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Abstract of the Thesis

Advanced Laser Patterning of a Cylindrical Sample
by
David Hubert
Master of Science
in
Mechanical Engineering
Stony Brook University
2012

The function of this thesis is the implementation of a four axis motion system to
an Infrared Laser for micromachining applications. The ultimate goal of this project is
to assemble a system that allows a user to create a two dimensional pattern that is then
processed onto a cylindrical surface by means of a focused laser spot with adjustable
speed and radiation source control. This generated system will then be used to examine
the interaction between the laser and the material based on different laser powers,
frequencies and processing speeds. This interaction will be examined on the surface of
the cylinder.

This thesis is intended to provide some fundamental knowledge of various types
of laser based processing utilizing a four axis motion control system. It will also convey
the methodology used during the development of the controls system programming for
various patterns.

The project began with a four axis motion system (X, Y, Z, and Theta axes) that is
designed and manufactured by Rockwell Automation. Setting up the controllers and
programming the system are outlined as well as the design specifications of the system.
Modifications were made to facilitate laser processing and the methodology of
patterning is discussed.

Parametric analysis of various frequencies, powers, processing speeds and feature
transfer via roller printing to a soft polymer were examined as well as experimentation
involving propelled gas to see if there is an improvement in surface patterning.
Proprietary samples were also patterned to determine the best processing specifications.
Spectrum analyses of various elemental samples were analyzing using laser induced
breakdown spectroscopy and the direction of plasma generation based on the incident
angle of the processing laser was examined.



1 Table of Contents

IS A0 o U1 TP Vi
I 1 4 o T [T 1 o o PR 1
R O 0111 () AT PPRPTPTIN 1
1.2 MOtiVation/ODJECTIVE ... 4

2 FUNAAMENTALS ..o 5
2.1 Principles Of Laser OPtiCS....ccuuiiiiii i e 5
2.1.1  An Introduction to Laser PRYSICS......cc.viiiiiiiiiiii e 5
2.1.2  0perational MOGES .......cooiiiiiiiii e 9
2.1.3  Beam CharaCteriStiCS ... cuuuuruieeiiiiiiie ettt 11

2.2 Laser-Materials INTeraction.........cooiiiiiiiiiiiiiie e 14
2.2.1  Energy Transmission by means of AbsSorption .............cccooeeiiiiiiiiinieiinnnnnn. 14
2.2.2  Physical Effects of Irradiated Material ................ccoooeiiiiiiii e, 16
2.2.3  Benefits of Ultra-Short Laser Pulses for Material Processing ................... 23

2.3 Laser-Induced Breakdown Spectroscopy (LIBS), and Laser Process Monitoring

24

3 Experimental Setup for Cylindrical Patterning ..........ccccooovviiiiiiiiiiiees 26
3.1 SYSTEM OVEIVIBW ..oviiiiiiii et ettt et e e e e eenes 26
3.2 CONIIOIS SYSBIM ittt 27
3.2.1  MERS-50 Linear ENCOder SYStemM .......coooiiiiiiiiiiiiiiiie e 27
3.2.2  MOtION CONTIOL cooeer e e e 27

3.3 System Design and Modifications for Cylindrical Patterning.......................... 28
3.3.1 Overhead BraCKerl.........oouuiiiiieii e 28
3.3.2  MOUNTING COVEI ittt e 30
3.3.3  CNUCK PlatB. it e 31
3.3.4  Other ModifiCatioNS . ...cvueiii e e e 31

3.4 Laser and Optical COMPONENTS ......coiiiiiniiiiiii e 33
3.4.1  RAIALION SOUICE ..uuutieiiiii et e e 33
3.4.2  Co0lNG UNIT.oiiiiii e 33
3.4.3  Thermal Head .......ooviiiii e e e e 33
344 INTrared VIBWET . ... e e 34

4 Detailed Control Strategy.......ooiuuiiiiiiie e 35
4.1 RSLOQIX 5000 SOTIWAIE ... .cciiiiiiiieeieii e 35
4.2  Controller Implementation.........cooiiiiiii e 35



4.2.1  Creating @ Controller... ... 35

4.2.2  Adding Input/Output Modules ........cc.oiiiiiii 36
4.2.3  Creating @ Motion GrOUP....c..uiiiiiieii e 38

4.3 Programming BreakdOWN .........coooiiiiiiiiiii e 40
A4 SYSTEIM ISSUBS ..ttt ettt et et e e e 46
4.1 TR Z-AXIS oottt 46
4.4.2  ShUtter CONTIOl ..o e 47

4.5  Strategy for Cylindrical Patterning .........cooooviiiiiiiiiii e 48

5 Demonstration of Cylindrical Patterning Via Laser Ablative Processing ............... 50
5.1  EXperimental ProCeAUIE........coiiii e 50
5.1.1  Optical ArrangemeNnt .. .....oiiiiii e 50
5.1.2  FOCUSING the BeaAM .....uiiiii e 50

5.2 Indicating the CylINGer .. ... 52
5.2.1  The INdIiCatiON PrOCESS . ..uuuiiiiiiiiiiei ettt 52
5.2.2  FUINEr ANAIYSIS oouiiiiiii e 54

5.3  Ablative Patterning for a Copper TUDE ......coouuiiiiiiiiii e 55
5.3.1 Proof of Concept: Similarity between Flat and Cylindrical Samples......... 55
5.3.2  Parametric Analysis of Processing Speed and Power Variations............... 56
5.3.3  Parametric Analysis of Power and Frequency Variations .................c....... 61
5.3.4 Relationship between Compressed Gas Injection and Processing Efficiency

63

5.3.5 Proof of Concept: Full Surface Patterning ..........cccoooevieiiiiiiniiiiiiiieecinnn, 66

5.4  Cylindrical Patterning of a Thermal Spray Sample ...........ccooooiiiiiiiiiinneennnn. 68
5.5 In Situ Process Monitoring from Laser Induced Plasma Emission................... 71
5.6  Visualization of Ablation Plume by Ablation Induced Plasma Emission Imaging
and the Resulting Pattern Quality .........c.coiiiiiiiiiii e 77
5.7 Rapid Pattern Transfer Results by Subsequent Imprinting Processes .............. 81

6  Future Applications and STUAIES .........uiiiiiiiii e 85
A U 41 T U PPN 87
ST =T (= o] 88



Figure 1-1:
Figure 1-2:
Figure 1-3:
Figure 2-1:
Figure 2-2:
Figure 2-3:
Figure 2-4:
Figure 2-5:
Figure 2-6:
Figure 2-7:
Figure 2-8:
Figure 2-9:

Figure 2-10:
Figure 2-11:
Figure 2-12:
Figure 2-13:
Figure 2-14:
Figure 2-15:
Figure 2-16:
Figure 2-17:
Figure 2-18:
Figure 2-19:

Figure 3-1:
Figure 3-2:
Figure 3-3:
Figure 3-4:
Figure 3-5:
Figure 3-6:
Figure 3-7:
Figure 3-8:
Figure 3-9:
Figure 3-10
Figure 3-11
Figure 4-1:
Figure 4-2:
Figure 4-3:
Figure 4-4:
Figure 4-5:
Figure 4-6:
Figure 4-7:
Figure 4-8:
Figure 4-9:
Figure 4-10
Figure 4-11

List of Figures

MOTOrIZEd XY ZO STAQE... .t iiiiiiiiiee e e 1
Flat Plate to Cylindrical Sample Relationship ...........cccccoeiiiiiiiiiis 2
Two Axis Patterning; Flat Specimen to Cylindrical Specimen..................... 3
EleCtromagnetic WAVE ... e e 5
Laser Transition in a (a) Three State System and a (b) Four State System ...8
LASEI CAVITY Lottt 8
(a) Longitudinal Modes (b) Gain CharacteristiCs ........c.cooevvvvveviiiieriiiennnnnnn. 9
Pulsed Mode 0f OPeration ..........cooouuuiiiiiiiiii e 10
Fundamental Mode DiStribution ..o 11
Beam Propagation and Rayleigh Length ...........ccooooiiiiiii 12
Reflection, Absorption, Scattering and TranSmissSion .............ccceevevvvieennnn. 14
Reflectivity as a Function of Wavelength and Temperature....................... 15

Various Laser Material INteractionS..........coovvvviiviiiieiiiiiinieeiiiiie e 16
Surface Temperature Exceeding the Melting Point with Respect to Time 17
Depth of Liquefaction with Respect to Time ..........cooeeviiiiiiiiiciiieece e, 18
Material Removal as Melt Expulsion and Evaporation .............ccccceeeeeene 19
Laser Pulse SCheMAtIC.......coovuuiiiiiii e 21
Heat Accumulation EFfect ........oooooiiiiiiiii e 22
Heat Accumulation Effect Example ..........ccoooiiiiiiii i 22
Machining Results for Different Pulse Lengths.............oooiiiiiiiiiiiiinnn, 23
Laser ADIALION ......iiiii e 24
EMItted Light. . ..o 24
UNMOdified SYSTEM ... i 26
Typical MERS-50 LaYOUL......ooiiiiiiiieiiii e 27
Servo and Controller SEtUP .......viviii i 28
R SYSTEM L. 29
MOAITIEA SEIUP ©vvneiii e e 29
MOTION SYSTEM TOP ..ttt 30
Mounting CoVer DIaWiNg .......oiiiiieiie e e e e 30
ChUCK Plate DIaWING ....ueiiiiiieeeie e 31
T LCT U] - o [ TSP 32
L AAJUSTMENT STAGES ...ttt 32
: Thermal Head SpecificationS.........c.ooiiiiii i, 34
CONTIOHIEr SETUP ... et 35
0] Lo [T T PP 36
MOAUIE SEIECTION ..oeeeeei e e e e e e 37
=T T AN - U PN 37
AddiNg @ MOTION GIOUP c.evuniiiiiiiee e 38
AXIS PrOPEITIES L.ttt e e 38
Final Controller Organizer .........oooiiiiiii e 39
Bit MNemonics EXampPle ... 41
STOP MOTION LOGIC . uiiiiiiii e 41
D IMIOTION LOGIC 1eniiiiii e 42
T LOOP LOGIC ottt 43



Figure 4-12
Figure 4-13
Figure 4-14
Figure 4-15
Figure 5-1:
Figure 5-2:
Figure 5-3:
Figure 5-4:
Figure 5-5:
Figure 5-6:
Figure 5-7:
Figure 5-8:
Figure 5-9:
Figure 5-10
Figure 5-11
Figure 5-12

Figure 5-13:
Figure 5-14:
Figure 5-15:
Figure 5-16:
Figure 5-17:
Figure 5-18:
Figure 5-19:
Figure 5-20:
Figure 5-21:
Figure 5-22:

Figure 5-23
Figure 5-24
Figure 5-25
Figure 5-26
Figure 5-27
Figure 5-28

Figure 5-29:
Figure 5-30:
Figure 5-31:
Figure 5-32:
Figure 5-33:
Figure 5-34:
Figure 5-35:
Figure 5-36:
Figure 5-37:
Figure 5-38:
Figure 5-39:
Figure 5-40:
Figure 5-41:

Figure 5-42

D MOtION FIOWCNAIT ..o 44
P A B IS e 45
D OPLION FOUT oot 48
c Patterning OPLIONS .ovuiiiii e e 49
UNTOCUSEA BRAM ...ttt e e aeeees 51
FOCUSEA BRAM ...ttt e 51
ECCENTIICITY .. 53
INAICATION PrOCESS .ovviiiie i 53
IMProving RESOIULION.......oouiiiii e 54
Cylindrical Sample ProCeSSING ...cvvvveiiii e 55
Flat Sample ProCeSSING ...... i 55
PrOCESSING SPEEU ..ovuiiiiiiei et e e e 56
Velocity, Power, and Current ValUesS .........cociiiiiiiiiiiiieiii e 56
: Data Analysis SChemMatiC ........ccouiiiiiii e 57
2 10 Watts 20X Magnification ..........ccoovviiiiiiiiiiiiiei e 57
:10 Watts 250X Magnification............coooiiiiiiiiiic e 57
10 Watts 5,000X MagnifiCation ............oveviiiiiiiiiieiii e e 58
20 Watts 20X Magnification ..........cccooiiiiiiiiiiiiic e 58
20 Watts 5,000X MagnifiCation .........ccooevuuiieiiiiieiiii e e 58
25 Watts 20X Magnification ..........cccooiiiiiiiiiiiic e 58
25 Watts 250X MagnifiCation..........coovuuiiiiiiiiiiiie e 58
25 Watts 5,000x Magnification............cocoeveiiiiiiiiii e 58
Processing Power vs. Feature Width ............cccoooiiiiiii e 59
10 WaALES 38.70MMY/S ..uiiiiiiiii e 60
25 WaAttS 5.82MIM/S . e 60
PrOCESS DAta ...ceiieeeii et 61
TOKHZ — 20W - 2871 — 2.91MM/S . ciiiiiii e 61
S PUISES Per UNIt TIMe. .o e 61
: 35KkHZ — 20 W — 572 J — 2.91MM/S ooovviiiiiiiie e 62
S PUISES Per UNIt TIMe. .o e 62
: TOKHZ — 20W - 2871 — 5.82MM/S..ciiviiiiciiiii e 62
:35KHZ — 10W - 2871 — 2.91MM/S oo 63
Compressed Gas Injection Schematic ........c.ccovevviiiiiiiiiii e, 64
Plasma RemMOVal.........uiiiii e 64
25 WaALES — NO GAS iiiiiiiii e 65
25 WALES = GBS ...iitiiiiieit ettt 65
25 WaALES — NO GAS .iiiiiiiiii i 65
25 WALES = GBS ...iitiiiiieit ettt 65
Full Surface Patterning SChematiC ..........cooooiiiviiiiiiiii e 66
FUIL Patterning ..o 67
Pattern DIMENSIONS ..uuniiieeiie e e e e e e e e 67
Thermal Spray Sample ... 68
10 WAL SPATK ..vvieieii et 69
THHALS L-3 e 69
THHALS -7 e 70
 3.75Watt Expanded Pattern ........ooooviiiiiiii e 70

vii



Figure 5-43:

