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This studyinvestigated the effects of high speed laser surface modification on 316L
stainless steel and-B6iAl-4V for biomedical implants application. Laser processing was
carried out in an inert argon environment using a K\ CO, laser. Parameters
investigated irnthis work included irradiance, residence time, pulse width and sample
pretreatments. Surface topology, microstructure and melt pool depth were characterised
using the scanning electron microscope. White light interferometry and stylus
profilometry were sed to determine the surface roughnessaydiffractometry was

used o investigate the crystallinity anghase transformation induced by the laser
treatment. Micrehardness was measured using a Vickers rhardness indentation
apparatus. Weanehaviourwas investigatedising a pin on disk apparatus. Corrosion
behaviour was evaluated using a potentiostat and an electrochemical agll set
simulating human body conditions. Biocompatibility of the samples was investigated in
vitro by monitoringNIH/3T3 fibroblastandMC3T3-E1 osteoblast cell growth via MTT
andHoechstDNA assays.

A strong correlation between irradiance, residence time, depth of processing and
roughness was established in 316L. High depth of altered microstructure and increased
roughness we linked to higher levels of both irradiance and residence times. At fixed
energy density, increase in residence time resulted in growth of the melt pool. In the
melted region, a uniform composition in microstructure with fewer impurities was
observed.In Ti-6Al-4V alloy, lasertreatment resulted in cradkee layers twenty to

fifty microns thick. With increase in both irradiance and residence time, surface
roughness was found to decrease while melt pool depth increAsedartensite
structure formed onhe lasertredae d r egi on pr D destedi wihig th@a ci c u
aged bTi matrix. The bTi phase volume fraction was reduced by up to 19%.
Microhardness increased up to MV s which represented a 67% increase compared

to the bulk material. A homogenous chemical composition of the alloying elements was
achieved in laser modified regionSluch lower levels of wear were noted in laser
treated sampkecompared to untreated sampl&able passive polarisation behaviour
and reduction in corrosion rates was noted in treated samples ranging between 86 and
239 nm yi' compared to 108 nm Vrfor untreated samples and 309 nnit jor grit

blast samples. Direct contact assays showedldlsat treated samples had imprdve
cytotoxicity properties compared to their untreated counterparts

vii
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Chapter 1
) 1 OOT AOA

1.1 Overview

Average life expectancy of humans in the developed world has seen a huge increase due
to ever improving availability of medical facilities. Human joints, especially in aged
persons, are prone to degenerative and inflammatory diseases that result indpain an
stiffness of jointd1]. Approximately 90% of the population over the age of 40 suffer
some degree of degenerative joint disg@$eOne in four hundred people receive hip
replacement surgeries in Ireland and more than 250,000 hip replacements surgeries
occur annually in the USA3-5]. The demand of total hip arthroplasty is estimated to
grow to 572,000n USA alone by the year 2038]. Approximately 10 to 20% of hip
replacement surgeries that occur are replacements of failed impsntSperation
succeas rate has significantly increased but the lifespan of the implant after operation is
still lower than required. Typical implant life times of ten years are common leading to
the same patient having to go through the same procedure several timeslife tfeir

6]. This presents a low quality of life and proves to be costly for both the patient and the
state[7]. Developing afforddle and improved lifelong biomaterial and manufacturing
technology remains a challenge for material engineers; which is the present focus of this
study.

The most common reasons for revision of hip replacement, according to the Canadian
Joint Replacement Regry (CJRR) in 2004, were loosening of implants, osteolysis,
implant wear and infectiof8]. Causes of implant failure are interrelated; loosening of
implants is mainly due to infection of surrounding tissuéctviis caused by release of

ions and accumulation of tiny particles due to wear and corrosion of the irftl&it

The interaction between the implant material andrraainding physiological
environment is of high importance. Unsatisfactory interaction may lead to either failure
of the implant to function as it was intended, or have an adverse effect on the patient
resulting in the rejection of the implant by the sunding tissue, or botfi0].

To combat the mechanical degradation leading to early removal of the implant, thus
extending the life of the implant, laser surface modification was investigated, as
presented in this tlses, to improve the microstructure, tribological, wear, corrosion and
biocompatibility properties of 316L stainless steel andAl-4V. In this context, the
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work was mainly focused on high speed laser processing for application on the femoral
stem and therosthetic hip bearing head. For biomedical implants different properties
are required at different locations of the implant which needs to be manufactured at
reasonably high manufacturing rates. This is the case for the three parts of a typical hip
replacement, namely, the femoral stem, the femoral head and the acetabular cup. All
three components require different properties in order to have a good functional
prosthesigl1].

Manufacturing of implants involves range of factors that are governed by regulatory
requirements, patient needs, durability cost, dimensions and weight of implants. The
current manufacturing techniques for hip implants do not allow for custom designing
for specific patient needs with a rdpurnaround; instead surgeons are forced to adapt
existing designs to flR]tAn imbezative aced exists fard6  r «
functionally graded hip implants representing a better balance of propegdiesvel

high speed laser processing techniques. Even though the work presented mainly focuses
on hip replacements, the processing technique can be applied to a wide range of
biomedical implants where improved wear and corrosion resistance are necessary.

Figurel-1 highlights different implants in which this technology could be applied.

Dental
Implants

Stents J

Knee
Replacements

ke

T

Figurel-1: Metallic implants that can be improved

via laser surface modificatida 3, 14]



1.2 Statement of Investigation

Laser surface modification plays a dual role: minimizing the release of metabyons
making the surface harder, wear and corrosive resistant, as well as making the surface
more bioactive and stimulating bone growth due to improvement in wettability and
lower local surface energi¢$5]. The aim of tis study was to provide for improved
performance characteristics of biomedical implants thus improving the quality of life of
their recipients. This study investigated the effects of high speed laser surface
modification of two common biomedical alloys.iZL6L Stainless Steel and-GAl-4V.

The objective was to improve the hardness, wear resistance, corrosion behaviour, and
bio-compatibility, by transforming the surface microstructure through high speed laser
treatment.

