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FOREWORD

Advances in technology frequently outstrip the ability to deploy them effectively in industry. Under-
standable concern for the risks associated with adopting new, untried methods of manufacture —
particularly those requiring high up-front investment — hold users back; the prudent wait until someone
else has demonstrated the viability and negotiated (or fallen into) the traps that lie along the way. The
early bird may catch the first worm, but it is the second mouse that gets the cheese.

Considerations such as these held back the wide-scale adoption of lasers for welding, cutting and
heat-treatment in the 1970s and early 80s, well after they had been demonstrated at a laboratory
scale. But as experience accumulated, the pace of take-up increased, until today lasers are accepted as
manufacturing tools. Capturing this experience, ordering it, relating it where possible to underlying
fundamentals and predictive models is arguably the best way to accelerate this take-up further. This
assembling of experience, understanding and knowledge is precisely what this book is about.

Few people could be better qualified to write a text on laser processing than the author, Dr John
Ion. His professional life has spanned the time from which lasers first became powerful enough to
permit material processing to the present day, a time when they are widely adopted for cutting,
welding, marking, heat-treatment, cladding and much more. Throughout, Dr Ion has led research and
development of lasers as processing tools and has sought to stimulate and enable their effective use.

One of Dr Ion’s roles has been to act as an advisor and consultant, holding the hand, so to speak,
of manufacturers striving to select, install and commission laser-based systems. Such a role requires
experience and insight of exceptional breadth and depth. Both are rewardingly revealed in this book.
The span is global, combining fundamental understanding of each process with a practical knowledge
of where and how best to employ it — the ‘dos’ and ‘don’ts’ as well as the ‘how it works’. Dr Ion pioneered
the use of laser-processing maps, richly illustrated here, as a way of relating the process parameters
of beam power, beam size and scan rate to specific manufacturing tasks and materials. But there is
much more here than that. Dr Ion outlines his aims as those of providing understanding of underlying
principles, documenting current best practice, developing predictive models for process control and
clarifying the technical and economic criteria that guide process choice.

All of these he amply achieves. This is a truly comprehensive text in its coverage of the many diverse
ways in which lasers are now used in manufacture, in the depth with which each of these is explored
and in the vision for the future with which it concludes. It is a volume of lasting value.

M.FE. Ashby
Cambridge, UK
November 2004
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PREFACE

Lasers are now an integral part of modern society. The CD and DVD have revolutionized the way we
listen to music and watch movies. The laser scanner at the supermarket checkout no longer raises an
eyebrow. Corrective laser eye surgery has enabled many to discard their spectacles. Digital pictures
from a colour laser printer are now of such high quality that photography has been transformed from
a darkroom art into a computer science.

However, few appreciate the innovations that lasers have enabled in modern manufacturing. A new
family automobile contains tens of metres of laser-welded bodywork, providing a stronger, safer
passenger compartment. Control buttons, windows, mirrors and the vehicle identification number
are neatly and indelibly laser marked. The automobile can be personalized by laser cutting myriad
apertures and cavities for accessories and optional extras. Components in the engine and transmission
are laser hardened so that they perform better and last longer. Hopefully the laser-cut material of the
airbag will remain tucked inside the steering wheel, and its laser-welded sensor will never be actuated.

Given that this industry — known as laser processing of engineering materials — often achieves
annual double-digit growth, and currently turns over more than one thousand million dollars each
year, it is remarkable that it receives such little publicity. In education also, the subject is often only
taught as a module as part of a course in engineering, the physical sciences, or materials, because of
its multidisciplinary nature; a module that lacks the depth required to appreciate the opportunities for
novel design and manufacturing procedures that the subject offers. Many in education and industry
have identified a need for formal education and training in the subject if momentum is to be sustained.
This book is intended to address that need.

The content is designed primarily for senior-level undergraduate students of Engineering and
Materials Science, who have a basic understanding of the structure and properties of engineering
materials. However, postgraduate research students will find reference data that provide an overview
of the subject, and which suggest topics for further study. Scientifically inclined professionals will find
practical information relevant to laser material processing in a wide range of industry sectors.

The book aims to provide answers to a number of fundamental questions. What are the differences
between laser material processing and conventional methods of processing materials, and where do
analogies exist? What opportunities does a clean, flexible and highly controllable source of laser power
provide for novel processing? How can the economics of laser processing be assessed and compared
with traditional costing models? Many of the answers lie in the underlying physical and chemical
mechanisms of laser processing.

Chapters 1-6 set the stage. The breadth of current application is illustrated in Chapter 1 with a
selection of familiar products used in the home, healthcare, manufacturing and the arts. Chapter 2
provides an account of the evolution of lasers, material processing systems, process development, and
industrial application — highlighting the multidisciplinary nature of the subject, and illustrating the
synergies that exist between the disciplines. The workings of lasers and systems for material processing
are described in Chapters 3 and 4, respectively, to aid in practical selection of appropriate equipment.
An overview of engineering materials is presented in Chapter 5, with emphasis on the interactions
between laser beams and materials on the atomic scale and the effect of rapid laser thermal cycles
on the structures and properties that can be produced, using material property charts as a guide to
the selection of materials and processes. Chapter 6 examines the principal process variables of laser
material processing; they indicate that two fundamental modes of processing are possible — thermal
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and athermal. The three fundamental mechanisms of thermal processing are described — heating,
melting and vaporization — together with the basic mechanisms of athermal processing: making and
breaking chemical bonds. An understanding of process variables and processing mechanisms leads to
the concept of Laser Processing Diagrams, which are constructed for the most common processes using
analytical mathematical modelling. These not only provide an overview of a process, enabling practical
processing parameters to be extracted, but also highlight possibilities for novel processing techniques.

The chapters that follow cover the processes themselves. Since laser material processing originated
as a thermal interaction between the beam and the material, the processes are presented in order
of increasing temperature, starting with heating and ending with vaporization. But before thermal
processes are examined, Chapter 7 describes athermal processing, which involves photoelectrical,
photochemical and photophysical mechanisms — processes in which the variables span enormous
ranges and which are enabling remarkable advances in process technology. The presentation framework
created for these processes allows them to be placed in context with the more traditional thermal mode
of laser material processing.

Chapters 8—10 consider processes in which classical heating is the principal processing mechanism:
structural change driven by thermodynamic and kinetic reactions; surface hardening involving phase
transformations; and deformation and controlled fracture. The format used for each chapter and
process is designed to expedite data retrieval: process principles are explained in terms of the underlying
materials science; process selection criteria are formulated by comparing technical and economic
features with conventional manufacturing methods; industrial production techniques are described
to show how principles are put into practice; the properties of commonly processed materials are
characterized to aid comparison, identify trends, and provide a source of reference for further study;
Laser Processing Diagrams are constructed for processes that can be modelled, and their uses illustrated;
and manufacturing applications from different sectors of industry are examined to reveal the factors
that influence decision making. The chapters conclude with recommendations for further reading, a
comprehensive list of references, and a selection of exercises. Solutions to Exercises for reccommending
and adopting teachers, can be found at www.books.elsevier.com/manuals and follow the instructions
on screen.

Chapters 11-14 use the same format to describe processes in which melting is the principal pro-
cessing mechanism: surface melting (including alloying and particle injection); cladding; techniques
of conduction joining; and cutting (which involves fusion, but introduces vaporization as a processing
mechanism). Chapters 15-17 cover processes in which the dominant processing mechanism is vapor-
ization (but which may also include melting): marking; keyhole (penetration) welding; and thermal
machining.

The book concludes with Chapter 18 — an overview of the opportunities for sustainable growth in
different economic sectors provided by laser material processing. The characteristics of laser processing
are summarized to highlight the differences and similarities in comparison with conventional methods
of material processing, and to help identify areas with potential for the development of innovative
processes and the use of novel materials. The driving forces for change within the various manufac-
turing industry sectors are discussed, and compared with the characteristics of laser processing, to
match potential cases of ‘industry pull’ and ‘technology push’. The use of modelling to help in the
development of new processes and materials is described, with particular reference to the growing
use of non-metallic materials in laser processing. The spectacular growth of industrial laser material
processing is quantified, and used to highlight the potential and need for education and practical
training.

The appendices contain reference material. Appendix A is a glossary of terminology to help students
of Engineering and Materials Science understand the concepts in each other’s subject more easily.
Appendix B contains the salient properties of lasers for material processing, which enable attributes such
as wavelength, photon energy and interaction time to be compared with the properties of engineering
materials, thus aiding in laser selection and predicting principal modes and mechanisms of processing.
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Appendix C describes designation systems used for metals and alloys, allowing the common industrial
codes mentioned throughout the book to be interpreted and the properties of processed materials to
be compared. Appendix D contains the mechanical and thermal properties of popular engineering
materials. These material data have many applications: they can be used in analytical formulae to make
rapid calculations of the temperature profiles generated during laser processing; they are a means of
characterizing and differentiating engineering materials, thus enabling their behaviour during laser
processing to be understood, and their suitability for different laser-based processes to be assessed; and
finally they are fundamental to designing novel materials suitable for innovative laser-based procedures.
Appendix E contains useful analytical equations for heat flow and structural change, which illustrate
the relationships between the principal processing variables, and allow rough calculations of processing
parameters, temperature fields and processed material properties to be made. Finally, Appendix F lists
standards relevant to laser material processing, from which practical requirements and guidance can
be obtained for laboratory trials and industrial application.

The material is gathered from over 20 years’ experience of laboratory investigations, university
teaching, industrial workshops, and consultation with industrial users. The information provided
helps the results of laser processing to be deduced. But more importantly, the underlying mechanisms
of interaction are explained, in order to stimulate inductive reasoning, thereby opening new avenues
for investigation of novel procedures and products. The book will have achieved its aim if the reader
feels in a position to understand the principles, procedure and industrial application of laser material
processing, and perhaps finds a means of developing a promising idea into a potentially profitable
process.

John C. Ion
Adelaide
June 2004

SOLUTIONS MANUAL

Solutions to the exercises in this book are available for adopting and recommending teachers. To
access this material visit www.books.elsevier.com/manuals and follow the instructions on screen.
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PROLOGUE

Late in March 1964, principal photography on Goldfinger — Ian Fleming’s seventh book to feature
James Bond — began at Pinewood Studios in Buckinghamshire, England. It was Sean Connery’s third
outing as Britain’s most famous fictional icon. On this occasion he was waking up strapped to a table
confronted by a mysterious device with a pulsating spiral. In the book (published in 1959) Fleming had
chosen an advancing circular saw as the modus operandi for Bond’s demise. But the producers wanted
something more breathtaking for the film.

Figure 0.1 A scene from the 1964 film Goldfinger — the first public demonstration of laser material processing.
(Source: MGM, courtesy of the Directors Guild of America and the Screen Actors Guild of America)

Four years earlier, newspapers had described a new invention — the laser. The headlines had mainly
been variations on a theme; a ‘death ray’. This combination of mystique and terror was perfect for
the film’s producers. Production designer Ken Adam set about creating an industrial laser mounted
overhead on a gantry. It would focus a beam of light that could cut through metal. Since such events
were still the stuff of science fiction, a slot was cut in the table, which was filled with solder and painted
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over, after which Burt Luxford, a studio technician, knelt carefully under the table and proceeded to
expel the solder from the slot using an oxyacetylene torch. The pyrotechnic effects were impressive.

Meanwhile, three-and-a-half thousand miles across the Atlantic Ocean, 24-year-old Kumar Patel
and his team at the Bell Telephone Laboratories in Murray Hill, New Jersey, were working on a carbon
dioxide gas laser. The power levels they were achieving were miniscule at first. But as they refined gas
mixtures and devised methods of cooling their laser, the output power started to rise.

It would not take long for the paths of science fiction and industrial research to cross. In England,
during the month of May 1967, Arthur Sullivan of the Services Electronics Research Laboratories in
Harlow, and Peter Houldcroft of The Welding Institute in Abington, south of Cambridge, cut through
tool steel one-tenth of an inch in thickness using the beam from a carbon dioxide laser.

The James Bond series went on to become the most successful franchise in the history of film
making, earning over two thousand million dollars. Laser cutting became the most profitable facet
of the industry now known as high power laser-based manufacturing, which is now worth over one
thousand million dollars each year. Lasers continue to make regular appearances in James Bond films.



CHAPTER

INTRODUCTION

INTRODUCTION AND SYNOPSIS

Laser has become a catchword for precision, quality and speed. Desktop laser printers convert a
colourful electronic image into a high quality permanent picture. The digital versatile disc (DVD)
brings the experience of the cinema — high definition pictures and multi-channel sound — into the home.
A laser scanner at the supermarket checkout translates a barcode into an item that appears on your
receipt and disappears from the store’s inventory. Lasers can be used to whiten your teeth, remove
unwanted hair, and make your spectacles obsolete; the list grows every day.

Yet if any of these products had been demonstrated as recently as the early 1960s, the reaction
would probably have been similar to that created by the first microwave oven — scepticism at best;
a completely new way to solve a problem.

The breakthrough occurred in May 1960, when a working laser was constructed and demonstrated
in a research laboratory in California. Only devotees would have noticed the announcement of what
is now considered one of the ten most important inventions of the twentieth century. Many of today’s
lasers were invented in the mid-1960s, but they remained hidden in research laboratories and military
establishments. Companies only started to manufacture lasers for commercial use towards the end of
that decade. In the 1970s, enthusiasts — particularly in the automotive industry — started to realize
their potential for material processing. Industrial applications began to appear, but the role of the laser
remained hidden from the general public; it was simply a machine that performed a manufacturing
task so well that it was hardly noticed. It was not until the early 1980s (when the compact disc was
introduced and light shows experienced a step-change in sophistication) that the word ‘laser’ entered
into general usage. Laser manufacturers, machine tool makers, and systems integrators interpreted
this new familiarity as an opportunity to market flexible laser processing systems to enlightened
manufacturing industries. The impact was immediate: sales of laser-fabricated products flourished
from the late 1980s as the laser’s high technology image was used in successful marketing campaigns
for a wide range of products. A new industry had developed — Laser Processing of Engineering Materials.

This book is about this new industry. It examines how and why lasers are increasingly being used in
manufacturing with a wide range of engineering materials. An enormous number of applications have
been developed. The operation of a compact disc writer does not immediately appear to have much
in common with the hardened steel components in an automobile, yet both depend on structural
transformations in metallic alloys that are induced by the heating effect of a laser beam — albeit to
very different degrees. To understand such connections, the emphasis of the book is on the underlying
materials science of interactions between laser beams and engineering materials. The modes and
mechanisms of processing, which link apparently unconnected techniques, are revealed. A framework
is created in which the processes can be organized, and used as the basis for Laser Processing Diagrams,
which are useful tools in education and industrial practice.



2 Laser Processing of Engineering Materials

This introductory chapter examines why the laser is unique in the collection of modern machine
tools: it has so many uses. The impact of laser material processing on modern life is illustrated through a
snapshot of everyday products and procedures that involve a wide range of lasers, engineering materials
and processing mechanisms.

THE LASER — AN INNOVATIVE MACHINE TOOL

Traditional machine tools are normally designed for a particular purpose: modern lathes can be
programmed to machine with high precision; carburizing furnaces automatically harden to predeter-
mined requirements; and automated cutting and welding gantries part and join materials quickly and
accurately. They all perform to the most exacting standards. But they only perform a particular task.

The industrial laser is different. It is a flexible machine tool. It produces a beam of light with unique
properties. Its light can be controlled accurately: it can be focused to a small spot, providing an intense
source of energy that is ideal for penetrating materials; or spread into a diffuse heating pattern to treat
surfaces. As well as processing materials by thermal modes, the interaction between the photons of the
laser beam and atoms in materials enables processes to be performed athermally (without heat): bonds
can be made and broken. The beam can be manipulated with optical components to perform a variety
of operations simultaneously, or switched between locations for sequential processing.

The laser thus provides opportunities for innovation in material processing. Innovation: novel
application of an existing idea; application of a novel process; or — in the most successful cases — novel
application of a novel process. In some applications, the laser can simply be used in place of an existing
machine tool. For example, when the beam is used to cut sheets of materials, the cost of a laser can
be recouped in months because productivity can be increased and product quality can be improved.
Equally, the laser can be the tool around which a new manufacturing process is developed — laser-based
rapid manufacturing enables products to be made in novel ways with their design governed by the
function of the product rather than the limitations imposed by traditional fabrication techniques.
Both approaches have been implemented successfully to meet the constant demand for increasing
competitiveness in manufacturing industry.

LASERS IN MATERIAL PROCESSING

The examples of lasers in material processing described in this chapter illustrate the widespread nature
of laser processing. They represent a small fraction of a growing list of applications that take advantage
of the unique properties of light produced from many different types of laser. Don’t be concerned
about unfamiliar terms; these will be explained later. Do, however, note:

m the different types of laser that are used — their active medium (gas, liquid or solid), wavelength,
power, energy and mode of operation (continuous or pulsed);

m  the variety of materials treated — metals and alloys, ceramics and glasses, polymers and
composites;

m  the mode of beam-material interaction — thermal (induced by heat transfer) and athermal
(induced by changes on the atomic scale);

the mechanisms of thermal processing — heating, melting and vaporization;
the mechanisms of athermal processing — making and breaking chemical bonds; and

the myriad applications that have been developed from a limited palette of processing mechanisms.
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IN THE HOME

In 1895, King C. Gillette began work on a safety razor with disposable blades. A little over one hundred
years later, the Gillette Corporation introduced the Sensor razor, which incorporated many unique
components and novel approaches to design. One of these was the use of laser spot fusion welding.
Each expensive thin platinum hardened stainless steel blade is joined to a cheaper rigid metal alloy
support bar by 13 spot welds. The welds are made by using the energy in a pulsed beam of infrared light
delivered from a solid Nd:YAG (neodymium yttrium aluminium garnet) laser with a power of about
250 W. Millions of blades are manufactured every day; each cartridge is welded in about one second.
The MACH3 shaving system, Fig. 1.1, features cartridges with three blades that are welded using this
technique.

Since 1994, Oras Oy (Rauma, Finland) has used lasers to mark its company and product logo on its
bathroom products. An example is shown in Fig. 1.2. Polymer tap levers are electroplated with layers
of chromium and nickel. The product logo is indelibly branded by thermal vaporization of part of this
layer by a writing beam from a continuous 85 W Nd:YAG laser. It takes between two and five seconds
to write the logo, depending on the product. Each year, the covers and levers of millions of single lever
taps, thermostatic bath units and shower components are laser marked.

Nelko Oy (Lapinlahti, Finland), a manufacturer of kitchen furniture, produces a range of wooden
finishes, some of which can be tailored to individual tastes. Wood is a natural polymer composite that
comprises strong fibrous chains of cellulose embedded in a matrix of softer lignin. The panel shown
in Fig. 1.3 was laser engraved from a digitized image. Different colours and textures are obtained by
varying the pulse length of light from an infrared carbon dioxide gas laser (CO;) and by using different
gases to shield the interaction zone.

Modern kitchens provide industrial designers with opportunities to demonstrate their talents on
a wealth of engineering materials: stainless steel sinks; wooden furniture; ceramic tiles and stove tops;
tough resin mouldings; and granite worktops. When the talents of an industrial designer are combined
with the knowledge of a laser processing engineer, the results can be spectacular. Or they can go
unnoticed — few are likely to show off their laser-welded refrigerator door, washing machine drum, or,
least likely of all, kitchen sink.

Figure 1.1  Laser spot welds on the three blades of the Gillette MACH3 shaving system. (Source: Mark Jahns,
Gillette Consumer Services, Boston, MA, USA)
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Figure 1.2  Laser-marked logo on an Oras Linea single lever tap. (Source: Jukka Koskinen, Oras Oy, Rauma,
Finland)

Figure1.3  Laser-engraved wooden kitchen cupboard door. (Source: Henrikki Pantsar, Lappeenranta University
of Technology, Finland)
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Figure 1.4  Laser in-situ keratomileusis (LASIK). (Source: Stephen Siebert, Laser Focus, Adelaide, Australia)

IN HEALTHCARE

The laser has made an outstanding contribution in many fields of medical science. Remarkable advances
have been made in ophthalmology — the first user of medical lasers, and still the largest. Retinal
attachment using a few watts of blue light from an argon ion gas laser brought the role of the laser to
public attention. Today, laser-based cosmetic surgery probably commands the highest public profile.
However, dentistry, gynaecology, urology, neurosurgery and many other disciplines have benefited
from the minimally invasive nature of surgery that laser processing provides.

Laser in-situ keratomileusis (LASIK) is an ophthalmic procedure that combines laser processing and
microsurgery. It is used for the treatment of nearsightedness (myopia) and farsightedness (hyperopia).
A keratome (a device containing a high-speed rotating disc) is used to cut a layer of superficial corneal
tissue (a natural polymer) about 0.15 mm in thickness, which is folded aside, Fig. 1.4. Corneal tissue
is exposed to pulses of ultraviolet laser light (normally produced by an argon fluoride excimer laser),
each of which removes a layer of tissue around one quarter of one micrometre (one thousandth of
a millimetre) in thickness. Movement of the beam over the eye is computer controlled for precision
profiling. The ablation process is athermal; the energy of the ultraviolet radiation is sufficient to
break molecular bonds, which provides exceptional accuracy. The total amount of material removed is
normally less than the thickness of a hair. Myopia is treated by removing tissue from the central region
of the cornea, which decreases its curvature to reduce the focal length of the lens. Hyperopia is corrected
by removing tissue from the periphery of the cornea. The flap, which acts as a natural bandage, is then
replaced. The laser procedure is very brief — typically lasting for no more than 40 seconds — and is
carried out under local anaesthetic. The complete treatment takes less than 15 minutes. The procedure
is carried out in over 40 countries, and over one million people have been able to discard their spectacles.

The thermal effect of laser light is used in a many medical applications. Skin (another natural
polymer) can be resurfaced by vaporizing superficial layers using pulses of infrared light from a CO,
laser. This stimulates the growth of collagen in underlying tissue, which reduces the apparent depth of
wrinkles. Hair can be removed by the heating action of red light from a solid ruby laser, or the infrared
light of a semiconductor laser, which destroys the follicle. Laser light can be used to remove facial
blemishes and tattoos; a laser that produces light similar in wavelength to the colour of the blemish is
selected. Focused light from a CO; laser is absorbed well by the water in tissue and bone (a natural
ceramic composite) — a laser light scalpel not only makes precision incisions, but also cauterizes the
wound. The light from liquid dye lasers, whose wavelength can be tuned, is particularly suitable for
precision processes involving athermal photochemical reactions in blood. Dental caries is removed
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Figure1.5 Audi A2 aluminium alloy spaceframe. (Source: Jens Christlein, Audi AG, Neckarsulm, Germany)

with pulsed laser light from a growing list of solid state lasers (based on active media comprising
lanthanon ions in a YAG host) that are themselves excited using the light from a semiconductor laser —
a more precise and less painful alternative to the conventional drill. ‘White’ tooth fillings (a man-made
composite of inorganic particles in a polymer matrix) can be cured and hardened quickly with a few
watts of blue light from an argon ion laser.

Laser light is used not only as a tool in medical procedures, but also as an energy source for the
manufacture of tools found in medical devices. Catheters (tubes for introducing or removing fluid
from the body) and stents (cylindrical scaffoldings that are inserted into arteries to restore blood flow)
are among a large number of instruments made by laser-based micromachining and microjoining
techniques.

IN MANUFACTURING

Few automobiles are made today without the use of lasers. Multikilowatt CO, and Nd:YAG laser
systems are now common on production lines, where they weld bodywork, power train assemblies
and accessories. Continuous seam welds in sheet materials not only improve the stiffness, handling,
road noise and crashworthiness of an automobile, but they also enable new joint designs to be used,
leading to cost reductions through savings in materials. In addition, light materials and novel designs
are becoming more popular, notably the aluminium alloy space frame shown in Fig. 1.5. A hybrid
system comprising a multikilowatt Nd:YAG laser beam and a metal—inert gas head is used for welding
the spaceframe components combining the high penetration and productivity of laser welding with
the tolerance for joint fitup and gap-filling ability of arc fusion welding.

The first commercial airbags appeared in automobiles in the 1980s. Airbags are constructed from
tightly woven cloth of nylon or polyester. They are inflated with a gas produced from a contained
chemical reaction that is triggered when a sensor detects a sharp deceleration. Airbag materials must
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Figure 1.6  Laser-cut polymer airbag material. (Source: Geoff Shannon, Synrad Inc., Mukilteo, WA, USA)

Figure 1.7  Laser hardening of alloy steel gear wheel teeth. (Source: Tero Kallio, Lappeenranta University of
Technology, Finland)

be tough but flexible, which causes difficulties for mechanical cutters. A sealed 240 W CO, laser is an
excellent means of cutting airbag material, since the beam does not physically contact the material, and
can be programmed to follow intricate contours easily. Nitrogen is used to assist the cutting process.
The edge is simultaneously sealed, as shown in Fig. 1.6. Materials can be cut quickly in single or
multiple layers.

Heat treatment has been used for centuries to improve the mechanical properties of materials.
Manufacturers are now able to choose from a wide range of techniques to meet performance
requirements. Laser hardening is a relative newcomer to manufacturing industry, offering precision,
productivity, high quality, and opportunities for new design. Figure 1.7 shows the flanks of alloy steel
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Figure 1.8 Component fabrication using Laser Engineered Net Shaping (LENS™) direct metal fabrication
process. (Source: Clint Atwood, Sandia National Laboratories, Albuquerque, NM, USA and Sylvia Nasla, MTS,
Eden Prarie, MN, USA.) LENS™ is a trademark of Sandia National Laboratories

gear wheel teeth being hardened by the shaped beam from a multikilowatt infrared laser. (Part of the
mystery surrounding laser processing is that infrared light cannot be seen by the human eye.) The
beam traverses the flank, heating the surface to a given depth, which then quenches to induce a phase
transformation that produces a hardened surface. The benefits are four-fold: the life of the gear wheel is
extended; the gear may now be used in high performance applications; new materials and gear designs
can be introduced; and hardening patterns can be changed easily, resulting in rapid processing of a
wide range of product geometries.

Powdered metallic alloys can be melted by a laser beam to create prearranged deposited patterns
on surfaces. Laser cladding involves the production of surface layers with properties that are different
from the substrate — they are tailored to the application. The technique has been extended to build up
three-dimensional objects, and is one of a family of rapid manufacturing processes. These are novel
techniques of fabricating components that are difficult to make by conventional means because of the
material characteristics or the component geometry. Parts are constructed layer by layer from a CAD
model, as shown in Fig. 1.8. The process is readily scaleable and easily integrated into a production line.
Composite layers comprising different materials can also be produced. Thus mechanical properties
can be customized in particular locations by varying the processing parameters or the material type.
The method is particularly suitable for making prototype parts, which can be remodelled by making
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changes in the software. Stainless steel, titanium and nickel alloys are the most common materials used.
(Titanium work hardens readily and so is difficult to forge.) In this example the laser is the basis of a
novel means of manufacturing, rather than merely a replacement for an existing process. Laser-based
near-net manufacturing processes can save 20% to 30% of the cost of the part by eliminating material
waste and minimizing the use of expensive consumable cutting tools. Additional savings are possible
because inventories can be reduced and manufacturing times shortened. The method can also be used
to make moulds: conditions are created such that the deposit is easily removed from the substrate
surface, thus creating an impression of the topography in a solid form suitable for the casting process.

Next time you step into an aircraft, consider the contributions that laser processing could have made:
laser-welded aluminium fuselage skin stiffeners; laser-drilled nickel superalloy jet engine components;
laser-marked polymer cabling insulation; and laser-cut titanium ducting. Ships, railway carriages,
satellites, bicycles and Formula 1 racing cars also benefit from cost savings, new designs and reduced
environmental impact that laser-based fabrication provides.

Industries have grown up around the short wavelength and rapid pulsing capabilities of laser light.
A beam of short wavelength has a high energy, which is capable of vaporizing material. Vapour can
be condensed to form thin films on materials; an ideal method of manufacturing sensitive electronic
devices. An exciting development in nanotechnology is the ability to grow carbon nanotubes and
other structures using a similar technique. Nanostructures have outstanding mechanical properties
and can be used as the basis for atomic-scale electronic devices. Output from the Ti:sapphire laser can
be obtained in pulses on the order of femtoseconds (1071 s) in length. This is shorter than kinetic
events in atoms and molecules, and provides means for high precision athermal micromachining of
electronic components.

Environmental issues have a large impact on manufacturing: processes are required to generate
fewer pollutants; materials that can be reused are favoured; and processes that use less energy are
called for. The laser provides solutions to a number of challenges. Laser irradiation causes elements
and compounds to fluoresce, enabling pollutants such as heavy metals and aromatic hydrocarbons in
soil to be detected using spectroscopy. The same principle is used to identify specific alloys that can be
recycled. Laser-based processes are normally clean in comparison with conventional manufacturing
methods; processing is carried out under carefully controlled conditions and is relatively quiet. Modern
diode lasers convert electrical energy into optical energy with up to 50% efficiency — a value that
compares favourably with traditional manufacturing equipment.

IN THE ARTS

The Finnish artist Reijo Hukkanen was commissioned to produce a piece of art in stainless steel, called
Tdahtivys (Belt of Stars). It takes the form of an angel’s wing, comprising five separate elements, shown
in Fig. 1.9. The aesthetics belie the complexity of fabrication. The outlines of each element were first
drawn and scanned to produce a digitized file. The file was used to programme the movement of a
single multikilowatt CO; laser beam in three separate operations: cutting fixturing jigs to secure the
parts; welding the periphery of each element; and cutting the outlines. The preforms created were
inflated with high pressure nitrogen to create three-dimensional elements. The artwork was completed
by attaching the elements to a curved beam.

Artwork is vulnerable to attack by atmospheric pollutants. Disfiguring encrustations are familiar
sights on exposed buildings and statues. Systems have been developed that use a variety of laser sources
and beam delivery techniques to remove the encrustation without damaging the underlying substrate.
For example, an Nd:YAG laser beam can be carefully directed into intricate carvings by an articulated
delivery system, Fig. 1.10. The encrustation typically absorbs about 90% of the incident light, whereas
the absorptivity of the substrate is much lower. Many types of coating can be removed by a number
of mechanisms: ejection through vaporization of materials at the interface with the substrate; fracture
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Figure 1.9  Tihtivyd (Belt of Stars), designed by the Finnish artist Reijo Hukkanen, and made by laser cutting
and welding. (Source: Petri Metsola, Lappeenranta University of Technology, Finland)

through differential thermal expansion; and selective vaporization. Such techniques have been applied
to materials as diverse as stained glass windows and painted aircraft surfaces. Conventional cleaning
methods use chemicals or high pressure water jets and abrasives, which can erode the substrate and
produce environmentally harmful waste.

Not only can lasers remove unwanted material, but they can also deposit material by both thermal
means (as we have seen in the LENS™ process) and athermal mechanisms. Stereolithography is a
technique for building three-dimensional models. By irradiating a liquid photopolymer with ultra-
violet light from a gaseous helium—cadmium laser, a cured solid polymer surface can be produced
by athermal chemical mechanisms. The model is built up by polymerizing layers sequentially. An
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Figure 1.10  Restoration of a statue by pulsed Nd:YAG laser cleaning. (Source: Paolo Salvadeo, Quanta System
SPA, Milan, Italy)

equally imaginative use of low power Nd:YAG laser light is to heat metals in gas atmospheres to grow
microscopically thin films of coating compounds, which reflect and refract light to produce attractive
interference colour distributions, which are ideal for jewellery. Titanium responds particularly well to
such treatment.

SUMMARY AND CONCLUSIONS

The laser is a uniquely versatile tool for processing a remarkable range of metals and alloys, ceramics
and glasses, and polymers and composites in both laboratory and industrial environments. Light
can be produced in pulsed or continuous form, with a wavelength extending from subultraviolet
through the visible to beyond the infrared, at power levels that span decades between milliwatt and
multikilowatt. Laser-based fabrication is possible on both microscopic and macroscopic scales, in
thermal and athermal modes, and uses a variety of mechanisms. The beam from a single laser can
be manipulated for a multitude of tasks, giving unrivalled flexibility. Laser processing provides a
competitive advantage over many traditional ‘heat, beat and treat’ methods of industrial fabrication.
It can be a profitable replacement for an existing technique, or the basis for a completely new process.
The scope of application is limited only by the imagination of designers and engineers. This book aims
to stimulate that imagination.

To understand how laser processing has achieved such widespread acceptance in the manufacturing
industry, it pays to look back over the evolution of lasers and systems for material processing. The
following chapter provides an overview of the most important historical events.



CHAPTER

EVOLUTION OF LASER
MATERIAL PROCESSING

INTRODUCTION AND SYNOPSIS

hroughout its evolution, laser processing has sustained times of ‘technology push’ (a solution

looking for a problem), and periods of ‘industry pull’ (a problem looking for a solution). The
invention of new laser sources, developments in automation, the production of new materials, and
government policies (particularly those relating to potential military uses) push the technology forward
into new fields. Enthusiastic champions from particular industry sectors appreciate the opportunities
presented by laser-based fabrication, and pull the technology in directions that have enabled their
companies to become more competitive. The evolution of laser material processing is a fascinating
story of technological advance, government policies, and personalities.

This chapter describes the evolution of three discernible — but often overlapping — factors that
influence the progress of laser material processing: the invention and commercialization of lasers;
advances in automation, process monitoring and control, and system integration; and the attitudes of
industries that enable processes to migrate from the applications laboratory onto the production line.
New terms describing lasers and processes are introduced and explained briefly — they will become
clearer in the chapters that follow. This chapter can be used as a chronology and overview for those
new to the subject, or a source of historical information for experienced users of lasers in material
processing.

FOUNDATIONS
THE NATURE OF LIGHT AND MATTER

Leonardo da Vinci was probably the first person to investigate the nature of light, using his considerable
talents to study reflection, refraction, mirrors, lenses and the human eye — skills that he applied in
painting the Mona Lisa between 1503 and 1505 (MacLeish and Amos, 1977). The Dutch physicist and
astronomer Christiaan Huygens proposed a wave theory of light in his Traité de la Lumiere of 1678,
which stated that an expanding sphere of light behaves as if each point on the wavefront acts as a
new source of radiation of the same frequency and phase (Huygens, 1690). The wave concept enabled
the nature of light to be visualized and could be used to explain phenomena such as reflection and
refraction. In 1801, Thomas Young (whose name is attached to relationships ranging from elasticity
to medicinal doses for children) produced evidence that supported the wave theory. He described
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experiments undertaken in Cambridge in England between 1797 and 1799 in which he observed
patterns of dark and light bands (interference or diffraction patterns) produced when light passed
through two adjacent apertures. He also proposed that light was polarized, which suggested that the
components of the wave possessed some form of directionality. In 1865, James Clerk Maxwell published
a theory of electromagnetism, which concluded that light comprised electrical and magnetic vectors
oscillating in orthogonal planes — an electromagnetic wave. This was demonstrated by Heinrich Hertz
in 1886, when a high voltage induction coil was used to generate a spark discharge between two pieces
of brass. Once the spark formed a conducting path between the two conductors, charge oscillated back
and forth, and electromagnetic radiation was emitted. However, in 1887, Philipp von Lenard (working
with Hertz) demonstrated that electrons of a fixed energy were emitted when light impinges on a
surface, irrespective of the intensity of the incident light — the photoelectric effect. This suggested that
light could also be considered in terms of particles of energy, which led to the idea of atoms comprising
discrete particles.

The modern theory of atomic structure is founded on ideas proposed in the early nineteenth
century. In 1808 John Dalton published four basic ideas of chemical atomic theory: each element is
made up of tiny particles called atoms; the atoms of a given element are identical; chemical compounds
are formed when atoms combine with each other; and chemical reactions involve the reorganization of
atoms (Dalton, 1808). In 1897, Joseph John (].J.) Thomson undertook experiments to gain information
on cathode rays, and announced that they were negatively charged ‘corpuscles’ (electrons) (Thomson,
1897). Work in the fields of physics, chemistry and mathematics led to the notion that atoms, ions and
molecules (species) exist in states characterized by discrete energy levels, and that they can interact
with electromagnetic radiation. This led Max Planck to propose in 1901 that energy could only be
emitted in discrete quanta (Planck, 1901). Three years later, Thomson suggested that electrons occupy
geometrical orbitals (Thomson, 1904). In 1905, Albert Einstein proposed that light consists of bundles
of wave energy, termed photons (Einstein, 1905). This enabled Ernest Rutherford to propose a model
of the atom that comprised a positive nucleus and electrons (Rutherford, 1911), to which Niels Bohr
applied quantum theory (Bohr, 1913).

It was then recognized that photons and species may interact either by absorption of a photon with
a corresponding increase in energy, or by spontaneous emission of a photon by an atom originally in
a higher energy state, leading to a reduction in energy. However, by considering the thermodynamics
of photon emission, Einstein concluded in 1916 that a third process of interaction must be possible —
induced or stimulated emission — in which an excited species could be stimulated to emit a photon
by the arrival of another photon (Einstein, 1916, 1917). This is the basis of light amplification by
stimulated emission of radiation, better known by the acronym laser.

In April 1924, Richard Tolman and Paul Ehrenfest, working at the California Institute of Tech-
nology, wrote a paper that discussed stimulated emission, under the title of ‘negative absorption’, or
amplification (Ehrenfest and Tolman, 1924). They commented on the fact that such emission must be
coherent (in step). A few years later, Rudolf Ladenburg demonstrated negative dispersion in a neon
gas discharge tube, which was cited as evidence of stimulated light emission — a fundamental principle
of laser emission (Ladenburg, 1928). However, it was a quarter of a century before a practical use for
this observation was found.

DEVELOPMENT OF THE MASER

The conditions required to amplify radiation by stimulated emission were studied in the 1940s and
early 1950s in both the former Soviet Union and the United States. In 1940, the Russian Valentin A.
Fabricant described negative absorption, or ‘negative temperature’ in gas mixtures (Fabricant, 1940).
This was later to become known as a population inversion — a prerequisite for stimulated emission
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and a fundamental principle of the laser. However, he was not able to demonstrate amplification of
radiation, and the ideas were not pursued at the time.

Charles H. Townes tells of the events of 26 April 1951, when sitting on a bench in Franklin Park,
Washington, D.C., he calculated how many molecules of ammonia it would take to make an oscillator
capable of producing and amplifying radiation (Townes, 1999a). He committed these ideas to paper on
11 May 1951, but deliberately did not publish them openly. It was Joe Weber, working at the University
of Maryland (College Park, Maryland, USA), who first publicly described microwave amplification
by stimulated emission of radiation in June 1953 (Weber, 1953). In October 1954, Nicolai Basov
and Alexander Prokhorov, working at the P.N. Lebedev Institute of Physics in Moscow, detailed the
conditions required for the operation of a microwave amplifier (Basov and Prokhorov, 1954). However,
areport of the first practical device had already appeared in an article by Townes and two of his students,
James Gordon and Herb Zeiger, working at Columbia University (New York, NY, USA), which was
published in July 1954 (Gordon et al., 1954). After considering many cumbersome Greek and Latin
names, Townes and co-workers coined the term maser, the acronym for microwave amplification by
stimulated emission of radiation.

The first solid state maser, based on the gadolinium ion, was constructed in 1957 (Scovil et al.,
1957), swiftly followed by a device based on chromium ions (McWhorter and Meyer, 1958). Ruby was
used as the host material for chromium ions in a maser developed at the University of Michigan (Ann
Arbor, MI, USA) the following year (Makhov et al., 1958) — a fact that was to take on great significance
shortly afterwards. The potential of devices that could produce stimulated emission in the visible and
infrared regions of the electromagnetic spectrum was soon realized.

PRINCIPLES OF THE LASER

In 1958, Townes co-authored a key theoretical paper with Arthur Schawlow, an optical spectroscopist
(and by this time Townes’s brother-in-law), in which they described the extension of maser techniques
to the production of optical and infrared radiation (Schawlow and Townes, 1958). The paper also
described the design principles of an infrared device that used potassium vapour as the active medium,
excited by violet radiation from a potassium lamp. The requisite features of potential solid state devices
were also considered. Schawlow had, in fact, been working with ruby crystals in the late 1950s, but it was
believed that the pulsed output obtained was not suitable for communications technology, which was
the driving force for the studies. Recognizing the potential importance of such a device in spectroscopy,
they filed a patent application, dated 30 July 1958.

Around the same time, a graduate student of Columbia University, Gordon Gould, was looking into
the conditions required for stimulated emission at visible wavelengths. After discussing his ideas with
Townes, he committed his ideas to paper and had them notarized in mid-November 1957 (Townes,
1999b). However, a patent was not filed until 6 April 1959. Gould left Columbia University before
finishing his degree to work for TRG, the Technical Research Group (Melville, NY, USA). In December
1958, TRG filed a proposal to the Pentagon’s Advanced Research Projects Agency (ARPA) to study the
properties of laser devices, requesting $300 000. The proposal was reviewed favourably (by Townes),
and the company awarded $1 000 000. (The successful launch of the Sputnik satellite may have been
a factor in the decision.) Gould challenged the patent held by Townes and Schawlow in the years that
followed, claiming that it was limited in scope, and did not consider, for example, the use of high
power levels for applications such as material processing. He eventually won the case 30 years later
and collected royalties from laser manufacturers, benefiting financially from the delay in the award of
the patent because of the increased number of lasers manufactured in the latter part of the twentieth
century. It is Gould who claims the first use of the acronym laser, rather than optical maser.

Further theoretical analyses of the optical maser appeared in the early 1960s (Lamb, 1964; Scully
and Lamb, 1967), but it was the potential for laser emission that captured the imagination.
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THE 1960s

At the beginning of the 1960s, laser research and development activities were mainly sustained by
an interest in their potential use in measurement and communications systems. Engineers at Bell
Telephone Laboratories (Murray Hill, NJ, USA) were particularly active in this field.

THE FIRST LASER

The first working laser — the ruby laser — was demonstrated by Dr Theodore Maiman during the
afternoon of 16 May 1960 (Maiman, 2000). A pink ruby cylinder 1 cm in diameter and 2 cm long
was mounted on the axis of a helical xenon flashlamp, which was placed inside a polished aluminium
cylinder. The ends of the crystal were ground and polished flat and parallel, and coated with silver.
A hole 1 mm in diameter was made in one of the faces to allow light to escape. Pulses of visible red
light were detected when the ruby was illuminated (Maiman, 1960a, b). The publicity photographs
produced for the press conference in New York on 7 July 1960 showed a larger, more photogenic model,
Fig. 2.1, which created a certain amount of confusion for others working in the field. A continuous

Figure 2.1  Dr Theodore H. Maiman with a photogenic model of the first laser. (Source: David L. Weeks, HRL
Laboratories, Malibu, CA, USA)
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wave ruby laser was subsequently constructed by replacing the flash lamp with a mercury—xenon arc
lamp, which was focused onto the end of a trumpet-shaped crystal (Nelson and Boyle, 1962).

Maiman’s report of optical excitation and absorption in ruby appears in the June 1960 issue of Phys-
ical Review Letters (Maiman, 1960a). However, his subsequent report of stimulated optical radiation
was not deemed worthy of publication, since it was not felt that it represented a significant contribu-
tion to basic physics. As a result, Maiman wrote a second article, which appeared in Nature in August
1960 (Maiman, 1960b). Maiman had previously been working on ruby masers, deciding to study solid
state devices because he believed that there were too many practical problems with gas lasers. In 1962,
Maiman founded Korad Corporation (changing the ‘C’ in Coherent radiation to a ‘K’), which was
devoted to the research, development and manufacture of lasers. The first laboratory devices were the
subject of intensive development work in the 1960s. However, the technology was not well understood,
it was also difficult to obtain components, and there was a scarcity of instruments that could be used
to characterize the output. Despite these obstacles, Korad and Raytheon marketed the first industrial
ruby laser in 1963 (Klauminzer, 1984). It was initially used for drilling, but now find use in a wide
range of medical procedures.

Following the demonstration of the ruby laser, research into lasers mushroomed. With hindsight,
the characteristics of lasers that make them suitable for material processing can be appreciated, but at
the time nobody knew which would be developed for such purposes. The emphasis in the following
is placed on those lasers that did prove to be useful tools in material processing. However, their
development owes much to the work done across the entire spectrum of laser research. More can be
learned of the workings of industrial material processing lasers in Chapter 3.

THE LASER RUSH

The second laser was demonstrated two days before the Thanksgiving holiday in November 1960 by
Peter Sorokin and Mirek Stevenson at Bell Labs (Sorokin and Stevenson, 1960). They used a flashlamp
to excite a cryogenically cooled crystal of uranium-doped calcium fluoride, and obtained infrared
light of wavelength 2500 nm. This was the first laser based on transitions between four levels, which
theoretically (but not practically) could produce continuous wave radiation. (The ruby laser is based
on three-level operation.) However, because of the need for cryogenic cooling, the uranium laser has
never found many practical applications.

By mid-December 1960, Ali Javan and co-workers, also at Bell Labs, had obtained infrared radiation
from the first gas laser, a helium—neon (He—Ne) device (Javan et al., 1961). This laser was also the first
to emit continuous wave (CW) radiation, and the first to be excited using an electrical discharge.
Adjustments to the mirrors enabled visible red light to be produced (White and Rigden, 1962). This
unique and spectacular piece of equipment was the prototype for the first commercial laser, a 1 mW
He—Ne device, marketed for $7500 in 1962 by Spectra-Physics (Mountain View, CA, USA) (Klauminzer,
1984). The He—Ne Laser found use in measurement devices, and later became familiar as the source
for product barcode readers.

Research into semiconductors as potential sources of coherent radiation had been initiated in the
late 1950s in the United States, Japan, France and the Soviet Union. In 1961, a paper was pub-
lished in the Soviet Union, based on work started in 1959, that proposed three different methods
for obtaining a state of ‘negative temperature’ (a population inversion) in p—#n junctions of degen-
erate semiconductors (Basov et al., 1961). On 16 September 1962, Gunther Fenner, a member of
Robert Hall’s team at the General Electric Research Laboratory (Schenectady, NY, USA), operated the
first semiconductor laser (Dupuis, 2004), which was made from gallium arsenide (Hall et al., 1962).
Within one month, laser light had been produced independently from the same material at three other
sites: General Electric (Syracuse, NY, USA) (Holonyak Jr and Bevacqua, 1962); IBM Thomas J. Wat-
son Research Center (Yorktown Heights, NY, USA) (Nathan et al., 1962); and MIT Lincoln Laboratory
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(Lexington, MA, USA) (Quist et al., 1962). The output from such homostructure (single material) lasers
was limited, and the operating temperatures were low; it was proposed that heterostructures (two dis-
similar materials: an active layer and a cladding) would provide improved operation (Kroemer, 1963).
Around five years later, the first room temperature semiconductor laser was demonstrated (Hayashi
et al., 1969). However, it would take over 30 years before power levels suitable for material processing
were obtained at affordable prices from arrays of such devices.

Continuous laser action in pure carbon dioxide (CO,) gas was reported early in 1964 by Kumar Patel,
then aged only 24 years, working at Bell Labs (Patel et al., 1964a, b). One milliwatt of continuous wave
power was obtained initially (Patel, 1964c), rising to 200 mW with the addition of excited nitrogen
(Patel, 1964d). Around 12 W was later obtained by direct excitation in a tube of length 2 metres
containing a mixture of CO; and air (Patel, 1965a). Further increases in output were obtained by
cooling the gas mixture to —60°C (Bridges and Patel, 1965), and by adding helium (Patel et al., 1965b)
and water vapour (Witteman, 1965). This slow axial flow design was the basis of the first commercial
CO;, laser, a 75 W Coherent General (Sturbridge, MA, USA) Model 40, produced in 1966, and delivered
to Boeing (Seattle, WA, USA) in 1967. Further increases in power were obtained by increasing the cavity
length: a 2.5 kW device 54 m in length was built in 1967 at the US Army Redstone Arsenal (Huntsville,
AL, USA) (Patel, 1968), and by 1968 a folded cavity design with a total length of 229 m, capable of
generating 8.8 kW, had been constructed.

In parallel with Patel’s work in the United States, similar experiments were being carried out
in France (Legay and Legay-Sommaire, 1964; Legay-Sommaire et al., 1965). These resulted in the
exhibition of the ‘world’s largest laser’ in 1967 in the French pavilion at EXPO 67 in Montreal. This was
a slow axial flow device 20 m in length, with tubes 15 cm in diameter, which generated several hundred
watts. Around this time, engineers at SERL, the United Kingdom government Services Electronics
Research Laboratories (Baldock, UK), were also working on a single tube device 10 m in length, rated
at 250 W (Adams, 1970a, b; Houldcroft, 1972).

It was becoming clear that it would not be practical to continue to increase the power of CO; lasers
by simply extending the length of the tube. Designs based on high gas pressures and convective cooling
(Deutsch et al., 1969), transverse gas flow (Tiffany et al., 1969), transverse beam excitation (Beaulieu,
1970), transverse beam extraction (Brown, 1970), and large excited volumes (Hill, 1971) were therefore
examined, and were commercialized in the following years. The first gas dynamic laser, capable of power
levels on the order of tens of kilowatts, was developed in 1968 at the Avco Everett Research Laboratory
(Everett, MA, USA) (Gerry, 1970). At the lower end of the power scale, sealed carbon dioxide devices
were being developed with means for regenerating CO,, which showed potential for compact designs
(Carbone, 1967; Bridges et al., 1972; Burkhardt et al., 1972; Chester and Abrams, 1972; Jensen and
Tobin, 1972). The first pulsed transverse excitation atmospheric (TEA) CO, lasers were reported by
French and Canadian scientists in 1969 (Dumanchin and Rocca-Serra, 1969; Beaulieu, 1970). The CO,
laser became a workhorse in material processing, and is still the source of choice in many applications.

In 1964, around the time of his discovery of laser action in CO,, Patel also observed stimulated
emission in carbon monoxide (CO) (Patel and Kerl, 1964e). The possibility of high power operation was
proposed some years later (Bhaumik et al., 1972), but although the shorter wavelength output from
the CO laser has advantages for material processing, and commercial units have been built, practical
requirements for efficient operation (notably cooling) have limited their industrial production.

Pulsed laser action in an active medium of neodymium ions in a host of CaWQO, was reported in
November 1961 at Bell Labs (Johnson and Nassau, 1961). The electronic transitions in the neodymium
ion Nd** had been elucidated by Elias Snitzer in 1961 (Snitzer, 1961), who used barium crown glass
as the host material. However, Geusic and co-workers at Bell Labs were the first to obtain infrared
radiation (pulsed) from the neodymium yttrium aluminium garnet (Nd:YAG) crystal in 1964 (Geusic
et al., 1964), which was shown to be an ideal host. The device was referred to at the time as a YAIG:Nd>+
laser. Geusic used cylindrical rods 2.5 mm in diameter and 3 cm in length in the first Nd:YAG device,
which was excited by a helical xenon flashlamp. A tungsten lamp was used to produce a continuous
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beam. The Nd:YAG laser is now manufactured with multikilowatt power levels, and is popular in many
applications involving complex components since the light can be delivered via a fibreoptic cable that
can be mounted on a robot.

The first report of generation of ultraviolet light from a laser was made in November 1963 by Heard
working at Energy Systems Inc. (Palo Alto, CA, USA) (Heard, 1963). Nitrogen was excited at room
temperature using a high voltage (100-150 kV) pulsed discharge. The short wavelength of ultraviolet
light is ideal for micromachining, and is also suitable for exciting other types of laser. Avco introduced
the first commercial nitrogen laser in 1969 (Klauminzer, 1984).

Investigations undertaken in 1963 by Bell at Spectra-Physics using pulsed operation in an ionized
mercury-helium discharge revealed visible laser transitions that could not be obtained during contin-
uous operation (Bell, 1964). This prompted the study of the ionic spectra of atoms for laser transitions,
which helped Bridges at Hughes Research Laboratories (Malibu, CA, USA) to discover blue and green
radiation in an argon ion medium on 14 February 1964 (Bridges, 1964). In 1965, Francis LEsperance of
the Columbia-Presbyterian Medical Center was using red ruby laser light to treat diabetic retinopathy
(then the leading cause of blindness in people 20 to 64 years old), but noted that a blue—green laser
would be a more efficient source for producing therapeutic lesions. The potential of this observation
may have been one factor in the decision by Raytheon to commercialize the laser in 1966 (Klauminzer,
1984); such lasers are still used in medical procedures today.

In the early 1960s metal vapours were investigated for low-lying energy levels to provide efficient
laser action. Green and yellow emission from the first copper vapour laser was demonstrated between
25 and 31 August 1965 by William Walter and co-workers (including Gordon Gould), working for TRG
Inc. (Melville, NY, USA) (Walter et al., 1966a). The relatively short wavelength light from such lasers
can be focused to a small spot for accurate machining. However, because of the high temperatures
involved, it would take around 15 years for Oxford Lasers (Abingdon, UK) to commercialize the
copper vapour laser for material processing. Other metal vapours investigated at the time included
manganese (Piltch et al., 1965), lead (Fowles and Silfvast, 1965), and calcium (Walter et al., 1966b).
Another metal vapour laser, the helium—cadmium source, based on transitions in cadmium ions, was
demonstrated in 1966 by William Silfvast at the University of Utah (Salt Lake City, UT, USA) (Silfvast
et al., 1966). Output at 442 nm was reported in the initial studies, with the ultraviolet 325 nm line
being published in 1969 by James Goldsborough working at Bell Labs (Goldsborough, 1969). The laser
was commercialized in 1970 by Spectra-Physics (Klauminzer, 1984), and has found niche markets in
material processing because of its ability to cure photosensitive polymers — stereolithography being
probably the best known application.

The concept of light emission during chemical reactions was first suggested in 1961 by John Polanyi
(Polanyi, 1961), but it was not until 1965 that the first chemical laser, a device based on hydrogen
chloride, was demonstrated at the University of California (Berkeley, CA, USA) (Kasper and Pimentel,
1965). Lasers based on chemical reactions involving deuterium fluoride and hydrogen fluoride were
developed in the decades that followed, the aim being to produce sources of high peak pulse power
thought suitable for disabling missiles and satellites in space.

Output from the first liquid laser — a dye — was demonstrated on 4 February 1966 by Peter Sorokin
and John Lankard at the IBM T.J. Watson Research Center (Yorktown Heights, NY, USA) (Sorokin and
Lankard, 1966). A ruby laser was used to excite chloro-aluminium phthalocyanine. The operation of
a flashlamp-pumped dye laser is shown in Fig. 2.2. The popularity of organic dyes as active media for
the production of tunable broadband radiation was soon realized (Schifer et al., 1966). Continuous
wave emission from a dye laser was reported in 1970 (Peterson et al., 1970), and the introduction
of the telescope-grating oscillator provided a means to increase the power output (Hinsch, 1972).
The first commercial dye laser was excited using a nitrogen laser, and was produced by Avco in 1969
(Klauminzer, 1984). Dye lasers are now used in a variety of medical applications.

Colour centre, or F-centre lasers, are based on crystalline active media that contain defects, which
absorb intensely. Lithium fluoride, which has good thermal and optical properties, was investigated
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Figure 2.2  Peter Sorokin operating a flashlamp-pumped dye laser. (Source: Peter Sorokin, IBM, Yorktown
Heights, NY, USA)

in 1966 (Nahum and Wiegand, 1966), and the potential of colour centres for making efficient broadly
tunable CW lasers for the infrared portion of the electromagnetic spectrum was investigated in the
mid-1970s (Mollenauer and Olson, 1975). Such lasers are also promising candidates for producing
visible laser action in the range of the spectrum between green and red; they may be suitable for the
fabrication of miniaturized optical devices (Kurobori et al., 2003).

The first tunable lead—salt semiconductor lasers were developed by E. David Hinkley and
Theodore C. Harman at the MIT Lincoln Laboratory in 1964. The devices, which were commer-
cialized in 1975 by Laser Analytics (now part of Spectra-Physics) (Klauminzer, 1984), are used in
a variety of civil and military applications including isotope analysis, pollution monitoring, toxin
detection, communications, remote sensing, semiconductor processing, combustion diagnostics and
explosives detection.

Theoretical and practical work was also being carried out into the practical construction of lasers.
The nature of an optical cavity formed with spherical mirrors was analysed (Kogelnik and Li, 1966), and
the results led to the concept of stable and unstable resonators. The subject is reviewed comprehensively
by Siegman (2000a). More on laser cavity design can be found in Chapter 3.