ViSIDIE GreeN EMIiSSION . ettt e 71

Figure 5-44: LIBS MOGEl ... e 72
FIQUIE 5-45: LIBS SELUP ..ouiiiiiiii et 72
Figure 5-46: Spectral ANAIYZEr.........o oo 73
Figure 5-47: LIBS SPectra 0f COPPEE ..uniiiiiiiieeiei et 73
Figure 5-48: LIBS Spectra of Copper Sample ... 74
Figure 5-49: LIBS Spectra of Steel.......ooooiiiiiii 74
Figure 5-50: LIBS Spectra of Galvanized Steel Sample ...........cccooveiiiiiiiiiiiies 75
Figure 5-51: LIBS Spectra of Black Steel Sample..........cooooiiiiiii 75
Figure 5-52: LIBS Spectra of Aluminum .........coooiiiii e 76
Figure 5-53: LIBS Spectra of Thermal Spray Sample.........cccoooiiiiiii 76
Figure 5-54: Camera VIEWPOINT. .. .oiu e e e e eeas 77
Figure 5-55: Plasma Generation SEIUP .....ccovuuiiiiiiiiie e 77
Figure 5-56: Trial 1 Beam LOCatioN........cooovuiiiiiiii e 78
Figure 5-57: Trial 2 Beam LOCATION .......ciiiiiiiiiiiiii e 78
Figure 5-58: Trial 3 Beam LOCatioN.........cccovuiiiiiiii i 78
Figure 5-59: Trial 4 Beam LOCATION .......cciiiuiiiiiiiiii e 78
Figure 5-60: Plasma Generation EXplanation ...............ccoooiiiiiiiii i 79
Figure 5-61: Generated Plasma Trial 1 ........ooiiiiiiiiiii e 80
Figure 5-62: Generated Plasma Trial 2 .........coooiiiiiiiii e 80
Figure 5-63: Generated Plasma Trial 3 .. ... 80
Figure 5-64: Generated Plasma Trial 4 .........cooooiiiiiiii e 80
Figure 5-65: ROHING Pattern Data..........ccovvuiiiiiiiiiieciii e 81
Figure 5-66: Pattern Transfer TeChNIQUE ..o 81
Figure 5-67: Transferred Patterns ........oooo i 81
Figure 5-68: Processed Patlern .........coooiiiiiiiii e 82
Figure 5-69: Cross Section of Processed Pattern Model ..........c..ooooiiiiiiiiii, 82
Figure 5-70: Pattern Transfer Model............coooiiiiiii e 82
Figure 5-71: Processed Cylinder Model ...........coouuiiiiiiiiii e 83
Figure 5-72: Feature Transference Model ...........cooooiiiiiiii i 84
Figure 5-73: Subsequent IMPrinting ......oooveiioii e 84
Figure 6-1: Fabrication Procedure via Stepped Rotating Lithography and Electroless

NTCKET PIATING ..t 85

viii



I/0
ONS

LIBS

mm

nm

SEM

List of Abbreviations

Input/Output

One-shot

Infrared

Laser-Induced Breakdown Spectroscopy
Meters

Millimeters

Micron

Nanometers

Watt
Scanning Electron Microscope



Acknowledgments

I acknowledge my thanks to the following professors for their help and guidance for my
Master’s Thesis

Thesis Advisor:

Dr. David J. Hwang- Department of Mechanical Engineering, Stony Brook University

Committee Members:
Dr. Jon Longtin- Department of Mechanical Engineering, Stony Brook University

Dr. John Kincaid- Department of Mechanical Engineering, Stony Brook University

I acknowledge my thanks to the following students for their help and guidance for my
Master’s Thesis

Di Liu
Tao Zhang
Michael Palazzolo

Matthew Quigley

Special Thanks to:
Rockwell Automation
Advanced Energy Research and Technology Center
Center for Thermal Spray Research
YucoOptics
Brookhaven National Laboratory
Dr. Noah D. Machtay- Department of Mechanical Engineering, Stony Brook University
Dr. Sanjay Sampath- Department of Material Science and Engineering, Stony Brook

University



1. Introduction
This chapter is intended to introduce some concepts and systems that were used in
the development in this paper as well as some background information as to why this
research is useful.

1.1 Context

The phrase “four axis motion system” refers to the number of degrees of freedom
the system is able to move. This arrangement allows for motion in the X-Direction, the
length dimension; Y-Direction, the width dimension; Z-Direction, the height dimension;
and the Theta-Direction, or rotational dimension. These degrees of freedom allow the
programmer to create unique paths that can then be processed onto flat specimens, or
using more clever programming, onto cylindrical or other three-dimensional shapes.
The degrees of freedom for the system are shown below in Figure 1-1.

Figure 1-1: Motorized XYZO Stage

Two dimensional processing applications have been in use in hundreds of
applications for years now. These applications include but are not limited to medical,
military, industrial, and communications. A technique called “Galvanometric Scanning”
is widely used in these processing applications but can be vastly improved. Currently,
this technique processes the pattern in a step and repeat manner. A single, two-
dimensional pattern will be created on a specimen, once completed, a new specimen is



loaded and the process beings again. This thesis intends to test the practicality of laser
patterning on a cylinder. Potentially, this cylinder can be used as a roller to transfer the
pattern onto a flat specimen. This would drastically cut down on the processing time
and allow small scale patterning to be created on a much larger scale at a lower cost.

There is an intrinsic similarity between flat plate processing and the cylindrical
processing to be described. Flat plate processing takes place in two dimensions;
generally the x and y directions. Although a rounded surface is typically harder to
machine due to the radius of curvature, this system allows for an ease of processing
using the same concepts derived from flat plate processing. Figure shows the
relationship between flat plate samples and cylindrical samples.

Flat Sample Cylindrical Sample

Focusing Lens mm

Focal Spot Focal Spot

= -

S—

Surface Roughness Surface Roughnes

== Focusing Lens

I
N

Sample Non-Uniformity

Depthof Focus
Fe—

Depthof Focus

&
Translational Accuracy

Sample Non-Uniformity
&
Eccentricity Rotational Accuracy

Figure 1-2: Flat Plate to Cylindrical Sample Relationship

Cylindrical processing can be accomplished by means of the same simple techniques
used for flat plate processing, two axis motion. However; the difference is that the two
axis of motion to be controlled for cylindrical processing will be the vertical axis, Z,
and the rotational axis, theta as shown in Figure 1-3. With the system properly aligned,
the processing on the rotational axis will essentially process a cylindrical sample as a
flat sample provided the focal spot is small with respect to the radius of curvature. This
allows for a point source assumption to be used provided the depth of focus is
maintained with sample non-uniformity and surface variations. The process surface will
always be perpendicular to the machining tool, in this case an IR Laser. This is a simple
yet elegant solution to processing an unconventional specimen by means of a well
know, practiced machining process.



Theta-Axis

Figure 1-3: Two Axis Patterning; Flat Specimen to Cylindrical Specimen

This thesis utilizes an infrared laser to process a cylindrical surface by coupling it
with a four axis precision motion system to test the validity of micro scale patterning at
various speeds, frequencies and powers, and the transmission of patterns to a flat
specimen. A proprietary thermal spray sample provided by the Center for Thermal
Spray Research was also processed. Next, the spectrum of visible light emitted from the
location of laser-material interaction was analyzed using a method called Laser-Induced
Breakdown Spectroscopy. The direction of plasma generation based on the incident
angle of the processing laser was also analyzed and finally, a flat sample was processed
for imaging using a scanning electron microscope.

Chapter 2 begins with the basics of laser processing and scanning, the fundamentals
of generating laser radiation, laser pulses, and the cardinal beam parameters. Laser
beam induced material reactions as well as the concept of laser induced breakdown
spectroscopy will be discussed. Chapter 3 discusses the architecture of the four axis
motion system as well as the details of the motion system will be examined. This
includes an overview of the system as well as all of the hardware it is comprised of. An
overview of the radiation sources with details of their interaction will follow.

Chapter 4 describes setting up the control system and software will then be
introduced. This includes information on the loading of the controllers and
methodology used to create programs for a variety of patterns. System issues followed
by a description and explanation of the patterning techniques that were explored were
illustrated. Chapter 5 describes the preparation of the experimental setup and one of the
most crucial processes, the indication of the cylinder. Indication of the cylinder ensured
eccentricity which would guarantee the laser beam would be focused on the various
surfaces to be machined.

A total of eleven separate experiments were performed, including parametric
analysis on power, speed, and frequency variation. Testing the feasibility of a pattern
transfer from a cylindrical sample to a soft polymer was explored next then followed by
the processing of a proprietary coating. Experimentation concluded with LIBS analysis,
plasma generation studies and SEM imaging of flat samples. Chapter 6 describes future
applications whereas Chapter 7 summarizes the findings of this thesis.



1.2 Motivation/Objective

The motivation for this project was to overcome the conventional limitations of the
current technology. Current technology such as Nano-imprint lithograph and soft
lithography are very complex methods used to achieve features on a cylindrical surface.
Soft lithography and 3D lithography are also limited in achievable resolutions.

The improvement of cylindrical patterning is the desirable outcome of this thesis.
This includes but is not limited to an increase in quality, accuracy, resolution, and a
decrease in complexity. Testing new applications such as thermo-electric devices and
multi-layered thin film samples are also motivating factors in this research.

The objectives of this thesis are the establishment of the base test platform. This
includes the programming of the motion system and the facilitation of laser processing.
The next objective is an improvement strategy for ablative patterning. This includes
parametric design and study of various laser parameters such as power, and frequency,
in addition to variations in processing speed, the processed material and finally, the
introduction of a compressed gas.

Another objective is to understand the relevant plasma physics for quality and
accuracy improvement. This includes understanding the basics of plasma generation,
and how laser-plasma interaction and the incident angle of the laser beam can affect the
processing quality. This thesis would also test an application of cylindrical processing.
This application will test pattern transfer via imprinting process. The final objective is
to understand the requirements necessary for higher resolution processing.



2 Fundamentals
This chapter touches on the fundamentals of laser optics and the interaction between
the laser and the material it is processing.

2.1 Principles of Laser Optics
This section provides an introduction to laser physics, the modes of operation of a
laser, and finally, beam characteristics.

2.1.1 An Introduction to Laser Physics

LASER is an acronym for Light Amplification by Stimulated Emission of
Radiation. The physical fundamentals of this phenomenon were found in 1916 by none
other than Albert Einstein; however, the first laser was not built until 1960. A laser
must be an intense source of electromagnetic radiation in order to separate the lasers
inherent radiation from the normal sources of light. According to its design, a laser
emits at one or more wavelength in the spectrum. However, it is essentially considered
to be a monochromatic device meaning all of the colors produced are of a single hue. A
lasers radiation is also intended to maintain a fixed phase relationship, or coherence,
and show a small divergence. It is also possible to produce ultra-short pulses with Laser
radiation sources.

We will consider light as electromagnetic radiation that is described as a wave.
This wave consists of both an electric field vector and magnetic field vector as shown
in Figure 2-1. The amplitudes of the electric field and magnetic field vectors are
orthogonal to one another. The polarization or the orientation of oscillation of the
electromagnetic wave is determined by their respective amplitudes as well as the phase
of both components. To be linearly polarized requires that the magnetic and electric
fields both be in phase. The direction of the resulting wave, which is the sum of both
components, is conditioned by the amplitudes. If the phase difference between the
electric and magnetic field equals ninety degrees and they are of equal amplitudes, the
electromagnetic wave is said to be circularly polarized. In all other cases, it is
elliptically polarized. Figure 2-1shows a linearly polarized electromagnetic wave.

Wavelength

\

Magnetic vector, H

Y Electric vector, E X

Figure 2-1: Electromagnetic Wave®
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The speed of light, c, (2.9979><10Sm in a vacuum) links the frequency, f, and the
wavelength, A as illustrated in Equation 28-1.
Equation 2-1
c=1f4

However, quantum theory describes light as a stream of photons that are moving
at light speed velocity. Without this interpretation, the wave theory fails to describe
crucial physical phenomenon. This phenomenon is called the photoelectric effect which
states each photon carries energy that is proportional to its frequency as shown in

Equation 2-2 where h is the Planck factor (h = 6.63x10’34i.)
S

Equation 2-2
E = hf

As stated in the preceding paragraphs, electromagnetic radiation has been
described as both a particle, and a wave. This is known as Wave-Particle duality which
postulates that classical concepts such as a “Particle” and “Wave” are unable to
sufficiently describe the behavior of quantum-scale objects.

Using quantum theoretical terminology for explaining material and atom
interaction with light, photons can be absorbed, spontaneously emitted and emitted with
stimulation which is the essential process of laser activity.

Assume a two energy level atom that follows the properties of the Bohr Model
with the ground energy level being E,and the excited energy level being E;. An

interacting photon that interacts with the aforementioned two energy level atom can
raise said atom to its excited level if it meets the Bohr Equation as given in Equation
2-3. This process is called absorption.

Equation 2-3

E1 - Eo = hle

Spontaneous emission occurs when an excited atom with energy level E,drops

down to energy level E,by releasing a photon with frequency f,,. The emitted photons

direction is stochastic or random. Just because an atom is excited does not necessarily
mean it emits a photon in a stochastic process. It has the ability to do so in stimulated
emission if a photon meeting the Bohr Equation hits the excited atom and triggers said
atom to emit a photon with the same phase, frequency and direction. Hence, the desired
process in a laser medium which amplifies incoming light, known as stimulated
emission, is the reversal process of absorption.*

6



In a medium which consists of only two energy level atoms, stimulated emission
will be the dominant process if the majority of these atoms are in energy level E,. This
condition, known as population inversion, is a necessary process for stimulated
emission. In the case in which energy level E,accounts for the majority of the atoms,

net absorption will be predominant and there would be no light amplification. For a
material that is in thermal equilibrium, the distribution of atoms in various energy states
is given by the Boltzmann Distribution law. This is shown in Equation 2-4.

Equation 2-4

N, = N, exp[—_ (EI1<'I_' EO)}

In Equation 2-4, N,and N,are the atom densities in the respective energy states

E,and E,. T is the absolute temperature and k is the Boltzmann Constant. The

Boltzmann distribution law states that the higher energy level is less populated. The
population of atoms in this higher energy state will decrease exponentially with

increasing energy. As the temperature approaches infinity (T - 00) the atom densities
of the two energy states will be equal (N1 = NO). For negative absolute temperatures, the
excited energy levels density will be greater than the unexcited energy levels density
(N1 > NO). Therefore, it is practically impossible to utilize a two state system in thermal

equilibrium as a laser medium due to the fact that population inversion cannot be
achieved and without population inversion, it is impossible to achieve stimulated
emission.

Generally, a three or four energy state levels is necessary to achieve population
inversion. Therefore, we define E,and E,as the third and fourth energy levels. This

means a three energy state will include energy levels E,, E,and E,whereas a four

energy state will include E,, E,, E,and E,. Pumping is a technique used to reach

population inversion in one of the aforementioned assumed systems. This method
involves the insertion of energy into an unstable upper energy level which causes the
upper level laser energy level to decay while emitting zero radiation. For this to work,
the lifetime of the unstable upper energy level must be less than that of the excited
upper laser level. A high ratio of the laser medium being excited into the upper laser
level is possible with pumping. In a three energy state system, population inversion

occurs between the first and second energy level ( E,and E; respectively) by pumping
the medium to the third energy level which is unstable ( E,.)

In a four state system, the laser activity occurs between energy level three to two
E,and E respectively.) A radiation free transfer of energy occurs from the pump level,
2 1

E,, to energy level E,. The lower laser energy level E; transitions in a radiation free
process to the ground level E,. A four energy state laser is advantageous because less



pump energy is required. This is because the lower laser energy level is less populated
than in a three energy state laser.?Figure 2-2 shows the laser transition for both a three

state system and a four state system.
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Figure 2-2: Laser Transition in a (a) Three State System and a (b) Four State System*

A typical simple laser contains a resonant cavity. This cavity consists of a set of
well aligned, highly reflective mirrors at either end, oriented perpendicular to the cavity
axis. The active laser material is then placed between these mirrors. Generally, one of
the mirrors is fully reflective, with its reflectivity close to 100%. However, the other
mirror, which is an output coupler, enables some transmission to allow the laser output
to emerge. Pump energy is typically supplied as light at a different wavelength or as an
electric current which can be provided by another laser, or a flash lamp. In an active
laser, photons travel back and forth in the active laser medium in accordance with the
Bohr Equation of laser transmission. These photons are amplified by triggering a
stimulated emission and a certain amount emerges through the output coupler as laser
radiation. A schematic of a resonant cavity is shown in Figure 2-3.

pump power

< | | O] ==

output power

Laser Medium

d
Figure 2-3: Laser Cavity’



The distance; d, between the two mirrors of the resonant cavity is a crucial
parameter. This length determines which longitudinal modes can develop within the
cavity. Longitudinal modes are standing waves, which meet Equation 2-5 where n is an
integer.

