal to the digital
circuit. Sets of ten holes were drilled for each pulse length and oriented in diagonal lines. The lines of

different pulse lengths were space one mm apart.

After performing experiments of single pulse ablation, experiments were conducted with groups of
multiple pulses on stainless steel sheets as before. The function generator input to the digital circuit
was increased to 13.1 kHz, as don in work by Lehman (2009). The number of pulses that occur in the
group is controlled by changing the process time on the digital control box interface. As before, the
output signal from the digital circuit was observed using the oscilloscope. The primary pulse signal
used was determined from results from the single pulse experiments, using the pulse length that
preformed the largest drilling depth while providing the most ideal hole profile. The process time
length for the group was selected to allow two and five secondary pulses configurations. The duration
of these pulses were held at 7.5 us. An example three pulse configuration can be seen in Figure 4.4.
Holes in the multiple pulse experiment were organized as before in the single pulse experiments for

the same analysis.

A third and final microhole drilling experiment was conducted on stainless steel using multiple groups
of the pulse configuration used in the multiple pulse experiment. The number of groups used in the
drilling process was repeated at 13.1 kHz for a various number of total groups and individual pulses.
Drilling experiments on stainless steel sheets were conducted as before using 7, 13, 18, 24 and 30
repetitions of the three pulse groups previously used. The primary pulse length was selected as 28.9

us with secondary pulse lengths of 7.5 us.

6.3.2 Drilling of Nitinol Wire
The stainless steel wire jig was secured in the work table as in the previous experiments. Conductive

IC paste was inserted into the hole on the jig followed by the corresponding wire for the hole diameter.

Wire lengths were cut to 0.5 to 1 cm in length to ensure that the wire may be easily removed from the
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jig after drilling. The tip of the wire to be drilled was visibly checked under magnification to be flat
and perpendicular to the laser beam. If there was an irregularity, the wire tip was either ground flat or
recut. The wire is inserted until the tip is flush with the top surface of the jig. In Figure 6.7, the work
table can be seen positioned below the laser head. Extending under the work table, a 150 ym wire can
be seen.

Figure 6.7: Wire centered under laser head

To center the laser beam on the nitinol wire, a low powered red laser was first used with the focusing
equipment in optic. The red laser had a machined fitting that rest on top of the beam expander. This
creates a small red dot on the surface of the workpiece. The table is then moved by hand until the red
dot lies on the ablation tip of the nitinol wire. The position of the X and Y linear motors is recorded
and a pulse is fired at the focus position to create an ablated hole on the jig. The distance in the X and
Y direction between center of the wire and the ablated hole are measured and the motors are moved
to correct this error. This qualitative analysis was repeated until the ablated spark was seen to occur
on the wire. At this point the wire was centered in the path of the laser beam as in Figure 6.7.

Laser drilling experiments were conducted with wires of 760, 360 and 150 um in diameter. The three
pulse group used in the previous drilling experiment on stainless steel sheets of a 28.9 us primary
pulse with two secondary pulse lengths of 7.2 us at 13.1 kHz was used. Later experiments in 150 um

wire used the same pulse configuration with a 26.2 us length primary control pulse. Additionally,
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drilling experiments were conducted on the 150 um wire with 7 and 18 repetitions of groups as done
in previous experiments on stainless steel sheets. Single laser pulse drilling (26.2us control pulse) was
conducted in 360 um wire to compare experimental results to the Collins heat transfer model.

6.4 Experimental Analysis

6.4.1 Specimen Preparation

All specimens were prepared in epoxy for grinding and analysis with an optical microscope as seen
below in Figure 6.8. Plastic cylindrical molds were used to allow the specimens to be more easily
ground during analysis. For stainless steel sheet experiments, the sheets were held perpendicular to
the bottom of the cylindrical mold when the epoxy was poured in. Nitinol wires were placed on the
bottom of the mold and then covered with epoxy.

Figure 6.8: Experimental samples prepared in epoxy
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6.4.2 Specimen Grinding

Specimen grinding was conducted using a Saphir 520 Grinder unit. High grit sand paper was used
on the wheel with grit count of 800, 2400 and 4000 grit per in?. The grinding wheel can spin up to
600 rpm. The specimen holding head spins clockwise and counterclockwise at 60 rpm and can apply
force up to 100 N. The specimen grinder is shown in Figure 6.9. Specimens were ground to reveal a
cross sectional view of the the microholes formed during the drilling experiments.

Figure 6.9: Saphir 520 Grinder unit
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6.4.3 Analysis with Optical Microscope

As the drilling specimens were ground to show the microholes, the depth was monitored using
the Zeiss inverted optical microscope shown below in Figure 6.10. The objective lens used had a
magnification of 16x. The eyepiece of the microscope also provided 10x magnification. Images were
captured at 16x magnification using a Nicon D70 digital camera and analyzed using Motic Images
Plus 2.0 software.

Figure 6.10: Zeiss optical microscope
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Chapter 7

Results and Discussion

7.1 Experiments on Stainless Steel Sheet

7.1.1 Single Pulse Microhole Drilling

Microhole drilling experiments in sheets of stainless steel using single pulses of several durations
produced the results found in Table 7.1. A total of seven different pulse lengths from the digital control
circuit were tested in a range from 26.2 to 34.5 us. In the analysis, the furtherest depth the laser
was able to remove material from was measured regardless the hole being blocked by melt. It was
anticipated that the uses of secondary pulses and multiple groups in later experiments would remove
solidified material that was not removed form this single pulse (Lehman, 2009). Average hole width
was measured by averaging the width every 5 um along the depth of the hole. Finally, the standard
deviation of the hole width quantifies the consistency of the width throughout the depth of the hole.
Holes with a large amount of melt solidified in the profile may show small average hole widths, which
would seem desirable, but also have high values of standard deviation showing the profiles are very

irregular.

The hole profile produced using a 26.2 us pulse from the digital circuit is shown in Figure 7.1a under
16x magnification using the Zeiss microscope. Solidified melt can be seen to block the opening of

the hole. This minimum pulse duration was chosen because it and longer pulse lengths are known to
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Table 7.1: Single pulse drilling of stainless steel sheets

Pulse Length  Depth  MeltBlock Ave. Width Std. Dev.

26.2 us 174.8 um Yes 12.3 ym 6.9
27.9 us 169.0 um No 8.3 um 8.2
28.9 us 197.9 um No 10.5 um 5.0
29.8 us 185.2 um No 18.3 um 8.5
30.1 us 218.7 uym Yes 9.7 um 7.0
31.2 us 198.0 um Yes 9.3 um 7.4
34.5 us 241.0 ym Yes 9.0 um 7.7

produce power spikes exceeding 1470 W, well above the steady state output of 300W. Previous results
using this pulse length have resulted in a clear hole profile (Lehman, 2009). The hole profile is surpris-
ingly wide though out most of the holes depth with an average hole width of 12.3 um. This suggest
that more material removal was gained through melt removal and less through higher temperature
evaporation. The slower process of melt removal would have allowed more heat conduction into the

sides of the hole profile, resulting in lower aspect ratio holes.

The hole profile produced using a 28.9 us pulse in Figure 7.1b can be seen to achieve more depth than
the 26.2 us pulse while also being completely unblocked by melt. The hole has an average width of
10.5 um with the lowest standard deviation in width of all the holes tested. This is in better agreeance
with previous results giving a clean hole profile and larger aspect ratio holes (Lehman, 2009). The
hole profile produces a clean and narrow keyhole suggesting that heat energy from the laser pulse
was concentrated at the melting and evaporating front during the ablation process. Hole profiles
produced using 27.9 and 29.8 us pulses also where high aspect ratio with no melt solidifying inside,

however the profiles show an irregular width that becomes very narrow for the deeper half of the hole.

Pulses of longer durations were seen to produce holes of greater depth in single pulse experiments,
however, the hole profiles show that melt either blocks the hole opening or some other point along
the hole depth. This can be seen in Figure 7.1c where melt blocks the opening of the hole as well as
accumulating close to the holes deepest point. Although the laser is able to melt material further from
the surface of the substrate in longer pulses, this material does not have sufficient kinetic energy to
leave the hole causing the melt to solidify as seen. The process anatomy of a longer pulse duration
creates more melt under the 300 W steady state power output of the laser in step four of Figure 4.2.
The material removal rate and kinetic energy needed to completely clear these larger, greater than 200
um, holes is only found the earlier steps of the process anatomy driven by the 1470 W power spike in

laser output.

The hole produced using a 28.9 us pulse in Figure 7.1b is the most desirable microhole from the single

pulse microhole drilling experiment. This is can be argued because of the large overall depth achieved
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(a) 26.2 us (b) 28.9 us (c) 34.5 us

Figure 7.1: Hole profiles of single pulse drilling with microsecond range pulses

while maintaining a hole profile clear of melt. The consistent hole profile suggest that heat energy does
not accumulate at any point within the microhole to cause irregularities. If the aspect ratio is defined
as the total depth divided by the average hole width, the 28.9 us control pulse achieves an aspect ratio
of more than 18.8. The use of longer pulse lengths only increases the duration of the 300 W steady
state power output seen in Figure 5.4, causing more melt solidification while showing diminishing
effects on depth of the hole. For these reasons, this 28.9 us pulse was used in later experiments of

multiple pulses.

Previous experiments in microhole drilling at the Intricate Laser Processing Lab were conducted with
an older laser unit than the one seen in Figure 6.1. In the results developed by Lehman in 2009, a 26.2
us control pulse was know to produce a one us pulse from the older laser, as seen in Figure 4.1. At the
time of these experiments it was assumed that the laser in Figure 6.1 would respond to control pulses
in the same way that the older unit did. During experimental analysis, when it was noticed that hole
depths produced by single pulse drilling experiments achieved greater material removal than seen
with the older unit, it was credited to the slight increase in steady state power of the new unit. Later
examination of the laser pulse profile in response to the control pulse reviled however that the new

laser unit responded much quicker, causing each control pulse in experiments to correlate to a longer
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laser pulse. Below in Figure 7.2, it is shown that the 26.2 us control pulse that previously produced a

one us laser pulse now produced an eight us laser pulse.
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Figure 7.2: Eight us laser pulse (light blue) in response to a 26.2 us control pulse (dark blue).

Similarly, the 28.9 us control pulse that was used to produce Figure 7.1b no longer corresponds to
a three us laser pulse with the new laser unit. The laser response in Figure 7.3 shows that the laser
pulse duration now is approximately ten us. Inspection of Figure 7.2 and 7.3 show that modulation of
the new laser unit will result in significantly faster and longer response of the laser. The same power
spike of approximately five times the steady state power is present in the laser pulse. The additional
time added to the laser pulse drastically extends the duration of the steady state 300 W output region
that follows the power spike. Previous experiments with the old laser unit suggest that the use of
laser pulses of eight us and longer will produced undesirable hole profiles that experience too much
melt accumulation and block the hole entrance as seen in Figure 7.1c. Knowing that the laser pulse
was actually significantly longer in Figure 7.1a and 7.1b, it is clear that the new laser unit is better at
removing material from the hole during the steady state power phase of the pulse. The mechanism of
material removal during this phase will mostly be as melt. This will allow for deeper microholes to be
formed from single pulse experiments however, it should be expected that the hole profile quality
will be more inconsistent than before. Evaporative material removal is considerably more predictable

than molten material removal. Fortunately, when the hole profile that is blocked by solidified melt,

57



there are techniques for reopening the hole profile with subsequent pulses that will be discussed later.
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Figure 7.3: 11 us laser pulse (light blue) in response to a 28.9 us control pulse (dark blue).

Comparing data in Table 7.1 to solutions to the heat transfer model by Collins demonstrates the
importance of the lower temperature mechanisms of material removal in step four of the process
anatomy (Figure 4.2). Where as experimental results in Table 7.1 show a hole depth that range from
169.0 um to 241.0 um for pulse durations that have longer regions of the steady state 300 W output,
the model predicts hole depth to increase by less than six percent with the addition of 4 us of steady
state laser output to the initial power spike. As a result, comparisons between the modeled and
experimental hole profiles for longer laser pulse durations will yield high percent errors as material
removal through melting at the steady state power is a weak factor in the heat transfer model but a
large contributor experimentally. Therefore, the model will not be used as an predictive method of
hole depth and radius. Instead, modeled results of one us laser pulses will be used to demonstrate
how hole formation through evaporation form the initial hole profile. It is assumed that as material is

removed as melt in longer duration pulses, the aspect ratio of the hole remains constant.
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7.1.2 Multiple Pulse Microhole Drilling

Results from microhole drilling experiments in stainless steel sheets using a single pulse and groups
of three and five pulses are displayed below in Table 7.2.