Techniques of modulating the output of lasers were also developed in the 1960s. The principles of
Q-switching (McClung and Hellwarth, 1962; Wagner and Lengyel, 1963) and mode locking (Hargrove
et al., 1964; Kuizenga and Siegman, 1970a, b) to obtain short pulses of high energy are discussed
in Chapter 3, where details of frequency conversion by harmonic generation (Franken et al., 1961;
Armstrong et al., 1962; Giordmaine and Miller, 1965; Ward and New, 1969) can also be found.
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These techniques enable the wavelength and pulse properties of laser beams to be tailored to particular
applications.

THE FIRST PROCESSES

It was the unique properties of laser light — spatial and temporal coherence, stability, monochromaticity
and low divergence — that were exploited in the first applications. They included spectroscopy and
measurement. As power levels began to rise, the potential of lasers for material processing began to be
appreciated. Many of the first processes were developed with ruby lasers. Around the same time, digital
technology, introduced in the 1950s to control the axes of milling machines, was maturing and the
term ‘numerical control’ (NC) was coined. The first numerical controllers used vacuum tubes, later to
be replaced by transistors. Numerical control and the possibility of using a laser beam in the manner
of a milling tool provided the impetus for the first material processing systems. Chapter 4 provides
more information on systems used today in laser material processing.

The first public ‘demonstration’ of laser material processing appeared in the 1964 film Goldfinger.
More details of this innovative piece of cinematography can be found in the Prologue. The scene
is remarkable — the laser had only been invented four years earlier, and most applications were still
laboratory curiosities.

It did not take long for industrialists to realize that ruby laser pulses might be suitable for drilling.
Engineers at Raytheon Research Division (Waltham, MA, USA) pioneered the field. At that time laser
output was measured in ‘Gillettes’, which referred to the number of Gillette razor blades that the beam
could penetrate. (Interestingly, laser spot welding of disposable razor blades made by Gillette is now
one of the highest volume applications of laser welding — see Chapter 1.) Around the same time, ruby
lasers were being developed in the former Soviet Union, and they were being used in an industrial
capacity to drill holes in stainless steel. Drilling of diamond wire-drawing dies using a ruby laser
was the first commercial application of laser material processing in the United States, introduced by
Western Electric (Buffalo, NY, USA) in 1965 (Anon., 1966). (The laser, which was eventually replaced
by an Nd:YAG unit, can now be seen in the Smithsonian Institute.) Drilling, and other techniques of
laser machining are covered in Chapter 17.

The first laser welds were made around 1963, and involved butt and edge joints in 0.25 mm stainless
steel foils, processed with a pulsed ruby laser (Platte and Smith, 1963). Welds were also made between
gold connecting leads and aluminium-coated silicon surfaces in microelectronic devices. The laser
beam was merely being used to fuse material, albeit very accurately, in a conduction-limited mode.
Other reports of research into conduction-limited welding in metals were published (Fairbanks Sr and
Adams Jr, 1964) and applied to joining wires, sheets and circuit boards shortly afterwards (Anderson
and Jackson, 1965; Cohen et al., 1969; Conti, 1969), when 0.5 mm was considered to be an upper limit
of penetration. The first industrial application appeared around 1965, when a pulsed Nd:YAG laser
was used to repair broken connectors inside assembled television tubes (Belforte, 1993). Ruby laser
welding was used in fabrication of the first Apollo lunar sample return containers in 1969 (Moorhead,
1971). Various laser-based conduction joining techniques have been developed, including soldering
and brazing, partly in response to the needs of the microelectronics industries. The first CNC laser
soldering machine, based on a 50 W CO; laser was produced commercially in 1976 (Loeffer, 1977).
More information on these conduction joining processes can be found in Chapter 13. The keyhole
welding mode, already exploited in electron beam processes, was known at that time, but it was realized
that considerable improvements to the characteristics of the laser beam would have to be made for the
laser to be used in a similar manner.

The first gas-assisted carbon dioxide laser beam cut was made by Arthur Sullivan and co-workers
at SERL (Baldock, UK) in May 1967 (Sullivan and Houldcroft, 1967). A 300 W laser beam coaxial with
an oxygen jet was used to cut 1 mm thick steel using a potassium chloride lens, an aluminized beam
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Figure 2.3 The first oxygen-assisted laser cut being made in May 1967. (Source: Paul Hilton, TWI,
Abington, UK)

turning mirror, and parameters that were very close to those used today. The first oxygen-assisted laser
cut is shown in Fig. 2.3.

It was thought at the time that gases other than oxygen might be beneficial for cutting those metals
that produced refractory oxides, e.g. aluminium. Chlorine was therefore tried, which was vented out
through the laboratory window. The wind took the fumes towards a small tree, which expired a few
weeks later! Gas-assisted laser cutting was also demonstrated around the same time in Germany and
Japan (Arata, 1987). The patent rights to the process have never been clarified satisfactorily.

In 1967, the first commercial application of continuous wave CO; lasers — scribing of ceramics —
was demonstrated by Western Electric (Allentown, PA, USA). In August 1969, Boeing (Seattle, WA,
USA) demonstrated laser cutting of non-ferrous alloys and controlled fracture of ceramic and glasses
for aerospace applications (Bod et al., 1969). Scribing is one mechanism of cutting, along with the melt
fusion process demonstrated in May 1967 — these and other mechanisms of laser cutting are discussed
further in Chapter 14.

First reports of the use of lasers for heat treating metals appeared in Germany in the early 1960s
(DeMichelis, 1970). Similar work was reported some years later in the Russian literature (Gregson,
1983). Much of the early data were obtained as a by-product of investigations into the interaction
between materials and the focused beams of pulsed ruby and Nd:glass lasers (Knecht, 1966). Early
investigations in the United States of interactions between pulsed ruby laser radiation and a graphite-
coated metal surface gave some indication of the potential for metal hardening (Lichtman and Ready,
1963). In the mid-1960s, researchers at US Steel (Speich and Szirmae, 1969) and in Japan (Namba et al.,
1965) studied laser-induced austenitization and hardening of ferrous alloys. The first mathematical
models of heat flow provided greater insight into the role of the process variables in determining the
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thermal cycles induced (Rubanova and Sokolov, 1968), and the geometry of the hardened region (Veiko
et al., 1968). The automotive industry soon recognized the potential of the process, and transformation
hardening became one of the first methods of laser-based material engineering to be industrialized; case
studies of transformation hardening in the automotive and other industries can be found in Chapter 9.

Laser surface melting and the possibilities for surface alloying were investigated in 1963 (Lichtman
and Ready, 1963; Cunningham, 1964). Reviews summarize early work performed mainly with pulsed
solid state lasers, in which shallow surface alloys were produced (Draper, 1981, 1982; Draper and
Ewing, 1984; Draper and Poate, 1985). Trials into laser surface melting were also carried out in 1965 in
Sweden using a Q-switched ruby laser to irradiate the surface of various metals (Vogel and Backlund,
1965). In contrast to surface hardening, surface melting and alloying have received limited acceptance
in modern laser material processing, but examples can be found in Chapter 11.

The mechanism of laser-induced vaporization was also studied in 1963 (Ready, 1963).
This informed work on many methods of surface treatment, including shock hardening, which was
developed at Battelle Memorial Institute (Columbus, OH, USA) in the late 1960s (Fairand et al., 1972,
1974, 1977). At that time, lasers were only able to produce pulses with rise times and lengths on the
order of nanoseconds (10~ s), and as a result the development of industrial applications was hindered.
When ultrafast lasers with pulse lengths on the order of femtoseconds (10~!° s) were developed in the
1980s, interest was renewed by the automotive and aerospace industries (Peyre et al., 1998). This type
of structural change induced by a laser beam is described further in Chapter 8.

In 1964, Charles Townes, Nicolai Basov and Aleksander Prokhorov shared the Nobel Prize in
Physics for their fundamental work in the field of quantum electronics, which led to the construction
of oscillators and amplifiers based on the maser—laser. On 7 February 1968 the Laser Institute of
America (LIA) was founded, dedicated to fostering lasers, laser applications and safety worldwide, and
serving the industrial, medical, research and government communities.

THE 1970s

Developments made in the early 1970s led to lasers being considered as machine tools, rather than
simply light sources (Anon., 1971). Improvements were made in the mechanical construction of
beam delivery systems as well as controllers. Application engineers were now able to take a number
of processes out of the laboratory to be tested on the production line. This provided a stimulus to
investigate new uses for the laser beam in industrial material processing.

LASERS

The slow axial flow laser design dominated CO; laser technology of the 1970s. However, the Welding
Institute (Abington, UK) made modifications to the design (Crafer, 1974), which led to the construction
of a fast axial flow laser rated at 2 kW. The device incorporated aluminium heat exchangers from the
nearby Lotus Formula 1 racing team. Electrox (Letchworth, UK) commercialized the fast axial flow
design in 1975. Studies of cavity design (Wisner et al., 1973) pointed towards the use of unstable
resonators for high power output. In the United States, the Avco Everett Research Laboratory (Everett,
MA, USA) produced a commercial 15 kW machine, based on electron beam excitation and transverse
gas flow technology (Hoag et al., 1974). A new excitation technique for industrial CO, lasers, based on
the use of radio frequency (RF) waves, was developed by Mitsubishi (Japan) and DFVLR (Germany)
as an alternative to conventional direct current (DC) methods (Schock et al., 1980).

The early 1970s saw the commercialization of low power pulsed output Nd:YAG systems. Holobeam
Lasers first coupled modules of an Nd:YAG laser together to produce a 1 kW industrial unit in 1972.
In 1970, Charles Kao and George Hockham working at Standard Telecommunication Laboratories
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in Harlow, UK, discovered that silica glass fibres could transmit laser light efficiently, thus opening
the door to fibreoptic beam delivery — later to revolutionize beam delivery for processing of complex
geometry components with the Nd:YAG laser. In 1976, reliable industrial Nd:YAG lasers were marketed
by Quanta-Ray, which later became a part of Spectra-Physics.

In 1977, laser emission from the crystal alexandrite was obtained by John C. Walling working at
the Allied Chemical Corporation (Morristown, NJ, USA) (Pryor and Frost, 1999). Alexandrite, named
after Czar Alexander II, was discovered in the Ural mountains of Russia in the 1830s (Battis, 2001), and
was synthesized as chromium-doped chrysoberyl in the early 1970s. The alexandrite laser was the first
practical tuneable solid-state laser, and was commercialized in 1981 (Klauminzer, 1984). Tuneability
means that a suitable wavelength can be selected for a particular application in scientific, material
processing and medical procedures.

Developments in diode lasers concentrated on techniques for growing multilayer heterostructures
based on gallium arsenide, which led to the first quantum well laser (van der Ziel et al., 1975), and to
improving output to obtain continuous wave operation at room temperature (Hsieh et al., 1976).

The first excimer laser was demonstrated in 1970 — liquid xenon was excited with a pulsed electron
beam (Basov et al., 1970). Output around a wavelength of 170 nm was demonstrated in high pressure
xenon gas shortly afterwards (Koehler et al., 1972; Gerardo and Johnson, 1973). Stimulated ultraviolet
emission was observed from high pressure krypton and mixtures of argon and xenon (Hoff et al., 1973),
and emission in the visible and near ultraviolet regions was observed in excited mixtures of diatomic
xenon halides (Velazco and Setser, 1975). Laser action in an excited dimer was also reported at the
Naval Research Laboratory (Washington, DC, USA) using xenon bromide pumped by an electron
beam (Searles and Hart, 1975). In 1975, emission from excited xenon fluoride (Brau and Ewing,
1975; Burnham et al., 1976), krypton fluoride and xenon chloride (Ewing and Brau, 1975) was
obtained. Emission from excited argon fluoride was obtained in 1976 at Sandia National Laboratories
(Albuquerque, NM, USA) (Hoffman et al., 1976). Emissions from mixtures of fluorine and helium
excited using an electron beam were demonstrated in 1977 (Rice et al., 1977), and output from a fluorine
laser obtained in 1979 (Pummer et al., 1979). Lambda Physik (G6ttingen, Germany) produced the first
commercial excimer laser in 1977. However, the lack of industrial designs, and a poor understanding
of the differences between ultraviolet and existing infrared lasers, meant that industrial application of
excimer lasers would not become widespread for another decade.

Continuous wave light generation from a transition between two electronic states in iodine was
demonstrated in 1978 at the Air Force Weapons Laboratory (Kirtland, NM, USA) (McDermott et al.,
1978). An output power of more than 4 mW was generated entirely from a chemical reaction, using no
external power source. The laser is often referred to as a COIL (chemical oxygen iodine laser). There
has been much interest in this laser for material processing, but until now its main use has been as a
missile-destroying weapon, described later.

The emissions from lasers based on atomic or molecular media are discrete. In contrast, emission
from free electrons in a periodic magnetic field can be tuned over a range of wavelengths. This is the
principle of the free electron laser, details of which were published in 1971 (Madey, 1971). The first free
electron laser was demonstrated at Stanford University (Stanford, CA, USA) in 1977, using an electron
beam in a spatially periodic transverse magnetic field (Deacon et al., 1977). The laser has potential
applications material processing, but economic considerations have limited its application to date.

SYSTEMS AND PROCESSES

The 1970s saw a movement away from controller units to computers for directing the beam and
manipulating the workpiece, and the term computer numerical control (CNC) became familiar. Sys-
tems were rigid, with simple geometry and few optical elements. Around 1971, Laser Work AG (now
part of the Prima Industrie group) produced the first industrial flying optic two-axis cutting machine.
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This combination accounted for the exponential growth in flat bed cutting of sheet materials, led
by European industry, during the 1970s. In September 1978, the first hybrid laser cutting system
was demonstrated in the United States — a combination laser/turret punch developed by Strippit and
Photon Sources.

The first successful industrial application of laser cutting was dieboard slotting, which was demon-
strated in August 1970 at William Thyne Ltd (Edinburgh, UK), using a BOC Falcon 200 W CO; unit.
The namesake and son of the company founder had seen a television programme in which laser cutting
had been demonstrated, and contacted BOC to find out if the laser could replace fretsawing with suf-
ficient accuracy for making dies. Initially the process was difficult to control because inhomogeneities
in the wood caused variations in beam absorptivity, and the workpiece could not be controlled with
sufficient accuracy, but eventually these problems were overcome. In 1975, Ford published a photo
showing three-dimensional auto body parts that had been cut with a 400 W CO; laser. In 1978, the
first automobile to contain laser-cut parts was launched — the Ford Capri IL

In April 1970, Martin Adams working at the Welding Institute presented sections of welds made
using a CO; laser beam in 1.5 mm metal that were indistinguishable from electron beam welds. In
contrast to the conduction-limited welding mode demonstrated in the 1960s, the implication was that
a laser beam could induce keyholing (the production of a penetrating vapour cavity) in a similar way
to an electron beam (Houldcroft, 1972). In practice, a double weld run was made; the first oxidized
the surface, which improved the absorption of the beam, and the second produced the weld. The
technique was demonstrated in the USA in 1971 (Brown and Banas, 1971), where CO; lasers with
20 kW of power were being developed (Locke et al., 1972). In 1977, full penetration, single pass welds
were made in 50 mm thick steel plate, using a 100 kW gas dynamic CO; laser (Anon., 1977). Although
it was realized that such a laser would not be suitable for industrial production, the feasibility of very
thick section welding had been demonstrated. The principles, procedure and application of keyhole
laser welding are described in Chapter 16.

In 1973, the Ford Motor Company (Dearborn, MI, USA) started to examine ways of industrializing
laser welding in the automotive sector (Baardsen et al., 1973; Yessik and Schmatz, 1975). Initially,
manufacturers used existing tolerances for parts and there was no pressure to reduce production cycle
times — two factors vital in ensuring both technical and economic viability of laser processing. Lasers
were expensive and not reliable enough for production line work, and as a result industrial laser welding
was treated with scepticism in the beginning. However, in 1975, Fiat (Orbassano, Italy) installed a
transverse flow CO; laser for welding synchronous gears. Today, joining of bodywork and powertrain
components are two of the largest applications of laser welding in automobile manufacturing.

Pioneering work was undertaken in 1972 by researchers from the University of California into
the use of lasers for selective removal of undesirable coatings from artwork. In the first trials of laser
cleaning, pulsed ruby laser light was used to remove black encrustations from white marble, utilizing
the greater absorptivity of the encrustation in comparison with the substrate (Asmus et al., 1973;
Lazzarini and Asmus, 1973). Subsequent work showed that laser cleaning could be applied to stained
glass, frescos, stone, leather and vellum, and that the more flexible Nd:YAG laser gave similar results
with a greater coverage rate. An example of laser cleaning is given in Chapter 1, and further details can
be found in Chapter 17.

In 1973, General Electric applied solid state laser drilling to aerospace applications (Heglin, 1979).
Turbine blade hole drilling became a prime application for pulsed Nd:YAG lasers in the mid-1970s,
later to be joined by shorter wavelength sources, notably the copper vapour laser.

In September 1974, the Saginaw Steering Gear Division of General Motors (Saginaw, MI, USA)
started to laser harden its steering gear housings on a production basis (Wick, 1976; Miller and
Wineman, 1977). This is considered to be the first industrial application of laser hardening. By 1977,
30 000 housings per day were being hardened using 15 CO; lasers with power levels of 0.5 and 1 kW.

The first patent referring to laser cladding was published on 20 April 1976, by the Avco Everett
Research Laboratory (Avco, 1976). It describes a method of applying a metal coating by fusing metallic
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rods or wires through the action of a laser beam. On 3 August 1977 a patent was published in the
UK by the Caterpillar Tractor Company describing a process for bonding a predeposited coating to
a substrate by the use of a laser beam (Caterpillar, 1977). Cladding is now the most popular laser
surfacing technique, although most cladding is carried out in a different manner to that described in
these patents (see below). Further details of the process can be found in Chapter 12.

In 1976, Charles Townes was inducted into the Inventors Hall of Fame.

THE 1980s

The 1980s were notable for the development of integrated laser systems, which comprised a laser
source, beam handling optics, and work handling equipment. User-friendly interfaces were developed
to provide information and instant control to the operator. Flexible systems were introduced with
Cartesian, cylindrical, spherical polar and articulated (anthropomorphic) geometries. Such steps facili-
tated further industrial application of developed processes. In addition, researchers turned to novel
methods of using the laser beam for material processing, rather than as a direct replacement for a
conventional process. During the late 1980s, annual growth rates in laser production of 10-12% per
year were common.

LASERS

The early 1980s produced a generation of industrial CO; lasers that featured higher powers, greater
reliability and more compact designs. Multikilowatt RF-excited units were introduced in 1985. The
development of the radial impeller to circulate gas in the fast axial flow design enabled a more compact
design to be engineered (Beck, 1987). The output power of DC-excited units rose to 30 kW, and the first
European transverse flow laser, based on a design originated by the United Kingdom Atomic Energy
Authority (Culham, UK), was licensed for manufacture in 1983. Not for the first time did parts from a
high performance vehicle find their way into a laser design — fans from the Vulcan bomber were used
to circulate the gas mixture. The success of CO; lasers in a variety of machining applications provided
encouragement to broaden their use in industrial manufacturing (Walker, 1982).

The dominant Nd:YAG lasers available in the early 1980s were pulsed units. Until 1988 the max-
imum average power available from a commercial unit was 500 W. In that year a commercial 1 kW
Nd:YAG laser was produced. This was preceded by the development of fibreoptic cable that could
transmit a suprakilowatt near infrared beam, which meant that cumbersome mirror systems associ-
ated with CO; laser beam delivery could now be replaced with flexible optics mounted on an industrial
robot. Complex geometry three-dimensional components were now able to be treated economically.
The industrial Nd:YAG lasers of this time were based on active media comprising rods of crystals and
lamp pumping, which results in a low efficiency of energy conversion (less than 5%) and a poor beam
quality in comparison with gas lasers. As a result, researchers had begun to investigate novel forms of
crystal geometry, such as slabs (Eggleston et al., 1984) and rings (Kane and Byer, 1985) to improve
performance; these are the basis of many of today’s solid state laser designs.

The highlights of diode laser research in the 1980s were the development of molecular-beam epitaxy
for growing heterostructures, and the construction of surface-emitting devices. The former meant that
the threshold value for operation could be reduced (Tsang, 1981), which led to improved output. The
latter enabled a very short cavity (of length of 5.5 wm), grown by chemical vapour deposition, to
generate useful output (Koyama et al., 1989; Jewell et al., 1989).

In 1980, Geoffrey Pert’s group in the Department of Applied Physics at Hull University (Hull, UK)
reported emission from an X-ray laser (Jacoby et al., 1981). In 1984, a soft X-ray laser was built by
the group of Dennis Matthews in the Lawrence Livermore National Laboratory of the University of
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California (Livermore, CA, USA) (Rosen et al., 1985; Matthews et al., 1985; Matthews and Rosen,
1988). This type of laser is still a laboratory device, but the short wavelength produced (about 20 nm)
is useful for fine lithography and for manufacturing nanometre-scale structures.

In 1982, Peter Moulton demonstrated continuous laser output from titanium-doped sapphire at
the Lincoln Laboratory of MIT (Moulton, 1982; Moulton, 1986). The laser was commercialized in
1988, and is now used in micromachining as a source of femtosecond-scale pulses.

Theoretical studies of laser beam propagation enabled expressions for Hermite Gaussian (Carter,
1980) and Laguerre Gaussian (Phillips and Andrews, 1983) beam intensity profiles to be generated,
which provided means of characterizing the modes of a laser beam. Other developments in the field
of laser beams and resonators at this time are reviewed by Siegman (2000b).

FLEXIBLE MANUFACTURING SYSTEMS

It became clear that the laser would need to be integrated into a flexible manufacturing system for it to
be economically attractive to manufacturers who were looking to reduce costs, increase productivity,
reliability and flexibility, save labour costs and improve working conditions, and improve quality. As a
result, a variety of beam and workpiece manipulation systems became available in the 1980s.

The mechanisms of laser cutting were elucidated in the 1980s, and a marked improvement in edge
quality resulted from improved laser performance, new nozzle designs, a better understanding of the
role of process gases, and closer control of process parameters. The influence of beam polarization on
cutting performance was first identified in 1980 (Olsen, 1980). By the mid-1980s the maximum cut
thickness had increased to about 15 mm. Profitable job shop activities became more common, and
production line applications increased rapidly. The first five-axis cutting system to be installed in the
UK was commissioned in 1983 at the Swindon plant of Austin Rover, and was used for trimming of
pre-production car body panels.

In the field of laser welding, progress was made with new welded joint designs, novel material
combinations, and thick section welding, which led to improvements in quality, productivity and envi-
ronmental friendliness. The automotive industry was quick to capitalize on such benefits, championed
by a new generation of engineers. Progress was made in understanding the physics of keyhole forma-
tion and stability (Arata et al., 1985), which provided greater confidence in the thick section keyhole
welding process. At the same time, reliable high power industrial lasers were becoming available. This
combination led to the appearance of integrated laser welding systems on industrial production lines.
Thin section joining of pressed low alloy steel sheet became common, motivated by the need to increase
manufacturing flexibility and to reduce automobile weight. Initially the laser beam simply replaced an
electron beam, without consideration of the design opportunities afforded by the process. However,
in August 1985, Thyssen Stahl AG (Duisburg, Germany) began laser welding two pieces of hot-dipped
galvanized steel sheet to make a blank wide enough for the floorpan of an Audi automobile, leading
the way for laser-welded tailored blanks (sections of different grade, thickness or coating welded into
a single blank for pressing). (Although in 1981 British Leyland (Coventry, UK) laser welded sheets of
differing thickness for production cars, but did not publicize the process.) In the mid-1980s, General
Motors (Linden, NJ, USA) became the first automobile plant to replace spot welds with laser welds,
using an integrated vision, clamping and welding system to join galvanized steel quarter panels to the
uncoated roof of the Chevrolet Corsica/Baretta (Vaccari, 1994). Others were quick to follow: BMW
(300 and 800 series), Volvo (850, S70 and V70), Mercedes (S class), Peugeot (406) and Audi (A6).
The application shown in Fig. 2.4 is a modern example of this procedure. Progress was also made in
conduction joining techniques, with the first soldering machine based on an Nd:YAG laser appearing
in 1982 (Lea, 1989).

Rolls-Royce Ltd (Derby, UK) was the applicant of a patent published on 26 May 1981 that describes
a method of applying a metallic coating to a metallic substrate by the interaction of a directed laser
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Figure 2.4 Roof edge laser welding of the Volvo XC90. (Source: Johnny Larsson, Volvo Car Corporation,
Gothenburg, Sweden)

beam and a gas stream containing entrained particles of the coating material (Rolls-Royce, 1981).
Rolls-Royce (Macintyre, 1983a, b, 1986) and Pratt & Whitney (Furst, 1980) commercialized this blown
powder process for producing hardfaced regions on expensive aeroengine turbine blades. Blown pow-
der cladding is now the most popular laser-based surfacing technique, finding uses in the aerospace,
automotive, power generation and machine tool industries, as well as forming the basis of a rapid
manufacturing technique described in Chapter 1.

Laser forming (deliberate distortion through laser heating) was investigated in the early 1980s at
Osaka University (Osaka, Japan), and Massachusetts Institute of Technology (Cambridge, MA, USA).
Initial interest was tempered by doubts concerning the accuracy and cycle time that could be achieved
for industrial application, but refinements to automatic process monitoring and control have enabled
the process to enter the production line. Chapter 10 contains more information on these processes.

Much research was undertaken in the 1980s into monitoring signals emitted during laser processing,
and using them in open-loop and closed-loop feedback control systems. A product of this work is
commercial stereolithography apparatus (SLA), the first deliveries of which were made by 3D Systems
(Valencia, CA, USA) on 3 January 1988, to Baxter Healthcare, Pratt & Whitney, and Eastman Kodak for
rapid prototyping. This three-dimensional process used lasers, photopolymers, and optical scanning
computers to turn CAD files into physical objects and is described in Chapter 7.

Ultraviolet excimer laser cleaning was reported in 1981 by the Canadian Conservation Institute
(Cooper, 1998). The Nd:YAG laser was used in both normal and Q-switched pulse modes to clean
marble, silver and stained glass. A portable system was developed for on-site work. In another machin-
ing application, in 1983 Stephen Trokel proposed the use of pulsed excimer laser to ablate regions of
the corneal epithelium to correct vision defects (Trokel et al., 1983). The process — photorefractive
keratectomy (PRK) — laid the foundations for modern laser eye surgery; only two years later the first
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Figure 2.5  Airborne laser: high energy chemical oxygen iodine laser (COIL) carried aboard a modified Boeing
747-400F freighter. (Source: Mary Kane, Boeing, Seattle, WA, USA)

excimer PRK procedure was demonstrated on humans in Germany, and in October 1995 the US Fed-
eral Drug Administration approved Summit Technology’s excimer laser for the correction of myopia
(Slade, 2002). (The LASIK laser eye surgery procedure is described in Chapter 1.)

No account of the development of laser technology in the 1980s would be complete without
mention of the Strategic Defense Initiative, more commonly known as Star Wars. It was announced
by President Reagan in March 1983, as a defensive shield designed to intercept incoming missiles,
using, among other weaponry, laser beams. X-ray lasers held a particular fascination, particularly for
the media. Although many of the original ideas were never developed, some are still being pursued.
Considerable effort has been put into an airborne megawatt-class iodine laser mounted in a Boeing
747-400F, designed to intercept incoming missiles, and which is now flying, Fig. 2.5.

In 1981, Arthur Schawlow shared the Nobel Prize in Physics with Nicolaas Bloembergen and Kai
Siegbahn for their contributions to the development of laser spectroscopy. In 1984, Ted Maiman was
inducted into the Inventors Hall of Fame. In 1986, John Polanyi shared the Nobel Prize in Chemistry
for his contribution to understanding the dynamics of chemical elementary processes.

THE 1990s

The recession of the early 1990s temporarily slowed growth in sales of laser processing systems. How-
ever, laser processing made the transition from the application laboratory to the production line in a
large number of industrial sectors. This can be attributed to the considerable efforts of manufacturers
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to improve the reliability and ease of operation of lasers, and the availability of sophisticated automa-
tion and control systems for beam and material handling. Laser processing became simply another
means of manufacturing. Turnkey systems for processes were marketed — often the laser itself was
not even mentioned in promotional material. Steps were also taken to incorporate the opportunities
provided by laser-based fabrication into the complete manufacturing process, from design through to
fabrication. Developments continued in material processing lasers, but as the flexibility of the laser
became appreciated more widely it became more common to talk of applications development in
industry sectors, rather than in individual lasers and processes.

LASERS

The focus of developments in CO; laser technology in the early 1990s was on machines of higher power,
better beam quality, greater reliability, reduced maintenance, improved ease of use, and compactness.
A 2 kW diftusion-cooled CO, machine, of high beam quality and very low gas consumption, produced
by Rofin-Sinar (Hamburg, Germany) was typical of this compact generation of machines (Bolwerk
et al., 1997). Sealed CO; lasers with an output power under 100 W were incorporated into desktop
manufacturing systems, while the small size of units with an output power up to 600 W enabled them
to be mounted directly on articulated robots, and used in cost-effective manufacturing (Clarke, 1996).
Fast axial flow technology was adopted in units up to 20 kW in output power, and modular transverse
flow designs enabled units up to 60 kW to be produced. The CO; laser beam continued to be the
source of choice for welding and cutting of long linear and rotationally symmetric parts. At the end of
the decade CO; lasers represented about 55% of the industrial lasers sold for material processing, the
majority being in the range 3—5 kW.

In 1997, Trumpf (Ditzingen, Germany) and Lumonics (Rugby, UK) marketed 4 kW CW Nd:YAG
lasers, which provided direct competition, technically and economically, with CO; lasers. In addition,
the availability of fibreoptic beam delivery opened up new fields of application involving parts of
increasingly complex geometry. The automotive industry led the way in introducing Nd:YAG lasers
on the production line, where they began to replace CO, lasers for complex geometry cutting and
welding operations. A 10 kW continuous wave Nd:YAG unit was available commercially at the end of
that decade.

Since around 1984, the available power from semiconductor diode lasers has doubled every year,
and simultaneously the price has decreased by a factor of about 1.6. Because of their compact size,
and the higher absorptivity of the shorter wavelength diode laser beam by materials, diode lasers were
actively investigated in the 1990s as replacements for CO, and Nd:YAG sources in material processing.
A major problem was the thermal load, coupled with the requirement to operate the lasers near room
temperature, which required efficient cooling. To overcome this, various designs were developed:
two-dimensional arrays were soldered directly onto heatsinks (Mott and Macomber, 1989); diode
bars were attached to chip carrier bars, which were then attached to a heatsink (Mundinger et al.,
1990); and diode bars were attached to their own heatsinks (Beach et al., 1992). Developments such as
these meant that at the end of the 1990s, 6 kW infrared diode lasers were commercially available for
material processing. The combination of light, compact multikilowatt diode lasers and industrial robots
provided economic solutions to many challenges involving complex geometry processing. Diode lasers
emitting in the shorter wavelength blue—green portion of the spectrum were also developed (Haase
et al., 1991; Jeon et al., 1992), followed by even shorter wavelength blue—violet diode lasers based on
gallium nitride (Nakamura et al., 1996), which have become popular in applications requiring a small
focused spot of light, such as optical disc data storage (Gunshor and Nurmikko, 1996).

The replacement of flashlamps by more efficient diode lasers as pumping sources for solid state
active media in the 1990s led to three major opportunities: active media could now be made in novel
crystal geometries, such as discs, tubes and fibres; the media could be pumped and cooled through a
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variety of surfaces; and new active media based on a range of crystal hosts doped with lanthanon ions
other than neodymium could now be used (King, 1990). In addition to YAG and glass, host materials
used in such diode-pumped solid state lasers (DPSS) included yttrium lithium fluoride (YLiF4, known
as YLF) and perovskite (YAIO3, YAP). Lanthanides such as holmium (Ho), erbium (Er) and thulium
(Tm) were also used as dopants. Diode-pumped solid state lasers are efficient, reliable, long lasting
sources able to produce a beam with a quality that is superior to conventional lamp-pumped units.
When combined with non-linear frequency conversion, these lasers can produce output that spans
the spectrum from the ultraviolet to the mid-infrared. Operation can also range from subpicosecond
pulses to continuous. They are small, facilitating incorporation into moving laser processing systems.
Their wall plug efficiency can be up to three times that of lamp-pumped lasers, with maintenance
intervals about 20 times longer. These factors provide DPSS lasers with a competitive advantage in
applications including material processing, medicine, metrology and remote sensing.

Ultrafast lasers, i.e. those producing pulses of light in the picosecond (102 s) and femtosecond
(10713 5) ranges, were researched extensively in the 1990s. Such short material interaction times lead
to techniques of athermal processing, such as micromachining, discussed further in Chapters 7 and 17.

TURNKEY PROCESSING SYSTEMS

In the 1990s the availability of integrated circuit chips allowed controllers to be made smaller, with
greater reliability and lower cost. Computer numerical control (CNC) became a self-contained NC
system for a single machine tool. Direct numerical control (DNC) allowed a central computer to
control several machine tools.

Since lasers and work handling could then be interfaced with CAD/CAM systems, component
design, processing and inspection became integrated into turnkey manufacturing systems. This type
of flexibility shortens the time taken to transfer a product from the ‘drawing board’ to the marketplace.
The definition of the tool centre point, which is a point that usually lies along the last wrist axis of a robot
at a specified distance from the wrist, plays the same role in laser processing as the cutting edge plays
in machining. Open-loop control systems could then be developed to control actions automatically,
but without reference to the state of the process or the position of the machine. Closed-loop control
systems, which make use of process information gathered by sensors were also developed, and were
to form the basis of completely automated processing systems. User-friendly machine controllers with
interactive multimedia and on-line support further enhanced the attraction of turnkey systems.

High pressure inert gas cutting was introduced around 1990, enabling high quality edges, suitable
for butt joints in laser welding, to be produced. The early 1990s saw maximum penetration of active gas
laser cutting of structural steels increase to 25 mm. Complex three-dimensional cutting became fea-
sible — in 1998 Volkswagen (Braunschweig, Germany) introduced laser cutting of hydroformed parts,
which enabled the number of components required for substructures to be reduced. Flat sheet cutting
still accounted for by far the largest portion of the total market for high power (>500 W) industrial
laser material processing systems. Increased competition among suppliers of systems became based on
the ease of use of integrated turnkey systems. An increased emphasis was placed on developing stan-
dards for classifying edge quality, including the design of new test pieces; a major incentive being the
ability to laser weld pieces that had been laser cut. Lasers and conventional tooling systems were being
combined for process optimization, notably the turret punch-laser hybrid cell: punching is effective
for producing repeatable shapes in sheet materials; whereas the programmable laser is more suitable
for complicated profiles that are frequently varied. Ships with superstructures constructed from 100%
laser-cut plates were being launched, Fig. 2.6. (The plates are also laser marked, Chapter 15.)

The 1990s saw rapid growth in the use of laser welding of sheet components, motivated by the
needs of the automotive industry, with a particular emphasis on the use of laser-welded blanks made
from sheets with differing properties. Ford (Cologne, Germany) introduced fibreoptic Nd:YAG laser
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Figure 2.6 Corvette constructed from laser-cut plates. (Source: Ian Perryman, Vosper Thorneycroft,
Southampton, UK)

welding of car bodywork in 1993. February 1997 saw the first industrial application of diode laser-
welded polymers — a key system for Mercedes Benz (Larsson, 1999). In 1998, Audi (Neckarsulm,
Germany) started to weld the A2 series aluminium spaceframe with Nd:YAG lasers (see Chapter 1).
The aerospace industry also recognized the potential of laser processing. In 1993, Air France introduce
laser welding and cutting for repairing aircraft engine casings (Kunzig, 1994). In 1998, EADS Airbus
delivered the first laser-welded aluminium alloy fuselage shell for A318 series aircraft (see Chapter
16). Much work was performed by research institutes, industries and classification societies to develop
guidelines for laser welding thick section ship hull steels.

The availability of short wavelength and ultrafast lasers provided opportunities in many fields
of machining. Drilling of fine holes using copper vapour lasers with an average power in excess of
2 kW was demonstrated in the laboratory. With the introduction of ultrafast lasers, femtosecond pulse
machining became possible. In contrast to conventional pulsed laser machining, material is removed
without the generation of heat. In the field of cleaning, work expanded to include various pulsed lasers:
ultraviolet excimer, visible dye, near infrared Nd:YAG, and far infrared carbon dioxide. All were shown
to remove dirt effectively, but the Nd:YAG was found to be the most selective (Cooper et al., 1992).

Gordon Gould was inducted into the Inventors Hall of Fame in 1991. In 1997, in a courtroom in
Orlando, Florida, Gould proved to the United States Patent Office that he had invented the laser. Arthur
Schawlow was inducted into National Inventors Hall of Fame in 1996. He died at Stanford Hospital on
28 April 1999.

THE NEW MILLENNIUM

Electronics revolutionized the nature of manufacturing in the 1960s and 1970s. In the new millennium,
photonics has the potential to influence manufacturing to an even greater extent. The lasers of the new
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millennium are the smallest, cheapest, most efficient and most flexible ever. The same can be said for
the systems into which they are integrated. In addition to the traditional thermal means of processing,
athermal fabrication on the nanoscale is now possible, with time scales on the order of femtoseconds.

LASERS

Carbon dioxide laser development continues in the direction of cost reduction and size, although
the economic and technical competition from solid state devices for large-scale material processing
continues to grow. Around the turn of the millennium, compact, energy efficient multikilowatt DPSS
lasers started to appear. Their potential for material processing is enormous: energy efficiency is
high compared with their lamp-pumped counterparts, increasing performance and reliability; they
are small enough to mount directly onto robots for automated processing; the beam quality is high
enough for accurate large-scale penetration and surface processing; and they are flexible enough to
be attached to applicators used for intricate medical procedures. Ultrafast femtosecond lasers are
available, many integrated into micromachining centres used in the production of microscopic parts
for the medical and electronics industries (Leong, 2002). Blue output from argon ion lasers is used to
etch semiconductors for optical waveguides. Blue—violet output from gallium nitride diode lasers is
replacing the infrared output of gallium arsenide diode lasers in optical storage devices such as DVD
recorders, described below. Ultraviolet output from excimer lasers is ideal for preparing thin films by
chemical vapour deposition, and producing nanometre-scale devices. In summary, lasers that were
once thought to have too little power for material processing are now finding niche uses in indu-
stries based on photonics, and the search continues for affordable lasers able to generate even shorter
wavelengths.

PROCESSES

In 1961, Richard Feynman suggested that ordinary machines could build smaller machines that could
build still smaller machines, working step by step down toward the molecular level. He also suggested
that particle beams could be used to define two-dimensional patterns. Present microtechnology (exem-
plified by integrated circuits) has realized some of the potential envisioned by Feynman by following
the same basic approach: working down from the macroscopic level to the microscopic. Lasers are now
used in nanotechnology to create carbon nanotubes and other geometrical structures. More can be
learned about this in Chapter 8.

In the world of large-scale material processing, cutting and welding still dominate.

Flat sheet cutting accounts for by far the largest portion of the total market for high power (>500 W)
industrial laser material processing systems. Cutting is now a routine, and highly profitable, job shop
activity. It is used for metals and alloys, a wide range of fabrics such as wool, cotton, leather, vinyl,
polyester, velour, neoprene, polyaramide (Kevlar) and low density polyethylene, as well as composites.
Around one quarter of industrial lasers sold today are used for cutting, mainly steel sheet of thickness
below 6 mm. Japan is currently the leading user of laser sheet metal cutting systems, much being
performed in job shops for large electronics corporations. Europe lies in second place in terms of
usage.

Research into welding is concentrated in two main areas: the development of procedures for welding
thick section structural steels and light alloys of aluminium, magnesium and titanium; and the use of
hybrid processes that combine a laser beam and a secondary power source. The Airbus A380 is designed
around techniques for laser welding aluminium fuselage stiffeners. The demand for lightweight metal
casings for mobile phones, laptop computers and electronic packages provides material and processing
challenges for the laser applications engineer. As lightweight materials encroach into traditional steel
applications, steelmakers respond with high strength low alloy steels: the Volkswagen Golf V contains
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Figure 2.7  Pits (dark amorphous regions) in the crystalline recording medium of a Blu-ray Disc™. (Source:
Ingrid Bal, Philips, Eindhoven, Holland.) Blu-ray Disc is a trademark of Sony Corporation

70 m of laser-welded joints in such materials. In 2002, Volkswagen AG (Wolfsburg, Germany) installed
the first hybrid Nd:YAG laser/MIG welder for aluminium door parts. Welding applications account for
about one quarter of CO; laser systems over 750 W, and more than half of the installed higher power
(above 150 W) Nd:YAG systems. In comparison with cutting, little welding is performed on a job shop
basis —it s still more likely to be found in specialized in-house installations. The use of lasers for welding
is substantially higher in the USA than the rest of the world, because of the high volume of automobile
production, although European manufacturers have made significant investments in recent years.

In the field of small-scale material processing, applications such as semiconductor etching, thin film
deposition, nanoscale device fabrication, thin section forming, polymer ablation, and micromachining
are creating the types of industry that multikilowatt lasers generated in the 1980s and 1990s. A new
generation of medical devices is being produced for the healthcare industries. Laser treatment of
biomaterials improves their properties, and reduces the chances of rejection by the body — precision
machining of ceramic dental prostheses being just one example. Possibilities for the production of novel
materials by ablation using short wavelength and ultrafast processing techniques are being investigated.
The DVD has been so successful that even higher amounts of data storage are demanded, which has led
to the development of blue—violet diode lasers capable of writing even more information onto optical
discs, Fig. 2.7. Ironically, the growth in electronic applications, the relatively short lifetime of modern
electronic devices, and environmental legislation are bound to create new applications for lasers in
disassembly and recycling of electronic components. The list will continue to grow at an increasing
rate in the new millennium.

The reader is directed to Chapter 18 to learn of more opportunities that modern laser processing
affords in the new millennium.

Herbert Kroemer shared the Nobel Prize in Physics in 2000 for his work on semiconductor lasers.
Nicolai Basov died at the age of 78 on 2 July 2001.
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SUMMARY AND CONCLUSIONS

Throughout its evolution, laser processing of engineering materials has experienced periods of ‘tech-
nology push’ and ‘industry pull’. As engineers in the applications laboratories of private companies and
government organizations invented new lasers and found novel applications for them (often remote
from those intended), companies realized their potential and decided to manufacture and market
them, and end users profited from applying them in a wide range of industry sectors. Developments
in automation, process monitoring, and control systems have facilitated system integration, providing
user-friendliness — a much underrated factor in decision making. In some cases, existing lasers have
been adapted for particular processes, whereas in others the requirements of the application have
dictated the properties of the laser beam, and suitable sources have been developed. One factor in the
evolution of the industry stands out: the enthusiasm of individuals from different industry sectors
and their belief in laser processing (often against the advice of senior figures more comfortable with
conventional methods of material processing) have been vital in the development of the industry.
New laser sources will continue to be developed. Existing sources will be made more compact,
efficient and cheaper. Sophistication of process monitoring and control systems will continue to
facilitate the migration of laboratory applications onto the production line. Government policies will
continue to influence the industry, whether they are related to potential military uses or the increasing
demands for a cleaner, more sustainable environment. One cannot help but consider the quantum
changes that electronics brought to the latter decades of the twentieth century, and envision the

potential of laser-based photonics in the new millennium.
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CHAPTER

LASERS

INTRODUCTION AND SYNOPSIS

aser action has been demonstrated in the laboratory in hundreds of materials — some of the more
Lsurprising being whisky, jelly and Chinese tea. In 1996, the Hubble space telescope discovered
a gas cloud that acts as a natural ultraviolet laser near the huge, unstable star Eta Carinae. In total,
over 15000 energy transitions that result in the production of laser light have been reported. However,
commercial lasers make use of about 40 active media: many are too expensive to be commercially
viable; the efficiency of light production is often very low; or it might not be possible to construct a
unit for practical reasons.

One feature that all lasers share is the unique nature of the light that they produce — a coherent,
monochromatic beam of low divergence and high brightness. These properties form the basis of appli-
cations in fields as diverse as measurement, holography, data storage and communications. Material
processing makes use of the thermal and photonic effects associated with the interaction of a laser beam
with various engineering materials.

This chapter concentrates on lasers used for material processing. The principles of laser light
generation from transitions between energy levels in active media comprising gases, solids and liquids
are explained. Practical means of exciting media to achieve stimulated emission of light are described.
The conditions for amplification of light in different types of resonator are considered. The nature
of laser output from various combinations of active media, excitation methods and resonators is
compared. These principles are then applied to commercial lasers for processing engineering materials.
Further information on the output from individual lasers can be found in Appendix B and in the reading
lists at the end of the chapter.

GENERATION OF LASER LIGHT

After Hertz had generated electromagnetic waves using a high voltage induction coil (Chapter 2), it was
realized that radiation could be produced over a continuous range — the electromagnetic spectrum —
shown in Fig. 3.1.

The spectrum may be divided into portions. Radio waves occupy the low frequency, low energy,
long wavelength range, and are produced by antennae. Microwaves are generated by electrical oscilla-
tors. Infrared radiation originates from electronic transitions and molecular vibrations in materials.
Visible light (radiation in the wavelength range 390-780 nm) is characterized in order of increasing
wavelength as violet (390-430 nm), indigo (430-455nm), blue (455492 nm), green (492-577 nm),
yellow (577-597 nm), orange (597—622 nm), and red (622-780 nm), and is produced from transitions
between energy states in the valence electrons of atoms. Ultraviolet light is emitted from corresponding
high energy electronic transitions. X-rays result from deep electronic transitions. High frequency, high
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Figure 3.1  The electromagnetic spectrum: UV — ultraviolet; IR — infrared

energy, short wavelength gamma rays are produced by radioactive decay. In material processing appli-
cations, we are mainly interested in the infrared, visible and ultraviolet portions of the electromagnetic
spectrum.

Laser light is generated by transitions between high and low states of energy in species (atoms,
ions and molecules) in various media. Sustainable light generation depends on a suitable combination
of fundamental physical phenomena to generate the light and an appropriate mechanical design to
maintain and amplify the emission. We consider the fundamentals of laser light generation first.

ENERGY LEVELS

Atoms, ions and molecules, collectively known as species, exist in states characterized by discrete energy
levels, also referred to as states.

The simplest forms of energy levels are those available to an isolated atom, such as hydrogen. The
rules of quantum mechanics state that all particles have discrete energy states, which relate to different
periodic motions of the constituent nuclei and electrons. The lowest possible energy level is the ground
state, while other states are termed excited states.

When molecules in gases, liquids and solids are considered, the energy levels are no longer those
of the individual atoms. Interactions with neighbours result in modifications to the energy levels. In
condensed materials (liquids and solids), the atoms are packed together and the interactions are strong.
The energy levels of the individual atoms then broaden and merge into an almost continuous band of
closely spaced states.

In addition to electronic energy levels, molecules with more than one atom can possess quantized
vibrational or rotational energy levels. Simple molecules such as nitrogen have only one vibrational
mode. Complex molecules normally have many vibrational modes, all of which can interact. The
carbon dioxide molecule, for example, can be visualized as a linear arrangement of two oxygen atoms
and a carbon atom, with the carbon atom in the centre. The vibrational energy levels correspond to
the motion of the oxygen atoms relative to the carbon atom. Vibrational transitions involve energy
changes of about 0.1 eV — around an order of magnitude lower than the electronic transitions that
produce visible light — and so such radiation normally lies in the mid-infrared region shown in Fig. 3.1.
Rotational energy levels correspond to rotational motion of asymmetrical molecules, since angular
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momentum is quantized. These transitions involve energy changes around an order of magnitude
smaller than vibrational transitions, and so are associated with far infrared radiation.

In addition to the values of the energy levels, the lifetime spent in those levels affects the temporal
nature of radiation. The lifetime of a state depends on the ease with which the state can be depopulated.
States that exist for time scales on the order of microseconds and milliseconds, which are long in terms
of laser transitions, are known as metastable states, and are important means of storing energy in laser
systems.

Energy Level Notations

An atom can be idealized as a positively charged nucleus surrounded by negatively charged electrons
that are arranged in quantum shells. Each shell is described by using a principal quantum number, .
The shell is able to hold a certain number of electrons, given by 2n%. Thus the lowest energy quantum
shell (n=1) can hold 2 electrons. Successive quantum shells of higher energy hold greater numbers
of electrons: 8 (n=2), 18 (n=3), 32 (n=4) .... Electrons in a given shell have a similar energy, but
no two are identical. Subshells, or orbitals, differentiate the probability that pairs of electrons occupy a
given orbit relative to the nucleus. Electrons in a pair have identical energy, but opposite magnetic spin
(the Pauli exclusion principle). The azimuthal quantum number, [, denotes states s, p, d and f, which
have values of I of 0, 1, 2 and 3, respectively. The first quantum shell (n=1) can contain only two
electrons, both of which occupy the s orbital, which have a spherical probability distribution around
the nucleus. The second quantum shell (n=2) can contain eight electrons; two in the s orbital, and
six in the p orbital, which has a slightly higher energy. The p orbitals have probability distributions
shaped like dumbbells aligned with orthogonal axes. The third quantum shell (n=3) can contain 18
electrons; two in the s orbital, six in the p orbital, and 10 in the higher energy d orbital. The fourth
and fifth shells contain f orbitals, which can accommodate up to 14 electrons. The total number of
electrons is equal to the atomic number of the element.

The Paschen notation describes the electrons in terms of particular shells and orbitals. The electrons
in oxygen, of atomic number eight, are denoted 1522s22p*: two electrons in the s orbital of the first shell,
two electrons in the s orbital of the second shell, and four electrons in the p orbital of the second shell.
As the number of shells and orbitals increases, the difference in energy between orbitals decreases, and
some overlap in energy occurs. An inner orbital of an outer shell may have a lower energy than an outer
orbital of an inner shell. The 26 electrons in iron, for example, are denoted 15225>2p®35s23p®3d°4s2.
Electrons occupy the 4s subshell before the 3d subshell is filled. Transitions between adjacent states of
angular momentum are denoted by lines in series: the sharp series lines denote transitions from p to
higher s states; the principal series s to higher p; the diffuse series p to higher d; and the fundamental
series d to higher f.

Energy levels involved in laser transitions are often named according to the Moore Sitterly con-
vention. Each level is defined by an inner quantum number, J. Groups of related levels — terms — have
multiplicities that are exclusively odd or even in a given spectrum. For terms of odd multiplicity the
values of | are integers (0, 1, 2 ...). Values of ] for terms of even multiplicity are odd multiples of the
fraction %2 (Y, 1%, 2% ...). Terms are further defined by azimuthal quantum numbers, L, that have
the values 0, 1, 2, 3, 4, 5, 6, 7 ... for terms labelled S, P, D, F, G, H, I, K..., respectively (the hyperfine
quantum number). A term of a given type and multiplicity comprises a finite number of energy levels
whose inner quantum number is stipulated by quantum theory. For example, an S term of multiplicity
three has only one level with a value of J equal to 1 — it is designated *S;. A D term of multiplicity four
comprises four levels whose values of ] are 32, 2V, 1% and Y2 — designated 4D7/2, 4D5/2, 4D3/2 and
Dy /2, respectively. The designation is augmented with two quantities: a prefix that distinguishes terms
of the same type and multiplicity; and a superscript ‘0’ denoting that the configuration contains an
odd number of p, f, h, etc. electrons. This notation is used in Appendix B to describe laser transitions.
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Distribution of Energy

The normal distribution of energy in a population of species is given by the Maxwell-Boltzmann
equation, illustrated in Fig. 3.2a. The ratio of the numbers, N; and N, populating two energy levels,
E; and E, respectively, is
& =exp — (E; — E1)/kT (3.1)
Ny
where k is Boltzmann’s constant (1.381 x 10723 JK~!) and T is the absolute temperature. At a given
temperature, the number of species occupying higher energy levels decreases monotonically. As the
temperature is increased, the number of species occupying higher energy levels increases, but the form
of the distribution remains the same; the population of a lower level exceeds that of a higher level to
give a condition of thermodynamic equilibrium. There is no driving force for energy to be released from
the system, only for it to be redistributed internally.

Population Inversion

Normal populations occur naturally. However, a distribution can be disturbed artificially, such that
the number of species occupying a higher energy level exceeds that of a lower level, Fig. 3.2b. This may
be achieved by exciting or ‘pumping’ the population by using an external energy source. A population
inversion is thus created — a prerequisite for laser light generation. A driving force now exists for energy
to be released from the system. In the case of a laser, this energy is released in the form of light. Note
the contrast between creating a population inversion and the effect of merely raising the temperature
of the system; in the latter case the Maxwell-Boltzmann distribution is maintained, and so a driving
force for the release of energy is not created.

EXCITATION

A population inversion may be achieved by using a variety of energy sources to excite the species.
Electrical, optical and chemical means are the most common in industrial lasers. Gaseous species
absorb radiation over discrete ranges of wavelength (lines), and so electrical excitation, which produces
energy over a relatively broad range, is common in gas lasers. Solids are not easily excited electrically,
but optical pumping can be highly efficient in solid state lasers. Chemical methods are generally more
difficult to control, but are effective means of excitation in chemical lasers.
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Figure 3.3  Energy transitions in a three-level laser system

In order to create a population inversion efficiently, it is necessary for the species to possess a large
group of upper absorption energy levels, so that energy can be absorbed over an appreciable frequency
range. These rapidly and efficiently feed more stable lower energy levels, which are termed the upper
laser levels, or states. Below these lie the lower laser states. Laser light generation involves transitions
from the upper to the lower laser states. In order to maintain a population inversion, the lifetime of
the lower laser state must be shorter than that of the upper state. In addition, the rate of population of
the upper state must be greater than that of the lower state.

Energy Level Transitions

Einstein proposed that light consists of bundles of wave energy, termed photons. It was originally
thought that photons and species may interact only by absorption of a photon (with a corresponding
increase in energy), or spontaneous emission of a photon originally in a higher energy state (leading
to a reduction in energy). (Energy can also be reduced without the emission of a photon; a process
known as non-radiative decay.) However, Einstein concluded that there must exist a third mechanism
of interaction — induced or stimulated emission — in which an excited species could be stimulated to
emit a photon by interaction with another photon. This is the basis of light amplification by stimulated
emission of radiation, from which the acronym laser is formed.

The simplest form of laser is based on transitions between two energy levels, E; and E;, which
represent the ground and excited states. The ammonia maser and diode laser are examples of two-level
systems. However, it is difficult to obtain useful light amplification in this type of system because as
species in the upper laser level emit radiation their number approaches that of the species in the ground
state, and absorption falls towards zero. For this reason, industrial lasers are often based on three and
four energy level systems.

In a three-level laser system, illustrated in Fig. 3.3, excitation is achieved by pumping to the E,
absorption level, or levels. If an energy level E3 exists, which lies slightly below E;, rapid non-radiative
decay can occur to the level E3 with little loss of energy. E3 becomes the upper laser level. Laser emission
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Figure 3.4  Energy transitions in a four-level laser system

then takes place between the levels E3 and E;. A number of conditions must be fulfilled for this type
of laser to operate. First, the energy required for excitation must be relatively high, because more than
half of the entire population of the species must be raised out of the ground state (which may be the
lower laser level). Second, the transition E3 — E; must be very probable. Third, the species must be
able to remain in the Ej3 state longer than the E; state in order to build up and maintain a population
inversion. If the lower laser level in a three-level system is the ground state, a population inversion is
more difficult to achieve, and output is limited to pulsed operation.

A population inversion can be generated more easily if the laser transition terminates in a state
that is not the ground state. This is the case in a four-level system, illustrated in Fig. 3.4. Species are
excited to the level E;, followed by rapid non-radiative decay to a lower level, Es. The laser transition
occurs between levels E3 and a second intermediate level, E4. Rapid relaxation to the ground state, Ej,
is then desirable for efficient operation. The potential for four-level operation is much higher than
three-level operation because the threshold pump energy is considerably lower, since it is not necessary
to invert the entire population. Since the laser transition is to an intermediate level which is normally
unpopulated, a four-level laser can operate in continuous wave mode.