Equation 2-5
d-"
2

These discrete frequencies are separated by%. As previously stated, only

photons that meet the Bohr equation of the laser medium are amplified during
stimulated emission, this means that a laser only emits at one narrow wavelength.
Realistically, the amplification of light within a laser is only possible at a specific
bandwidth of frequencies. These frequencies relate to the particular laser medium. This
bandwidth depends on the loss and gain characteristics of the resonant cavity in
addition to the laser medium. Longitudinal modes and a gain characteristic example of a
laser medium are shown below in Figure 2-4.

Power
n-3 n-2 n-1 n n+1 n+2 n+3

c/2d

Frequency

(a)

Power

Frequency

(b)
Figure 2-4: (a) Longitudinal Modes (b) Gain Characteristics®

2.1.2 Operational Modes

Laser output can be of two forms, one which has constant amplitude and is
known as a continuous wave or CW, or one with periodic amplitude which is called
pulse operation. In continuous mode, the pump source maintains a constant laser power
over time. In pulsed mode operation, the output of a laser varies with respect to time.
This results in periods in which the laser is either emitting radiation or it is not. Figure
2-5 shows a graph for pulsed laser operation mode with respect to time.

9



Laser Power
«— T —>
Pmax

e A A
Paverage
AR

Time

4

Figure 2-5: Pulsed Mode of Operation®
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Important parameters of pulsed laser radiation are the peak power P™"* | Average
e . 1 .
power PP Pulse Lengthz, repetition rate?, and the pulse energy. The first of many

methods to achieve pulse laser radiation is called Pulsed Pumping. This is done by
varying the pump energy over time. If the pump energy exceeds the laser activity
threshold only for certain time periods, pulsed laser operation will occur. The time
duration of the emitted laser pulses using this method are on the order of microseconds.

Pulse lengths on the order of picoseconds can be achieved via Q-Switching. Q-
Switching changes the Q value of the cavity which results in short and intense pulses of
laser radiation. The Q-Value of a cavity is indicative of the cavities ability to store
radiation energy in the absence of laser activity. A high Q value leads to energy storage
in the cavity without significant laser radiation. This leads to the development of a large
population inversion. Changing the Q value from high to low results in the emergence
of the stored energy as short and intense laser beam pulses, this occurs because the
process of optical amplification is no longer prevented.

Essentially, Q-Switching involves “switching” the resonant Q value from a high
Q, where the high energy is stored without the presence of laser radiation and once this
energy reaches is maximum value, the Q value is dropped which allows for the creation
of short, high intensity laser pulses. This emission of laser radiation decreases the
population inversion within the cavity to a point in which the Q value will be re-
adjusted to a high value, thus restarting the process. Electro-optical Q-Switching,
Acousto-Optic Q-Switching, passive Q-Switching, and the rotating mirror method are
some of the various methods of Q-Switching *

Mode locking technique can generate ultra-short laser pulses on the order of
femtoseconds. By inducing a fixed phase relationship between longitudinal modes of
lasers resonant cavity, the spectrum of frequency components of a laser radiation source
can be used to create ultra-short laser pulses. Laser light is produced as pulses because
the fixed phase relationship initiates controlled interference effects between the modes.
Further pulse compression and amplification can be achieved by the chirped pulse
amplification method, which is based on grooved surfaces called diffraction gratings.
These diffraction gratings stretch the ultra-short laser pulses to pulses with a longer
duration, which enables them to be amplified to a much higher energy because
stretching avoids damaging the optics after the pulse is amplified, an optical
comprgssor reverses the laser pulse, thus producing a high intensity, ultra short laser
pulse.
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2.1.3 Beam Characteristics

There are many important characterizing features of a laser beam, a few of which
are the transverse dimensions of the beam, the beam spot size and the beams
propagation behavior. Lasers emit beams in a variety of characteristic patterns or
transverse modes. These modes can occur as a pure, single mode, or as a mixture of
several superposed pure modes. In a pure mode, the transverse irradiance distribution or
beam profile is the square of the electric field amplitude. If this beam has rectangular
symmetry, it can be mathematically described as a Hermite Gaussian function whereas
if it has a circular symmetry it will be described as a Laguerre function. The simplest
mode TEM ,,, also known as the fundamental mode is the lowest order or Gaussian

Beam which consists of a single spot that can be described with a Laguerre Gaussian
Function (Equation 2-6) due to its cylindrical symmetry.

Equation 2-6

()l 4

I{ﬂz} is the irradiance or intensity, I,is the peak irradiance and w is defined as
m

. . . ) ) 1
the distance transverse to the beam axis at which the value for irradiance falls to — or
e

13.5%. This w term is a common definition for the beam spot referred to as the
Gaussian diameter with 2w. Peak irradiance is found by integrating Equation 2-6 over
the transverse plane and equating it to the beam power P. The result is

Equation 2-7
2P

w?

IO

Figure 2-6 shows the irradiance distribution and the associated schematic beam spot for
the fundamental mode transverse to its beam direction.

111,
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Figure 2-6: Fundamental Mode Distribution®
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By solving the wave equation with diffraction, the propagation properties of this
Gaussian beam can be outlined. However, since the calculation is difficult and
extensive, the results will be presented without proof to aid in the characterization of
the beam. The basic propagation property is that a laser beam which is a bundle of

focused paraxial rays will converge to a finite minimum diameter w, , the waist radius
and diverges after passing its minimum radius. Figure 2-7 shows a schematic of a beam

which is travelling through its minimum radius. The full angular spread © of the
converging and diverging beam can be calculated using Equation 2-8.

Equation 2-8
O 22
ﬂWO

The Rayleigh Length z,, is another important parameter used in the
characterization of laser beams. It is defined as the distance in beam direction from the
waist radius to the beam radius of a width \/§wo. Equation 2-9 is the equation for the
Rayleigh Length.

Equation 2-9
7ZW2
Zp = /10

In Figure 2-7, the confocal parameter denoted by length b is twice the Rayleigh
length. A Gaussian beam can be described by either the Rayleigh length or waist
diameter because both parameters are in a fixed relationship for the Gaussian beam. *

Figure 2-7: Beam Propagation and Rayleigh Length®

By passing the laser beam through a focusing lens, the waist diameter can be
tightened. The resulting waist diameter is given by Equation 2-10.

Equation 2-10

Af
W, = —
7ZVV0
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W, is the smallest theoretically reachable waist diameter based on the incoming
waist diameter w, , wavelength A, and focal length f. Neglecting all other parameters,

the smallest possible waist diameter is equal to the wavelength. Even though Equation
2-10 results in a theoretical value, this is still the most common approximation for the
focused beam waist radius.

Most laser applications desire a small waist diameter and a long Rayleigh length.
However, tight focusing of the waist diameter will lead to a decreasing value for the
Rayleigh length. This creates a tradeoff. A small waist diameter will yield a high
intensity and precision, a short Rayleigh length is disadvantageous in most real world
applications. If a small Rayleigh length is assumed, improper focusing of the laser beam
on a process surface will lead to a given displacement from the focus diameter. This
focus diameter will lead to a bigger beam diameter and therefore to a bigger decrease of
the beam intensity than what would occur given a larger Rayleigh length.

All of the aforementioned formulae are valid for the ideal Gaussian beam.
However, each laser source in all real applications suffers from a variety of
imperfections which means the theoretical modes are not reached. This defect can be
accounted for with the factor “times diffraction limit” which is also called an M ?-
Factor. This factor is an indicator for the quality of the beam. When this factor is equal
to one is indicative of a beam in its fundamental mode. Generally, this value will be
given by the lasers manufacturer; however, it can also be calculated using Equation
2-11 after measuring the waist radius and full angular spread.

Equation 2-11

2 W, Or
22

As the M ?value increases past one, the beam qualities are worse than that of the
fundamental mode. Accounting for the beam quality, the formulas for the Rayleigh
length and waist radius are given by Equation 2-12 and Equation 2-13.

Equation 2-12

W,
Z, = -
AM

Equation 2-13

_AfM?
1 7ZWO

A decrease in beam quality is caused by a bigger waist radius, bigger angular
spread, and a shorter Rayleigh length. This will lead to an M *-Factor greater than one.
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2.2 Laser-Materials Interaction
This section discusses the interaction between the laser and materials to be processed.
This includes energy transfer via absorption, the physical effects of irradiated materials
and the benefits of ultra-short laser pulses for material processing.

2.2.1 Energy Transmission by means of Absorption

When a laser beam is incident on a materials surface, the electromagnetic
radiation interacts with the electrons of the materials atoms. This is due to the fact that
the frequency of said electromagnetic radiation in the ranges of laser light is too high to
excite any other components of an atom. An electron that is excited by electromagnetic
radiation is affected by a force F, v as the speed of the electron, c as the speed of light,
E which is the amplitude of the electric field, and finally, H as the amplitude of the
magnetic field. This relationship is given by Equation 2-14.

Equation 2-14

F :eE+(XH]
C

Since the speed of light is the fastest speed any object can travel, it is given that
the velocity of the electron will be less than the speed of light, making % <1. Assuming

the magnitudes of the amplitudes of the electric and magnetic field vectors are equal, it
is apparent that the electric field component is the more critical value in the
examination of electromagnetic radiations interaction with electrons. The radiative
energy transforms into kinetic energy of free electrons and into the excitation of bound
electrons within the material. Over time, the degradation of these excited electrons
leads to heat generation. Figure 2-8 is a schematic of various physical processes such as
reflection, absorption, transmission and scattering caused by incident radiation on the
macro scale.

Incicdent beam Reflection

V

\ Absorption
7 \
\

Transmission

Material

Scattering

Figure 2-8: Reflection, Absorption, Scattering and Transmission®
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The absorption of radiation is one of the most important and desirable
phenomena that occur in the laser processing of materials. Absorption is basically the
transmission of energy from the laser beam to the material. This can result in various
effects such as plasma formation, heating, melting, and photo-ablation. These effects
form the basis of a number of laser materials processing techniques.* The
characterization of the electromagnetic radiation and the thermo-physical properties of
the material are critical in describing the effects these processes. The Beer Lambert law
describes absorption as the intensity attenuation of light travelling inside a material

with I,as the incident intensity, 1(z) as the intensity at a depth z and an absorption
coefficient of ;. This relationship is given by Equation 2-15 below.

Equation 2-15
1(z)= 1,6

The Beer Lambert law states that the intensity of laser radiation decreases
exponentially inside of the material. The attenuation length or the depth of significant
absorption is the reciprocal of the absorption coefficient. For materials that are highly

absorbent, g is in the range 0f10° —10°cm™. Since the attenuation rate is the reciprocal

of the absorption coefficient, this rate is within the range of 10° —10°cm.> Absorption,
transmission and reflection are related such that when all three fractions are added
together, they will always equal one. However; For opaque materials, transmission can
be disregarded so the fraction of the incident beam intensity which get absorbed and
reflected are given in Equation 2-16 where A and R are the values for absorptivity and
reflectivity, respectively.

Equation 2-16
A+R=1

Both the absorptivity and reflectivity are strong functions of temperature and
wavelength. The factors complicate the calculation or estimation of these terms. The
reflectivity of different medals with respect to wavelength and temperature are given
below in Figure 2-9.
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Figure 2-9: Reflectivity as a Function of Wavelength and Temperature!
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Even though each metal has differing values for absorptivity and reflectivity
based on their respective crystal and atomic structure, there is a general trend. As the
wavelength increases, the reflectivity also increases, whereas when the temperature
rises, the reflectivity will fall.

2.2.2 Physical Effects of Irradiated Material

A temperature distribution within the material is created when light energy is
converted into heat energy and is subsequently conducted throughout the material.
Based on the magnitude of the rise in temperature, various physical effects can occur.
These include but are not limited to material heating, melting and vaporization.
Furthermore, the ionization of vapor during the laser irradiation may lead to plasma
generation and in addition to the thermal effects, the interaction between the laser and
material can be associated with the photochemical processes such as photo-ablation.
The aforementioned radiation induced material reactions are shown in Figure 2-10.
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(c) Surface vaporization (d) Plasma formation

Figure 2-10: Various Laser Material Interactions®

A one dimensional equation for heat conduction can be used to approximate the
temperature distribution on the laser irradiated process surface during heating. The
assumptions are that the initial temperature is constant, the energy input is constant
during irradiation, the material is uniform with temperature independent thermo
physical properties, and energy losses from the surface are considered to be negligible.
Following the stated assumptions, the equation for one dimensional heat transfer is
given by Equation 2-17 where T is the temperature at a depth z after a time t with a
thermal diffusivity « .

Equation 2-17

oT (z,1) O°T (z,1)
=q
A ozt

With the initial temperature defined as T, the energy transfer from the laser
beam at the material surface can be modeled as shown in Equation 2-18 below.

Equation 2-18
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oT (0,t)
oz

-k =AAl,

The absorptivity A multiplied with the incident laser radiation I, is the absorbed
laser energy. s a factor for either the time 0<t <t where radiation hits the surface
with t as the laser pulse length or zero for t > t, with no incident radiation, whereas k

from the above equation is the coefficient of thermal conductivity. In solving these
equations, formulae for the temperature with respect to time and depth (T(z,t)) during
the time of radiation (0 <t <t ) and after (t >t ) are obtained. The proof of these

formulae will be omitted; however, they can be viewed in the source.*

To investigate phase transformations, we will now utilize the basic discussion of
laser induced heating. If the temperature of a beam with high intensity is incident on a
materials surface and it exceeds the materials melting point, the material will transform
to a liquid state. Determining the depth to which liquefaction occurs is an interesting
prospect. Using the equations for one-dimension heat conduction where temperature is a
function of depth and time, we will add the melting temperature asT,,. Figure 2-11

shows the surface temperature for a process in which the melting point is exceeded.

i Heating Cooling
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Figure 2-11: Surface Temperature Exceeding the Melting Point with Respect to Time?!

For the case in which there is no phase change, the materials surface is irradiated
for a pulse lengtht,,. The path of the temperature with respect to time will be similar to

the temperature difference from time t,tot,. Figure 2-12 shows the depth of
liquefaction with respect to time by finding the depth z_for each time in which the
melting temperature is equal to the temperature at a depth z,and time t (T,, =T(z,,t))
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Figure 2-12: Depth of Liquefaction with Respect to Time!

The melting phase develops at the process surface at a time t,and will increase to
its maximum depth z_ . until time t in which case it begins to solidify until time t,

where the material no longer has melted parts. Figure 2-12 not only illustrates the
melting depth, it also indicates how long each depth will stay in a liquid state.