Table 7.2: Multiple pulse drilling of stainless steel sheets

Primary Pulse Secondary Pulses = Depth  MeltBlock Ave. Width Std. Dev.

28.9 us None 197.9 um No 10.5 um 5.0
28.9 us 2x 285.0 um No 10.7 uym 3.9
28.9 us 5x 254.4 ym Yes 7.9 ym 6.6

A comparison of data from Table 7.2 shows how the three pulse configuration is effective in increasing
hole depth by 44 % or 85 um, while average hole width increase is negligible. A comparison of hole
width standard deviation shows how the three pulse configuration has a smoothing effect on the
hole width since the value actually decreases from 5.0 for a single pules to 3.9 with the three pulse
configuration. The result is a microhole with an increased aspect ratio from 18.8 to 26.6. This is also
an increase of more than 40 um from the deepest depth achieved using a single pulse configuration.
In previous results, the depth of the hole was seen to increase by approximately 40 um while also
maintaining a clean hole profile (Lehman, 2009). The improved achieved depth in this experiment
in comparison to previous results can be accredited to the longer duration of steady state power
in the laser pulse. The hole profile created using the three pulse configuration can be seen below

in Figure 7.4a.

The hole profile produced by a one primary and five secondary pulse group seen in Figure 7.4b shows
how the pulse configuration does not add depth to the hole but creates an excess of melt that solidifies
before it escapes the substrate. This reaffirms previous results that additional secondary pulses do not
generate significant material removal and the three pulse configuration is ideal for drilling (Lehman,
2009). As can be seen in Figure 4.4, the initial spike in power for the reheat pulses used in the three
pulse and five pulse group configurations is 800 W in power instead of the 1470 W spike from a single
pulse. This smaller spike is adequate in producing plasma and evaporative material removal for the
first two reheat pulses. In later reheat pulses however, significant cooling has occurred before the 800
W spike. The power spikes of the third, fourth and fifth reheat pulses are able to move the melting
front of the hole boundary deeper into the substrate but not the evaporating front. As a result, there
is an accumulation of heat energy and melt that results in smaller rates of material removal and an

excess in solidified material as seen in Figure 7.4b.
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(a) Three pulse group (b) Six pulse group

Figure 7.4: Hole profiles of multiple pulse drilling with microsecond range pulses

7.1.3 Multiple Pulse, Multiple Group Microhole Drilling

The three pulse configuration used to create Figure 7.4a was repeated multiple times to create the
data seen in Table 7.3. Groups of three pulses were repeated for a total of 7, 13, 18, 24 and 30 groups.
This will test the three pulse configuration in its ability to remove solidified melt from greater depths
using the same mechanisms of evaporation and plasma generation that produced the previously high
aspect ratio holes when used as a single group. Hole depth is seen to increase moderately with the
addition of more groups with the exception of the hole drilled using 30 groups. As before, the average
hole width and standard deviation of hole width for each hole is displayed.

Hole profiles formed by seven and 13 group experiments can be seen in Figure 7.5. It can be seen
that melt has solidified multiple places in the hole profile from the seven group experiment, both
close to the opening of the hole and approximately 160 um deep. Furthermore, the width of the hole
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Table 7.3: Multiple group drilling of stainless steel sheets

Num. of Groups  Depth  MeltBlock Ave. Width Std. Dev.

7 301.0 um Yes 18.4 um 10.1
13 323.8 yum No 18.9 um 7.3
18 417.7 um Yes 14.0 yum 9.6
24 441.9 ym No 18.3 um 8.1
30 358.1 ym No 21.3 ym 7.0

is not consistent, as suggested by the 10.1 standard deviation in hole width. The three dark regions
within the hole profile are dramatically wider into the page than other regions along the hole profile.
Hole width has increased by approximately 72 percent while depth has only increased by less than 6
percent in comparison to the hole produced by the three pulse configuration (Figure 7.4a). The result
is a microhole with an aspect ratio of 16.4, a lower aspect ratio than that achieved from single pulse
experiments. Additionally, this value is misleadingly high as the hole profile is blocked at multiple
points along the hole profile.

The hole profile produced using 13 groups in Figure 7.5b below reaches a total depth of 323.8 um
while being almost completely free of solidified melt. The bottom 50 um of the hole profile has an
accumulation of solidified melt that was not removed as well as melt that has solidified to the side
of the hole toward the opening. The entire hole profile is significantly wider than the three pulse
configuration profile in Figure 7.4a but comparable to the seven group profile in Figure 7.5a with an
aspect ratio of 17.1. While being open, the width of the profile varies at different depths leading to
a standard deviation of 7.3 that is higher than either the single pulse or single group experiments,
though not to the degree of the seven group hole. What has not been seen before is solidified material
close to the top of the hole that is very loosely attached. These flakes of solidified material suggest that
the drilling process with multiple groups of laser pulses move less material through high temperature
ablation and evaporation and more through lower energy removal through reheating of melt similar

to step four of the process anatomy in Figure 4.2.

Hole profiles formed by 18, 24 and 30 group experiments can be seen in Figure 7.6. The 18 group hole
profile in Figure 7.6a shows a high variance in hole width (std. dev. of 9.6) with large regions blocked
by solidified melt as seen in the seven group hole in Figure 7.5a. Additionally, there are large flakes
of solidified melt that do not fully block the hole close to the opening as in Figure 7.5b. A significant
amount of melt has also solidified around the opening of the hole where melted material had just
enough energy to leave the hole profile. Although the laser was able to penetrate as deep as 417.7
um, the material removal was dominated by reheating of melt. This results in a large accumulation of

solidified melt and very ineffective microhole formation.
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(a) Seven groups (b) 13 groups

Figure 7.5: Hole profiles of seven and 13 group pulse configurations

The 24 and 30 group hole profiles, shown in Figure 7.6b and Figure 7.6c respectively, demonstrate
characteristics of high energy material removal through melt and evaporation as seen before by the 13
group configuration. This is not however to the extent that the single and three pulse configurations
The total depth of the 24 group hole may be 441.9 um, but the effective depth is approximately 360 um
as solidified melt has blocked the very bottom of the hole. This makes effective depths of the 24 group
and 30 group hole profiles comparable with aspect ratios of 19.8 and 16.8 respectively, suggesting
that the addition of more groups of laser pulses would generate diminishing returns. Although the
keyhole effect allows material removal at depths well beyond the focus position of the laser beam,
beam intensity diminishes with each reflection along the hole profile. The melted material along the

hole boundary absorbs mush of the laser energy before it is able to reach the bottom of the hole. This
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(a) 18 groups (b) 24 groups (c) 30 groups

Figure 7.6: Hole profiles of 18, 24 and 30 group pulse configurations

will result in larger increases of hole radius with smaller incases in hole depth. At the depths achieved
in stainless steel using multiple group configurations, the resulting laser intensity at the bottom of
the hole is too week to generate high energy ablation and evaporation associated with steps two and
three of Figure 4.2. Unfortunately, when larger depth are achieved, the need for these high energy
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process is more vital in removing material completely from the hole profile. The use of additional
groups beyond 13 increase the total depth that the laser is able to penetrate, but not in an efficient

manner that produces high aspect ratio holes that are clear of melt.

7.2 Experiments on Nitinol Wire

7.2.1 Single Pulse Microhole Drilling of Nitinol Wire

Although the 28.9 us control pulse provides the most desirable and high aspect ratio microhole for
single pulse drilling in stainless steel, single pulse drilling in nitinol wire was done with a 26.2 us
control pulse. This pulse duration was chosen because it has a shorter steady state power output
but still forms a large enough hole to see during the experimental setup and centering process. The
resulting hole profiles will be compared to modeled hole profiles using the Collins drilling model.
Experimental results from single pulse microhole drilling conducted in 360 um nitinol wire can be
seen below in Figure 7.7. The first hole profile in Figure 7.7a achieved a depth of 80.1 um with a hole
diameter of 18.1 um at the opening. Figure 7.7b reached a total depth of 118 ym with a hole diameter
of 27.0 um, however the effective depth was comparable to the first hole profile with the remaining 40
microns blocked by solidified melt. Data from the single pulse experiment in nitinol is shown below
in Table 7.4.

Table 7.4: Experimental results from single pulse drilling in 360 um wire

Total Depth Top Hole Radius Ave. Width ~ Std. Dev.
80.1 um 18.1 um 17.5 um 11.4
118 um 27.0 um 12.1um 10.8

Immediately, a significant difference can be seen between the hole profiles produced in stainless
steel (Figure 7.1) and nitinol (Figure 7.7) from a single pulse configuration. The hole profiles of
stainless steel, although blocked by melt at times, exhibit a smooth and clean hole boundary that are
linear in nature. The hole radius from stainless steel experiments maintains a low standard deviation
throughout the hole profile. In comparison, the average hole width in the nitinol wire from a one
microsecond pulse is at least 30 percent wider than in stainless steel with standard deviations of 10.6
and 12.1 as opposed to 6.9 for stainless steel. The irregular shape of the hole profile in Figure 7.7b
is in sharp contrast to the stainless steel experiments. The removal of material further in the radial

direction suggest that there is more removal of material as melt in the drilling of nitinol wire.
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Figure 7.7: Hole profiles produced by an eight microsecond laser pulse (26.2 us control pulse) in 360
um diameter nitinol wire.

7.2.2 Multiple Pulse Microhole Drilling of Nitinol Wire

The three pulse configuration shown in Table 7.2 was used for a microhole drilling experiment on

nitinol wire of 760, 360 and 150 um diameter. The results of this experiment can be seen in Table 7.5.

Table 7.5: Multiple pulse drilling of nitinol wire

Wire Diameter Total Depth Depth Without Melt Ave. Width  Std. Dev.

760 um 239.1 ym 149.0 um 16.1 ym 10.6
360 um 262.8 um 172.9 ym 17.1 ym 12.1
150 ym 226.0 um N/A 11.3 um 8.9

The total depth achieved in this experiment is comparable but less than the 285.0 um achieved using
the same configuration in stainless steel. The hole diameter in all three wire diameters is larger than
the 10.7 um diameter of microholes in stainless steel. Additionally, the standard deviation in hole
width for each wire is considerably higher than the value of 3.9 in Table 7.2. Below, the hole profiles in

the three different diameters of nitinol wire can be seen in Figure 7.8.
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(a) 760 um dia. (b) 360 um dia. (c) 150 um dia.

Figure 7.8: Hole profiles of three pulse configuration in three wire diameters

The hole profiles produced in 760 and 360 um wire both have average hole widths that are similar
in size to hole profiles in the multiple group drilling experiment in stainless steel. The average hole
width for the 150 um wire is misleading since so much of the hole profile is blocked by melt. The
standard deviation in hole diameter is also as large if not larger than values determined in the
previous experiment. Upon inspection of the hole profiles in Figure 7.8, it can be seen that all three
profiles demonstrated much more melt generation from the three pulse configuration than was seen
in stainless steel. The increase material removal through melting seen in the multi group drilling
experiment (Figure 7.5 and 7.6) is more similar to these hole profiles. The result is a hole profile with
an inconsistent and rough characteristic (as seen in Figure 7.8a) when compared to the smooth profile
seen in stainless steel (Figure 7.4a).

Hole depth achieved in nitinol wire is reduced between eight and 21 percent in comparison to
the same pulse configuration in stainless steel. At the same time, the average hole width increased
between 50 and 60 percent with the 150 ym wire excluded for reasons previously discussed. A possible

explanation for the difference in results in stainless steel and nitinol wire are the material properties.
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Although nitinol and stainless steel are similar, the differences between the two as shown in Table 7.6

lead to different values of € in the non-dimensionalized heat equation, Eq. 5.5:

(Tv - Tm)2

_ 72
e—ks Rin

The coefficient € in Eq. 5.5 relates the temperature gradients in the radial and axial directions. An
in-depth inspection of how the material properties effect the depth and width of the drilled holes is in
the following chapter.