Laser melting of material to impve their scope of application has widely been
investigated for several applications including aerospace, automotive parts and tooling.
Although this process has been applied to industrial engineering components and alloys,
very few investigations have beearried out for biomedical implants. The focus of this
study is on biomedical implants, particularly hip replacements. Previous studies on laser
processing of biomedical alloys have concentrated on combinations of lower irradiances
and higher residencenes than are currently possible with newer laser syqtesr20].
Previous work has demonstrated that higher irradiances and losiderree times
provide enhanced microstructure and corrosion propdft&sl9, 21] Most studies of

laser modification of biomedical alloys presented in the literature ssedban low

speed laser processing and use of alloying elements (e.g. laser nitriding) to improve the
material properties.

The present study is not limited to the aforementioned processing parameters. The work
presented in this thesis provides new insights the laser surface modification of
biomedical alloys. The thesis explores the results of both tried and tested methods as
well as marshalling enhanced techniques for modifying biomedical alloys. The current

work is separated from other studies duextemsive study of:

i.  High speed laser treatment vi.  Hip replacement application
ii.  High power densities vii.  Pulsed laser treatment
iii.  Extremely low exposure times viii.  Unalloyed laser trément
iv.  Use of cylindrical samples ix.  Creation of crack free surfaces

v. Micrometre laser spot size resultii  x.  Characterisation including

in high power densities biological interactions



1.3 Thesis Outline

The thesis has been laid out in a progressive manner that initially introduces the reader
to the problem at hand. Background knowledge relating to the subject is then presented,
followed by the material and methods used in the work. The results fronuthease

the elucidatedfollowed by discussions and conclusions. The contents of each chapter
are highlighted below:

Chapter 2i The aim of the chapter is to introduce the reader to the several subjects the
thesis encompasses. The chapter reviews the @egebackground theory of hip
replacements, surface engineering, biomaterial and the reasons behind the choice of
material and processes used in this research. Chapter 2 also reveals previous
carried out in this fieldhighlighting the shoftomings tlat need improvements and
further study. The chapter focuses on the various laser surface modification techniques
implemented in literature. The chapter also elucidates a survey of processing parameters
previously implemented and their effects on surfacpenties.

Chapter 3i The chapter aims on revealing the materials and methods used, and allow
for experimental repeatability by readers. The chapter outlines the material preparation,

procedures and design of experiments implemented in this research.

Chaper 471 The chapter disseminates results obtained from laser surface melting of
316L stainless steel. The results are split into two sections Design of Experiments 1 and
2. Each section analyses the resulting microstructure,pomtlprofile, roughness,

hadness and chemical compositioluced by laser surface modification.

Chapter 5i Results obtained from laser surface melting e6Al-4V are elucidated in

this chapter. The main focus of this research study was -6AIT4V; therefore each
section thoroghly investigates the effects of laser surface melting on microstructure,
melt profile, roughness, hardness, phase transformation, chemical composition, wear,

corrosion, wettability, cell attachment and cytotoxicity.

Chapter 67 The chapter discusses thimdings of Ti6Al-4V results presented in
chapter 5.

Chapter 7i This chapter presents an overall discussion of the study and conbludes
highlighting the most important findings and recommendations for future research

work.
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Chapter 2
, EOAOAOOOA

2.1 Hip Replacement Prosthesis

Total hip replacement (THR) is one of the most commonly performed orthopaedic
procedures and has been shown to improve functional status and relieve the pain often
associated with osteoarthritis, rheumatoid arthritis and traumatiatiar{id, 22, 23]

Figure2-1 highlights the anatomy of a hip Wit typical prosthetic inserted.

1. Pelvis
2. Acetabulum with uncemented prosthe
3. Prosthetic femoral head
/ 4. Neck of femoral prosthesis
5. Femoral prosthesis within the femur

5
X
\ 4

Figure2-1: Hip anatomy with prosthetic implant inserf@d].

The hip replacement prosthesis is made up of two main parts, the femoral and
acetabular components. Earlier hip replacements were made of@iecgefemoral and
acetabular components. Current implant models have adapted the modular design that
has a separate femoral head. Having separate components allow surgeons to adjust for
variable leg sizes/offset and also gives them material choice options. The modern
acetdbular component also has two components the metal shell and inner liner which
can be made of either metal or polymer. Surface modification in this research targets the
metallic femoral head and stem component,FSgare2-2. Each region of the femoral

component has different functions and thus different material properties requirements.



Femoral head(bearing surface)
9 Polished to reduce wear
M Must be wear and corrosive resistant

1 High hardness strength and toughness

Femoral stem(attaching surface)
1 Rough/coated to stimulate bone grow:
1 Wearand corrosive resistant

1 Biocompatible and nonytotoxic

Figure2-2: A typical femoral component of a THR indicating necessary requirements.

2.1.1 Femoral head

Femoral head is the part of the femoral component that interfaces with the acetabular
cup. The modern femoral head has increased in diameter compared to previous deigns,
typically >38 mm, to increase stability and reduce risks of disloc#bn26] The
femoral head is typically made of metal. The main requirements of the femoral head
component include: extremelgw roughness, high hardness, high wear and corrosion
resistant, and neaytotoxic of released ions/debris.

The femoral head has to have extremely low average roughness (Ra), typically less than
26 nm[27, 28] Low roughness in bearing surfaces is necessary as it reduces the wear
rate of the surface. High hardness also plays a part in increasing the surfaces wear
resistance subsequently minimising metal ion release. Aseptic loosening usually occurs
when wear particles form at the bearing surfaces of the implant due to friction at the
joint, which induces biological responses and causes osteolysis. These wear particles are
composed of microscopic grains of bearing material. Wear resistance of tifeednod
layer will be assessed to highlight effects of laser melting. Another crucial property is
that the metal ions released should be-taxic. Cytotoxicity of released metallic ions

can affect the surrounding tissue thus leading to the loosening ahghent. Other
necessary properties crucial in bearing surfaces include: good fracture toughness, yield
strength and density. These properties are not the focus of this study since conventional
biomedical alloys used in this research meet the minimum reegants and these

properties are insignificant contributing factors to the majority of implant removals.