However, the depth of melting is limited by the vaporization of the material at
the boiling point temperature. Evaporative material removal will occur before the depth
of melting increases, this will occur before the surface temperature exceeds the boiling
point. The depth consideration is useful for a laser welding process. Once the
vaporization begins on the surface of the material, continuing laser irradiation will
cause the liquid-vapor interface to move within the material. Also, it is accompanied by
the evaporative material removal for the surface above this liquid-vapor interface.
Assuming the energy transmitted via the laser beam is equal to the absorbed energy by
the material, the speed of the liquid-vapor interface is given in Equation 2-19 where H,

is the latent heat of vaporization of the material, T,is the boiling temperature of the
material, pis the materials density and c, is the specific heat capacity.

Equation 2-19

y o Al
. p(Cth +Hv)

The depth to which vaporization occurs can be calculated by multiplying the
pulse length t, with the speedv,. The vapor plume that evolves on the surface consists

of ions, molecules, clusters, atoms and electrons. This plume develops a recoil pressure
on the materials surface which exceeds the maximum surface tension pressure. This
leads to melt expulsion in the molten part. This means there are two processes in which
material can be removed, either melt expulsion or surface evaporation. Both types of
material removal are shown in Figure 2-13.At a low laser power, the dominating
material removal process is melt expulsion, whereas at higher powers, melt expulsion
rates decrease and surface evaporation continuously increases.
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Figure 2-13: Material Removal as Melt Expulsion and Evaporation®

For high laser beam intensities, there is another factor that must be accounted
for. The high intensity beam will cause a significant amount of surface evaporation
which can interfere with the laser beam, so this laser beam-vapor interaction must be
analyzed. At high power, the surface evaporate will itself be ionized by the beam. This
ionized vapor is also known as plasma and near the surface; it will affect the laser
irradiation on the materials. Therefore, it is crucial to define a laser power density in
which the majority of the ionization of the vapor, resulting in plasma formation, will
take place.

Laser induced vapor ionization can occur by two mechanisms, Multi-photon
absorption and avalanche ionization. In multi-photon absorption, incident photons are
directly absorbed via molecules in the vapor. The photon energy then excites bound
electrons which then exit the molecules and ionize the vapor.

In order for avalanche ionization to occur, the vapor has to contain free
electrons. These free electrons must absorb the laser energy by inverse bremsstrahlung.
In this process, excited electrons ionize the molecules of the vapor though collisions.
These collisions will lead to more electrons in the vapor, which then start to absorb
energy and interact with other molecules of the vapor which results in a so called
avalanche breakdown of molecules in the focal area. This breakdown process
essentially consists of cascade ionization and electron generation. The generation of
plasma via optical breakdown is a threshold phenomenon that is reached when the free

electron density in the plasma is around10**cm™>. Generally, the avalanche ionization
process is the major contributor to ionized electrons to plasma.

The method in which the plasma develops on the processes surface has great
implications on the laser radiation-material interaction. For intensities that just exceed
the intensity necessary for plasma generation, the plasma will form close to the
evaporating process surface and stay attached to said surface. The confinement of
stationary plasma close to the evaporating surface is referred to as plasma coupling.
When the intensity of the laser significantly exceeds the plasma generating intensity,
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the high laser power will trigger rapid expansion and propagation of the plasma away
from the surface and toward the laser beam. This will eventually lead to the separation
of plasma and the process surface which is termed as plasma decoupling.

The preferred process in laser material processing is plasma coupling because it
results in an increase in absorptivity of the material. This supports the energy transfer
from the laser beam to the materials surface. Particularly for applications in which a
highly reflective material is used with infrared radiation where the radiation absorption
from the laser is relatively small, plasma coupling increases the efficiency of the energy
transfer. On the other hand, Plasma decoupling creates a shielding effect because the
radiation is absorbed by the detached plasma. This causes a sharp decrease in
transmitted energy to the target surface which is an undesirable effect for most laser
processing applications.

Ablation is a term that can be understood in two different ways. Ablation is a
material removal process by either photo thermal or photo chemical means. Like
vaporization, ablations via photo thermal stresses are achieved via a rapid temperature
increase on the process surface and vaporization of the material. Ablation via thermal
stresses in inhomogeneous targets such as a coated material results in explosive ablation
of the thin film. In contrast, photo-ablative material removal via chemical means ablates
the material by breaking bonds in molecular chains. A requirement for this type of
ablation is that the energy of one or more simultaneously absorbed photons must exceed
the bond energy of the molecule. For ceramics and metals, thermal ablative mechanisms
dominate the material removal during processing. Although photochemical ablation is
the dominant process used for the machining of polymers, said polymers can also be
effectively machined via thermal ablative mechanisms. Efficient ablation will take
place if the timescale for energy transfer from the electrons to the lattice is greater than
the pulse length of the radiation, also known as the thermal relaxation time. The thermal
relaxation can be approximated by Equation 2-20 where d is the absorption depth and k
is the thermal diffusivity. This minimizes the thermal damage through heat transfer.

Equation 2-20

dZ
T=—
4k

Additionally, the ablation process is characterized by the ablation threshold that
corresponds to the laser flux in which ablation will begin. Based on the materials
optical and thermal properties, the ablation threshold may differ. *

The heat accumulation effect is another important aspect of laser-material
interaction. To more accurately explain this phenomenon, we will first explain the
average intensity by example. The average intensity is given by Equation 2-21

Equation 2-21

P
A

lo
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For a given power of 25W and a spot size of 50 microns, we can compute what
the average intensity will be on the order of ten megawatts per square centimeter.

: . 1. .
Figure 2-14 shows the schematic of a laser pulse where R is the repetition rate or

frequency and t is the pulse duration.

Figure 2-14: Laser Pulse Schematic?

For a 100 kHz Laser, there are 100,000 pulses per second. With an average
power of 25watts, the pulse energy will be given as the power generated in one second,
divided by the number of pulses per second, or 250 micro joules. For pulse duration of
10 nanoseconds, it is also possible to calculate the peak intensity. This is given as the
peak power divided by the area of the spot size. This value is approximately ten
gigawatts per square centimeter.

Now, let’s analyze another laser with a lower frequency to see how this will
affect the peak intensity. Again, we will use an average power of 25 watts and a spot
size area of 25x10°cm?, and we will lower the frequency to 10 kHz. The pulse energy
becomes 2,500 micro joules, a factor of ten larger. Inserting this value into the peak
intensity equation yields a value of 100 gigawatts per square centimeter.

By decreasing the frequency of the beam, but maintaining all other parameters
will result in an increase in the peak intensity. In order to keep the same average power,
each pulse must be more intense for a lower frequency range. In terms of material
processing, the frequency is not the most important aspect for high speed applications.
With higher frequencies, it is possible to cover more area while maintaining a good
pulse overlap, however, the intensity of each pulse may not be large enough to actually
process the surface.

Increasing both the power and the frequency of the pulses would transmit a large
amount of energy to the target material. A longer pulse duration results in a larger
amount of energy transfer to the material, resulting in a higher temperature gain as
shown in Figure 2-15. This increase in temperature results in a longer cooling time.
However, if the material is not cooled back to its original temperature before the next
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pulse arrives, there is a temperature runaway effect. Each subsequent pulse will further
increase the temperature of the material. This effect is shown in Figure 2-16where as
the peak energy and frequency are increased, the visible damage to the surface
increases.
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Figure 2-15: Heat Accumulation Effect®
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Figure 2-16: Heat Accumulation Effect Example’
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2.2.3 Benefits of Ultra-Short Laser Pulses for Material Processing

Ultra short laser pulses in the range of femtoseconds are used for
micromachining applications where the feature size transitions into the sub-micron
level. Due to the short time of energy transfer, a femtosecond laser emits laser pulses
with very high intensities. Since the time duration of femtosecond pulses are smaller
than the relaxation times in which the electrons transfer energy to the lattice, a
reduction of heat and shock wave influence on areas in the immediate vicinity of the
processing occurs. This allows for ablation without any thermal influence on the
remaining surface. This is referred to as cold machining. Another reason why ultra-
short laser pulses are advantageous compared to longer pulses are that the threshold of
the ablation lies at a lower energy level and is better defined. Figure 2-17 shows the
results of machining for a femtosecond, picosecond and nanosecond pulse.

Figure 2-17: Machining Results for Different Pulse Lengths®

Figure 2-17 shows that as the pulse length decreases, the machining precision that
can be obtained increases. The femtosecond pulse machining yielded a hole with
perfectly machined edges whereas the longer pulse durations clearly show melt
expulsion at the edges. This is more apparent in the nanosecond pulse than in the
picosecond pulse. The results back up the relationship between relaxation time and
pulse length where the energy from a longer pulse will diffuse into the material which
leads to thermal penetration resulting in melt expulsion.
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2.3 Laser-Induced Breakdown Spectroscopy (LIBS)?1° and Laser
Process Monitoring

LIBS is a rapid chemical analysis technology that uses a short laser pulse to create
a micro-plasma on the sample surface. This analytical technique offers many
compelling advantages compared to other elemental analysis techniques. A typical
detection limit of LIBS for heavy metallic elements is in the low-PPM range. LIBS is
applicable to a wide range of sample matrices that include metals, semiconductors,
glasses, biological tissues, insulators, plastics, soils, plants, soils, thin-paint coating,
and electronic materials.

Polaod L um

Lo r Ablalon

Figure 2-18: Laser Ablation™

The main physical process that forms the essence of LIBS technology is the
formation of high-temperature plasma, induced by a short laser pulse. When the short-
pulse laser beam is focused onto the sample surface, a small volume of the sample mass
is removed in a process known as Laser Ablation. This ablated mass further interacts
with a trailing portion of the laser pulse to form highly energetic plasma that contains
free electrons, excited atoms and ions. Many fundamental research projects have shown
that the plasma temperature can exceed 30,000K in its early life time phase.*?

Emitted Light

Figure 2-19: Emitted Light'*
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When the laser pulse terminates, the plasma starts to cool. During the plasma
cooling process, the electrons of the atoms and ions at the excited electronic states fall
down into natural ground states, causing the plasma to emit light with discrete spectral
peaks. The emitted light from the plasma is collected and coupled with an
ICCD/spectrograph detector module for LIBS spectral analysis. Each element in the
periodic table is associated with unique LIBS spectral peaks. By identifying different
peaks for the analyzed samples, its chemical composition can be rapidly determined.
Often, information on LIBS peak intensities can be used to quantify the concentration
of trace and major elements in the sample.
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3 Experimental Setup for Cylindrical Patterning

This chapter discusses the hardware setup for my experimentation. This includes a
general overview of the system, the controls hardware, precision stages, custom parts,
and the optical sources.

3.1 System Overview

This system was designed and manufactured by Rockwell Automation of Shirley,
New York. It is a motion control system that is capable of executing precise movements
in four directions. The axis convention was determined by standing in front of the
system and describing the motion. Left to right motion was defined as the x-direction or
axis 1. This plane has the ability to move a total of 18 inches (457.2mm) at speeds

mm in . .
around 500 —(19.2 I—) before vibration in the system becomes too large. Front to
S S

back motion was defined as the y-direction (axis 2) and has the ability to move a total
of 16.5 inches (406.4mm) at the same speed as the x-axis. Vertical movement was
defined as the z-direction (axis 3) and can move a total of 3 inches (76.2mm) at a speed

. mm in . . . . .
of approximately 15—(0.6'—). Finally, the rotational axis was defined as axis 4 and
S S

has the ability to rotate 20° and can rotate at approximately 200@(3.48@ .JFigure
S S

3-1is an unmodified image of the motion system.

—

Figure 3-1: Unmodified System
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3.2 Controls System
This system requires a number of components in order to achieve precise motion.
This section identifies these components and provides a description of their capabilities.

3.2.1 MERS-50 Linear Encoder System

The MERS-50 Linear Encoder System is a high precision position feedback
transducer for machinery or other equipment control systems. As a non-contact, optical
encoder the system is comprised of a profile scale strip that is attached to the substrate
axis and a scanning readhead. Figure 3-2 shows the typical MERS-50 layout. This
system obtains resolutions of one tenth of one micron (0.1zm)
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<\@‘@ « Actuator

SETUP
INDICATOR
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Reference Mark S T
e 955 h

L

‘\.____'.'\_
/ < 'Q’ Magnetic Limit
Common Readhead - /M"'-'\\,; ~ Actuator
\\, N «
Scale s
=
N

Figure 3-2: Typical MERS-50 Layout®®

The scale used is a 6mm wide, protective coated strip which is mounted directly on
the axis substrate material. The self-adhering ribbon scale is gold plated and coated
with a polyurethane lacquer. The common readhead provides two sinusoidal analog
signals in quadrature and outputs signals for reference marks and limits. The unit’s

: U ||
maximum read velocity is 5 —.
S

3.2.2 Motion Control

The servo drives used for this experimental setup are Allen-Bradley Ultra Series
Model 1398-DDM-009. They are brushless analog drives with a 15 amp peak. There are
a total of four of these drives, one for each axis of motion the system attains.

The controllers are also Allen-Bradley. This ControlLogix 1756 system includes a
network connect to allow communication with the control computer, Power supply, and
a pair of two axis servo controllers. The first controller communicates with the X and Y
axes on, one on each channel, and the second controller communicates with the Z and
Theta axes. Figure 3-3 below is an image of the controller setup on the system.
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Figure 3-3: Servo and Controller Setup

3.3 System Design and Modifications for Cylindrical Patterning

Although this system was excellently designed for precision, there were some
modifications that had to be made in order to enable processing. This subsection
describes the modifications that were applied to the system.

3.3.1 Overhead Bracket

This system performs precise movements on four axes; however, all four axes
cannot be utilized to their potential without a method to hold a processing tool. In this
case, the processing tool will be a laser or other optical components that will be used to
redirect the laser onto the processing surface. To fix this problem, an overhanging
apparatus was designed.

The motion system has a large thick plate of steel in which the rails for the
motion system is mounted. This plate also had a number of extra holes tapped in each of
the four corners which provided a location for mounting. It was desired that this
mounting apparatus would be adjustable. In order to accomplish this, an aluminum plate
was designed, fabricated and attached to the table. This plate was necessary in order to
maintain the full range of motion of the x-axis. If vertical rails were attached to the
table base, the system would crash. This mounting plate also had tapped holes which
were utilized to attach a system of rails to the table. Figure is an image of the attached
plate and rail.
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Figure 3-4: Rail System

Another system of rails was attached vertically to provide adjustable heights. The
plates and rails were attached on either side of the motion top. Next, a two foot by four
foot section of one inch square equally spaced %-20 tapped holes was attached over the
top of the motion stage. This plate facilitates the mounting of various optical
components which will allow the full use of the motion stage. Figure 3-5 is the final
modified setup in which experimentation will occur.

Figure 3-5: Modified Setup
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3.3.2 Mounting Cover

The next modification was required to provide a surface for the specimen to be
processed. The top of the motion system in its current state does not allow for specimen
mounting (Figure 3-6), however it did have an array of tapped holes. A plate was
designed and fabricated to cover the gap on the top of the motion system. A three by
three pattern of 1 inch spaced % -20 threaded holes was machined into the center of this
cover. This allowed for a variety of components to be mounted to the cover. Figure 3-7
is a dimensioned drawing for the custom designed mounting cover.