Table 7.6: Comparison of physical properties of stainless steel and nitinol

Stainless Steel Nitinol

T (K) 1400 1310
T, (K) 3134 2760
ks (%) 29 18

Another explanation for the difference in hole profiles created in nitinol and stainless steel can be
found through an inspection of the boundary conditions of the heat equation and interval of radial

averaging (Eq. 5.4 and 5.7). This too will be discussed in-depth in the following chapter.

7.2.3 Multiple Pulse Drilling in Nitinol Wire with Varying Thermal Conductivity

The three pulse configuration was again used in a drilling experiment on 150 um diameter nitinol
wire. For this experiment, different thermal conductive paste were used at the hole interface between
the nitinol wire and the stainless steel substrate. Three different conditions were tested: no thermal
conductive paste, silicon based paste and diamond based paste used in all other experiments. The
thermal conductivity of the paste at the interface can be seen bellow in Table 7.7 along with the

observed hole profiles formed.

Table 7.7: Multipulse drilling of 150 ym nitinol wire with varying thermal compounds

Compound Base k (Wm~'K~!) Total Depth Ave.Width Std. Dev.

None ~0 250 um 12.5 ym 7.6
Silicon 149 ym 170.7 ym 18 um 24
Diamond 3000 226 um 11.3 um 8.9
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The holes produced under the three paste conditions can be seen in Figure 7.9. Results from the
experiment suggest that there in not a correlation between hole quality and the paste used between
the wire and the stainless steel. Hole depths and widths in Table 7.7 of nitinol wire coated in diamond
paste are comparable to wire without paste. Both Figure 7.9a and 7.9c have solidified melt at the hole
opening. The hole profile resulting from the use of silicon paste in Figure 7.9b, although not quite as
deep as in stainless steel (Figure 7.4a), exhibits excellent hole quality with low standard deviation and
clear profiles.

(a) No Conductive Paste (b) Silicon Paste (c) Diamond Paste

Figure 7.9: Hole profiles from three pulse configuration drilling of 150 um nitinol wire with varying
thermal compounds

It is important to note that the hole profile in Figure 7.9c is very close to the outer radius of the wire
while the other two example in the figure are well centered. This could explain an excess of solidified
melt at the hole entrance as well as the highest standard deviation among the three thermal pastes
tested. It is possible that better centering techniques in the drilling process would produce hole
profiles of higher quality than the silicon paste of Figure 7.9b.
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7.2.4 Multiple Pulse, Multiple Group Microhole Drilling of 150 ym Wire

As done in stainless steel, three pulse configurations were repeated in multiple groups to achieve
large hole depths in 150 um nitinol wire. Since previous drilling experiment in nitinol suggest that
there is more melt generation and radial conduction, the experiments were conducted with both 26.2
us and 28.9 us control pulses for the primary pulse length. It was hoped that the shorter primary
pulses would create more material removal through evaporative processes and create more desirable
hole profiles by reducing the total time of steady state power output from the laser. Results from the
experiment can be seen below in Table 7.8.

Table 7.8: Multiple group drilling of 150 ym nitinol wire

Primary Pulse Num. of Goups Total Depth Depth Without Melt Ave. Width ~ Std. Dev.

26.2 us 7 250.6 um 199.8 um 35.9 um 27.5
26.2 us 7 377.3 um 92.2 um 16.2 um 29.5
26.2 us 18 437.2 um N/A N/A N/A
289 us 7 320.8 um 199.2 um 56.8 um 19.3
28.9 us 7 271.1 ym 153.3 um 72.1 um 19.4
28.9 us 18 537.6 um 307.5 um 53.6 um 18.9

When drilling with seven groups of pulses for both pulse durations, a wide variety of hole profiles were
produced. With the use 26.2 us control pulses, melt solidified to some degree in both instances seen
below in Figure 7.10. For the hole profile in Figure 7.10a, even though the deepest 20 percent of the
hole was filled with solidified melt, close to 200 um can be seen to demonstrate an exceptionally clean
and regular hole profile. The total depth penetrated in Figure 7.10b is significantly larger, however
approximately 75 percent of the hole is blocked by solidified melt. Interestingly enough, the diameter
of the clear portion of the hole profile in Figure 7.10b is significantly larger than Figure 7.10a. In the
following experiments with 28.9 us control pulse, similar observations can be made.

Hole profiles produced using 28.9 us primary pulse lengths in each of seven groups can be seen
in Figure 7.11. The longer primary pulse duration appears to create open hole profiles that are free of
solidified melt at very large depths (>300um). Another difference between hole profiles produced
by the two different control pulses is the amount of material removal in the radial direction. Hole
profiles are significantly wider suggesting a slower material removal process through melt generation.
A complication that occurs with the significantly wider hole profiles of Figure 7.11 is the increased
sensitivity to centering laser propagation on the wire. The hole profile in Figure 7.11a does not reach
the tip of the wire around the entire hole boundary. Instead, material on the narrow side was removed

as melt due to the accumulation of heat that could not flow through radial conduction into the
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(a) Normal hole profile (b) Irregular hole profile

Figure 7.10: Seven groups in 150 um dia. wire using 26.2 us primary pulse

stainless steel substrate. Similarly, Figure 7.11b failed to produce a hole profile that extends to the
tip of the wire. The hole radius however is significantly wider with a shallower hole depth. A possible
explanation of the difference in hole profiles of Figure 7.11a and 7.11b, as with Figure 7.10a and 7.10b,
is that less material was removed in the vapor stage. The slower process of removing material as melt

allows more time for radial heat conduction and wider hole profiles.
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(a) Normal hole profile (b) Irregular hole profile

Figure 7.11: Seven groups in 150 um dia. wire using 28.9 us primary pulse

The limiting effects of using several groups of pulses for drilling in 150 um diameter nitinol wire can
be seen in Figure 7.12 where 18 groups of the three pulse configuration were used with both 26.2 us
(Figure 7.12a) and 28.9 us (Figure 7.12b). Unlike when seven groups of pulses were used, the use of 18
groups of pulses using 26.2 us control pulses resulted in the hole profile expanding out of the side

of the wire. It appears that laser propagation was considerably off center and the outer radius of the

71



wire was removed from the right side up to a depth of 437 um. It is unknown if better centering of
laser propagation on the wire could produce clean hole figures as in Figure 7.10a that achieve depths
comparable to Figure 7.12a.

(a) 26.2 us primary pulse (b) 28.9 us primary pulse

Figure 7.12: 18 groups in 150 um dia. wire using 26.2 and 2.89 us primary pulse

The hole profile created with 28.9 us control pulses in Figure 7.12b achieved the furthest total depth
achieved in the nitinol experiments at 537.6 um. Even though much of the hole profile is exposed out
of the side of the wire, the depth that is contained within the wire radius is also the deepest achieved

at 307.5 um. The portion of the hole profile seen in Figure 7.12b is only the portion contained within
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the wire radius. Figure 7.13 below shows the entire hole profile. The hole profile produced using 18
groups is similar to the seven group configuration in Figure 7.11a. Both hole profiles produced an
excess of melt that caused the outer radius of the wire to be removed toward the top of the wire. At
greater depth however, the hole profile became completely enclosed within the wire leaving a large
aspect ratio hole of considerable depth. The unexposed portion of Figure 7.12b has an aspect ratio

greater than 3.8.

Figure 7.13: Full hole profile from drilling in 150 um wire using 18 groups with 28.9 us primary control
pulse
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Chapter 8

Adaption of Model for Drilling on Nitinol
Wire

8.1 Effects of Material Properties on Drilling Depth

The model developed by Collins for microhole drilling was specific to semi-infinite stainless steel
sheet experiments. To apply the model to the microhole drilling experiments on nitinol wire, the
physical properties must be changed to match nitinol. Properties employed by the model can be
seen below in Table 8.1 with values used for stainless steel and nitinol. The values of latent heat of
fusion and latent heat of vaporization for nitinol are unknown and were estimated as equal to that of
stainless steel. Of particular interest are the melting and vaporization temperatures of nitinol, which
are significantly lower than that of stainless steel. Additionally, the thermal conductivity is significantly
less in nitinol. The complex nature of the microhole drilling problem makes it difficult to predict how
these changes in properties will influence the drilling depth determined by the model. Instead, conical
solutions for the model for hole depth and radius will be determined for microhole drilling with a one
microsecond laser pulse with both stainless steel and nitinol material properties. These solutions will
be compared to experimental results in Figure 7.1a for stainless steel sheets and Figure 7.7a and 7.7b
for nitinol wire. It is anticipated that the model solutions will not produce accurate trend predictions

for drilling in nitinol due to further differences in the two experiments not expressed in the material
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properties.

Table 8.1: Comparison of material properties of 316 stainless steel and Nitinol. Values approximated
as iron are labeled with a star, values approximated as stainless steel are labeled with a dagger.

Stainless Steel Nitinol
Density p 7500 kg/m3 6450 kg/m
Thermal Conductivity k 29 W/m-K 18 W/m-K
Heat Capacity ¢ 630 J/kg-K 620 J/kg-K
Melting Temp. T, 1400 K 1310K
Vaporization Temp. T, 3134 K* 2760 K
Latent Heat of Fusion Ly~ .2x10%J/kg ~ .2x106]/kg"
Latent Heat of Vap. L, 7.6x109]/kg  7.6x106 J/kg'

The modeled hole profiles are not expected to be an indicator of hole depth resulting from a single
pulse. Instead it is desired to determine why experimental results from nitinol drilling produce lower
aspect ratio holes in comparison to those in stainless steel. For this reason, modeled results of one us
laser pulse drilling will be compared to the eight us laser pulse drilling experiments of both nitinol and
stainless steel. The longer laser pulse creates a larger hole profile that is more desired in producing a
functional microneedle and makes the analysis process easier. While the modeled hole profiles are for
one us laser pulses, it is assumed that the hole depth and radius will increase at the same rate during
the steady state power output of the laser, maintaining the same aspect ratio. This is similar to the
assumption made in the drilling model, as seen by the use of shape functions in radially averaging the

heat conduction equation (Eq. 5.6).

Substituting the values of Table 8.1 for nitinol in the MATLAB code of the Collins heat transfer model
produced different solutions of hole depth and radius. A comparison of results can be seen in Table 8.2
with hole depth increasing by approximately nine percent as a result of the material properties
substitution. Hole radius is seen to increase by the same factor as hole depth. This is the direct result
of the radial averaging of the heat conduction equation defining the radius of the hole opening, R(?),
as proportional to hole depth, £(¢), by some shape function, x. Solutions in Table 8.2 were found
assuming conical hole profiles and the corresponding value of x as described in Eq. 5.6. The value of ¥
used is .0817 and was determined through analysis of microhole drilling experiments of stainless steel

during the development of the Collins model in partnership with the Intricate Laser Processing Lab.

The hole depth of 98.5 um as determined by the model for stainless steel is significantly smaller than
the 174.8 um hole depth of the experimental sample in Figure 7.1a. Similar results were reported

in the development of the Collins model for the same experimental set up and pulse configuration.
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Table 8.2: Theoretical hole depth and radius produced by a one microsecond laser pulse in semi-
infinite stainless steel and nitinol sheets.

Stainless Steel ~ Nitinol
Hole Depth 98.5 um 107.3 ym
Hole Radius 8.0 um 8.8 um

As discussed earlier, the Stefan boundary condition of the radially averaged heat equation (Eq. 5.9)
defines the hole profile boundary as the evaporating front. Thus, the only mechanism of material
removal that increases the modeled hole depth is through vaporization. Material removed as melt
from the substrate is not considered in the Collins model but has been show to play a significant role
in microhole drilling experiments using microsecond duration length pulses. Thus, it is accepted that
the model will produce hole depths significantly lower than found experimentally. This is even more
apparent in longer laser pulse configurations that exhibit a longer steady state power phase after the
initial power spike shown in Table 5.2. Experimental results show that increasing the duration of the
steady state power can significantly increase the hole depth while maintaining the high aspect ratio of
the hole profile (Table 7.1). Results produced by the model however show a very weak correlation in

increased hole depth.