2.1.2 Femoral stem

The femoral stem is part of the prosthesis that fits into the femur (thigh bone). Bone is
firstly removed from the femur and shapgd fit the dimensions of the stem. The
fixation can either be cemented or cementless. Cementless implants are used in younger,
more active, patients while cemented implants are used for older patients where there
will be less posbperative activity or incases of reduced bone density. Cemented
fixations commonly use acrylic cements while cerrless fixations are held in place by
friction and aid of surface coatings that simulate bmAenplant bonding. The stem is
made of metallic alloys mainly titaniubased, cobalt chrome alloys and 316L stainless
steel[29].

The main requirements for femoral stems include: excellent osseointegration, high wear
and corrosion resistance. Osseointegration refers to the diredusatuand functional
connection between living bone and the surface of a-beading artificial implant
without intervening connective tissue. The implant material has to permit bone cells to
attach and proliferate on the surface without imposing cytotasks. This required that

the laser treated surface be tested for its ability to permit cells to attach and proliferate.
Wear accelerated by corrosion also plays a part in the mechanical degradation. This type
of corrosive degradation can progress litilelittle for many years on the surface of
material attaching to the surrounding tis§l@]. Thus, the factors inducing corrosion in
implants should be examined to improve corrosion resistance of femoral bearing
surfaces. Other properties necessary in femoral stem requirements include: low elastic
modulus (close to bone in order to prevent stress shielding), high strength, good fatigue

resistance and good fracture toughness.

2.2 Conventional Biomaterials Used in Hi p Replacements

The three main types of material currently being used in hip replacement components
are ceramics, polymers and met@8, 31] Applications of normetallic biomaterial in

load bearing systems are limited to some extent due to their inferior mechanical
properties such as lower fracture toughness in the case of ceramics and lower strength in
the case of polymers.

Ceramicsare used in bearing surfaces primarily due to their supemar resistance

that reduces metal ion release compared to metal alternatives. Ceramics also possess
high hardness, good biocompatibility, excellent corrosion resistance properties and are
less difficult to process compared to other material types. st popular biomedical

ceramics are alumina (AD3) and zirconia (Zr@ [31, 32] Alumina is the most



common orthopaedic ceramic, usually used in femoral heads in hip replacements and
wear plates for knee replacemef8]. The main concern related to ceramic implants is
the limited lifetime due to their inferior fracture toughness and mechanical integrity
brought about by their brittle natuj&l]. This has been evidenced in 2001, by the recall

of thousands of ceramic femoral heads by their manufactBteGobain Desmarquest

[34]. Salts like hydroxyapatite (HA) can be stallised from calcium phosphate and
since the mineral phase of bone and teeth closely resemble HA, it has high
biocompatibility properties. The properties and use of HA as a biomaterial are well
established and documentdd5]. The major drawback of this HA is its poor
mechanical properties. Its fracture toughnesg)(ié less than 1.2 MPa%m On the

other hand, the fracture toughness of human bone ranges from 2 to 12 MPa m
Therefore, the application &fA is limited to low load bearing applications, coatings, or
porous implant$36].

Polymersare used as bone biomaterial due to their high corrosion resistance and
biocompatibility propertiesThe use of these polyers intotal hip replacements
restricted due to their insufficient mechanical proper{i@3]. The most common
polymers used in orthopaedics inclugelytetrafluoroethylendPTFE), polyethylene

(PE), ultrahigh molecular weight polyethylene (UHMWPE) and acrylic. PTFE
polymers were largely used as acetabular cups in THR until a discovery of their poor
wear resistance and distortion characteristics. PTFE acetabular cups have since been
discontinued PE has widelybeen used on metallic bearing surfaces in knee and hip
total joint replacement. Howevepolyethylene cups created debris due to wear of
interfacial adhesion between tissues and the implant. This debris is attacked by the
immune system causing bone loSsudies have revealed that although polyethylene is
biologically inert as a whole, microscopic particles released due to wear have a toxic
effect that may lead to osteolysis if realised in large amounts. This may also lead to
loosening of the implant. Osilysis is mainly triggered by polyethylene wear particles

in the size range of 0.2+0.1 mm which are phagocytosed by macrophages leading to the
release of inflammatory mediators, or cytokines, which act upon other cells and also
lead to bone resorptidB81, 37, 38] Since their discovery, polymers made of lactic acid
became more popular in the medical field due to their high stable structure leading to
biodegradability.

The aforementionedoncerns with ceramics and polymers hesmewed an interest in
metatlon-metal bearing surfaces on implants, particularly on large contact [@®as

40]. Tipperet al.revealed thametal wear particles isolated were an order of magnitude



smaller than polyethylene particles. Up to 461 more particles were produced per
unit volume of wear compared to polyethyledd]. Lower wear rates areritical in
extending the life of the implant; especially in orthopaedics since most of the revision
surgeries are now due to wear and loosening of the implants. The primary focus was on
metals for this study due to:
i.  Concernswith ceramics and polymers,iprarily reduced lifetime in ceramics
and high ion release in polymers.

ii.  Metalscan be used in both the femoral head and stem.

iii.  The most successful material combinations for total artificial hip joint
replacements have been ultigh molecular weight polyeytene (UHMWPE)
sliding against metallic counterfaces.

iv. Lasersurface modification of metallic alloys is less complicated and highly
repeatable compared to laser surface modification of polymers or ceramics.

v.  Surfacemodification of metals produce more significant microstructural changes

compared to those seen for polymer and ceramic materials.

2.3 Metallic Biomaterials

Some of the desirable properties required in hip replacement include, high
biocompatibility, exceknt mechanical properties like hardness, static and fatigue
strength, thermal conductivity, low friction and mechanical shock resistance. Metallic
implants all share these properties making them the most used material type for joint
replacement429, 32] Metals also provide high -¥ay imaging visibility which is
crucial during inspection. Tribological properties like wear and corrosion resistance also
play a crucial part in joint replaceent. The major drawback in metallic implants is that
electrochemical reactions take place on metallic surfaces in the human body. Metals are
known to corrode in contact with body fluid environments. Most cells cannot
metabolise the corroded particles #fere giving rise to harmful infection to the body.
Improved tribological properties reduce toxic ions from being released in vivo.
Contamination of ions released from joint replacements is still a major issue that needs
to be resolved for metallic biomais.