Figure 3-6: Motion System Top

1.00

/—4x H.25 Thry

9% 1/4-20 Tapped
//_ (13/64 Tap Dril

1.00 —

475

2.50

Figure 3-7: Mounting Cover Drawing
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3.3.3 Chuck Plate

Another plate was required to allow the three-jaw chuck to be mounted to the
motion system. The pattern on the rotary axis could not be used for two reasons. First,
the hole pattern on the chuck was a larger diameter than any of the mounting holes on
the rotary axis, and secondly, even if the holes were of the correct dimension, it would
not be possible to attach them to one another since the two components to be joined
were both tapped holes. Since the hole patterns were similar, it was necessary to
counter bore the mounting holes and to us spacers to provide clearance for rotation.
Figure 3-8 is a dimensioned drawing for the custom designed chuck plate.

&

3x 120°

Figure 3-8: Chuck Plate Drawing

3.3.4 Other Modifications

In addition to these custom designed parts, there were some more modifications that
needed to be added in order to ensure accurate processing. Since this thesis entails
micromachining, precision is crucial, if the laser loses focus, the results will be very
poor. The problem would arise during cylindrical processing. If the cylinder was not
perfectly centered, it would create a wobble as the specimen rotated potentially
dropping the laser out of focus. To ensure central alignment, two linear precision stages
were added. These stages were attached at 90° to one another so changes could be made
in both the x and y directions. The linear stage is shown below in Figure 3-9
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Figure 3-9: Linear Stage™

In addition to the two linear stages, a rotary axis was also added. Since the
motion system was limited to 20° of motion, it was necessary to include this product in
order to index the specimen. The program would process the 20° that it could on the
first pass, the rotary axis would be increased by 20° providing a new surface and then
the program would restart. This process would need to be repeated 18 times to pattern
the entire surface of the cylinder. Figure 3-10 below shows the chuck mounted to the
chuck plate, rotary stage, two linear stages and finally the mounting cover.

)

Figure 3-10: Adjustment Stages
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3.4 Laser and Optical Components

This subsection describes all optical components and other systems required to
perform micromachining using a laser beam. A 100mm focal length lens was used to
focus the beam.

3.4.1 Radiation Source

The radiation source is a Q-Switched IR Laser manufactured by YucoOptics of
Bohemia, New York. This source performs at a wavelength of 1,064 nanometers with a
pulse repetition rate in the range of a manually triggered single shot up to 150 kHz. It
has a pulse width of 15 Nano-seconds and is capable of pulse energies up to 12 mJ. The
pulse to pulse stability is less than two percent of the root mean square of the pulse
energy. It is horizontally polarized with a polarization ratio in excess of 100:1 with an
average power in excess of sixteen watts. The long term stability is less than or equal to
three percent over a twelve hour run period with a beam roundness greater than 90%.

Finally, the spatial mode is TEM OO(M 2 <1.2) which is very good.

To justify the selection of this radiation source, we look to Equation 2-16 and
Figure 2-9. From Equation 2-9, we know A=1-R. Figure 2-9 shows the reflectivity for
various wavelengths. The Infrared Laser performs at a wavelength of 1064 nanometers.
For copper processing, the approximate value for reflectivity is 0.85 which results in an
absorption value of 0.15. For a green laser with a wavelength of approximately 500
nanometers, the reflectivity value is approximately 0.4, which results in an absorption
value of 0.6, a factor of two larger than that of the Infrared Laser.

This factor would lead many to assume that the green laser would be a better
selection due to its higher value for absorption. However, the power of the green laser
is limited to approximately 3 watts, whereas the IR Laser is capable of powers in excess
of 27 watts. Although less of the IR lasers energy is being absorbed by the sample, it
still provides a better radiation source due to its larger power output.

3.4.2 Cooling Unit

A cooling unit is a requirement for laser processing. The system gets so hot that
it could detrimentally affect the unit, so in order to keep it from overheating; a Neslab
RTE-111 cooling unit was utilized.

This unit has an analog temperature range of -25°C to +100°C (-13°F to 212°F) with
a temperature stability of £0.01°C. The cooling capacity at 20°C is 500 watts and has a
bath volume of 1.9gallons or 7 liters.

3.4.3 Thermal Head

In order to measure the power output of the laser, the beam had to be directed to a
thermal head. This thermal head can record the power output of the laser. In this
experiment, an Ophir 30(150)A/30(150)A-LP1 was used. This unit’s recommended use
is for short term measurements up to a power of 150Watts. It absorbs high energy, long
pulses and is convection cooled. The manufacturer specifications are given below in
Figure 3-11.
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Absorber: Broadband: 0.19 - 20um, LP1: 0.25-2.2um
Aperture: @17mm
Digital Power Scales: 150W / 30W for BB, 150W/30W/3W for LPI
Maximum Power: 150W for B0s, 100W for 90s 30W continuous
Maximum Average Power Density: BB: 20KkW/cm2, LP1: 35KW/cm?
Power Noise Level: 3mW
Power Accuracy: +3%e
Maximum Energy Density J/cm? Broadband LP1
<100ns 0.3 0.05
Tus 05 0.3
0.5ms 5 20
Zms 10 50
10ms 30 250
Response Time with Display (0-95%): 1.2s
Linearity with Power: +1%
Energy Scales: 300J /304 /3J
Energy Threshaold: 20mJ
Cooling: Convection
Mote a: LP1 heads have relatively large spectral variation in absorption and have a calibrated spectral curve at all
wavelengths in their spectral range. When used with the Nova |l (software v 1.59 and above) or USBI [V 1.17
or abave] supporting this feature, accuracy is +3% for any wavelength fram 230 to 2200nm. When used with
dizplays not supporting this feature, accuracy will be 3% for wavelengths 532nm, 755nm, 1064nm and 2100nm
and 6% for other wavelengths in the spectral range 400 — 1100nm.

Figure 3-11: Thermal Head Specifications

Used in conjunction with the thermal head is a digital display. The Orion-TH
display was also manufactured by Opir.

3.4.4 Infrared Viewer

Infrared light is not visible to the naked eye, so in order to ensure alignment of
the beam with the optical components and finally the processing surface, it was
necessary to use an Infrared viewer. The ElectroViewer 7215 is a high performance,
hand-held IR viewer which enables the user to view in the near IR wavelength range.
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4 Detailed Control Strategy

4.1 RSLogix 5000 Software

RSLogix offers a unique approach to automation. This software is a single control
platform with a common control engine and developmental environment expressly
designed to deliver world-class capabilities for any automation discipline.

This technology offers an easy to use, compliant interface, symbolic programming
with structures and arrays and a comprehensive set of instructions whether you are
using discrete, process, batch, motion, safety, or drive based applications. It provides
ladder logic, structured text, function block diagram and sequential function chart
editors for program development as well as support for machine control applications.™

RSLogix 5000 allows the user to have one intuitive design and configuration and
software package that can be used to simplify the development of complex control
solutions. It also allows greater access to real-time information or to develop localized
applications in a single control platform. This leads to optimized productivity and the
ability to quickly react to market and business demands with faster startups, reduced
commissioning time, maintenance and training costs and an overall lower total cost of
ownership.

4.2 Controller Implementation
This subsection describes how to create the controller files, add 1/O modules and

communicate with the system via the LogixPro5000 Software. ¢, 17 18 19 20

4.2.1 Creating a Controller

To implement a controller, there were a number of steps that had to be followed.
From the new controller dialog box, the controller type had to be selected as show
below in Figure 4-1. A name, chassis type, slot number and location were also given to
the controller at this time.

Mew Controller Eq I

Vendar Allen-Bradley

Tupe; i1?55-L‘I ControlLagix 5550 Contraller ;l ok I
IName: | Cancel |
Diescription: =y Help |
Chassis Type: | 1756-410 10Slot ControlLogis Chassis =

Slot: i[l 3 Bevision: |+ |h _I:i

Create In; iE: “R5Logix S000NPmojects: Browsze.., |

Figure 4-1: Controller Setup

At this time, the controller file has been created; however, there is no input
output, tag database, or associated programs. The controller organized is a graphical
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representation of your controller file. The display consists of a tree of folders and files
that contain all of the information about the programs and data in the current controller
file. This tree contains five folders as shown below in Figure 4-2.

=S| Controller Stonybrook_Machine 1

1 Centroller Tags
i..[[3 Controller Fault Handler

=23 Tasks

EI'% MainTask

: Eﬂ; MainProgram

.23 Unscheduled Programs / Phases
-3 Mation Groups

----- 3 Trends

-3 Data Types

#-C3 YO Configuration

Figure 4-2: Folder Tree

The controller file name contains subfolders most notably for the controller tags.
These tags are the unique names given to various commands used later on in the
programming process. The task folder contains the tasks for your controller file.
Underneath each task are the associated programs and ladder routines. The trends folder
contains any trends you are running in the controller file. This allows you to view a
graphical display of data sampled over a period of time. This will not be utilized in our
experimentation. Data type’s folder shows user defined, predefined, and module defined
data types. Finally, the I/O configuration folder contains information about the
hardware configuration of the controller file. It holds a hierarchy of modules with
which the controller is configured to communicate. Currently, there are no I/0 modules
in the controller organizer.

4.2.2 Adding Input/Output Modules

To add an I/0 Module, it was necessary to right click on the 1/0O configuration and
select “New Module.” A window will appear with a list of available modules, as shown
below in Figure 4-3.
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Select Module Type

Type:; tajor Revision:

1756-CMEA =

'Demriptin:nn

1756-CHE /A 1756 Contraltet Bridge

175E-CME/B 1756 ControlMet Bridge

1756-CHME/D 1756 ControlMet Bridge

1756-CHER A 1756 ContralMet Bridge, Redundant Media

1756-CHER/B 1756 ContralMet Bridge, Redundant Media

1756-CHBR/D 1756 ContralMet Bridge, Redundant Media

1756-DHRI0/B 1756 DH+ BridogesRI0 Scanner

1756-0DHRI0/C 1756 DH+ Bridoge/RIO Scanner

175E-0MB 1766 DeviceM et Scanner

178E-EMET 1756 Ethernet Commurication |nterface

1756-H5C 1756 High Speed Counter

1756-l416 16 Point 79132 AC Input :J

i~ Shiow: 1
Wendor: | &) >|  Other ¥ Speciahyl/o  SelectAl |
V¥ Analog I:" Qigifal V¥ Commurication v HMotion v Proceszor Clear 4 |

ok | cencal | Help

Figure 4-3: Module Selection

After selecting the correct module, and naming at accordingly, the new module
will appear in the controller organizer under the 1/0 Configuration folder. This process
was to be repeated for all controllers. The next step was creating a discrete tag for the
Input/Output module that was just created. These tags will vary for each specific type
of module depending on the communication format that was to be chosen.

From the controller organizer, double click on the controller tags icon. The data
monitor appears with three entries in the tag name column, this is the tag structure.
Figure 4-4 below shows the tag name that appears. “Local” signifies that the module is
housed within the same chassis as the controller. The following number, in this case,
“0” 1s the slot number within the module. Each module has two slots, denoted as “slot
0” and “slot 1.”

| Tag Marme )
P = LocalOiC
[Fi-Lozal:]
IE-LDcaILD:D

Figure 4-4: Tag Name
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4.2.3 Creating a Motion Group
Once the process of configuring the Input/Output devices is completed, the next
step is to set up a motion group. This is accomplished by right clicking on the motion
group’s folder in the controller organizer and selecting new motion group. This motion
group is created as a unique tag, as shown in Figure 4-5, the Data Type is called
Motion_Group. The scope is designated to the controller and any naming convention
can be followed. Four axes were set up, two on each controller on modules zero and

one.

| Usage:

Name:

Description:

|<nurmal> J

Type Base -

Alias For: |

Data Type:  |MOTION_GROUP J

| ﬂ Stonybrook_Machine_1 j

Scope:

Shyle: | J

™ Open MOTION_GROUP Configuration

Cancel
Help

Figure 4-5: Adding a Motion Group

Once each axis was completed, the axis properties must be added. The
properties contain a total of 16 tabs each. These tabs were populated with information
provided by Rockwell Automation with information such as the maximum speed, range
of motion and so on. The axis properties window is shown below in Figure 4-6.

@ Axis Properties - axisl ?@

Tune ] Dynamics ] (Gaing ] Qutput ] Lirmits ] Offset ] Fault Actions ] Tag ]
General Mation Planner ] LUnits Servo ] Feedback ] Conversion ] Homing ] Hookup ]
Pods Configuration: hd
Motion Group: |Stonybrook_Machine_1 ﬂ J
Associated Module:

Module: | Servo_Module_X_v |

Module Type: 1756-MOZAE

Channel: m

ITI Cancel | Help

Figure 4-6: Axis Properties
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Once all four axes have been created and the associated information has all been
populated, the programming process can begin. Figure 4-7 below is an image of the
final controller organization sidebar. This now includes all of the controller and motion
groups necessary for programming to begin.

=25 Controller Stonybrook_Machine 1
& Controller Tags
----- [ Controller Fault Handler
----- [ Power-Up Handler
525 Tasks
E% MainTask
E|E§J MainProgram
A Program Tags
----- Bl MainRoutine
Bl axisl
LB awis2
----- [T Unscheduled Programs / Phases
=125 Mation Groups

-5 Data Types
Cﬁ, User-Defined
Eﬁ, Strings
- Predefined
- Module-Defined
=23 /O Configuration
El- 1756 Backplane, 1756-47
----- f0 [0]1756-L63 Stonybrook_Machine 1

=S ﬂ [1]1756-EMBT/A Ethernet_Module

..... 8 [211756-MO2AE Servo_Module_X_Y
..... Bl [311756-MO2AE Servo_Module Z_A
..... B [411756-1B16 Input IO

..... f [511756-0B8 Qutput_I0

Figure 4-7: Final Controller Organizer
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4.3 Programming Breakdown

After communication has been established between the controllers and the
computer, the next step is programming. For this thesis, there are a variety of patterns
that were programmed. | will explain the process and logic behind the programming for
one pattern, which can then be applied to all other patterns. Every process requires a
unique tag to be designated. These tags were named in conjunction with what task they
were created to complete.

The first critical element of every program is ending the program, either when it is
completed or if there is an error. The first two rungs of each program will complete this
task. A bit is the smallest storage location in memory that contains either a 1, meaning
it is on, or a 0, meaning it is off. This first bit is connected to the Input/Output of the
controllers and will allow all of the subsequent coding to be processed. One Shot (ONS)
is an instruction that will either enable or disable the remainder of the rung based on the
status of the storage bit. Once this process is completed, the Motion Axis Stop
commands will be executed, stopping movement of all axes. Having these commands in
a parallel orientation means they will all stop at once, whereas a series orientation
would execute one at a time and take longer.

Another important tag that was created was “Sequence.” This tag is essentially an
index variable that changes based on the Move (MOV) command. This command
changes the value of the sequencer and when used in conjunction with the “Equal To”
(EQU) command, enables rungs to be either skipped if the value is dissimilar or
processed if it is the same. This unique tag also allows for loops to be easily executed
by moving the sequence to a value that was designated earlier in the programming.
Without this sequence, the program would run from the first rung to the final rung with
no possibility of selecting a procedure.