LIGHT AMPLIFICATION

We have seen how light may be generated by stimulated emission of photons. However, a laser works
on the principle of light amplification by stimulated emission. Amplification can only occur if emission
takes place in a suitable device — the optical cavity. Amplification is achieved when stimulated emission
increases the number of photons circulating in the optical cavity, illustrated schematically in Fig. 3.5.

The amplification achieved is the gain of the system. If the circulating power in a laser is restored
to its original value after a round trip in the optical cavity, then the round trip gain is equal to the
round trip loss; this is known as the threshold gain. If the loss is greater than the gain then the laser will
not produce light. Positive gain is the second requirement for laser light generation — the first being a
population inversion.
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Figure 3.5 Schematic illustration of amplification by stimulated emission of radiation

There are two types of gain; saturated and unsaturated. Unsaturated gain, often referred to as
small-signal gain, occurs with small input values. In contrast, with high excitation the number of
photons passing through the optical cavity significantly depletes the population inversion, and the gain
is reduced, or saturated. The gain is independent of the excitation power. It is the circulating power,
and hence the output power, which increases with increasing excitation power.

OUTPUT

In a light bulb, electrons in the atoms and molecules of the filament are pumped to higher levels by
electrical excitation. Electrons fall randomly to lower levels independently of one another, emitting
light with a random collection of wavelengths (colours). Since many electrons are constantly falling to
different levels, a range of wavelengths is produced, and the net result is the production of white light.
The light that is produced is emitted in random directions.

In contrast, in the process of stimulated emission, a photon collides with another excited species,
causing it to release its photon prematurely. Photons travel in the same direction until the next collision,
thereby building a stream of increasing density, Fig. 3.5. Photons have the same phase (temporal and
spatial properties), frequency and polarization. Laser light is therefore coherent and monochromatic,
and has low divergence and high brightness.

Laser light can take the form of a continuous wave (CW), a pulse, or a train of pulses. The length of
the pulse can vary from a tenth of a second to a few femtoseconds (10~ '° s). Pulses may be produced at
arate of between one and several thousand per second. The average power may vary between milliwatt
and kilowatt levels, with peak power attaining the order of gigawatts. Some lasers can be tuned to
produce a range of wavelengths.

Efficiency

A number of efficiency values can be defined when considering laser light generation. The fluorescent
quantum efficiency, 1y, is the ratio of the number of species participating in the laser transition to
the number of species raised from the ground state. (Species in the excited state may decay to states
other than the upper lasing state, and atoms in the upper lasing state may decay to states other than
the lower lasing state.) The thermodynamic efficiency, n;, is the ratio of the amplification energy to
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the energy required for excitation. Since laser photons have less energy than the excitation source, the
thermodynamic efficiency lies below 1. An overall wall plug efficiency, n,,, can also be defined:

Nw =1t - 17 (3.2)

Typical wall plug efficiencies for material processing lasers can be found in Table B.1 (Appendix B).

CONSTRUCTION AND OPERATION OF COMMERCIAL LASERS

So far we have considered the theoretical aspect of laser light generation. Now we examine means of
constructing and operating a practical laser.

A laser requires four basic components to operate: an active medium in which light can be amplified
by stimulated emission of radiation; a means to excite the medium — the excitation or ‘pumping’ source —
to maintain the population inversion; a means to provide optical feedback — the optical cavity; and an
output device to enable usable amounts of beam energy to exit the laser.

Additionally, a laser requires power and control systems, means of cooling the active medium and
an interface for operation.

Active Media

Industrial lasers are normally classified by the active medium, which may be a gas, an insulating solid,
a semiconductor or a liquid.

Gases

Gases possess a number of properties that account for their popularity in industrial lasers: they can be
excited directly with an electric current; they are homogeneous; they allow flexibility in the design of the
resonator, which can be scaled easily; they can be manipulated aerodynamically, facilitating stability;
propagation of the beam is unimpeded; and they are relatively inexpensive. Laser emission from gases
is well defined, and occurs in three discrete parts of the electromagnetic spectrum: ultraviolet, visible
and infrared.

The noble gases neon, argon, krypton and xenon, and mixtures of helium and neon, are the active
media in neutral atom gas lasers. Neutral atoms produce light in the range between mid-ultraviolet
and near infrared. The energy levels for infrared emission lie close to the limit of atomic ionization. As
a result, the atom is excited to a high energy level, which in turn means that the photon emitted has a
relatively small amount of energy. The fluorescent quantum efficiency is therefore low in atomic gases.
Not every excited species is able to produce laser light; the ratio of those that can to those that cannot
varies as the cube of the wavelength, thus favouring the infrared end of the electromagnetic spectrum.
However, both the emitted energy and the maximum working temperature vary approximately with the
reciprocal of the wavelength. Neutral atom gas lasers therefore incorporate relatively weak discharges
and have moderate gain and power output. They can be used for fine scale, low power precision
material processing.

The excitation energy of an ion is larger than a neutral atom; ionized gas lasers therefore produce
short wavelength light, in the range between mid-ultraviolet and visible. High current densities are
required for excitation since energy is used to ionize the atom and then to excite it. These lasers
consequently have high plasma temperatures, and require substantial cooling to operate. Ions of noble
gases, notably argon and krypton are used in commercial designs, producing ultraviolet light that is
suitable for fine-scale material processing.
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Molecules produce relatively long wavelength light in the range between visible and far infrared.
The relevant transitions are those between vibrational and rotational energy levels in the molecule.
Two types are possible: transitions between vibrational states of the same electronic level, as in carbon
dioxide; and transitions between vibrational states of different electronic states, as in nitrogen. The
vibrational levels of the electronic ground state are close to the ground state of the molecule. The
photon energy is therefore a significant fraction of the excitation energy, resulting in a relatively high
value of quantum efficiency; almost all of the electrons present in the discharge participate in the
excitation process. Diatomic molecules are less suitable for continuous laser emission because of the
unfavourable lifetime of such molecules excited to vibrational levels of the electronic ground state.
Two molecules are particularly good emitters: carbon monoxide (around 5 wm); and carbon dioxide
(around 10 pm). Moderate current densities are involved, but the ability to use large volumes allows
multikilowatt output power to be obtained, hence the development of high power lasers for material
processing based on these media.

Transitions can also take place between electronic states in a metal vapour. There are three basic
types of metal vapour laser: metal ion; recombination and neutral atom. The helium-cadmium
and helium-selenium lasers are well-developed examples of the metal ion type. Recombination
lasers are still under development (strontium is being investigated). Of the neutral atom types,
copper and gold vapour lasers are the most popular, although lasers based on lead, manganese
and barium have been examined. Emission occurs via relatively high energy transitions between
excited states and low lying ground states, which result in the production of visible or ultraviolet
light.

The term excimer is derived from excited dimer, which refers to a diatomic molecule formed by
a chemical reaction after one or both of its constituents have been excited. The term has come to be
used to describe the association of two different atoms as well: a rare gas (neon, argon, krypton or
xenon) and a halogen (fluorine, chlorine, bromine or iodine) — which strictly should be termed an
exciplex (excited complex). The rare gas and the halogen are excited to form positive and negative ions,
respectively, which are attracted and combine to form an excimer. An inert gas, normally helium or
neon, regulates energy transfer. Since the molecule has dissociated, the ground state is empty, and a
population inversion is readily formed. As the excimer loses its energy and returns to the ground state,
it emits a photon of ultraviolet light, and the molecule dissociates into free atoms that are available to
take part in the excitation process again. Transitions between both electronic and vibrational energy
states result in emission. Since the lifetime of the excited state is on the order of nanoseconds, only
pulsed output can be obtained.

Liquids

The active medium in most liquid lasers is a fluorescent organic dye dissolved in a solvent that flows
through the laser. These dyes are large complex molecules, which have a large number of vibrational
and rotational energy levels that blend together into energy bands. Emission has been obtained from
about 50 dyes, providing a wide selection of lasing wavelengths. By combining several dyes, output
wavelengths covering the visible spectrum may be produced. Their useable lifetimes range from hours
to months, depending on the dye and the means of excitation. Liquid active media have advantages over
gases and solids: they can be prepared more easily (solids require a high degree of optical homogeneity);
and they contain a higher density of atoms than gases.

When the molecule drops from one broad electronic state to another, the wavelength of light
emitted depends on the start and end points. The emission bandwidth can therefore be very broad —
up to 100 mm in some dyes. The laser bandwidth can be selected by limiting the bandwidth of feedback
provided by the resonator using prisms, gratings, birefringent filters, and other devices, thus enabling
the output to be tuned.
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Insulating Solids

The active media in solid state lasers (not including semiconductor lasers) comprise a host material
doped with ions of transition or rare earth elements. (Colour centre, or F-centre lasers are a small
group of laser-pumped sources with crystalline active media — including potassium chloride with
lithium or sodium — that contain defects, which cause intense absorption, but are rarely used for
material processing.) The term ‘solid state’ indicates that the active medium in the laser is a solid,
rather than a gas or a liquid — it should not be confused with the terminology used in electronics.
In comparison with gas lasers, solid state lasers require no mechanical devices for media circulation,
complex heat exchangers, or vacuum and gas-supply systems. However, the thermal conductivity of the
host determines the amount of heat generated, which limits the working range through thermal lensing.
A beam of relatively high divergence is produced from solid active media because inhomogeneities in
the active medium cannot be smoothed out, as in circulating gas lasers.

Suitable hosts are crystalline materials and glasses that are stable, hard and optically isotropic, and
which possess sufficient tensile strength to be used in a variety of shapes. Materials are required to have
a high thermal conductivity and low thermal expansion coefficient, for thermal stability, and must be
able to accept dopant ions in substitutional sites. Yttrium aluminium garnet (Y3Al5013), referred to as
YAG, sapphire (Al;O3), calcium fluoride (CaF,), and silicate and phosphate glasses meet these criteria.
YAG has a particularly good combination of low thermal expansion and high thermal conductivity,
and is the host in the Nd:YAG laser — a popular solid state laser for material processing, available with
output up to the multikilowatt level. Glasses can be doped to higher concentrations than YAG, with
good uniformity, and can be produced in larger sizes with a greater variety of geometries. Glasses are
particularly suitable for pulsed lasers.

The dopant contains an interior unfilled shell of electrons, which leads to a narrow emission
bandwidth; this is favourable for laser operation since it leads to high gain and reduces the requirements
on the population inversion necessary for operation.

The host material determines the characteristics of the available energy levels, and therefore the
exact wavelength of light generated. When ions are embedded in a solid, they can absorb radiation
over a much wider band of wavelengths. Laser transitions occur between low lying energy levels, the
nature of which are determined by the forces acting on and between the electrons in partially filled
electronic shells. There are three principal interactions to consider: coulomb forces acting between the
electrons; crystal field interaction; and a coupling between electron spin and orbital angular momen-
tum, known as spin-orbit coupling. Coulomb forces are normally the largest; they split the single
electron configuration into a number of levels. In transition metals, the crystal field interactions are
the next largest since the partially filled electronic shells are not shielded. This splits the term energy
levels into further levels. In the case of transition metals, the spin-orbit interaction is relatively small,
and is not considered here. In rare earth ions, the spin-orbit interaction is stronger than the effects of
the crystal field. The crystal field then acts to produce further splitting of the multiplets. The wave-
length range of light produced by solid state lasers covers the visible and infrared, between about 300
and 3000 nm.

Solid active media enable relatively small lasers to be constructed, with no gas flow maintenance
requirements. However, heating limits the power that can be generated and the beam quality is relatively
poor at high power.

Semiconductors

In contrast to the single energy levels found in isolated atoms, electrons in semiconductors occupy
broad bands of energy levels. Each band comprises a number of closely spaced levels, which originate
from the superposition of all the energy levels of the atoms making up the solid. The equilibrium atomic
separation results in a sequence of bands separated by energy gaps. The most important features for
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laser light generation are the uppermost occupied band, the first empty band, and the gap in between,
which are termed the valence band, the conduction band, and the energy gap, respectively.

Electrons can be excited from the valence band to the conduction band. In this way electrical
conduction can take place via the motion of electrons in both bands. The absence of an electron in
a band can be considered as a ‘hole’ that has a positive charge. In a pure semiconductor material the
number of electrons and holes are equal. The number can be changed by adjusting the temperature,
or by doping the semiconductor with atoms whose valences differ from that of the host material. If
tetravalent silicon is doped with pentavalent phosphorus, each phosphorus atom replaces one of the
silicon atoms, and four of its five valence electrons are used to satisfy the bonding requirements of its
four neighbours. The remaining electron is not used in bonding, and is only weakly bonded to the
phosphorus atom, and so it is readily detached, and promoted to the conduction band. Such dopants
are known as donors, and the material is known as n-type, where n denotes negative, referring to
the electron density. Dopants that have a valence one less than the host — acceptors — can also be
added to form p-type material (p denotes positive). Light is emitted when electrons drop from the
conduction band and occupy, or recombine with, a hole in the valence band, to form a neutral atom in
the crystal lattice. The energy of this transition determines the wavelength of the light generated. The
high concentration of electronic states in the bands provides high gain.

A junction can be made by placing n- and p-type materials together. Since there are more electrons
in the conduction band of the n-material than the p-material, electrons flow from the # to p conduction
bands. Conversely, holes flow from the p- to the n-valence bands. The simplest junction comprises
one p-doped and one n-doped layer of group III and group V compounds, such as gallium arsenide
(GaAs). This is referred to as a homojunction laser, since it comprises layers of the same basic material.

For practical reasons, most semiconductor lasers are of the heterojunction type. Heterojunctions
comprise several layers of different semiconductor materials, based mainly on gallium, aluminium
and indium in compounds of arsenide, phosphide or antimonide. The optical cavity is limited to a
narrower region around the p—n junction because of the difference in refractive index between the
layers. Less current is therefore needed for excitation, and heat build-up is reduced. Most designs of
diode laser are based on blocks of semiconductor that may be no more than 1 mm square and 100 pm
in thickness. Techniques such as liquid phase epitaxy are used to grow the thin layers of semiconductor
crystal used in commercial diode lasers. Semiconductors are combined in arrays to attain multikilowatt
output for material processing.

Excitation

As mentioned above, a population inversion is achieved in the active media of industrial lasers by
using electrical, optical and chemical means. (Electron beams were also used in the early days of laser
development.)

Electrical Pumping

Direct current (DC) excitation is relatively compact, simple and cheap, and comprises a high voltage
transformer and rectifier with a large smoothing capacitor. A glow discharge is created in a gaseous
medium by electrons emitted at the cathode, which travel though the gas under the action of an electric
field. Excitation is achieved through the collision of energetic electrons with gas atoms and molecules.
Since the electrodes must be placed inside the resonator, impurities are formed from reactions with
the gases, and the electrodes must be cleaned at regular intervals. The discharge can become unstable,
and an arc may form, which allows thermal equilibrium to be achieved, preventing laser action.
Power generated by radio frequency (RF) excitation can be coupled capacitatively through dielectric
materials, such as quartz glass, into a gas mixture. The electrodes can therefore be mounted on the
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outside of discharge tubes. There is no electrode wear or contamination, which results in steadier
discharge, lower gas consumption, and longer maintenance intervals. The discharge is also more
homogeneous since the potential difference is distributed across the entire electrode surface. Capacitors
can be used to limit the discharge current, rather than the ballast resistors of DC designs, thereby
reducing resistive losses. Higher pulse frequencies and pulse modulation are possible, increasing the
flexibility of operation. Since the separation of the electrodes is equal to the diameter of the tube, only a
relatively low potential difference is required. However, an RF power source is more expensive thana DC
source, and the resonator must be screened against emitted interference radiation. The power supply
conversion efficiency is lower, resulting in higher electrical consumption than DC-excited lasers of
similar output.

Alternating current (AC) excitation in practical gas lasers refers to frequencies in the range up
to several hundred kHz. (Frequencies in the MHz range fall in the category of RF excitation.) AC
excitation results in a rapidly changing electric field that promotes the conditions for maintenance of
a glow discharge, allowing high electrical power densities to be produced and compact resonators to
be constructed. The electrodes are mounted outside the discharge tubes, and so AC excitation enjoys
similar benefits to RF excitation. The high spatial homogeneity of the discharge results in good beam
quality and the wide stability range allows greater design freedom.

Optical Pumping

The difficulties associated with exciting insulating solids electrically mean that optical methods are
preferred. The most common excitation sources are flashlamps, arc lamps and semiconductor lasers.

Flashlamps are glass or quartz tubes filled with a gas. Xenon is used when the output of the laser
is on the order of watts. Krypton is more appropriate when a low current density discharge is needed,
such as in continuous wave operation. Flashlamps provide a source of high intensity light, but a large
part of the emission is not absorbed by the active medium, and is wasted as heat. The pulse repetition
rate of a flashlamp is generally below 200 Hz. Flashlamps normally last between 500 and 1000 hours
in continuous use.

Arc lamps are favoured when continuous wave operation is required. The lamps are filled with
xenon and krypton. A higher pumping energy is required for CW operation because of the lower
photon flux in the laser. Lifetimes between 400 and 1500 hours are typical.

As the cost of semiconductor lasers decreases, the use of diodes as a means of optical excitation
is increasing. Diodes emit light at a fixed wavelength, which can be chosen to match the absorption
bands of the active medium, resulting in significantly higher pumping efficiency than flashlamps and
arc lamps. Diodes may also be located in novel orientations with respect to the active medium to
maximize pumping efficiency.

Chemical Pumping

The energy produced by a chemical reaction, normally in the gaseous or liquid states, is used as the
excitation method in chemical lasers. The reaction is initiated and sustained by a plasma or flashlamp,
often via a mechanism involving photodissociation. Energy is transferred efficiently to the active
medium by resonance.

Optical Cavity

In order to sustain laser action in a practical device, it is necessary to enclose the excited medium in
an optical cavity. This is a container bounded by two mirrors. Five principal cavity parameters can
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be varied to optimize the output from a simple two-mirror optical cavity: the separation between the
mirrors; the radii of curvature of the mirrors; and the reflectivities of the mirrors.

The simplest type of optical cavity is the Fabry—Perot interferometer — a container bounded by
two parallel plane mirrors. Light travelling along the axis is reflected back and forth, the principal
condition being that the spacing corresponds to an integral number of wavelengths. However, plane
mirrors require exact alignment, and the reflective coating is critical in maintaining laser action.
Spherical mirrors with a large radius of curvature are less sensitive to alignment, while still being able
to fill the cavity, and are therefore commonly used in practical lasers.

The number of mirrors in the optical cavity is minimized to reduce losses that arise from imperfect
reflection, and instabilities caused by temperature fluctuations. Cavities can be folded to lengthen the
photon path, which increases power output while maintaining a small footprint, but the need for
additional mirrors limits the number of folds in practical designs. Mirrors are normally made from
water-cooled copper plated with silicon or gold, and have a large radius of curvature, typically tens of
metres. The curvature of the mirrors determines the wavefronts that will oscillate in the cavity, and
hence the modes of the beam that are supported.

Photons are repeatedly reflected through the active medium, which has two effects: the probability
of stimulated emission is increased through an increase in the residence time of the photons; and
feedback allows the emitted wave to grow coherently. Photons that do not travel parallel to the optical
axis of the laser are quickly lost from the system; as a result the beam has low divergence. Reflections
that are out of phase are lost through destructive interference, which maintains the coherence of the
beam. Photons that do travel parallel to the axis have their path length considerably extended by
optical feedback provided by the mirrors, before leaving the laser. This not only serves to amplify
photon generation, but also produces a collimated beam of light. Losses in the cavity arise from a
number of sources: transmission through the output coupler (the useful output); scattering by optical
inhomogeneities in the active medium; absorption and scattering by the mirrors; diffraction around the
perimeter of the mirrors; and absorption in the active medium by energy levels not involved in the laser
transition.

The term resonator is used here to denote the combination of the optical cavity and the excitation
device, together with the structure that holds and maintains the integrity of the optics. The resonator
also includes devices that are inserted into the optical path to provide features such as pulsing capability,
polarization control and mode control.

Stability of the Optical Cavity

The geometrical arrangement of the mirrors leads to the possibility of a large number of poten-
tial cavities capable of sustaining laser action. Cavities are classified as stable or unstable. A simple
differentiation is that the beam converges in a stable cavity, whereas it diverges in an unstable cavity.

The main advantage of a stable cavity is that a fundamental mode (beam intensity distribution)
can be generated that has standard measurable characteristics. High power, high order modes with a
central intensity peak that are useful for material processing can be generated in a stable cavity. Rays of
light are focused in a stable cavity. The mode remains constant as the beam propagates, or is focused.
However, since the light rays pass though a waist between the mirrors, a stable cavity has a relatively
small effective mode volume, which limits the power that can be generated. Examples of stable cavities
are illustrated in Fig. 3.6.

A confocal cavity uses two spherical mirrors of equal radius, with coincident foci. This relaxes
alignment tolerances somewhat, and reduces diffraction losses. A spherical-flat configuration is popular
in high power lasers because of the relative ease of alignment and its good mode-filling characteristics.
The radius of curvature of the focusing mirror is several times the cavity length. The beam can be
extracted from a stable cavity by a partially reflecting transmissive window.
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Figure 3.6  Stable optical cavities ( is the radius of curvature of a mirror and g is a geometrical factor used to
characterize the stability of the cavity)

In an unstable optical cavity, radiation is not confined to a narrow beam, but is defocused as it is
reflected between the cavity mirrors, filling the entire cross-section of at least one mirror. Rays of light
diverge within the cavity. Examples of unstable cavities are illustrated in Fig. 3.7.

The most widely used unstable cavity design is the positive branch confocal cavity, which comprises
a large concave mirror and a smaller convex mirror, around which the beam exits the cavity. The
disadvantage with the negative branch design, which comprises two concave mirrors, is that the beam
is brought to focus between the mirrors, reducing the active volume, and causing disruptive plasma
generation. The diameter of the intensity distribution is determined by the internal apertures. The
beam is normally extracted from an unstable cavity by using an annular scraper mirror. Unstable
cavities are capable of producing a variety of beam intensity distributions, but the size of the resonator
normally means that all but the lowest order distributions are eliminated. The intensity distribution
in the output beam is annular when a scraper mirror is used. Unstable cavities have a number of
advantages over stable designs: a single beam intensity distribution is possible even with a wide cavity;
energy can be extracted from a large resonator volume in short resonators; and partially reflecting
elements, which are expensive and sensitive to operating conditions, can be eliminated. The annular
intensity distribution from an unstable resonator fills in at its centre as it propagates, or when it is
focused. This can result in a near-Gaussian beam intensity distribution at the focus. Unstable cavity
design is a compromise between power and beam quality.

As a general rule, a cavity is stable if the centre of curvature of one mirror, or the mirror itself, but
not both, falls between the other mirror and its centre of curvature. In mathematical terms, a cavity is
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Figure 3.7  Unstable optical cavities (r is the radius of curvature of a mirror and g is a geometrical factor used
to characterize the stability of the cavity)

stable if the following condition is met:

-l
0<|1——||1——]|<1 (3.3)
1 ]

where d is the distance between the mirrors and r; and r, are the radii of curvature of the mirrors. This
can be written:

0<ggp <1 (3.4)

where g; =1 — d/r;. The conditions required for stability, and various cavity configurations are shown
in Fig. 3.8. Note that stable cavity designs that lie close to the stability boundary may become unstable
with slight changes, such as a variation in the mirror curvature caused by thermal expansion.

An etalon — a piece of glass fabricated such that the two surfaces are parallel — may be inserted in
the optical cavity to ensure that it operates in a single mode. The etalon effectively operates like an
internal Fabry—Perot interferometer.

Resonator Support

The optical cavity and other components of the resonator are supported by a structure designed to
minimize relative movements, both linear and angular, which would result in instabilities in power
output, beam mode and pointing. The structure is made from a material with a very low coefficient of
thermal expansion, such as Invar, in order to minimize changes in cavity dimensions during operation.
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Figure 3.8  Conditions for stable and unstable cavities in terms of the spacing of the cavity optics, d, and the
radii of curvature, r; and r,

The resonator structure is also insulated from mechanical forces arising from dimensional changes and
vibrations.

Output Devices

Light is extracted from the optical cavity through an output coupler. This is a ‘window’, which may be
a partially transmitting solid, a fully transmitting gas, or a diffraction grating.

Transmissive solid output couplers are popular in relatively low power lasers since they can be made
to be wavelength specific, transmitting a fraction of the cavity light within a limited range of frequency.
The remainder is reflected back into the cavity. An antireflection coating, such as lead fluoride, is
applied in order to achieve the desired reflectivity.

A scraper mirror is used to extract the beam from higher power unstable resonators. The beam
is focused through an orifice across which an isolating curtain of high velocity, dry, compressed air
flows — an aerodynamic window.

The broad emission spectrum of some lasers enables the output to be tuned if a diffraction grating
is used for the output coupler.

OUTPUT

Earlier, we learned that laser light has four main characteristics that differentiate it from the light
produced from, for example, an electrical light bulb: it is monochromatic; coherent, has low divergence;
and has high brightness.
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Monochromatic light effectively has a single wavelength — light is emitted in a well-defined seg-
ment of the optical spectrum. In practice, an industrial laser operates in a very narrow band of
wavelength around a central peak. Emission is said to occur on several lines within a narrow band. The
monochromatic nature of laser light is the basis of applications such as measurement, alignment and
holography.

The beam from the laser normally converges to a waist as it leaves the resonator, where its diameter
is a minimum, after which it diverges along the beam path. The tendency for the beam diameter to
expand away from the waist is a measure of the beam divergence. Low divergence is the property
that enables a laser beam to retain high brightness over a long distance, and is the basis of alignment
systems. (A beam of red light emitted from a laser situated on earth may be only about 1 kilometre
wide when it reaches the moon, situated at a distance of 390 000 km.)

Coherent radiation comprises waves travelling with the same wavelength, amplitude and wavefront.
It is a measure of the degree to which light waves are in phase in both time and space. Laser radiation
has high coherence. Spatial coherence is a measure of the difference in the spatial position of waves.
Coherent laser light is up to 100 000 times higher in intensity than incoherent light of equivalent power,
since the divergence, or dispersion, of energy is very low as the beam propagates from the laser. Because
light propagates with a fixed velocity, a temporal coherence can be defined, which is a measure of the
difference in time between waves emitted from a single source that produce stationary interference
patterns. Coherence is the basis of applications in measurement and holography.

Thermal mechanisms of material processing take advantage of the high brightness (high power
density) of a laser beam. Athermal (photonic) mechanisms are based on the short wavelength (high
energy) of the beam, and the short duration of the pulses that can be produced. The beam character-
istics influence the beam propagation and focusability, and therefore have an important effect on the
suitability of the beam for material processing.

The characteristics of the emitted beam are determined by the cavity optics, the optical properties
of the active medium, and apertures and devices placed within the resonator. The beam can also be
manipulated using optical devices placed outside the resonator. A propagating light wave must satisfy
the complex wave equation

) 1 9%u
vU a9 = 0 (3.5)

where U is the complex amplitude of the wave, and takes the form
U(r,t) = a(r)explio(r)]expli2mvt]. (3.6)

The intensity, I(r) is given by I(r) = |U(r)|*.

Spatial Mode

Two spatial modes are commonly used to describe the beam: longitudinal and transverse. They are
essentially independent of each other, since the transverse dimension in a resonator is normally
considerably smaller than the longitudinal dimension.

Only light with a wavelength that satisfies the standing wave condition, gi = 2d, will be amplified
in the cavity, where q is a large integer referring to the number of nodes in the longitudinal standing
wave, d is the cavity length (mirror separation), and A is the wavelength. The longitudinal mode
number is large in industrial lasers and is normally ignored when characterizing the beam since it has
little influence on the essential beam characteristics and performance. The transverse electromagnetic
mode (TEM) is of far greater significance.

The TEM describes the variation in beam intensity with position in a plane perpendicular to the
direction of beam propagation. It characterizes the intensity maxima in the beam remote from its
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Figure 3.9  Transverse sections of transverse electromagnetic modes of circular symmetry

central axis. The TEM is determined by: the geometry of the cavity; the alignment and spacing of
internal cavity optics; the gain distribution and propagation properties of the active medium; and the
presence of apertures in the resonator. In gas lasers, gas flow and electrical discharge also influence the
mode generated. The TEM is described by a set of subscripts that depend on the symmetry of the beam.

Cylindrical Symmetry

For a beam with cylindrical symmetry, the subscripts of the TEM are p, I and g. q denotes the number
of nodes (field zeros) in the standing wave pattern along the longitudinal (z) axis, and is not normally
quoted. p and / indicate the number of nodes along the radius of the transverse beam section, and
around the circumference of the central power ring, respectively, as illustrated in Fig. 3.9.

Mathematically, a cylindrical mode is defined by a Gaussian distribution multiplied by Laguerre
polynomials, to denote the Laguerre—Gaussian mode. The equation for the complex amplitude of the
mode is:

2 2
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The lowest order mode, TEMy, refers to a beam with a Gaussian intensity distribution about a central
peak;, illustrated in Fig. 3.10a. The diameter of a TEMo beam of cylindrical symmetry can be defined by
the points at which the intensity, I, has fallen to a given fraction of the peak intensity, Iy. The fractions
1/e or 1/e* are often quoted for safety standards and manufacturing specifications, respectively, at
which points the intensities have fallen to 36.8% and 13.5% of the peak, respectively.

The first order mode, TEM g, refers to a central intensity distribution surrounded by an intensity
annulus, Fig. 3.10b. Definitions of higher order beam diameters have been proposed, although there
is currently no accepted standard. This is a major obstacle to comparing focused spot sizes between
different beam modes. (The beam waist is not a good description of beam diameter since it is dependent
only on the laser cavity, and is independent of the beam mode.)

A beam with an annular intensity distribution can be produced from an unstable optical cavity
because of the nature of the scraper mirror used to extract the beam. This is often referred to as
TEMo;+, illustrated in Fig. 3.10c. TEM; is strictly not a true mode since the intensity distribution
changes between the near and far fields. An asterisk denotes the superimposition of two degenerate
modes, TEMy; and TEM;g, one rotated 90° about its axis relative to the other, which combine to
form a composite intensity distribution of circular symmetry. An annular beam is characterized by a
magnification, M, defined by the ratio of the outer diameter to the inner diameter. The magnification
determines the focusability of the beam from an unstable resonator, in much the same way that the
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Figure 3.11  Transverse sections of beam modes of rectangular symmetry

indices defining the transverse electromagnetic mode characterize beam focusability from a stable
resonator. Focusability increases with magnification, whereas maximum power is typically obtained
with relatively low values of M lying between 1.6 and 1.7. Unstable cavity designs are therefore a
compromise between beam power and beam focusability.

Rectangular Symmetry

Cavities containing mirrors of circular cross-section normally produce cylindrically symmetrical trans-
verse modes. However, square mirrors, the presence of Brewster-angle windows, or mirror misalign-
ments often cause optical cavities to oscillate with rectangular symmetry. End-pumped solid state lasers
can produce rectangular modes because resonance can be sustained along off-axis ray paths within the
cavity. In the case of rectangular symmetry, the subscripts m, n and g denote the number of nodes in the
x, y and z directions, respectively, of a transverse section of the spatial intensity profile. The x direction
is defined as the wider dimension, and the measurement is taken across the entire width/length of the
pattern. Figure 3.11 shows a number of transverse beam modes of rectangular symmetry.
Mathematically, the rectangular mode is constructed by multiplying a Gaussian distribution
by Hermitian polynomials, to define the Hermite—Gaussian mode. The equation for the complex
amplitude of the mode is
24,2
Unlig(x,y, z) = Cﬁf(l/w) exp [—ik%]
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Again, the lowest order mode, TEMy, refers to a beam with a Gaussian intensity distribution about a
central peak. Higher order modes contain intensity peaks along the x axis, the y axis, or both.

Fresnel Number

The size of the aperture in relation to the cavity length determines the dominant mode produced by the
laser. A narrow cavity favours low order mode operation because higher order modes are attenuated
by the inner walls of the cavity. The Fresnel number, NF, is a measure of the tendency for a stable laser
cavity to operate low order modes:

a?

Np = =
F=d

(3.9)
where a is the radius of the smallest aperture in the system, A is the wavelength, and d is the length of
the cavity. An optical cavity with a low Fresnel number favours low order mode operation.

Temporal Mode

The temporal mode of the light emitted from a laser is determined by the number of energy levels in
the active medium, their lifetimes, and the source of excitation. Three-level lasers such as ruby and
dyes naturally produce pulses of light. Carbon dioxide and Nd:YAG lasers (four-level systems) are able
to produce continuous wave output, but the temporal output mode may be changed through the use
of various devices that can be inserted into the resonator, illustrated in Fig. 3.12 giving pulsed output
down to the femtosecond (1071 s) scale.

The simplest form of pulsed output is obtained by gating, or chopping the beam, which may be
achieved through modulation of the excitation power (normal pulse), or by external attenuation of a
CW beam. The pulse is characterized by its peak power, shape, length and repetition rate. From these
quantities, the pulse period (the reciprocal of the repetition rate), the pulse energy (the area under
the power—time plot), and the duty cycle (the ratio of the pulse width to the pulse period), can be
obtained. Enhanced pulses, or super pulses, denote the superimposition of a high power spike pulse
on the leading edge of a gated or normal pulse, or on a CW beam.
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Q-switching

The Q-factor, or quality factor, of a laser cavity is the ratio of the energy stored to the energy lost
per cycle. A high value of Q indicates that energy is easily stored within the cavity, whereas a low
value means that the contained energy will emerge rapidly. Q-switching is a technique by which short
pulses of high peak power can be created in a laser with a continuous excitation source. The optical
cavity contains a shutter, which when closed prevents laser action. However, during this time excitation
energy continues to be absorbed, and more species are raised to the upper laser energy level, which
increases the population inversion. When the shutter is opened a large number of excited species
become available for stimulated emission, producing a large burst of energy until the upper level
is depleted. The Q-switching mechanism must operate rapidly in comparison with the build-up of
laser oscillations. The Q-switch is placed in the resonator between the more reflective back mirror
and the active medium in order to maximize the blocking of laser action. Q-switching is commonly
used with lasers in which the lifetime of the upper lasing level is long enough to store a significant
amount of energy during blocking, notably high power solid state lasers. The technique is used in
marking applications and some drilling operations. Four types of Q-switch are commonly used in
lasers: mechanical; acousto-optic; electro-optic; and dye.

Mechanical Q-switches, such as rotating mirrors and mechanical choppers, were the first to be
developed. Optical losses within the cavity are high except for the brief interval when the mirrors are
parallel, or the chopper does not block the beam path. Feedback can also be provided by total internal
reflection from the inner surface of a prism. These were popular in the early days of lasers. However,
because of the rapid mechanical action, their mechanical reliability is poor, they are limited in the
length of pulse that can be produced, and they are difficult to synchronize with outside events. The
pulse length produced is relatively long, on the order of milliseconds.

An acousto-optical switch is an alternative that is based on the change in the refractive index of a
medium caused by the mechanical strains that are induced by an acoustic wave as it travels through
the medium. In effect the acoustic wave sets up a diffraction grating that can be used to deflect a beam
of light. The medium is a transparent block of material, such as fused quartz, to which is attached a
piezoelectric transducer. It is used for pulses on the order of microseconds.

Electro-optical Q-switches are based on the behaviour of polarized light as it passes through cer-
tain electro-optic materials when they are subjected to electric fields. Light passes through the material
unchanged when no voltage is applied. However, when a voltage is applied, the polarization of the light
is rotated 90°. A second element is a polarizer, which passes light that is in its original form, but not
in its rotated form. When the voltage is applied, energy is stored in the population inversion. When
the voltage is switched off, the stored energy is emitted as a pulse. Practical examples are the Pockels
cell, which is a crystalline wave plate made from a material such as potassium dihydrogen phosphate,
and the Kerr cell, which uses a liquid medium, such as nitrobenzene, to provide the phase retardation.
Electro-optical Q-switches are more expensive than acousto-optical devices, but they can be used to
produce very short pulses, on the order of nanoseconds.

Passive Q-switching is based on the action of saturable-absorbers. These are materials (often dye
solutions) whose absorption depends on the incident light intensity. At high intensities the dye bleaches
and allows light to pass through, thus allowing the formation of a giant pulse after a significant amount
of energy has been stored. They are simple and inexpensive, but suffer from pulse jitter, dye degradation
and synchronization difficulties.

Cavity Dumping

A cavity-dumped laser contains a switch and two fully reflecting mirrors. When the switch is open,
laser action is permitted, and energy is built up within the cavity. A voltage is then applied to the
switch, causing the polarization of the light passing through it to be rotated. Light is then emitted
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as a cavity-dumped pulse. The output coupler is thus the switch and not one of the mirrors. The
pulse length is proportional to the round-trip time for photons, i.e. the length of the cavity. Pulses of
nanosecond duration can typically be produced.

Cavity dumping is used to produce high energy pulses in lasers in which the lifetime of the upper
lasing level is too short to enable Q-switching to be used, e.g. in argon and krypton ion lasers. It can
also be used to produce very short or very high frequency pulses from lasers in which the desired pulse
characteristics cannot be obtained through Q-switching alone.

Mode Locking

The number of axial modes in the output of a laser beam increases with the strength of excitation. By
exciting the medium to just above a threshold level, light of a single wavelength is produced. However, if
the excitation energy is increased significantly above the threshold level, emission at several wavelengths
can then be produced. Mode locking refers to the use of a modulating optical element to lock particular
oscillation modes into phase, thus producing a train of pulses. The optical element is modulated at a
frequency that matches the time taken for photons to travel the length of the optical cavity and back.
The modulator is opened once per round trip, letting the pulse through. The resonance of these locked
modes results in very short pulses of high intensity. Individual pulses can have different pulse lengths.

Mode locking is achieved using a fast optical gate. Electro-optic, acousto-optic and dye switches
can be used. In the case of the last type, the dye absorbs the radiation in the cavity, except when all the
modes are in step, both in phase and in spatial location. When this occurs, more energy is supplied to
the dye than it can absorb and dissipate in the time of passage of the pulse through the dye. All the dye
molecules are simultaneously in an excited state, making it saturated and allowing a part of the pulse
to pass through. The length of the cell containing the dye is chosen to achieve the necessary condition
for saturation. Once such a mode-locked pulse occurs, part of it is fed back into the laser and with
sufficient gain it saturates the dye each time it passes through. Thus, once started, the pulse remains in
the laser as long as pumping continues.

The duration of the mode-locked pulses depends on several factors, including the bandwidth of
light generated and the effectiveness of the modulator. Nd:YAG lasers, with relatively narrow band-
widths, produce mode-locked pulses of duration 30-60 ps, whereas high bandwidth dye lasers can
produce pulses of duration 0.1 ps. In comparison with Q-switching and cavity dumping, mode locking
produces the shortest pulse durations. Mode locking can be combined with other pulsing techniques,
or used on its own.

Chirping

Chirping is the rapid changing — in contrast to long-term drifting — of the frequency of an electromag-
netic wave, most often observed in pulsed operation of a source. It is a pulse compression technique
that uses frequency modulation during the pulse. It is used in femtosecond-scale pulsed lasers, such as
the Ti:sapphire source.

Frequency Multiplication

The fundamental wavelength of light produced by a laser, A, is related to the energy of the photons, E,
through the formula E = hc/A, where h is Planck’s constant (6.626 x 1073#Js71) and c is the velocity
of light (2.998 x 10% ms™!). The wavelength can be converted into a frequency, v, by using the formula
v=c/A.

Some crystalline materials and liquids interact with light in a manner that results in the generation
of a new frequency that is a multiple of the fundamental. Thus light of one wavelength can be
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transformed into light of another frequency. Frequency multiplication occurs in materials that exhibit
anon-linear response to an electric field. An analogy is an atom in a crystal that is bound in a potential
well that acts like a spring. In a linear crystal, as light interacts with the electrons, they are displaced
by an amount proportional to the energy of the light. In a non-linear crystal this proportionality
does not exist; when the electrons are displaced, the restoring force is no longer proportional to the
driving energy. Oscillations then occur at frequencies other than that of the incident light, producing
harmonics. An electromagnetic component can be produced that oscillates at twice the rate of the
original wave, often with a polarization orthogonal to the fundamental. In order to obtain output
of useful power — up to 50% of the incident intensity — a direction in the crystal is found at which
the velocity of the fundamental beam matches that of the harmonic, i.e. the phases are matched.
Thus green light of wavelength 532 nm can be produced from 1064 nm infrared light produced by an
Nd:YAG laser.

Light with third and higher order harmonics can also be generated, normally in multiple-step
processes. The efficiency decreases with increasing order. The main benefit of harmonic generation for
material processing is the improved absorptivity of most metals at shorter wavelengths.

Raman Effect

When a beam of monochromatic light passes through a transparent substance the beam is scattered.
The scattered light is not monochromatic, but has a range of wavelength that is shifted relative to that
of the incident light. In terms of quantum theory, as a stream of photons collides with a particular
molecule the photons will be deflected without change in energy if collisions are perfectly elastic.
However, if energy is exchanged between the photon and the molecule, the collision is inelastic. The
molecule can gain or lose discrete amounts of energy in accordance with quantal laws; the energy
change must coincide with a transition between two molecular energy levels. The effect, known as
Raman shifting, is used to change the frequency of laser light, enabling the output to be tuned.

Propagation

The propagation axis denotes the centreline of the beam of radiation. It is determined by the orientation
of the resonator optics. The propagation of a Gaussian beam may be expressed in terms of the increase
in beam radius, rp, with distance from the laser, or the distance beyond the focal point of a focusing
optic. The hyperbolic envelope created is known as the beam caustic. The radius of a beam can be
written as a function of the radius of the focused beam, rf, and the distance from the focal point, z:

1/2
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where X is the wavelength of the beam.
The beam radius can only be defined uniquely for a fundamental Gaussian beam. However, a
modification to account for higher beam modes of order TEM,; can be written

1/2
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where rp defines the radius of a circle containing a defined amount of the beam. It can be considered
comparable with the 1/e definition of a TEM( beam.
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Waist

The beam waist refers to the minimum diameter of the beam. The location of the waist, z,,, in relation
to the output coupler, is given by:

o dgi(1—g)

Zy = (3.12)
YT ato 200

where g and g, are defined by the characteristics of the optical cavity, as shown in Fig. 3.8, and d is the
length of the optical cavity.

The waist normally lies inside the optical cavity. If the optical cavity contains a flat mirror the waist
is located at the mirror.

Focused Spot Size

The diameter of a focused beam is directly proportional to its wavelength and inversely proportional
to the numerical aperture of the objective lens. The numerical aperture is a value that depends on the
diameter of the focusing optic, its radius of curvature and the material from which it is made. If we
wish to minimize the focused spot diameter, we select a beam of short wavelength and an objective
lens with a large numerical aperture. More details of the properties of a focused beam can be found in
Chapter 4.

Rayleigh Length

The Rayleigh length or range, zg, is the distance along the path of propagation from the beam waist
to the plane in which the beam diameter exceeds the beam waist diameter by a factor of /2. It
characterizes the near field or collimated region of the beam, and is defined for a TEMyp mode beam as

2
4 rf
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= (3.13)
where A is the wavelength and 7y is the radius of the focused beam. Beyond the Rayleigh length the
beam will expand at a constant rate or angle — the far field beam divergence. A Gaussian beam has the
largest Rayleigh range, and the smallest far field divergence.

The Rayleigh range for higher order mode beams can be expressed in terms of the beam’s quality
factor, K (which is defined below):

4 f?
= 7 3.14
m=_ (3.14)

where f is the focal number of the optic, given by f = F/dp. (F is the focal length and dp the diameter
of the optic.) It is a useful scale unit for measuring propagation distance beyond an optic.

Radius of Curvature

One of the characteristics of laser light is its coherence. If a surface is constructed containing all the
points of common phase in a Gaussian beam, that surface would be a sphere with a particular radius of
curvature, R. As the beam propagates, the radius of curvature changes; it is infinite at the beam waist,
decreasing sharply after the waist to a minimum at the Rayleigh length, after which it increases again.
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At large distances it is equal to the distance from the waist. The variation of R with distance from the

waist, z, is given by:
wrf :
R=z|14+|— (3.15)
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where A is the wavelength and ry is the beam radius at the waist.

If the mirror curvature exactly matches the radius of curvature of a Gaussian beam, the energy
in the wave, which travels perpendicular to the wavefront, will be reflected back on itself, and the
resonator will be stable.

Fields

The terms far field and near field are frequently used when describing laser beams. The intensity
distribution across the transverse beam cross-section at the exit of the laser is known as the near field
mode. The beam propagates from the laser according to the laws of optics, but diffraction effects tend
to modify the intensity distribution. Eventually a point is reached at which the beam has spread to such
a degree that its area is considerably larger than that predicted by optical calculations, and diffraction
effects totally dominate the intensity distribution. This is the far field distribution, and generally occurs
at a distance of around five Rayleigh lengths from the beam waist.

Divergence

Divergence is a measure of the tendency for the beam to spread as it propagates from the laser. Since
the beam emitted from many commercial gas lasers is symmetrical, divergence is normally measured
in plane angles (radians), rather than solid angles (steradians). The divergence, 8, of a Gaussian beam
of wavelength A, after it has passed through the beam waist of diameter dp, is given by:

0 2 2 3.16
= h (3.16)
The larger the beam waist diameter, the smaller the divergence.

If the distance between the laser and the workpiece is large, the beam divergence should be small,
preferably less than 1.0 mrad (half angle). Short wavelength lasers are therefore better for small diver-
gence applications. A TEMyy beam mode has the lowest beam divergence. Low divergence results in a
smaller focused spot and a greater depth of focus.

Any system that moves optics along the beam path must take divergence into account, since the size
of the beam at the focusing optic varies. Divergence is typically 1 mrad for a TEMyg beam and 20 mrad
for a multimode beam. A value of 2-3 mrad is common for industrial CO; lasers. Beam divergence has
implications for the size of the optics that must be used; the beam can grow significantly over several
metres in a large workstation. For example, the 35 mm diameter TEMj( beam emitting from a CO,
laser can grow to around 100 mm over a path length of 40 m.

Quality

The minimum size to which a laser beam can be focused is the diffraction limit, which refers to the
minimum diameter of a (Gaussian) TEMgg beam, given by A /7, where X is the beam wavelength. The
quality of a beam is a measure of its focusability (spot size and focal length), and can be measured in
various ways.
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The K factor expresses beam focusability in terms of that of a TEM(y beam:

4 3.17
- b4 d39 ( ’ )
where dp is the diameter of the incident beam and 6 is the full beam divergence angle. K =1 for a
TEMyp beam, and is less than 1 for higher beam modes. Industrial gas laser beams typically have K
values in the range 0.7-0.2. The closer the K factor is to 1 the better the quality of the laser beam. This
notation is particularly popular in Germany.

An analogous beam quality system uses the M? notation, where

dgo
2 T A (3.18)
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M? =1/K for a TEMgy beam (K =1). A beam with an M? value of 1.2 can be thought of as being
1.2 times diffraction limited, and would produce a focused waist diameter 20% larger than the TEMq
mode. M can be calculated approximately for higher modes of circular symmetry, TEM,, using the
formula

M=2p+1+1. (3.19)

For a pure TEM;y beam, M 2 =5, The lower the M? value, the higher the beam quality. This notation is
particularly popular in the United States. (M? is used rather than M because it represents the ratio of
the divergence angle to that of a TEMgo beam.) The M? factor is sometimes referred to as the Q-factor
(distinct from the cavity quality factor). (The M? factor should not be confused with the magnification
of an annular beam, for which the symbol M is normally used.)

The beam parameter product, BPP, is normally quoted when discussing the quality of a laser beam
produced from a solid active medium, or delivered from a fibre optic. The beam parameter product is
proportional to the beam diameter (the fibre diameter of a fibre optic) and the beam divergence angle,
and is defined as

A
BPP = — = M?*Z. (3.20)
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BPP is measured in units of mm - mrad.

The benefits of a high beam quality for material processing are three-fold. A small focal diameter
gives high process efficiency, low energy input, and narrow cut kerfs and welded seams. A slim pro-
cessing head can be constructed, which provides high processing flexibility. A large working distance
enables remote processing to be carried out in several locations sequentially, and a large depth of focus
improves tolerance to the position of the focal plane during processing.

Bandwidth

The emission line used for laser operation has a finite spectral width. A certain amount of line
broadening, or bandwidth, is associated with any form of electromagnetic radiation. The distribution
of frequencies about the line defines the emission line shape. The bandwidth defines the degree
of monochromaticity of the beam. It can be measured in terms of wavelength, frequency, wave
numbers or coherence length. The wave number refers to the number of wavelengths that fit into
1 cm. The coherence length is the distance over which the laser remains sufficiently coherent to produce
interference fringes; it is inversely proportional to the bandwidth expressed in frequency or wavelength,
and is equal to the reciprocal of bandwidth in wave numbers. In terms of wavelength, there are a number
of discrete lines either side of the central peak. The bandwidth measurement is made at an intensity of
half that of the peak, and is defined as the full width half maximum (FWHM) measurement.
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In a homogeneously broadened laser each individual atom has a bandwidth equal to the total
laser bandwidth. If a particular photon can interact with one of the atoms, it can interact with all of
them. Homogeneous broadening is mainly caused by collisions of gas molecules with each other, other
species in the mixture, or the walls confining the gas. These cause perturbations in the energy of the
photons emitted. As the pressure in the laser increases, the bandwidth of the laser increases because
of the increased number of collisions in a given time. In solid state lasers, thermal line broadening is
caused by interactions between the laser species and vibrations in the crystal lattice. Lattice vibrations
are quantized, and referred to as phonons. Bandwidth is normally relatively easy to reduce in a
homogeneously broadened laser because all the atoms can still contribute to stimulated emissions in
the narrower bandwidth.

Heterogeneous broadening refers to a condition by which different atoms contribute to the gain
at different frequencies. This may be a result of inhomogeneities in the active medium, such as
defects, which cause the environment to vary from point to point in a solid. The Doppler effect
is a source of heterogeneous broadening, and is significant in most gas lasers. Since the individual
atoms are moving in random directions, at random speeds, their total emission covers a range of
frequencies, in the same way that sound from a moving object changes frequency depending on the
relative motion with the observer. The hotter the gas, the broader the bandwidth. Gaussian lines
are generally broadened heterogeneously. Those atoms that contribute to gain outside the reduced
bandwidth cannot be stimulated to emit in the narrowed bandwidth, and therefore the total power is
reduced.

The bandwidth may be made narrower by cooling the active medium to reduce thermal broadening
in a solid state laser, or to reduce Doppler broadening in a gas laser. The feedback of the resonator may
also be modified to control the laser bandwidth. This may be achieved by using mirrors with a narrow
bandwidth of reflection. A prism inside the cavity may also be used to direct only light at the centre of
its bandwidth towards the mirrors. One of the mirrors may be replaced with a grating, which reflects
different wavelengths at different angles. When aligned correctly, only light with a wavelength at the
centre of the population inversion is reflected.

Coherence

A light source emits a sequence of light quanta, each of a certain length — the coherence length. This is
the distance that the light will travel before its coherence changes. The coherence length, I.,;, depends
on the wavelength, X, and the bandwidth, AX:

)\'2
leoh = H (3.21)
Two waves can only interfere when light quanta from the same emission process interact. Therefore,
natural light sources which have a very large bandwidth, and consequently a very short coherence
length, do not exhibit interference phenomena.
A coherence time, t,,,, can then be defined:

I
booh = 7’1 (3.22)

where c is the velocity of light. Coherence time can be understood as the temporal difference between
two light waves, originating from the same source, that produce stationary interference patterns. This
aspect of coherence considers only point sources and interference between temporal shifted waves, and
therefore is referred to as temporal coherence.
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Brightness

Brightness, B, is a measure of the intensity of light at a particular location. It is defined as the emitted
power, g, per unit area, A, per unit solid angle, 2:

q

-1 (3.23)

Brightness depends on the intensity of the source and the extent to which the light diverges after leaving
the source. Since the laser can produce very high levels of power in very narrowly collimated beams, it
is a source of high brightness energy.

Intensity

The intensity, I, obtained by focusing a beam of light is directly proportional to the brightness, B:

2
TW,

I= 72 (3.24)
where F is the optic focal length and wy is the beam waist diameter.
The beam intensity can be related to temperature through the Stefan—Boltzmann law:
I=oT* (3.25)

where o is the Stefan-Boltzmann constant (5.67 x 1078 Jm~2 s~! K™*), and T is the absolute tem-
perature of the emitting surface. Thus it can be seen that the intensity of the sun, approximately
10* W cm™2 corresponds to a surface temperature of approximately 6500 K, whereas an intensity of
10 W cm™2, used in keyhole welding, produces a temperature of approximately 20 500 K — sufficient
to vaporize any known metal.

Note that the intensity of a beam can be increased by focusing, but the brightness cannot.

Polarization

Light is composed of electric and magnetic waves oscillating in orthogonal planes. The polarization
of light characterizes the relationship between the plane of oscillation of the electric field and the
direction of propagation. Only the electric field is normally considered since it is the most important
when considering interactions with materials. The polarization of a laser beam affects the amount of
light absorbed in many material processing applications.

The plane of incidence is the plane that contains the incident beam and the normal to the surface.
If the electric vector of the light lies in the plane of incidence, the light is said to be p-polarized. If
it is normal to the plane of incidence, it is s-polarized (from the German word senkrecht, meaning
vertical or perpendicular). If it is at any other angle, it may be resolved into components of s- and
p-polarization. Light sources with s- and p-polarization interact differently with a material surface as
the angle of incidence, ¢, increases. When ¢ = 0, s and p cannot be differentiated, and so the reflectivity
is the same for all polarizations. As ¢ increases, the reflectivity for s-polarized light increases smoothly,
until it becomes unity at 90°, or grazing incidence. In contrast, the reflectivity of p-polarized light
decreases monotonically until it becomes zero. The angle at which complete absorption occurs is
called the Brewster angle. Beyond this angle, reflectivity increases sharply until it too reaches unity at
grazing incidence. The Brewster angle, ¢, is related to the index of refraction, n, by

¢ = tan”'(n). (3.26)

Many different states of polarization are possible; two are illustrated in Fig. 3.13.
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Figure 3.13  (a) Linear (plane) polarization and (b) circular polarization shown in terms of the direction of the
electric field vector

In the state of linear, or plane, polarization, Fig. 3.13a, the electric field oscillates in one plane only.
If the plane is vertical, the light is said to be vertically polarized. Similarly, in horizontally polarized
light the electric vector oscillates in a horizontal plane. The s and p components of polarization are
in phase. Plane polarization is often found in commercial lasers, and originates from the reflections
within the optical cavity.

Circular polarization, Fig. 3.13b, describes light in which the electric field vector has a constant
amplitude and rotates with a constant angular velocity around the axis of propagation. It may rotate
clockwise or anticlockwise. The s and p components are 90° out of phase. Light of linear polarization
may be converted to circular polarization through the use of a quarter wave plate (Chapter 4).

Elliptical polarization describes light in which the electric field vector rotates with a constant
angular velocity around the axis of propagation, and the absolute value of the field vector also varies
regularly. The locus of the projection of the electric field vector describes an ellipse.

If the electric field oscillates in random directions, the light is randomly polarized. Such radiation
can be thought of as comprising two orthogonal linearly polarized waves of fixed directions whose
amplitudes vary randomly over time and with respect to each other. Normal sunlight is randomly
polarized.

Beam polarization affects the amount of energy absorbed by the material, and hence the efficiency
and quality of laser processing. This is described for cutting in Chapter 14 and welding in Chapter 16.
The polarization state of the beam must be established in order to optimize the processing parameters.

LASERS FOR MATERIAL PROCESSING

Lasers for material processing may be classified by: active medium (gas, liquid or solid); output power
(mW, W or kW); wavelength (infrared, visible and ultraviolet); operating mode (CW, pulsed, or both);
and application (micromachining, macroprocessing etc.) — to name a few. Since the state of the active
medium determines the principal characteristics of the laser beam for material processing, it is used here
as a primary means of classification: gases (atoms, molecules, ions and excimers); liquids (principally
organic dyes); and solids (insulators and semiconductors). This categorization is shown in Fig. 3.14.
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Figure3.14  Lasers for material processing categorized by the type of active medium (lasers shown in parenthesis
are allocated to the most representative group)

Within each state of active medium, the lasers are presented here in a format that facilitates under-
standing of the mechanism of light generation (electronic transitions in atoms, vibrational transitions
in molecules etc.). The final ordering represents their popularity for industrial material processing
(ArF, KrF, XeCl ...). Figure 3.14 can be used as a guide to locate a particular laser in this chapter: the
lasers are presented in the order shown. Further details of each laser can be found in Appendix B.