When designing biomedical implants two main categories of properties should be taken
into consideration; surface properties that affect bio integration and also the bulk
properties that meet the mechanical requiremdfitgire 2-3 shows properties of an

ideal hard tissue replacement biomaterial. It is considerably difficult to obtain a material

that can achieve both mechanical and biological property requitemen
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Figure2-3: Properties of an ide&lardtissie replacement biomaterig]

The three most dominant metals used in joint replacements are AISI 316L stainless
steel, cobalchrome alloys (CeCr) and titanium alloys (F6AI-4V) [29, 31] A
comparison of properties of 316L stainless steetOCoTi-6AI-4V alloys and cortical

bone are listed imable 2-1. There has also been recent interest in magnesium to be
used as an orthopaedic biomaterial due to its light weight and mechanical properties
which are similar to natural bone structf4@]. Magnesium was not examined in this
work. One drawback of magnesium is its biodegradability nature which makes it
impractical in load bearing systems. Co based alloys were also not studied in this work.
One problen that has occurred with Co based alloys is their release of toxic ions which

recently instigated recall of the DePuy ASR ® hip replacemej#3].

Table2-1: A comparison othe propertiesof orthopaedic metals to cortical bojze 29]

316L SS CoCr-Mo Ti-6Al-4V  Cortical bone
Modulus of elasticity (GPa) 190 240 110 107 16
Bending strength (MPa) 485 825 900 120
Hardness (GPa) 235 430 325 -
Ductility 40 10 12 0-2

2.3.1 316L stainless steel

Type 302 was the first stainless steel to be used for implant fabrication but was later
replaced by 316 stainless steel which contains a small percentage of molybdenum for
improved corrosion resistance. In 1950, 316 stainless steel was further improved by
reducing the carbon content to a maximum of 0.03 % from 0.08 % to reduce the risk of
intergranular corrosion attack32]. This became known as 316L stainless steel, where
the ALO stands f Additionalonelybdeaumbalsmenharces cagrosion

pitting in vivo. 316L stainless steel has become the most popular stainless steel used for
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biomedical implants due to its improved corrosion resistance properties. The American
Society of Testing Materials @TM) also recommends this type of steel in implant
fabrication [32]. Nickel content in 316L is set at maximum of 17 to 20%. This
composition is suitable for stabilising the austenitic phase at room tempenatuadso
enhance the corrosion resistance. However, large ratios: @@ridioncentrations were

also found to impose allergic infections to the host biddy. The minimum amount
required for maintaining the austenipbase is 10% Ni. Small amounts of silicon are
present in the steel composition. Silicon increases the hardness of ferrite, oxidation
resistance and is an effective deoxidizer. Even with the detailed compositions, it should
be noted that 316L steel mayromde under certain circumstances in a highly stressed
and oxygen depleted region. It is therefore crucial to modify the surface of the metal to
improve the wear resistance, corrosion resistance and fatigue strength of 316L steel
[32].

Figure2-4 shows the microstructure of 316L stainless steel containing about 0.1 % C by
weight, alloyed with iron. The steel has two major constituents, which are ferrite and
pearlite. The light coloureregion of the microstructure is the ferrite. The dark regions
are the pearlite and the grain boundaries between the ferrite grains are visibly clear.
Pearlite is made up from a fine mixture of ferrite and iron carbide, which can be seen as
a "wormy" texure [45]. Pearlite is hard and it gives the steel strength. The ferrite is soft
and it gives the steel ductility and toughness. If the amount of carbon in the steel is
increased, this increases the amount of pearlite instbel. This has the effect of

increasing the strength, but it also decreases the ductility and toufdless

Figure2-4: 316L stainless steel microstructwantaininglow carbon conterjéd5].
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Small spots within the ferrite grains, visible kigure 2-4, are inclusions or impurities
such asoxides and sulphides. The properties of the steel depend upon the
microstructure. Decreasing the size of the grains improves the strength and decreasing

the amount of pearlite, increases the ductility and the toughness of tHdS}eel

Phase diagramSome mechanical properties of 31&hinless steareafunction of its
microstructures, and consequently, its thermal history. Phase diagrams are crucial in
understanding the melting and crystallisation of the alloy. Phasaa alloy can be
described as homogeneous portions that have uniform physical and chemical
characteristic$47]. In the case of 316L a binary alloy (Ir@arbon) phase diagram is
used to describe the chataristic phase transformatiorfSgure 2-5 show the iron rich
portion of the FeC phase diagram. Only 0.02% C is present in 316L stainless steel

therefore only the aa along the left vertical axis is considered.
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Figure2-5: The irorrcarbon binary phase diagrdav].

There are two crystal structure transformations that occur in iron before melting. Stable
ferrite (U iron) with a BCC <crystal S
approximately 912C, a polymorphic transformatiooccurs;ferrite becomes an FCC

austerte (' iron). At 1394°C, the austenite reverts to a BCC ferriteirpn) structure.
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The structure is similar to that of U i
When alloyed just with carbon the austenite phase is known to be unstable at
tempeatures below 727C. Addition of alloying elements, i.e. in 316L stainless steel,
stabilised the structure at lower temperatures. Melting finally occuapmbximately

1538 °C. Iniron alloys like 316L SS, carbon msiaterstitial impurity whid formssolid
solutions withU ain d f e rag well @s the austenite. Carbon in iron alloys
significantly influences the mechanical properties of ferrite regardless of the small
weight percentage (0.2%). The ferrite phases are known to be relatively soft.
Mechancally, cementite is very hard and brittle, steels with the presence of cementite
increase in strength.

It should be noted that addition of other alloying elements (Cr, Ni, Ti, etc.) brings about
changes in the FE phase diagram. Alloying elements altbe temperature of the
eutectoid reaction and the relative fraction of pearlite and theysxtoid phase that

form. The phase transformation shownFigure 2-5 assimes extremely slow cooling
rates. Heat treatment for improved hardness properties is extremely difficult at such low
cooling rates. Laser melting on the other hand can produce extreigielyooling rates

10° K/s can be easily achieved. Utilising suclgthicooling rates to low carbon steels

can render them amenable to heat treatment. High quenching prevents low temperature
phasetransformations from occurring by only providing a narrow window of time in
which the reaction is both thermodynamicalgwourale and kinetically accessible.