In Figure 8.1 and 8.2, images of experimental samples from drilling in both 360 um nitinol wire and
semi-infinite stainless steel can be seen. Conical shape functions are imposed over the hole profiles
representing the modeled hole profiles for both stainless steel and nitinol using the corresponding
material properties. These are graphical representations of the theoretical results in Table 8.2. It is
clear in the figures below that the modeled hole profiles produced using nitinol physical properties
are longer than the average hole depth found experimentally and more modifications need to be

made to make the model appropriate for nitinol drilling experiments.
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(a) (b)

Figure 8.1: Hole profiles produced by a eight microsecond laser pulse (26.2 us control pulse) in 360
um diameter nitinol wire. Theoretical hole profiles from one microsecond laser pulses are imposed
onto images showing solutions from the model using corresponding material properties in Table 8.1.
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Figure 8.2: Hole profiles produced by a eight microsecond laser pulse (26.2 us control pulse) in
stainless steel. Theoretical hole profiles from one microsecond laser pulses are imposed onto images
showing solutions from the model using corresponding material properties in Table 8.1.
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8.2 Relation of Radially Averaged Interval and Drilling Depth
8.2.1 Argument for Different Interval of Radial Averaging

The Collins model assumes that there are semi-infinite boundary conditions in the radial direction. It
is argued that the temperature gradient in the radial direction is negligible for some distance in the
radial direction and may be assumed to be zero. In the experimental setup for microhole drilling in
nitinol wire, the same assumption of semi-infinite boundary conditions cannot be made as there is an

interface between the outer radius of the nitinol wire and the stainless steel substrate. This interface

causes the thermal impedance in the temperature distribution in Figure 8.3.

700 macrons |

Figure 8.3: Temperature distribution across hole profile, nitinol wire and stainless steel substrate
Temperature ranges from hole boundary temperature, T, to ambient temperature, Ty -

As shown by the experimental results in Figure 7.9, little can be done in the current experimental setup
to reduce the effects of this impedence and approach the temperature distribution of a semi-infinite
boundary condition. The model for stainless steel radially averages temperatures from the surface
hole, s(z, t), to twice the hole radius at the top, 2R(¢). The average temperature across this interval

is assumed to be equal to the temperature at the hole boundary, T(s, z, t) (Eq. 5.4). Due to the close

79



proximity of the thermal wall in the nitinol drilling experiments to the hole profile, heat energy is
unable to escape from the wire and dissipate into the surrounding stainless steel. It is proposed that
the interval of radial averaging in nitinol experiments would be significantly larger to reflect a larger

region where the temperature gradient in the radial direction is approximately zero.

8.2.2 Theoretical Variance of Hole Depth and Radius with R,

To determine how variance of the radially averaged interval would effect the depth and radius of the
hole generated, the term R, from the MATLAB code of the Collins model was varied from 50 to 250
percent (Appendix B). Varying this term is directly proportional to varying the hole radius used to
define the upper bound of the interval, 2R(t). In Figure 8.4 below, it can be seen that the modeled

hole depth experiences an exponential-like decay with an increase in the term R..

Figure 8.4: Theoretical hole depth as a function of the upper bound of the radially averaged interval,
R., from .5R. to 2.5R,.

Similarly, the modeled radius seen below in Figure 8.5 also experiences this decay behavior. This can
be explain by the one-dimensional nature of the model, defining the radius of the hole as proportional

to the depth by a shape function, «.
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Figure 8.5: Theoretical hole radius as a function of the upper bound of the radially averaged interval,
R, from .5R, to 2.5R,.

If the interval of radial averaging is widened, it follows that a larger volume of material would be
raised to the average temperature, 7(s, z, t). Less energy would remain concentrated around the laser
beam propagation to promote evaporative removal. This conservation of energy argument helps to
explain the observed decrease in modeled hole depth with increasing interval of radial averaging
in Figure 8.4. Modeled results for hole depth in stainless steel substrate in Table 8.2 (98.5 um) are only
56 percent of the depth achieved experimentally in Figure 7.1a (174.8 um). Single laser pulse drilling
experiments in nitinol however, produced hole depths of an average of 99.0 um in depth as shown
in Figure 7.7. The modeled hole depth shown in Table 8.2 is 107.3 um, or 108 percent of the averaged
experimental results. It is clear that changes to the MATLAB code must be made in addition to the
material properties. From arguments above and the decay of hole depth with an increase of variable
R, in Figure 8.4, it is proposed that a wider interval is appropriate for radial averaging the temperature

distribution in nitinol wire drilling experiments.
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8.3 Relation of Shape Function, «, and Drilling Depth

8.3.1 Determining Values of x with Experimental Results

An increase of the variable R, within the MATLAB code for the Collins microhole drilling model
has been shown to produce the desired trend in reducing the modeled hole depth in agreement
with experimental results showing microholes of less depth in nitinol as compared to stainless steel.
The radius at the top of the hole, however, is significantly larger in experimental results than in the
modeled hole profile. When increasing R, to reduce the hole depth, there is the undesired effect of
reducing the hole radius even further due to the fixed relationship between radius and depth. This
ratio, x, was experimentally found in the Collins model as .0817 for stainless steel. A similar analysis

of the hole profiles in Figure 7.7 from the nitinol wire experiments is shown in Table 8.3 below.

Table 8.3: Hole depth and radius determined experimentally in 360 um diameter nitinol wire. Holes
were produced by an eight microsecond laser pulse (26.2 us control pulse).

Hole Depth Hole Radius Ratio (k)
80.1 ym 18.1 um .226
118 um 27.0 ym .228

The experimental data from the single pulse microhole drilling of nitinol strongly suggest that the
appropriate aspect ratio for modeling nitinol experiments would be ¥ = .227; however, problems
arise when using different values of x in the drilling model. The variable R, discussed in the previous
section is defined within the MATLAB code of the model as « - z, where z is the hole depth at time,
t. This relationship is due to the definition of the radially averaged interval from surface of the hole
profile, s(z, t), to twice the radius of the hole at the top, 2R(¢) = 2s(0, t). Recall that Eq. 5.6 defines the
relationship between x and s(z, t), thus making both terms of the radially averaged interval dependent

onk.
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8.3.2 Theoretical Variance of Hole Depth and Radius with x

Knowing that the variables x and R, are not independent within the heat transfer model, it is desirable
to understand how modeled hole depth and radius are effected through variance of x as had been
done with R.. In Figure 8.6 below, modeled hole depth is shown as a function of the constant x, varied
from 50 percent of k of stainless steel to x experimentally found in Table 8.3. The curve of Figure 8.6 is
very similar to Figure 8.4 as should be expected with R, being directly proportional to . This shows
that varying « is an preferred alternative to varying R, in modeling hole depth in nitinol.

Kag

Figure 8.6: Theoretical hole depth as a function of shape function ratio, .

When varying R, in Figure 8.5, the hole radius was seen to decrease proportionally with hole depth.
Hole radius as a function of k, as seen below in Figure 8.7, is actually seen to increase in a logarithmic
nature with increasing x. This is desirable in that the trends of modeled hole radius and depth with
varying x match the increased hole radius and decreased hole depth observed experimentally when
drilling in nitinol wire and stainless steel. Data from Figure 8.6 and 8.7 taken at x =.227 produces a

modeled hole profile with 56.0 um total depth and a 12.7 ym radius.
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Figure 8.7: Theoretical hole radius as a function of shape function ratio, .

Recalling experimental results in Figure 7.1 and 7.7, Table 8.4 below compares theoretical and experi-
mental data for drilling in stainless steel and nitinol wire. Modeled data for drilling in stainless steel
use the material properties and x value developed by Collins in the original microhole drilling model.
The data corresponding to nitinol use material properties from from Table 8.1 and preposed value of
k above. The stainless steel experimental specimen had a hole radius of 10 um at the bottom of the
solidified melt blocking the opening. To approximate a hole radius at the opening of the hole profile, a

linear extrapolation was used to determine a radius of 13.1um.

Table 8.4: Comparison of experimental and modeled hole profiles for drilling in stainless steel and
nitinol wire with a one microsecond laser pulse.

Depth (um) Radius (um)

Stainless Steel

Kk =.0817 Model 98.5 8.0
Ave. Exp. 174.8 13.1
% Diff. 43.6 % 38.9 %
Nitinol Wire
K =.2272 Model 56.0 12.7
Ave. Exp. 99.0 22.6
% Diff. 434 % 43.8 %
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The use of the experimentally determined x value for modeling laser drilling in nitinol is shown to be
clearly effective in Table 8.4. The percent difference calculated for hole depth and radius in for nitinol
experiments is very similar to the percent difference in stainless steel experiments. This strongly
suggest that the same ablation process is being accurately described by the heat conduction equation
of the model. Although the model is not effective at describing material removal through the low
energy processes that occur at steady state laser power output, it is shown to be effective in further
understanding how the idealized laser drilling on materials of different properties, such as nitinol,
should behave.

As in Figure 8.1 and 8.2 above, conical shape functions produced using the Collins model can be
seen over the experimental hole profiles in nitinol and stainless steel; however, Figure 8.8 below uses
the proposed «x value for nitinol wire as suggested by Table 8.3. Figure 8.8 graphically verifies what
is shown in Table 8.4 above, demonstrating a significantly wider modeled hole opening than when
modeling with the x value for stainless steel. Additionally, the percent difference between modeled and
experimental hole depth and radius is comparable. This comparison of experimental and modeled
data strongly suggest that the adoption of nitinol specific material properties and experimentally
determined x are the appropriate parameters to change when adopting the Collins heat transfer

model for drilling in nitinol wire.
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(a) (b)

Figure 8.8: Hole profiles produced by an eight microsecond laser pulse (26.2 us control pulse) in 360
um diameter nitinol wire. Theoretical hole profiles are imposed onto images showing solutions from
the model using proposed values of x for drilling with a one microsecond laser pulse in nitinol.
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Chapter 9

Conclusion and Future Work

9.1 Summary of Experimental Work and Modeling

9.1.1 Preliminary Literature Review and Microhole Drilling Experiments of Stainless
Steel

Experimental research of this thesis was conducted to determine the feasibility of using a fiber laser to
fabricate a micron scale needle from super elastic nitinol wire. In preparation for drilling experiments
in nitinol wire, a study on microsecond duration laser ablation in literature was done with interest in
producing deep, high aspect ratio holes. Parameters discussed to control the characteristics of the
hole profile included radiance of laser beam on the substrate, temporal operation of the laser beam
and an exploration of multiple laser pulse configurations. In addition to a review of experimental
results for laser drilling, mathematical modeling of the laser ablation process was studied. Specifically,
amodel developed to describe microhole drilling in stainless steel plates using a single microsecond
duration laser pulses was researched in-depth. It was observed how physical parameters with in the
experimental setup for microhole drilling on stainless steel can effect the theoretical hole profile

formed.

Microhole drilling of stainless steel plates was investigated experimentally. Several single and multiple

pulse configurations of microsecond duration pulses were tested in their ability to make deep, high
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aspect ratio holes while producing open hole profiles that were free of solidified melt. In addition to
pulse configurations taken from literature, the novel approach of repeating short groups of pulses was
also used. In comparison to initial test of single pulse microhole drilling, the use of two secondary
reheat pulses following the primary pule at the hight frequency of 13.1kHz, as done in previous work
(Lehman, 2009), clearly demonstrated much deeper microholes while maintaining small average radii

and clean profiles (Figure 7.2).

This pulse configuration was repeated as a various number of groups in the multiple pulse, multiple
group microhole drilling experiments. A general trend of increasing depth was observed with increas-
ing number of pulse groups, from seven to 30 groups. Hole radius increased at a much slower rate,
suggesting that the repetition of pulse configuration groups in these experiments demonstrate an
effective way of increasing the aspect ratio of the hole profile (Figure 7.6b). Another trend demon-
strated in these experiments is a decrease of hole profile quality, both in standard deviation of the
radius and melt removal from the hole, with an increase in total number of laser pulses (Figure 7.6a).
It is explained how the main mechanism of material removal in pulse configurations consisting of
many pulses is through low energy reheating of melt. Such methods of removal produce inconsistent
hole profiles in stainless steel when compared to single pulse or single group microhole drilling, or
rather, processes where ablation due to the initial power spike is the main mechanism of removal.
Thus, a trade off is observed where hole profile quality must be sacrificed to achieve extremely deep,

high aspect ratio microholes using these methods.