Figure 3.15 shows an alternative means of presenting a selection of material processing lasers, as
a chart with axes of wavelength and average power. Operating regions of different lasers can thus be
distinguished, and power levels appropriate for material processing selected. Graphical presentation
facilitates understanding of the relationships between variables, and is a central feature of the book.
We return to the use of charts and diagrams in laser material processing in Chapter 6.

ATOMS

Light generated in gaseous active media of atoms is considered first since atomic transitions are
well defined and relatively straightforward. Transitions take place between electronic energy levels
separated by a gap large enough to produce photons of high energy, corresponding to wavelengths in
the ultraviolet and visible regions of the electromagnetic spectrum.

Helium—Neon
The active medium in the helium—neon (He—Ne) laser is neon, which is typically present in quantities

less than 15% — the balance being helium. The first step involves exciting helium in an electrical
discharge. Helium atoms then transfer energy to neon atoms by resonance, promoting them to higher
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Figure3.15 A selection of commercial lasers characterized by wavelength and average power, shown on a back-
ground of applications (lines indicate the principal output wavelengths, and those used principally in industrial
material processing are shaded)

energy levels. The laser operates on a four-level principle (absorption, upper laser, lower laser, and
ground states), illustrated in Fig. 3.4, and so continuous wave light can be produced with high efficiency.

The optical cavity is small in diameter. A large ratio of surface area to volume is desirable in order
to maintain the population inversion by allowing Ne atoms to lose energy through collisions with
surfaces, enabling them to participate in excitation again. Excitation is produced in a longitudinal DC
electrical discharge. The gain is relatively low, and therefore the transmission of the output coupler is
normally low, around 1-2%. Only very small losses can be tolerated in the cavity, and so high quality
mirrors are needed.

Output close to infrared was obtained in the first He—Ne laser, but it was the discovery of visible
red radiation of high beam quality that resulted in myriad applications, including barcode readers
at supermarket checkouts, pointers, surveying equipment, scientific research, holography and light
shows. Modern He—Ne lasers for illumination purposes produce output of a few milliwatts in a variety
of colours: green (543 nm); yellow (594 nm); orange (612 nm) and infrared (1523 nm). Early material
processing applications included laser printers and medical procedures. However, because of their low
cost and compactness diode lasers have replaced them in many such applications. But the high beam
quality is difficult to obtain with diode laser output — this is the key to using He—Ne lasers in modern
methods of material processing on the microscopic scale.

Iodine

Atomic iodine is the active medium in the chemical oxygen iodine laser (COIL) — a member of the
chemical laser family. Molecular oxygen is first excited by an exothermic chemical reaction between
gaseous chlorine and an aqueous solution of hydrogen peroxide and potassium hydroxide. Molecular
iodine (I) is added to form a gas mixture comprising about 1% I, which is converted to the atomic
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form (I) through dissociation by energy transfer from the excited oxygen. Energy is then transferred by
resonance between metastable excited oxygen and atomic iodine, which is pumped to the excited state.
Near infrared light of wavelength 1315 nm is generated through subsequent electronic transitions in
iodine. The lower energy transition level is the ground state, where molecular iodine forms, allowing
the population inversion to be maintained. The temperature must be maintained around 150°C to
sustain laser action.

A high beam quality is produced because of the gaseous nature of the active medium. The output
wavelength lies in the range corresponding to minimum power loss in silica; it is therefore suitable for
fibreoptic beam delivery. Hydrogen peroxide and iodine are consumed, necessitating replenishment
during operation. The resonator can be scaled relatively easily to achieve high power levels.

Multikilowatt iodine lasers have the potential to compete with CO, and Nd:YAG sources in com-
parable materials processing applications, such as cutting, welding, machining and surface treatment
providing that their operating costs can be reduced. The near infrared wavelength of the beam provides
advantages over far infrared CO; laser radiation: a smaller focused spot can be produced, and energy
is coupled more efficiently with metals. Fibreoptic transmission of very high power levels provides
advantages over Nd:YAG laser light. As part of the US Air Force Airborne Laser project, units capable
of generating pulsed megawatt power levels have been installed in a fleet of Boeing 747 aircraft; one
is shown in Fig. 2.5. The beam is focused through a lens mounted in a turret in the nose to destroy
missiles moments after launch — laser material processing in space.

Free Electron

A beam of electrons generated in an accelerator can be passed through an array of magnets, causing the
electrons to be bent back and forth (wiggled). The electrons emit radiation, based on the conservation
of momentum. The frequency of radiation can be changed by varying the electron energy, the magnetic
field, or the spacing of the magnets. Heat is carried away in the electron beam itself.

Light in the wavelength range 500-8000 nm can be produced. The wavelength and spectral width
of the light is dependent on the number and spacing of the magnets. If the electron beam is pulsed
to emit a spatial series of bunches, with a separation corresponding to the emission wavelength, the
output becomes coherent. The emission bandwidth is not dependent on the optical bandwidth of a
material such as a gas, liquid or solid, and so light can be emitted over a much wider wavelength range
than is possible with a conventional laser.

Free electron lasers operating in the visible to mid-infrared regions of the electromagnetic spectrum
have been constructed. The variable temporal structure and broadband tuneability of laser make it
potentially suitable for a variety of surgical applications. When used to vaporize cells, less damage is
caused to surrounding tissue than with conventional lasers.

Xenon

Atomic xenon (Xe) is mixed with argon or helium to form the active medium of the Xe laser. It emits
radiation in the far infrared on a number of distinct lines. Beam quality is high because of the gaseous
nature of the active medium. Pulses with energy on the order of tens of joules, of microsecond duration,
can be produced. They are used for material processing by thermal mechanisms, and applications are
being developed that are similar to those for chemical lasers (discussed below).

MOLECULES

Energy transitions in molecules are those between vibrational and rotational energy levels. Transitions
between vibrational states of the same electronic level are possible, as in carbon dioxide. Also possible
are transitions between vibrational states of different electronic levels, as in nitrogen.
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Carbon Dioxide

Gaseous carbon dioxide (CO,) is present in amounts between 1 and 9% as the active medium of
commercial CO; lasers. The remaining volume comprises helium (60-85%), nitrogen (13-35%) and
small amounts of other gases; the exact composition depends on the design of the optical cavity, the
gas flow rate and the output coupler used. High gas purity is necessary, typically 99.995% for helium
and nitrogen, and 99.990% for carbon dioxide.

Nitrogen increases the efficiency of excitation by facilitating the absorption of energy, which is
subsequently transferred to the CO, molecule. Carbon dioxide may be excited directly in an electric
discharge, but molecules are excited to states in addition to the upper laser level, and so the efficiency of
the process is low. A more efficient means is by indirect excitation via excited N, molecules. Nitrogen is
a diatomic molecule and has only one mode of vibration, which can be induced easily by collision with
high energy electrons in the discharge. The vibrational levels of N lie close to the upper laser level of
CO,, and the lifetime of N, in the excited state is long; the probability that energy is transferred from
N, to CO; by resonance is therefore high. This two-step process is more rapid than direct excitation,
and results in a four-fold increase in laser power.

Helium is added to expedite cooling, which is necessary if the gas mixture is to continue stimulated
emission. Excited CO; molecules lose energy in the form of heat by colliding with helium atoms.
Sufficient energy is lost such that the CO, molecules return to the ground state, becoming available
for excitation again. The high thermal conductivity of He (around six times that of CO, and N3)
enables energy in the gases to be conveyed away from the discharge region. A more stable and uniform
discharge is thus produced, allowing a higher working pressure to be used, which also aids in the
generation of a high power beam.

Pollutants are generated during operation. Hydrogen ions — generated from the decomposition of
water vapour — destabilize the discharge and degrade the operating efficiency. Hydrocarbons decom-
pose forming carbon deposits on mirrors, reducing the gain of the laser. Nitrogen oxides, formed from
reactions between dissociated nitrogen and oxygen (itself produced by the dissociation of CO; into
CO and O,), are harmful for the operation of the laser. Water vapour is added in small quantities to
reduce CO; dissociation. This increases the lifetime of the gas. The addition of xenon in small amounts
increases output power and efficiency, mainly because of its effect on the electron energy distribution,
which is favourable for the vibrational excitation of CO; and nitrogen.

The CO,, laser operates on a four-level basis, illustrated in Fig. 3.4. Photons are generated by transi-
tions between modes of vibration in the linear triatomic CO, molecule. The molecule has three distinct
vibrational modes: bending, symmetric stretching, and asymmetric stretching, illustrated in Fig. 3.16,
which are associated with frequencies of 2.0, 4.2 and 7.0 x 10'3 Hz, respectively. In the asymmetric
stretching mode the two oxygen atoms move in the same direction, while the carbon atom moves in
the opposite direction. In the symmetric stretching mode the two oxygen atoms move in opposite
directions while the carbon atom is stationary. The bending mode comprises two degenerate vibra-
tions. In all cases, the centre of mass of the molecule does not move. The vibrational state is denoted
by three quantum numbers (v;, v, and v3) that represent the number of vibrational quanta (the level

lo—(< o] @Q © @e ®
(a)

(b) < «> (> <>

Figure 3.16 Modes of vibration of the carbon dioxide molecule: (a) bending; (b) symmetric stretching;
(c) asymmetric stretching
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of excitation) in the symmetric stretching, bending and asymmetric stretching modes, respectively.
(A superscript to the bending mode number represents additional quanta for the rotational mode.)

The initial stage of light generation involves vibrational excitation of CO, molecules from the
ground state (00°0) into the asymmetric stretching mode (00°1) by both inelastic collisions with
low energy electrons, and resonant energy transfer from vibrationally excited N, molecules. The
laser transition involves a change in the mode of vibration from the (00°1) state to the symmetric
stretching state (10°0). This results in a loss of energy, emitted in the form of an infrared photon with
a wavelength near 10.6 j)um. (Energy may also be lost through a transition to the bending mode (02°0)
with the emission of a photon of wavelength near 9.6 jum, but the probability of this transition is only
around 5% of that of the 10.6 wm transition. In addition, the resonator is designed to favour 10.6 pm
radiation.) The quantum efficiency of the 10.6 pm transition is relatively high (around 40%) hence
the interest in this system for high power output.

For the process to continue, the CO, molecule must return to its ground state so that it can be
excited again. This can occur by a number of mechanisms. Energy can be transferred by resonance to
other CO;, molecules, such as those in the (02°0), (0110) or (00°0) states; energy is then redistributed
without a total loss. In contrast, non-resonant collisions with the walls of the resonator, other CO,
molecules, or foreign atoms result in the conversion of the energy of (01'0) molecules into heat,
resulting in a loss in total energy. Helium is a particularly effective agent in this respect, which explains
its high volume in the gas mixture.

Electrical methods are the most common means of exciting industrial CO; lasers. Both direct cur-
rent (DC) and alternating current (AC) techniques are used. AC excitation may be high frequency (HE,
20-50 kHz), medium frequency, or radio frequency (RF, 2-100 MHz). In the last category, excitation
frequencies of 13.56 and 27.12 MHz are popular in commercial designs.

Commercial CO, lasers are available in five basic configurations, which characterize the geometry
of gas flow in the optical cavity: sealed; transversely excited atmospheric pressure; slow axial flow; fast
axial flow; and transverse flow. Typical characteristics of these designs are given in Table 3.1.

Sealed

The optical cavity of a sealed CO; laser is made from a large bore glass tube or a square metal or
dielectric tube about 2 mm in width. The latter is often referred to as a waveguide laser, since the

Table 3.1 Characteristics of commercial CO; laser designs
Sealed TEA Slow axial Fast axial Transverse
flow flow flow
Optical cavity design Stable Stable/ Stable Stable/ Unstable
unstable unstable
Gas, He—N,—CO,—-N,/ 72—-16— 72-16— 72-19—- 67-30— 60-25—
0,-CO (vol. %) 8-0—4 8-0—4 9-0-0 3-0-0 10-5-0
Gas flow rate (m s™!) - - 5-10 300 20
Gas pressure (mbar) 6-14 1000 6-14 70 50
TEM TEMgg, TEMyo, TEMyo, TEMyo, Multimode
multimode  multimode  multimode  multimode
Gain (W cm™) 20-30 0.5 0.5 5-10 4-6
Gain (W m™1) 50 100 100 1000 6000
Wall plug efficiency (%) 5-15 5-20 5-15 5-15 5-10
Cooling Conduction Conduction Conduction Convection Convection
Ergonomics Portable Portable Fixed Fixed Fixed
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internal cavity surfaces are highly reflective and are an active element of the cavity. A totally reflecting
focusing mirror and a partially transmitting output coupler bound the cavity, which is unstable and is
permanently aligned.

RF excitation, applied transverse to the resonator axis, is preferred; the source is small, a larger
volume can be excited producing more power, and contamination caused by electrode sputtering is
avoided, which means that continuous gas replenishment is not needed. However, the discharge causes
CO; to dissociate into CO and O, which reduces output power and corrodes internal parts. Hydrogen
or water may be added to regenerate CO,. A heated nickel cathode may be used to catalyse the
recombination reaction. The gas mixture is cooled during low duty cycle applications by conduction
through the cavity walls and natural convection via external fins. Forced air or liquid cooling is used
in more demanding applications.

The narrow design of the optical cavity produces a high quality beam mode. The gain per metre
length of discharge is relatively low because of the narrow cavity, but the gain per unit volume is
high because the entire cavity section can be used to generate light. The beam is normally extracted
as a square wave pulse of high frequency, high peak energy and low average power. Because of their
construction, sealed lasers have a particularly stable output and mode. The power available from a
sealed cavity is limited by two factors: the restricted volume of gas which can be excited in units of a
practical size, and the rate at which heat can be removed by conduction.

Since the resonator contains no moving parts, and gas flow is not necessary, no external gas
connections are required. The head can therefore be transported easily, and mounted on a robot
to provide a high degree of processing flexibility. All of the power generated in the laser may then
be used for processing since complex optical trains are not required for beam delivery. The laser
can operate for many thousands of hours before the gas mixture needs to be changed. Sealed CO,
lasers are relatively cheap, and are capable of marking, fusing, scribing and engraving the surface of
a wide range of materials, as well as through-thickness cutting, trimming, welding and perforating
thin sheet materials. Such lasers are used widely in desktop manufacturing systems, and are being used
increasingly in surgical procedures.

A pseudo-sealed CO, laser design is also available, capable of producing multikilowatt output
power. The unstable optical cavity is RF excited via two parallel copper electrodes of large surface area,
which produce a relatively high power density. The electrodes are water cooled and their spacingis close;
they are therefore able to dissipate heat generated in the gas (referred to as diffusion cooling). A conven-
tional gas circulation system is therefore not required for cooling. The gas consumption is only around
2 Lhr~!in comparison with about 85 L hr~! for fast axial flow designs of the same output, which means
that only a small cylinder mounted near the head is required, reducing maintenance requirements.
(Such lasers can be used for 12 months continuously.) The unit generates a high quality beam mode
(M? < 1.43) and occupies 15% of the volume of a fast axial flow laser of equal power. A schematic
illustration of a CO, slab design is shown in Fig. 3.17a, and a production laser is shown in Fig. 3.17b.

Transversely Excited Atmospheric Pressure

The gas mixture used in a transversely excited atmospheric pressure (TEA) carbon dioxide laser is
given in Table 3.1. Carbon monoxide and hydrogen may be added to counteract the dissociation of
carbon dioxide, and to produce a more uniform discharge and increase output power. A gas mixture
that reduces the pulse decay time is used when high pulse rates are required. Gas pressures up to several
atmospheres enable high power levels to be generated per unit volume of laser gas.

The gas mixture is excited by an electrical discharge applied transverse to the optical axis. Since
the gas pressure is relatively high, large voltages are required for excitation. The electrodes, which are
profiled to give a more uniform field, may be placed longitudinally along the optical axis to reduce the
potential difference required.
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Figure 3.17  Diffusion-cooled CO, slab laser: (a) schematic; (b) Rofin DC 025. (Source: Friedrich Bachmann,
Rofin, Hamburg, Germany)

Only pulsed output is possible from a TEA laser, since discharge instabilities are easily produced
in the high pressure gas environment, which degrade the output power. The beam may be TEMyg
or multimode, and is typically several square centimetres in cross-sectional area. By using very short
discharge times, pulses of energy on the order of joules can be produced with a duration in the range
tens of nanoseconds to microseconds. Repetition rates are limited to a few pulses per minute. Mode
locking enables short (nanosecond) pulses of high peak power (1-50 MW) to be produced at a rate of
20-100 Hz.
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TEA lasers have a small power supply and a lightweight laser head, and are used for marking —
product coding of aluminium cans and plastic packages are popular applications.

Slow Axial Flow

The gas mixture used in slow axial flow (SAF) lasers contains a relatively high amount of helium to
facilitate cooling, Table 3.1. The gas pressure is similar to that of a sealed unit. The optical cavity is
constructed from glass tubes several centimetres in diameter. For a given temperature rise, the power
generated is proportional to the tube length; long optical cavities are therefore necessary in high power
units. The optical cavity normally consists of a totally reflecting spherical mirror, whose focal point is
situated in the plane of a partially reflecting output coupler located at the opposite end of the cavity.

As the name suggests, gas flows relatively slowly in the SAF design, in an orientation parallel to
the optical axis. Gas circulation allows contaminants generated in the discharge region (mainly carbon
monoxide and oxides of nitrogen) to be removed. The low flow rate allows the laser gas to be heated
quickly, which reduces start-up time, but the gas temperature must be kept below about 250°C to
maintain gain in the resonator. Heat is conducted from the gas through the walls of the discharge tube,
which may be cooled by air, oil or water; narrow tubes are therefore used to maximize cooling.

Excitation is normally achieved with a DC source of several tens of thousands of volts. DC is
preferred since features such as sputter contamination and size, which require attention in sealed lasers,
can be overcome by continuous gas circulation. Output power increases with increasing discharge
current, up to a point at which the heating effect becomes significant. The optimum discharge current
depends on the gas pressure and the tube diameter.

Since gas flow and light generation are coaxial, the beam propagates in the direction of the mean
thermal gradients, and variations in gain are averaged out along the beam path, producing a stable
beam mode. This construction, in combination with a stable mirror alignment and the limited tube
diameter, enables a high quality TEMgy beam to be generated. Two kilowatt CW units are available —
a value that corresponds to a resonator length of about 3 metres, above which the cost of floor space
makes the unit uneconomical to operate. (If the cavity is folded, the mechanical complexity is increased
and it becomes difficult to obtain a good beam quality.) Relatively high energy pulses can be generated.

Because of the simplicity of the design, running and maintenance costs are low. Units with an
output power in the range 150-750 W account for most sales. Slow axial flow CO, laser designs are
ideal sources for fine cutting, scribing, precision drilling, and pulsed welding applications.

Fast Axial Flow

The output power of the axial flow laser can be increased by increasing the diameter of the optical
cavity and raising the gas flow rate — features of the fast axial flow (FAF) design. Turbine blowers are
used to circulate the gas mixture at high speed. (Roots blowers were used in early FAF designs; these
were the source of many problems that initially harmed the reputation of this type of laser.) The gas
composition is maintained by continuously adding a small amount of make-up gas into the mixture;
this represents the gas consumption of the laser. Gas is cooled by passage through a heat exchanger
containing deionized water (to avoid voltage imbalances).

The optical cavity of the FAF laser has many features in common with the SAF design. The
maximum tube diameter is limited by mechanical and thermal distortions, as well as the generation of
high order beam modes. In order to minimize the footprint, the resonator tubes are folded in various
geometries with the use of mirrors; vertical zig-zag arrangements, superimposed vertical squares, an
inclined triangle and an octagon have all been used in commercial designs. Each section has its own
excitation and gas ports in order to maintain a high flow rate. The radius of curvature of the back
mirror is large (several metres). This enables power output to be increased, but leads to the production
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of modes other than the preferred TEM. Apertures can be used to limit the mode to TEM with an
attendant loss in power. Small adjustments in the curvature of the back mirror can be made to change
the beam mode in some designs. A hemispherical cavity configuration produces a superior mode, but
again at the expense of lower power. A solid coated zinc selenide output coupler (highly transparent
to far infrared radiation) is normally used for a power output less than about 10 kW; higher values
require an aerodynamic window.

Both DC and RF excitation are used in commercial FAF designs. The anode of a DC system is
a cylinder located inside the tube in a coaxial geometry. The cathode is situated downstream at the
end of the discharge section. The discharge is stabilized using orifices that generate shockwaves, which
remove high density electron clusters. Rapid expansion of gas downstream of the orifice also has a
cooling effect, which enables a higher power output to be achieved. In RF-excited units the electrodes
are mounted outside the discharge tubes.

A stable low order beam mode (0.4 < K < 0.75) can be generated because of the gain-smoothing
effect of turbulent gas flow. The output, which may be continuous or pulsed, is stable to within £2%
over periods of several hours. Pulsing is achieved mechanically in DC-excited designs. Pulse and super
pulse operation are possible by electrical means with RF excitation, enabling a peak power 2—10 times
that of the continuous value to be obtained. The folding geometry of the cavity determines the beam
polarization; if the angle between the beam and the mirrors is close to 45°, then the perpendicular
component is preferentially reflected, producing a state of linear polarization. A preferred state of
polarization gives the beam specific material processing properties in different directions of travel.

FAF lasers are used in a wide range of material processing applications, including welding, cutting
and surface treatment. Pulsed output is useful for initiating cuts, drilling, and perforating sheets.
Commercial FAF units are limited to about 20 kW because high gas flow rates require complex blower
technology, and high gas pressures lead to difficulties in maintaining a glow discharge. A schematic
illustration of an FAF laser is shown in Fig. 3.18a, and a production laser shown in Fig. 3.18b.

Transverse Flow

A basic requirement for generating high power is the ability to excite a large volume of gas in a given
time. This can be achieved by circulating the gas across a cavity of large cross-sectional area. Such
designs are referred to as transverse flow (TF). This geometry has a number of advantages over the
FAF design. Gas flow rates are typically one tenth those of fast axial flow designs, which reduces the
requirements on the blowers, and reduces flow rate losses that lead to increased temperature, loss of
population inversion and reduced beam power. Pressure differentials are lower, and since gas resides
in the discharge volume for a shorter time, more power per unit length of cavity can be generated,
enabling considerably shorter cavities to be constructed.

A positive branch unstable cavity, constructed using one concave and one convex mirror (Fig. 3.7),
is normally used in systems that produce output above 6 kW. The high cavity gain permits laser
transitions, despite the relatively high loss in the cavity. The beam is extracted (normally through an
aerodynamic window) using an annular curved scraper mirror. The exclusive use of reflective optics is
another factor that allows high values of power to be generated and extracted.

The axis of excitation is normally oriented perpendicular to both the gas flow and the optical
axis. This geometry provides unimpeded gas flow and a short discharge path (typically around 5 cm),
which enables a relatively low working voltage to be used — between 10 and 20% of fast axial flow
designs. Both DC and RF excitation are suitable for TF designs. Direct current excitation uses a
sophisticated segmented electrode to maintain a uniform discharge over the large resonator area, to
reduce the possibility of arcing. In most designs the cathode is water cooled. Radio frequency excitation
requires only two electrodes, which can be placed outside the discharge region. The discharge may be
stabilized using a turbulence generator or by using an electron beam. The latter technique, in which a
wide beam of high energy electrons assists the production of a uniform volume discharge, is expensive.
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Figure 3.18  Fast axial flow CO; laser: (a) schematic; (b) Trumpf TLF 15000. (Source: Sven Ederer, Trumpf,
Ditzingen, Germany)

Preionization is necessary if the main discharge is to fill the laser volume. Cooling is via a heat exchanger
containing deionized water.

The distribution of power in the beam depends on the geometry of the optical cavity and the
method by which the beam is extracted. The output from an unstable cavity has a characteristic annular
intensity distribution, generated by the annular scraper mirror. A stable cavity produces a multimode
beam comprising a mixture of low order transverse modes because of its relatively high Fresnel number.
Transverse discharge inhomogeneities can result in an asymmetric beam that is larger than one compris-
ing low order stable modes, and which has a higher divergence (2-3 mrad). Relatively high M? values
(>5) are common. High power stability is within +2% and £5% over minutes and hours, respectively.

In comparison with other laser designs, transverse flow lasers can be made relatively easily in
modules, enabling designs to be scaled to high power outputs. The capital cost per kW is lower, and
the compact design results in a smaller footprint. The use of a metal container and all-reflecting optics
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Figure 3.19  Transverse flow CO; laser: (a) schematic; (b) UTIL (now Prima Industrie) 24 kKW. (Source: Robert
Murray, Prima Industrie, East Hartford, CT, USA)

allows the optical cavity to be rugged in design. Gas usage is lower than a fast axial flow laser, and
lower operating voltages can be used than in DC designs. However, pulsing, other than by mechanical
means, is difficult, and the beam mode is of lower quality than axial flow designs. Such high power
lasers are commonly used for material processing operations such as thick section welding and large
area surface treatment. A schematic illustration of a TF laser is shown in Fig. 3.19a and a production
laser shown in Fig. 3.19b.

Gas Dynamic

Although the gas dynamic carbon dioxide laser is not a commercial design, it is of interest for material
processing since continuous power levels to 100 kW have been produced. The population inversion
is created by thermodynamic means, rather than electrical. A fuel is mixed with an oxidizer to yield
combustion products suitable for laser transitions; combustion of CO and CHy with O, and N, yields
CO3, N and H,O. At high temperatures, most of the energy is stored as vibrational excitation in
nitrogen molecules. As the gas expands through a supersonic nozzle, this energy is rapidly transferred
to CO, molecules through collisions, exciting them to the (00°1) level to create a population inversion
with the (10°0) level. Certain high energy states are momentarily frozen, creating a non-equilibrium
condition that promotes the population inversion.
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Carbon Monoxide

The active medium in the carbon monoxide (CO) laser is CO gas in a mixture of helium and nitrogen,
with small amounts of xenon. The gas ratio by volume lies around 1:20:1 (CO:He:N;), maintained
at an operating pressure of about 100 mbar in CW units and higher values in TEA designs. Nitrogen
and helium play similar roles to those in the carbon dioxide laser: efficient excitation and cooling,
respectively. Xenon is added to change the average electron energy, thereby increasing the fraction
of electrical power transferred to molecular vibrational levels, which increases the power generation
efficiency by about 30%. A small amount of oxygen also enhances performance.

The diatomic CO molecule has only a single vibrational mode, in contrast to the three vibrational
modes of the carbon dioxide molecule. The quantum efficiency is close to 100% because the lower laser
level of a given transition can serve as the upper laser level of a subsequent transition, which means
that light can be produced from several pairs of levels to support a population inversion. Emission
therefore occurs on a range of discrete infrared lines, with wavelengths between 5.2 and 6.5 pm.

The active medium must be cooled to cryogenic temperatures below 77 K to maintain a population
inversion. This may be achieved by conductive or aerodynamic cooling. Low power lasers (below
100 W) are cooled by gases and circulating fluids. Higher power designs are usually cooled in a liquid
nitrogen or Freon® heat exchanger. (Freon is a registered trademark belonging to E.I. du Pont de
Nemours & Company (DuPont).) Cooling can also be achieved by adiabatic expansion in a supersonic
nozzle. After power has been extracted from the resonator, the laser gas is recompressed by a diffuser
and a pumping system.

Commercial units are often based on modified CO; resonator designs — the changes that are
required include: substitution of appropriate optics; insertion of the correct gas mix; and the addition
of cooling equipment. The cavity can take the form of a tube or waveguide, which can be sealed or
transport flowing gas. A solid output window with a low absorption coating is located at one end of the
cavity. The resonator design is scaleable to provide high power levels. Low power designs are based on
large area slab waveguides: a large bore refractory ceramic tube 1 min length and 25 mm in diameter can
produce about 20 W, which can be increased to 300 W by scaling the dimensions three-fold. Excitation
is electrical, achieved by DC and RF means. A wall plug efficiency close to 25% is possible (around twice
that of an equivalent CO; laser) because of the high quantum efficiency, providing that the means of
cooling is energy efficient. The beam quality (M?) typically lies between 2 and 2.5.

In comparison with the carbon dioxide laser, the shorter wavelength of CO laser light possesses
a number of advantages for material processing. Short wavelength light is absorbed more readily by
metals and ceramics and so a lower power level can be used for processes that involve heating and
melting. The beam can be focused to a spot of smaller diameter, giving a higher power density that
facilitates keyhole formation in penetration welding, and piercing to initiate cutting. The plasma
generated when welding metals is white (in contrast to the blue plasma generated through metal
ionization during CO, laser welding), which means that a larger fraction of the beam is transmitted
through the plasma to the workpiece. Transmissive optical materials are available with a high damage
threshold, and there is greater potential for fibre optic beam delivery.

The development of CO lasers has been hindered by two factors: the need for cooling to operate
efficiently; and instabilities in the gas mixture. CO dissociates into C and O as a result of the electrical
discharge, necessitating the use of a flowing gas mixture to maintain composition during long-term
operation.

Hydrogen Fluoride

The hydrogen fluoride (HF) laser is a chemical laser that combines heated hydrogen (produced in a
combustion chamber similar to a rocket engine) with fluorine gas (produced by thermal decomposition
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of compounds such as sulphur hexafluoride) to form excited HF molecules. Far infrared emission
occurs on lines between 2600 and 2900 nm in wavelength, the exact line depending on the chemical
composition of the reacting gases.

Hydrogen fluoride lasers are under consideration for space-based missile defence systems, although
the emitted wavelengths transmit poorly through the lower regions of the atmosphere since they are
absorbed by water. (Propagation through upper regions and in space is superior.) Interest lies in the
fact that the reactants used can be stored for long periods of time, and waste products and heat can
be exhausted into space. Pulsed power levels on the megawatt scale have been generated. Systems are
being designed that can be operated and maintained from the ground.

Deuterium Fluoride

The deuterium fluoride (DF) laser uses a chemical reaction between atomic fluorine and deuterium
to produce the active medium. It is chemically the same as the hydrogen fluoride laser, however, the
increased mass of heavy deuterium shifts the output lines to between 3500 and 4000 nm, which is
superior for transmission through the lower atmosphere.

A megawatt-class CW chemical laser, known as MIRACL (Mid-Infrared Advanced Chemical Laser),
produces spectra distributed among ten lasing lines between 3600 and 4200 nm. Beam shaping optics
have been used to form a 14 cm square beam that can disable a satellite the size of a refrigerator located
260 miles above the earth’s surface. Such military applications have been a significant driving force in
the development of chemical lasers.

Hydrogen Chloride

Light can also be produced from excited hydrogen chloride (HCI). This was the first chemical laser
to be demonstrated. HCI can be generated in a mixture of chlorine and hydrogen through pulsed
photodissociation of chlorine using a flashlamp, or by the reaction of nobelium (No) with ClO,.
Output is on lines between 3600 and 4000 nm in wavelength.

Nitrogen

Nitrogen gas, at a pressure of between 0.03 and 1 bar, is the active medium in the nitrogen laser. The
gas is normally circulated, but low repetition rate pulsed designs can be sealed.

Nitrogen lasers generate light through transitions between both electronic and vibrational energy
levels. The resonator gain is high, which means that only one mirror needs to be used; feedback is not
required for laser action. The lifetime of the upper level is short, while that of the lower level is long —
CW operation is therefore not possible, but pulsed operation is. Pulse widths are short, because as soon
as the laser transitions begin, the population of the terminal state increases rapidly, and after a few
nanoseconds the population inversion is reduced to a level at which laser action cannot be sustained
(self-termination).

The optical cavity is similar to that of a TEA CO; laser. The active medium is excited using a fast
high voltage discharge between electrodes placed transversely to the optical axis. The gas medium is
cooled by passing through a heat exchanger, which may use circulating air.

Pulsed ultraviolet light of wavelength 337.1 nm is generated, in the form of a rectangular beam with
dimensions between 2 x 3 and 6 x 30 mm. The pulse duration is on the order of nanoseconds and is
produced at frequencies to 1 kHz, with a pulse energy limited to tens of millijoules, and an average
power of several hundred milliwatts.
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Nitrogen lasers were initially used as excitation sources for pulsed dye lasers, but because of their
short wavelength they can also be used in non-linear spectroscopy, non-destructive testing and Raman
scattering. Material processing on a microscopic scale can be performed. Nitrogen lasers show potential
for laser-assisted chemical vapour deposition because of the focusability of the beam, enabling sharp,
even deposits to be produced.

Organic

Organic molecular gas lasers emit on lines of wavelength between about 28 pm and 2 mm. At the
short wavelength end of the range, light is generated from vibrational-rotational transitions. Purely
rotational transitions are involved in longer wavelength transitions. The active media possess a per-
manent dipole moment. Alcohols and other carbon-based compounds such as CH30OH, C,H,F, and
CD30D are commonly used. Optical pumping is preferred, since it permits precise selection of the
initial excited state. This is normally achieved using an external CO, or N, O laser, which is tuned to
emit on a single line around 10 pm in wavelength. They are primarily used in research (to diagnose
fusion plasmas), astronomy and in studies of semiconductor materials.

IONS

Light is generated in ionized gases through electronic transitions. Since the excitation energy of an
ion is larger than a neutral atom, ionized gas lasers produce light of shorter wavelength, in the range
between mid-ultraviolet and visible.

The gas is present in a mixture with buffer gases such as neon or helium or both (depending on
the emission line or lines required), at a pressure below atmospheric. The cavity design is similar for
all types of gas ion laser. The discharge tube is normally made from a ceramic such as beryllia in lower
power lasers (typically a few millimetres in diameter), but may be made from graphite or tungsten discs
surrounded by quartz in higher power designs. Excitation is via an electrical arc discharge operated
at a relatively low voltage and high current. The current required to create a population inversion is
high — larger than that used in atomic gas lasers — because atoms must first be ionized before further
collisions with electrons can excite them to the higher energy levels required for laser transitions. The
overall efficiency is therefore relatively low, less than 0.1%. The mirrors bounding the cavity may be
spherical or a combination of spherical and concave. A solid window is attached to one end of the tube,
mounted at the Brewster angle to minimize reflection.

The average beam power obtained is on levels between milliwatts and watts. Beam quality is high,
and has a narrow bandwidth. Output is CW, but pulses can be produced using mode locking. The cost
of a unit is on the order of thousands of dollars.

Argon

Argon ion lasers excited by an electric discharge emit on several lines in the range yellow—ultraviolet.
Emission of green and blue wavelengths is the most prominent. Power levels on the order of tens of
watts can be obtained.

Argon ion lasers are used in light shows, anemometry, fluorescence excitation Raman spectroscopy,
forensic medicine, research, printing (exposing plates for printing presses) and holography. They
are also effective optical pumping sources for other lasers. The most common material processing
applications include etching of semiconductors to form optical waveguides, and microscopic medical
procedures involving ophthalmology and minimally invasive surgery.
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Krypton

The krypton ion laser emits on a range of lines in the wavelength range from ultraviolet to infrared
(390-780 nm). The main line is red, on which several watts can be obtained. The output is less than
the argon ion laser because the gain in the resonator is lower. The uses of krypton ion laser output are
similar to those of the argon ion laser.

Argon—Krypton

Lasers using mixtures of argon and krypton emit strongly in the red and blue regions, with a beam
power on the order of watts. Applications are similar to those of the individual lasers.

Xenon

The xenon ion (Xe®T) laser produces pulsed green and ultraviolet light. It is used in minimally invasive
surgery since green light is absorbed well by tissue containing red blood cells.

Copper Vapour

Copper, gold, and elements in the same and adjacent columns of the periodic table can be used to
produce active media in the form of ionized metal vapours. Metal vapour lasers emit visible light as a
result of transitions between low-lying energy levels. In the copper vapour type, the active medium is
formed at the anode of a plasma tube containing elemental copper and an inert buffer gas, by passing
an electric current using a high voltage switch. Transitions between the upper energy states result in
the emission of yellow and green light. The lower laser level is the ground state, and so light can only be
generated for a short time before the population inversion is destroyed. The laser is therefore operated
in pulsed mode. It takes about 25 jus to deactivate the terminal level (after which energy transitions
can recommence), which limits the maximum pulse duration and repetition rate.

The plasma tube is typically 10-80 mm in diameter, bounded by a converging mirror and a plane
output coupler. Both stable and unstable cavity designs are used. The cavity is easily scaled in power,
while retaining a good beam mode, because of the high gain. Metal vapour is formed in a neon
atmosphere at a pressure between 30 and 70 mbar. The operating temperature is high (between 1300
and 1600°C), which is a factor that has limited the development of commercial units.

Output is in the form of short pulses, tens of nanoseconds in duration, with a high repetition rate,
up to 20 kHz, a relatively high average power (over 100 W), a peak power of several hundred kilowatts,
and a pulse energy of up to 20 mJ. High temperature operation favours the production of yellow light.
Frequency-doubling provides two ultraviolet wavelengths: 255.2 and 289.1 nm. (Applications then
overlap those traditionally associated with excimer lasers — KrF lasers operate at 248 nm. However, the
pulse repetition rates obtainable from the copper vapour laser are around a thousand times higher,
resulting in significantly greater material removal rates in drilling applications, for example.)

Short wavelength light can be focused to a small, high intensity spot, ideal for micromachining of
ceramics, reflective metals (e.g. aluminium, copper and brass), and polymers. Cuts with a typical kerf
width of 2 pm can be made. Holes with an aspect ratio of 50 can be drilled.

Gold Vapour

The gold vapour laser operates on similar principles to the copper vapour laser. Red light is produced
in pulses with an average power up to 10 W. The laser initially found similar applications to the copper
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vapour type, but it is relatively expensive since red light can now be produced from other sources more
cheaply and conveniently.

Helium-Cadmium

The helium—cadmium (He—Cd) laser is one of a family of sources that use a metal with a low vaporiza-
tion temperature as the active medium. Cadmium is heated with a filament to produce a vapour that
is mixed with helium. Helium is ionized and excited in a pulsed discharge. Energy is then transferred
from excited He to a neutral Cd atom by collision, causing the Cd atom to be ionized and excited
further.

Light is produced by electronic transitions between the excited ionic state and the ionic ground
state. The strongest output is on lines in the blue and ultraviolet ranges. Weaker red and green light
can also be produced. Atoms remain in the excited state for only a short time, returning to the ground
state where they accumulate, quickly removing the population inversion needed for laser action.

The He—Cd laser operates in pulsed mode, with an average power on the order of milliwatts. (The
power output is often quoted in terms of an average CW.) The active medium has a high gain compared
with similar lasers. TEM( and multimode beams can be produced.

The helium—cadmium laser is used in Raman spectroscopy, to fabricate holographic gratings, and
in photochemical material processing techniques such as stereolithography.

Helium-Selenium

The helium-selenium (He-Se) laser operates on similar principles to the He—Cd laser. Transitions
between excited states of selenium produce radiation in the visible spectrum, between blue and red.
Average power output on the order of tens of milliwatts can be obtained, but the laser is not used
extensively in material processing because alternative lasers that are cheaper can produce light in this
range of wavelength.

X-ray

X-rays occupy the wavelength region of the electromagnetic spectrum between roughly 0.01 and 10 nm.
They are generated in the X-ray laser by excitation of a polished palladium or titanium target with a
high energy light pulse around one nanosecond in length. Electrons are stripped from titanium and
palladium atoms, producing plasma that contains excited ions with similar stable electron configura-
tions to neon and nickel, respectively. Decay of high numbers of ions produces powerful ‘soft’ X-rays
with a wavelength slightly longer than that used in medical imaging.

Coherent radiation of short wavelength and short pulse duration is suitable for applications in
biology, chemistry and materials science. The X-ray laser was developed during the Strategic Defense
Initiative as a means of destroying incoming missiles. Civilian alternatives lie in the manufacture of
nanometre scale structures required in the fields of quantum electronics, and the construction of
nanometre-scale robots (nanides).

EXCIMERS

The active medium in an excimer laser consists of a mixture of gases: a rare gas (1-9%); a halogen (0.05—
0.3%); and an inert buffer gas (90-99%). The total gas pressure is around six times atmospheric. The
gas mixture is circulated rapidly (up to 50 ms~!) and augmented to maintain the desired composition.
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It is cooled in a heat exchanger and filtered, since changes in temperature and gas composition create
difficulties in maintaining a stable beam mode. The laser gas slowly degrades — halogen is depleted and
impurities including HF, CFy, SiF4 and CO, form — resulting in a gradual reduction of gain.

A plane-parallel optical cavity is used, made of materials such as aluminium, fluorocarbons and
ultra pure ceramics that are resistant to corrosive halogens. A thin layer of aluminium nitride may be
chemically deposited on an extruded aluminium chamber to enhance protection. The two windows
bounding the cavity are typically made from polished magnesium fluoride; one has a highly reflective
aluminium or dielectric coating on its rear surface, the other acts as the output coupler. The aperture
has a cross-sectional area between 1 and 3 cm?. Gain in the cavity is high, and so adequate feedback
can be achieved with a resonator length of only about 100 cm using an output coupler of reflectivity
5-10%. The mirrors may be placed outside the optical cavity in order to avoid corrosion problems.
Low beam divergence and good focusability can be achieved though the use of an unstable resonator.

The active medium is excited by a high voltage discharge applied orthogonal to the axis of the
optical cavity and the gas circulation, in a similar manner to that in a TEA CO, laser. The electrodes are
normally rectangular with a spacing of about 25 mm. Large cross-section discharges require a uniform
concentrated electron density for optimum ionization; this can be achieved by preionization using
X-ray, ultraviolet and electron beam sources. The discharge is operated at high peak currents with
short current rise times, which places considerable loads on the switches and high voltage capacitors —
thyratrons are used as high voltage switches. Excitation typically involves a 50—100 ns duration pulse
with a voltage of 35-50 kV.

In commercial sources, light is generated in the form of ultraviolet pulses, with a wavelength
in the range 150-350 nm, via transitions between electronic and vibrational energy levels. Since the
spectral gain bandwidth is broad (>100 cm™!), many transverse and longitudinal modes can oscillate
simultaneously in a stable plane-parallel resonator. The beam quality is relatively low (M? & 100) but
can be improved by an order of magnitude through the use of unstable resonator optics, at the expense
of a reduction in power. A rectangular beam cross-section is common, ranging between 2 x 4 and
25 x 40 mm, with an intensity distribution that is approximately Gaussian in the shorter dimension
but flatter in the longer dimension. The beam divergence is typically below 4 mrad. Beam homogenizers
(arrays of lenses) are used to split the beam into segments which are superimposed in the aperture
plane. The number of materials that transmit efficiently at ultraviolet wavelengths is limited; fused
silica, fused quartz and crystalline halides are suitable for wavelengths above about 375 nm, while
sapphire and crystalline fluorides of lithium, magnesium, calcium and barium are more appropriate
for shorter wavelengths.

The precise nature of the output depends on the active medium. Light pulses have the following
characteristics: energy in the range millijoules to joules; average power up to several hundred watts;
repetition rates between about 20 and 1000 Hz; and pulse duration from a few to a hundred nanosec-
onds, giving peak power values up to 50 MW. Operational limits are determined by the rate of high
speed switching (the thyratron) and the resonator length. The maximum gas flow velocity determines
the maximum pulse frequency obtainable. Long pulses can be obtained by superimposing the output
from several lasers. The conventional technique for reducing pulse length — Q-switching — cannot be
used because of the lack of a suitable saturable absorber. Mode locking cannot be used either, since it
relies on maintaining gain in the cavity for a substantial number of round trips — this cannot occur
in excimer lasers because of the small number of passes in the high gain medium. Properties of the
most common commercial excimer lasers — those based on argon fluoride, krypton fluoride, xenon
chloride, and increasingly fluorine — are summarized in Table B.1 (Appendix B). Brief descriptions of
the individual lasers follow here.

Short wavelength ultraviolet light has three main advantages for material processing: high absorp-
tion by many engineering materials; high spatial resolution; and high photon energy (similar to that
of chemical bonds). Ultraviolet light can therefore be focused to a small spot size and located with
high accuracy to process a wide range of materials, including metals, ceramics and polymers. A short
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wavelength also provides opportunities for photochemical material processing, in addition to the ther-
mal processing mechanisms characteristic of infrared lasers. The short pulse width and high peak
power reduce the heat affected zone in materials. Since the transparency of the plasma is proportional
to 1/A%, where X is the wavelength, plasma shielding is less of a problem than with infrared laser light.

Excimer lasers have a wall plug efficiency of 1-2.5%. The running cost of an excimer laser is high
in comparison with solid state and CO, lasers. The capital cost is also relatively high — from $30 000 to
$200 000 (around $1000 per watt). Excimer lasers initially replaced nitrogen lasers for pumping tune-
able dye lasers for spectroscopic studies, and later competed with Nd:YAG lasers for pumping higher

(a) Pulsed
— HV —
Output
coupler
e Fully
<« - - - B reflecting
—|—— mirror

processor

Figure 3.20  Excimer laser: (a) schematic; (b) Exitech M5000 micromachining tool. (Source: Adrian Baughan,
Exitech Ltd, Oxford, UK)
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power lasers. They are now used extensively in corrective eye surgery, microlithography, micromachin-
ing, marking, annealing, doping, vapour deposition, and other surface modification techniques with a
wide range of metals, ceramics and polymers. A schematic illustration of an excimer laser is shown in
Fig. 3.20a, and a production laser micromachining tool shown in Fig. 3.20b.

Argon Fluoride

The short wavelength of the argon fluoride excimer laser has resulted in it becoming the source of
choice for corneal surgery including photorefractive keratectomy (PRK) and laser in-situ keratomileusis
(Fig. 1.4, Chapter 1), as well as lithography.

Krypton Fluoride

The krypton fluoride laser has the highest intrinsic efficiency of excimer lasers, and found many
applications shortly after its invention. Today its main application is in fine scale lithography.

Xenon Chloride

Xenon chloride is the optimum medium for discharge excitation, enabling high power pulses (1 kW
average) of relatively long duration (150 ns) to be produced. The wall plug efficiency of 4.5% is the
highest of the excimer laser family. Fused silica, fused quartz and several crystalline halides are used
in beam delivery optics. Drilling and other machining operations are typical high power applications,
while stereolithography is a major application of low average power units.

Xenon Fluoride

The xenon fluoride laser was investigated for early defence-related applications because the relatively
long wavelength (350 nm) is transmitted well in the atmosphere.

Fluorine

The fluorine laser produces the shortest wavelength of commercial excimer lasers, and provides rela-
tively high output power. It is being developed for future microlithography applications, particularly
with polymers and glasses, photoresist and mask development, photochemistry and spectroscopy, and
for testing of optics, coatings and metrology equipment.

Xenon

Xenon was the active medium in the first excimer laser to be demonstrated, but mixtures of rare gases
and halides have proved to be more appropriate for industrial units.

Xenon Bromide

Xenon bromide formed the active medium of the first rare gas—halide excimer laser to be demonstrated.
It is relatively inefficient as a laser, but is a good emitter of fluorescence, and so is a popular choice for
lamps.
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LIQUIDS

The active medium in most liquid lasers is a complex organic dye. Dye lasers operate on a fundamental
four-level system, involving transitions between many split energy states created by vibration of the
molecule.

Dye lasers are optically excited, using a flashlamp or another laser of shorter wavelength than the
desired output. Xenon flashlamps arranged in a linear or coaxial geometry give a wall plug efficiency
of up to 1%. Dye laser excitation, using nitrogen, excimer, copper vapour or frequency-multiplied
Nd:YAG sources, produce light with 5-25% pumping efficiency. Argon or krypton ion lasers give
around 10-20% conversion of light to pump energy. Dye lasers are high gain, requiring minimal
oscillation to build up the beam, but must be cooled by a circulating medium.

Dye lasers can be tuned to emit at a variety of wavelengths in the range 300-1000 nm, by changing
the angle of the grating used as the output coupler. They operate principally in pulsed mode, although
models pumped using a CW ion laser can operate in CW mode. The pulse length depends principally
on the type of excitation source. Flashlamp pumped dyes produce pulses of length 20-4000 ns, energy
0.05-50 ], with a repetition rate of 0.03—-50 Hz, giving a peak power of several hundred kW and an
average power in the range 0.25-50 W. Laser-pumped dyes typically produce pulses of length 350 ns,
up to 10 kHz, with an average power 0.05-15 W, and peak pulse powers on the order of megawatts. The
pulse characteristics are determined by the dye used, and can be modified by mode locking or cavity
dumping. Frequency doubling and Raman shifting extend the range of operation even further.

Colour variability is important when treating materials whose absorptivity depends on wavelength.
For example, blood does not absorb red light significantly, and so a different wavelength must be used
for surgical procedures in blood-rich tissue.

Rhodamine

The chemical formula of Rhodamine B is Cy3H3;CIN,O3. The energy-level structure of an organic
dye molecule is correspondingly complex. The flashlamp-pumped Rhodamine 6G laser has a tuning
range between 570 and 660 nm. It is used in cosmetic procedures to remove leg and spider veins, port
wine stains and scars. Typical beam characteristics are: wavelength 585, 590, 595, 600 nm; pulse length
1.5 ws; and energy density 3-25] cm™2.

Coumarin

Coumarin has a chemical formula CoHgO5, and is the dye used as the active medium in lasers intended
for ablative processes. A flashlamp-pumped Coumarin dye laser produces a wavelength of 504 nm
(green). During laser lithotripsy this type of beam has a large effect on a kidney stone and a small effect
on the ureteral wall. When the stone absorbs the laser light, a small amount of heat is generated, which
creates a cavitation bubble. The expansion and contraction of this bubble creates acoustic waves, which
pass into the stone, resulting in fragmentation.

SOLIDS
Nd:YAG

The active medium in the Nd:YAG laser is a solid host material of yttrium aluminium garnet (YAG)
doped with neodymium ions (Nd®>*). The host is a synthetic crystal with a garnet-like structure,
and the chemical formula Y3Al;0;,. Neodymium ions take the place of yttrium ions in the garnet
lattice — they are roughly the same size. Ions are present at concentrations around 1% by weight, which
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corresponds to a concentration of about 10%° ions cm . The optimum concentration for continuous
wave operation is around 0.8%, whereas 1.2% is more suitable for pulsed operation. The neodymium
ion contains a partially filled 4f subshell, which provides the electrons for the laser transitions. The 4f
subshell is shielded by filled 5s and 5p subshells. The active medium is in the form of a rod, or one of
the novel geometries described below. The main advantage of YAG compared with other host materials
is its good thermal stability.

Light is generated through transitions between energy levels of the neodymium ion. The laser
is based on four-level operation, illustrated in Fig. 3.4: a ground level; absorption bands; an upper
laser level; and a lower laser level. Excitation occurs by absorption of visible and infrared light at
wavelengths of 730 and 800 nm, respectively. Ions are raised from the ground level, *Ig/y, to the %S,
and *F7/; (730 nm) and *Fs;; and *Hyj, (800 nm) absorption bands, with a quantum efficiency of up
to 50%. Once in the higher energy level they undergo non-radiative relaxation (with the generation
of heat) to a metastable upper laser level, *F3/,. The lower laser level is *I;1/,, which is normally
unpopulated at normal temperatures. It is therefore relatively easy to obtain a population inversion,
resulting in a relatively low threshold for laser action. An excited ion that drops to the lower laser level
emits a photon of wavelength 1064 nm. The lower laser level is depopulated by thermal transitions to
the host, causing further heating of the YAG rod.

The optical cavity of lamp-pumped designs normally takes the form of an Nd:YAG rod. Rods are
typically 8-10 mm in diameter and up to 200 mm in length. They are expensive, since they must be
machined from boules that can take up to eight weeks to grow. Such a rod is capable of producing
about 750 W of power, and so multiple rods are used in higher power units. A long rod produces a
beam of low divergence, whereas a short rod possesses good mechanical stability and can be packaged
easily. Rods of large diameter have a high energy conversion efficiency; rods of small diameter have low
divergence. Compromises in the dimensions of the rod must therefore be made in commercial lasers.
The optical cavity must be designed to compensate for thermal lensing of the rod caused by uneven
heating, which limits scaling of power. A fully reflecting mirror is located at one end of the rod, and a
partially reflecting output coupler at the other. The gain in a solid rod is normally considerably higher
than a gas laser, and so cavity mirrors with lower reflectivity can be used. Dielectric mirrors feature
in high power lasers, with gold-coated metallic mirrors being used in lower power lasers. An optical
cavity based on rods may be arranged in stable or unstable configurations. A low order mode beam
with restricted power is generated in a stable cavity. An unstable cavity can be constructed by using
similar mirror designs to those in CO; lasers; larger amounts of power may then be generated at the
expense of a reduction in beam quality and efficiency. However, the focal plane moves with changes in
output power, which must be compensated for by using adaptive optics.

Excitation is produced by flashlamps, arc lamps or semiconductor lasers. Only lamp pumping is
considered in this section — diode laser pumping is described later. Linear flashlamps may be arranged
in various geometries in hollow reflective resonators. Lamps may be placed next to the rod in a closed-
coupling geometry. Alternatively, the lamp and the laser rod may be placed at the two foci of an ellipse
in order to maximize excitation. High power oscillators may be surrounded by arrays of flashlamps.
For long pulse lengths (greater than 1 ms), the power supply current is stabilized to the required value,
and the pulse length is determined by the time between switch on and switch off. Shorter pulse lengths
use capacitor discharging techniques.

High power cavity designs are often based on the oscillator—amplifier principle. The oscillator is
a conventional laser, but the amplifier is a rod without the feedback elements, which is pumped by
a separate lamp. The amplifier sections do not generate light, but store energy when excited. As the
beam from the oscillator passes through the amplifier section, much of the energy is extracted in the
excited state. The arrangement of several rods in one resonator is the most advantageous design for
multikilowatt units, since the power can be scaled to high levels without losing beam quality.

Around 50% of the electrical power consumed is dissipated as heat inside the rod. Convective air
cooling is used in low power units, whereas in higher power designs deionized water flows through an
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annular transparent cooling jacket between the rod and the lamp. The removal of waste heat becomes
a major concern when the continuous power of an Nd:YAG laser exceeds about 2 kW. Cooling induces
a parabolic temperature gradient within the rod, which then acts as a thermal lens. (The refractive
index of the rod depends on temperature and internal stress.)

The beam quality lies in the range 20~100 (M?) for stable resonator modes from rod lasers. Single
transverse mode operation can be obtained by inserting apertures that limit the power. The value of
M? increases with an increase in power because heating introduces changes in the refractive index of
the rod, and the effect of imperfections in the rod on optical behaviour increases. The transverse beam
mode is often complex, and is difficult to describe in mathematical terms using the TEM notation. A
more common measure of quality in such lasers is the beam parameter product (the product of the
beam waist diameter and half the divergence angle), measured in mm - mrad.

Crystals of lithium iodate (LilO3) and lithium triborate (LiB3Os) can be inserted into the optical
path to multiply the frequency of Nd:YAG laser light to generate harmonics. (The crystal only interacts
with light polarized in a certain direction.) Thus the output wavelength can be halved to produce green
light (532 nm), and divided by three to give ultraviolet light (355 nm).

Three temporal operating modes are possible: continuous wave; repetitive pulsing; and Q-switched
pulsing. Multikilowatt power levels are available in CW operation. However, Nd:YAG lasers have
traditionally been manufactured to take advantage of the ability of the YAG crystal to produce very
high peak powers in very short duration pulses. The pulse length in a multiple element lamp-pumped
laser is fixed by the length of the flashlamp pulse, which is typically on the order of milliseconds or
microseconds. The pulse energy from such lasers is about 150 ], with pulse lengths up to 10 ms, and
pulse repetition rates up to 50 Hz. The corresponding characteristics of single element units are: pulse
energy up to 100J; 0.5 ms pulse length; repetition rates up to 500 Hz; and a peak power up to 30 kW.
As the repetition rate increases, the peak power available decreases, since excess heat must be removed.
Q-switching enables 30 kW to be produced in a pulse of duration 100 ns.