This can allow for reduced crystallinity thereby increasing the mechanical properties
like hardness and wear resistance. Introducing a martensite structure radically improves
the steeldardness, this is achieved kgpidly cooling it through the eutectoid point at

which the austenite is unstable.

lon ReleaseThe presence of nickel and chromium in 316L brings about ion release
which is dangerous for the human body. 316L tetodselease Ni ions that provoke
allergies in som@atients[48]. It has been proven that metal ion releases alter cellular
protein and energy production therefore causing functional deficiencies in the
macrophageds ability t d49]dTo reduce theiniokellamdmma t
chromium release some biomedical implant manufactures coat the stainless steel with
polyamides but these coatings present sites for platelet adhesion and the polymer is
degraded by wear. It is also pdse to oxidise the stainless steel by means of ion
implantation which has shown better results compared to polyamides coating. However,
the oxygen is incorporated to a very low depth from the stainless steel surface because

of the low solubility and diftulty of this chemical reaction with the chromium. This

2-13



provokes a slight decrease of the ion reldd8¢ Recent reports have found that oxide
formation plays a crucial role in ion release of metallic implants. Oxite formed on
metallic implants protect the surface from ion releg&€e 51] Hanawa noted that low
concentrations of dissolved oxygen, the presence of inorganic ions, and the presence of
protein cel, accelerate the metal ion release. Formation and regeneration of the oxide

directly control the release rate.

Heat Treatability Alloying provides the basis for the heat treatability of steel. While
iron is the balance element in steel, carbon is the mmgsortant alloying element in
terms of its strengthening effect on iron. The main challenge of laser modifying
stainless steel for increased hardness is akmelvn characteristic that the stainless
steel does not harden through conventional heat tesdtrSince C@laser irradiation

can be considered as a heat source, hypothetically, the same factors affecting heat
treatability may also apply. However the study of ,Gf@adiation is still carried out
since the exposure time and corresponding melt mgobte is extremely rapid. One of
the prerequisites for hardening through heat treatment is sufficient carbon and alloy
content,since diffusion rate is based on the differential of concentratfothere is
sufficient carbon then the steel can be diyedhardened through heat treatment,
typically more than 0.25% (52, 53] otherwise the surface of the weplece has to be
carbon enriched using some diffusion hardening treatment techniquesarboeising
process occurs by exposing the wikce to a carbon rich atmosphere at an elevated

temperature thus allowing diffusion to transfer the carbon atoms into th¢d€teel

2.3.2 Ti-6Al-4V

Titanium and its &ys have been used as implant material for various medical
applications for more than 30 years. Titanium and its alloys are favourable to
orthopaedic implants due to their high specific strength and fatigue resistance, excellent
biocompatibility propertis, and good corrosion resistan@-56]. Titanium and its

alloys are considered the most corrosion resistant of the implant metals presently
employed, se€igure2-6. The most widely wused t6Alft ani u
4V, because of its high strength and low content of interstitial elements. A relatively
new Blleyd Ti-13Nb1 3 Zr |, us e s -phaseodtabilisen arad sexhibits an

interesting low elastic modulus [12].
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Figure2-6: Metallic materials used in implar@sdtheir susceptibility to corrosiofb7].

The interaction between titanium and body tissues, which allow osseointegration in
contact with bone, is greatly advantageous over other metallic biomaterials. High
biocompatibility and corrosion resistance is mgiciedited to the ability of titanium to
develop an oxide layer in contact with body fluids. Several authors have demonstrated
the high biocompatibility properties of titanium and alloys [31, 58, 59] Another
advantage of titanium is the nderromagnetic properties that allow for safe
examination with magnetic resonance imaging thus making them useful as long term

i mpl ant s. |l mportantl y itahien allogswwempared cowsteay 6 s
and CaeCr alloys more closely matches that of bone thus reducing the effects of stress
shielding.

A disadvantage of T6Al-4V use arises from the wear and corrosion related release of
harmful products including aluminium vdh is related to neurotoxin effects and
vanadium which is cytotoxif60, 61} Release of vanadium ions by the way of passive
dissolution or another process involving wear can cause discolorafiothe
surrounding tissue or an inflammatory reaction causing pain and even leading to
loosening owing to osteolysj62]. Corrosion fatigue triggered by body fluids is another
factor limiting use of titanium for bionaécal implants[63]. Titani umbs C
resistance properties are credited to a tenacious oxide layer that forms on the surface of

the metal. Improving the corrosion properties can be done by thickening the oxid
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nitriding and laser remelting. -Al-V alloys exhibit very good corrosion resistance, but

are subject to fretting and wear. Particles of the alloy have been found in surrounding
tissue; rather than precipitated corrosion products due to uniform oisextabrrosion

[10, 6466].

A common way of fabricating coatings on Ti substrate is plasma spraying of
hydroxyapatite (HA). However, the longte stability of the plasma spray coated HA is
currently limited due to occasional failure at the interface between coatings and
substrate. In addition, the formation of amorphous calcium phosphate phase reduces the
crystallinity and changes the chemicalmgmsition in the coatings. Modification of
microstructure or composition of the alloy through conventional nitriding techniques
has already been explored and is known to improve hardness of the ni&t@#rial
However, this process requires high treatment temperatures and extensive hours of
processing. lon implementation is another alternative process. Only a few micrometres
of microstructure can be altered by this process and long processing times are required
even for relatively small specimen sizes thus detracting from this option. Oxide
thickening and nitriding methods have resulted in hard and brittle surface which cracks
and flakes off easily when force is applied. These drawbacks bring about interest in
using laser surface modification techniques as an alternative to achieve the improved
tribological properties.