9.1.2 Microhole Drilling Experiments of Nitinol Wire

Experimental setups for drilling in nitinol wire were designed to mimic conditions of stainless steel
experiments as much as possible, using transition fit holes filled with thermal conductive paste to
hold the wire in place. Large wire diameters were used initially to develop the skill and technique
needed for later experiments. Eight microsecond laser pulse drilling was conducted as a bench mark
test in comparing laser drilling in nitinol and stainless steel. These results wold be later used in the
development of a model to describe the ablation process in nitinol wire (Figure 7.7). The three pulse
configuration used in previous experiments was used on wires of three different diameters. Analysis
of these experiments showed there was a weak correlation between the hole quality and decreasing
wire diameter. The three pulse configuration was shown to be not as effective in producing deep and
clear hole profiles in nitinol wire as in stainless steel. It can be seen how more material is removed as

lower energy melt in nitinol than in stainless steel (Figure 7.5).

Further drilling experiments in nitinol wire were conducted in the smallest wire diameter of 150 ym

as this is most desirable for the fabrication of microneedles. The excess of melt when drilling in nitinol
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wire as opposed to stainless steel was believed to be the result of heat energy being trapped at the
outer radius of the wire, unable to dissipate into the stainless steel substrate. Drilling experiments with
varying conductive paste around the wire in the experimental setup showed there was no correlation

between the type of paste used at the hole-wire interface and the quality of the hole profile (Figure 7.9).

Finally, several different pulse configurations of multiple pulse, multiple group drilling experiment
were tested to attempt to achieve a maximum depth in the 150 um wire. Knowing that low energy
material removal was causing an excess of melt within nitinol hole profiles, a shorter primary pulse
was used to compose the three pulse group. It was hoped that limiting the duration of each individual
pulse to approximately only the observed spike in laser power would create a process of material
removal that favored high energy evaporation. Experiments using seven repetitions of the three pulse
configuration produced a large variety of results. When using the shorter 26.2 us primary control pulse,
one very clean and normal hole profile was produced showing a microhole formed from high energy
evaporative material removal. This microhole was of the highest quality in the drilling experiments of
nitinol and was approximately 80 % of the ultimate target depth outlined in the research objectives
(Figure 7.10a). Both results from the seven group configuration using the longer 28.9 us primary
control pulse exhibited a large degree of melting, burning out the side of the wire and shortening the
effective use of the needle (Figure 7.11). A significantly larger amount of material volume can be seen
to be removed for the same depths when the 28.9 us primary control pulse was used in comparison to
results with the shorter primary pulse, suggesting that isolating the laser beam power spike promotes

higher aspect ratio hole formation and helps to avoid complications with too much melt generation.

Finally, 18 group repetition pulse configurations were used in experiments with both the shorter
and longer length primary pulses. Results produced in this experiment display exceedingly large
amounts of melt removal and deep laser penetration but the excess heat energy burns through
much of the outer wire radius. One result demonstrates how sensitive to centering the experimental
process is when drilling a high depths, missing the entire right hand side of the hole profile due to
excess melt generation (Figure 7.12a). The other experimental result also suffered from the negative
effects of material removal through melt by effectively loosing the upper half of the hole profile. That
being said, the remaining hole profile is clear and exceeds the target depth in the research objectives
(Figure 7.12b). A comparison of these multiple group experimental results show how the excess
heat and low energy melt removal that caused complication in stainless steel experiments are only

magnified in nitinol experiments.
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9.1.3 Development of Microhole Drilling Model for Nitinol Wire

Using the single microsecond pulse drilling experimental results in nitinol wire, the Collins drilling
model was adapted for nitinol wire drilling. Variation of the shape function, x, demonstrated a desired
decrease in modeled hole depth with increase in modeled radius, as seen when comparing nitinol
and stainless steel experimental samples. The adaption of material properties to those of nitinol and
the use of the experimentally determined value of k¥ produce modeled hole profiles in nitinol that
seem to accurately represent the amount of material removed through evaporation. This argument
can be made in comparing the experimental and modeled hole profiles of nitinol wire (Figure 8.8)

and stainless steel (Figure 8.2), quantitatively done in Table 8.4.

The model provides insight on the difference in process anatomy when drilling in stainless steel
and nitinol wire. The modeled hole boundary follows the theoretical propagation of the evaporating
front through the material during the material removal process of a single pulse. Due to the different
material properties and boundary conditions of the nitinol wire drilling experiments, this evaporating
front is much wider in the radial length and achieves smaller depths. If it is desired to produce high
aspect ratio microholes in nitinol wire, the model reiterates the importance of isolating the high
power spike in laser modulation to remove material through evaporation. Pulse durations that operate
with a longer steady state power output that have shown to be effective in producing higher aspect
ratio holes in stainless steel will not yield the same effects in nitinol. Instead, the dominance of melt
generation will result in large radius profiles. This effect has been shown to cause complications in

the multiple group pulse configuration experiments in nitinol wire.

9.2 Suggestions for Future Work

9.2.1 Improvements to Experimental Procedure

The largest improvements to be made in the nitinol wire drilling experiments are within the experi-
mental setup. Currently, the experimental set up is a heavily "by hand" procedure and it is believed
that much improvement could be made. As expressed in Chapter 6, the holes mechanically drilled in
the stainless steel sheet were desired to provide an interference fit to the corresponding nitinol wire.
The smallest hole achieved measured 244 ym in diameter and did not provide as suitable of a hold for
the 150 um wire as larger diameter wire configurations did. This causes three complications: heat
transfer from the wire into the steel, the inability to use nitrogen shielding gas and positioning error
on individual needles. These problems are of significant concern only in the 150 yum diameter wire

experiments and currently limit the smallest diameter that can be drilled.
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When the hole diameter is significantly larger, it is unknown if the thermal conductive paste can
adequately supply thermal contact from the entire outer wire diameter to the steel. This will cause
a significant rise in the impedance between the two materials and could be the source of melting
problems that cause the outer wire radius to be removed (Figure 7.11a). Furthermore, complications
due to excess melt generation could be alleviated partially if the nitrogen shielding gas could be used
at the full intensity of stainless steel drilling experiments. Unfortunately, the pressure of the shielding
gas on the nitinol wire quickly exceeds the ability of the transition fit in the steel to hold the wire’s
positioning. The use of full powered shielding gas may improve the hole quality formed. Finally, when
the hole is to wide for a proper interference fit, the wire cannot be guaranteed to be adequately vertical
or positioned to the center of the hole. To drill in multiple wires, the steel hole position is defined
and wires are inserted individually. If the hole is too large, a centered position for one wire cannot
guarantee a centered position for the next. The sensitivity of drilling experiments in 150 um wire to
proper centering has been shown to be very high. Improvements to positioning will greatly improve

the reliability of the experimental results.

9.2.2 Ideal Pulse Configuration

Both experimental and modeled results strongly suggest that high quality, high aspect ratio hole
profiles in nitinol favor pulse configurations that feature the initial spike in laser power but limit the
steady state power output. This helps to ensure that material removal from the nitinol is through an
evaporation process and thus limits the heat conduction into the remaining wire. In future drilling
experiments in nitinol, it will be desirable to use pulse durations of one to three microseconds in
duration. Future studies in laser modulation as a function of pulse frequency could suggest pulse
configurations that allow for larger power spikes in each pulse while still keeping a minimum amount
of time in-between pulses to limit the amount of energy required for reheat. Finding this balance in
generating pulse configurations will allow for drilling in nitinol wire at larger depths while avoiding
the excess heat energy complications that were seen in the multiple group drilling experiments.

9.2.3 Further Development of Nitinol Microneedle

As drilling in nitinol wire is further developed to achieve larger depths, many steps will need to be
taken to ensure that they are practical microneedles. A finishing method will be needed to ensure
that tip conditions are sufficiently sharp while still structurally sound. Studies will be needed to
demonstrate the behavior of the nitinol needles under a range of loading conditions and cycles. These
studies will likely demonstrate the super elastic characteristics of nitinol and strength of the needle

shaft and tip. Additionally, studies in fluid flow would allow for better design of needle hole profiles to
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allow for different needs in drug delivery and fluid removal.

Nitinol needles will be created in two different types: blind hole drilling on needles much longer than
microhole depth and through hole drilling on needles of shorter length. Blind hole drilling as has
been done in previous experiments will need an additional hole that propagates from the bottom of
the hole profile to the outer radius to allow fluid removal as discussed in literature. It is believed that
through hole drilling of wire will result in hole profiles that are more regular and uniform in nature
and may allow for new applications. As the experimental procedure is improved, drilling experiments
could be conducted on wire diameters of 100 um or less. Microneedles of this diameter allow for
relatively painless use and provide minimal trauma to the surrounding tissue. As experiments are
refined, laser microhole drilling of nitinol wire will prove to be a promising approach for microneedle

production.
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Appendix A

Overview of the Laser Process

A.1 Fundamentals of Electromagnetic Radiation

All light is the result of the phenomenon on the atomic level known as electromagnetic radiation.
This radiation may be thought of as a wave and exist over a wide range. Electromagnetic radiation
with the highest frequency and shortest wavelengths are gamma rays and X rays while radio waves
have very low frequencies and long wavelengths. Visible light that may be seen by the human eye falls

in-between these two extremes. Below in figure Figure A.1 the electromagnetic radiation spectrum is
displayed (Ready, John E 1978).
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Figure A.1: Spectrum of electromagnetic radiation with wavelength and frequency.
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All electromagnetic waves propagate through space at a constant velocity, ¢, equal to 3 x 108 m/s. A
relationship can be determined as a result of this constant between the wavelength and frequency of

all electromagnetic radiation as shown in Eq. A.1 (Ready, John E 1978).

Af=c (A1)

Electromagnetic radiation phenomena often require that light be described not as a wave but as a
particle. Just as an electrical current is composed of individual electrons, electromagnetic radiation
can be broken down into discrete particles known as photons. The energy of each photon is directly
proportional to its frequency by Planks constant, &, equal to 6.6 x 10734 J/s. Since light exhibits this
dual nature characteristic, its wave-like or particle-like traits may be used to describe its behavior
when convenient. When light interacts with matter, this energy associated to its particle like nature
determine what interactions will take place (Ready, John E 1978).

A.2 Interaction of Light with Matter

Electromagnetic radiation can interact with matter on the atomic and molecular levels to alter the
electrons orbiting the nucleus. Quantum mechanics has shown that electrons will orbit at specific
energy levels, increasing in potential energy with distance from the nucleus. Movement of the electrons
from one energy level to another corresponds with a specific change in energy. Additionally, energy
levels of electrons exist across groups of atoms and molecules that make up a material. These energy
levels tend to exist more often in materials that are more densely spaced such as solids and liquids. A
third and final type of energy that can be observed on the molecular level is vibrational and rotational
energy between the individual atoms that make up the molecule. As with the change of an electron’s
energy level of orbit, a specific amount of energy in necessary to cause the atoms in a molecule to
vibrate or rotate (Ready, John E 1978).

When light represented as a photons collides with atoms or molecules, energy levels will change. The
energy of the photon that are absorbed into the atom or molecule will cause a specific change in
energy level as shown below in Eq. A.2 where E, and E; are the final and initial energy levels of the
material (Ready, John E 1978).

hf=hc/A=E,—E; A.2)

The photons that make up electromagnetic radiation interact with a material’s energy levels in three

processes. Fluorescence and absorption are coupled phenomena. Through absorption of a photon,

the material will change from a lower to higher energy level corresponding to the energy of the photon
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as determined by Eq. A.2. If the energy of the photon does not correspond to a change in energy
levels, absorption will not occur. Similarly, fluorescence occurs when the energy level of the material
spontaneously decreases from a high to low level, corresponding with the emission of a photon of
equal energy. The third phenomenon of stimulated emission occurs when the electron of a material
is already at a high energy level. A passing photon of specific energy stimulates the electron to fall
to a lower energy level. The difference in initial and final energy level are related to the photon as in
Eq. A.2. As with fluorescence, this change in energy levels will cause the emission of a corresponding
photon. Through this process, identical photons will be emitted to the initial photon that caused the
stimulated emission. The process of creating a light source from this phenomenon is called Light
Amplification by Stimulated Emission of Radiation and may be abbreviated by the acronym LASER
(Ready, John E 1978).