Before proceeding, it is necessary to have some background information on some
of the commands. As shown below in Figure 4-8, commands have various inherent bits.
Whenever the bit is highlighted green, the bit has a value of 1 meaning it is active. .EN
is the enable bit which, as the name implies, is active when that particular instruction is
enabled. Next .DNis the done bit which indicates that all calculations and messaging are
completed. .ER is the error bit which indicates when the instruction is used illegally.
The In Process bit .IP is indicative of a process being executed and the final bit .PC is
the process complete bit which indicates the operation is complete. The differences
between the .DN and .PC bits are that the .DN bit sets after an instruction has
completed execution whereas the .PC bit sets when the initiated process has completed.
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MAS

—— Motion Axis Stop —( EN >——
Axis axis1 | ... = DN ==
Motion Control stop_axis1 —ER »—
Stop Type All —IP—
More == _CPC:)_

Figure 4-8: Bit Mnemonics Example

With that being said, over the program there are a large number of bits that
simply check if a process has been completed. This double check ensures that the
program will not advance prior to any steps completion. So wherever a command is run,
the next line will ensure that it was completed correctly. Once the motion stop has been
verified, the run proceeds to turn off the servos for each and every axis, this concludes
the stop. Figure 4-9 shows the logic to stop motion for a three axis program. Many
programs utilize all four axes.

<Locsl:41Dsta 1> stop_ons
1 E [ ons
{ons

o

CEN

E=C DN
F{ER}—
CIF—
= PC =

cen
xis3 [ | e DNI==
CERD—
[ —
= PC e

stop_sxis1 PC  stop_sxis2PC  stop_sxisAPC  ons_dissble
S E 1 E S E

HCEN
sxist [ ] [CDOND=
disable_xis1 HCERD—

Mation Serve Off CEN
Axis axis2 S
Motion Contrel  dissble_sxis2 (< ER—
Mation Serve Off HCEN

s =xis3 [ | RO DND=
Motion Gontral disable_xis3 FCERD—

Figure 4-9: Stop Motion Logic

To start motion, a similar process is followed as the stop motion. A bit is created
that connects with the 1/0 of the controller. Following the logic described above, these
commands will all have the .DN or .PC bits following the commands to ensure proper
completion of the task as well as the Move and Equal to commands that index the
program through its various steps. All axes are shutdown using the Motion Axis
Shutdown Reset (MASR) command and then the motion servos are enabled with the
MSO command. This rung also contained a variety of computations. These
computations are used to define variable that are used later on in the programming, such

41



as feature sizes, processing speed, processed feature count, and the number of loops that
will be executed. This simply provides a centralized location that allows for easy
manipulation of the code without having to scroll through some of the longer programs
and make the changes in a large number of locations.

The next critical step is the Motion Axis Home command. In order to ensure
reproducibility as well as precision, each and every program must begin from the same
absolute position. This command makes every axis move to its extremes in order to
reestablish its position relative to the table. Without this command, the program would
start at a location in which it had either ended at previously, or a location it was moved
to by hand when the program was not running.

After this step, the system will always be at the same location. From here, it is
moved to a generic location that is derived from the means of processing. This means
all axes are moved to an absolute position that will allow the laser to be focused on the
specimen to be processed. These values will change based on the size of the specimen,
and whether or not is a flat plate or cylindrical specimen.

The next rungs are used to lay out the feature that is to be processed. For features
with a greater number of sides, this loop will be longer, whereas simple patterns will be
short. Figure 4-10 is an example of the logic that is followed to achieve motion. It
begins with an Equal to bit which will execute the rung if Source A is equal to Source
B. MAM is the motion axis move command which will execute for whichever axis is
selected and based on the motion type, position, and speed. The source will then be
indexed, checked at the onset of the next rung, continue once the motion has been
confirmed complete. For each motion command, I’ve built in a timer. This timer is in
the units of milliseconds and is used so there is not an instantaneous change in direction
which would put unnecessary stresses on the system. Once the timer is completed, the
sequence will be indexed and the logic will repeat itself until a single feature is
completed.

EQU move_axis1_forwar
q 3 E
13 p—— Egusl =l =
Source A seguence
5
Source B 40

HCEND— Move (I—
axist | .. | = DN— Source 55
move_axis1_forward2 I ER—
1 oiP— Dest  sequence
H{PC— 5 &

Fosition Half_Side_Pos
0e

Spesd Spesd
00 ¢

Speed Units Units per sac

Maore ==

EQU maove_axis1_forward2 PC TON
14 —— Equsl JE Timer On Delay oEN—
Source A seguence Timer forward_dwell_1 | DN—

5 #| Freset 10 €|
Source B 55 Accum 0 &

_dwell_1.DMN  ons_fwd_dwell_delay_1 M
1% 1 E {ons ] Move [—
Source (1)

Dest  sequence

Figure 4-10: Motion Logic
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In order to loop this feature creation, a variety of index variables were
completed. Every time the feature was created, a value of one was added to this index
variable, and once it reached a value that was obtained based on the feature and
specimen sizes, the program would advance. Figure 4-11 is an example of the logic
used to create a loop in the program. For this example, there were 9 required
movements to create the feature which explains the forward_dwell command. Next is
the addition of one to the index variable every time the program reaches this point. The
move command brings the loop back to the start of the feature and repeats until the
desired value is achieved. This is done using the Greater than or Equal To (GEQ)
command. In this example, when the Indexer is larger than the Square Count it will
proceed to reset the indexer and move to the next step.

forward_dwell_2.DN ons_fwd_dwell_9 DD Tl
az 1 E [ ons Add Mo

Add Move —

33 [—— Grtr Than or Egl {A>=B} Divide Maove —
Source A Indexer Source A Indexer Source 95

1 & 1|
Source B Square_Count Source B Indexer Dest SequUence
5 €| 1 | 5 ¢

Dest Indexer
14|

Figure 4-11: Loop Logic

Most programs have four loops built in. The first loop will repeat to process a
pre-designated number of features along a given axis. The next loop will index the
height of the motion stage. This is useful because it allows the user to repeat the
machining process along a given path until the desired depth has been reached. Without
this loop, whatever depth the feature is processed to on the first pass would be the
maximum achievable depth. The next loop is created to save time. As opposed to
processing in one direction; for example left to right on a flat plate, this loop creates the
same feature moving from right to left, directly over the previous pattern. Once the
desired number of features has been processed, the height will index again and the
process will repeat. The next loop executes once the desired number of features and
depth have been reached. At this point, the system will re-orient itself, providing a new,
unprocessed surface for the patterning to restart. During this process, the height will
also be reset to its default value to ensure the correct focusing on the new surface. The
process then restarts at the first loop and continue until the processing has been
completed. Figure 4-12 is a flowchart that shows the program structure. At the
culmination of the program, a final motion command is executed. This command will
bring the motion stage to the front of the table allowing for ease of examination or
removal of the processed specimen.
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Figure 4-12: Motion Flowchart
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Figure 4-13 below shows the types of patterns that were coded. These patterns
were coded for both flat plate processing as well as cylindrical processing. The increase
in thickness of some line segments signifies the opposite direction of motion. This
means that half of the pattern would be processed as the system was moving upwards,
and the other half would be created as it was moving downward. After both passes, the
pattern would be complete. This two directional patterning meant that the connecting
lines between the features would be processed twice.

Square Pattern Square Wave Pattemn
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Figure 4-13: Patterns
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4.4 System Issues

This chapter discusses a number of issues with the motion system and overall
processing applications. Due to the issues outlined in this chapter, the more elegant
patterns such as the hexagon and triangle were unable to be processed. These patterns
require the simultaneous movement of two axes and with the feedback feature not
functioning properly; the patterns would be misaligned and uneven.

4.4.1 The Z-Axis

A number of solutions have been attempted with no success. These issues are
related to motion in the Z direction. This motion is crucial because all cylindrical
patterning is done primarily in the Z and Theta directions.

As previously stated in 0: Programming Breakdown, the way the process is should
work is a motion command will begin, the motion will execute and upon completion of
said command, the process complete bit will trigger and the next step will commence.
In reality, the feedback system is not working properly and as soon as the motion
begins, the process complete bit will trigger and move on to the next step. After
contacting the manufacturer about this issue, they pointed me to a few options in the
axis properties. None of these options successfully resolved the problem.

In order to still perform processing, a solution needed to be found. Albeit a band
aid on the larger issue, delays were built in at the end of each motion command during
the programming process. This would allow the user to increase the delay based on the
distance to be moved in the Z direction in order to allow the motion to be finished
before proceeding to the next step.

Another issue relating to the Z-Axis is its motion speed. This issue corresponds
with the feedback issue that was just explained. This axis has the ability to move up to
15mm per second, however, due to its lack of feedback, any increase in speed in the
axis properties will result in a crash of the axis and a subsequent cancellation of the
active program. Therefore, the default homing speed of 1mm per second must be
utilized throughout the processing.

The final issue with the Z-Axis is related to one of the modifications. The addition
of the cover plate, two linear stages, rotary stage, chuck plate, and the three jaw chuck
have added a significant amount of weight to the top of the motion system. This extra
weight makes the motion in the z-axis harder when it is increases, and easier when it is
decreasing. This will result in a difference in processing speeds based on the direction
of motion.

The manufacturer has been looking into the feedback issue, since that solution of
that problem will result in the solution of the other two problems. With the feedback
working correctly, it is possible to adjust the maximum speed of the axis and increase
the overall processing speed. The solution to the weight issue is also easily fixed once
the feedback is working correctly. In the axis properties there is a torque scaling option.
This option scales the motion speed between the forward and reverse directions. This
would cause the system to work harder when the z-axis is moving upward, but this
would enable the system to process at the same speed in either direction.
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4.4.2 Shutter Control

Due to the issue with the feedback of the z-axis, that created an issue with the
shutter control. Since it was unknown precisely when a motion would finish, there was
no way to incorporate the control of the shutter via the program. In doing so, it would
be possible that the shutter would close too soon, which would create a gap in the
pattern, or, it would close to late, in which case the pattern would be over-processed.
Outputting a signal at given times from within the program is possible, but as
previously stated, it would case more of an issue. At the beginning and end of the
program, a manual shutter would be opened or closed to allow for processing. This
would prevent the issues that would arise from the computer controlled shutter.

Shutter control was necessary to create more elegant patterns such as the hexagon,
square, or triangle because without it, the laser would have to move from one end of the
pattern to the other without altering it. The solution to this problem can be seen in
Figure 4-13 with the increase in line thickness. To prevent a new line to be processed in
moving from one end of the pattern to the other, the pattern was overlapped in some
locations.
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4.5 Strategy for Cylindrical Patterning

There are a number of different programming techniques that could be used to
achieve the same processed pattern. For ease of visualization, various patterning steps
will be outlined for the triangle wave. Four options were conceived and illustrated in
Figure 4-15. Arrows indicate the order in which the segments are processed. Options
that involved having step two move upwards as opposed to downwards were not
considered because in essence, it is the same pattern.

Option one required seven steps and entailed processing the lower portion of the
pattern twice. The program would complete the entire triangle, and then begin to
overlap the processing in order to move onto the next feature. Option two was also
seven steps and portrays the processing of the lower section before the upper section.
The pattern would move from the lower corner, up to the peak, and then turn around
and retrace its path. Following this step, the other half of the triangle was processed,
completing the feature.

Option three was a nine step option. This option included shutter control, which as
explained in 4.4.2:Shutter Control was not a viable option at this point. Regardless, this
option patterned the triangle; the shutter would close, preventing processing from
continuing, and indexing up to the peak of the triangle. Once this location was reached,
the shutter would open and the processing would resume.

Option four was an eight step process that involved two separate patterning times.
For this option, the z-axis would pattern up the cylinder, processing half of the feature.
Figure 4-14 will aid in describing the process. First, the entire lower half of the pattern
would be processed from left to right in accordance with the visual aid; this is shown by
the bold lines, and the solid lines on the lower half of the feature. After this portion of
all features has been patterned, the direction of motion would reverse, becoming right
to left. The adjoining lines will be reprocessed, and then the dashed lines will be the
path that is followed to complete the pattern.

Figure 4-14: Option Four
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Figure 4-15: Patterning Options

Ultimately, option four was the selected method of processing. The ideal method
would be option three but the possibility of shutter control but as previously mentioned,
this was not a viable option at this point. Although option four required more steps than
options one and two, it had other benefits. First, the sections that were to be processed
twice would reside on one axis. This singular movement ensured accuracy in the
reprocessing of the feature. The next and more important benefit was that of direction
change. For each axis, there is a time required for acceleration and deceleration to
occur. Constantly changing the direction of motion is inefficient and potentially
damaging to the axes.
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5 Demonstration of Cylindrical Patterning Via Laser Ablative

Processing

This chapter discusses the experiments that were performed. There were a number
of critical factors in each experiment, such as the laser power, current supplied to the
laser, processing speed, material type, and the pattern chosen. The dimensions of each
pattern processed will also be provided as a side by side comparison of what was
expected, and what was the actual result. Each experiment done will describe each of
these factors and then images of the results.

5.1 Experimental Procedure

This chapter discusses the steps required to prepare for the experiments. This
includes arranging the radiation source and its optical components, and focusing the
beam on the cylindrical surface.

5.1.1 Optical Arrangement

Since the system being utilized is a standalone system, it was necessary to redirect
the laser beam from the source which was located on an optical table; over to the
specimen. This was accomplished using three Thor-Labs mirrors that were precisely
mounted and angled to direct the beam to its desired location. A fourth optical
component was used to focus the beam; this was a 100mm lens.

5.1.2 Focusing the Beam

The final pre-experimental step was focusing the beam. This tedious task was
accomplished utilizing two programs that were written to focus in the x-direction and y-
direction. First the system was manually focused without being active to determine the
approximate location. Then, the system was activated and moved to this approximate
location, when a loop would then take over and, upon input from the user, slowly index
the axis until the beam was focused.

This process took quite some time because the focusing program can only move the
system incrementally in one direction. Once the focus location was surpassed, the
program had to be re-run in order to adjust in the opposite direction. Also, the incident
beam was not approaching the surface of the cylinder perpendicularly. This meant that
each time you refocused the beam on one axis; a slight modification would be required
on the other axis as well. Focus is obtained at the position in which the spark created by
the beam hitting the specimen is the brightest. Figure 5-1 is a representation of an
unfocused position. Although the laser is comprised of Infrared light, a beam was
created in order to aid in the visualization of this concept. Figure 5-2 shows the beam
when it is in focus where the green emission from the surface is the generated plasma.
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Figure 5-1: Unfocused Beam

Figure 5-2: Focused Beam
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5.2 Indicating the Cylinder

This chapter includes details on the purpose of indicating the cylindrical sample,
why it is necessary, the method used to accomplish this task, and a further investigation
of why precision is so vital for scaling analysis.

5.2.1 The Indication Process

Indicating the cylinder is a method utilized to ensure concentricity between the axis
of rotation, and the specimen mounted to the stages. To explain why this step was so
crucial, we will refer back to Equation 2-12, Equation 2-13, and Figure 2-7. The laser

we are using for processing has a wavelength of 1 =1,064x10 °m, initial beam radius of
w, =1.5mm =1.5x10 *m, a times diffraction limit of M* =1.2, the focal length of the lens

is known to be 100mm or 0.1m. Inserting these values into Equation 2-13 yields the
waist radius.

o A (1064310 f0.1)1.2)
o, #(L5x107)

=27.1um

Doubling this radius will give us the waist diameter which is 54.2microns. Plugging
this value for the waist radius into Equation 2-12 will give us the Rayleigh Length.