Phase diagramLlike most alloys Ti-6Al-4V mechanical properties of depend on its
microstructures, and consequently, its thermal history. To showclia@ges in
microstructure with temperature variation a TitaniAluminum phase diagram is used,
seeFigure2-7. Thebinary phase diagram shows the expected phaszpiditbrium for
different combinations of aluminium conteintthe T+Al phase diagram there are two
all otropic forms of solid titani um: HCP
to 882°C and BCCDTi which is stable from 882C to the melting teerature. In T

6Al-4V, the alloying elements @ninum and vanadium are alpha and beta phase
stabilisers, respectivelyAluminium is the onlycommon metal that raises the beta
transus temperature. The metal is miscible in both alpha and beta paaadiun is a

beta stabiliser that is completely miscible wafhi. Only 6% Al is present in T6AI-4V
therefore T4Al and other phases are not taken into account. It should be noted that the
phase transformation showm Figure2-7 is only for slow cooling rates. Laser melting

on the other hand can produce extremely high cooling rates therefore the phase diagram

does not full highlight the resulting phases.
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Figure2-7: The titaniumaluminiumbinary phase diagraf8, 69]

Selection of FBA4V: Ti t ani um al |l oys wusually have tF
U+b and BAI&IVI dyad .l sTiunder the U+b categor
to the range of microstructural features that can be achieved via thermo mechanical and
heat treatment§70, 71] The U phase is a |low temper
closed packed (HCP) structure and the b
centred cubic (BCC) structure. Heatirffeets such as occur in weldments, casting and

laser remelting, of the first eleven alloys listed Table 2-2, generally result in
properties (e.g. wear and corrasiavhich are similar to the untreated counterpditiés

is because these alloys contain so little alloy content and second phase that metallurgical
instability and thermal effects are not significdi@R]. Ti-6Al-4V was specifically

chosen out of the remaining alloys due to its laser heat treatability and well known
biocompatibility properties.
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Table2-2: Variouscommerciakitanium alloyg[72].

Common Alloy Nominal Composition, wt% ASTM | Alloy Type

Designation Grade
Grade 1 unalloyed titanium 1 U
Grade 2 unalloyed titanium 2 U
Grade 3 unalloyed titanium 3 U]
Grade 4 unalloyed titanium 4 U
Ti-Pd Ti-0.15Pd 07-Nov U
Ti-0.05Pd Ti-0.05Pd 16/17 U]
Ti-Ru Ti-0.1Ru 26/27 U
Grade 12 Ti-0.3M0-0.8Ni 12 near (
Ti-3-2.5 Ti-3Al-2.5V 9 near |\
Ti-3-2.5Pd Ti-3Al-2.5V-0.05Pd 18 near U
Ti-3-2.5Ru Ti-3Al-2.5V-0.1Ru 28 near U
Ti-6-4 Ti-6Al-4V 5 U+b
Ti-6-4-ELI Ti-6Al-4V(0.13% O max) 23 U+b
Ti-6-4-Ru Ti-6Al-4V-0.1Ru (0.13% O max) 29 U+b
Ti-5-2.5 Ti-5Al-2Sn - U]
Ti-8-1-1 Ti-8Al-1VMo - near |
Ti-6-2-4-2 Ti-6Al-2Sn4Zr-2Mo - near \
Ti-550 Ti-4Al-2Sn4Mo-0.5Si - U+b
SP700 Ti-4.5Al-3V-2Fe2Mo - U+b
Ti-6-6-2 Ti-6Al-6V-2Sn0.6Fe0.6Cu - U+b
Ti-6-2-4-6 Ti-6Al-2Sn4Zr-6Mo - U+b
Ti-6-22-22 Ti-6Al-2Sn2Zr-2Cr-2Mo-0.15Si - U+b
Ti-10-2-3 Ti-10V-2Fe3Al - near @
Ti-15-3-3-3 Ti-15V-3Sn3Cr-3Al - b
Beta21S Ti-15Mo-2.7Nb-3Al-0.2Si 21 b
Ti-3-8-6-44 (Ti BetaC™)  Ti-3Al-8V-6Cr-4Zr-4Mo 19 b
Ti-13-11-3 Ti-3Al-13V-11Cr - b

Conventionally pure metals solidify at a single temperature. Alloys on the other hand

solidify over a temperature range during which they are in the-seldi state.
Solidification, from the liquid, proceeds from nucleatitm solid growth to a fully

solidified metal. All industrially important alloys, when solidified from a molten state

under certain conditions, form dendrites. The size, shape, and orientation of the

dendrites help determine the mechanical and tribologicaperties of the metal.

Solidification in alloys is important in laser surface modification as the nature in which

t he

The first stage of solidification is nucleation. Spontaneous nudgakoown as

homogeneous nucleation, may occur when an alloy is cooled rapidly to a temperature

me |

t

pool

soli difies

nfl

uences

t he

well below its equilibrium freezing temperature. Due to the moderate cooling rates

experienced in most metal solidification processes, a large enoughaawdiag for

homogeneous nucleation does not normally ocdnstead, solidification commonly
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commences by heterogeneous nucleation in which preferential nucleation sites are
irregularities such as cracks on mould walls and solid impurities in the molten metal
[73, 74] However laser surface modification involves a beam of radiation that is
focused and has short duration energy input. This establishes a steep thermal gradient
between the liquid pool antthe relatively cold substrate underneath, which acts as a
heat sink. The thermal gradient of great magnitude coupled with the conduction mode
of heat transfer can establish a cooling rate as high #sk1€ Owing to this high
cooling rate (almost always10® K/s), the surface freezes with a requilibrium
microstructure[36, 75] The rapid cooling rates achieved through laser surface
engineering also open up the possibility of amorgitea which is known for many
metals to have improved wear and corrosion properties.

In general, laser surface melting which induces extremely high cooling rates, due to low
volume melt pools and rapid workpiece movement results in a finer grain size and a
larger number of grains per unit volume. This is desirable within the solidified metal as
the larger grain boundary surface area effectively blocks the slip of crystal structure
defects, resulting in better mechanical and tribological properties. An ieahpir
relationship between grain size and yield strégswas formalised mathematically by

Hall and Petcli76], see Equatiofil)

Gy = O + kydg °° 1)

wherel; represents the overall resistance of the crystal lattice to dislocation movement
(constant for a particular metak,measures the relative hardening contribution of the

grain boundaries (constant for given metal), dyid the grain diameter.