Since Nd:YAG lasers can be operated in both continuous and pulsed mode, they possess flexibility
for a wide range of material processing applications. The power available from CW units provides
competition with CO; lasers in a variety of welding applications. Pulses of short duration and high
peak power are particularly suitable for drilling applications. Frequency-doubled green light finds
uses in material processing, particularly for machining colour-sensitive materials such as nitrides
and polyimides. Ultraviolet frequency-tripled light competes with excimer output, and is finding
applications in micromachining, marking polymers and glass, as well as in rapid manufacturing
systems. The availability of fibreoptic beam delivery extends the range of application to complex
geometry processing. The main disadvantages of the Nd:YAG laser, compared with the CO, laser, are:
limited output power; low wall plug efficiency; and poorer beam quality. A schematic illustration of a
lamp-pumped solid state laser is shown in Fig. 3.21a, and a production laser shown in Fig. 3.21b.

Nd:glass

Two families of glass are suitable hosts for neodymium ions: silicates, from which light of wavelength
1061-1062 nm can be generated; and phosphates that operate at 1054 nm. Glasses, which are relatively
cheap, can be produced in larger sizes than YAG, and with a greater selection of geometries. Longer rods
of high purity, optically uniform glass enable higher average power levels to be achieved. Glasses can
also be doped to higher concentrations than YAG, with good uniformity, which allows more energy to
be stored, so that short high power pulses can be produced. However, the thermal conductivity of glass
is lower than that of YAG, and so adequate cooling is required to avoid distortion caused by thermal
lensing. Phosphate-based glasses exhibit less optical distortion, but are less resistant to thermal fracture.

In comparison with the crystalline nature of YAG, glass is amorphous, which means that the line
width of the neodymium ion transition is significantly broader; hundreds of axial modes operate
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Figure3.21 Lamp pumped Nd:YAG laser: (a) schematic; (b) HAAS 4 kW 4006 D. (Source: Sven Ederer, Trumpf,
Ditzingen, Germany)

simultaneously. This leads to a higher lasing threshold, even though more energy can be stored and
released in higher energy pulses.

Flashlamps are used to excite Nd:glass lasers. Optical distortion caused by thermal lensing limits
the output available from the rod; the laser can only be operated in pulsed mode. Nd:glass laser
performance is normally limited to low duty cycle pulse repetition rates, around one per second.

Three operating regimes can be defined for Nd:glass lasers: normal pulsed mode (pulse length
1-10 ms); Q-switched operation (pulse length on the order of tens of nanoseconds); and picosecond
pulse length. To overcome the repetition rate limitation, manufacturers have resorted to methods such
as extracting the energy from both ends of the rod. In Q-switched operation, the output energy of an
Nd:glass laser is comparable with that of a ruby laser (described below), with similar pulse durations.

Nd:glass lasers produce spiked pulsed output, which is ideal for metal drilling applications. They
are also used for spot welding and drilling of deep holes. Frequency-doubled output (532 nm) is also
used in scientific research.

Ruby

The active medium in the ruby laser is a single-crystal host of sapphire (Al,03), doped with small
amounts (0.01-0.5%) of chromium ions (Cr*>*). The ion contains three electrons in the partially filled
subshell, which gives ruby its characteristic pink colour, and provides the electrons for laser transition.
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The low concentration ensures that the chromium ions are well separated, reducing the likelihood of
interaction, which would lead to line broadening. Ruby has good thermal properties, and is unlikely
to suffer fracture, particularly when water cooled.

The ruby laser operates on a three-level basis, illustrated in Fig. 3.3: a ground level (the lower laser
level); absorption bands; and an upper laser level. Since the terminal state of laser action is the ground
level, which is normally fully populated, a high excitation power is needed to produce a population
inversion relative to the ground level — over 50% of the Cr’* ions must be raised to the excited state to
achieve laser action. The blue and green wavelengths of a flashlamp are used for excitation. Chromium
ions are pumped from the *A; ground level into the broad *F, and *F; bands of the absorption levels.
Ions then relax very rapidly through non-radiative transitions to the more sharply defined upper laser
levels, by transferring energy to the crystal lattice with the evolution of heat. The upper laser level has a
relatively long lifetime, around 3 ms, which enables high amounts of energy to be stored, giving pulses
of high peak power. This state then decays to the lower laser level over about 5 ms by emitting red
photons of wavelength 694.3 nm.

The optical cavity is constructed from a ruby rod, typically between 3 and 25 mm in diameter, with
a length up to 20 cm. (Longer rods are difficult to grow, and the internal parts of larger diameter rods
are difficult to excite optically.) The cavity is bounded by one totally reflecting mirror and one partially
reflecting mirror, which are normally flat, or slightly concave to limit the effects of thermal lensing.

In free-running operation, the ruby laser produces pulses of energy up to about 100 J, with mil-
lisecond pulse duration, giving a peak power of about 75 MW, with a repetition rate of one pulse
per second. The multimode nature of the output leads to spikes of power, corresponding to emission
bursts during excitation, which are superimposed on the pulse envelope. In the oscillator-amplifier
configuration, pulse energies greater than 100 ] can be obtained with multiple transverse modes. In
Q-switched operation, pulses with several joules of energy are possible, with a length on the order of
tens of nanoseconds, giving a peak power of about 100 MW and a repetition rate of around 1 Hz. The
output can be mode locked using a dye because of the multimode operation, to give pulse trains a few
hundred nanoseconds in length containing 20-30 pulses. Individual pulses can be 3 or 4 ps long, with
individual pulse energies of approximately 1 mJ in a TEMgy beam. Output from a ruby laser is plane
polarized if the crystal is cut such that the ¢ axis lies perpendicular to the laser axis, but can be randomly
polarized if the ¢ axis lies parallel to the laser axis. The wall plug efficiency is relatively low, between
0.1 and 1%.

A high pulse energy and spiked output endows the ruby laser with good spot welding and drilling
properties. It is not surprising that one of the first industrial applications was piercing of holes in
diamonds for wire-drawing dies. However, a compromise between pulse energy and repetition rate
is necessary — only one pulse can be generated every second, and so the average power available is
limited. Consequently other types of laser, such as the pulsed Nd:YAG, are now favoured in many of
the original material processing applications.

Modern ruby lasers are available as stand-alone devices, or packaged systems for specific applica-
tions. The beam can be delivered to the workpiece using mirrors, through an articulated arm mirror
system, or through a fibre optic. Depending on the application, an end effector is supplied with
an adjustable handpiece. This is a particularly important piece of equipment in medical applica-
tions — it determines the efficacy of treatment. Packaged systems also include software for control and
monitoring.

One of the fastest growing application areas for the ruby laser is cosmetic surgery. Free running
devices are used to remove unwanted hair — now a multimillion dollar business in the United States
alone. Melanin in the hair absorbs red light, and converts it into heat, which is conducted into the hair
follicle, destroying it. The millisecond pulse length matches the thermal relaxation time of the hair. The
nanosecond pulse length of Q-switched devices is used in the removal of tattoos and skin blemishes
since certain tattoo dyes and melanin strongly absorb red light, in contrast to the surrounding skin.
Other applications take advantage of the visible, coherent nature of ruby laser light, and include
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interferometry, non-destructive testing, holography and plasma measurement. The price of a ruby
laser depends on the complexity of the system into which it is built: a sophisticated unit for cosmetic
surgery with articulated arm beam delivery can cost about $70 000, whereas a simpler laboratory device
designed for spectroscopy typically costs around $10 000. The market for used machines is lively.

Alexandrite

Alexandrite is closely related to ruby, since the active ion is chromium. The host is BeAl,O4. Alexandrite
laser output lies around 800 nm, is tuneable, and can be Q-switched. Excitation is normally by arc lamps
or flashlamps. Power levels close to 100 W are available. The wavelength is shorter than that of the
Nd:YAG laser, giving improved absorption properties with metals. Light of wavelength 755 nm from a
flashlamp-pumped long pulse (3 ms) alexandrite laser is an effective means of removing hair follicles
and skin pigmentations.

Ti:sapphire

The active medium in the Ti:sapphire laser is a host of sapphire (Al;O3), doped with small amounts
(less than 0.0015% by weight) of titanium ions (Ti**). The sapphire host is robust; it has a high thermal
conductivity, and is mechanically rigid and chemically inert. The laser transition takes place between
the E/, excited state and the T, ground state. The resonator can be configured in several amplifier
stages to achieve high power levels.

The optical cavity comprises a Ti:sapphire rod, typically about 20 mm in length, optical elements to
produce a short pulse length, and two focusing mirrors. Energy is absorbed over wavelengths between
450 and 600 nm, and so a wide range of pump wavelengths is possible. However, the short lifetime in
the upper laser level (3.2 ps) leads to a high pump threshold, making flashlamp pumping difficult. A
frequency-doubled Nd:YAG laser or a continuous wave argon laser (c. 500 nm wavelength) is therefore
used for excitation.

Ti:sapphire output has a broad bandwidth, which allows it to be tuned between 680 and 1100 nm.
Mode locking and chirped pulse amplification (CPA) are used to compress pulse lengths to the
femtosecond (1071 s) level.

Commercial machines for material processing are available with a wavelength around 800 nm. The
output of the Ti:sapphire laser is characteristic: a short pulse length (on the order of femtoseconds);
a high pulse energy (on the order mJ); a high repetition rate (a few kHz); and a high beam quality
(M? =1.5), which is close to TEMqq. The Ti:sapphire laser lies at the heart of photoablative microma-
chining systems. Electronic components are trimmed and layers selectively ablated with an accuracy
on the order of 1 wm. Applications are found in medicine, electronics, and optoelectronics. The laser
can be tuned to different wavelengths to treat different types of pigmented lesions on the skin. It is also
used in photorefractive keratectomy (PRK) and lithotripsy, where the beam is guided to the kidney via
an optical fibre. The output is also suitable for selectively removing coatings or deposits from buildings
and sculptures.

Diode-pumped Solid State

Diode-pumped solid state (DPSS) lasers take advantage of the ability of diode lasers to optically excite
active media in the form of insulating solids in a variety of geometries. In addition to YAG and glass, host
materials used in DPSS lasers include yttrium lithium fluoride (YLiF,, known as YLF) and perovskite
(YAIOs3, YAP). Neodymium and other lanthanides such as holmium (Ho), erbium (Er) and thulium
(Tm) are used as dopants.
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DPSS lasers are efficient, reliable, long-lasting sources able to produce a multikilowatt beam with
a quality that is superior to conventional lamp-pumped units. When combined with non-linear fre-
quency conversion, these lasers can produce output that spans the spectrum from the ultraviolet to
the mid-infrared. Operation can also range from subpicosecond pulses to continuous. They are small,
which facilitates incorporation into moving laser processing systems. The wall plug efficiency can be
up to three times that of lamp-pumped lasers, with maintenance intervals about 20 times longer. These
factors provide DPSS lasers with a competitive advantage in applications such as material processing,
medicine, metrology and remote sensing.

The diode laser pumps can be placed in a variety of orientations, which enables active media to be
made in novel geometrical shapes, such as slabs, discs, fibres and tubes, discussed below. High pumping
intensities are possible because the thermal gradients induced can be aligned with the direction of beam
propagation. Efficient cooling can be achieved by placing heat sinks on appropriate faces of the active
medium.

The active medium in a slab laser is a rectangular-shaped crystal, which is excited and cooled
through its longitudinal faces. The beam is internally reflected at the slab walls, taking a zig-zag
path through the active medium. In comparison with other geometries, a relatively large volume of
active medium can be excited. Improved cooling reduces thermal loading, enabling greater power and a
higher quality rectangular beam to be extracted. (M? values between 2 and 3 may be obtained from slab
lasers.) The optical quality of the crystal is less critical than the rod design because beam irregularities
are smoothed in the extended optical path. However, crystals in the form of slabs are more expensive
than rods. Both flashlamp-pumped and diode-pumped slab designs have been constructed.

The geometry of the active medium in a disc laser is similar to that of a coin, with an aspect ratio
(diameter:thickness) around 20. The aspect ratio is determined by the requirement for sufficient light
amplification along the disc axis and adequate cooling through the face(s). One face of the disc is
coated to create the optical cavity. High intensity excitation is possible because the thermal gradients
induced are aligned with the axis of the disc. (The fracture limit of a disc scales inversely with its
thickness.) Efficient cooling is achieved by placing a heat sink on one of the disc faces. The beam
quality is high because the principal thermal gradient lies along one dimension. Output power can
be scaled to multikilowatt levels without degrading beam quality — a notable advantage of this cavity
design, and the reason for the interest in its use in production line welding and cutting operations.

The cavity of tube lasers is made by boring a cylinder into a rod and placing the flashlamp inside
or outside the tube. The absorption of pumping energy is high and thermal lensing is low, such that a
high power beam of high quality can be produced.

Active media can also be made in the form of fibres. The fibre is bounded by an end mirror and
an output coupler. Fibre lasers may be pumped at their ends or along their length. The intensity of
end pumping can be increased by cladding the fibre in a material of different refractive index: energy
incident on the larger clad cross-section is internally reflected in the cladding (in a similar manner to a
fibre optic), effectively pumping the fibre along its surface. By arranging fibres in modules, output power
can be scaled while beam quality, which is determined by the dimensions and numerical aperture of
the cavity, is maintained. Compact lasers can thus be produced without the need for a chiller, or output
power can be scaled to multikilowatt levels with suitable cooling. The beam is of high quality (close to
diffraction-limited) and has low divergence, because the ratio of the fibre diameter to its length is small.

Nd:YAG

Conventional Nd:YAG rods can be pumped using diodes (in addition to the lamps described earlier),
which may be located at the ends of the rod or along its length. The former is more common in
low power machines, in which a high quality beam mode can be generated. The gallium aluminium
arsenide (GaAlAs) diode laser emits light of wavelength 807 nm, which corresponds with an absorption
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band of neodymium ions. The excitation efficiency is therefore high (30-40%). In comparison with
lamp pumping, the low thermal load on the rod results in an improved beam quality, higher pulse
rates, superior pulse repeatability and longer lifetimes.

The higher beam quality of diode-pumped Nd:YAG lasers provides a number of advantages
for material processing: the smaller focused diameter gives higher power density; resonators and
optics can be more compact; and larger working distances can be used. Diode-pumped Nd:YAG
lasers are available with multikilowatt power levels for a variety of material processing applications.
Frequency-doubled output challenges the conventional argon ion gas laser in the important blue—green
portion of the spectrum for reprographics.

Er:YAG

The Erbium:YAG laser is ideal for cosmetic procedures on delicate skin, such as the hands and neck,
and fine lines and wrinkles on the face and around eyes. This laser is also used to prepare dental cavities.
Output from the Er:YAG laser can be frequency quadrupled to give pulsed blue-indigo light.

Er:YLF

Erbium can be doped to levels around 8% in a YLF host. Efficient diode pumping is achieved with a
wavelength of 797 nm. The laser transition in the Er:YLF laser takes place between the *I;1,, (upper
level) and “I13/, (lower level), which results in the emission of a photon of wavelength 2800 nm. This
wavelength lies close to the absorption peak of water molecules, and so the laser finds many applications
in medicine.

Ho:YAG and Ho:YLF

Pulsed light from the Ho:YAG and Ho:YLF lasers is effective in lithotripsy as a means of removing
urinary calculi (e.g. gallstones) by photochemical decomposition.

Yb:YAG

In comparison with the Nd:YAG crystal, the maximum doping level of Yb in YAG is higher (25% versus
1.5%), the absorption bandwidth is larger (reducing thermal loading), and the upper level lifetime is
longer (enabling more energy to be stored). Yb:YAG has a maximum absorption efficiency near 940 nm,
and so it can be pumped efficiently by InGaAs diodes, which are more robust than the AlGaAs diodes
used to pump neodymium lasers. (When flashlamp pumping was the only means of excitation, the
Nd:YAG laser had a competitive advantage.) Output is generated in wide emission bands, suitable for
ultrashort pulse operation. Frequency doubling results in an output wavelength of 515 nm, providing
the potential to replace the larger volume Ar ion laser, which emits a wavelength of 514 nm.

Suprakilowatt output of high beam quality can be obtained from a Yb:YAG disc several millimetres
in diameter with a thickness less than 1 mm because of efficient excitation and cooling. Multikilowatt
output is available from modules of Yb-doped fibres. The cost of such kilowatt-class lasers lies around
that of comparable lamp-pumped YAG lasers, but less floor space is required, and maintenance intervals
are longer. They are particularly suitable for cutting and welding.

Nd:YLF

YLF is the most common alternative to YAG as a host for neodymium doping; it has a lower thermal
conductivity and is not as hard, but exhibits less thermal lensing and can operate continuously at room
temperature.
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Nd:YAP

The crystal anisotropy of YAP results in a small tuning range of wavelength. Nd:YAP lasers are used in
dental procedures.

Nd:GGG

A laser made with gadolinium gallium garnet (Gd3;GasO;3, GGG) doped with neodymium produces
light of wavelength 1061 nm. GGG crystals can be grown more easily than YAG crystals, and so the
possibilities of producing sources of high average power are greater. Such units are of interest in inertial
confinement fusion (Chapter 17) and military laser systems.

Tm:YAG

Thulium-doped YAG solid state lasers that operate at 2 mm wavelength have many applications in
medical, remote sensing and military technologies.

Colour Centre

Colour centres (or F-centres) are formed when molecules or ions are bound to neighbouring vacancies.
Lithium fluoride doped with titanium and magnesium has been used to host molecular fluorine and
F;“, which contain two electrons bound to two and three neighbouring anion vacancies, respectively.
The colour centre is produced by irradiation with a femtosecond pulse. Visible light in the red—green
range can be produced. Such lasers are suitable for the construction of miniature optical devices.

SEMICONDUCTORS

Before describing the workings of a semiconductor laser, it is worthwhile considering the terminology
used today. The terms semiconductor laser and diode laser are often (correctly) used interchangeably.
However, the term laser diode sometimes appears (incorrectly) in the same context. A laser diode refers
to the combination of the active medium, photodiode chip used to control the power, and housing,
which are combined with electronics and optics. Note also that a light emitting diode (LED) can be
thought of as a laser diode without an optical cavity for feedback. The term semiconductor laser is used
here when describing the physics of operation, and diode laser used when referring to commercially
available units.

A semiconductor laser is an edge emitting device with a Fabry—Perot optical cavity, illustrated in
Fig. 3.22a. The front and rear facets of the cavity are normally coated to act as mirrors, and the sides
are roughened to reduce reflection back into the laser. (The beam may also be extracted from the
top surface by creating an appropriate cavity.) Excitation is by electrical means, which results in direct
injection of electrons into the active medium. Small (100 jum long) emitters are arranged in a bar about
1 cm in length. Many tens of watts of power can be extracted from a single bar. Laser output therefore
comprises beams from a large number of individual sources, which creates a high beam divergence
(because of diffraction effects) and a relatively poor beam quality in comparison with solid state laser
output. The raw beam is suitable for surface treatment, but must be manipulated for penetration
processing. A variety of cooling geometries have been designed, including backplane cooling of many
laser diode bars by a single heat sink, or the use of individual heat sinks attached to each diode bar.
Output may be delivered directly to the workpiece, or via a fibre optic.
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Figure 3.22 Diode laser: (a) schematic illustration of a Fabry—Perot double heterojunction semiconductor
structure; (b) Nuvonyx ISL-4000L 4 kW InGaAlAs diode laser head. (Source: Tom Pallett, Nuvonyx Inc., Bridgeton,
MO, USA)

Diode lasers originally found use in low power communications devices. In 1991, commercial diode
lasers cost around $2000 per watt. By 1999 the price had fallen to $100 per watt, because of growing
markets and investment by laser manufacturers. Diode lasers are consequently replacing other light
sources for many medical, graphical and illumination applications.

Diode laser heads are now packaged with beam manipulation optics to give multikilowatt output
for material processing — one is shown in Fig. 3.22b. The relatively short wavelength, scale of power
output, and rapid control over power modulation provide benefits for processing materials. Perform-
ance is better than that obtained from an Nd:YAG laser of comparable power, provided that there
are no particular absorption problems at the wavelength used. The laser head is sufficiently compact
to be mounted directly on an articulated robot. Key benefits for users include compactness, high
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efficiency, high reliability, and low maintenance. Because diode lasers have high electrical-to-optical
power conversion efficiency (up to 50%), they can deliver light for myriad applications based on
heating or illumination at a fraction of the power consumption, cost and bulk of competing laser and
non-laser sources. The nature of the application determines the most suitable wavelength and power,
and hence the type of diode laser used.

GaAs

The principle of light generation in semiconductors was first demonstrated in gallium arsenide (GaAs).
Early diode lasers took the form of a p—# junction comprising an n-type GaAs host into which atoms
such as zinc were diffused to create a heavily doped p region. Low power, divergent, multimode, infrared
light is produced from the homojunction GaAs laser. Only pulsed output can be obtained because CW
operation results in overheating and damage, without active cooling. Heterojunction lasers, which
comprise layers of different semiconductors, are therefore now used for material processing.

InGaAs

By doping with indium (In), a heterojunction laser capable of higher power output than the GaAs
device can be constructed, shown schematically in Fig. 3.22a. The preferred wavelength for material
processing is 940 nm.

InGaAlAs

Very stable output in CW or pulsed mode can be achieved from InGaAlAs diode lasers. CW output in
the range 750-850 nm can be produced from a single unit. Multikilowatt power levels can be extracted
from diode laser arrays. Output of wavelength 808 nm is favoured for material processing. The beam
is normally elliptical, with quality values (M?) of 1.02 and 1.3—100 parallel and perpendicular to the
junction, respectively, depending on the injection current.

GaN

The gallium arsenide (GaN) laser was developed in 1995 for use in optical memory devices. Output
lies in the blue—violet.

Lead Salt

The infrared output from the lead-salt laser can be tuned by adjusting the laser’s temperature or
the excitation current. These lasers are normally cryogenically cooled, but recent developments have
removed the cooling requirements, which will lead to new applications in industry, research and process
control. Such lasers are used for trace measurement of pollutants in the atmosphere and the analysis
of reaction kinetics.

SUMMARY AND CONCLUSIONS

Laser light has unique properties: coherence (spatial and temporal); monochromaticity; low diver-
gence; and high brightness. Lasers can be categorized according to the nature of the active medium
(gas, solid or liquid). Gas media comprise molecules, atoms, ions and excimers. The principal
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liquid media are organic dyes. Solid media include insulating crystals and semiconductors. Laser light
interacts with materials through thermal, photochemical, photoelectric and photophysical modes.

Designs for gas lasers are becoming more compact to reduce the floor space required, and more
efficient in their use of gases, which reduces running costs, while output power is continually rising.
The popularity of the carbon dioxide laser can be attributed to a number of favourable properties.
Pulsed or continuous wave emission is produced in a high quality beam at suprakilowatt power levels.
Far infrared light is transmitted readily in air, and is absorbed by a wide range of engineering materials.
Designs, which are relatively simple and robust, are scaled easily to high power levels. The capital cost
is relatively low (around $100 per watt). The wall plug efficiency is high (up to almost 20%), and
consumable costs are low, leading to a relatively low cost of ownership.

Growth in the use of diode-pumped solid state lasers (DPSS) is expected to be vigorous because of
the design opportunities that this form of excitation affords. Novel geometries of active media can be
produced, with the design optimized for particular properties, such as output power, or beam quality.
Multikilowatt DPSS lasers compete with gas and lamp-pumped solid state devices; the benefits that
they offer (compactness, high power efficiency and high beam quality) will mean that they are likely
to replace many of the traditional large-scale material processing sources.

The luminous performance of visible light emitting diodes (LEDs) has increased by a factor of ten
every decade since the 1960s (Craford’s law). The cost of diode lasers fell by a factor of ten during the
last decade of the twentieth century. Diode lasers, now available in multikilowatt designs, are suitable
for direct material processing. Their application can be expected to grow at a similar rate to LEDs
(which are now rapidly replacing incandescent sources of light).

Ultrashort (femtosecond scale) pulsed sources, and high energy ultraviolet excimer lasers have
improved the accuracy of athermal micromachining by several orders of magnitude. Lasers that once
were thought to have insufficient power for material processing are increasingly finding uses in small-
scale machining such as lithography. As photonics takes over from electronics, the use of such laser-
based microfabrication techniques will increase.

Efforts continue to extend the wavelength range of lasers. The output from free electron sources,
dyes, and certain solids can be tuned to given wavelengths. High energy short wavelength output is
available from X-ray lasers.

When sources become sufficiently compact, and are packaged into dedicated turnkey systems,
their field of application grows rapidly. For example, as soon as laser-based surgical and cosmetic
procedures could be performed by practitioners using commercial turnkey systems, exponential growth
was experienced worldwide. Such ‘packaging’ of lasers in material processing systems is the subject of
the next chapter.
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CHAPTER

SYSTEMS FOR MATERIAL
PROCESSING

INTRODUCTION AND SYNOPSIS

he beam emitted from a laser is rarely suitable for material processing in its raw form — it is seldom

the desired size, and often the intensity distribution is not appropriate for the process. It needs to
be manipulated into a suitable processing tool. Transmissive, reflective and diffractive optics have been
designed to be incorporated into beam delivery systems of varying sophistication. Similarly, systems
for handling workpieces are available in a wide range of configurations. To match the most appropriate
beam delivery and work handling systems to create a laser processing centre, many requirements must
be taken into consideration — flexibility, accuracy, productivity and the nature of the components being
some of the most important. Auxiliary equipment may then be added to the centre for tasks such as
computer-aided design and manufacturing, beam diagnostics, process monitoring, and automatic
adjustment of processing parameters. On-line adaptive control systems then become possible. The
current goal is to use centres that require as little human intervention as possible.

This chapter considers the requirements of systems for laser material processing. Optical compon-
ents, beam delivery techniques, methods of workpiece manipulation, and process monitoring devices
are examined. The factors involved in the selection, construction and acceptance of industrial material
processing systems are then discussed, together with safety requirements.

OPTICS

The raw beam emitting from a high power CO; laser, for example, may be between 15 and 70 mm in
diameter, possessing a range of possible modes. Normally the beam from a laser must be modified into
a suitable energy source for material processing. Up to a power level of about 5 kW, the beam can be
manipulated using transmissive optics, whereas with a higher power level more robust water-cooled
reflective devices are required.

OPTICAL TERMINOLOGY

The characteristics of optical devices are referred to using specific terminology related to the properties
of the laser beam. Further information about the characterization of the beam can be found in
Chapter 3.
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Focal Length

The strength of a lens is measured by its focal length. The focal length is the distance from centre of
lens to the focal point. The effective focal length is the distance from plane of clear aperture (front
of lens) to the focal plane. The working distance is the distance from the back face of the lens to the
focal plane. The distance between the point on the back surface of the lens to the focal point, measured
along the optical axis, is known as the back focal length. The effective focal length is the distance that
the designer uses to calculate the curvature of the lens. It is the distance from the principal plane in
which an incoming ray is bent towards the focal point.

Optics with a large focal length have a greater depth of field, which gives a higher tolerance for
irregularities in surface flatness. The optic can be placed a greater distance from the workpiece, reducing
the chance of damage, and providing more room for other equipment. However, a large focal length
produces a larger focused spot size with a lower power density. An optic with a short focal length
produces a smaller focused spot, but extreme precision is needed to realize the full focusing potential,
and the proximity to the workpiece may also make access more difficult.

Focal Number

The focal number, or f-number, of a focusing optic characterizes its focusing ability. The f-number
defines the convergence angle of the beam:

f== (4.1)

where F is the focal length of the optic and dp is the diameter of the beam or aperture, whichever is
smaller. Typical focusing optics for multikilowatt laser systems lie in the range f/6 to f/10. A beam
with a high f-number can be angled closer to a vertical member.

Beam Diameter at Focus
The minimum theoretical diameter, df, to which a laser beam of original diameter, dg, and mode
TEMy can be focused is
AAF 4Af
dr = — = 4.2

f nidp T (42)
The effect of the beam mode on the minimum spot diameter can be expressed in terms of the beam
quality factor, K (Chapter 3):

—=. (4.3)

Equations (4.2 and 4.3) illustrate the benefit of using an optic with a short f~-number, a laser source of
short wavelength, and a low order beam mode, in obtaining a small focused spot diameter.
The diffraction-limited spot size at focus, df, can be calculated from diffraction theory to give:

AF
df = 2.44d—B(2M +1)1/2 (4.4)

where A is wavelength, F is the focal length of the optic, dp is the diameter of the incident beam, and M
is the number of oscillating modes (not to be confused with the magnification M of an annular beam.)
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Depth of Focus

The depth of focus is also known as the depth of field. The depth of focus, zf, is a measure of the change
in the waist of the beam either side of the focal plane. It is often defined as the distance along the axis
over which the focused spot size increases by 5%, or the distance over which the intensity exceeds half
the intensity at focus. For a TEMy beam it is defined as

8v [ F\*> 82

For a higher order beam mode of quality K, the depth of focus defined by separation of the points at
which the beam waist is /2dy is given by

45 [ F\? (46)
zf = —| — . .
! K dB

The depth of focus is proportional to the square of the spot size, i.e. a smaller spot size leads to a shorter

depth of focus. A compromise is often sought between these two features in practical applications — a

small spot size to give a high power density, but a large depth of focus for through-thickness processing.
As a rough guide, the depth of focus of a lens is approximately 2% of its focal length.

TRANSMISSIVE OPTICS

Transmissive optics are normally easy to set up and enable relatively simple laser heads to be constructed.
The improved focusing properties can result in smaller focused spots than a reflective optic of similar
focal length. However, with a power level above about 5kW, thermal lensing occurs. This originates
from a combination of a change in shape through thermal expansion, and a change in the refractive
index with increasing temperature. The range of power is also limited because lenses can only be cooled
around the edges (although a limited amount of cooling can be produced by blowing a gas across the
face). Lenses are also particularly sensitive to contamination. Particles of dirt can be burned onto
the surface, producing localized heat sources and diffracted light. The lens is normally sandwiched
between two rings of indium wire to form an airtight seal. Lenses should be used with care in sensitive
applications, since thermal lensing affects the position of the focal plane, which could be critical when
a small focused spot is required.

Materials

Conventional glass lenses cannot be used with far infrared CO, radiation because glass is not transpar-
ent to this range of wavelength. There are three general classes of candidate material: semiconductors;
alkali halides; and non-oxide glasses. Semiconductors comprise a group II and a group IV element,
such as zinc selenide, cadmium telluride, cadmium sulphide, gallium arsenide and zinc sulphide. The
properties of such materials are given in Table 4.1. Zinc selenide (ZnSe) has become the material of
choice with far infrared radiation for a number of reasons. It also transmits to some extent in the
visible region, and so can be used in conjunction with red He—Ne laser light (although the different
refractive indices for infrared and visible light produce different focusing characteristics). It remains
essentially transparent to far infrared light up to several hundred degrees centigrade. It also possesses
a high thermal conductivity, which reduces thermal loading. Alkali halides such as potassium chloride
and sodium chloride transmit over a broad spectrum, and are five to ten times cheaper than ZnSe, but
are hygroscopic and therefore have poor service properties under conditions of high humidity. Also,
they cannot be coated easily, and therefore do not have the light transmittance and focusing ability of
ZnSe.
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Table 4.1 Properties of transmissive materials used with 10.6 um wavelength light

Zinc selenide Germanium Gallium arsenide

Transmission range (iwm) 0.5-18 2-14 1-12
Reflective losses at surfaces (%) 30 53 45
Refractive index 2.40 4.00 3.24
Refractive index thermal coefficient (K™!) 64 277 149
Absorption coefficient (cm~!) <0.0015 <0.030 <0.010
Thermal conductivity (W cm =1 K=1) 0.18 0.59 0.48
Thermal expansion coefficient (K~! x 107°) 7.57 6.1 5.7
Hardness (Knoop 50 g) 130 692 750
Rupture modulus (MN m~2) 55.2 93.1 138

Borosilicate crown glass (BK7) is used in optics for near infrared radiation, such as that from the
Nd:YAG laser. It has excellent optical and thermal properties. Pyrex, synthetic fused silica, or a special
glass ceramic called Zerodur can also be used. Glass optics are less expensive and higher in optical
quality than optics for CO, laser radiation. Inexpensive glass cover slides can be used to protect optics
from ejected material from the processing zone.

Quartz or fused silica is preferred for excimer laser optics because of their superior short wave
transmittance. Crystalline MgF, or CaF; can also be considered.

Coatings

The simplest form of anti-reflection (AR) coating is a vacuum-deposited single thin film, with a
thickness equal to one quarter of the wavelength of the light. The refractive index is equal to /ns,
where n, is the refractive index of the substrate material. This results in destructive interference
between light reflected from the substrate and from the coating surface, with the effect that no light
is reflected. The coating can be made thicker, provided that it is always an odd multiple of a quarter
wavelength, although the absorptivity increases.

Enhanced reflection (ER) coatings are also made by vacuum deposition. In their simplest form
they comprise alternating quarter-wavelength layers of materials of differing refractive index, such
that light reflected from alternate layers interferes constructively. As many as 20 pairs of layers may be
added, producing a reflectance of over 98.8%.

Absorption of beam energy causes heating and expansion, which has two main effects: the refractive
index increases with temperature, shortening the focal length; and differential expansion of the lens
occurs (greater at the centre than the edge), both of which result in thermal lensing. Absorption occurs
mainly at the lens surface, as a result of contaminants. Water cooling at the edges is the main method
of reducing temperature rises, but contributes to the thermal gradient in the optic. Gas can be blown
across the surface, although it is difficult to cool the lens uniformly. The optimum lens thickness is a
balance between an increased capability to conduct heat with thickness, and an increasing absorption.

Beam Splitters

A beam splitter allows a selected fraction of the incident energy to be reflected with the remainder
being directed to another location. In most cases beam splitters are angle, wavelength and polarization
sensitive.
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LENS PARAMETERS

Positive lenses bend parallel light rays so that they converge; negative lenses cause parallel rays to
diverge. The desired spot size is the parameter with most influence in determining the type of lens
required. The most important geometrical parameters of a lens are: edge thickness; effective focal
length; back focal length; and working distance. The majority of material processing is carried out
using the positive meniscus or the plano-convex lens.

Plano-convex Lens

One surface of a plano-convex lens is flat, and the other is the convex surface of a sphere. They are
the most economical focusing elements available, since they can be made easily and require little
raw material in their manufacture. They are used primarily when spot size and spherical aberration
(discussed later) are not critical. Low f-number optics are limited in performance because their short
focal length dictates that they have a steeper curve (tighter radius) on their back face, which gives a
substantial change in lens cross-section over the diameter of the lens. This results in uneven thermal
expansion across the lens, as well as increased spherical aberration, both of which alter focal length
and focused spot size. They are therefore a better choice when a focal length above 20 cm is required,
although are available with effective focal lengths in the range 2.5-25 cm. The edge thickness is typically
3—4 mm, butlenses up to 7.5 mm in thickness may be used in high pressure gas applications. The convex
side must face the incoming beam in order to minimize spherical aberration. An example is shown in
Fig. 4.1a.

Positive Meniscus Lens

A positive meniscus lens has two spherical surfaces. They are designed to reduce spherical aberration
and thereby produce a smaller spot size for a given focal length than a plano-convex lens. They are
recommended for operations where an f-number less than 3 is required, since their more uniform
thickness reduces spherical aberration effects. They are typically available with effective focal lengths
in the range 1-10 inches (25.4-254 mm). However, they are more expensive to manufacture than
plano-convex lenses. An example is shown in Fig. 4.1b.

(a) (b) (c)

Figure 4.1  Focusing lenses (a) plano-convex, (b) positive meniscus, (c) aspheric
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Aspheric Lens

At least one surface of an aspheric lens has a radius of curvature that varies with position on the surface
to produce minimum spherical aberration and spot size. The lens is manufactured to suit the laser
beam diameter and beam characteristics. Rays are brought to focus at a clean, well-defined focal point,
since the surface is not spherical. A unique feature of this type of lens is that as the beam diameter at the
lens increases, the focused spot diameter decreases monotonically. With plano-convex and meniscus
lenses the focused spot diameter passes through a minimum value, after which it increases because of
spherical aberration. Aspheric lenses are available with focal lengths below 127 mm (5 in). This design
is particularly useful for cutting where a concentrated heat source and narrow kerf are desired. Total
power requirements can be reduced, and the reduced energy input results in less distortion. The cost of
an aspheric lens is roughly 2—3 times that of positive meniscus and plano-convex lenses. Varying levels
of asphericity can be produced, referred to as well corrected, overcorrected, doubly overcorrected, and
high order correction. An example is shown in Fig. 4.1c.

Polarizers

The polarization of light is determined by the relationship between the phases of the two polarized
components (Chapter 3). By changing this relationship, the polarization can be changed. A birefringent
device can be used to retard the phase of one component. The birefringent material has two refractive
indices, called the ordinary and extraordinary indices. Light in one polarization sees the ordinary
index, while the orthogonally polarized light sees the extraordinary index. Since the speed of light in a
medium depends on the refractive index, the two components travel through the medium at different
speeds, emerging out of phase. If the length of the material is selected such that a one quarter phase
shift is introduced, then linearly polarized light can be converted into circularly polarized light. Such
a device is known as a quarter-wave plate.

The fraction of light reflected by a surface depends on the angle of incidence and the polarization
of the light (Chapter 3). For the horizontal component of polarization, the reflectivity increases
gradually with angle of incidence. For the vertical component, reflectivity decreases gradually, reaching
a minimum at which the reflection is zero, after which it increases. The angle of zero reflection is
the Brewster angle. At the Brewster angle, the angle of reflection is perpendicular to the angle of
refraction, and therefore the electric vector in the plane of incidence cannot be reflected since there is
no component perpendicular to itself. The refractive index, n, is equal to the tangent of the Brewster
angle. A Brewster window can be placed inside a laser to introduce a loss of approximately 30% for
one component of polarization, but no loss for the other component. This preferential reflection is
normally sufficient to restrict polarization to one particular direction.

Beam Collimators

In order to ensure consistent performance, a constant power density must be maintained at the work-
piece, irrespective of the location of the final focusing optic relative to the laser (the beam path). Beam
expanders and condensers control the focused beam diameter by expanding or condensing the laser
beam, thus changing its divergence. Most use multiple optical components which may be positioned
relative to one another in order to produce the desired effect. The spacing between the optical com-
ponents is referred to as the collimation adjustment. The diameter of any optic should be at least 1.5
times the beam diameter, as measured at the 1/e? contour. Two types of expander are used, referred to
as Galilean and Keplerian designs, as illustrated in Fig. 4.2.
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A typical Galilean design of beam collimator is shown in Fig. 4.2a, in which negative and positive
lenses are combined to reduce or enlarge the beam, arranged such that the focal point lies in front of
the negative lens. It is a compact construction that can be water cooled.

In the Keplerian design of a transmissive beam collimator, two positive focusing lenses are used,
with a focal point that lies between them, Fig. 4.2b. The beam is focused before expanding and
entering the second lens. A disadvantage of the Keplerian design is that the beam is focused within
the instrument, which may cause air breakdown or thermal distortion with high power beams. This
design can also be used to extract a TEMyy mode from higher order modes.

In many applications the beam collimator is used to reduce the beam divergence and to ensure that
the expanded beam fills the clear aperture of the final optic. It can be used to increase the working
distance of a lens by increasing the beam diameter and the focal length of the lens. The magnification
of the beam expander can be expressed as the diameter of the output beam divided by the diameter of
the input beam.

Axicon Lens

Axicon lenses are a family of optics which image an on-axis point source to a range of points along
the axis. An axicon used in laser processing normally has one conical surface, and focuses the beam to
an annular shape. It can be used to cut a hole of a given size, or for transformation hardening of an
internal circular wall.

Beam Integrator

A transmissive beam integrator is constructed using a faceted lens. The facets split the beam into
components (typically 6 x 6 mm), which are recombined in the focal plane to produce a heating
pattern 6 mm square of uniform intensity distribution. This can be used in conjunction with meniscus
or plano-convex lenses to create a variety of spot sizes. A cylindrical lens allows a rectangular heating
pattern to be produced. Smaller facets give a smaller heating pattern, but are more costly to produce,
and diffraction effects have a negative effect on the intensity distribution in the plane of integration.
Larger facets mean that the beam intersects fewer facets, giving a poorer intensity distribution in the
integrated spot. The design is simple to use, and cheaper than the equivalent constructed using mirrors

(a)

(b)

Figure 4.2 Transmissive beam collimators (a) Galilean, (b) Keplerian
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(described below). Thermal aberrations do not affect performance significantly. The integrator is
aligned along an optical axis of the system and is as simple to use as a lens. Such heating patterns are
employed in transformation hardening and cladding.

Fibreoptics

Fibreoptic beam delivery is used with Nd:YAG lasers since the near infrared beam is transmitted
efficiently by silica glass. The small beam delivery optic can easily be mounted on a robot, allowing
flexible three-dimensional processing. With improvements in the repeatable accuracy of robots, robot
controlled fibreoptic delivered beams are now common. This also enables fixturing to be optimized
without the constraints of beam accessibility. There is also little constraint on relative movement of
the work and the laser.

Fibreoptic beam delivery is currently unique to Nd:YAG lasers in a production environment,
and around 80% of Nd:YAG lasers use this method of beam transmission in material processing
applications. Many mirror-based beam delivery systems require elaborate beam alignment procedures,
are susceptible to contamination and power absorption, and require complex motion systems when
large multi-axis work envelope stations are used. Once the laser beam is focused into the fibre, it is the
fibre diameter that determines the output beam diameter. The cone angle of the output beam matches
that of the input beam. Therefore the beam is focused to a size that most closely matches the fibre
diameter using as long a focal length lens as possible to give as small a focus cone angle as possible.
The acceptance angle of the fibre is about 12°. The sine of the acceptance angle is referred to as the
numerical aperture (NA). The acceptance cone refers to the acceptance angle rotated about the fibre
axis, and lies around 24°. The beam must be focused to a diameter less than that of the fibre. The beam
must then be recollimated on exiting the fibre.

There are two main types of fibre suitable for Nd:YAG laser beam transmission, illustrated in
Fig. 4.3. A step index fibre comprises a low refractive index core, usually made from silica glass, clad
with a high refractive index sleeve to evenly redistribute bending stresses, surrounded with jackets for

Polymer jacket

| Cladding |

Fibre Laser beam

SSisis, =

Beam collimation

and focusing

Figure 4.3  Fibreoptic beam delivery: (a) step index fibre; (b) graded index fibre
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protection and continuity detection. Beam transmission occurs through total internal reflection at the
boundary between the core and the cladding. The minimum core diameter is typically 0.4 mm. The
exterior diameter is around 5 mm. A top-hat intensity distribution is produced. In a graded index fibre,
there is a radial decrease in the refractive index from the centre, following the shape of a parabola, such
that light is guided without a discontinuous core/cladding interface. This is obtained by doping the
core by varying amounts. The beam is periodically focused down the fibre. The fibre is thus able to
retain some of the input beam mode structure. Graded index fibres are more expensive, but are able
to produce a more intense beam, giving, for example, greater penetration in welding. The step index
fibre is normally used in material processing for economic reasons, since the output beam properties
are sufficient for most processes. There are also single-mode and elliptical fibres.

Core diameters up to 1 mm are available. Smaller diameters are difficult to use because of the high
power density on the fibre end and the difficulty of coupling the laser beam into the core. Above 1 mm,
flexibility is impeded and bending losses are introduced. Since the minimum focused spot size, and
subsequently the maximum power density, is proportional to the core diameter, efforts are being made
to reduce the core diameter while retaining the power transmission capability. Most fibre loss occurs
at the in- and outcoupling optics, and is typically around 10%. The minimum radius of curvature is
proportional to the core diameter. In general, it lies between 100 and 300 times the core diameter. The
beam delivery head is normally oriented at a small angle to the normal to the workpiece in order to
avoid reflected light being transmitted back down the fibre.

The focused spot size, df, is given by

F
df = dﬁbrekTi (4.7)

where dfpr, is the fibre diameter, and F; and F, are the focal lengths of the launch and recolli-
mation lenses, respectively. The focused spot size may therefore be reduced by reducing the focal
length of the focusing lens. The same effect may be produced by increasing the focal length of the
recollimating lens.

The fibre is connected to the laser using a suitable connector. Light is emitted from the fibreoptic
with a uniform power distribution, irrespective of input mode, in a cone with an angle only slightly
greater than the input angle. Light will leak if the acceptance angle is exceeded, or if it is bent in too
tight a radius; this is prevented by using a coaxial limiting structure.

Within the fibre itself, the attenuation of a multikilowatt Nd:YAG beam is on the order of 3-4 dB
per km of fibre length. The losses associated with each insertion and extraction typically amount to
3-5% of the transmitted power. Therefore, a total power loss of 7-12% can be expected in a 20 m
cable. The limiting factor in determining the length of a single fibre is the size of the original boule
from which the fibre is drawn.

The laser may be remote from the work; some installations have fibre delivery of over 200 m. This
is a good safety feature, allowing the laser to be placed outside a clean room, or alternatively outside a
hostile environment such as in nuclear applications. One laser may be rapidly switched, or time shared,
between a number of working locations. This allows different types of processing to be carried out
at different locations, and improves ‘up time’. Alternatively, the laser beam may be shared between a
number of fibres simultaneously. The output may be used, for example, to make welds simultaneously
in different locations, or to produce several weld beads to reduce distortion. Fibre networks may be
reconfigured with ease to suit changes in production layout or product requirements. The beam size
remains constant, irrespective of changes in operating parameters. The only slight disadvantage is that
the brightness at the workpiece may be reduced in comparison with a mirror-delivered beam. This is
because the focused spot size is determined by the fibre diameter, and the focal length of the focusing
lens. The smallest useable spot diameter is typically half the fibre diameter.
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The absorption of silica fibre increases with a decrease in wavelength; excimer laser light at wave-
lengths above 250 nm can be transmitted modest distances through quartz fibres. Articulated arms
containing reflective optics are used when fibreoptic beam transmission is not possible.

Line Focus

If a line source of energy is required, cylindrical lenses with one or two surfaces shaped like the sides of
a cylinder are used. Light is focused in only one dimension, transforming a circular beam into a line.

Aberrations

The behaviour of lenses deviates from the theoretical behaviour with monochoromatic light for
a number of reasons. These affect the focusing properties and performance of the lens in high
precision work.

Chromatic aberration arises because of the variation in refractive index with wavelength, such that
different wavelengths are brought to focus at different positions. Multi-element lenses assembled from
different glasses combat this (achromats). Chromatic aberration is insignificant in single wavelength
laser light.

As the focal length of a lens decreases, the curvature of the lens surface increases. Rays incident on
the outer portion of the lens (marginal rays) undergo more refraction than those close to the optical
axis of the lens (paraxial rays). Marginal rays are thus focused in a plane closer to the lens than paraxial
rays. This spreading of the focused beam is spherical aberration. It is most common in low f-number
lenses, and sets a minimum practical value. Doublet lenses can be used to reduce spherical aberration.

Astigmatism occurs when a beam is incident on a lens at an angle to the optical axis, even when
the beam is centred on the lens. The vertical and horizontal components of the beam focus at different
locations. The best compromise focus lies between the foci. A larger focused spot is produced than by
an on-axis beam.

REFLECTIVE OPTICS

The main advantage of reflective optics is that they do not suffer significantly from distortion since they
can be uniformly water cooled from the back. They are more durable in an industrial environment,
operating with higher powers, and can easily be cleaned. However, reflective optics are more difficult
to set up, and require a precision laser head to ensure correct alignment with the incoming beam.
Diffraction effects can result from diamond turning marks.

Materials

Internal and external CO; laser optics are normally made of copper (coated or uncoated), molyb-
denum, or silicon. Oxygen-free high conductivity (OFHC) copper is commonly used for high power
reflective optics because of its high reflectivity when polished (99%) and high thermal conductivity.
The surface must be polished to a smoothness less then A/20, where A is the wavelength of the incident
light. Copper is easily damaged because of its softness. It is used for multikilowatt beams, but is not
generally used for low powers because of difficulties in polishing, which lead to added cost. Metal
optics are normally water cooled to maintain a constant mirror temperature in order to prevent
distortion. A helical groove can be used to lead water under a thin copper membrane from the centre
of the mirror to the edge. This geometry results in a minimum temperature gradient at the mirror
surface. Molybdenum is more rugged than copper, but has a lower reflectivity. Silicon is also suitable,
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Table4.2 Reflectivities of materials to 10.6 jLm wave-
length light with normal incidence

Surface Reflectivity (%)
Copper — uncoated 98.6

Copper — gold coated 98.9

Copper — silver coated 99.1-99.5
Molybdenum 97.0

Silicon — gold coated 98.9

Silicon — silver coated 99.1-99.7

because its very low coefficient of thermal expansion maintains stability. It is relatively cheap, but is
limited to powers below 3 kW. Coated aluminium mirrors have the advantage of low mass in moving
applications, although the thermal conductivity is lower. The reflectivities of such materials are given
in Table 4.2.

Coatings

Copper mirrors are frequently coated with gold or silver. Gold coatings are normally applied to prevent
pitting corrosion, marginally improve reflectivity, and give an abrasive resistance that lies between a
molybdenum and a dielectric coating. Silver is over 99% reflective, depending on enhancements. How-
ever, it tarnishes easily and so is mainly used for internal optics and with coatings. A sputtered molyb-
denum coating may be applied to increase durability, but molybdenum only reflects around 97% of CO,
laser light, resulting in significant losses after multiple reflections, as well as potential mirror distortion.

Multilayer dielectric coatings can improve reflectance to greater than 99.8%. These consist of
alternating layers of a quarter-wave film of higher and lower refractive index than the substrate. These
layers cause the reflected light to combine constructively and to be reflected efficiently. They also
improve wear resistance. They are used mainly with Nd:YAG lasers.

Surfaces should be kept extremely clean. Fingerprints and dust, for example, lead to localized
absorption of the beam, resulting in thermal distortion. Dry nitrogen or air is recommended to
remove dust. Surfaces may also be cleaned by covering the surface with a solvent such as alcohol or
acetone, and carefully dragging a piece of lens tissue across the surface.

Beam Turning Mirrors

The direction of the beam is changed by using plane turning mirrors. A large complex workstation
may contain up to ten turning mirrors. About 1% of the incident light is absorbed by each mirror and
so one objective of system design is to minimize the number of turning mirrors by considering the
handling requirements of the workpiece. The path between the mirrors is enclosed in flight tubes. The
internal atmosphere must be controlled carefully in order to avoid beam distortions, particularly in
dirty environments.

Beam Splitting Mirrors

As mentioned earlier, a beam splitter allows the beam to be divided into several components. These
may be used for simultaneous processing at several different workstations. Alternatively, the power
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Figure 4.4 Paraboloidal mirror

distribution in a heating pattern can be tailored to a particular component. When hardening the teeth
of gear wheels, for example, the root area requires up to ten times more power than the flanks. Thus
by splitting the beam into four components, and recombining two in the root and one on each of the
flanks, and adjusting the interaction times, the desired hardened profile can be obtained.

Spherical Mirrors

A spherical mirror gives best results with paraxial rays, i.e. rays parallel and close to the optical axis. The
angle of incidence should be within 10° of the optical axis, otherwise the focused spot will be too large
and have a pear-shaped footprint. This is normally achieved by positioning a flat fold mirror below
and to one side of it. This makes the head more bulky and less convenient to use. Spherical mirrors are
therefore not normally used where precision focusing is required. But they are used in laser resonators,
since the wavefronts are spherical.

Paraboloidal Mirrors

The surface of a paraboloidal mirror is formed from a paraboloid of revolution. It is often referred to
as a parabolic mirror. The mirror is used to simultaneously deflect the beam through 90°, as illustrated
in Fig. 4.4. In a Z-fold optic, the incoming beam is reflected and expanded using a convex mirror,
and then directed onto a paraboloidal mirror, which focuses the beam. The main advantage of a
paraboloidal mirror is that a smaller, circular spot is produced, with a higher power density. These
mirrors can be integrated into the beam handling system by taking the place of the last turning mirror,
thus increasing flexibility. The number of turning mirrors can then be kept to a minimum, reducing
total beam losses. The main drawback is that they are more expensive, since the parabola section
must be machined by diamond turning a larger piece of material. Precise alignment of the laser beam
is critical if a diffraction-limited beam free of spherical aberration is desired. A 50% reduction in
peak irradiance can occur with a misalignment of 4 mrad. Paraboloidal mirrors are mainly used in
welding applications because of their robustness. Lenses are more suitable for cutting, since they are
less sensitive to misalignment.
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Deformable Mirrors

A deformable focusing mirror contains PC-controlled piezocrystals, which allow the surface topo-
graphy to be changed within a range of about 10 wm, allowing a wide range of beam shapes to be
produced electronically, without changing the intensity profile. Thus the shape of the heating pattern
can be changed without changing the working distance of the mirror. Alternatively, identical beam
shapes can be created at different positions along the beam path.

Beam Collimators

Mirrors may also be used in beam collimators to change the diameter of the beam, as illustrated
in Fig. 4.5. Thermal lensing is eliminated, which is a significant advantage with high power beams.
However, a disadvantage is that the spherical mirrors are often tilted at a small angle to the optical axis.
This creates an offset in the transmitted beam, making installation of this type of beam expander more
difficult. The Galilean design performs beam size changes in the shortest optical distance. Reflective
collimators are used to maintain uniform beam properties through a laser workstation by maintaining
a constancy of beam divergence. This allows a constant focal position and focused beam size to be
maintained over a large working volume, or for focus characteristics to be changed dynamically during

processing.
The divergence angle, 0, of the beam after exiting a beam expander is:
0, = %91 (4.8)

where f] and f, are the focal lengths of the entrance and exit optics, respectively, and 6, is the divergence
angle of the beam on entry.

Line Focus Mirrors

A reflective line focus optic comprises a deflecting mirror, a line focusing mirror to produce a one-
dimensional integration line, and a transforming mirror that projects the line. By varying the working
distance, the length of the line can be changed. By sliding the transforming mirror towards the focus
of the line focusing mirror, the focus of the line changes, which also produces a variation in length.
Typical focus geometries vary between 8 mm X focal length and 35 x 10 mm. A wide, short beam gives
high power density, which is ideal for rapid surface treatment. Longer beams increase interaction time
and are suitable for homogenization treatments.
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Figure 4.5 Reflective beam collimators (a) Galilean, (b) Keplerian



Systems for material processing 117

Axicon Mirrors

An axicon mirror is designed to produce a particular axial distribution of light by reflection. A variation
of the axicon mirror, the waxicon, is used to convert the annular distribution of an unstable resonator
into a near Gaussian distribution.

Toric Mirrors

A toric mirror is used for treating internal and external surfaces of pipes. It requires an annular
incoming beam, which it reflects radially.

Optical Kaleidoscopes

An optical kaleidoscope produces a heating pattern with a relatively uniform intensity distribution,
suitable for surface treatment. It is constructed as a rectangular cylinder, normally surrounded by a
water-cooling jacket, illustrated in Fig. 4.6. The beam enters the top and undergoes multiple reflection
inside the cylinder, emerging as a heating pattern with the same dimensions as the exit aperture of the
cylinder. Condensing and imaging lenses may be placed at the entry and exit, respectively, in order to
accept a range of incident beams and to vary the size of the heating pattern. Kaleidoscopes can also
be used in conjunction with a fibre optic for Nd:YAG beam delivery. They are relatively cheap and
produce a uniform beam intensity distribution. However, multiple reflections result in high power

S
:

Y

Y

Figure 4.6  Optical kaleidoscope
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losses (typically 20-30%), and efficient cooling is required. The unit must be positioned close to the
workpiece for a sharply defined heating pattern (working range typically 0—10 mm), making it difficult
to treat complex geometry components. The system can be used for both CO, and Nd:YAG processing,
mainly for transformation hardening.

Integrating Mirrors

A beam integrating mirror comprises a concave reflecting surface composed of about 30 facets which
reflect the part of the beam striking each facet to a common focal plane. Each partial beam has the same
size and shape, determined by the facet dimensions, and passes through the focal plane in the same
spot. The resulting superposition gives a heating pattern of uniform density, as illustrated in Fig. 4.7.
The mirror can handle a wide variety of incoming beam modes, and alleviates problems that would be
caused by changes in the output mode of the beam. A well-defined heating pattern can only be produced
with a fixed dimension and the working distance is short, which limits flexibility. The dimensions can
only be changed through the use of auxiliary focusing elements, which add substantially to the cost.