___#ler.vao’y

r —v~= =0.00018m = 0.18mm
(L064x10°)1.2)

Doubling the Rayleigh Length yields the focal length which is 0.36mm. This means
that in order to maintain beam focus, the axis of rotation must be within 0.36mm of
perfect center or the beam will go out of focus.

As previous stated in3.3.4:Other Modifications, it was necessary to include two
linear stages to ensure that the eccentricity of the rotating specimen was precise. A non-
concentric cylinder will display a wobble while rotating and a point on the surface will
trace out an ellipse as opposed to a circle. Figure 5-3 below illustrates the concept of
eccentricity. The center of rotation is designated by the black dot, located in the center
of the circle with the value e=0. This is designated a circle because it is perfectly
centered about the point of rotation. As the values for eccentricity increases, the center
of the curve is further away from the center of rotation, so as a single point revolves
around the center of rotation, it follows an elliptical path. The further away from the
point of rotation, the more elliptical the orbit will become.
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e=0.5

Figure 5-3: Eccentricity

To prevent this elliptical rotation, a dial indicator was temporarily mounted to the
system and used to center the cylinder. While slowly rotating the specimen, the
indicator would show which direction the cylinder needed to be moved in order to attain
the correct center of rotation. The two linear stages were precisely adjusted and
ultimately, the cylinder was centered to within five ten thousandths of an inch
(£0.0005”) for the twenty degree rotation the system was capable of. An image of the
indication process is shown below in Figure 5-4.

Figure 5-4: Indication Process
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5.2.2 Further Analysis

In expanding upon the ideas shown in 5.2.1:The Indication Process, we will now
examine what would happen to the Rayleigh length if changes were made to the
experiment. First we will touch on what would be the result if the focal length of the
lens was altered. Equation 2-13 calculates the waist diameter, since the focal length is
in the numerator, an increase in this value would result in an increase in the spot size.
Conversely, a decrease in this value will result in a decrease in the spot size. For
example, doubling the focal length would double the waist diameter, and halving it
would halve the waist diameter.

Now, examine what would happen to the Rayleigh Length. As previously stated,
increasing the focal length increases the waist diameter. Equation 2-12 has the square of
the waist diameter in the numerator, so this increase in the waist diameter will lead to
an increase in the Rayleigh length by a squared factor, increasing its value rapidly.
Conversely, decreasing the diameter would drastically reduce the focal length, making
it very difficult to focus.

In an example for micro-scale patterning, we will take a focal length of 10mm or
0.01m. This yields a waist radius of 2.7microns which is a factor of ten smaller than
that of our 100mm focal length lens. However, in computing the Rayleigh length, we
obtain a value of 1.8 microns, a factor of one hundred smaller than the Rayleigh length
of 100mm. It is evident that as the spot size is scaled down to sizes that would enable
the processing of Nano-scale features, the focal length will be so miniscule that an auto-
focusing device would be necessary to keep the beam in focus. A device of this nature
could potentially utilize a piezoelectric to dynamically make adjustments to compensate
for the variation in the surface.?* Without this device, variations in the surface would
cause the beam to lose focus and thus hindering the lasers ability to process. Figure is a
visual representation of the decreasing focal length as spot size decreases.
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Figure 5-5: Improving Resolution
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5.3 Ablative Patterning for a Copper Tube
This subsection illustrates various examples of laser ablative patterning on
cylindrical copper samples.

5.3.1 Proof of Concept: Similarity between Flat and Cylindrical Samples

This experiment is a proof of concept of the similarity between flat plate samples
and cylindrical samples. A simple raster motion was used to illustrate the similarity
between the processing of two samples with different geometry. Figure shows a
generated pattern on a cylindrical surface whereas Figure 5-7 shows flat sample
processing. These patterns show excellent similarity, overall uniformity and a very
close threshold for black copper generation.

Figure 5-6: Cylindrical Sample Processing

Figure 5-7: Flat Sample Processing®
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5.3.2 Parametric Analysis of Processing Speed and Power Variations

This experiment is a study of processing speed in relation to laser power. A
variety of linear patterns were created on a cylindrical copper surface for varying
rotational speeds. The power would then be increased, and the patterns would be
recreated using the same speeds to see what the differences are. Figure 5-8 shows the
pulse overlap of various scan speeds. The faster the processing speed at a given
frequency, the less pulse overlap there is, whereas a very slow speed yields an
abundance of pulse overlap. Figure 5-10 illustrates the direction in which the process
data was analyzed. Due to the fact that the rotary axis could be more readily controlled,
this was the data that was analyzed, whereas the z direction of motion was used to
provide a clear processing surface.

Decreasing Speed

Figure 5-8: Processing Speed

Test 1 Test 2 Test 3 Test 4
Trial Rotational | Tangential
No. Velocity | Velocity | power | Current | Power | Current | Power | Current | Power | Current
[Deg/Sec] | [mm/Sec] | [w] | [A] [W] Al | Wl | (Al | W] | [A]

1 15 291 9.95 37.9 15.45 38.9 19.95 39.6 25.22 40.5
2 30 5.82 9.95 37.9 15.39 38.9 20.11 39.6 25.19 40.5
3 45 8.73 9.97 37.9 154 38.9 19.87 39.6 25.04 40.5
4 60 11.64 10.02 37.9 15.36 38.9 19.96 39.6 25.17 40.5
5 90 17.46 9.99 37.9 15.42 38.9 20.24 39.6 24.85 40.5
6 120 23.28 9.97 37.9 15.32 38.9 20.08 39.6 24.97 40.5
7 150 29.09 9.98 37.9 15.33 38.9 19.95 39.6 24.9 40.5
8 180 34.91 10.01 37.9 15.26 38.9 19.86 39.6 25.15 40.5
9 200 38.79 9.98 37.9 15.22 38.9 20.07 39.6 24.92 40.5

Figure 5-9: Velocity, Power, and Current Values
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Vertical Direction: Provides
Clear Processing Surface

Rotational Direction:
Direction of Data Analysis

Figure 5-10: Data Analysis Schematic

The radial variation in the cylinder was £0.23mm which led to a potential velocity
variation of £0.06mm/s. The molten width was the measured dimension and the results
based on processing power and speeds are illustrated in Figure 5-19. Figure
5-11through Figure 5-18illustrate the patterns created at varying powers, and
magnifications. Images were taken using a scanning electron microscope and an optical

microscope in reflection mode. In order to give some perspective of depth, the SEM
images were tilted and rotated.

Figure 5-11: 10 Watts 20x
Magnification

Figure 5-12:10 Watts 250x
Magnification
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Figure 5-16: 25 Watts 20x
Magnification

Figure 5-13: 10 Watts 5,000x
Magnification

Figure 5-14: 20 Watts 20x Figure 5-17: 25 Watts 250x
Magnification Magnification

Figure 5-15: 20 Watts 5,000x Figure 5-18: 25 Watts 5,000x
Magnification Magnification
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Processing Power vs. Feature Width
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Figure 5-19: Processing Power vs. Feature Width

In analyzing the results, it is evident that for slower speeds, there is more ablation
due to a larger number of pulses striking the specimen per unit length. Increasing the
power will also increase the ablation rate because higher energies are being applied to
the materials surface. It is clearly visible that the slowest speed and the highest power
results in the highest rate of ablation, whereas the lowest power at the highest
processing speed will result in the lowest ablative rate. As the speeds increase, the
thickness of the processed pattern decreases and the visible blackening of the surface
will also decrease.

The width versus power has Gaussian profile dependence. In examining the depth
versus power relationship, it is evident that as power increases, the depth will not
follow the exponential decay as defined in Beer’s Law. Plasma interaction must be
considered for feature quality. The generated plasma causes the re-deposition of
material and as the power increases, the depth of the pattern will decrease. Speed versus
power is related to the number of pulses per unit length. For fast speeds, there are less
pulses, which results in a lower amount of energy transfer, whereas slow speeds
increases the energy transfer. Either extreme of low speed and high power, or high
speed and low power will result in poor processing quality as shown in Figure 5-20 and
Figure 5-21 below.
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Figure 5-21: 25 Watts 5.82mm/s
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5.3.3 Parametric Analysis of Power and Frequency Variations

In this experiment, patterns were processed at a variation of powers and
frequencies. Adjusting the frequency would change the pulse energy and potentially
result in a change in the appearance of the processed pattern. Figure 5-22 below
tabulates the frequencies, power, current, and pulse energy for each pattern created. The
processing speed remained constant for this experiment.

Frequency Power Current Pulse Energy
Pattern | [khiz) W] [A] (]
1 70 20.12 39.4 287.43
35 20.02 39.4 572.00
35 9.96 38.1 284.57

Figure 5-22: Process Data

For a frequency of 70 kilohertz and a power of 20 watts, the pattern created had
smooth edges and was not burned as shown in Figure 5-23. Next, the frequency was
halved to 35 kilohertz while maintaining power. This resulted in a doubling of the pulse
energy. This increased energy at the same processing speed resulted in a severe
blackening of the specimen as well as a degradation of the edges as shown in Figure
5-25.Figure 5-24 and Figure 5-26show the pulses per unit time based on the power and
frequency. The same amount of energy is delivered to the surface, however the pulse
energy changed.

Figure 5-24: Pulses per unit Time
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Figure 5-25: 35kHz — 20 W — 572 pJ — 2.91mm/s

.

Figure 5-26: Pulses per unit Time

Lastly, the frequency was held at 35 kilohertz and the power was decreased to 10
watts. This led to pulse energy to within 3 micro joules of the initial processed pattern.
This pattern was then compared with a processed pattern with the frequency, speed and
power doubled. This led to the same number of pulses per unit length, and the same

pulse energy. However, this shows process scalability by achieving the same processing
parameters at different processing speeds.

Figure 5-27: 70kHz — 20W - 287uJ — 5.82mm/s
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Figure 5-28:35kHz — 10W - 287uJ — 2.91mm/s

With the same pulse energy and pulse rate, the two features were not completely
similar. These results can be attributed to a phenomenon known as pulse broadening. As
the frequency of a laser increases, the pulse duration will slightly expand, which will
change the heat flux onto the surface. This change in heat flux will result in a differing
of processing quality.

5.3.4 Relationship between Compressed Gas Injection and Processing
Efficiency
This experiment utilizes gas injection in an attempt to increase the efficiency of the
laser processing. The experimental setup is shown below in Figure 5-29 with a zoomed
in view in Figure 5-30. The same pattern, speeds, and power were utilized to see if
there was an improvement.

The results for the patterns are given below in Figure 5-30. The pattern is visibly
cleaner and less burned. During laser processing, the laser-material interaction point
will cause a plasma generation. As the plasma expands, it interacts with the beam and
this interaction will hinder the machining process. By introducing a propelled gas,
provided it has enough momentum, will push the plasma away from the surface, thus
providing a clear processing path and therefore improving the patterned feature.
Practically, it would improve scribing performance and reduce the laser power cost and
fundamentally it makes a difference in ablation plasma physics in practical scribing
conditions. %
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Laser-Material
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Figure 5-30: Plasma Removal
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Figure 5-32: 25 Watts - Gas Figure 5-34: 25 Watts - Gas

Figure 5-31 and Figure 5-32 show the processed feature without compress gas
injection whereas Figure 5-33 and Figure 5-34 show the results with compressed gas
injection. The width of the processed feature without gas injection was measured as
208.38 microns whereas with gas injection it was just 93.66 microns. This shows that
under practical scribing conditions, there is an evident increase in processing efficiency
with the introduction of a compressed gas.
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5.3.5 Proof of Concept: Full Surface Patterning

This experiment was performed to test the validity of processing a full 360° of a
cylindrical surface. This experiment required indexing a manual rotary axis 19 times to
attain full feature patterning. Although the motion system has the ability to process a
twenty degree range, which would require 18 total passes, the features did not take up
the full range. Instead, each iteration processed close to 19° which led to the nineteenth
manual index. Figure 5-35 is a schematic of the processing concept. Each hash mark on
the rotary stage represents a 20° change in angle. To better visualize the rotation, a
small extrusion was added at the base of the cylinder as well as displaying an index of
more than 20° in the figure.

Figure 5-35: Full Surface Patterning Schematic

Beginning with an unprocessed copper tube, a square wave pattern with side
lengths of 0.25mm was patterned. A total of 30 squares were made per vertical pass,
with six vertical passes being processed per program iteration. This was run at a power
of 10 watts and a speed of 1mm per second. Initially, at the conclusion of the program,
the stage would be manually rotated 20 degrees. However, this left a small gap between
program iterations. To fix this issue, the stage was rotated approximately 20 degrees,
the shutter was opened to locate the spot, and then stage was reposition to restart the
feature where the previous iteration had ended. This process drastically reduced the
processing gap and in some sections portrays what the patterning would look like if the
motion system had a larger range of motion.
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Each iteration of the program took approximately 20 minutes to complete. This
included 17 minutes of actual processing time, plus an addition three minutes for
manual indexing and the re-initialization of the system. Figure 5-36 is an image of the
final feature which was comprised of 3,420 square waves. Figure 5-37 shows the pattern

dimensions.

Figure 5-36: Full Patterning
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Figure 5-37: Pattern Dimensions
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5.4 Cylindrical Patterning of a Thermal Spray Sample

This experiment entailed processing a proprietary thermal spray coating. This
coating was designed a process in the Center for Thermal Spray Research at Stony
Brook University. The sample was 20mm in diameter and 37mm tall with a wall
thickness of almost 2mm. The purpose of this experiment was to test the feasibility of
laser processing this specimen and see if it was possible to pattern. The specimen was
too short to be mounted in the chuck jaws and be processed, so it was affixed to another
sample to enable processing, the setup is shown below in Figure 5-38.

Figure 5-38: Thermal Spray Sample

All previous experiments were conducted on copper samples which were highly
reflective. Due to this fact, the starting power level for processing was decreased from
25watts to 10watts. Even at ten watts, the power was too great. A large spark (Figure
5-39) was created on the surface of the sample and when processing was completed, the
pattern was unrecognizable. The same case was present when the power was decreased
to five watts. The power was then halved again to 2.5 watts and was more successful;
however, the features were too small (0.25mm sides) to be visible. These three trials are
shown below in Figure 5-40.
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Figure 5-39: 10 Watt Spark

10 Watts

5 Watts

2.5 Watts

Figure 5-40: Trials 1-3

The next set of trials doubled the feature size from 0.25mm sides to 0.5mm sides.
The power of 2.5 watts was re-examined, as well as new powers of 3.15, 3.75 and 4.1
watts. The clearest pattern was obtained at power of 3.75 watts. The pattern was then
expanded, and repeated as a means of improved visualization. Figure 5-41shows trials
four through seven with their respective powers and Figure 5-42 shows the expanded
pattern for the 3.75 watt case.
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4.1 Watts

2.5 Watts

3.15 Watts

3.75 Watts

Figure 5-41: Trials 4-7

Figure 5-42: 3.75Watt Expanded Pattern

It was determined that high power levels were far too destructive in machining this
specimen. Any power above 4 watts would melt the surface and degrade feature
recognition, at higher powers such as five or ten watts, the material appears melted and
is unrecognizable. For a power of ten watts, there was a slight darkening of the interior
surface but for lower powers there was no visible change. A focusing pulse was used at
25 watts and that left a visible mark on the cylinders interior as seen in Figure 5-40.
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5.5 In Situ Process Monitoring from Laser Induced Plasma Emission

This experiment examines the theory of Laser Induced Breakdown Spectroscopy
that was outlined in Chapter 2.3. During the processing of the copper samples, a distinct
green emission was visible as shown below in Figure 5-43.