A.3 Physical Attributes of Lasers

It has been shown how a laser makes use of the fundamental qualities of electromagnetic radiation,
but the physical requirements to take advantage of the phenomenon of stimulated emission in
such a way that it is useful will now be described. The matching of a specific photon energy with
a material offering a corresponding energy level change drives the selection of the lasing medium.
Several different types of materials have been used as a lasing medium. Solid lasing mediums include
ruby and Nd:YAG crystals. Gas lasing mediums include helium-neon and carbon dioxide. Liquid
materials have also been used as lasing mediums but are less common. Each material offers a different
assortment of energy levels and therefor different light properties under stimulated emission (Ready,
John E 1978).

A critical ratio of atoms or molecules in the lasing medium must have electrons in an excited state
or high energy level. The electrons at their ground state are often excited beyond the energy level
that corresponds to the fluorescent emission of the intended photon. Just as not all photons exist
at an energy that may be absorbed, not all changes in energy levels cause the emission of a photon.
If the electrons are at a lower energy level, the corresponding photon will be absorbed instead of
causing the stimulated emission phenomenon. When this critical ratio is achieved, the intensity of
stimulated light will be amplified over time. When this occurs, the lasing medium is said to have
achieved population inversion. This may be done by disrupting the thermal equilibrium of the lasing
material by one of three processes: optical pumping, electron excitation and resonant transfer of
energy (Ready, John E 1978).

The process of optical pumping makes use of an external light source absorbed by the lasing medium.

The most common source for this external light is from a flashbulb similar to those used in photogra-
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phy. The subsequent flash of light contains light of a wide range of wavelengths that are absorbed by
the medium, exciting the electrons to higher energy levels and setting the medium up for population
inversion. Gas lasing mediums can also be excited by direct electron excitation. Electrons emitted
from a cathode travel through the gas in an electric field. As they travel through the gas, electrons
will collide with the atoms and molecules, raising the energy levels to achieve population inversion.
Careful tuning of electron velocities, geometries and energy level decays all play a very important role
in the use of direct electron excitation. The third common way of reaching population inversion for
gas lasing mediums is resonant transfer of energy. In this method gases such as helium and neon are
paired together. One gas, helium for this situation, is more easily excited by electrons. Once one of the
gases is excited, resonant collisions between the two gases causes the second gas to reach an excited
state. The second gas, neon, has better properties as a lasing medium. Using the combined properties
of the two gases, resonant transfer of energy can be used to reach population inversion(Ready, John E
1978).

The chamber used to hold the lasing medium is the resonant cavity. The most common arrangement
is to have two parallel mirrors surrounding the lasing medium, allowing light to make several passes
supporting stimulated emission. The distance separating the parallel mirrors at each end is related to
the wavelength such that (Ready, John E 1978):

n(A/2)=d (A.3)

In Eq. A.3 above, n may be any integer. Due to the nature of this separation distance of the mirrors,
several modes of light show in the output instead of a specific wavelength. The operating frequency
of the laser will be the primary light in the emission and the quantity of other frequencies will be
considerably less. The lasing medium is first stimulated to a higher energy level. Fluorescent emission
will began in a few atoms or molecules and lead to the stimulated emission of others close by. The
generated light will reflect of the parallel mirrors and continue to amplify the emission. As fluorescent
emission occurs, some light will be lost as it hits the side of the resonance cavity. One of the end
mirrors is either semitransparent or opened to allow output to pass through as collimated beam of
monochromatic light (Ready, John E 1978).

A.4 History of Laser Development

The knowledge that light may be used as a way to transfer energy has existed for thousands of years
but the ability to generate an electromagnetic source at relatively high intensities is a more resent
achievement. The theoretical phenomenon of stimulated emission that has been the backbone

of laser development was first proposed and developed by Albert Einstein in 1917 (Ready, John E
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1978). The phenomenon was not physically observed until 1928 by Ladenburg (Steen, William M.
1998). The production of optics and its application to spectroscopy was developed through out the
1930’s, preceding the first laser. Energy levels of atomic and molecular structures and electromagnetic
radiation were not understood to the necessary level for laser development until the beginning of the
1940’s (Ready, John E 1978).

Through out the Second World War, and the rest of the 1940’s, a lot of interest was placed in the
microwave range of electromagnetic and its applications. By 1954, Charles Townes developed a way
to generate microwave amplification by stimulated emission of radiation, calling his invention the
"maser." Later in that decade, Townes and Arthur Schawlow described how the stimulated emission
phenomenon behind the maser could be applied to the optical and near-optical range of electromag-
netic radiation, sparking interest in the research community. Theodore Maiman developed the first
laser in 1960 using synthetic ruby crystal and flash pumping to create a pulsed red light of 623.8 nm
(Ready, John E 1978). Although lasers have progressed substantially since Maiman’s example, this ruby

had exceptional peek power and furthered the interest in the field.

Very quickly over the next few years, more developments in lasers arose. Helium-neon was used as the
first gas lasing medium and also produce the first continuous beam in both the visible and infrared
regions of electromagnetic radiation in 1961. Later in 1962 semiconductor lasers were developed
offering considerably different light properties in comparison to those of solid and gas lasing mediums
(Ready, John E 1978). The year of 1964 saw the creation of both CO, and Nd:YAG lasers which have
since become the most common lasers in industry (Steen, William M. 1998). The remainder of the
1960’s decade saw the continued development of almost all types of lasing mediums used today as
well as the suggestion of laser applications. Among these applications was the laser’s ability to melt

and vaporize solid material, allowing for laser cutting, welding and drilling.

Although lasers had developed the usefulness early after their initial development, the practicality
of laser performance still needed to be proved. The new devices had poor reliability and durability
making them not suitable for manufacturing processes. Over time, engineering of the laser began
to make it more dependable and appealing for industry. By 1974, the market for lasers used in

manufacturing had grown to $500 million a year (Ready, John E 1978).

A.5 Properties of Laser light

Upon its creation in 1960, Maiman’s ruby laser received so much attention from the scientific com-
munity because of the unique properties of light it demonstrated. One property of any source of

light is the range of frequencies that compose it. Laser light as a source, has an extremely small
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range of frequencies or line width. It is this property that makes laser light monochromatic such as a
helium-neon laser being red in color. As discussed above, there can be several longitudinal modes
occurring within the resonant cavity. The modes that occur within the laser out put are determined by
the gain of fluorescent emission from the lasing medium. For many lasing mediums, a relatively small
number of cavity modes experience enough fluorescent emission gain to overcome losses within the
resonant cavity. The operating line width of single mode lasers can be as small as 1 kHz. Thus, a laser

behaves as though it were monochromatic for all practical purposes (Ready, John E 1978).

A second property unique to laser light is the collimation of the output. Laser radiation behaves as a
beam and has a small divergence angle. The beam divergence is a phenomenon of all light driven
by the optics used to create the beam, the wavelength of the light source and the beam distribution.
When optics are used to create a beam of laser emission, the smallest achievable cross section of the
beam is known as the beam waist. This can be thought of as the focal position of the laser were light
intensity is highest. Although the beam waist of a laser beam is considerably smaller than that of other
light sources, it is still finite in size. It is noted that as laser output power increases, so does the beam

divergence angle and beam waist (Ready, John E 1978).

The distribution of laser output power and intensity is referred to as the spatial profile of the beam.
Although a uniform distribution of power would produce a beam with the smallest possible beam
divergence and waist, a spacial profile from an actual laser tends to be complex. A rating system exist
for spatial profiles known as transverse electromagnetic, or TEM,,,,, where m and n are integers. The
profile of the beam can exhibit both rectangular and cylindrical symmetry. The variables m and n
represent nodes within the two orthogonal directions in rectangular symmetry. In cases of cylindrical
symmetry, the variables represent the nodes within the radial and angular directions. Examples of
TEM,,, in both cases of rectangular and cylindrical symmetry are displayed below in Figure A.2
(Ready, John E 1978).

TEM,,,, values above can be used to describe estimates of how a spacial profile of a beam appears but
actual distribution will vary. Spatial profiles tend to be similar among lasers of similar lasing mediums.
It tends to be the case that high powered solid lasers have the most complex spacial profiles (Ready;,
John FE 1978).
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Figure A.2: Transverse modes of rectangular (a) and cylindrical (b) symmetry
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Appendix B

MATILAB Model for Nitinol Wire

B.1 Main File

1 clear all

B e e e e e s e e e e s e e e e B s e T e B R e T s e e
3 %This is the main file for running the 1D Laser model

L B I No

6 %All global variables
global N rho_s rho_l Ts Lv Lf Tm Tvap power_timestep U power Tamb pamb MAm M s...

8 R z

10 %Storage variab les0000IIIIIIIIIIIII 6

11 Ts_out = 0;
2 Tz_out = 0;
13 U_out = 0;

14 s_out = 0;
15 Tg_out = 0;
16 rhog_out = 0;
17 interface = 0;
185 W_out = 0;

21 gamma(l) = 1.67;
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gamma(2) = 1.4;
M_s = 0.055845;
MAm = .029;

pamb = 101325;
R = 8.314/M_s;

z = 0;

%Solid variables of Nitino RO IIIIIIIIIIIIIIIIIII 0
N = 1000

x_end = (.5e—3);

dx = x_end/(N+1);

rho_s = 6450;

rho_l = 7000; %Unknown

Lv = 7.6e6;

Lf = .2e6;

%Lf = 2e6;

Tm = 1310; %1240 — 1310 K
Tvap = 2760;

Tamb = 296;

T = Tamb ones(N,1);

%kappac = .0837; %fval 1.7e-3 func_evals = 14 p= 133 d= 11.1
kappac = 8.17e-2; %fval = 1.1875 z = 135.91 Rc = 11.104
%kappap = .0821;  %fval 1.23e-2 func_evals = 14 p= 127 d= 10.5
kappap = 7.7179e—-2;  %fval=3.8129e-2 z = 123.40 Rc = 9.5235
kappan = .2272; %Based on nitinol experiments

kappa = kappan;

solvetype = ’'cone’

%Knudsen Layer variablesi8888080808880888880808088888%

s_inf = 0;

Tg = 0;
rho_g = 0;
Fm = 0;
beta = 0;

% iteration variab lesI0IIIIIIIIIIIIIIIIII 0
U = 0;

Uold = 0;

Uhist = (U+le—12) ones(2,1);

Ufunc = zeros(2,1);

Ucounter = 0;
Utol = 1e—10;
Told = T;

%Time step variab eI IIIIIIIIII o
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78

79

80

81

88

89

90

91

92

t_laser = 0;
le—9;
0;

dt_laser

tcounter

%Read in power dataITITIIIIIIIITIITIIIo
power = dlmread (’'power_lmus.dat’, ’'\t’);

power_timestep = power(2,1);

%% Test Section

% Ts = 3134;
% s_inf = .1;
% Tout = Ts;

% Mout = s_inf sqrt(2/gamma(l));
% while(Ts < 10000)

% [s_inf, Tg, rho_g) = jump_cond(s_inf, gamma);
% Tout = [ Tout; Ts];

% Mout = [ Mout; s_inf sqrt(2lgamma(1))];

% Ts = Ts+10;

% end

% return;

%%

I I I I I IS
WITIIIIIIIIIBegin execution of programI0IIIIIIIIIIIIIIII
T I I I I I I I T I I I
[T, s_inf, Tg, rho_g, t_laser] = first_timestep (T, N, dx, gamma, kappa);
s_inf = .1;
WIS tart Time Looplde88808888080888080 808888 %
%while (tcounter < 150)
while (t_laser < 4.999e—6)

if (T(1) < 0)

disp ('T_negative ')

end
Told = T;

Uold = U;
Uhist(1) =U1.1;
Uhist (2) = U;

Ucounter = 0;
Ulog = [U 0 0];
if (mod(tcounter,1000) = 0)
disp ([ 'Now_Processing, _time_ num2str(t_laser)]);
end

tcounter = tcounter + 1;

IS tart U Loo 8888888878778
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139