Polarizing Mirrors

A quarter-wave plate comprises one to four mirrors that have thin film coatings that act as a 90° phase
shifter. If the s- and p-components are 90° out of phase, then circular polarization results. The plate
converts linearly polarized light into circularly polarized light. The device must be precisely aligned
to the polarization direction of the incoming beam to function correctly. It can be used for uniform
cutting around circles.

A zero phase shift mirror has thin film coatings that produce a path length difference of an integral
number of wavelengths for both components of polarization. Thus there is no phase shift on reflection,
and therefore uniform reflection of both polarization components occurs.

A back reflection preventer is used when processing highly reflective materials, such as aluminium,
in order to prevent light being reflected back into the laser cavity. The linearly polarized beam from
the laser is directed onto a polarizing mirror oriented to reflect the beam completely. The light is then
circularly polarized using a 90° phase retarder and impinges on the workpiece. Back-reflected, circularly

Y

Figure 4.7 Integrating mirror
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polarized light then experiences another 90° phase shift on going through the circular polarizer, and
is thus converted into linearly polarized light, but in a direction 90° to the input beam. It is therefore
totally absorbed by the polarizer.

Orientation devices are available that use axis motion data to establish the direction of beam travel,
and through motorized mirrors maintain the plane of polarization in the plane of processing, in order
to maximize processing speed.

Beam Rastering

Beam scanning systems normally contain two mirrors that oscillate about two orthogonal axes, to
produce a two-dimensional Lissajous heating pattern, as illustrated in Fig. 4.8. A single oscillating
mirror can be used to produce a line heat source. Mirrors with a large f-number (100-150) are used, to
provide a large working distance. The frequency of oscillation typically lies in the range 100—400 Hz.
Such a system may be combined with control of beam power to produce heating patterns with a
range of spatial and temporal intensity distributions. The pattern geometry may be varied during
processing. These features provide flexibility to treat a wide range of different component geometries.
The maximum power that can be handled is currently limited to about 5 kW because of limits placed
on the size and mass of moving mirrors. There is a brief dwell time at the extremities of the heating
pattern, which may result in non-uniform processing, but which can be removed through the use of
a mask.

In the rotating polygon rastering design, the beam is focused onto one or two orthogonal rotating
polygon mirrors to produce a uniform heating pattern.

The beam shape and intensity can be changed through the use of various beam rotation devices. The
beam may be split using a prism mirror, each component being directed towards a parabolic focusing
mirror. The beams are focused in a plane above the workpiece surface, and rotated to produce two
heating patterns. The diameter of rotation can be adjusted to vary the size of the heating pattern. This
system can be used to produce a wider bead in laser welding, and to increase penetration depth in laser
cutting, for example.
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Figure 4.8  Beam rastering mirrors
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Waveguides

Since most non-metals strongly absorb far infrared radiation, it is difficult to find a suitable fibreoptic
material for the CO; laser beam. There is no doubt that the development of a suitable fibre would have
a dramatic effect on the application of CO, lasers. Instead, waveguides are used.

Hollow waveguides can be divided into those composed of an inner metallic or metallic/dielectric
layer, and those in which the innermost dielectric layer has a refractive index below one at a wavelength
of 10.6 um. A flexible nickel tube of internal diameter 2 mm with a germanium coating has been
developed to transmit up to 1 kW of CO, power with low transmission loss. However, the low order
mode of the beam cannot be preserved, producing a poorer quality beam in comparison with mirror
delivery. A gold plated steel guide bent to a curvature of 20 cm has been demonstrated to transmit 91%
of an 800 W incident beam. Hollow waveguides constructed using germanium/silver/nickel structures
have been constructed for transmitting power levels above 1 kW. Hollow sapphire fibres have trans-
mitted power levels above 1 kW. However, the material is stiffer than metallic structures, restricting
the minimum radius of curvature. Two types of infrared fibre have been developed for very low power
CO;, laser surgery. One has a solid core and is coated in silver halide. The other has a hollow core. The
latter is the more robust and shows promise for higher power beam delivery.

DIFFRACTIVE OPTICS

Diffractive optics are made by diamond turning reliefs, and by creating patterns using photosensitive
films. Typical multikilowatt laser systems produce TEMgy or TEMy« mode beams, which may not
be the ideal distribution for a given application. Diffractive phase elements, sometimes referred to as
kinoforms, change the intensity profile of a laser mode into a more application-specific shape, such
as a circular, rectangular, or semi-annular shaped top hat. This can be achieved either by placing the
optic near the work surface or within the laser cavity itself.

Customized diffractive optics for specific transformations can be made using CAD packages that
include Fourier transform algorithms. Symmetric or asymmetric patterns can be made with equal ease,
unlike conventional optics.

LASER PROCESSING CENTRES

A laser processing centre comprises a number of subsystems, or modules, which typically include: a
CAD facility; a laser system; motion control; input/output; beam diagnostics and machine vision. The
laser system is the beam source and the beam delivery optics. The laser processing centre comprises
the above and workpiece manipulation. Laser processing centres are available in a range of sizes and
complexities. Historically, they were derived from conventional machine tools — the cutting head was
simply replaced with a head that delivered the laser beam. As demands for higher accuracy and greater
flexibility grew, so did the sophistication of the systems.

COMPUTER-AIDED DESIGN

A computer-aided design (CAD) facility for off-line programming is an essential component of all types
of centre — the centre is too expensive to be down while drawings are being made. CAD systems allow
processing to be simulated and optimum beam paths to be constructed. The design of components
can also be optimized. Potential collisions can be avoided. The required features are drawn in the
CAD system and then translated into motion control commands for execution. An example of a CAD
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Figure 4.9 CAD simulation of laser cutting of a plate using a robot-mounted beam delivery head

simulation of laser cutting an ellipse in a plate using a robot-mounted beam delivery head is shown in
Fig. 4.9.

CONSTRUCTION

Before we look at the different types of laser processing centre that are available, it is instructive to
consider their construction; many features are common to different systems and affect performance
markedly. By understanding their features and characteristics, the selection of an appropriate laser
processing centre becomes easier.

The mechanical frame of the laser system should have a high bending and torsion stiffness to
minimize deviations of the beam path. Moving parts should have a low mass to maximize acceleration
and deceleration. The majority of drive systems use electric motors and mechanical transmission ele-
ments, which introduce additional moments of inertia, elasticity, and non-linearities such as backlash,
all of which limit acceleration and accuracy. A ballscrew drive mechanism comprises a screw with a
nut containing a ball-bearing tube. The screw rotates, moving the nut along its length to a desired
position. It is used in many smaller systems. In large systems it can be difficult to maintain accuracy.
The mechanism is normally protected using bellows or a telescopic cover. In rack and pinion drives,
racks can be fixed together to extend their length, but the gears must not have any play, for accuracy.
Belt drives incorporate toothed belts, which help to reduce backlash.

Of all the drives available, linear direct drive motors are the most suitable. They are constructed from
only two parts: the coil assembly (slider) and the magnet assembly (stator). They provide simplicity,
small size, low inertia loads and enable a stiffer system to be constructed. Benefits include accuracy,
repeatability, smoothness, higher throughput, low maintenance and reduced energy consumption
with no friction and no wear. The problem of backlash, common to gear and belt-driven systems, is
eliminated, as is the problem of wear in ballscrews. Speeds of up to 170 m min~! are possible, although
the most distinctive feature of linear motors is the acceleration that can be achieved (up to 30 m s~2).
The accuracy and repeatability are typically £0.02 mm.

The system is isolated from external influences such as vibrations and temperature fluctuations.
Short beam paths should be used where possible to minimize beam expansion and maximize stability.
Optical components should be as simple as possible, and have accurate and unchanging orientation
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relationships to maintain alignment. The system is isolated from its surroundings using screening,
doors and windows.

A high positioning accuracy is necessary because of the small size of the beam in operations such as
cutting and welding, and the precision with which small components in particular must be processed.
The beam delivery head can be considered as the tool centrepoint used in conventional machining
systems. Movement in the different axes should be able to follow tool centrepoint movements, while
maintaining the orientation of the beam to the workpiece surface, and a particular stand-off distance.
Rapid movement in all the axes is required (higher than conventional machining), with a wide range
of speeds and high values for acceleration and deceleration. Servomotors should have a low inherent
moment of inertia.

A beam collimator is essential for workstations with a large envelope of movement. It can be used
to adjust and maintain a particular beam size throughout a workstation. The beam size may be fixed,
positioning the beam waist at the mid-point of the beam path, or motorized to maintain a desired
beam size at the focusing optic. In the latter case, the necessary adjustments may be made either by
detecting the beam size at the focusing optic, or by calculating it from the known position of the
focusing optic. Such systems can then also compensate for the effects of changes in the properties of
optics such as thermal lensing. An alternative solution is to use piezoelectric motors to decrease the
radius of curvature of the turning mirrors when long path lengths are involved.

Workstations are normally controlled by a computer numerical control (CNC) system with an
operator interface. CNC is a self-contained NC system for a single machine tool. Direct numerical
control (DNC) systems serve several machine tools through a central computer. CNC has become
more widely used for manufacturing systems mainly because of its flexibility and the lower investment
required. The preference is becoming even stronger because of the availability and declining costs
of computers. The open architecture of the PC is ideal for the implementation of overall control of
systems operation. The control system is normally programmed in sequential command blocks. The
block cycle times should be as short as possible to avoid delays between commands, and should be able
to manage synchronous command facilities. It should be possible to input information from sensors for
on-line adaptive control. Modern industrial lasers normally contain some type of embedded processor
that enables the laser and process parameters such as power, repetition rate and gas flow rate to be
controlled directly. Most also allow for remote control via a communications protocol.

TYPES OF LASER PROCESSING CENTRE

The various combinations of laser processing centres are listed in Table 4.3. They are classified according
to the geometry of processing (two dimensional or three dimensional), movement of the workpiece,
and movement of the laser beam.

The most suitable laser processing centre for a particular application depends on a number of
factors: the size of the part to be processed; the complexity of the part; the nature of beam transmission;
and the precision required.

Gantries

In a gantry system, the beam is delivered through a head mounted on a column that can be moved in
a Cartesian coordinate system over several metres. An articulated arm located at the lower end of the
column normally provides two rotational axes, giving a total of 5 degrees of freedom. Such systems have
high stiffness and are suitable for processing large heavy sections, which are only moved during loading
and unloading, but which require a large operating envelope. A high degree of accuracy is possible. They
are normally used where the workpiece is highly accessible from the upper side. Typical applications
are trimming of automobile body panels, and accurate profiling in the aerospace industries.
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Table 4.3 Combinations of laser beam and workpiece handling systems for two- and
three-dimensional laser material processing

Processing geometry =~ Workpiece Laser beam  Example centre

Two dimensional Moving Moving x table, y optic
Stationary  x—y table
Stationary = Moving Flying optic
Stationary -
Three dimensional Moving Moving Robot-mounted workpiece and beam
Stationary ~ Robot-mounted workpiece
Stationary  Moving Robot-mounted beam
Stationary -

A flat bed cutter is an example of a flying optic gantry system designed to operate primarily
in two dimensions. The optics are able to move rapidly (about 40 m min~!) in both the x and y
axes. Adjustment in the z direction is available to set the height of the beam delivery head, which
can be controlled automatically using various methods described below. A beam collimation system
may be needed to ensure a constant beam size over the table area. The axis drives are typically high
torque, low maintenance, totally enclosed, brushless, AC servo motors used with precision ground
recirculating ballscrews. Systems with dual laser heads provide increased productivity. Flat bed cutters
have traditionally incorporated a CO, laser, but Nd:YAG systems are also available.

Multi-axis Beam Direction

An alternative to a gantry system for medium-sized components is beam delivery through arms fixed to
a base that moves along Cartesian axes, with a head that is able to rotate in two planes. The benefits of
this system are high mechanical rigidity, high dynamic accuracy, and high volumetric accuracy which
enables rapid contouring in three dimensions. The working envelope is typically 1 x 0.75 x 0.75m,
which can be traversed at speeds up to about 2m min~!. Such systems are designed for processing
components the size of white goods, engine combustion liners and automotive prototypes. An example
is shown in Fig. 4.10.

Articulated Robots

Industrial robots with six or more axes may be combined with a laser in various ways: light parts
of complex geometry can be manoeuvred under a fixed beam; the beam can be delivered to the
workpiece through the links and joints of an articulated arm using internal optics; the robot may guide
a fibreoptic beam delivery head; or the robot may guide a compact mounted laser source. An example
of an articulated robot guiding a beam delivery head is shown in Fig. 4.11.

Robotic manipulation is ideal for steering the beam delivery head of a fibre optic from an Nd:YAG
laser. It provides a high degree of flexibility for processing three-dimensional components. The use
of robots in laser processing applications is currently limited by the power that can be transmitted
by internal optics (around 5 kW), the weight of the part (around 15kg), and the repeatable accuracy
of the robot (approx. 0.15 mm). A light, compact laser head can also be mounted on the end of an
articulating robot, connected to a supply cabinet through an umbilical cord. When the robot is used to
direct an external articulated beam guide, the mirrors may be located inside the structure of the robot
such that the beam path is completely enclosed, and is relatively short.
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Figure 4.10 Laserdyne Prima 790 Beam Director. (Source: Iain Ferguson, Laserdyne Prima, Maple Grove,
MN, USA)

Figure 4.11 Motoman articulated robot with beam delivery head. (Source: Damien Harris, CSIRO, Adelaide,
Australia)
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Moving Laser

The resonator and optics of a low inertia, rugged laser can be mounted on a mobile portal or cantilever-
type machine, and moved in the x and y axes to achieve the required processing geometry. The
construction is relatively simple, and the beam path is constant, allowing the designer to minimize
distortions introduced by beam transmission. Such a system is suitable for use with large workpieces,
but heavy and expensive machinery for laser movement might be needed.

Moving Table

A moving table comprises an x—y stage with CN-controlled movement in both axes. This is appropriate
for small components, e.g. those with a footprint less than 1 x 1m. It is conceptually the simplest
means of moving the workpiece. Stages vary in size up to about 1.5 x 3 m. Ballscrew drives on precision
ground ways or rods provide an accuracy of typically 1-100 wm with traverse rates of about 5 m min~!.
Linear motor drives provide accelerations up to 5 g; these are limited by the mass of the table. There
are no restrictions on the size of the laser source. The workpiece may be fixtured to the table using a

jig for welding components, or a vacuum for material cutting.

Moving Workpiece

In a simple moving workpiece centre, the table and the laser are fixed, and the workpiece and ancillary
equipment such as fume extraction are mounted on a moving carriage. In its simplest form, the beam
is directed to the workpiece using a single stationary mirror, enabling the beam path and length to be
fixed. This type of centre is suitable for small, low inertia workpieces, or for large and immobile lasers,
and is commonly used for one and two axes movement over about 1x1 m. By providing one long
axis, the centre is suitable for welding, for example, pipes and profiles. The simplicity of construction
and constancy of beam path allow the designer to minimize the number of mirrors and to eliminate
problems caused by variable beam path lengths. The movement of heavy workpieces can lead to
tolerance difficulties.

Hybrid Centres

Hybrid centres can be constructed such that the workpiece moves in the x axis and the optics move in
the y axis. They typically combine a gantry-mounted y axis with potentially unlimited x axis motion.
The beam delivery path is shorter than a full moving optic system, and the positioning accuracy is
higher than full workpiece movement systems. Hybrid systems limit the dimensions of motion, which
reduces floor space demands. Important factors are the weight carrying capacity of the x table and the
low inertia of the beam delivery optics.

PROCESS MONITORING AND CONTROL

Laser material processing is particularly suited to integrated on-line monitoring and control. It is highly
automated, and beam—material interactions produce characteristic emissions that can be used to moni-
tor conditions in the processing zone with a variety of techniques. Highly automated industries, such
as the automotive sector, are large potential markets for automated process monitoring and control
systems. If such systems are only used for diagnostics, the system is said to be open loop. If they are used
to control process variables during processing, a closed-loop system is created. Before considering tech-
niques relevant to different processes, we consider means of measuring the properties of the beam itself.
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BEAM DIAGNOSTICS

Beam diagnostic devices enable reference data for the beam to be established in both its raw and
manipulated forms. The beam diameter and mode are particularly important, since they are often the
only data available when comparing beams from different sources. These properties have a significant
effect on processing characteristics, particularly welding and drilling in which the beam is focused.
The precise effect of optical devices on the beam properties can be established, e.g. the location of the
focal plane of a focusing lens, the focused spot diameter, or the intensity distribution produced from
a beam integrating optic. Temporal fluctuations in the beam mode and power can be detected. These
may be desirable, e.g. when drilling with optimized pulse shaping, or unintentional, e.g. degradation
of source power during processing. Such factors become important when processes are running for
extended periods of time.

Power

The power of the emitted laser beam is normally established off-line using calorimeters. Common
designs are the ‘hockey puck’ (a calibrated absorbing disc placed under the beam) and the cone pyrom-
eter, which acts as a black body absorber. The accuracy of measurement of such designs should be
borne in mind — variations of £15% in the multikilowatt range are not unusual. The implication of this
should be appreciated —a 10% error in the measurement of a 6 kW beam can result in a loss of weld pen-
etration, for example. This is particularly important when processing data are to be transferred between
different locations. Standard calibration sources are available and should be used wherever possible.

Intensity Profile

The simplest method of obtaining a rough impression of the symmetry of a raw or partially focused
beam is to char materials. Wood and firebrick are suitable for multikilowatt beams, whereas thermally
sensitive paper is more appropriate for low intensity measurements. By vaporizing a polymethyl
methacrylate (PMMA) block, information on the intensity profile within the beam can be obtained.
(Care must be taken that the vapour produced does not ignite by using suitable fume extraction and
a gas purge.) A split block can also be used in order to obtain an immediate impression of the beam
profile. The extent of vaporization is dependent on the incident power and exposure time, and so
the technique is best used to make comparative measurements, with a set power and exposure time.
Expanded polystyrene is a more suitable material for beam powers below 100 W and when short
interaction times are involved.

An aperture can be used to profile a cylindrically symmetrical beam with a Gaussian intensity
distribution. The aperture is opened to measure the total power of the beam, and then reduced until
the measured power is 86% of the total. This represents the diameter at which the intensity has fallen
to 1/e? of its peak value.

On-line power measurement includes the leaky back mirror, which extracts a small amount of
the cavity beam in order to monitor on-line the extracted power. Silicon mirrors allow some of the
incident light to pass through, which can be collected by detectors. Sampling at various points can be
used to establish the beam mode. In conjunction with a motorized output mirror, on-line beam mode
control may be achieved.

In the scanning rod, or rotating wire instrument, a molybdenum needle with a highly reflecting
surface sweeps across a transverse section of the beam at high speed (around 25ms™!). A very small
fraction of the beam (0.8%) is reflected into two single element detectors, arranged such that they record
the intensity distribution in the x and y axes. The total beam power, beam diameter, beam wander and a
three-dimensional image of the beam intensity distribution can be constructed. The instrument can be
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placed immediately after the laser or just before the workpiece. The main advantages of this design are
that only a small portion of the beam is reflected, and the measurement is obtained quickly. It is there-
fore suitable for on-line use, for example as a sensor in an adaptive control system to regulate laser power.

An alternative to the scanning rod device uses a rotating hollow needle, which contains a small
hole at one end, through which a sample of the beam is taken. The beam is reflected along the needle
axis to a detector located on the axis of rotation. By scanning the hole across the beam, an intensity
profile is built up. Measurements can be made on the raw and focused beams, and at positions either
side of the focal plane. The image is recorded, and can be displayed in various forms such as a 3D
profile and sections containing given percentages of the intensity (e.g. 86% at the 1/e? contour). The
main advantage of the technique is that a complete beam intensity measurement is obtained. It is
particularly useful for establishing the intensity profile of a focused beam from an unstable resonator,
which is difficult to calculate and represent mathematically. The principal drawback is that the time
required for a complete scan is rather long, and it is difficult to use in an on-line application.

A rotating drum device containing a pattern of pinholes can be mounted in front of the detector.
A portion of the beam is directed towards a focusing optic and then to a sensor. The main advantage
of this device is that it is able to measure down to 1 micrometre, for focused beam analysis, although
it only produces a single line profile with minimal numerical data, and can only be used reliably with
CW lasers. It is used for stable beams since it is a sequential scanning technique.

Charge coupled device (CCD) cameras can instantaneously measure a two-dimensional pinhole
scan, and show an averaged structure over a given time. They can be used with pulsed beams. Standard
CCD arrays are sensitive to light in the wavelength range 190-1100 nm. Excimer and Nd:YAG laser
beams can therefore be analysed.

Height Sensing

High quality laser welding and cutting require that the beam focal plane be located accurately at
a particular position in the material, i.e. that a specified gap between the optic and workpiece be
maintained. Workpiece tolerances, thermal warping, and the accuracy of beam delivery mean that
tolerances are often exceeded. The two main types of height sensing devices available are based on
contact and non-contact techniques.

Mechanical contact techniques use ball-bearings, sliding feet, or a capacitive ring. They are
insensitive to plasma build-up in the beam—material interaction zone, and are relatively inexpensive.

The most common type of on-line non-contact sensor measures the capacitance of an electrical
field between a nozzle tip and the workpiece, which is at ground potential. The nozzle is electrically
isolated from the rest of the laser beam delivery. Movement in the z axis compensates for changes in
height. Capacitive height sensing is affected by plasma formation, and is therefore difficult to use with
welding. Scanning laser techniques and triangulation can also be used for height control.

Seam Tracking

Imperfections can be introduced in welded joints from various sources including: workpiece tolerances;
positioning errors caused by clamping; deformation during welding; interpolation errors between
control system points; and positioning errors of the beam delivery system. The diameter of the focused
beam is small and so the high speed and accuracy of laser welding dictate that motion control be
implemented automatically. Some form of seam following system is therefore required in applications
where the cumulative positioning error is large in comparison.

Normally a CNC unit controls motion. Precise workpiece manufacture, stronger clamping, and
more accurate beam delivery may not be justified economically in some cases, and may be technically
impossible in others. In such cases a seam tracking system is an appropriate choice. Various types
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Figure4.12  Seam tracking using a scanning visible laser beam during laser welding of a hollow box beam

of equipment are available to locate the position of a joint for welding. All comprise a sensor unit,
an interface, a motion control unit, and the software necessary to interpret and act on the signals
received.

The joint can be characterized by a 1 mW HeNe beam which is scanned at up to 20 Hz. Reflected
information is detected by a CCD array and interpreted by triangulation, in order to position the laser
head in the lateral and vertical directions. The information can also be used to calculate the width
and cross-sectional area of the gap for filler wire feed control if necessary. The sensor is positioned in
front of the beam such that real time adjustments can be made. Tracking with an overall accuracy of
£0.2 mm is possible. This can be used for laser welding in all but the most precise applications. An
example of this type of system in use is shown in Fig. 4.12.

Alternatively, line illumination can be generated from a visible laser source, which when projected
onto a seam produces a pattern of structured light. This is detected by a camera and is used to build
up a picture of the object that is interpreted in a similar way to scanning laser systems.

PROCESS MONITORING

Encoders, tachometers, accelerometers, interferometers and the laser Doppler anemometer can be used
to establish the position, speed and acceleration of a workstation table, but the laser process itself emits
a wide range of signals that can be monitored and interpreted to characterize the state of processing.
Practical systems for process monitoring and control are described for the individual processes in the
chapters that follow. Here we consider the principles that underlie such systems.

Pyrometry

Measurement of surface temperature provides valuable information in a number of processes. Ther-
mocouples may be attached to the surface, or a pyrometer can be directed at points of interest.
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A common form of pyrometric analysis uses emissions at two wavelengths, e.g. 1300 and 1700 nm, and
provides a temperature conversion within an operating range, e.g. 500—1600°C. Pyrometry is useful
in controlling surface temperature during transformation hardening, and can be incorporated into
on-line adaptive control systems that adjust process variables such as laser power and traverse rate to
maintain a required surface temperature. Pyrometry is also a means of controlling the temperature
in the molten region during surface melting and cladding. Infrared detection of the upper side of a
weld is used to identify spatter formation, and measurements from the underside of a weld can be
used for penetration monitoring. Laser drilling can be monitored by observing the temperature in the
interaction zone: uncontrolled melt expulsion can thus be reduced, and the maintenance of a fully
penetrating hole ensured.

Ultraviolet Radiation

In processes that generate a plasma, there is a relationship between the mechanism of processing and
the frequency and intensity of the plasma. In keyhole welding, emission in the wavelength range 200—
400 nm originates from a small region just above the keyhole, which remains approximately constant
when a good weld quality is maintained, and can be used as a quality monitor. Signals emitted from
the plasma contain information about the weld bead size, penetration, pool collapse, humping and
vapour generation, as well as the effects of variations in process variables on the weld bead depth and
the condition of the surface. The state of the plasma is an indication of the energy transfer into the
workpiece; a blue plasma indicates a keyhole penetration mechanism in the case of CO; laser welding
of steels, and a loss of signal indicates hole formation in thin sheet welding. Plasma flashes indicate
plasma shielding, which may be arise from insufficient gas flow. In commercial devices, ultraviolet
emissions are analysed to monitor weld pool characteristics, and infrared emissions used to detect
weld spatter.

Plasma inspection is also used as the basis for on-line quality control systems for laser cutting of
ceramics. When the beam interacts with the ceramic, the ultraviolet signal rises, and subsequently falls
during the quiescent period as the plasma quenches. If the quiescent period is too short to allow the
plasma to quench, the incidence of cracking increases. The ultraviolet signal can therefore be used to
select the pulse frequency in order to control the length of the quiescent period.

Acoustic Emission

Acoustic emission originates from changes in thermal gradients, martensitic transformation, void gen-
eration, crack formation and propagation, and rapid pressure fluctuations within a keyhole. Martensitic
transformation produces a continuous acoustic signal, of intensity dependent on the transformed
volume. Other sources more commonly produce transient burst signals. By attaching a piezoelectric
sensor to a plate mounted above the weld, pressure changes produced by intensive vaporization can
be detected rapidly. When weld penetration changes from partial to full, the frequency of the sound
generated changes, which can be used as a measure of penetration. Discontinuities in a material can be
detected by using ultrasonic waves generated by a piezoelectric transducer. The technique can also be
used to detect defects in welds, such as porosity and cracking. Acoustic sensing can be used to monitor
the erosion front condition during drilling, as well as the hole depth.

Ultrasonic Analysis

Discontinuities in a material can be detected by using ultrasonic waves generated by a piezoelectric
transducer. The geometry of a molten region may be characterized by analysing the time of flight
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between two transducers placed adjacent to and on opposite sides of the pool. The technique can be
used to detect defects in welds, such as porosity and cracking.

COMMISSIONING AND ACCEPTANCE
COMMISSIONING

Before considering the factors that must be evaluated in the successful implementation of laser material
processing, it is instructive to look at the history of laser processing and to analyse why some processes
have not taken off as quickly as was expected.

History

In the early days, few manufacturers of laser systems worked together with makers of work handling
equipment. Incompatibilities meant that neither the laser nor work handling were used in the manner
for which they were designed. A poor knowledge of the process and its mechanisms often led to the use
of inappropriate processing parameters that resulted in the failure of a process — in many cases the result
of a simple error such as the choice of a processing gas. Laser processing was not presented to the man-
ufacturing industry in the same way as other materials processing techniques, i.e. as a turnkey system
that incorporated flexible geometry processing, support for CAD, a database of processing information,
and means of automatic process and quality control. The necessary skills in many disciplines could
therefore be difficult to find in one person, or even a team. Manufacturers were often more familiar
with cheaper conventional processes, and some lacked the foresight to appreciate the implications for
new designs that laser processing offered. A lack of generic laser processing information accounted
for the reluctance of designers to apply this new technology. It was often difficult to quantify some of
the benefits arising from laser processing, such as product quality, rather than just productivity gains.
Productivity increases may even have been considered to be potential causes of other problems, such as
reliability and bottlenecks in existing production lines. Fortunately, these initial drawbacks have been
addressed through the availability of improved laser centres, dedicated training programmes, and a
greater appreciation of the implications of laser processing. But choosing the correct laser centre is still
a challenge.

Design of the Centre

One of the first factors to take into account when considering laser-based manufacturing is the nature of
the product. Laser processing centres are often designed simply to replicate an existing procedure with
existing components. Manufacturers therefore often wish to avoid change of materials and procedures.
In many cases this proves profitable: in the case of laser cutting of flat sheets, the cost of the centre is
normally recouped in less than one year by the increase in productivity and the improvement in quality.
However, to maximize the benefits of a new installation, opportunities for new product design and
processing routes should be examined. Design encompasses the choice of materials, possibilities for the
redesign of part geometries, and improvements to the aesthetics of the finished product. By considering
the manufacturing operation in reverse, i.e. by starting with an optimized product and working back
through the stages of production, laser-based operations may provide novel means of manufacturing.
In recent years, the largest growth has been experienced in novel manufacturing techniques that could
not be carried out by any other means.

A centre may be dedicated to a particular task, as are most conventional machine tools, or used
for a number of different processes. Dedicated centres can be optimized to perform a single task
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repeatedly by integrating the laser with standard beam and work handling equipment. If the slowest
part of a manufacturing operation is parts handling, indexed tables can be used for different stages of
the process: the processing operation itself; loading the part; and unloading the part. At the opposite
extreme, a single laser may be used in a number of different operations. For example, a robot can be
programmed to select a cutting head and perform a programmed cutting operation, and then pick a
head for welding, which is controlled by a different programme that includes the relevant commands.
The flexibility of the laser for performing a variety of tasks is an aspect that has not been exploited to
the full.

The geometry of the component and the complexity of the process determine whether processing
needs to be carried out in two dimensions, or three. Flat sheet cutting is an example in which two-
dimensional flying optic beam delivery is the most appropriate solution — the sheets can be fixed such
that they are flat enough for cuts to be made by moving the beam rapidly over large areas in only
two axes. Symmetry in components is an important factor in selecting the beam delivery and work
handling: rotational symmetry, for example, enables a part to be processed in a simple turning unit
under a stationary beam. If the component is large and heavy, a flexible beam handling system that can
move around a stationary workpiece is more suitable. The optimum centre for processing a complex
light component in three dimensions may comprise three-dimensional movement of both the beam
and the workpiece. Such considerations enable certain processing centre geometries to be eliminated
from a list of candidates in the initial stages.

The working envelope plays an important role in the selection of the beam delivery system: move-
ments of one or two metres can be handled by fixed robots, whereas larger traverses require the use of
gantries. The process tolerances required (accuracy and repeatability) also dictate specifications for the
beam delivery system (and sometimes the work handling equipment). The cost of a gantry required
for a large working envelope increases substantially if small tolerances are to be maintained over the
entire range of traverses. In general, a short beam path minimizes misalignments and the need for
beam correcting devices. Environmental effects on the beam are minimized by enclosing the beam
in nitrogen-purged flight tubes. A turning mirror should be at least twice the diameter of the beam
incident on it.

The combination of processing depth and productivity requirements are the main factors in deter-
mining the laser power required. Rules of thumb are available for processes such as welding and cutting,
and databases have been created for other treatments. Processing is normally carried out at about 90%
of the laser output power. The requirement for traverse rate should be chosen to provide a comfortable
margin to compensate for expected variations in the depth of treatment, and unexpected variations of
about 10% in the laser output power.

The most suitable type of laser depends on the power required and any wavelength-specific features
of the component. The environment in which it is to operate also plays an important role in the
choice — a rugged design is required if the equipment is subject to vibrations. If floor space is limited,
the options for mounting the laser should be considered: vertically; horizontally; or overhead. If power
levels above about 5 kW are required, the choice is currently restricted to a CO; source, or the output
from a combination of Nd:YAG sources. If precision processing is on the scale of micrometres, only
the short wavelength light from an excimer laser (or frequency multiplied output from a solid state
laser) is suitable. The type of laser dictates the electrical and cooling requirements. Service contracts
are frequently not paid the attention they deserve. Service frequency and costs, and the turnaround
time after service, should be considered; a breakdown that can only be fixed by a qualified engineer
may result in lost production for several days.

When processes compete for a particular application, the selection is likely to be made on the basis
of cost. However, selection could also be made using other less tangible factors such as environmental
concern, labour unions, and the willingness to employ new technology. The introduction of laser pro-
cessing has wide-reaching implications. There must be commitment to the technology at management
and shop floor levels. Staff requirements may be altered, and existing staff will need to be trained in the
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Figure4.13  Capital costs of various processes

new technology. Unions may be opposed to such changes, particularly if increased automation leads
to a reduction in the number of staff required. Safety regulations for the operation of equipment (dis-
cussed below) must be considered. However, change presents opportunities. A new company image
may be created, based on the high technology image of laser processing. Delivery flexibility can be
increased, as can the possibilities for just-in-time manufacturing.

Economics

A rule of thumb is often used to estimate the cost of rectifying mistakes at various stages of manufacture:
if it costs $1 at concept, it costs $10 at design, $1000 at production, and $10 000 at product recall. Clearly
the opportunities to evaluate new concepts when a new manufacturing technology is considered should
be explored in depth. Although laser processing is often regarded to require a large investment — ranges
of capital costs for various processes are shown in Fig. 4.13 — the potential for reducing the total cost
by eliminating mistakes during the latter stages of production is significant.

The cost of laser processing can be broken down into fixed and variable costs. A summary of these
components is given in Table 4.4.

The fixed costs include: labour (laser operators and engineers); capital investment (total or indi-
vidual equipment costs); maintenance (a percentage of investment or fixed annual cost); depreciation
(normally linear over a fixed term, e.g. 5 years); and floor space.

The variable costs are the running costs associated with the application. The laser costs include
laser gases, cavity mirrors, electrical consumption, chiller electrical consumption and the output
window (which can break). Costs associated with the beam delivery include directing optics, focusing
optics and beam delivery gas. Workstation costs comprise electricity and pressurized air. Process costs
vary considerably. Process gases are required for shielding and plasma suppression, assisting, and
composition change in welding, cutting and alloying, respectively. Filler material is used in welding.
Other costs include pretreatment techniques such as prebending and preheating, and post-treatment
heating and mechanical working.
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Table 4.4 Components of running costs for typical industrial laser centres

Capital Maintenance Consumables
(5 year depreciation) (fixed agreement) (unit costs)

Laser X X Electricity
Laser gases He, N, CO;
(CO;, lasers)
Flashlamps (Nd:YAG
lasers)
Cavity mirrors
Cooling X - Electricity
Beam delivery X - Mirrors, lenses
Work handling X X Electricity
Safety X - -
Floor space (X) - $m~2 year~!
Process X - Gases

Filler materials
Coating materials
Labour - - $h!

Electrical
40%

Laser gas
4%

Spares/ Cutting gas
service 23%
33%

Figure 4.14  Cost breakdown for cutting steel using a 600 W CO; laser

A breakdown of the costs of oxygen-assisted cutting of structural steel using a 600 W laser is shown
in Fig. 4.14. This can be used as a guide to estimating the running costs of a laser cutting operation. (The
basis of the breakdown is 16 hours’ use per day, 230 days per year, and a 50% duty cycle.) A comparison
of the costs of tungsten inert gas and laser welding with both 6 and 9 kW lasers is given in Table 4.5.
It can be seen from Table 4.5 that the higher capital cost of laser welding is offset by the substantially
lower costs of labour and consumables, and the increase in productivity. Such cost breakdowns can be
used to compare laser processing with conventional methods. Further details of costing techniques for
individual processes are given in the chapters that follow. The examples provided here are intended to
highlight the general factors that should be considered at the stage of commissioning a laser processing
centre.
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Table4.5 Cost comparison for TIG and laser welding (6 kW and 9 kW) of

pipeline
Cost factor TIG Laser

6 kW 9kwW
Welding speed (m min™) 0.0635 0.635 1.397
Production rate (joints h=!) 1.0 10 11
Labour cost ($ joint™!) 47.50 5.40 5.10
Consumable cost ($ joint™!) 7.20 1.00 1.40
Capital cost ($ joint™1) 0.60 24 28
Total cost ($ joint™!) 55.30 30.40 34.50

ACCEPTANCE

Much expense and time can be saved by designing a thorough acceptance testing schedule, to be
completed both at the place of manufacture and after installation of the centre.

Static testing should include measurements of the accuracy and repeatability of the beam at loca-
tions within the working envelope, performed using laser interferometry. Dynamic measurement
includes the tolerance during movement, out-of-roundness, backlash, overshoot and deviations in
programmed values.

SAFETY

The descriptions and advice given in this section should be treated as general in nature. Mandatory
requirements for laser processing centres, such as controls, personal protective equipment and proced-
ures, are described in standards that are listed in Appendix F. It is essential that operators know the
requirements for the safe use of lasers, and that a laser safety officer ensures that those requirements
are fulfilled.

HAZARDS

The basic hazards to humans associated with laser processing concern damage to the eyes, skin and
respiratory system.

Eyes

The cornea is the main focusing element of the eye; the lens is used for fine focusing. The space between
the cornea and lens is filled with a watery liquid known as the aqueous humour, and the interior of
the eyeball is filled with the jelly-like vitreous humour. The retina is the screen upon which the cornea
and lens project an image. The cornea, aqueous humour, lens, and vitreous humour are the ocular
media. The eye can detect and focus light in the range of wavelength 350—750 nm, corresponding to the
spectrum of colours in the rainbow. The eye also has an ocular focus region that includes wavelengths
from the end of the red to 1400 nm.
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Light from an Nd:YAG laser (1064 nm) falls in the ocular focus region, and can therefore be
transmitted through the cornea and lens, and focused on the retina. This makes it particularly dan-
gerous. Light from a CO; laser falls in the far infrared (10 600 nm), and is absorbed by the cornea.
Mid-ultraviolet light (180-315 nm) shows similar absorption characteristics. Near ultraviolet radiation
(315-390 nm) passes through the cornea and aqueous humour, but is absorbed by the lens. Continuous
wave lasers can cause damage by thermal processes that overheat the tissue. Pulsed lasers cause damage
from acoustic and vibrational shocks which rupture blood vessels in the retina.

It is normal procedure to make a retinal examination when an individual begins and terminates
work in a laser facility.

Skin

Skin burns are caused by radiation from high power infrared lasers. At all wavelengths, exposure to the
skin may result in erythema, skin cancer, skin aging, dry skin effects, and photosensitive reactions.

Respiratory System

Respiratory system damage can be caused by the evolution of hazardous materials. Small particles
0.02-0.2 wm in diameter are soluble in wet linings of the respiratory system, and thus pose a health
threat when absorbed into the bloodstream. Poisonous vapours are produced when burn prints are
made in plexiglass and when polymers are cut. Fine metal fumes are generated during welding and
cladding. Ozone production is associated with plasmas. Adequate ventilation and fume extraction are
therefore required.

Electrical

The majority of serious accidents in laser facilities are in fact associated with the electrical system of the
laser rather than the beam itself. Power supplies must be screened to prevent electrocution. Voltages
greater than 15kV may generate X-rays. Interlocks and provisions for discharging capacitor banks
before entry must be included.

Chemical

Burns can also be caused by chemicals and cryogenic coolants. Gases, fumes and dyes can constitute
a fire hazard; the use of flammable materials should be avoided, and flame resistant enclosures used.
Bottles of compressed gas can act as missiles if they are knocked over — they should always be securely
fastened to a retainer.

RISK MANAGEMENT

Risk assessment is a management tool that allows managers to check that safety and health policies are
effective, and provides a record that clearly shows the justification for arrangements that have been put
into place. Risk assessment should form the basis of both the specification of safety equipment and the
content of safety procedures.

A risk assessment must be carried out for any procedures that fall outside standard operating pro-
cedures (SOPs). Risk assessments are documented and regularly reassessed. They help to prioritize
actions in safety management planning. They also ensure that the most important potential prob-
lems are recognized so that these can be addressed first, and that other significant problems are not
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overlooked. The precautions taken to minimize risk from these potential problems are noted. Risk is
assessed as the product of the likelihood of an event that will cause harm and the severity of harm
caused. Once the necessary precautions have been taken and noted, the risk assessment is kept for
future reference.

LASER CLASSIFICATION

Continuous wave lasers are classified according to their wavelength and average power. Additional
requirements are placed on repetitively pulsed lasers: the exposure time inherent in the design; the
total energy per pulse; the pulse duration; the pulse repetition frequency; and the emergent beam
radiant exposure.

Lasers are divided into four classes. The higher the category, the more powerful and dangerous
the laser. Virtually all the lasers used for material processing fall into the two highest categories. The
accessible emission limit (AEL) is the maximum accessible emission level permitted within a particular
class, and is used in the definition of the class. The maximum permissible exposure (MPE) is the
maximum level of laser radiation to which a human can be exposed without adverse biological effects
to the eye or skin. A pulsed laser is defined as one that delivers energy in single or multiple pulses which
are less than or equal to 0.25 s in duration.

Class 1

Class 1 lasers or laser systems are considered incapable of producing damaging levels of radiation
during operation and maintenance, either because the output of the laser is very low or because of
installed safeguards. Most commercial laser systems for material processing are sold as Class 1 products
although they contain Class 4 lasers. However, the emitted radiation is enclosed, and is not accessible.
The benefit of a Class 1 laser system is that it can be installed anywhere and no eye protection is required
for workers. A Class 1M laser presents no risk for skin damage, but could result in damage to the eyes
if viewed with optical instruments such as binoculars.

Class 2

Low power lasers or systems that produce accessible radiation fall into Classes 2 or 2M. Class 2 lasers
emit visible radiation (350-750 nm) of low power (below 1 mW). They cannot damage a person
accidentally, but could damage the retina if viewed directly for more than 0.25 s, which is the time of
the normal blink reflex. For CW lasers the power must not exceed 1 mW. Class 2 is the only class that
applies exclusively to visible lasers operating in CW and pulsed modes. Infrared lasers cannot therefore
be classified as Class 2. The emission from Class 2M lasers and systems is not intended for viewing,
and as with Class 1M lasers, damage to eyes could result if viewed with optical instruments.

Class 3

Class 3 lasers are subdivided into Class 3R and Class 3B. Class 3R lasers may emit visible or invisible
radiation or both, but the unfocused beam must not present hazardous levels of radiation. However,
Class 3R lasers do present a hazard if the beam is focused. For wavelengths outside the visible range,
these lasers cannot exceed five times the Class 1 AEL. In the visible range, they may not exceed five
times the Class 2 AEL (5mW). Class 3B lasers mark the border between medium and high power
devices. The beam from a visible Class 3B laser may be safe to view on a diffuse surface for less than 10
seconds, at a distance greater than 130 mm. However, eye protection should be worn since the blink
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reflex is not sufficient to prevent damage. The power of a visible Class 3B laser must not exceed 0.5 W.
Exposure to 0.5W for periods longer than 0.25 s is considered dangerous.

Class 4

Eye protection must be worn with Class 4 lasers operating above 0.5W, or which produce radiant
energy greater than 0.125J within an exposure time of less than 0.25s. Fire and skin hazards are also
associated with Class 4 lasers. They may be incorporated into a Class 1 centre with suitable engineering.

PROTECTIVE MEASURES
Screening

When designing a laser system, the manufacturer must determine the level of radiation that may be
accessible during normal operation. This determines the class of the laser, and also the requirements
for controls, indicators and warnings.

All laser products require a protective housing that prevents access to radiation in excess of the
limits of Class 1, in areas that do not require access under normal operating conditions. Enclosures
complete with the appropriate interlocking, illuminated signs and labelling are used to turn Class
4 lasers into Class 1 installations. Screens, curtains, roller blinds and window blocks are designed as
passive guards to enclose an area where Class 3B or Class 4 lasers are in use, to protect against accidental
exposure to the laser beam. Window blocks are acrylic filters that enable the processing zone to be
viewed while stopping laser radiation from coming out. The type of filter depends on the frequency
of the laser radiation. A beam attenuator, e.g. a shutter, and an emission indicator (visible or audible),
are required on all lasers above Class 1. Operating controls must be located such that the user is not
exposed to radiation. Safety interlocks are normally installed to prevent access to radiation above the
Class 1 level. A remote interlock connector must be installed on all Class 3B and 4 laser systems, such
that an emergency stop switch or similar device may be installed. Such systems must also have a key
control, which cannot be removed during operation.

Protective Eyewear

Absorptive eyewear is the most commonly used type of eye protection. The laser beam is blocked by
absorption of the relevant frequency. Glass absorption filters can easily be made specific to a particular
wavelength or power, which reduces colour distortion. However, plastic filters that incorporate an
organic dye for absorption are lighter, cheaper, and more comfortable to wear.

SUMMARY AND CONCLUSIONS

The raw beam emitted from a laser is delivered to the workpiece via either mirror-based paths or a
fibreoptic cable. The beam can then be manipulated into various shapes and intensity distributions
through the use of refractive, reflective and diffractive optics for specific processing applications.
The laser source, beam delivery optics, and means of manipulating the workpiece comprise the laser
processing centre. A wide range of centres are available commercially — the choice depends on a
number of factors: the size of the part to be processed; the complexity of the part; the nature of beam
transmission; and the precision required. The safety requirements associated with laser processing
centres are described in standards, and it is the duty of a laser safety officer to ensure that safety
procedures are followed.
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As processing becomes more automated, process monitoring and control equipment are being
integrated into the physical structure and control system of laser centres. Health and safety legislation
is also playing an important role in achieving the goal of many manufacturers — fully automated turnkey
processing centres that can be operated in the same way as conventional manufacturing equipment.
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CHAPTER

ENGINEERING
MATERIALS

INTRODUCTION AND SYNOPSIS

ome materials have been used in engineering for millennia: ages in evolution are named after

metals and alloys; stone, flint and pottery (natural ceramics) depict the culture of civilizations;
and the use of wood and bone (natural composites), and skins and fibres (natural polymers) have been
essential to both civilian and military success. Many continue to be used in their natural states, with very
little processing. However, methods of alloying as well as thermal and mechanical processing provide
means of designing materials. Designers seek lighter materials that can be produced more economically,
and have lower environmental impact. Today’s engineering materials can still be grouped into four
broad classes: metals and alloys; ceramics and glasses; polymers; and composites. However, there are
important differences: modern engineering glasses and ceramics are tough; polymers can be made
with properties that mimic those of metals; and composites can be designed with novel materials and
morphologies. As architects have done for centuries, material engineers are now drawing inspiration
from structures found in nature to make tomorrow’s materials — foams, cellular formations and sponges
are notable examples.

In this chapter we consider engineering materials on three structural levels, all of which play a role
in the interaction between materials and laser beams. The atomic structure, on the order of nanometres
(1077 m), describes the arrangements of individual atoms or molecules and the nature of bonding.
Atomic packing and bonding influences material properties, and electronic configurations play a
central role in determining the interaction between the photons of the laser beam and the material.
The microstructure, on the order of micrometres (10~° m), is governed by arrangements of atoms and
molecules in discrete phases. Microstructural changes are induced through the thermal cycles generated
during laser processing, which can be illustrated using various phase transformation diagrams. The
macrostructure, on the order of millimetres (107> m), is used as the basis for design calculations to
determine engineering performance. Fundamental mechanical and thermal properties are influenced
by structure on all three levels. The chapter also introduces the most common industrial materials.
Their composition, structure and properties are described, to reveal the philosophy that underlies
their design. Strengthening mechanisms, introduced by alloying or thermomechanical treatments, are
described — these are affected by the thermal cycles induced during laser processing. These materials
make regular appearances in the chapters that follow. Those properties that control the thermal
response of materials are displayed on charts, which indicate behaviour during laser processing and
play an important role in the selection of materials for laser processing.
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ATOMIC STRUCTURE

The atomic structure of engineering materials describes the bonding between atoms, the packing of
the atoms, and the distribution of electrons.

METALS AND ALLOYS
Bonding

The atomic structure of metals and alloys is determined by the metallic bond. Electrons are freely
shared by atomic nuclei (positive ions). On average, each nucleus is surrounded by sufficient electrons
to maintain a full outer shell. Electrostatic attraction between the positive nuclei and the negative
electron ‘cloud’ constitutes the metallic bond. Repulsion between species (electrons or nuclei) of the
same charge maintains the equilibrium that creates the atomic structure. Electrons can travel freely in
the cloud, and so the metallic bond is non-directional. An approximate value for the metallic bond
energy is given in Table 5.1.

Atomic Arrangement

In a pure metal, atoms are the same size, and the metallic bond is non-directional. Atoms are ordered on
athree-dimensional lattice in an optimum arrangement to minimize energy. To simplify the description
of the atomic arrangement, atoms can be idealized as hard spheres. In close-packed lattices, the spheres
order by touching as many adjacent atoms as possible. Two such close packed structures are face-centred
cubic (f.c.c.) and close-packed hexagonal (c.p.h.) arrangements of atoms. Each atom is surrounded by
12 nearest neighbours, and is said to have a coordination number of 12. The structure that forms is the
one that possesses the lowest energy at a given temperature and pressure. Atoms in the unit cell of the
f.c.c. lattice are located at the corners and face centres of a cube. Alternatively, energy may be minimized
by packing with a more open structure, such as the body-centred cubic (b.c.c.) arrangement, in which
each atom is surrounded by eight nearest neighbours. Atoms in the unit cell of the b.c.c. lattice are
located at the corners and centre of the cube. Some directionality of bonding can be identified in
more open structures. The lattice may also be distorted in one or more directions, forming tetragonal
structures based on f.c.c. and b.c.c. arrangements. Crystallographic planes of atoms can be identified
within such lattices, which reflect the stacking sequence.

Table 5.1 Bond energies

Nature Type Energy
(Jx1071)
Metallic — 5
Tonic — 3
Covalent Cc—C 5.76
c-O 5.92
C—H 6.88
O—H 7.68
C= 10.24

Van der Waals - 0.03
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Interaction of Metals and Alloys with a Laser Beam

The electron cloud in metals and alloys provides a large number of energy levels to which electrons may
be promoted on collision with the photons of a laser beam. The energy of near infrared, visible and
ultraviolet radiation is similar to that of electron transitions. Transition metals, which are bound by
inner electrons, have many unfilled orbitals that can participate in energy absorption. Copper absorbs
in the blue portion of the visible spectrum, and so appears red when illuminated with white light.
Alkali metals and alloys such as aluminium and magnesium that are bound by outer electrons have
fewer energy levels, and absorb poorly in the visible region, appearing white. At a given wavelength
of incident radiation, absorption data spread over a range, which in the visible region is determined
by the number of unfilled orbitals. As the wavelength of radiation increases, and the radiation energy
decreases correspondingly, both the magnitude and width of the absorption range decrease as fewer
electron transitions are available to interact with photons. Processing of metals and alloys is therefore
more efficient with short wavelength laser light.

CERAMICS AND GLASSES

Ceramics are crystalline, inorganic non-metals. Glasses are amorphous (non-crystalline) solids with
short range order, but no long range order.

Ceramics include some of the oldest of constructional materials — granite, stone and porcelain. The
name is derived from Cerami, a district of ancient Athens where pottery was manufactured. Today’s
ceramics may be categorized according to the nature of the principal bonding mechanism (ionic or
covalent); or divided into three broad groups according to their application (natural, domestic and
engineering). We consider the categories of bonding first to illustrate the differences between ionic,
covalent and metallic bonding.

Bonding

Ionic ceramics typically comprise compounds of a metal and a non-metal. Alumina (Al,O3), zirconia
(ZrO,) and sodium chloride (NaCl) are examples of ionic ceramics. Atoms that are able to gain electrons
to form negatively charged anions are electronegative. Those that dissociate easily into positively
charged cations and electrons are electropositive. An ionic bond is formed by the electrostatic attraction
between electronegative and electropositive atoms. An average ionic bond energy is given in Table 5.1.
By donating and accepting electrons, stable full outer shells of electrons are formed in the participating
atoms. Ionic bonding is essentially non-directional.

Covalent ceramics are pure elements (diamond or silicon), or compounds of two non-metals,
e.g. silicon and oxygen, which form silica (SiO). A covalent bond forms when two or more atoms
share electrons in order to achieve stable, filled electron shells. Covalent bonds are strongly directional
because the shared pair of electrons occupies a volume that resembles an oriented dumbbell. Covalent
bonds are formed between atoms that have similar values of electronegativity.

Atomic Arrangement

The lattice structure of a ceramic depends on two factors: the number of atoms of each element
required to maintain electrical neutrality; and the relative sizes of the ions (the ionic radius). If the
ratio of the cation radius to the anion radius lies in the range 0.155-0.225, a coordination number of
three is the most probable, with the anions arranged at the corners of a triangle around the cation.
For ratios in the range 0.225-0.414, a coordination number of four is favoured, and a tetrahedron
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of anions is formed around the cation. Similarly, ratios in the range 0.414-0.732, and those greater
than 0.732 favour coordination numbers of six and eight, respectively. Thus the atomic structure of
alumina comprises crystals of hexagonal structure with close-packed layers of oxygen ions (0?~) with
the aluminium ions (AI’*) occupying interstices such that each is surrounded by six oxygen ions.

Glasses are based on silica in the form of tetrahedra of (SiO4)~. These units may be linked by
sharing corners to produce three-dimensional frameworks and chains, or two-dimensional rings and
layers. The different ways of linking units result in random networks, with short range order, but no
long range order — an amorphous structure.

Interaction of Ceramics and Glasses with a Laser Beam

The electrons in ceramics and glasses are bound. The energy of photons is principally absorbed by
resonance of bound electrons through coupling to high frequency optical phonons. Phonons can be
thought of as lattice vibrations, which take discrete values in the same way as electrons. Crystalline
solids have strong phonon absorption bands in the infrared region of the spectrum, and CO; laser
radiation is absorbed well. Absorption is generally weak over intermediate wavelengths, but increases
rapidly in the ultraviolet region because electronic energy transitions then become available. Impurities
in ceramics and glasses can cause sharp changes in absorptivity. Engineering ceramics, such as silicon
nitride and silicon carbide, absorb well in the range from the visible to the infrared.

POLYMERS
Bonding

A simple polymer, such as polyethylene, comprises linear chains of the monomer ethylene (C,Hy).
More complex polymers comprise networks of cross-linked large monomers. The atoms in the chain
and networks are covalently bonded. Examples of covalent bond energies are given in Table 5.1. A
limited degree of structure can be formed through secondary weaker bonds such as Van der Waals bonds
(Table 5.1), which arise from random temporal and spatial variations of charge in atoms and molecules.

Atomic Arrangement

The degree of polymerization (or density) describes the number of monomers in the chains, and is
typically between 10° and 10°. On heating, the chains can move relative to each other, enabling the
polymer to soften and be formed. Such polymers are thermoplastics — the largest class of engineering
polymer. By replacing one H atom of the ethylene monomer by a side group (or radical), different
types of polymer can be formed. For example, if the radical is Cl, polyvinyl chloride is obtained; if
it is CHs, polypropylene is formed; and if C¢Hs is substituted, polystyrene forms. The configuration
of the polymer describes the way in which the atoms are arranged, and cannot be changed without
breaking bonds. The conformation describes the arrangement of atoms about the chain: isotactic
(all side groups on one side of the chain); syndiotactic (regularly alternating side groups); or atactic
(random alternation of side groups).

More complex polymers, such as epoxies, are made up of networks of large monomers in which
each chain is cross-linked at various locations to other chains. The cross-linking occurs because the
chains react with one another, or small linking molecules, removing radicals to provide sites for links
to form. These are thermosets, which if heated soften, but do not melt (instead they decompose).

Linear polymers, such as high density polyethylene, can form crystals because the molecules have no
side groups or branches. Highly crystalline polymers, such as high density polyethylene, is around 80%
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crystalline; the crystalline regions are separated by amorphous (unordered) glassy regions. A crystalline
polymer has a relatively well-defined melting temperature at which the volume changes rapidly.

Amorphous polymers contain large side groups, atacticity, branching and cross-linking, all of which
hinder crystallization. Molecules are continually rearranged, increasing the volume of the polymer.
The extra volume created by this motion is the free volume, which gives viscous flow. The side units are
able to rotate around the single bonds of the backbone, causing an increase in volume and flexibility.
As the temperature decreases, the free volume decreases until a point is reached when no free volume
remains. This is the glass transition temperature, Ty, below which the polymer becomes a glass in
which molecules are bound together into an amorphous solid.

Elastomers are lightly cross-linked polymers, which can be extended considerably and reversibly.
The ‘backbone’ of the polymer chain may be carbon, as in the case of natural rubber and butyl rubbers,
or oxygen (polypropylene oxide), silicon (fluorosilicone) or sulphur (polysulphide). Thermoplastic
elastomers comprise alternating hard and soft blocks, and can be repeatedly softened by heating,
unlike conventional elastomers.