Figure 5-43: Visible Green Emission

Using a fiber optic cable to collect light from the laser-material interaction
location as shown below in Figure 5-45, the emitted light was transmitted to a spectral
analyzer that could accurately determine the wavelength of said light. This spectral
analyzer was not as precise as the measurements we compared to; however this system
has the ability to scan a much wider range of wavelengths. Figure 5-44 is a computer
model of the LIBS experiment whereas Figure 5-45 is an image of the actual setup.
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Figure 5-44: LIBS Model

Image Capture

Focusing Lens

Emission Collector
Probe

Figure 5-45: LIBS Setup
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Figure 5-46: Spectral Analyzer

As shown in Figure 5-47, the spectrum of emission for copper is between 500
and 560 nanometers with peaks located at around 330 and 520 nanometers. These
wavelengths correspond to green light. Figure 5-48 shows the results obtained from our
spectral analysis. There are peaks located at wavelengths of 326.86, 514.73, 521.39 and
654.59 nanometers. This verifies that the material being processed is indeed copper. In
addition to Figure 5-47, Peax 2.0 which is a database software that enables a user to
search, identify and plot elements and molecules in a spectrum. The element database is
the atomic spectra database from the National Institute of Standards and Technology
(NIST.) #* This software produces peaks located at wavelengths of 324.75, 327.39,
515.32, 521.82 and 647.02 nanometers in addition to a large number of other peaks we
were unable to measure with the accuracy of our system.
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Figure 5-47: LIBS Spectra of Copper®
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Figure 5-48: LIBS Spectra of Copper Sample

The next samples we had were Galvanized Steel and Black Steel. Figure 5-49
below shows the spectral range of a steel sample as obtained at the University of
California, Irvine. Both Figure 5-50 and Figure 5-51 are very similar as they are both
steel samples. Black steel shows peaks at 361.15, 374.05, 382.47, 523.61, and 549.68
nanometers whereas galvanized steel displayed three peaks at 379.10, 524.17 and
549.13 nanometers. In comparing them with the spectra shown in Figure 5-49, the peaks
line up at the wavelength of 525nm. Both the black steel and galvanized steel samples
show emissions that vary from three to four hundred nanometers in wavelength, they
are much more intense than what was measured in the experiment at UCI. Utilizing the
Peax Software, there were peaks located at wavelengths of 385.99, 371.99, 358.11,
374.55, 516.74 and 526.95 nanometers. These peaks reside within a few nanometers of
those measured. Since it is known that these samples are not pure steel, the similar form
of the spectra for the two samples shows that they are steel.

LIBS spectra of Steel samples
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Figure 5-49: LIBS Spectra of Steel

74



Fe 379.10nm
Fe524.17nm

£
c
&
=l
o
=
n
)
ke

e = - = - =, - & &
Figure 5-50: LIBS Spectra of Galvanized Steel Sample
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Figure 5-51: LIBS Spectra of Black Steel Sample

Finally, the thermal spray sample that was explained in experiment eight was tested
for its spectra. Although the exact composition of this proprietary sample is not known,
we were told that there was an abundance of aluminum present. Figure 5-52 below
shows the known LIBS Spectra for Aluminum and Figure 5-53 is the measured spectra
of the thermal spray sample. Although the thermal spray sample did not have as many
peaks as the known aluminum spectrum, the peaks at 396.74 and 618.97 nanometers
were very similar to the Peax values of 618.36 and 396.15 nanometers.

75
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Figure 5-52: LIBS Spectra of Aluminum
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Figure 5-53: LIBS Spectra of Thermal Spray Sample
For a number of peaks, the database provided two peaks of similar wavelengths,
however; the measured value yielded a single peak that resided between the known

peaks. This was caused by a coarse grating being used and the peaks were absorbed into
one another.
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5.6 Visualization of Ablation Plume by Ablation Induced Plasma
Emission Imaging and the Resulting Pattern Quality

This experiment was an analysis of plasma generation on a cylindrical surface. To
perform this experiment, the addition of a magnified camera was required. This camera
was mounted directly over the laser-material interaction point in order to capture
images of plasma generation. Figure shows an overall view of the experimental setup.
The camera was mounted to a manual two axis stage to enable camera to be focused in
the correct location. The experiment setup is shown below in Figure 5-55.

Figure 5-54: Camera Viewpoint

Figure 5-55: Plasma Generation Setup
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This experiment was designed to measure the angle of plasma generation based on
the incident angle of the processing laser. A copper surface was machined at a variety
of angles to determine the direction of plasma generation. Figure 5-56 through Figure
5-59 illustrate the incident beam locations for the four performed trials.

Figure 5-56: Trial 1 Beam Location Figure 5-58: Trial 3 Beam Location
Figure 5-57: Trial 2 Beam Location Figure 5-59: Trial 4 Beam Location

Trial one impacted the copper cylinder at a near right angle. Figure 5-61show that
the direction of plasma generation is in the same direction as the incident beam.
Essentially, the plasma is being generated in a direction normal to the surface of
impact. Figure 5-61through Figure 5-64on the following pages show the results for the
four trials in a number of images.

In trial two, Figure 5-62corroborates the results shown in Trial 1. Based on the
direction of the incident beam, the plasma would be generated normal to the surface of
impact. The results are similar in trial three where Figure 5-63shows the plasma
generated at a reflected angle. The same results are shown for Trial 4 in Figure 5-64.
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Upon Further investigation, the beam could be seen in some images. However,
since the beam is Infrared this was in need of explanation. As plasma is generated, it
expands in all directions as it cools. As it expands toward the direction of the incident
laser, the beam will react with the expanding plasma and reheat the material plume.
This will generate another instance of green emission.

This reheating along the laser trace can be used to explain the varying angles of
plasma generation. Images in which the laser trace is less visible will result in a larger
plume being generated as shown in Figure. This minor interaction with the plasma
allows maximum energy to be directed onto the surface which results in a higher
temperature and expanding plasma plume.

Figure 5-60 below demonstrates the visual conventions used to explain the trial
results. The incident laser beam is represented by an arrow, and the tangential surface is
represented by a line. The laser ablation plume is visualized through emission from a
plasma state plume. This emission is dominated by an approximate wavelength of 520
nanometers. This is the atomic transition peak for copper and this wavelength
corresponds to green light.

Incident Laser Beam

Secondary Plume Excitation by
Subsequent Laser Pulses along
Laser Trajectory

cntial Surface to Processed
Cylinder

Main Ablation Plume (Surface
Outward Normal)

Figure 5-60: Plasma Generation Explanation

Trial 1 impacts the surface at a normal incidence. At this point the laser-plasma
interaction is increased which results in a worsening of machining quality. As the trials
progress, the laser reflection from the sample increases to a maximum in Trial 4, which
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corresponds with an increase in wasted energy. With further analysis, this data can be
used to optimize machining efficiency with respect to machining volume and laser
power in addition to overall machining quality. Figure 5-61 though Figure 5-64are all of
the same scale for accurate visible comparisons of plasma generation.

Figure 5-61: Generated Plasma Trial 1 Figure 5-63: Generated Plasma Trial 3
.
Figure 5-62: Generated Plasma Trial 2 Figure 5-64: Generated Plasma Trial 4
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5.7 Rapid Pattern Transfer Results by Subsequent Imprinting Processes
This experiment was designed to test the practicality of rolling the patterned
cylinder across a flexible polymer to see if the pattern would be transferred. For this
experiment, three patterns were made at a frequency of 70 kilohertz and varying the
power between approximately 11 watts, 20 watts and 26 watts. The data is tabulated
below in Figure 5-65. Figure 5-66 is a schematic of the feature transfer technique.

Pattern Power [W] Current
(A]
1 10.82 38.0
2 20.08 39.4
3 25.60 40.5

Figure 5-65: Rolling Pattern Data

/

Figure 5-66: Pattern Transfer Technique®

Figure 5-67 is an image of the transferred patterns onto the flexible polymer.
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Figure 5-67: Transferred Patterns

Part of the pattern was indeed transferred, but it was not as expected. During the
laser processing, a buildup of material was generated on either side of the beam path as
shown in Figure. This build up was the feature that was transferred to the polymer.
Computer models were generated to aid in the explanation process. Figure 5-68shows a
processed linear pattern and Figure 5-69 shows the cross section of this pattern.
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Figure 5-68: Processed Pattern

—

Figure 5-69: Cross Section of Processed Pattern Model

As this pattern was rolled onto the flexible polymer, the material buildup was
transferred as shown in Figure 5-70 where the desired pattern was not transferred at all.
This still produces the outline of the pattern but the correct feature was not transferred.

Figure 5-70: Pattern Transfer Model
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Experiment five was performed in order to more readily examine a better feature
transference. In looking at the higher magnifications, there are small copper particles
visible within the material. For the higher powered features, the pattern was more
visibly transferred to the polymer and remained after 24 hours.

This experiment arose from the shortcoming of experiment four. Since the only
pattern that was transferred was caused by elevated features created during processing,
it was desired to transfer a pattern that had the correct cross section. To accomplish this
task, it was necessary to ablate a large amount of material from the cylindrical surface,
while leaving small, unprocessed features that would then be used to indent the
polymer.

Again, a computer model was generated to aid in the explanation of the
experimental process. A large amount of material was ablated to decrease the surface
height. In the center of the ablated materials, lines were left unprocessed. These lines
would be the feature to be transferred as shown in Figure 5-72.

Figure 5-71: Processed Cylinder Model
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Feature to be
Transferred

Figure 5-72: Feature Transference Model

Three lines were processed. Line one has a thickness of 0.05mm, Line two has a
thickness of 0.1mm and line three has a thickness of 0.2mm. Since the surrounding area
has been processed, it will reside at a lower level. Due to this fact, as the pattern is
being transferred, the remaining line will be elevated, potentially allowing the pattern
to be transferred more precisely.

The sample was heated to temperatures of 250and 350 degrees Fahrenheit prior to
pattern transfer by means of a heat gun. The heat gun produced hot air which was not
visible to the naked eye; the red flame in the figure is a visual aid only. Once heated,
the same process outlined in Figure 5-66 will be followed to transfer the pattern.
Coinciding with previous experiments, only the sharp remains of the ablated material
was successfully patterned onto the polymer. None of the three patterned lines were
sharp enough to puncture the surface causing the pattern to remain. Figure 5-73 shows
the subsequent imprinting process. The image on the left is the processed cylinder
whereas the right image in the transferred pattern.

Figure 5-73: Subsequent Imprinting
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6 Future Applications and Studies

This chapter considers future applications and studies for the various experimental
results and concepts discussed. The future for cylindrical patterning is only just
beginning. Currently, for much of the cylindrical rolling industry, the actual cylinder is
not patterned itself. Instead, a flat flexible metal or polymer will be patterned and then
adhered to the cylindrical surface. This step makes this process less desirable than a
pattern that is correctly machined onto a cylinder. The potential for a loss of adhesion is
always present and could severely damage any high speed operation if it were to come
undone. Two prime examples of flat plates being formed around a cylinder are used in
the processing of currency and the printing of newspapers.

On the smaller scale, micro and Nano-scale patterning is achieved via a step and
repeat process. 2’Replacing this step and repeat process with a constant rolling device
would drastically increase the speed of processing. Research into this area of study is
currently being explored. %, ?° Other techniques involve stepped rotating lithography
and nickel plating as shown below in Figure 6-1. In this application, a photo resistive
material is exposed around the circumference of the cylinder. This material is then
developed, leaving a positive feature on the cylinder which is then electroplated.
Stripping off the remaining photo-resistive elements yields a strong, positive pattern on
the cylinder.

UV-LED

Mask

— Resist

" Roller

Exposur. Stepped Rotating Method
R of Exposure Develop

Resist Stripping Electroless Ni

Figure 6-1: Fabrication Procedure via Stepped Rotating Lithography and Electroless
Nickel Plating®

The rolling of micro scale features could allow for cheaper circuits, solar cells and
various other implications in the electronics industry. Parametric analysis could
determine what the ideal processing power, speed, and frequency would be for laser
processing. Creating black copper on the surface of a cylinder would be ideal for use in
evacuated tube solar collectors to more efficiently harvest the suns energy.

85



Surface patterning of cylinders can also better prepare the specimen for adhesion.
The thermal spray sample will generally be applied to other surfaces. Pre-texturing of
these samples could facilitate a stronger bond between the specimen and the applied
coating. The patterning of the proprietary coating could have innumerable applications
such as fuel cells, bio-fuel applications such as algae growth and various applications in
thermo-electric devices.

Laser induced breakdown spectroscopy is an emerging technology that can
determine a specimens composition with a laser strike. This can be used for many
applications such as reverse engineering or material identification of a wide range of
samples with a less destructive impact on the specimen. The largest use for LIBS is the
determination of impurities within a material since the software has the ability to detect
elements in the low

Finally, the fundamental knowledge that comes with understanding plasma
generation has great implications. As experiments have shown, %* the introduction of a
compressed gas to force the created plasma buildup at the laser-material interaction
point greatly increases the processing efficiency while decreasing the power required to
achieve a specific result. In understanding the direction in which the plasma is
generated could potentially remove the plasma from the equation by machining at an
angle. This can also lead to Nano scale deposition in which another specimen is placed
at a location in the direction the ablated material will flow.

The next step in this experiment would be to set up a shutter in conjunction with the
imaging device. As the shutter is opened, the camera will snap an image that is at the
exact moment the laser interacts with the material surface resulting in plasma
generation. This would ensure there are no extraneous effects being generated from
longer exposure times on the surface of the specimen.
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7 Summary

This chapter summarizes the events of this thesis. Patterning of a cylindrical
specimen has been known to be a difficult task, however, with the correct system; this
process can be simplified to a typical two dimensional machining process. The
parametric studies into various processing speeds, powers and frequencies depict results
that can then be adapted to a particular application. Although manual intervention was
required to fully pattern the circumference of a cylinder, with the correct upgrade to the
rotational access, the scaling of the code is an effortless step to full scale patterning.
Processing to the limits of the experimental setup proved the concept that it was
possible and scaling the code up is a mere formality.

Some refinement of the rolling process would be necessary before large scale
patterning can begin, but the experiments carried out was a general proof of concept
that a pattern can be transferred from a laser machined, cylindrical surface, onto a flat,
flexible polymer.

The processing of a sample with an unknown composition is also possible once
parametric analysis has been carried out. This analysis derived the ideal system
parameters for the patterning process and illustrated that a visible pattern could be
machined onto the surface of the aforementioned compound without destroying its
integrity.

It was also shown that the introduction of a compressed gas to the laser-material
interaction location would result in the removal of plasma build up. This removal would
increase the efficiency of the machining process and decrease the power required to
obtain a specific result. However, in analyzing plasma generation on a more
fundamental level, it is now evident that using the correct experimental setup and
system parameters, plasma generation may be reoriented in a direction other than that of
the incident laser beam. This would remove the additional cost of the compressed gas
while still increasing the efficiency of the patterning process. Finally, laser induced
breakdown spectroscopy was used to show that based on the spectral emission of a
material, the elementary makeup of said material can be obtained.
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