140

141

142

while ((abs (U — Uhist(2))/abs(U) > Utol & Ufunc(2) ~= 0) || Ucounter = 0)

if (Ucounter ~= 0)
Uhist (1) = Uhist(2);
Uhist (2) = U;

end

Ufunc (1) = Ufunc(2);

WIS 0 lid  ComputationsIIIIIIRII %

T = Told;

T = calcTs(T, N, dx, t_laser, t_laser 4+ dt_laser, solvetype, kappa);
%Ts = T(floor(zl ((.5e—3)1501))+ 1);

WIS K nudsen Layer Computationdseesee786%
[s_inf, Tg, rho_g] = jump_cond(s_inf, gamma);

WIS peed U pdatedIs 8888888 %
[Fm, beta] = FmBeta(s_inf);
Ufunc(2) = (pSat(Ts,R, pamb)/(R Ts)) sqrt(R Ts/(2 pi))...
— rho_g sqrt(R Tg/(2 pi)) beta Fm;
if (strcmpi(solvetype, 'heat’) || z < dx)
Ufunc (2) = Ufunc(2)/rho_s;
elseif (strcmpi(solvetype, "enthalpy’))
Ufunc (2) = Ufunc(2)/rho_l;
elseif (strcmpi(solvetype, 'cone’))
Ufunc (2) = Ufunc(2)/rho_s;
elseif (strcmpi(solvetype, 'parab’))
Ufunc (2) = Ufunc(2)/rho_s;
end
Ufunc (2) = Uhist(2) — Ufunc(2);

if (Ucounter = 0)
U = Uhist(1);
T = Told;
T = calcTs_nitinol (T, N, dx, t_laser, t_laser + dt_laser,...

solvetype, kappa);
%Ts = T(floor(zl ((.5e—3)/1001))+1);
[s_inf, Tg, rho_g] = jump_cond(s_inf, gamma);
[Fm, beta] = FmBeta(s_inf);
Ufunc (1) = (pSat(Ts,R, pamb)/(R Ts)) sqrt(R Ts/(2 pi))...
— rho_g sqrt(R Tg/(2 pi)) beta Fm;
if (strcmpi(solvetype, "heat’) || z < dx)
Ufunc (1) = —Ufunc(1)/rho_s;
elseif (strcmpi(solvetype, "enthalpy’))
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189

190

191

192

193

194

195

196

197

198

%
%
%

end

Ufunc (1) = Ufunc(1)/rho_l;
elseif (strcmpi(solvetype, 'cone’))

Ufunc (1) = Ufunc(1)/rho_s;
elseif (strcmpi(solvetype, 'parab’))

Ufunc (2) = Ufunc(2)/rho_s;

end

Ufunc(l) = U — Ufunc(1);

U = Uhist(2) — Ufunc(2) (Uhist(2) — Uhist(1))/(Ufunc(2) — Ufunc(1));

if(U< 0)

disp ('U_less_than_zero’);

%return ;

end

Ucounter = Ucounter + 1;
if (Ucounter > 400)
disp ('Too_many _U_iterations’);

T = Told;
T

return;

end
Ulog = [Ulog; U Ts abs(U — Uhist(2))/abs(U)];
end %End of U iteration

calcTs_nitinol (T, N, dx,
%Ts = T(floor(zl ((.5e—3)/1001))+ 1);

t_laser, t_laser + dt_laser, solvetype, kappa);

[s_inf, Tg, rho_g] = jump_cond(s_inf, gamma);
plot(T)
axis ([0 100 0 2e4])

getframe;

t_laser =
Ucounter;

t_laser + dt_laser;

WBe%%Store variab lesII%
Ts_out = [Ts_out; Ts];

Tz _out

[Tz_out; min(T)];

U_out = [U_out; U];

s_out = [s_out; s_inf];

Tg_out = [Tg_out; Tg];

rhog_out = [rhog_out; rho_g];

interface
W_out

[interface; z];
[W_out, getW(t_laser)];
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243

244

245

z = z + U dt_laser;
end %End of time loop

%% Write out data to files%6%%

fTs = fopen(’'Ts_matlab.dat’, 'w’);

fU = fopen(’'U_matlab.dat’, 'w’);

fTg = fopen(’'Tg _matlab.dat’, 'w’);

frhog = fopen(’rhog_matlab.dat’, 'w’);
finterface = fopen(’interface_matlab.dat’, 'w’);

znew = z/le—6
for ii = 1:length(Ts_out)

fprintf (fTs, '%15.12f_\t’, Ts_out(ii));
fprintf (fU, '%15.12f_\t’, U_out(ii));
fprintf (fTg, '%15.12f_\t’, Tg_out(ii));
fprintf (frhog, '%15.12f _\t’, rhog out(ii));
fprintf (finterface, '%15.12f_\t’, interface(ii));

end

Tinit = T;

U= 0;

Uout = 0;

Ufout = 0;

Tout = 0;

s_inf = 1;
% while(U< 150)

% T = Tinit;

% T = calcTs(T, N, dx, t_laser — dt_laser, t_laser, solvetype,
% if(Ts < 0)

% Ts = 0;

% end

% [s_inf, Tg, rho_g] = jump_cond(s_inf, gamma);

% if(s_inf <0)

% s_inf = 0;

% end

% [Fm, betal = FmBeta(s_inf);

% Ufunc = (pSat(Ts,R, pamb)/ (R Ts)) sqrt(R Tsl (2 pi))...
% — rho_g sqrt(R Tgl (2 pi)) beta Fm;

% Ufunc = Ufuncl rho_s;

% Uout = [ Uout; U];

% Ufout = [ Ufout; Ufunc];

% Tout = [ Tout; Ts];

% s_out = [ s_out; s_inf];

% U= U+ 1;

% end
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B.2 Heat Equation Program

1
2

3

4

function T = heat_equation_nitinol (x_beg, dx, N, t_beg, t_end, params,...

T, solvetype, kappa)
%dx = (x_end — x_beg)!l (N+1);

dt = dx (le—1);

params.misc = t_beg;

if (dt >= (t_end — t_beg))
dt = (t_end — t_beg);
params W = .5 (getW (params. misc)+getW (params. misc+dt));
if (strcmpi(solvetype, "heat’))
T = HE_solve (params, dt, dx, T);
elseif (strcmpi(solvetype, ’enthalpy’))
T = EE_solve(params, dt, dx, T, Uold);
elseif (strcmpi(solvetype, ’'cone’))
T = Cone_solve (params, dt, dx, T,kappa);
elseif (strcmpi(solvetype, ’'parab’))
T = Parab_solve (params, dt, dx, T, kappa);
end

return;
end
for(ii = 0:floor ((t_end — t_beg)/dt)—2)
params W = .5 (getW (params.misc)+getW (params. misc+dt));
if (strcmpi(solvetype, "heat’))
T = HE_solve (params, dt, dx, T);
elseif (strcmpi(solvetype, ’enthalpy’))
T = EE_solve (params, dt, dx, T);
elseif (strcmpi(solvetype, ’'cone’))
T = Cone_solve (params, dt, dx, T,kappa);
elseif (strcmpi(solvetype, ’'parab’))
T = Parab_solve (params, dt, dx, T,kappa);
end
params.misc = params.misc + dt;
end

params W = .5 (getW (params.misc)+getW (params.misc+dt));
if (strcmpi(solvetype, "heat’))

T = HE_solve (params, dt, dx, T);
elseif (strcmpi(solvetype, ’enthalpy’))

T = EE_solve (params, dt, dx, T);

elseif (strcmpi(solvetype, ’'cone’))

T = Cone_solve (params, dt, dx, T,kappa);

109



end

end
retu

end

%Subfunction that is called only from heat_equation

elseif (strcmpi(solvetype, ’'parab’))
T = Parab_solve (params, dt, dx, T,kappa);

params.misc = params.misc + dt;
if (t_end — params.misc > le—14)
dt = t_end — params.misc;

params W = .5 (getW (params.misc)+getW (params.misc+dt));

if (strcmpi(solvetype, "heat’))
T = HE_solve (params, dt, dx, T);
elseif (strcmpi(solvetype, ’enthalpy’))
T = EE_solve (params, dt, dx, T);

elseif (strcmpi(solvetype, ’'cone’))

T = Cone_solve (params, dt, dx, T,kappa);

elseif (strcmpi(solvetype, ’'parab’))

T = Parab_solve (params, dt, dx, T,kappa);

end

params.misc = params.misc + dt;

rn;

%heat equation

function

Tout = HE_solve (params, dt, dx, T)

global U rho_s Lv rho_l

N
e =
%dt

length (T);
ones(N,1);

= .5e—9;, %Test

D1 = spdiags([—e zeros(N,1) e], —1:1, N,N);

D2
id
f =

D1(1
DI(1

spdiags ([e —2e e], —1:1, N,N);
spdiags ([e], 0, N,N);
zeros (N, 1);

1)
,2)

0;
0;

D1 = DI (U/(2dx));

D2(1

,2) = 25

D2 = D2 (params.alpha/dx"2);

f(1)

f(N)

Tout

= (((2 params.alpha)/(params.k_s dx)) — U/params.k_s) ...

(params W — rho_s Lv abs(U));
= (params.alpha/dx*2 — U/ (2 dx)) params. Tinf;

= (id — dt D1 — dt D2)\(T + dt f);
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end

return;

function Hout = EE_solve (params, dt, dx, H, Uold)

%
%
%
%
%
%
%

%

%

global U rho_l Lv Tm z

N = length (H);

W= .5 (getW(params.misc) + getW(params.misc—dt));

params.W = params.W exp (—200abs(z)) .8;
W =W exp(—200abs(z — Uold dt)) .8;

e = ones(N,1);
beta = zeros(N,1);
gamma = zeros(N,1);
beta = betafunc(H, 'beta’,params);
for ii = I:N
if(beta(ii) < params.k_s Tm)
gamma(ii) = params.k_s;
else
gamma(ii) = params.k_l;
end

end

D1 = spdiags([—e zeros(N,1) e], —1:1, N,N);
D2 spdiags ([e —2e e], —1:1, N,N);

id spdiags ([e], 0, N,N);

f = zeros(N,1);

D1(1,1) = 0;
D1(1,2) 0;
D1l = D1 (U dt/(2 dx));

D2(1,2) = 2;
D2 = D2 dt/(params.mu dx"2);

H_1 = betafunc (2 dx (W + rho_l Lv Uold) + beta(2), betainv’,params);

f = beta;

f(1) = f(1) +(params.W — rho_l abs(U) Lv) ((2 dt)! (params.mu dx)...