2.4 Surface Engineering

Biomedical implants not only rely on their bulk material properties but also on surface
characteristicskFor example, wear activities that occur depend on the implants surface
properties, contact area and the environment in which they operate. Enhancement of the
surface characteristics increases lifespan of the implant. Surface engineering techniques
are suiable for biomedical implants as only the surface is hardened thus the inner
substrate remains softer for improved fatigue results. Most commonly practised
conventional surface engineering techniques like galvanising, diffusion coating and

nitriding have seeral disadvantages includifig7-80]:

I Long processing time,

il. High energy and material consumption,
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iii. Poor precision and pexibility,

V. Lackin scope of automation,
V. Requirement of complex heat treatment schedules, and
Vi. Easy deformation of worgiece being treated.

Another popular technique, thermal spray coating, has drawbacks mainly due to limited
bond strength between the coating and sulesttatl the subsequent lifetime of coating
[31]. These issues arise mainly due to low coating density;undarm coating
thickness and mismatch of coefficient of thermal expan@ah Surface engineering
methods based on application of electron, ion and laser beams are free from such
limitations. Laser treatment is more advantageous compared to electron and ion beam

based processing because electron and ion beanestba{&0]:

I Rapid deceleration of high energy electrons generatesyX which is a
possible health hazard, and
il. Requirement of an expensive ionisation chamber delivery system and ultra

high vacuum level

Laser treatment can be free of the aforementioned stwrtings. Laser surface
modification provides precise control over the morphology of processed area and has
the ability to process complex parts and specific areas of the component without
affecting the bulkmaterial. Due to the need of high irradiance and low residence times,
only high power lasers (typically Nd:YAG and @Ccan be used for metallic surface

modification[82].

2.5 Corrosion

Corrosion of human bgdmetallic implants is critical because it can adversely affect
biocompatibility and mechanical integrit}83]. The guestion ADoe:
modification of this biomedical alloy have an effect onits carrosn pr operti es
that material engineers need to ask when considering the use of this process with a
specific alloy for use within the human body. A brief background is discussed in this
section covering the effects of corrosion and methods usesséss rates of corrosion.

The human body is a harsh environment for implants due to its high oxygen
concentration, saline electrolyte conditions of pH 7.15 to 7.35 (it decreases down to 5.2
during an inflammation reactiof84]) and a temperature of about 37 °C. Chloride
solutions are known to be aggressive and corrosive to metals, however, ionic

composition and protein concentration in body fluids complicate the nascent
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understanding of biomedical corrosion even ferthvariations in alloy compositions

can lead to subtle differences in mechanical, physical, or electrochemical properties.
However, these differences are minor compared with the potential variability caused by
differences in fabrication methodology, heatatment, cold working, and surface
finishing, where surface treatments are particularly important for corrosion and wear
propertied10].

The typical types of corrosion that occur in metallic implants are pittneyice,
galvanic, intergranular, stressrrosion cracking, corrosion fatigue, and fretting
corrosion. Surface modification of implants, is considered to be the best solution to
combat corrosion and to enhance the life span of the implants and longkvity
human beings. Tribocorrosion studies are gaining importance in relation to toxicity
because of the influence of friction or fretting on the local depassivation and release of
metallic ions[85]. To replicae the real environment as closely as possible, implants
should be testeth vivo in animal experimentation; but the possibility of monitoring
electrochemical processes is limited and very comf@ék In vitro, itanium has been
proved to have high stability and corrosion resistdbde 86, 87] However, there are
studies that still show metal release and corrosionivo, thus requiring surface
modification of the implant materigd8, 89]

To accelerate corrosion processes, electrochemical tests are used to directly amplify the
impact of corrosion processes. Tlgspossible since electrochemical tests use some
fundamental model of the electrode kinetics associated with corrosion processes to
quantify corrosion rates. To maintain reproducibility and minimize variables, simulated
body fluids that contain some comhbiion of amino acids, proteins and ions at the
proper temperature and pH are often used, simply due to the complexity and often non
well controlled nature of the vivo system, and the inherent difficulty of reproducing that
system in the laboratory. Thip@roach is known to yield significant results compared

to in vivo testing[10]. There are two types of methods used in electrochemical testing.
These are polarisation and electrochemical impendence spectroscopyP(afsation
measures susceptibility to localized corrosion for corrosion resistant materials. EIS can
be used to follow actively corroding systems like degradable surfaces. Electrochemical
corrosion testing also allows for monitoring of the releaseoxictions in the body,
which is another major issue long before failure ocfirg

It is worth noting that, body fluid consists of inorganic ions*(N&I", C&*, HXPQ, n-

etc), therefore the simulated body fluids (SBF) need to be carefully considered. The

concentration of oxygen depends on the part of body: in the intercellular fluid and
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arterial blood, it is 1/80 and ¥ respectively. It is two thirds of these values under
ambent conditions. The kind of cell in the surrounding tissue depends on the part of
body and varies as time proceeds after implantation. In corrosion testing metallic
biomaterials are typically evaluated in saline, phosphate buffer saline solution,
simulatel body fluid containing only inorganic ions, and medium with and without the
addition of serun13]. Because the type of cells used changes the environment and
secrete various chemical that have an effect on theosion processes, using the
appropriate SBF is therefore important.
Pitting corrosion is a localized form of corrosion by which cavities or "holes" are
produced in the material. Pitting is considered to be more dangerous than uniform
corrosion damage begse it is more difficult to detect, predict and design against.
Pitting corrosion of the laser treated material can be compared to the untreated by
calculating the corrosion rate derived from potetypamic polarisation studies.
Potentiodynamic polarizain is a technique where the potential of the electrode is
varied at a selected rate by application of a current through the electrolyte. Polarization
methods involve changing the potential of the working electrode and monitoring the
current which is prodeed as a function of time or potential. The three main polarisation
methods are anodic, cathodic and cyclic polarisation.

i.  Anodic: involves changing the potential in the anode causing the working

electrode to become the anode and causing electrons tohokeamin from it
ii.  Cathodic:the working electrode becomes more negative and electrons are
added to the surface
iii.  Cyclic: both anodic and cathodic polarisations are performed in a cyclic

manner.