Interaction of Polymers with a Laser Beam

Polymers absorb radiation through resonant vibration of molecular bonds. Absorptivity of far infrared
radiation (e.g. a CO; laser beam) is high in most organic materials. Energy is absorbed at the surface,
and transmitted through the polymer by classical conduction. Radiation in the range near ultraviolet
to near infrared (e.g. Nd:YAG and diode laser wavelengths) is transmitted, unless the polymer contains
an absorbing pigment or filler. The photon energy of ultraviolet radiation produced by the shorter
wavelength excimer lasers (Table B.1, Appendix B) is higher than, or similar to, the covalent bond
energy of many organic materials given in Table 5.1; chemical bonds can therefore be broken, without
the generation of heat, providing a means of athermal processing (Chapter 7). This interaction is the
basis of a large number of laser micromachining techniques.

COMPOSITES
Atomic Structure and Bonding

No class of engineering material exemplifies better the way that nature can influence the design of
structures for given applications than composites. Wood is made up of strong fibrous chains of cellulose
embedded in a matrix of softer lignin. Teeth and bone are composed of hard inorganic crystals of
hydroxyapatite or osteones in a tough matrix of organic collagen. Today’s man-made composites adhere
to the same design principles. A strong, stiff reinforcement is embedded in a tough, softer matrix. The
reinforcement takes the form of regular arrangements of fibres, or random dispersions of whiskers
and particles. The matrix material and the morphology of the reinforcing phase provide a convenient
means of classifying composites: a metal, polymer or ceramic matrix, with reinforcing constituents of
fibres, whiskers or particles. The bonding corresponds to that of the component materials.

Interaction of Composites with a Laser Beam

Composites are able to absorb laser radiation through various mechanisms, depending on the class
of material used for the matrix and the reinforcement. The mechanisms correspond to those of the
component materials. Differential absorption of energy between the matrix and the reinforcement is
often the source of instabilities, and so there are currently few examples of the use of composites in
laser processing. However, the potential is enormous if advantage can be taken of this variation in
behaviour.
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MICROSTRUCTURE

The properties of industrial materials can often be improved if they are processed thermally, mechani-
cally, or both. They may also be alloyed with one or more elements. The atomic structure is transformed
by such treatments — atoms are rearranged and new lattices are created, and host atoms mix with
alloy atoms in various ways. Distinct phases are formed. These phases are typically observed on the
micro-scale (107% m), and influence the microstructure and properties of materials.

Phase transformations are induced in engineering materials by changes in composition, tempera-
ture or pressure, or combinations of all three. Most laser-based processing is carried out at constant
pressure, and so we are primarily interested in the structural changes that result from thermal cycles and
modifications to composition. Phase transformations occur because of a thermodynamic driving force
that causes one phase to be more stable than others under a given set of conditions. Under equilibrium
conditions, the phase transformation proceeds to completion. However, the rate of transformation in
thermally activated processes is governed by a kinetic mechanism, such as diffusion. The equilibrium
microstructure may then not have time to form, and a metastable phase forms instead. We consider
equilibrium transformations first.

EQUILIBRIUM TRANSFORMATIONS

Phase diagrams (also known as constitution or equilibrium diagrams) are maps that show the equilib-
rium microstructure of an alloy or ceramic over ranges of composition and temperature. They have
many uses: they illustrate solidification sequences; they display the range of temperature and com-
position over which phases are stable; they indicate the temperature at which a phase transformation
occurs with a given composition; and they provide a basis for inferring the behaviour of materials
under non-equilibrium conditions, such as those present during laser processing. Phase diagrams can
take many forms, depending on the mutual solubility of the components.

Complete Solid Solubility

A binary alloy contains two components. Copper and nickel, for example, are mutually soluble in
the solid state over the entire composition range, and form a continuous solid solution. Substitutional
solid solutions form when the solvent atoms replace atoms of the host lattice, e.g. zinc atoms in
copper (brasses). This can occur in systems with similar atomic sizes (typically a difference of less than
14%), similar electrochemical behaviour, and those in which an increase in electron concentration
can be accommodated. For these reasons, copper and transition metals form extensive solid solutions.
Interstitial solid solutions form when the solvent atoms are small enough to occupy holes between the
(often close-packed) atoms of the host lattice, e.g. carbon atoms in the iron lattice (steels).

Consider the phase diagram of the copper—nickel system, shown in Fig. 5.1. Pure copper (denoted
by the left-hand ordinate) is solid until heated to 1083°C, at which temperature it melts. Similarly, pure
nickel melts at 1453°C (right-hand ordinate). In contrast, alloys of copper and nickel melt and freeze
over a temperature range. Consider a liquid alloy containing 75 wt% Cu and 25 wt% Ni (used to make
coins). On cooling, the first solid material forms at a temperature of 1220°C. Solidification is complete
when the temperature has fallen to 1150°C. This temperature interval is the solidification range for this
alloy. An alloy containing 65 wt% Ni and 35 wt% Cu (used as the basis for aeroengine turbine blades)
solidifies over a smaller temperature range, between 1410 and 1365°C. The locus of the temperatures
of initial solidification over the entire composition range is the liquidus. Similarly, the locus of the
temperatures at which solidification is complete is the solidus. At any intermediate temperature in the
solidification range, the compositions of the liquid and solid, respectively, adjacent to the solidification
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Figure 5.1  Copper-nickel phase diagram showing mutual solid solubility

front are found by constructing a horizontal tie line joining the liquidus and solidus, as illustrated in
Fig. 5.1.

The first solid to form is richer in Ni than the alloy composition, and the final liquid to solidify
is richer in Cu. At any temperature during solidification, the composition of the liquid is that given
by the intersection of the tie line and the liquidus, and the composition of the solid is that given by
the intersection of the tie line and the solidus. The weight fractions of solid and liquid, W and Wj,
respectively, are found by applying the lever rule to the tie line:

c—b b—a
W, =

c—a c—a

Solidification occurs by the formation of ‘seed’ crystals, or nuclei, in the melt. The lower the temper-
ature at which solidification occurs, the more nuclei form. The solid nuclei grow in the melt along
preferred crystallographic planes in the form of spiked dendrites with a characteristic atomic arrange-
ment. When neighbouring crystals meet they form a grain boundary. The distance between the grain
boundaries is the grain size.

Figure 5.1 is an equilibrium diagram. On solidification, the solidified alloy is able to maintain a
homogeneous distribution of alloying elements through solid state diffusion. If solidification occurs
too rapidly to allow homogenization by solid state diffusion, the individual layers that solidify retain
their original composition, and cored dendrites form, with a centre rich in Ni and outer regions rich
in Cu. Rapid cooling also affects the morphology of the solidified dendrites: the dendrite arm spacing
reduces as the cooling rate increases. Similarly, on heating at a high rate, the composition of the solid at
temperatures between the solidus and liquidus is not able to change fast enough by solid state diffusion
to match that predicted by the phase diagram.
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Figure 5.2 Lead-tin phase diagram showing a eutectic reaction

Partial Solid Solubility

Mutual solid solubility is often observed only within limited ranges of alloy components. Outside these
ranges a eutectic or peritectic reaction occurs.

Eutectic Systems

The lead—tin system, from which soft solders are made, is an example of limited mutual solid solubility
with a eutectic reaction. Alloys with a lead content up to a in Fig. 5.2 solidify as the solid solution
«. Similarly, alloys with a tin content up to b solidify as the solid solution S. The mechanism of
solidification is the same as that described for complete solid solubility.

The composition at which liquid can exist at the lowest temperature in the system is the eutectic
composition, e, illustrated in Fig. 5.2; the temperature is the eutectic temperature. An alloy of compo-
sition e solidifies at the constant eutectic temperature as a eutectic of the two solid solutions « and 8,
with compositions x and y, and volume fractions ey:ex, respectively. Alloys in the range x to e solidify
as dendrites of « surrounded by the eutectic of & and 8. The « dendrites are referred to as primary o;
the remainder as eutectic . Both have the composition x. o dendrites continue to grow until the liquid
composition reaches the eutectic composition. Alloys in the range e to y solidify correspondingly with
primary 8 and eutectic.

Athigh cooling rates, coring can occur in the same manner as described for complete solid solubility.
Excess solute can combine with the solvent to form compounds of low melting temperature. These are
normally present at grain boundaries, and are locations of weakness within the microstructure. The
morphology of the phases formed is also dependent on the cooling rate: the higher the cooling rate,
the finer the microstructure.

Peritectic Systems

A peritectic reaction involves the formation of a solid phase from a liquid and a second solid phase.
Figure 5.3 illustrates a peritectic system.

The line joining w, z and u is the liquidus, and that joining w, x, y and u is the solidus. T}, is the
peritectic temperature. Alloys containing 0—10 wt% B solidify as the solid solution «. Those containing
65-100 wt% B solidify as the solid solution 8. Rapid cooling causes coring, and can introduce some f
into « alloys that approach x wt% B.

Consider an alloy of composition (1) in Fig. 5.3. Solidification starts at the temperature T7 with
the growth of dendrites of « of composition w. When the temperature has fallen to T}, the dendrites
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Figure 5.3 A system of A and B containing a peritectic reaction

have a composition x and the liquid a composition z with weights in the proportion «:liquid = rz:rx.
The peritectic reaction then occurs causing all the remaining liquid to form 8 of composition y. The
final structure consists of dendrites of « with a partial or complete network of 8. The ratio a:8 = ry:rx.
The effect of rapid cooling is to produce coring in the & and a similar variation in composition in
the B, since apart from at the solid—peritectic interface the peritectic reaction depends on solid state
diffusion. The volume fraction of 8 can be increased by rapid cooling.

Consider an alloy of composition (2) in Fig. 5.3. The first stage of solidification is the same as in
alloy (1): solidification begins at T, and when the peritectic temperature is reached the alloy consists
of dendrites of o of composition x and liquid of composition y in the ratio « :liquid = sz:sx. At the
peritectic temperature all the o reacts with some of the liquid to form B of composition y, with the
ratio B:liquid = sz:sy. As the temperature falls from T}, to T3, the remaining liquid solidifies directly
as B on that already formed. The composition of the 8 formed by the peritectic reaction, and that
subsequently between T}, and T3, changes along the line yu by absorption and diffusion of B from the
liquid. Under equilibrium conditions the structure at T3 is homogeneous B of composition s. Rapid
cooling results in heterogeneous grains and can cause some « to be retained in the centre of the grains.

The iron—carbon phase diagram shown in Fig. 5.4 illustrates the peritectic reaction of delta ferrite
and liquid to form austenite.

Eutectoid Systems

A eutectoid reaction describes the transformation of a solid solution into two new solid phases, normally
with a fine lamellar morphology. The iron—carbon phase diagram shown in Fig. 5.4 contains a eutectoid
reaction at 723°C when austenite of carbon content 0.8 wt% transforms to a lamellar mixture of ferrite
(0.02 wt% C) and cementite (6.67 wt% C), known as pearlite.

Peritectoid Systems
The peritectoid reaction describes the formation of a single solid phase from the reaction of two other

solid phases.

PHASE DIAGRAMS FOR ENGINEERING MATERIALS

Phase diagrams for many systems of engineering materials can be described by combining diagrams
for solid solutions, eutectic and peritectic reactions over specific composition ranges. They may be
used to estimate the course of phase transformations during thermal cycles, from which modifications
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Figure 5.5 Phase diagram for the ceramic system silica—alumina

induced under non-equilibrium conditions may be inferred. A phase diagram for the ceramic system
SiO; and AL, O3 is shown in Fig. 5.5.

NON-EQUILIBRIUM TRANSFORMATIONS

We have considered phase transformations occurring under equilibrium conditions until now. The
driving force for transformation is thermodynamic. Sufficient time is assumed to be available for
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thermally activated mechanisms such as diffusion to occur. However, only small amounts of energy
are absorbed during laser processing, and so heating and cooling rates are high, and transformations
can take place under conditions far from equilibrium. The kinetics of transformation must then be
considered. Phase diagrams can also be constructed for such non-equilibrium conditions.

Isothermal Transformation

The progress of a transformation at a given temperature may be presented in the form of a temperature—
time—transformation (TTT) diagram, illustrated in Fig. 5.6 for a hypoeutectoid steel. We consider
reactions in steels first because they have been studied in the greatest detail, and transformation
diagrams have been produced for a wide range of compositions. However, the principles described
apply equally to all materials in which the mechanisms of transformation are analogous.

Let the equilibrium transformation temperature at which a second constituent, pearlite, forms
from austenite and becomes stable be A;. If transformation occurs at a temperature 77, with a small
undercooling (the difference between T} and A;), there is a relatively small thermodynamic driving
force, but transformation can occur rapidly because the high temperature enables diffusion to occur
rapidly. With a large undercooling at a temperature T, for example, a high thermodynamic driving
force exists, but the kinetics of the transformation are slow. In both cases transformation takes a
relatively long time. At an intermediate temperature, T, the optimum combination of thermodynamics
and kinetics results in a minimum time for transformation, producing the ‘nose’ of a characteristic
C-curve.

Transformation on Heating

The solid state formation of austenite on heating can be represented in a time—temperature—
austenitization (TTA) diagram, shown in Fig. 5.7 for a hypoeutectoid steel.

The effect of rapid heating, as is the case during laser surface hardening (Chapter 9), is to raise the
temperatures of transformation. For example, the A;; temperature, at which pearlite transforms to
austenite, is superheated by several tens of degrees. The transformation involves the diffusion of carbon
from the cementite lamellae of pearlite, which is a kinetic mechanism that requires a certain time to be
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completed. If the time available is restricted, a higher temperature is required to increase the rate of dif-
fusion. Similarly, carbides present in the microstructure may require even higher degrees of superheat-
ing, particularly if the mechanism of dissolution is controlled by the slow diffusion of a metal species.

Transformation on Cooling

The solid state decomposition of austenite on cooling can be represented in a continuous cooling
transformation (CCT) diagram, shown in Fig. 5.8 for a hypoeutectoid steel. This is similar in form to
the TTT diagram, but is constructed for conditions of cooling, rather than isothermal transformation.
Cooling curves have been superimposed in Fig. 5.8 to illustrate the effects of cooling rate on the
microstructural constituents formed from austenite decomposition.

Figure 5.8 illustrates that with a very low cooling rate, sufficient time is available for the phases
predicted by the equilibrium diagram to form. As the cooling rate increases, metastable phases such as
martensite are able to form through athermal reactions. During laser hardening (Chapter 9) we wish
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to induce a cooling rate similar to that denoted (a) in Fig. 5.8 to produce a hard martensitic surface.
However, during laser welding (Chapter 16), a microstructure produced by a cooling rate denoted (c)
in Fig. 5.8 might be more appropriate to avoid the likelihood of cracking associated with hard phases.

SOLIDIFICATION
Solidification Morphology

The shape of the solid-liquid interface controls the development of microstructural features during
solidification. The nature and stability of the solid-liquid interface depend on the thermal and com-
positional conditions that exist adjacent to the interface. The most important variables in determining
the morphology of solidification are the growth rate, the temperature gradient in the liquid, the under-
cooling, and the alloy composition. Depending on these conditions, the interface may grow by planar,
cellular, or dendritic mechanisms.

Alloys rarely solidify with a planar growth front because temperature gradients in the liquid and
growth rates are difficult to control with the accuracy required.

If the temperature gradient ahead of an initially planar interface is reduced, the first stage in the
breakdown of the interface is the formation of a cellular structure. As the first protrusion forms, solute
is rejected laterally, lowering the equilibrium solidification temperature, causing recesses to form,
which in turn initiate the formation of other protrusions. The protrusions develop into long arms, or
cells that grow in the direction of heat flow. At sufficiently low temperature gradients, secondary and
tertiary arms develop, forming a dendritic morphology.

Constitutional supercooling describes the condition in which the composition of the liquid ahead
of the solidifying interface is such that liquid exists below its equilibrium solidification temperature
because of the rejection of solute from the solid. In such a case, a planar solidification front is again no
longer stable — protrusions can grow into liquid regions with a liquidus temperature above that of the
tip of the protrusion. The criterion for such plane front instability is

G AT,
—_— < —
R D
where Gy is the temperature gradient in the liquid, R is the solidification front growth rate, AT is the
equilibrium solidification temperature range, and D is the solute diffusion coefficient in the liquid.
The temperature gradient and growth rate are important in the combined forms GR (cooling rate)

and G/R since they influence the scale of the solidification substructure and solidification morphology,
respectively.

Solidification Phases

The room temperature microstructure that can be expected with solidification and cooling rates asso-
ciated with arc fusion welding of stainless steels can be predicted by using various diagrams. The
Schaeffler diagram uses an abscissa showing the concentration of ferrite-stabilizing elements in terms
of a chromium equivalent, and an ordinate that denotes the concentration of austenite-stabilizing
elements in terms of a nickel equivalent, Fig. 5.9. Room temperature microstructures containing
3-8 vol.% ferrite have the minimum susceptibility to solidification cracking. The diagram is con-
structed for arc fusion welding processes — the cooling rates associated with solidification following
low energy laser processing are orders of magnitude higher, and so such diagrams should be used
with caution when predicting solidification microstructures or selecting steel compositions. This is
discussed further in Chapter 16.
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INDUSTRIAL MATERIALS

Laser processing has been applied to a wide range of engineering materials. In the chapters that
follow, laser-processed materials are categorized into classes (metals and alloys, ceramics and glasses,
polymers and composites), which are subdivided into types (carbon—manganese steels, alloy steels
etc.), and sometimes further differentiated by grades (e.g. 2000 and 6000 series aluminium alloys). If
we are to understand the effects of laser processing on industrial materials, it is important to appreciate
the philosophy behind the design of the materials: an observation from treatment of one material
may enable a prediction of the response of an analogous material from a different class to be made,
for example. This section on industrial materials can be used as a reference for the composition,
microstructure and properties of the laser-processed grades described in the chapters that follow.

METALS AND ALLOYS

Metals and alloys account for over half the engineering materials in use today. The most common
groups of engineering metals and alloys are carbon—manganese steels, alloy steels, cast irons, stainless
steels, tool steels, aluminium alloys, magnesium alloys, titanium alloys, nickel alloys and copper alloys.
They are popular because they possess attractive combinations of properties: a favourable ratio of
strength to density; good formability and weldability; and relatively low cost. The various standards
and designations used to identify individual alloys are listed in Appendix C.

Carbon—-Manganese Steels

The popularity of steels as engineering materials can be attributed to a number of factors. They are
relatively easy to manufacture using conventional techniques such as casting, forging, stamping and
machining. Their cost is relatively low. A wide range of mechanical properties may be produced
by thermal and mechanical treatments, enabling optimum combinations of strength, ductility and
toughness to be achieved. Today, steels account for over 80% by weight of metallic engineering alloys.
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Carbon—manganese steels, with microstructures consisting of ferrite and pearlite, are often referred
to as structural steels. They may be classified by their carbon content as hypoeutectoid and hypereu-
tectoid, depending on whether the carbon content is less than or greater than 0.8 wt%, respectively.
Hypoeutectoid steels are further classified here according to carbon content: low carbon grades contain
less than 0.1 wt%; medium carbon contain 0.1-0.25 wt%; and high carbon 0.25-0.8 wt%. They are
produced in sections up to several centimetres in thickness, and used extensively in the construction
and general engineering industries. Steels with grain sizes on the order 7-10 wm and ultimate tensile
strengths above 700 N mm~2 are now common. Hypereutectoid steels are generally used in highly
alloyed conditions in applications where hardness is the principal requirement, e.g. cutting tools.

Steels are alloyed for one or more of the following reasons:

to produce solid solution hardening (C, N, Mn, B);

for deoxidization during manufacturing (Si, Al);

to modify the morphology of inclusions (Ce, Ti, Ca, Zr);
to form carbides and nitrides to pin grain boundaries (Ti, Nb, V, W, Mo, Cr);
to increase the amount of pearlite (C, Mn);

to stabilize ferrite (Cr, Si, Al, W, Mo, Ti, V);

to stabilize austenite (C, Mn, Ni, N);

to refine grain size (Mn);

to improve toughness (Ni);

to increase hardenability (C, Mn, Cr, Mo, Ni, B);

to increase hardness (C);

to improve corrosion resistance (Cr, Mo);

to improve oxidation resistance (Cr, Cu);

to hinder grain growth (Nb, V, Ti, Cr, Al);

to improve machinability (Mn); and

to reduce segregation and the occurrence of solidification cracking (Mn).

Carbon is the most important alloying addition in structural steels. It is the simplest and cheapest
means of increasing strength, which it does by increasing the volume fraction of pearlite formed.
However, both impact toughness and weldability decrease as the carbon content is raised. This can
present problems during laser processing, when cooling rates can be an order of magnitude greater
than conventional arc processes. Carbon also strengthens the matrix by solid solution hardening since
its atomic volume is sufficiently small to allow it to occupy the octahedral interstitial sites in both the
ferrite and austenite lattices. Solubility is greater in austenite than ferrite because of the larger size of the
interstices. Carbon increases hardenability and lowers both the martensite start (M;) and martensite
finish (My) temperatures. This encourages the formation of hard twinned martensite on quenching
from austenite. The hardness of martensite is primarily determined by its carbon content. In addition
to cementite (Fe3C), carbon combines with other alloying additions to form carbides.

Nitrogen also strengthens through solid solution hardening, but its presence is generally undesirable
because it increases the tendency for strain ageing, and hence brittleness. It combines with other
elements to form nitrides, which can pin grain boundaries to maintain a small austenite grain size
during thermal processing.

Manganese is present in structural steels, partitioned in ferrite and cementite. It has a mild deoxidiz-
ing effect. It combines with sulphur to form manganese sulphide inclusions, thus reducing the degree of
sulphur segregation to grain boundaries, which may promote solidification cracking. It also increases
the volume fraction of pearlite formed. In amounts between 0.8 and 1.6 wt% it increases strength
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without impairing toughness, partly because it lowers the austenite transformation temperature,
resulting in grain refinement. Manganese also increases hardenability.

Silicon is used as a deoxidizing agent during the steelmaking process, to produce killed steel. If
insufficient silicon is present to combine with all the dissolved oxygen, bubbles of carbon monox-
ide form during solidification, which result in undesirable macrosegregation on solidification. Such
unkilled steels are known as rimming steels. Silicon produces a significant strengthening effect in
ferrite.

Microalloyed structural steels contain small additions of titanium, vanadium, aluminium and nio-
bium (less than 0.15 wt%), which form carbides, nitrides or carbonitrides around 200 nm in diameter.
These precipitates are stable in austenite, and restrict grain growth during thermal processing. The
rapid thermal cycles induced by laser processing have a beneficial effect on restricting precipitate dis-
solution and coarsening. A small ferrite grain size is produced on cooling, which increases both yield
strength and toughness.

Phosphorus and sulphur are impurity elements that are present in small amounts in most steels.
Phosphorus exists in solid solution in ferrite, increasing strength, but it has a particularly noticeable
effect on decreasing toughness. Sulphur has a very low solubility in iron, and normally exists in the
form of manganese sulphide. Impurity limits designed for arc welding steels might not be applicable
to laser welding because of the higher cooling rates involved, and care should be taken when applying
guidelines.

Low carbon steels contain less than 0.1 wt% C. They are used in the normalized, hot rolled, or cold
rolled conditions. Structural strength is not of prime importance; applications include automotive
bodies, stampings, and cladding for buildings. The microstructure comprises ferrite and pearlite; the
volume fraction of pearlite increases with carbon content. The requirement for improved corrosion
resistance in sheet steel applications in the automotive industry has led to the widespread introduction
of coated steels. Zinc coatings are produced by electrogalvanization, galvannealing, and hot dip gal-
vanizing. Polymer coatings can also be deposited on a zinc-coated sheet base. Generally, the thickness
of electrolytic zinc and iron—zinc alloy coatings is less than 10 wm, but thicker coatings (>20 pm)
produced by hot dipping are used in regions requiring added protection. Uncoated low carbon sheet
steels can be laser cut and welded easily, but precautions are necessary when coatings are present within
lap joints.

Medium carbon steels respond well to heat treatment, but as the carbon content rises the fracture
toughness falls rapidly. They are therefore normally used in the hardened and tempered condition.
Plain carbon steels can only be heat treated in small sections with rapid quenching. Deeper hardening
requires the use of more highly alloyed steels. Medium carbon steels are used in crankshafts, axles,
wheels, connecting rods, crane hooks, die blocks, turbine rotors and gears. They can be laser welded,
normally with the aid of preheating, and also laser hardened.

High carbon steels are brittle, and are therefore normally alloyed with elements such as chromium
and vanadium to improve toughness. These are known as tool steels, and are considered later.
Hardening is normally the only laser process used with such steels.

Alloy Steels

Alloy steels contain deliberate alloying additions, in addition to carbon and manganese. Chromium,
copper, molybdenum, nickel, silicon, niobium, titanium, tungsten and vanadium are added to impart
specific properties. Alloy steels are classified here according to the total level of deliberate alloying
additions: low alloy steels contain less than 2 wt%; medium alloy steels contain 2—10 wt%; and high
alloy steels contain more than 10 wt%.

The carbon content in alloy steels is typically less than 1wt%. The size of metallic atoms such
as manganese, nickel and chromium is similar to iron, and so they are able to occupy substitutional
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sites in the iron lattice. Chromium is added in amounts typically between 1 and 2.5 wt% in order
to increase hardenability, thus increasing the thickness of material that can be hardened. The most
noticeable effect of nickel in alloy steels is to promote toughness at low temperatures. For example,
the addition of 9wt% Ni provides toughness down to —200°C. Molybdenum is added to increase
hardenability, but it is also a strong carbide-forming element. The stable carbide must be dissolved,
and molybdenum must be available in solid solution in austenite for it to be effective in increasing
hardenability. The sulphide inclusion content is usually modified to produce fine dispersions of round
inclusions rather than deleterious stringers, by the addition of Ce Ti, Ca or Zr. Steels alloyed with
Cr are used for power generation and high temperature applications, in which resistance to creep is
important. The most common steels are the Cr—Mo steels containing 0.5-2.25 wt% Cr and 0.5-1.0 wt%
Mo. Vanadium may also be added (approximately 0.25 wt%), and higher Cr contents (5 and 9 wt%) are
used in some applications. High strength low alloy (HSLA) steels are produced by a combination of low
alloy additions and thermomechanical treatment during production to produce a range of enhanced
mechanical properties (e.g. yield strength in the range 450-850 N mm~2). Alloy steels respond well to
laser hardening.

Stainless Steels

There are four basic types of corrosion resistant or ‘stainless’ steel, which are characterized by the
dominant room temperature microstructure: austenitic; ferritic; duplex; and martensitic. In practice,
austenitic stainless steels contain a small amount of ferrite. A fifth category — stainless steels that
respond to precipitation hardening — can also be defined. Stainless steels are often considered to be
expensive, but normally prove economically sound when all the costs — including lifetime, maintenance
and repair — are taken into consideration.

Chromium forms an oxide film in many environments, which protects the steel from corrosion.
In normal aqueous media, 12 wt% Cr provides protection. Under aggressive conditions, the chromium
content might need to be well in excess of 12 wt%. Chromium stabilizes ferrite. Nickel is added to
stabilize austenite, providing toughness, particularly at low temperatures. Molybdenum in amounts
of about 2.5 wt% increases the corrosion resistance of austenitic stainless steels in chloride-containing
environments such as sea water. When heated into the temperature range 420-870°C, carbides can
be precipitated, primarily along grain boundaries. This is known as sensitization, or weld decay, and
results in chromium-depleted regions, with reduced corrosion resistance. Niobium and titanium are
used as stabilizers in some grades to overcome this problem. The rapid thermal cycle of laser welding
is beneficial in reducing weld decay.

Austenitic stainless steels contain 18-25wt% Cr, 8-20 wt% Ni, and up to 0.2 wt% C. The most
common contain 18 wt% Cr and 9-10 wt% Ni. The solidified microstructure comprises austenite or a
dual phase austenite—ferrite mixture. A ferrite content between 3 and 8 vol.% endows the steel with
good resistance to solidification cracking. However, ferrite may be preferentially attacked in some
corrosive environments, and may transform to the brittle sigma phase if exposed to temperatures in
the range 540-930°C. Ferrite is also detrimental to fracture toughness in cryogenic environments.
Austenitic stainless steels can only be hardened by mechanical working. They possess high corrosion
resistance, particularly to pitting caused by chlorides. They can be cleaned easily, are easy to fabricate,
have a good appearance, are non-magnetic, and have good toughness and ductility at low temperatures.
Of the stainless steels in use today 80-90% are of the austenitic type. They are used when corrosion
resistance and toughness are the primary requirements, e.g. in car wheel covers, wagons, fasteners,
chemical and food processing equipment, heat exchangers, oven liners, aircraft exhaust manifolds and
pressure vessels. They are suitable candidates for laser cutting and welding.

Ferritic stainless steels contain 13-25wt% Cr, and up to about 0.2 wt% C. Ferrite is formed on
cooling from the liquid. Ferritic stainless steels are used when moderate corrosion resistance is required,
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although their resistance to stress corrosion is particularly high. They are magnetic and are not generally
considered to be heat treatable. They are used in decorative trims, light-gauge sheet and acid tanks, and
many laser-cut and laser-welded applications can now be found, e.g. the components of car exhaust
systems. Ferritic steels containing 40 wt% Cr have high resistance to chloride stress-corrosion cracking,
and a lower cost in comparison with duplex stainless alloys, because of the lower nickel content.

Duplex stainless steels appeared in early 1930s. They typically contain 22 wt% Cr, 5 wt% Ni, 3 wt%
Mo and 0.17 wt% N, and solidify as ferrite, with austenite islands forming at grain boundaries during
solid state transformation. A microstructure containing equal amounts ferrite and austenite exhibits
a good balance of toughness, and resistance to local and stress-corrosion cracking. The addition of
nitrogen has a number of beneficial effects: it stabilizes the duplex microstructure at high temperature; it
increases the stability of austenite with respect to intermetallic phase formation (e.g. sigma) in the range
800-1000°C; and itimparts corrosion resistance in chloride-containing neutral or oxidizing acid media.
Even higher alloy additions are used in super duplex grades — typically 25 wt% Cr, 7 wt% Ni, 3 wt%
Mo, 0.17 wt% N and 1 wt% Cu; these have particular resistance to pitting corrosion. Duplex stainless
steels can cost ten times more than structural steels, and are used where high corrosion resistance is
required, such as in chemical and food processing equipment, and paper and pulp machinery. There
is much interest in the properties of laser-welded duplex steels because the rapid thermal cycles help
to maintain the desirable 50—-50 mixture of ferrite and austenite, and microstructural control can be
exercised through the use of appropriate shielding gases.

Martensitic stainless steels contain 11.5-18 wt% Cr and up to 1.2 wt% C. Additional alloying with
about 5wt% Ni and up to 2wt% Mo enhances corrosion resistance. Since austenite is formed on
solidification, the steels can be hardened by heat treatment, although they are often delivered in the
annealed condition for ease of machining, with a microstructure of chromium carbides in a ferrite
matrix. In some oil and gas applications, 13 wt% Cr weldable martensitic stainless steels have the
potential to replace duplex stainless steels with a material cost saving of about 50%. Popular uses
include steam turbine blades, cutlery, surgical instruments, valves, screws, springs, machinery, blades,
bolts, bearings, nozzles, and races. Fine parent microstructures, in which carbides are uniformly
distributed, are good candidates for laser hardening.

Precipitation hardening stainless steels may be austenitic, duplex or martensitic, depending on
the alloying additions. Copper, molybdenum, aluminium, titanium and niobium are added to form
precipitates. The alloys are solution treated, quenched and aged at temperatures between 400 and
500°C. The precipitation hardening agents are copper, Ni3Ti, NizAl and NiAl. Martensitic steels
normally contain 4-7 wt% Ni to maintain the M, temperature above room temperature. Reasonable
levels of ductility and fracture toughness are obtained, making the alloys suitable for use in valve parts,
shafts, landing gear parts, aircraft and nuclear components.

Tool Steels

Some tool steels are actually cast irons. A useful distinction is that a steel solidifies as austenite, whereas
a cast iron solidifies as a eutectic. Tool steels may be classified according to the method by which they
are hardened (water, oil or air), their properties (e.g. shock resisting), or their composition (plain
carbon, alloy etc.). A mixture of the above is often used in practice.

Plain carbon tool steels contain up to 1.2 wt% C; they derive their hardness through quenching
in cold water. They are hard, but brittle. Alloy tool steels contain stable hard carbides, formed by
alloying with manganese, chromium, molybdenum, tungsten and vanadium. Manganese tool steels
typically contain 0.7-1.0 wt% C and 1-2 wt% Mn, and are hardened by oil quenching and tempering.
Toughness can be increased by replacing some of the manganese with chromium. The addition of
vanadium refines the grain size, improving toughness and shock resistance. Chromium, tungsten and
molybdenum form carbides that are stable at high temperatures, and are added to hot working tool
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steels, such as high speed steels (named after the high machining speeds that they tolerate). Punches,
shear blades, blanking tools, pneumatic tools, shear blades and mandrels are made from tool steels,
which may be selectively laser hardened.

Cast Irons

The term cast iron covers a range of ferrous alloys containing 2—4.5 wt% C. Cast iron can be produced
in many different forms, depending on the pig iron used, the casting conditions, the alloying additions,
and post-casting heat treatment. The carbon may be present combined with iron as cementite, or as
graphite in the form of flakes or spheroids. Graphite is the thermodynamically stable form of carbon,
but the slow kinetics of its formation during cooling through the eutectic range and solidification
mean that cementite is produced in practical treatments. A process for spheroidizing graphite was
developed in 19438, leading the way for a range of spheroidal graphite irons, also known as ductile or
nodular irons. Rapid cooling and the presence of carbide-forming elements such as chromium favour
cementite formation. The terminology used with cast irons varies among countries and industries, and
is explained in Appendix C. Although microstructural terminology is the most exact, the names used
here are those most commonly cited in relation to laser processing: nodular iron — spheroidal graphite
in a matrix of pearlite, ferrite, bainite or martensite; grey iron — flake graphite in a matrix of ferrite or
pearlite; white iron — a microstructure containing cementite; malleable iron — a white cast iron that has
been heat treated to improve ductility; and alloy iron — graphite-containing or graphite-free alloyed
iron. On the basis of strength/cost, cast iron is second only to structural steel among metals and alloys.
It has the advantage of good casting properties, and in the grey form, good machinability, which allow
it to be used in components of complex shape.

The higher carbon content of cast irons leads to a reduction in melting temperature in com-
parison with steels, which must be considered when selecting laser processing parameters. A low
melting temperature improves the castability of the material. Alloying additions are made to control
the solidification behaviour and the as-cast properties of cast irons. Phosphorus may be present up to
1.5 wt% in order to form an intermediate phase, FesP, which solidifies at about 950°C, thus lowering
the solidification temperature significantly, improving fluidity and reducing shrinkage. Silicon pro-
motes the formation of graphite, and increases the eutectic temperature, whereas chromium promotes
cementite formation. Cerium and magnesium promote spheroidization of graphite, and are used in the
production of nodular irons. Aluminium prevents oxidization at elevated temperatures. Nickel pro-
motes graphite formation and reduces the sensitivity of the microstructure to cooling rate. Calcium
silicide refines the microstructure of flake graphite cast iron by creating nucleation sites for the flakes.
Such irons have a refined microstructure (known as Meehanite), and are used to produce high quality
castings. The majority of products are used in the as-cast form, with little post-cast working, apart
from machining. Cast irons that have fine parent microstructures, in which carbon can be dissolved
on heating to form martensite on quenching, are candidates for laser hardening.

The microstructures of nodular irons comprise spheroidal graphite nodules in a matrix of ferrite,
pearlite, bainite, retained austenite, or a mixture of these. They combine cheapness with ease of
casting and are used in machine parts that require good ductility, such as crankshafts, turbine casings,
gears, brake drums, machine components, moulds, heavy duty piping, and highly stressed piston
rings. Ferritic matrix nodular irons possess relatively high impact resistance and machinability, but
reduced tensile properties. Pearlitic nodular iron is relatively hard, shows moderate ductility, and has
a high tensile strength. In ferritic—pearlitic nodular cast iron, the matrix comprises pearlite with rims
of ferrite making up about 50% of the volume. Bainitic nodular iron is produced by austenitizing
nodular iron at 900°C, followed by quenching to a temperature between 300 and 450°C. It possesses
high tensile strength combined with good ductility and is used in crankshafts, railway wagons and
gears. Austempered ductile iron (ADI) is produced by austenitizing at 815-920°C and tempering at



158  Laser Processing of Engineering Materials

230-400°C to produce a microstructure of bainite and retained austenite. ADI is almost twice as
strong as normal grades of nodular iron, and is a well-established gear material, also finding uses in
crankshafts and connecting rods.

Grey irons contain flakes of graphite in a matrix of ferrite, pearlite or austenite. The graphite flakes
act as stress raisers, which cause localized plastic flow at low stresses, and initiate fracture in the matrix
at higher stresses. Grey iron therefore exhibits poor elastic behaviour and fails in tension without
significant plastic deformation. However, the presence of graphite flakes gives grey iron excellent
machinability, damping characteristics and self-lubricating properties. High strength grades contain
less carbon and more silicon, which promotes the formation of graphite as fine flake clusters. Ferritic
grey iron contains more silicon than pearlitic types, and is produced either by using a lower cooling
rate, or by annealing pearlitic varieties. Austenitic grey irons are used when tensile strength is not the
primary requirement, but corrosion resistance is desirable. Applications for grey cast iron are engine
cylinder heads, gearboxes, gears and machine tool slide ways, which utilize thin and complex cast
sections for water-cooling passages and the damping characteristics for quietness. General engineering
castings benefit from the ease of casting, the comparatively simple pattern equipment and the shorter
lead times to produce castings.

Malleable irons typically contain 2.5 wt% C and 0.6—1.0 wt% Si, which promote the decomposition
of cementite during heat treatment, without producing graphite flakes on casting. The microstructure
thus consists of irregularly shaped nodules of graphite called ‘temper carbon’ in a matrix of ferrite or
pearlite, or both. The presence of graphite in a more compact or sphere-like form gives malleable iron
a favourable combination of ductility and strength. Malleable irons are often referred to by names that
describe the appearance of the fracture surface; for example, blackheart and whiteheart. Blackheart
malleable iron, often referred to as ferritic malleable iron, is produced by heat treatment of white iron
(850°C for up to a week) in a neutral environment. It has a microstructure of rosette-shaped graphite
nodules in a matrix of ferrite. It combines the casting and machining properties of grey iron, enabling
intricate shapes to be produced, with mechanical properties similar to structural steel. It is used in
vehicles, agriculture and general engineering. Whiteheart malleable iron is made by heating white iron
in an oxidizing atmosphere, producing a decarburized surface of cementite. The material has a higher
tensile strength than blackheart, and lower ductility. It is used in the production of railway wheels.

Alloy irons include nodular graphite irons, grey and white irons, and are used for machine tool
beds, cams, piston rings, pistons, and cylinders. Meehanite describes a family of easily machinable
alloy irons. Ni-hard alloy irons contain nickel and chromium, for example 8 wt% Cr and 6 wt% Ni.
Both have a microstructure of iron and chromium carbides in a matrix of martensite and bainite. Such
irons can be used as cast, but heat treatment improves the hardness and resistance to surface cracking
and spalling. High chromium cast irons typically have compositions of 15wt% Cr and 3 wt% Mo, or
23-28 wt% Cr, and possess a good combination of abrasion resistance and toughness. In some cases
they may be used as cast, but are normally air hardened to develop the optimum properties.

White irons contain low levels of graphite-forming elements, such as silicon, in order to promote
the formation of cementite. The melt is cooled rapidly, so that carbon is precipitated as cementite
rather than graphite. It is therefore extremely hard and abrasion resistant, but very brittle. White iron
is rarely used in its pure form, but is alloyed to improve ductility and toughness. These irons are limited
in application because of the lack of impact resistance and the difficulty in maintaining the structure
in thicker sections. They are mainly adopted as the starting material for malleable cast irons. However,
they are used for wear-resistant parts such as grinding parts, crushing equipment and brake shoes.

Aluminium Alloys

The British scientist Sir Humphrey Davy established the existence of the element aluminium in 1807.
He called it ‘aluminum’ — the spelling that is still used in the United States. The Danish physicist
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H.C. Oersted first produced aluminium in the laboratory in 1825. Various chemical production pro-
cesses were developed in Europe, until 1886 when Hall in the United States, and Heroult in France
independently perfected an electrolytic method for producing aluminium from aluminium oxide (alu-
mina). In 1888 the German Karl Bayer developed an economical method of producing alumina from
bauxite ore, which led to the availability of cheap aluminium for the first time. The widespread, and
increasing, use of aluminium and its alloys in engineering applications today can be attributed to a
combination of low density, high modulus, formability, weldability and good corrosion properties.

Aluminium alloys are categorized as wrought (heat treatable and non-heat treatable), and cast.
Wrought alloys account for about 85% of aluminium use, and are made into finished and semi-finished
products by mechanical forming processes, such as rolling, forging and extrusion.

Alloying elements have many effects in aluminium alloys. They:

improve fluidity and casting characteristics (Si);
form strengthening precipitates (Si, Cu, Mg, Zn, Li);
cause solid solution strengthening (Cu, Mn, Mg, Fe);
improve ductility and castability (Mn);

improve work hardening characteristics (Mg);

reduce solidification cracking (Fe); and

reduce density and increase modulus (Li).

The elements listed above form the basis of alloy series, which are designated in Appendix C, together
with heat treatment procedures that generate tempers.

The primary interest in laser processing of aluminium alloys has been in their welding characteris-
tics. Aluminium alloys are more difficult to laser weld than ferrous alloys because of their physical and
thermal properties. This is discussed further in Chapter 16.

The impurity content of the high purity 1000 series aluminium alloys is below 0.3 wt%. Such high
purity material is used for electrical conductors. Commercial purity aluminium typically contains
99.3-99.7 wt% Al It can be strengthened by strain hardening, has good corrosion properties and takes
decorative finishes. 1100 is used in sheet metal work, packaging, and cooking utensils.

The primary alloying addition in wrought 2000 series alloys is copper, which is present in binary
alloys up to 6.3 wt%. Copper provides strengthening by solid solution hardening, and by precipi-
tation hardening through the formation of metastable semicoherent plates of 8’ (Al,Cu). The first
precipitation-hardened aluminium alloy contained copper, manganese, magnesium and silicon, and
was discovered accidentally in 1906 by the German metallurgist Alfred Wilm. Precipitation harden-
ing can be intensified through the addition of up to 1.6 wt% Mg, accompanied by a reduction in
copper content to about 4.4 wt%. Strengthening in Al-Cu—Mg alloys originates from the formation
of metastable incoherent S’ laths (Al,CuMg) after a temper such as T3 (Appendix C). Aluminium—
copper-lithium alloys have been developed in recent years in an attempt to reduce weight and provide
alternatives to traditional aerospace alloys and new composite materials. Relatively low Cu/Li ratios
result in the formation of the equilibrium T1 phase (Al,CulLi), as well as the metastable 8’ (Al;Li) and
6’ precipitates. Such alloys possess high strength, high stiffness and low density, but their use has been
hindered by anisotropic mechanical properties. 2000 series alloys are used in aircraft lower wing and
fuselage sections.

Wrought 3000 series alloys contain manganese in amounts up to about 1.2 wt%. Heat treatment
has little effect on their mechanical properties — strength is increased primarily through solid solution
hardening. A limited amount of strengthening may be obtained by the addition of magnesium (up to
about 1 wt%) as a result of solution treatment, quenching and cold working, and subsequent annealing,
to produce a fine dispersion of (Mn, Fe)Al and & (Al-Fe—Mn-Si), which inhibits recrystallization. 3003
finds uses in chemical plant, tubes, and heat exchangers. 3004 is mainly used in beverage can bodies.
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The principal alloying addition in wrought 4000 series alloys is silicon, which lowers the melting
temperature in amounts up to 12.6 wt%. The main use of such alloys is as filler wires, notably 4043
and 4047, which contain 5 and 12 wt% Si, respectively. Such compositions solidify over relatively small
temperature ranges, preventing solidification cracking.

General purpose and structural 5000 series wrought alloys contain 1-5.5 wt% Mg. Magnesium is a
solid solution strengthening element, and endows alloys with high work hardening characteristics. In
annealed material, the yield strength is approximately proportional to magnesium concentration. In
order to increase strength further, Mn (0.1-1.0 wt%) or Cr (0.1-0.25wt%), or both, are added. 5000
series alloys are frequently used in the O temper condition. Strength may also be increased by work
hardening. 5083 finds many marine applications, and 5182 is used for the ends of beverage cans.

Magnesium and silicon are the principal alloying additions in wrought 6000 series alloys, present
in amounts up to 1.3 wt%. Higher strength can be achieved through increased silicon addition. A
ratio by weight of Mg:Si of 2:1 is desirable to optimize tensile properties. Precipitation hardening is
the principal strengthening mechanism, achieved through the formation of metastable Mg, Si, notably
the needle-shaped B” precipitate. Two-stage hardening treatments have been developed to improve
mechanical properties; one novel possibility is to use the paint baking cycle of automobile alloys as a
secondary hardening mechanism. Other alloying additions include manganese and chromium, which
enhance strength and control grain size. Copper may also be added to increase strength, but in amounts
below 0.5 wt% to maintain corrosion properties. 6000 series alloys for structural applications possess
medium strength, and have good corrosion resistance. 6005 is used in automobile body sheet and 6013
is a damage tolerant alloy used in strengthening airframe stringers, whereas 6061 and 6082 have good
extrusion properties and are used in architectural sections.

Wrought 7000 series alloys contain zinc (4-8 wt%) and magnesium (1-3 wt%). Both elements
are highly soluble in solid aluminium. The addition of magnesium produces a marked increase in
precipitation hardening characteristics. Copper additions (1-2 wt%) increase strength by solid solution
hardening, and form the basis of high strength aircraft alloys. The addition of chromium, typically to
0.3 wt%, improves stress-corrosion cracking resistance. Peak hardness is normally achieved through
the use of duplex heat treatments to intensify precipitation hardening. For example, 7075 in the T651
condition contains Guinier—Preston zones (c. 7.5 nm) and semicoherent monoclinic " precipitates of
MgZn; (c. 15 nm). The 7000 series alloys are among the strongest aluminium alloys available, and are
used predominantly in aerospace applications. 7020 alloys find applications in car bodies, rockets, and
rail cars.

The most common wrought 8000 series alloys are those containing lithium, which have been devel-
oped since the 1950s for the aerospace sector as replacements for 2000 and 7000 series alloys, and as
competitors to carbon fibre composite materials and other alloys. Each weight percent addition of
lithium reduces the density by around 3% and increases the Young’s modulus by about 6%. Thermal
conductivity is also reduced. Other alloying additions include copper, magnesium and zirconium,
which can produce strengthening precipitates of S (Al,CuMg), T1 (Al;CuLi) and T2 (AlgLi3Cu). Cast-
ing of specialist 8000 series alloys produces strengthening dispersoids of, for example, Al;,(Fe,V)3Si in
a fine-grained aluminium matrix. However, high cost, reductions in ductility and toughness, and a high
degree of anisotropy, in comparison with conventional aluminium alloys, have hindered commercial
application of aluminium-lithium alloys. 8090 is used in airframes and the space shuttle fuel tank.

The 300 series of casting alloys have been developed, containing silicon with copper or magnesium
to impart good fluidity and filling ability. When solidified they possess high strength, ductility and
corrosion resistance, and can be precipitation hardened.

The 400 series of casting alloys, in which silicon is the principal alloying addition, are the most
important casting alloys. Silicon increases the fluidity of the melt, reduces the melting temperature,
has a low density, decreases the contraction associated with solidification, and is a cheap raw material.
Excess silicon precipitates as plates, which increase wear resistance. The strength of cast products can
be increased by the addition of up to 0.35 wt% Mg, which makes the alloy heat treatable. 443 is used



Engineering materials 161

in sand and permanent mould castings. 413 is used in wear-resistant die-castings such as pistons,
transmission casings, and connecting rods.

Magnesium Alloys

Magnesium and its alloys have the lowest density of the common engineering alloys, possess high
strength, rigidity and dimensional stability, and are easily machined. Their thermal conductivity is
high. They are easily formed, with about 90% of magnesium alloys being cast using various techniques.
(Molten magnesium must be kept under a gas such as SF¢ to avoid explosion.) World production of
magnesium is relatively small, but the potential market for cast magnesium components is large.

Magnesium alloys may be also classified as casting and wrought types, although some can be used
in both cast and wrought form.

The functions of the principal alloying additions are as follows:

m  solid solution and precipitation hardening (Al, Zn, Mn, As); and

m  grain refinement (Zr).

Magnesium—aluminium—manganese alloys derive their strength from solid solution and precipitation
hardening. They possess good weldability, and are used in sheet metal fabrication. Cast AM60A is used
in archery bows, baseball bats, and car wheels.

Magnesium—aluminium-zinc alloys can be strengthened through solid solution hardening; zinc is
the second most potent solid solution hardening element in magnesium alloys. The addition of zinc
also confers precipitation hardening characteristics on these alloys. Magnesium alloys containing rare
earth elements (e.g. zirconium and thorium), zinc and silver are used in both cast and wrought forms.
Zirconium strengthens through grain refinement. Cast AZ81A is used for car wheels, transmission
housings, plastics moulds; AZ91B for cylinder head covers, carburettors, fans and housings; and
AZ91C — the most common Mg—Al-Zn alloy — is used for hand trolleys. The alloy QE22A, containing
arsenic and rare earth elements, maintains a high yield strength at high temperature, and is used in
aircraft gearboxes. The alloy ZE41A, which contains zinc and rare earth elements, is replacing the AZ91
series of alloys in suspensions, chassis, bearings and gearboxes. Wrought AZ31B is forgeable, drawable
and weldable, and is used in monocoque sheet and extrusions, and racking.

Titanium Alloys

The density of titanium is about one-half that of steel, and its Young’s modulus lies between those of
aluminium and iron. It has a relatively low coefficient of thermal expansion, is non-magnetic, does
not exhibit a ductile-brittle transition, and has good biocompatibility. Alloys possess good fatigue
resistance, but have a high coefficient of friction both against themselves and against other metals,
which means that they suffer from low wear resistance. Titanium easily forms a protective oxide
coating in a water environment, which provides good corrosion resistance. However, at temperatures
above 500°C oxygen and nitrogen are absorbed rapidly, leading to potential embrittlement problems.
The main drawback of titanium is its cost — about five times that of steels and aluminium alloys. The
aerospace and defence industries are the largest users of titanium alloys.

Crystal structure is used as a basis for classifying titanium alloys. Titanium can exist in the hexagonal
close packed alpha («) phase, or the body-centred cubic beta () phase. Alloys are therefore classified
o, B or a + B (alpha—beta). In pure titanium the « phase is stable up to 883°C, above which 8 becomes
stable. Commercially pure titanium contains 99.0-99.5 wt% T1i, the main impurities being iron, carbon,
oxygen, nitrogen and hydrogen. Pure titanium for industrial use is & phase, and is classified according
to the oxygen and iron content.
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The principal alloying addition in « titanium alloys is aluminium. Tin, oxygen and nitrogen
also stabilize ov. Near « titanium alloys comprise small amounts of 8 phase dispersed in an «
matrix, achieved through the addition of 1-2wt% of B-stabilizing elements. Rapid cooling from
the o phase field produces martensitic o, Widmanstitten o, or both. Both structures exhibit higher
strength and lower ductility than fine-grained «. At elevated temperatures some alloys precipitate
the gamma phase, which increases high temperature strength. Ti-5A1-2.5Sn is used for aircraft
compressor blades and ducting. Ti-8Al-1Mo-1V finds applications in airframes and jet engine
components.

The two-phase o + 8 alloys are normally alloyed with more than two elements including alu-
minium, copper, molybdenum, silicon, vanadium and zirconium. Strength may be increased through
the formation of titanium-rich intermetallic phases on ageing, as well as a degree of solid solution hard-
ening. However, in practice it is not possible to cold form « and « + g alloys. The most widely used
a + B alloy is Ti-6A1-4V, which contains 10-50 vol.% p. It has relatively high strength up to 300°C,
good hot workability, and good weldability if the volume fraction of the B phase is less than about
0.2. Alpha—beta alloys are used in high temperature aerospace applications such as aircraft turbine and
compressor blades where aluminium alloys would overage and lose strength. The alloy Ti-6Al-4V is
also used in surgical prostheses and sports goods. The alloy Ti-6Al-6V-2Sn finds uses in structural
aircraft parts and rocket motor cases, and Ti—7Al-4Mo is used to make missile forgings and aircraft jet
engine components.

Beta alloys contain sufficient B-stabilizing elements to possess a microstructure containing
only B. Beta titanium alloys have excellent cold formability, and can be hardened by heat treat-
ment. Highly alloyed B titanium alloys are not as common as o + 8 and « alloys. The 8 alloys
Ti-11.5Mo—-6Zr—4.55n and Ti—13V-11Cr—3Al are used for high strength fasteners and aircraft and sheet
components.

Nickel Alloys

Nickel has a relatively high melting temperature of 1453°C. It has a face-centred cubic lattice, which
confers ductility. It is ferromagnetic at room temperature. Nickel forms alloys readily, both as a solute
and a solvent. An adherent oxide film forms in oxidizing environments, which resists corrosion by
alkalis. Thermal expansion coefficients of the nickel-chromium-base alloys lie mid-way between those
of ferritic and austenitic steels, and their conductivity is about the same as that of austenitic stainless
steel. Nickel alloys have high tensile strength, which can be maintained to relatively high temperatures.
These materials were traditionally used in wrought form, but improvements in investment casting
have increased the number of types available. They have good machining properties, and can be joined
by welding, brazing and soldering. Two thirds of the nickel produced in the world is used in stainless
steels.

The metallurgy of nickel alloys is complex. Nickel is used industrially in a relatively pure form,
but is also alloyed with copper, chromium, iron, molybdenum, aluminium, titanium, niobium and
tungsten. Alloys are added to impart high temperature strength through three basic mechanisms:

solid solution strengthening (Cr, W, Re);

precipitation strengthening through the formation of stable intermetallic compounds (Al, Ti, Ta,
Nb); and

m  precipitation strengthening and high temperature oxidation resistance (Ta, Th).

Solid solution strengthened alloys include those containing copper and chromium. Nickel and copper
are mutually soluble in the solid and liquid states, and have high strength and excellent corrosion
resistance in a range of media including sea water, hydrofluoric acid, sulphuric acid, and alkalies. They
are used for marine engineering, chemical and hydrocarbon processing equipment, valves, pumps,
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shafts, fittings, fasteners, and heat exchangers. Nickel-chromium alloys may also be alloyed with limited
amounts of iron, molybdenum and niobium, and additional strength may be obtained from cold
working. Wrought alloys are widely used in the petrochemical industry. Alloys containing chromium
and various hard carbides have been developed for coating applications. Nickel-molybdenum alloys
have outstanding resistance to hydrochloric and sulphuric acids in the as-welded condition, as well as
excellent thermal stability.

Precipitation strengthened characteristics result from the addition of aluminium, beryllium, sili-
con and titanium to nickel-chromium-iron alloys. Intermetallic compounds such as NiAl and NizAl
provide high strength coupled with good resistance to creep, fatigue and corrosion at elevated temper-
atures, as a result of the ordering that reduces atomic mobility at elevated temperatures. These wrought
alloys are used for forged and fabricated gas turbine and aerospace components, which require high
strength at temperature.

Copper Alloys

Copper has the highest electrical and thermal conductivity of all commercially available metals. It has
good formability and machinability as a result of its relatively low hardness. Pure copper is ductile
and weak, but can be strengthened by alloying, mechanical working, and in a small number of cases
precipitation hardening. Corrosion resistance, especially in marine environments is good, and its
attractive appearance leads to uses in sheathing, plumbing, tubing, roofing and cladding. High electrical
conductivity indicates high reflectivity to infrared radiation, even in the liquid state.