— (U dt)/(gamma (1) params.mu));

f(N) = f(N) +((U dt)l (gagmma(N) params.mu 2 dx)...
+ dt/(params.mu dx~2)) betafunc (params.Hinf, 'beta’, params);

f(1) = f(1) + ((U dt)/(2 params.mu dx)) (H(2) — H_1)...
— ((U dt)/(2 dx)) (beta(2)—betafunc(H_1, 'beta’, params))...
— U dt (params.W + rho_l U Lv) + ((2 dt)/(params.mu dx))...
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end

(params.W + rho_l1 U Lv);
for ii = 2:N-1
f(ii) = f(ii) + ((U dt)/(2 params.mu dx)) (H(ii+1)— H(ii —1))...
— ((U dt)/(2 dx)) (beta(ii+1) — beta(ii —1));
end
f(N) = f(N) +((U dt)/(2 params.mu dx)) (params.Hinf — H(N-1))...
— ((U dt)/(2 dx)) (betafunc(params.Hinf, ’'beta’, params) — beta(N-1)) +...
((U dt)/(2 dx) + dt/(params.mu dx”2)) betafunc (params.Hinf, 'beta’, params);
theta = (id — D1 — D2)\f;

Hout = H + params.mu ( theta — beta);

%% Cone Model
function Tout = Cone_solve (params, dt, dx, T,kappa)

%
%
%
%
%
%
%
%

global U rho_s Lv rho_l z Rc
N = length (T);
e = ones(N,1);

Rc = max(kappa z, 15e—8);%Redefine as wire diameter?
Rc = 2.5 Rc;
9%Rw = 75e—6; %Wire Diameter

Rd = min(Rc (3) ,16e—1);

%Rc = max((10/ 160) z, 15e—8);

x = [dx:dx:(N) dx]’;

rho = zeros(N,1);

rho = max((Rc) (1 — x/z),0);

drho = —(Rc)/z;

if (rho(1) = 0)

drho = —-1e—12;

end
if(rho(40) = 0)
Rc = 6e—6;
rho = max((Rc) (1 — x/z),0);
drho = —(Rc)l z;
if(rho(l) = 0)
drho = —le—12;
end
end

W= 2(1-exp(—2))A(—1) params.W exp(—2 (rho/(5e—6)).7A2);% sin(atan(Rcl/ z));
W= 1.2723 params.W exp (—2 (rho/5e—6).72);

D1
D2

spdiags([—rho./(Rd*2 — rho.A2) zeros(N,1) rho./(Rd*2 — rho.72)], —1:1, N,N);
spdiags ([e —2e e], —1:1, N,N);
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194

195

196

197

198

199

id = spdiags([e], 0, N,N);
f = zeros(N,1);
D1 = D17;

% Di(1,1) 0;
% DI(1,2) 0;
% DI = DI (4 params.alpha drho)! (2 dx);

%
% D2(1,2) = 2;
% D2 = D2 (params.alphal dx"2);

D1(1,1) = —rho(1)/(RdA2 — rho(1)72);
D1(1,2) = rho(1)/(RdA2 — rho(1)A2);
D1 = D1 (4 params.alpha drho) /(2 dx);

D2(1,1) -1;
D2(1,2) 1;
D2 = D2 (params.alpha/dxA2);

%  Changing term with radial averageing?
% Semi—Infinite Conditions

f = —((params.alpha 4 rho drho)./(RdA2 — rho.A2)). (1/params.k_s). (W — rho_s Lv U);
% For Wire Radius, Rw
%f = —((params.alpha 16 rho drho)./ (Rwh2 — rho.72)). (1] params.k_s). (W— rho_s Lv U);

%(1 — (rhol Rc)) (Rclz) ((1+ (Rcl z)N2)N(—.5))U);
%f = —((params.alpha 4 rho drho)./ (Rc"2 — rho.N2)). (1] params.k_s). (W— rho_s Lv U);
% f(1) = ((2 params.alpha)l (params.k_s)) (1! dx) (W(1) — rho_s Lv ...
% (1 — (rho(1)I Rc)) (Rclz) ((1+ (Rcl z)N2)N(—=1))U);
f (N)

f(N) + (params.alpha/dxA2) params. Tinf;

Tout = (id — dt D2)\(T — dt D1 T + dt f);
[T(1), Tout(l), rho(1) U]J;
return;

end

%% Paraboloid Model

function Tout = Parab_solve (params, dt, dx, T,kappa)
global U rho_s Lv rho_l z Rc
N = length (T);

ones (N, 1);

e

Rmax = 15e—8;
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224 Rc = max(kappa z, Rmax);

225 Rd = min(Rc (3),16e—1);

226 %Rc = max((12.5/176) z, 15e—8);
227 x = [dx:dx:(N) dx]’;

228 %x = [0:dx:(N—1)dx]’;

229 rho = zeros(N,1);
230 drho = zeros(N,1);

231 rhodrho = zeros(N,1);

232 rho = max(real ((Rc) sqrt(l — x/z)),0);

233 drho = max(real(—(Rc/(2 z)) (1/sqrt(l-x/z))), —lel2);
234 drho = dl‘hO’;

235 if (rho(2) = 0)

236 drho = —le—12ones(N,1);

237 end

238

239 alpha = zeros(N,1);

240 %rho (1) = Rc — le—8;

241 for ii = 1:N-1

242 if (rho(ii) ~= 0)

243 rhodrho(ii) = —.5RcA2/z;

244 end

245 alpha(ii) = atan((rho(ii) — rho(ii+1))/dx);
246 end

247 if (rho(N) ~= 0)

248 rhodrho (N) = —.5Rc”2/z;

249 end

250 alpha(N) = 0;

51 % if(rho(40) = 0)

252 % Rc = 6e—6;

253 % rho = max((Rc) (1 — x/z),0);

254 % drho = —(Rc)l z;

255 % if(rho(1) = 0)

256 % drho = —le—12;

257 % end

258 % end

259 W= 2(1—-exp(—2))A(—1) params.W exp(—2 (rho/(5e—6)).7r2);%. sin(alpha);
260 W= 1.2723 params.W exp (—2 (rho/5e—6).72);

261

262 D1 = spdiags([—(rhodrho)./(Rd*2 — rho.A2) zeros(N,1)...
263 (rhodrho)./(RdA2 — rho.~2)], —1:1, N,N);

264 D1 = D1’;

265 D2 = spdiags([e —2e e], —1:1, N,N);

266 id = spdiags ([e], 0, N,N);

267 f = zeros(N,1);
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269 % DIi(1,1) 0;
270 % DI(1,2) 0;

71 % D1 = DI (4 params.alpha)l (2 dx);
22 %
213 % D2(1,2) = 2;

71 % D2 = D2 (params.alphal dx"2);

276 Di1(1,1) —(rhodrho (1)) /(Rd"2 — rho (1)72);
277 D1(1,2) = (rhodrho(1))/(Rd"2 — rho(1)72);
278 D1 = D1 (4 params.alpha) /(2 dx);

280 D2(1,1) = —1;

281 D2(1,2) = 1;

282 D2 = D2 (params.alpha/dxA2);

283

280 % f = —(params.alpha 4 (rhodrho)./ (RA"2 — rho.72)). (1] params.k_s). ...

265 %W — rho_s Lv (1 + (rho/Rc).22)U). ((Rc zl2). ((sqrt((z—x)+ (Rc"2l (4z))))."(—1)));

287 f = —(params. alpha 4 (rhodrho)./(Rd*2 — rho.n2)). (1/params.k_s). ...
288 (W — rho_s Lv (1+(rho/Rc).A2) U);

289 %f = —((params.alpha 4 rho drho).! (Rch"2 — rho."2)). ...

290 %(1l params.k_s). (W— rho_s Lv U);

201 % f(1) = ((2 params.alpha)l (params.k_s)) (1/ dx) (W(1) — rho_s Lv ...

292 % (1 — (rho(1)I Rc)) (Rclz) ((1+ (Rcl z)N2)N(—1))U);

293 f(N) = f(N) + (params.alpha/dx~2) params. Tinf;

294
295 Tout = (id — dt D2)\(T — dt D1 T 4+ dt f);
296 [T(1), Tout(l), rho(1) U]J;

297 return;

205 end

B.3 Average Temperature Program

1 function Tout = calcTs_nitinol (T, N, dx, t_beg, t_end, solvetype, kappa)
2 global Ts Tm Tvap Tamb rho_s Rc z

A %Solid parameters — Need to change for Nitinol material
5 %Rc = 12.5e—6; %% What was this value used for?
6 Rc = kappa z; %Rc = hole boundary at surface?

8 params.k_s = 18; %8.6 in Martensite
17; %Unknown

.62e3; %470 — 620

11 params.c_l = .772e3;

9 params. k_1

10 params. C_S

12 params.Tm = Tm;
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params.mu = rho_s params.c_s/params.k_s;
params. alpha = params.k_s/(params.c_s rho_s);

params. alpha_1 = 5.08e—6; %what?
params. Tinf = Tamb;

params. Hinf = betafunc (params.k_s params.Tinf, betainv’, params);
params.misc = 0;

if (strcmpi(solvetype, "heat’))

Tout = heat_equation_nitinol (0, dx, N, t_beg, t_end, params, T, solvetype);

elseif (strcmpi(solvetype, "enthalpy’))
theta = kirchoff (T, ’T2theta’, params);
H = betafunc(theta, ’'betainv’, params);
Hout = heat_equation_nitinol (0, dx, N, t_beg, t_end, params,aAe
H, solvetype, Uold);
theta = betafunc(Hout, ’beta’, params);
Tout = kirchoff(theta, ’theta2T’, params);
elseif (strcmpi(solvetype, 'cone’))
if(z < 2 dx)
Tout = heat_equation_nitinol (0, dx, N, t_beg, t_end, params, T,
Ts = Tout(1);
return;
else
Tout = heat_equation_nitinol (0, dx, N, t_beg, t_end, params,aAe
T, solvetype b kappa);

x = dx;

Ts = 0;

Ts2 = 0;

ii = 1;

eta = sqrt(1+(Rch2/z12));
ratio = .85;

rc = Rc1.5;

SA = 0;

while (x <= z)

if (abs(z ratio—z) < 1 dx)
cutoff = 0;

else
cutoff = z ratio;

end

if(x> z(1—1rc/Rc) && x <= z)
xmhalf = x — .5 dx;
xphalf = min(x + .5 dx, z);
dA = Rc eta 2 pi ((xphalf — xmhalf)...
— .5(1/z) (xphalfr2 — xmhalf/r2));
SA = SA + dA;
Ts2 = Ts2 + Tout(ii) dA;
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% else
%

end

%Ts2 = 0;

end

dA = (2 pi/z) sqrt(z”2 + RcA2) Rc dx (1 —(2x +dx)/(2 z));

if (x+dx > z)
dA = ((2 pi Rc sqrt(Rcr2+zA2))/z) ...
(.5z—x+ (xr2)/(22));

end

%Ts = Ts + (Tout(ii)) dA;

if (z >= 3 dx)
Ts = Ts + .5 (Tout(ii) + Tout(ii+1))dA;

else
Ts = Ts + .5 (Tout(ii) + Tout(ii)) dA;
end
X = x + dx;
ii = ii + 1;

end

Ts = Ts/(((2 pi Rc sqrt(Rch24+z72))/z) (.5 z — dx + (dx72)/(2z)));

if (Ts2 ~= 0)

Ts = Ts2/SA;
else

Ts = Tout(ii —1);
end

Ts = Tout(1);

elseif (strcmpi(solvetype, 'parab’))
if(z < 2 dx)

else

Tout = heat_equation_nitinol (0, dx, N, t_beg, t_end,aAe
params, T, ’'heat’);
Ts = Tout(1);

return;

Tout = heat_equation_nitinol (0, dx, N, t_beg, t_end, params,...

T, solvetype,h kappa);

x = dx;
Ts = 0;
Ts2 = 0;
ii = 1;
il =0;
ratio = .86;
rc = Rc1.5;
SA = 0;

while (x <= z)
if(x> z (1 —(rc/Rc)N2) && x <= z)
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%
%
%
%
%

%
%

end
%
%
%

end

else

end

end

if(x — dx < z ratio)
xs = 1+ .25 kappar2 — (1lz) (x — .5 dx);
xz = .25 kappa2;
SA = 2 pi Rc z (21 3) (xsn(312) — xz"(3]2));
end
xmhalf = 14+ .25 kappanr2 — (1/z) (x — .5 dx);
1+ .25 kappa”r2 — (1/z) min(x + .5 dx,z);
dA = 2 pi Rc z (2/3) (xmhalfAr(3/2) — xphalfA(3/2));
SA = SA + dA;
if (Tout(ii) > 0)
Ts2 = Ts2 + Tout(ii) dA;

xphalf

end
=i+ 5L
end
dA = ((pi Rc)/(6z722)) ((ReAr2 + 4 (x+dx) z)N(3/2)...
— (RcM2 + 4 x z)M(3/2));
if (x+dx > z)
dA = ((pi Rc)/(6z72)) ((RcA2 + 4 (zA2))A(3/2)...
— (RcM2 + 4 x z)MN(3/2));
end
%Ts = Ts + (Tout(ii)) dA;
if(z >= 3 dx)
Ts = Ts + .5 (Tout(ii) + Tout(ii+1))dA;

else
Ts = Ts + .5 (Tout(ii) + Tout(ii)) dA;
end
X = x + dx;
ii = ii + 1;

Ts = Ts/(((pi Rc)/(6 272)) ((RcA2 + 4 (zA2))A(3/2)...
— (Rch2 + 4 dx z)A(3/2)));
if (Ts2 ~= 0)

else

end

Ts = Ts2/SA;

Ts = Tout(ii —1);

Ts = Tout(1);

if (Tout(1) < Tvap && T(1) > Tvap)
Tout (1) = Tvap+ 1;

end

return;
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