Alloys of copper are categorized according to composition: copper alloys, with no deliberate alloying
additions; brasses, containing zinc; bronzes, containing tin (and sometimes phosphorus); aluminium
bronzes, containing aluminium and iron; silicon bronzes, containing silicon and zinc; beryllium
bronzes, containing beryllium with small amounts of cobalt and nickel; and cupro-nickels, containing
nickel.

High purity copper is produced by electrolytic refining. Oxygen-free copper is an important grade
that can be used in atmospheres containing hydrogen, since water, which would crack the copper,
cannot be produced.

Brasses contain up to about 43 wt% Zn, and are available in both casting and wrought forms. If
the zinc content lies below 35 wt% the alloy will solidify with a single phase alpha microstructure,
which has high ductility and can be cold worked. A higher zinc concentration produces a two-phase
alpha—beta or duplex microstructure that must be hot worked.

Bronzes containing up to 8 wt% Sn solidify with a single-phase alpha microstructure that is suitable
for cold working. The brittle delta phase is formed in alloys containing higher amounts of tin, although
such alloys have good casting properties. Gunmetal describes a group of brasses that contain zinc, or
lead, to improve machining properties. Alloys with a large solidification interval can exhibit segregation
problems, which may be alleviated by homogenizing tempering near 650°C.

Aluminium bronzes with up to 9 wt% Al solidify as single phase alpha, which can be cold worked.
Alpha—beta duplex alloys, containing 9-10 wt% Al, are mainly used for castings. Their strength is
equivalent to that of medium carbon steel, and their good corrosion properties are exploited in
marine applications. They also have low magnetic permeability, low coefficient of friction, resistance
to softening at elevated temperatures, and are non-sparking. Silicon bronzes generally contain 1-4 wt%
Si, solidifying as single-phase alpha that can be cast or worked. Beryllium bronzes fall into two groups,
containing around 0.4 and 1.8 wt% Be, together with small additions of cobalt.

Copper and nickel are mutually soluble in the solid state over the entire composition range,
and form a continuous solid solution (Fig. 5.1). Cupro-nickels therefore have a single-phase alpha
microstructure over all ranges of composition. When zinc is added, nickel silver is produced, which
confers a silver colour.
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The most important properties of engineering alloys with respect to laser processing can be found
in Table D.1 (Appendix D).

CERAMICS AND GLASSES
Natural Ceramics

Natural ceramics are minerals formed through geological processes. Limestone and granite are well-
known examples. Limestone is a sedimentary rock containing calcium carbonate (CaCO3). It is used
in roadbeds and gravel roads, building and landscape construction, and the manufacture of cement.
Granite is a hard natural igneous rock formation comprising aluminium silicates in minerals such
as potassium feldspar ((K,Na)AlSi3Og), plagioclase feldspar (CaAl,Si,Og to NaAlSizOs), biotite mica
(K(Fe,Mg)3; AlSizO19 (OH),), and quartz (SiO,). Because granite is hard and considerably cheaper
than marble, it is often used to make decorative pieces and kitchen tabletops.

Domestic Ceramics

Domestic ceramics are made from clays, which are compounds of alumina (Al,03), silica (SiO;) and
water. They are shaped, dried and fired at high temperatures in order to remove the water. On cooling
the structure comprises crystalline silicates in a glassy silica matrix. They are hard but brittle, because
they contain pores and microcracks.

Alumina is the main component of the principal ore of aluminium (bauxite), and the main
component of the gems ruby and sapphire. It is hard, electrically insulating, abrasion resistant, and
finds uses in porcelain figures and utensils, crucibles, insulators and medical implants. It is also used
as the host in a number of solid state lasers. Alumina is also considered as an engineering ceramic.

Cement commonly refers to powdered materials that develop strong adhesive qualities when com-
bined with water. Constructional cement comprises compounds of lime (CaO), alumina and silica.
The raw materials used in Portland cement — the most important form — are calcium oxide (44%),
silica (14.5%), alumina (3.5%), ferric oxide (3%), and magnesium oxide (1.6%). After mixing with
water the cement hydrates and hardens.

Engineering Ceramics

Modern high performance engineering ceramics started to become commercially available in the 1980s,
principally to replace metals and alloys in high temperature environments. Their low density has been
exploited in a variety of novel turbine applications. Many engineering ceramics have been designed to
compete with metals. They are made from compounds such as oxides, nitrides and carbides, and are
produced in the crystalline state. They are light, tough, strong, and resist corrosion, oxidation and wear
at high temperatures. They are therefore difficult to work, and must be formed using novel techniques.
Engineering ceramics are fine ceramics that are capable of withstanding loads.

Alumina (Al,O3) can be made with a variety of compositions and microstructures for specific uses.
Applications include electrical insulators, spark plugs, crucible linings and hip joints.

Beryllia (BeO) has a unique combination of excellent electrical insulating properties and high
thermal conductivity. It is also corrosion resistant. However, the high toxicity of beryllia and the high
cost of the raw material have limited its application. It is used as an electronic substrate because of its
high thermal conductivity and good electrical resistivity, which provide an effective heat sink. It is also
used to make optical cavities for lasers.
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Boron carbide (B4C) is the third hardest material, behind diamond and cubic boron nitride. It
has a low density and good resistance to chemicals. Bulk components are formed using hot isostatic
pressing. Coatings can be formed by vapour deposition. Applications include nozzles, armour plating
and ceramic tooling dies.

Boron nitride (BN) is a man-made ceramic with refractory qualities. Its physical and chemical
properties are similar to carbon. Graphite-like BN is soft and is a good lubricant. The cubic (diamond)
form is hard and abrasive. Boron nitride has high strength and low electrical conductivity. It is used to
make insulators, crucibles, welding tips, nozzles and sputtering targets.

Magnesia (MgO) has high temperature strength, low electrical conductivity, high thermal conduct-
ivity, and good corrosion resistance. It is used in heating elements, thermocouple tubes and crucible
linings. It is transparent to infrared radiation, which means that it can be used to make windows for
such lasers.

Silicon carbide (SiC) is stiff, abrasion resistant, and semiconducting. Stiffness makes it suitable as
a reinforcing fibre in composite materials. Abrasion resistance leads to uses such as grinding paste,
cutting tools and engine parts. Its semiconducting properties are exploited in wafers.

Silicon nitride (Si3Ny) is a covalently bonded crystalline ceramic. It possesses good creep strength,
oxidation resistance, low density and a low coefficient of expansion. It is used as a reinforcing fibre in
composites, and in aeroengine components such as discs and turbine blades.

Because of the similarity in size between the tetrahedral sites of aluminium oxide and silicon nitride,
the two may be alloyed to make sialon (silicon aluminium oxynitride). Sialon combines the strength,
hardness, fracture toughness and low thermal expansion of silicon nitride with the corrosion resistance,
good high temperature strength and oxidation resistance of alumina. It finds uses in immersion heater
and burner tubes, feed tubes in aluminium die-casting, and fixtures for welding and brazing.

Tungsten carbide (WC) is used in cutting tools — a typical composition being 97 wt% WC and
3 wt% Co.

Zirconia (ZrO;3) is tough, corrosion resistant and insulating, with a low coefficient of friction. It is
used for cutting tools, medical implants and engine components.

The properties of ceramics relevant to laser processing are given in Table D.3 (Appendix D).

Glasses

Soda lime glasses comprise about 70 wt% SiO,, 10 wt% CaO and 15wt% Na;O, and are used in
windows, bottles and jars. They also contain metal oxides, which modify the networks by replacing
some of the covalent bonds between the tetrahedra with lower energy non-directional ionic bonds.
The viscosity of molten soda lime glass is thus reduced, enabling it to be worked at high temperature.
Such glasses have a relatively high value of thermal expansion, which causes large stresses to be built
upon rapid heating or cooling.

Borosilicate glasses contain about 80 wt% SiO;, 5wt% Na,O and 15wt% B,0Os3, and are used in
optics, cooking equipment and chemical glassware. They have low ductility, low thermal expansiv-
ity, low thermal conductivity, and so have poor resistance to thermal shock. The tensile properties
are affected markedly by microscopic defects and scratches. Borosilicate glasses were developed to
withstand thermal shocks through the addition of boric oxide (B;03) and small amounts of alumina
(Al,O3). They are used in transmissive optical components for near infrared Nd:YAG laser light, but
they absorb far infrared CO; laser light.

Metallic glasses are produced by quenching liquid metals so rapidly that crystals do not have time
to form, and an amorphous structure is retained in the solid state. They have interesting properties,
which can include good corrosion and wear resistance. They have been produced by melting of very
thin surface films by using a rapidly pulsed laser beam.

The properties of glasses relevant to laser processing are given in Table D.2 (Appendix D).
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POLYMERS

Industrial polymers broadly fall into one of three categories: thermoplastics; thermosets; and elas-
tomers. The polymers described below are the most popular used in laser processing. There are many
more — the reader is referred to the texts listed at the end of the chapter for further examples. The
properties of polymers relevant to laser processing are given in Table D.4 (Appendix D).

Thermoplastics

Polyethylene is the most widely used polymer. Grocery bags, shampoo bottles, children’s toys, and
bullet-proof vests are some of the most popular applications. Low density polyethylene (LDPE) con-
tains branches of polyethylene on the main structure, whereas linear (high density) polyethylene
(HDPE) contains no branches. HDPE is stronger than LDPE, but the latter is cheaper and easier to
make.

Polypropylene (PP) has a low density and high melting point, which make it well suited for use in
packing, handles for pots and pans, kitchenware (and even banknotes used in Australia). It is resistant
to attack by many chemical solvents and bacterial growth, making it suitable for medical equipment
such as disposable syringes.

Polyvinylchloride (PVC) is a hard polymer that is made softer and more flexible by the addition
of phthalates (plasticizers). In its hard form it is used in construction because it is cheap and easy to
assemble, and is replacing traditional building materials. It is the material used to make gramophone
records. In its soft form it is used for clothing, upholstery and sheeting.

Polystyrene is used in numerous products, normally in the form of an expanded foam, which is a
mixture of 5% polystyrene and 95% air. This is the material of which cups, takeaway food containers
and building insulation are made.

Acrylonitrile butadiene styrene (ABS) is tough, hard and rigid, and has good chemical resistance
and dimensional stability. It is used to make light moulded products such as pipes, golf club heads
(because of its good shock absorbance), computer housings (electroplated on the inside), automotive
interior and exterior trim enclosures, and toys including Lego bricks.

Acetal is a high performance engineering polymer. It has high strength, modulus, and resistance to
impact and fatigue, and finds uses as a weight-saving replacement for metal parts.

Nylon is a polyamide. Nylon fibres are used in fishing lines, carpet fibres and rope, and to make
many synthetic fabrics. Solid nylon is used as an engineering material in machine parts, such as gears
and bearings.

Polyetheretherketone (PEEK) is a tough, strong, and stiff polymer that can be loaded for a long
time without suffering any damage. PEEK has very high application temperatures, and high chemical
resistance. Itis expensive, and is mainly used together with glass or carbon fibres, where high mechanical
and thermal properties are required. When not reinforced, PEEK is used as insulation material for cables
and wires, because of its excellent fire and high temperature resistance.

Polycarbonates (PC) are strong, stiff, hard, tough, transparent engineering thermoplastics that
can maintain rigidity up to 140°C and toughness down to —20°C. The material is amorphous, and
possesses excellent mechanical properties and high dimensional stability. It is used to make compact
discs, riot shields, vandal-proof glazing, baby feeding bottles, electrical components, safety helmets
and headlamp lenses.

Polyurethane is a unique material that possesses the elasticity of rubber combined with the tough-
ness and durability of metal. It has replaced metals in sleeve bearings, wear plates, sprockets, and
rollers, with benefits such as weight reduction, noise abatement and wear improvement. Polyurethane
is best known as the polymer used to make foams.
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Acrylics such as polymethylmethacrylate (PMMA) ‘perspex’ have about half the density of glass,
are impact resistant, and unaffected by sun or salt spray. Its clarity and stability make it very suitable
for the manufacture of measuring burettes and in sheet form it may be cemented to produce tanks and
trays. When heated to decomposition it emits acrid smoke and irritating fumes.

Thermosets

Phenolics have good mechanical strength and dimensional stability, good machinability, low density,
and possess good heat, wear and corrosion resistance. They are used in terminal boards, switches,
bearings, gears, washers and transformers. Phenolics may be used in their liquid form in laminating
veneers, fabrics, and paper.

Melamine formaldehyde (MF) thermoset products are popular members of the amino resin family,
which includes urea and thiourea. They are strong, lightweight and tough, and can be moulded into
domestic table and kitchenware or used in laminated counter tops.

Epoxies are rigid, clear, very tough, chemical resistant polymers with good adhesion properties, low
curing temperatures and low shrinkage. They are used as adhesives and coatings, and for encapsulation
of electrical components. They are finding increasing use in aerospace applications requiring bonding
of composite materials.

Elastomers

Elastomers are lightly cross-linked polymers, which can be extended considerably and reversibly.
Natural rubber and butyl rubbers have a ‘backbone’ polymer chain of carbon. In others, oxygen
(polypropylene oxide), silicon (fluorosilicone) or sulphur (polysulphide) form the backbone. The
glass transition temperature of elastomers is well below room temperature, removing the effect of the
light cross-linking.

COMPOSITES

The mechanical and thermal properties of composites relevant to laser processing are given in Table D.5
(Appendix D).

Metal Matrix Composites

Metal matrix composites (MMCs) may be classified by the morphology of matrix reinforcement, which
may be dispersion strengthened, particle reinforced or fibre reinforced.

The majority of metal matrix composites (MMCs) are based on aluminium, reinforced with
particulate silicon carbide. The stiffness of aluminium may thus be increased by more than 50% in
particulate composites, and doubled in fibre-reinforced systems, with a reduction in density. Titanium,
nickel, cobalt, copper and magnesium matrices are also being actively investigated. Such materials are
produced by powder metallurgy, mechanical alloying, liquid metal pressure forming, stir casting,
squeeze casting, spray deposition and reactive processing. Their high specific strength and stiffness
make them particularly attractive materials for aerospace structures. Much work is being done in the
field of SiC fibre-reinforced titanium alloys, as replacements for superalloys in disc and blade applica-
tions. Nickel and cobalt-based MMCs were originally developed for rocket combustion chambers and
nozzles. Fibre-reinforced copper alloys are being developed for heat exchanger applications in
hypersonic aircraft engines.

The performance of automotive components depends on a combination of stiffness, good elevated
temperature fatigue properties and wear resistance performance can be enhanced through the use of
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aluminium and magnesium MMCs. The most widely used types have a matrix of aluminium reinforced
with particulate silicon carbide (SiC), which is relatively cheap and has a low density.

Full commercial exploitation has been hampered by a number of factors. Reliable fabrication
processes have been difficult to develop, mechanical properties can be degraded through interfacial
reactions, and secondary processing methods, e.g. joining, are only now being developed. A gap exists in
the understanding of properties between the materials designer and the applications engineer. MMCs
offer improved performance, but at an increased cost, which must be justified.

Polymer Matrix Composites

Polymer matrix composites (PMCs) are characterized by the morphology of the reinforcement: filler
strengthened or fibre reinforced. They comprise a thermoset matrix, which is reinforced with fibres or
whiskers of a material of very high tensile strength. The first fibre reinforced polymers for aerospace
application were developed for the Spitfire, when shortages of aluminium were feared, and were
demonstrated successfully, but never used in the construction of the aircraft.

Polyacrylonitrile fibre-reinforced composites find many aerospace applications, and also make up
more than 75% by weight of the chassis of a Formula 1 car. PMCs have had a large impact in the
design and manufacture of sports equipment, e.g. fishing rods, golf clubs and tennis rackets. A typical
aerospace application involves a thermally cured epoxy thermoset matrix that is reinforced with a high
volume fraction of carbon, boron, glass or aromatic polyamide (aramid or Kevlar) fibres. Each type of
fibre endows the composite with a particular combination of properties and cost.

Ceramic Matrix Composites

Conventional monolithic ceramics have attractive high temperature properties, but many are brittle. A
reinforcing phase can be introduced to act as a site to arrest crack propagation, and enhance toughness,
producing a ceramic matrix composite (CMC). Particles, whiskers and fibres have all been proposed
as reinforcing materials, with silicon carbide being a popular choice. Such materials show potential in
a number of aeroengine applications.

Concrete, a particulate composite of aggregate and a cement binder, made its appearance in
constructions in the early twentieth century. Modular building technologies using concrete were
introduced in the 1950s.

PROPERTIES OF MATERIALS

The principal mechanical and thermal properties of engineering materials are described below, and
representative values are listed in Appendix D. Material properties play a dominant role in determining
the interaction between the laser beam and engineering materials, dictating the processing mecha-
nisms. Many material properties change with temperature; although this would at first sight appear to
present problems in modelling, it is an interesting phenomenon that could be exploited in novel laser
treatments.

ABSORPTION COEFFICIENT

The absorption coefficient describes the attenuation of an incident beam with depth in a material. For
abeam of incident energy Ej, the transmitted energy, E, at a depth z, is given by the Beer—Lambert law:

E = Ejy exp(—az)

where a is the absorption coefficient (around 5 x 10°> cm ™! for metals in the visible spectrum). Absorp-
tion therefore takes place in a very shallow region, with a depth only a fraction of the wavelength of the
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incident radiation. The absorption length is defined as the distance over which the intensity is reduced
by a factor 1/e.

ABSORPTIVITY

Laser light impinging on the surface of a material may be absorbed, reflected, transmitted, or
re-radiated. On the macroscopic scale, absorptivity is a measure of the fraction of incident radi-
ation absorbed. As the absorption coefficient indicates, radiation is absorbed by electrons in the upper
107 to 107> cm of the surface — the electromagnetic skin depth. The absorption mechanism is known
as the inverse Bremsstrahlung (braking radiation) effect. Energy is subsequently transferred into the
material by a mechanism that depends on the energy of the photons. The photon energy of material
processing lasers that emit with a wavelength that lies above the ultraviolet region of the electromag-
netic spectrum is relatively low, Table B.1 (Appendix B), which means that classical thermal conduction
through collision with lattice defects and other electrons is the dominant heat transfer mechanism.
As the interaction time approaches that of the mean free time of electrons (10~'3 s in a conductor),
classical thermal conduction laws are no longer valid and athermal processing mechanisms, associated
with rapid picosecond (10~!? s) and femtosecond (10~1° s) pulses, apply.

The variation of absorptivity with wavelength for various materials is shown schematically in
Fig. 5.10.

The absorption of laser light by a surface varies with the angle of incidence. For vertical incidence
(angle =0°), the beam component oriented parallel to the incidence plane (R,) and the normal
component (R;) are absorbed equally. With increasing angle of incidence the absorption of R, increases,
while that of Ry decreases. At the so-called Brewster angle, the absorption of R, reaches a maximum,
while it drops to zero for R, (the Brewster effect).

As the temperature of a material changes, the absorptivity can increase or decrease, depending on its
optical properties and modifications to the surface, e.g. oxidation reactions or phase transformations.
For many metals and alloys in the solid phase, the absorptivity in the infrared range is well approximated
by an increase relationship with temperature. The absorption of CO; laser radiation by a polished steel

Excimer  Diode Nd:YAG CO,
) -—> <«—> ¥ T
. I/ -
'\ Ag Fe K
08 F | )
\ !
\ !
z \ /
= 0.6 - \ Metals and 1 Organic
& ' alloys ! materials
S
2 1
204l |
1
1
1
0.2 |- \
\
\
N = rd
0 N o o o - - =
0.1 1 10
Ultraviolet visible Near infrared Far infrared
Wavelength (um)

Figure 5.10  Schematic variation of absorptivity with wavelength for metals and alloys and organic materials
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surface is around 4% at room temperature, increasing to more than 30% at the melting temperature,
reaching around 90% at the vaporization temperature.

Absorptivity also varies with surface roughness. A rough surface presents a greater surface area to
the laser beam, and causes light to be reflected several times, thereby increasing the total absorptivity.

SPECIFIC HEAT CAPACITY

The specific heat capacity of a material is a measure of the energy required to raise its temperature by
one Celsius degree at constant pressure. It is expressed in units of Jkg~! K—!, or as a volumetric quantity
as] m— KL, The term ‘heat capacity’ is normally used when describing molar quantities, and has units
Jmol~! K~1. The volumetric specific heat capacity for homogeneous materials at room temperature
is about 3 x 107 Jm~3 K~!. The heat capacity of metals and alloys increases with temperature until
it reaches a limiting value of 25] mol~! K~!. For ceramics and glasses the heat capacity increases with
temperature to about 1000°C, above which it remains approximately constant. In polymers it increases
steadily until the glass transition temperature is reached.

THERMAL CONDUCTIVITY

Thermal conductivity is the rate at which heat flows through a material. It is important in steady state
thermal processes. Thermal conductivity is directly proportional to the amount of energy present (the
volumetric heat capacity), the number and velocity of energy carriers (electrons and phonons), and the
amount of energy dissipation (the amount of scattering or the attenuation distance of lattice waves, i.e.
the mean free path). Metals and alloys have high values of thermal conductivity because there are many
carrier electrons, which can move easily, and have a large mean free path. As the temperature rises,
the amount of energy dissipated increases by collisions, and thermal conductivity decreases. The main
carriers in ceramics and glasses are phonons, which can be thought of as lattice vibrations that occur
on discrete energy levels or quanta. Electrons are restrained in ionic and covalent bonds, and so cannot
participate in thermal conduction at low temperatures. Strong periodic bonds transfer lattice waves
efficiently, thermal conductivity is highest in materials that have an orderly structure comprising single
elements, or elements of similar atomic weight. Differences in atomic size result in greater lattice scat-
tering. In materials with two-dimensional layered structures, such as graphite, thermal conductivity in
the direction of bonding is high, but van der Waals forces acting in the perpendicular direction attenuate
vibrations, lowering conductivity. The mean free path in ordered ceramics is inversely proportional to
temperature, and so thermal conductivity decreases as temperature increases. Glasses are amorphous,
and so have a relatively short mean free path that does not change significantly with temperature. The
increase in heat capacity with temperature is the mechanism responsible for the increase in thermal con-
ductivity with temperature in glasses. Most polymers have low values of thermal conductivity because
electrons are bound in covalent bonds, molecular sizes are large, and the degree of crystallinity is small.

DENSITY

Close packing of atoms results in high density and a high melting temperature. This accounts for high
values in metals and alloys, and low values in polymers.

THERMAL DIFFUSIVITY

Thermal diffusivity, 4, is the ratio of the energy transmitted by conduction to the energy stored in unit
volume of material:

A

pe

where X is the thermal conductivity and pc is the volumetric heat capacity.

a =
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It is often referred to as the diffusion coefficient for heat. Thermal diffusivity determines how
rapidly a material will accept and conduct thermal energy, and is important in characterizing transient
thermal processing. This may result from pulsed laser treatment, or a moving heat source. It determines
the thermal penetration in a material, being particularly important in laser heating processes. A useful
rule of thumb relates the depth of thermal penetration, z, to the heating time, ¢, and the thermal
diffusivity, a: z = /(4at).

The diffusivity of alloys is generally lower than that of the pure metal in the alloy; stainless steel is
particularly low in comparison with plain carbon steels.

COEFFICIENT OF THERMAL EXPANSION

The relationship between the change in length, Al, and a change in temperature, AT, is expressed as
the coefficient of thermal expansion, a:

where [, is the length at room temperature. The coefficient of thermal expansion is controlled
by atomic and molecular vibration; as the temperature increases, the amplitude of vibration
increases.

In close-packed structures, such as those found in metals and alloys, the increase in atomic
vibration is accumulated in neighbouring atoms, producing relatively high expansion of the lattice.
Ceramics with predominantly ionic bonding also form close-packed structures, and so also exhibit
high values of thermal expansion. Covalently bonded structures contain spaces in which vibrations
can be accommodated, reducing the thermal expansion coefficient. The thermal expansion char-
acteristics of glasses are controlled by composition, structure and thermal history. Thermal shock
resistance can be imparted by heat treatment of glasses. Anisotropic structures exhibit different values
for expansivity along different axes. Polymers and elastomers stretch extensively on heating before
failing.

TRANSFORMATION TEMPERATURES

The principles of laser material processing depend on the mechanisms of processing, i.e. heating,
melting and vaporization, which occur in the solid, liquid and vapour states.

Empirical formulae have been derived for the most important phase transformation temperatures
in steels. A selection can be found in Table E5.1 (Appendix E). Close packing of atoms results a
high melting temperature. Alkali metals such as sodium and potassium are bound by outer low
energy electrons, resulting in weak bonding. These metals therefore have low strength and low melting
temperatures. Transition metals such as chromium, iron and tungsten are bound by inner electrons,
and exhibit high values of strength and melting temperature. The covalent nature of the bonding in
silica glasses endows them with high strength and stability, and a high softening temperature.

A softening, or ‘melting’ temperature, T}, can be identified in polymers that contain a high degree
of crystallinity. This is accompanied by an increase in energy — the latent heat of melting. In amorphous
polymers, as the temperature is raised there is a continuous increase in heat capacity until the glass
transition temperature, Tg, is reached, at which point the rate of energy absorption increases, without
a discontinuity. No latent heat of melting can be associated with amorphous polymers. The melting
temperature is generally about 1.5 x Tg.

The vaporization temperature for metals and alloys is approximately twice the melting temperature.
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LATENT HEAT OF MELTING

The latent heat of melting for crystalline materials corresponds approximately to the energy change
from free vibration in the solid state to free rotation in the liquid state, without a change in temperature.
The ratio L,/ Ty, (the entropy of fusion) is approximately constant, with a value similar to the gas
constant (8.314J mol~! K=!) for most metals (Richard’s rule). Materials with high bond strengths
have high values for both latent heat of fusion and melting temperature. The relationship holds for
materials in which secondary bonding forces, such as van der Waals bonding, are not significant.

LATENT HEAT OF VAPORIZATION

The latent heat of vaporization represents the energy required to convert a liquid to a gas at the
vaporization temperature, without a change in temperature. The ratio L, /T, (the entropy of vapor-
ization) is approximately constant, with a value about one order of magnitude greater than that of
the entropy of fusion, about 83.14J mol~! K~! for most metals (Trouton’s rule). (If we assume that
the average coordination number in close-packed structures is 10, and that the liquid state can be
formed by the breaking of one bond, then it is reasonable to assume that about ten times as many
bonds must be broken to form a gas.) Again, materials with high bond strengths have high values
for both latent heat of vaporization and vaporization temperature. Trouton’s rule fails for very small,
light molecules (He and H) or for substances which have strong hydrogen bonding in the liquid state
(e.g. water).

MATERIAL PROPERTY CHARTS

The mechanical and thermal properties of common engineering materials are given in Appendix D.
Ashby (1989) describes means of charting and relating the basic mechanical and thermal properties
of engineering materials by using Material Property Charts. These provide valuable information on
the behaviour of materials during laser processing, enabling suitable materials for various processes to
be identified. Charts are presented here that display the thermal properties of the different classes of
engineering material and their subsets.

THERMAL CONDUCTIVITY VS HEAT CAPACITY

Figure 5.11 illustrates the relationships between thermal conductivity, A, and the volume heat capacity,
pc. Metals and alloys, which possess high values of both A and pc, appear in the top right-hand portion
of the chart. Copper, silver and aluminium possess the highest values of A, and so are candidates
for processing using a high power density beam, which is able to melt material before energy is
transported from the interaction zone by conduction. However, absorptivity to infrared radiation is
inversely proportional to A (hence the use of these materials in carbon dioxide laser optics), and so
they are difficult to treat with low power density infrared lasers. Alloys of titanium and nickel, as well as
stainless steels, have relatively low values of A in comparison with other metals and alloys because they
contain foreign atoms in solid solution. These are therefore candidate materials for stable processing
with a wide range of laser techniques. Materials with high values of pc absorb and store large quantities
of energy, and are more susceptible to deformation during thermal processing.

Polymers and organic composites such as wood lie in the lower left-hand portion of Fig. 5.11.
These materials are high absorbers of laser light in the range infrared to ultraviolet. They show strong
potential for laser processing.
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Figure5.11 Thermal conductivity plotted against volume heat capacity for engineering materials. (Source: CES
4.1 2003 Granta Design, grantadesign.com)

Glasses are found in the central region of Fig. 5.11. These transmit light in the near infrared
to ultraviolet range, and so are difficult to process with such laser wavelengths (hence their use in
optics for Nd:YAG and excimer lasers). However, far infrared laser light is absorbed, which means
that glasses have potential for material processing with CO; lasers. Ceramic properties fall in similar
regions.

THERMAL CONDUCTIVITY VS THERMAL DIFFUSIVITY

Thermal conductivity governs steady state heat flow, whereas thermal diffusivity controls transient
heat flow. The information shown in Fig. 5.11 is replotted in this framework, Fig. 5.12. Most classes of
engineering material lie along the diagonal corresponding to a volume heat capacity on the order of
3 x 10° T m~3 K~!. This value is constant since the volume associated with each heated atom is approxi-
mately constant in most homogeneous materials. Deviations occur in inhomogeneous materials such
as composites and foams.

The most notable feature of Fig. 5.12 is that the properties of engineering ceramics such as silicon
nitride and boron carbide are similar to those of metals and alloys, and so such materials are expected
to respond similarly to steady state and transient laser heating.
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MECHANICAL STRAIN VS THERMAL STRAIN

In Fig. 5.13, mechanical strain is characterized by strength divided by Young’s modulus, and thermal
strain is represented by the product of linear expansion coefficient and melting temperature. Materials
that appear in the top right-hand portion of the figure tolerate large amounts of thermal strain before
failing, which is likely to occur before the onset of melting. In contrast, materials appearing in the
lower left-hand region fail mechanically at low levels of thermal strain. Concrete, for example, fails
under low thermal loading — a property that is exploited in the process of laser scabbling, described
later. Metals and alloys, which appear in the central region of Fig. 5.13, can be deformed permanently
by heating before melting occurs, and are popular choices in the process of laser forming.

Figure 5.13 shows that materials with similar properties to concrete, which have low values for
both mechanical strain and thermal strain, will accommodate little thermal expansion before failing.
Polymers, in contrast, have high values of both of these property groups, and therefore will be able to
expand extensively on heating before failing.

SUMMARY AND CONCLUSIONS

Interactions between laser beams and materials can be considered on three levels: the arrangement of
atoms; clusters of phases and constituents in the microstructure; and the properties that result from the
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macrostructure. Atomic structure and bonding influence the mechanisms of absorption of the laser
beam photons by the material. Microstructural changes induced through the thermal cycles created
during laser processing can be represented in various forms of phase transformation diagram. Equi-
librium diagrams illustrate the phases that are stable under equilibrium conditions, when the driving
force for transformation is thermodynamic. Non-equilibrium transformation diagrams are available
for rapid heating, solidification and cooling associated with laser processing. Both types of diagram
provide valuable information on the stability of phases during thermal treatments, and can be used
to predict the outcome of laser processing. Industrial materials are seen to fall into four broad classes:
metals and alloys; ceramics and glasses; polymers; and composites. The distinctions lie in the com-
position and atomic structure, which endow the material classes with characteristic sets of properties.
The properties of the most popular industrial materials are described as an aid to understanding their
behaviour during laser processing, and also as a means of identifying materials for novel laser-based
treatments.

By plotting various mechanical and thermal properties of engineering materials on charts, we are
able to distinguish the material classes since they occupy characteristic regions. The charts may be used
for material selection with given criteria, and to predict the behaviour of materials during processing.
They provide an understanding of the mechanisms of laser processing, and are referred to in the
chapters that follow.
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CHAPTER

LASER PROCESSING
DIAGRAMS

INTRODUCTION AND SYNOPSIS

t is said that a picture is worth a thousand words. Nothing demonstrates this better than a

well-organized scientific diagram. Diagrams provide clarity in a concise and convenient form. In
Chapter 3, we saw how two characteristic variables of industrial laser beams — wavelength and average
power — could be used to display the operating conditions of various commercial lasers. Areas of appli-
cation could also be shown in that framework, enabling those lasers suitable for material processing —
or other uses — to be identified, as illustrated in Fig. 3.15. Such a diagram enables a type of laser and
an appropriate power level for material processing to be selected. In Chapter 5, various properties of
engineering materials were plotted in the form of charts, which differentiate the behaviour of different
material classes to thermal treatment, enabling materials to be ranked quickly for given applications.
We now apply this graphical approach to the interaction of laser beams and engineering materials by
identifying the principal process variables and processing mechanisms, and determining the level of
sophistication required to achieve the desired result — the prediction of processing parameters.

The construction of various charts and diagrams for laser material processing is described in this
chapter. A distinction is made between a chart and a diagram. Charts, which are empirical, display
experimental data on a set of axes, from which information can be derived. Diagrams, in contrast, have
an underlying physical basis, normally in the form of a mathematical model, which enables constitutive
relationships between process variables to be displayed. (But empirical data may be included in such
diagrams to verify model predictions.)

Two further methods are used to construct graphical representations of laser—material interaction.
First, empirical observation is combined with mathematical modelling; a model suggests the form
of constitutive relationships, but empirical methods are used to establish the precise functional rela-
tionships. This leads to the construction of model-based empirically-informed diagrams. Second,
calibration techniques are used to eliminate the effects of poorly known mechanisms and constants on
the results of processing; variations are predicted about a known condition (an experimental data point
that is obtained from a known mechanism of processing). The level of accuracy required determines
the most suitable approach — empirical or purely model-based methods are normally sufficient for
presenting overviews that display trends, whereas a calibrated method involving both modelling and
empirical data might be needed for predicting practical processing parameters. This chapter concen-
trates on the first two approaches to illustrate the construction and use of charts and diagrams in the
context of laser material processing in general. In later chapters, which deal with individual processes,
the latter two methods are used to generate diagrams that are used to predict processing parameters.
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EMPIRICAL METHODS

Alarge number of variables influence the interaction between a laser beam and a material — over 140 can
be identified for welding alone. At the finest level of detail, when drawing up a procedure specification,
all must be fixed within certain tolerances so that processing can be performed repeatedly to a particular
requirement. It might appear that any attempt to characterize a process is likely to be arduous, and
potentially intractable. However, generalizations may be made to simplify the approach to achieve
useful results. The first task is to identify the principal process variables. These have the greatest effects
on the principal processing mechanisms.

PROCESS VARIABLES AND PROCESSING MECHANISMS

Consider a stationary laser beam of circular cross-section that heats (without melting) the surface of
a large block of material, as illustrated in Fig. 6.1a. Following an initial transient when the beam is
switched on, the heat flow becomes steady state; energy absorbed by the surface is balanced by that
conducted into the block, and the temperature field around the heat source becomes constant. The
principal process variables are the beam power, g, the beam radius, 75, and the material properties.
Often in laser processing we wish to establish the conditions required to raise the surface temperature
by a given amount. An empirical relationship between the two variables could be established by
systematically varying g and rp until the required condition is obtained.

However, the principal process variables can conveniently be grouped to form the power density, E:

p=_1 (6.1)

nry

The power density is easily calculated, and has a physical meaning that can be understood intuitively.
The power density can be increased four-fold by quadrupling the power, or by halving the beam radius.
By identifying this variable group, a smaller subset of experiments can be used to establish that it is the
power density that determines the peak surface temperature attained. This in turn determines the prin-
cipal mechanism of thermal interaction — heating, melting or vaporization — as illustrated in Figs 6.1a,
b and ¢, respectively. For example, power densities on the order of 10, 100 and 10 000 W mm ™2 are
required to heat, melt and vaporize structural steel, respectively, using a CO; laser beam.

Consider now the case of a laser beam traversing the surface at a rate v, as illustrated in Fig. 6.2. At
any point in the material, transient heat flow is experienced, i.e. the temperature field changes with time.

(a) (b) (c)

. V

Surface heating Surface melting Surface vaporization
(keyholing)

Figure 6.1 The effect of power density on the interaction mechanism between a laser beam and a large block of
material under steady state conditions
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The power density is then no longer unique in determining the processing mechanism — the heating
time must also be considered. The heating time can be approximated by the beam interaction time, t:

2
r— B (6.2)
1%

E and 7 clearly influence the processing mechanism, but we do not yet know the exact form of the
relationship. This can be established by plotting experimental data on a chart.

AN EMPIRICAL PROCESS CHART

Applied (incident) beam power density (W mm™2) and beam interaction time (s) are used as the
ordinate and abscissa, respectively, of the chart shown in Fig. 6.3. The product of these two quantities,
the energy density (J mm™2), appears as a series of diagonal contours. Experimental data (Ion et al.,
1992) for five common methods of laser processing of metals and alloys are plotted in this framework.
Details of the individual processes are provided in the chapters that follow; they are not needed at this
stage. Logarithmic scales are used to cover practical ranges of parameters.

Experimental data for different processes cluster in discrete regions of Fig. 6.3. (The overlap
between some clusters is discussed below.) The clustering of data indicates that the variable groups
power density and interaction time discriminate between different processes.

The relative positions of the data clusters with respect to the axes appear logical. Hardening, which
is a solid state process involving only heating, is carried out with relatively low values of power density
(to avoid surface melting), but high values of interaction time (to allow diffusion and microstructural
homogenization to occur). In contrast, keyhole welding requires a high power density to form a narrow,
deeply penetrating vapour cavity, but the interaction time is short (i.e. the welding speed is high) to
maximize productivity.

Data cover a range of interaction time from 10~* s, which approaches the minimum for noticeable
heat transfer by thermal diffusion, to 10 s, beyond which the rate of laser processing normally becomes
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Figure6.3 Experimental data for five methods of thermal laser processing of metals and alloys (regions bounded
by solid boundaries) and contours of energy density (broken lines)

uneconomically low. The limits of data on the power density axis approximate those for surface heating
(10 W mm~2) and surface vaporization (10* W mm™2), for a CO; laser beam illuminating a thick steel
block under steady state conditions (Fig. 6.1).

Data for heating (hardening) are bounded by energy density contours of 1 and 100 ] mm~2. Most of
the data for melting processes (cladding, melting and some cutting techniques) lie between contours of
10 and 1000 ] mm~2. Data for vaporization processes (keyhole welding and other cutting techniques)
fall between the 100 and 10 000 ] mm~—2 contours. On average, it can be seen that an order of magnitude
increase in energy density is required to change the processing mechanism from heating to melting,
and from melting to vaporization. This is observed over wide ranges of power density and interaction
time.

The overlap of some clusters of process data in Fig. 6.3 can be explained as follows. The data are
gathered from a large number of sources. Process parameters are not always reported in a standard
manner. For example, the radius of a beam with a Gaussian power distribution can be defined as the
point at which the power has fallen to 1/e or 1/¢? of its peak value — a difference of 2.7. This introduces
a possible error of 7.4 in the calculated power density. In addition, processing is rarely carried out
under optimum conditions, and so data might not be truly representative. Most importantly, the
data represent a range of metals and alloys that have different thermal properties. A set of processing
conditions that cause titanium to melt might only result in heating of copper, which has a thermal
conductivity more than ten times greater. Although such data points appear in the same position on
the chart, the principal process mechanisms are different. We shall return to this point later.

Figure 6.3 serves many useful functions. It allows data for common methods of laser processing to
be presented in a framework that has a physical meaning. It distinguishes processing parameters for
different processes, and enables them to be selected easily. It indicates that the energy density of the
laser beam plays a role in determining the processing mechanism. Often, particularly when purchasing
a laser, it is important to gain an overall impression of its performance in a number of tasks — this can
be established quickly by using Fig. 6.3.
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The data in Fig. 6.3 also raise a number of important questions:

m  The data span ranges of process parameters that induce processing mechanisms resulting from
thermal interaction. Could processing mechanisms involving non-thermal interaction be induced
by using process parameters that lie outside these ranges? (We shall return to this point in the
next chapter.)

m  Energy density contours bound clusters of processing data, but they do not appear to be aligned
with the clusters. Could a more discriminating set of contours be constructed to represent the
data more accurately?

m  Process parameters may only be derived from the empirical data presented in the chart. Could
the chart be modified to enable process parameters to be predicted?

Answers to these questions can be found through the use of process modelling.

MODEL-BASED METHODS

If a picture is worth a thousand words, then it could be argued that a model provides the clarity of a
thousand pictures. A model is an idealization of an object, process, phenomenon or organization. One
of the most effective models is the map of the London Underground transport system, now widely
regarded as a seminal piece of design. In the first diagram, published in 1908 (Garland, 1994), colours
were used to represent different lines (even though the trains were not painted in those colours).
Colours evoke associations: the green District line passes through leafy suburbs; and the red Central
line is the arterial route across the city. When the map was designed, routes were drawn to follow
their true course. As more lines were built and stations added, this approach became unwieldy. Routes
were then approximated by using straight lines and simple geometrical shapes, which allowed people
to visualize geographical relationships (smoothing out actual bends and detours). In today’s diagram,
stations are presented in the correct sequence, but the distances are not represented accurately, to
maintain the clarity of the map. However, journey times in the central region can still be estimated
by allowing about two and a half minutes between stations. The map demonstrates the connectivity
between different lines (by locating stations some distance from their geographical position). Despite
these idealizations, the diagram is effective; it is visually distinctive, and works as a convenient means
of planning a journey and navigating the system.

PROCESS MODELLING

Models of laser processing relate the process variables — the beam characteristics, the material properties
and the processing parameters — to the characteristics of the product. Effective models combine
justifiable idealizations with essential relationships that are obtained from the underlying principles of
physics and chemistry. Models therefore have the predictive power that empirical approaches lack.

Models have many uses. They provide a better understanding of the process and the interactions
between the process variables. The process can be simulated, thus reducing (but not eliminating) the
need for expensive testing during the optimization and certification phases of procedure development.
Modelling is a valuable tool in the design process, particularly in the selection of material and processing
parameters and the scheduling of production sequences. Models provide a means for a process to be
optimized, by identifying a condition that maximizes an aspect of the process. Results obtained from
models provide valuable input to on-line adaptive process control systems, which play an increasing
role in intelligent laser processing.

Solutions to a model can be obtained by using analytical or numerical methods. Analytical models
that use justifiable assumptions yield explicit relationships that enable the effects of variations in process
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variables on the product characteristics to be visualized and established quickly. Numerical techniques
require fewer assumptions, can produce more exact results if input data are known accurately, but
require more sophisticated methods of solution, and often do not allow explicit relationships to be
written. The detail needed in the model, and the method by which the formulation is solved, should
correspond to the complexity of the problem, the reliability of input data, the accuracy required in the
results, and the computing power and time available.

The approach adopted here is predominantly analytical. The methods described can be solved by
using a desktop personal computer, and results obtained within one minute. An accuracy of £5% is
sought, which reflects the typical accuracy of data available for modelling.

A MODEL-BASED PROCESS DIAGRAM

Consider again the empirical process chart shown in Fig. 6.3. The variable groups (power density
and interaction time) distinguish conditions for different processes. However, the precise role of the
derived group (energy density) in determining the processing mechanism is not clear.

Mathematical modelling of heat flow provides a means of establishing functional relationships.
Section 2 of Appendix E contains analytical formulae that describe the temperature field in a material
below a surface heat source. Equation (E2.2) describes the surface temperature rise, T — Ty, in a semi-
infinite body in terms of the absorbed power density, Aq/Ap, the time, t (represented by the interaction
time, 7), the material thermal conductivity, A, and thermal diffusivity, a. For a power density, E, and a
time, 7, equation (E2.2) (Appendix E) can be written in logarithmic form:

S A
log E = log (T, — To) + log( - ) — —logrt. (6.3)
2a2 2

By substituting material properties for structural steels, which can be found in Appendix D (A=
30Js 'Tm 'K ,a=9.2x 10" m?s™ !, Ty =996 K, T, = 1800 K, T, = 3100 K), a series of contours
representing the conditions required to obtain a given peak surface temperature in structural steel can
be constructed. The most important contours for structural steels are the temperature of solid state
formation of austenite (996 K), surface melting (1800 K), and surface vaporization (3100 K). These are
plotted in Fig. 6.4 using equation (6.3).

A fundamental difference between Figs 6.3 and 6.4 is that a physical model has been used to
constructa relevant set of peak surface temperature contours (instead of plotting an arbitrary quantity —
the energy density). There is now justification for comparing the model results with experimental data.

However, before we make a comparison, it is important to note that the physical model describes
heat flow within the material. Not all of the incident energy is absorbed by the material — some is
reflected, some is transmitted, and some may be reradiated. Therefore, in order to compare experi-
mental data with model predictions, the incident power density of different processes must be converted
to the absorbed power density. This is achieved by multiplying the incident power by a fraction A, the
absorptivity. A varies with the wavelength of laser light, the material and other processing conditions,
which were discussed in Chapter 5. But, for this purpose, an average value can be used to characterize
each process: 0.5; 0.3; 0.5; 0.5 and 0.8 for hardening, melting, cladding, cutting and keyhole welding,
respectively (Ion et al., 1992).

Once the experimental data for hardening, melting, cladding and keyhole welding are corrected to
represent the absorbed power density, the clusters align with the theoretical contours of peak surface
temperature, as shown in Fig. 6.4. Although the data clusters appear to be shifted slightly above the
contours (this observation is explained below), the process data fall in the correct sequence of heating,
melting and vaporization. We can therefore infer that these processes are governed by a principal
processing mechanism, which is controlled by the peak surface temperature. Data for cutting, however,
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Figure 6.4 Theoretical contours of surface peak temperature for solid state transformation of pearlite to
austenite (996 K), melting (1800 K), and vaporization (3100 K) for structural steels (solid lines), together with
experimental data for processing of metals and alloys (regions bounded by broken lines)

appear not to align with the contours. This suggests that cutting can be performed by using more than
one principal mechanism — melting, vaporization, or both — which is the case in practice.

Figure 6.4 illustrates the physical basis of the mechanisms of processing, and the functional relation-
ship between the axes. It has predictive power. Optimum processing parameters can then be estimated
for any process provided that the fundamental processing mechanism is known. However, the theoret-
ical peak temperature contours are constructed for a single group of materials (structural steels) and
so the diagram is strictly only valid for that group. We now consider the use of dimensional analysis
to identify dimensionless groups of process variables, which may be used to broaden the scope of
modelling to take a wider range of engineering materials into account.

DIMENSIONLESS GROUPS OF PROCESS VARIABLES

Many physical problems containing a large number of parameters may be simplified by identifying
dimensionless groups of process variables. By considering the temperature field and the equations in

sections 2 and 3 of Appendix E, the following groups describing the dimensionless beam power, g%,
and the dimensionless beam traverse rate, v*, can be defined:

Aq
* . .
= ————— (dimensionless beam power) (6.4)
1 rgA (T — To) P
« VIB . .
y* = —  (dimensionless traverse rate) (6.5)
a

where A is the material absorptivity, g is the incident beam power, rp is the beam radius, A is the

thermal conductivity, T, is the melting temperature, Ty is the initial temperature, v is the traverse rate,
and a is the thermal diffusivity.
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Equation (E2.19) in Appendix E gives the thermal cycle, T(t), induced at a depth, z, in a semi-
infinite body, below the centre of a moving, continuous wave, circular Gaussian laser beam. Equation
(E2.19) contains two reference parameters. The first, g, is a characteristic heat transfer time, related
to the beam width, and defined by t, = rf; /(4a) where rg is the radius at which the beam intensity has
fallen to 1/e of the peak value. The second, zy, is a characteristic length; its function is to limit the
surface temperature to a finite value because energy is input over a finite time — the true surface is taken
to be a distance zy below the ‘model” surface. (Note how the spread of the beam is characterized by a
heat transfer time, and the time for energy to be absorbed is represented by a heat transfer distance.)

Equation (E2.19) can be expressed in terms of the dimensionless variable groups defined above,
and the following additional variable groups:

T—T
TF= 0 (dimensionless temperature rise) (6.6)
T — To
« t . . .
t* = - (dimensionless time) (6.7)
0
z* = z (dimensionless depth) (6.8)
B
to give:
2
2/m) (g*/v* z* 4z
T*:—( /m(a/ 1) exp — —( *0) . (6.9)
[t*(t* + 1)]2 t
The means for determining z; (which is a function of v* only) is as follows. The normalized time, t;,

taken to attain the peak temperature is found by differentiating equation (6.9) with respect to time,
and solving the resulting quadratic equation:

1 1

tr = Z{2(z* +28)? — 14 [4(Z* +20)* +12(z + 25)* + 1]° } (6.10)
Substitution of #; into equation (6.9) yields the normalized peak temperature, T;. The parameter z; is
found by equating T}, to a standard solution for the peak temperature produced by a stationary circular

Gaussian beam acting for a time equal to the beam interaction time, equation (E2.8) (Appendix E),

which in dimensionless form is
] 3 g 1
2 2
(Ty)z=0 = <;> q*tan”" (F) : (6.11)

Equation (6.9) is set equal to equation (6.11) with ¢* =t1;‘ and z* =0to find zj.
We may now calculate the normalized peak surface temperature rise, T, in terms of the
dimensionless beam power, g*, and the dimensionless traverse rate, v*.

A DIMENSIONLESS MODEL-BASED PROCESS DIAGRAM

The dimensionless variable groups v* and g* may be used as the abscissa and ordinate, respectively, of a
dimensionless model-based diagram. Regions corresponding to different process mechanisms can now
be plotted as contours on the diagram. Surface melting corresponds to a normalized surface temper-
ature, Ty, of 1. The onset of surface vaporization corresponds approximately to a normalized surface
temperature of 2. By solving equation (6.9) in the manner described above, contours corresponding
to the onset of melting and vaporization at the surface can be constructed, as shown in Fig. 6.5.
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Figure6.5 Normalized model-based laser processing diagram showing contours for the onset of surface melting
and vaporization constructed from a surface heat flow model (solid lines); experimental data for metals and alloys,
ceramics and glasses, and polymers are shown as regions bounded by broken lines

Experimental processing parameters for metals and alloys, ceramics and glasses, and polymers are
also plotted in Fig. 6.5. Data are converted into dimensionless form by using material properties given
in the tables of Appendix D. The data cluster in regions, as in the previous diagrams. However, by
incorporating the thermal properties of the materials (thermal conductivity and thermal diffusivity)
into dimensionless variables, the data span on each axis has been halved compared with Figs 6.3
and 6.4. This indicates that these variable groups improve the differentiation between processes. The
experimental data for hardening, melting and cladding — processes that are almost exclusively carried
out on metals and alloys, whose properties are well known and behave predictably at the process
temperatures — show the best agreement with the model predictions of thermal mechanisms.

Figure 6.5 provides a comprehensive overview of the surface processing mechanisms — heating,
melting or vaporization — that are induced by the thermal interaction of the laser beam and engin-
eering materials. A model-based approach works well for a process for which the underlying process
mechanism is relatively simple and well understood, and processing is carried out under well-defined
conditions. For now it is all we shall consider — the foundations for laser processing diagrams have been
laid. We return to model-based diagrams in the following chapters to describe individual processes in
more detail, using additional techniques to determine thermal cycles at depth, the effects of melting,
and vaporization on temperature fields, and the temperature fields induced around through-thickness
heat sources.

SUMMARY AND CONCLUSIONS

Charts and diagrams can be constructed for a range of engineering materials that describe the condi-
tions required to achieve the principal thermal mechanisms of laser processing — heating, melting or
vaporization.

The simplest are charts based on empirical data. The framework (axes) of an empirical chart
can be established by considering the principal process variables. By plotting experimental data in
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such a framework, processes may be compared, and groups of processing parameters that influence
the processing mechanisms can be elucidated. Empirical charts provide insight into the principles of a
process, and are often the first stage in understanding the underlying physical principles. But processing
parameters can only be derived from empirical charts.

The basis of a model-based diagram is a physical model that describes the functional relation-
ships between the principal process variables (axes). The model endows the diagram with predictive
capability. Analytical models of heat flow have been used here. Such modelling reveals fundamen-
tal dimensionless groups of process variables, which simplify analysis while maintaining the level of
accuracy required. The resulting overview diagram has generality and a wide scope for application.

The diagrams presented in this book are only as accurate as the material properties and models
from which they are constructed. However, by careful choice of thermal properties (Appendix D), and
the use of calibration techniques (described later) they provide a rapid means of establishing an initial
set of processing parameters from which to begin development of a procedure.

The charts and diagrams are also useful pedagogical tools that illustrate graphically the effects
of changes in process parameters on properties. Their use in specific techniques of laser material
processing is demonstrated in the chapters that follow. These processes are presented in order of the
approximate surface temperature rise. However, before considering such thermally based processes,
we first use the framework developed to consider a family of processes in which the temperature rise
is negligible, and structural change occurs through athermal processing mechanisms.
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CHAPTER

ATHERMAL PROCESSING

INTRODUCTION AND SYNOPSIS

ln Chapter 6, a simple analysis based on classical heat flow during laser processing enabled the
thermal effects of the principal process variables on the treatment of materials to be predicted in
terms of three principal processing mechanisms: heating, melting and vaporization. Most of the pro-
cesses described in this book are based on these three mechanisms. However, in Chapters 3 and 5
we noted that the energy of photons from short wavelength lasers, such as excimer sources, is on the
same order of magnitude as the energy of chemical bonds in molecules. An interaction can occur
between the beam and the material by resonant transfer of energy with no change in temperature —
an athermal mechanism. Similarly, the mean free time between collisions of species in materials is
107121071, and so a beam with a pulse duration on the order of femtoseconds (10~ s) is able to
induce mechanisms of interaction that do not follow the laws of classical thermal conduction. Such
interactions form the basis of families of athermal processes. Their importance cannot be underesti-
mated — they are actively being researched and are key enabling technologies for future applications,
particularly in micromanufacturing. Lasers are tools with which concepts associated with nanoscience
are being turned into products based on nanotechnology.

This chapter is intended as an introduction to processes that have been developed based on ather-
mal photochemical, photoelectric and photophysical mechanisms of laser beam—material interaction.
These are processes in which a temperature rise in the material is considered undesirable (or is practic-
ally negligible), and which does not contribute to the principal mechanism of processing. The chapter
is not typical of the process chapters in the book (which describe individual methods of laser treat-
ment) — it covers diverse processes whose parameters exceed the ranges typical of thermal interactions
by orders of magnitude; from extremely low power densities associated with laser printing to ultrashort
interaction times used in optical lithography. The link between the processes is the lack of a tempera-
ture rise, rather than a specific thermal processing mechanism. The principles of athermal processing
mechanisms are explained, which form the basis of a number of industrial applications that highlight
the advantages over conventional thermal laser processes (in cases where a comparison with a conven-
tional process is possible). Predictive laser processing diagrams are difficult to construct for athermal
processes because mechanistic modelling must be performed on the atomic scale, and is beyond the
scope of this book. However, the framework used to construct the chart in Fig. 6.4 (Chapter 6) provides
a convenient means of presenting athermal processing parameters, enabling them to be compared with
those of thermal processing mechanisms. The chapter provides an overview of the diversity of available
athermal processes, and allows them to be placed in context with thermal processes.



Athermal processing 189

1012 T T T
Athermal
Photodisruption processing

=0 O 1
|

£

= Plasma

6 |— . T . i

% 10 induced Photoablation

B ablation

g - T =<

|3} _ ~ <
E / ’ S~

£ 10° |7 i AN n
8 \ Thermal N
o,
L
E 1 Photochemical _
< - - Photo-
Engineering electrical
materials
103 |
10715 10-12 1079 103

Interaction time (s)

Figure 7.1 Athermal mechanisms of laser material processing: photophysical, photochemical and photo-
electrical mechanisms are regions bounded by solid lines; LP: laser printing; HPD: haematoporphyrin derivative;
PA: photochemical annealing; SL: stereolithography; OL: optical lithography; PRK: photorefractive keratectomy;
SP: shock processing (the region of thermal processing is shown with a broken boundary for comparison)

PRINCIPLES

The three principal mechanisms of athermal processing are based on photoelectrical, photochemical
and photophysical interactions between the laser beam and engineering materials. The operating
regions of athermal processing methods are illustrated in Fig. 7.1; the operating region of thermal
interaction is shown for comparison.

PHOTOELECTRIC EFFECTS

The photoelectric effect refers to the emission of electrons from the surface of a material in response to
incident light. Energy contained within the incident light is absorbed by electrons within the material,
giving the electrons sufficient energy to be emitted. In the laser printer, described below, laser light is
used to modify the static electric field of a drum to create an image of the page to be printed.

PHOTOCHEMICAL EFFECTS

Photochemistry involves interactions between the photons of laser light and the chemical bonds that
hold engineering materials together. Bonds may be made or broken by such interactions.

Making Chemi