2.6 Wettability Characteristics

Events leading to integration die implant into the bone, which in turn determine the
performance of the device, take place largely at the tisspknt interfacg90]. The

ability to promote bone cell anchorage, attachment, spreading and gscavkiey factor

for a successful biomaterial in orthopaedics. It is important that the interface between
the implant and host tissues do not induce any deleterious effects such as chronic
inflammatory response or formation of unusual tissue. It is therefa@al to design
biomaterials used in implants with the best surface properties that can encourage ideal
bio-integration. The wetting of a surface to a liquid and the spreading of the liquid are

very important aspects in surface engineering for biomeuingaants.
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Wettability is the ability of the liquid to spread on a solid surface. Surface energy and
wetting characteristics can be used aseasurdor biocompatibility[91, 92] Wetting
measurements are only sensitive to the upper 0.5 nm or so of the surface. Measuring
surface energies at the interface is crucial for biomedical implants as these energies
drive important processes such as adsorption and adhesion. When a drop is p&aced on
solid surface under gravity, it has a tendency to spread. Once the cohesion (internal
forces) of the liquid, the gravity forces and the capillary forces (related to the surface
tension) are in thermodynamic balance, the equilibrium state is reachdukaspkcific
contact angl e, d, bet ween the solid surf
interface formed between solid, liquid and gas will move in response to the forces
arising from the three interfacial tensions until an equilibrium posigsoestablished

[93]. Contact angle), is the angle between the solid surface and the tangent of the
liquid surface, sed-igure 2-8. Spreading of the liquid over a solid depends on the
components of the interfacial (2tension an:

[ T Qi )

where are the surface tension coefficients of solid, gas and liquid interfaces. This
theoretical relation is true for smooth and homogeneous solid surface; it does not have
practical application for rough surfaces.

Increasing contact angle

YLV

Soli (S)

Non-wetting

»
o

Figure2-8: Contact angl e <dolid] Spfisthke inteifagial énergy( L )
of liquidiv ap our igpis the irfteafaciaénergyof the solid liquid interface; and
Jsv, IS the interfacial engy of the solidlvapour interfac¢94].

The present techniques used to alter a

complex and difficult to control. Lasers offer high control capability and flexibility.
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There are numerous publications demonstrating the practicability of employing lasers
for surface wettability modificatiofiL5, 90, 92]

Hydrophilic surfaces have good affinitypf water and therefore have strong adhesive
forces, high surface energies and low contact angles. On the othehydnoghobic
surfaces are made up of Apalar groups and have large contact angrégure 2-9
demonstrates hydrophilic and hydrophobic surfaces. Measurements of contact angle are
thus used to gain qualitative information about the chemical nature of the surface.
Wetting can be determined from the equiliicn contact angle. If < 9, the liquid is

said to wet the solid and a zero contact angle is known as complete or perfect wetting.

Angle = 162.38
Angle 8.20 Base Width = 0.6195

Base Width = 5.9712

Figure2-9: Superydrophilicandsuper hydrophobic contact ang[85].
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2.7 Biocompatibility

Biocompatibility is the fundamental requirement for choosing a metallic implant
material; the material has to exhibit nontoxic properties tosth®unding biological
system. Hip implant biocompatibility problems are most often caused by toxins that
leach out of the implant material into the surrounding tissues and body fluids. The main
cause of osteolysis in hip replacements is the release ofluen® metal on metal wear

in bearing surfaces. To identify and quantitate specific leachable moieties, analytical
extraction studies are carried out. Extracts are obtained from the material and prepared
under exaggerated conditions of time and temperatuggder to allow a margin of
safety over normal physiological conditions.

The tissue culture assays examine the toxicity or irritancy potential of materials at a
cellular level through the use of isolated cells in vitro. The most important factor in
teging toxicity is the dose of chemicals delivered to each individua[&]! There are

three ways of performing the cytotoxicity test, namely: direct contact, agar diffusion and
elution methods. With all three @&gs the outcome is measured by observing changes in
the morphology of the cells. The main difference between the assays is the way the cells
are exposed to the material being tested.

Direct contact:- This assay involves placing a piece of test materigdcty onto
growing culture medium. The cells are incubated at normal body conditions and
subsequently stained with a cytochemical stain such as haematoxylin blue. Dead cells
lose their adherence to the culture plate while live cells adhere and are baitied
cyto-chemical stain. Therefore toxicity is evaluated by the absence of stained cells on
the specimen. A disadvantage of this assay is that it is suited for low density materials.
Agar diffusion:- This method involves placing a contact thicknessagdr over the
culture cells. The test material is then placed on top of the agar layer and subsequently
incubated at normal body conditions. The agar mixture usually contains a die that
allows for visualisation of the live healthy cells while dead cellsnot absorb the die

and therefore remains colourless allowing for toxicity evaluation. Agar diffusion is also
suitable for high density materials.

Elution: This method uses extracting media and extraction conditions to test material
according to actualonditions or to exaggerated conditions. An extract of material is
usually prepared using sodium chloride or serum free culture medium. The extract is
placed on a prepared layer of cells and the toxicity is evaluated after incubation at

normal body conditins. Live and dead cells are distinguished by using histochemical or
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vital stains thus evaluating the toxicity levelBable 2-3 lists the advantages and

disadvantagesf these cell culture metho{36].

Table2-3: Advantages and disadvantages of the cell culture mef6fs

Advantages Diadvantages

Eliminate extraction preparation | Cellular trauma if material moves

zone of diffusion. Cellular trauma with dense materig
Direct contact Target cell contact material. Decreased cell populationwith
Can extend exposure time by addii highly soluble toxicants

fresh media.

Eliminate extraction preparation  Require flat surfaces

zone of diffusion. Solubility of toxicants iragar

Better concentration gradient of Risk of thermal shock whe
Agar diffusion  toxicant, preparing agars overlay

Can test one side of a material Limited exposure time

independent of material density. | Risk of absorbing water from agar

Separation extraction from testing Additional time and steps
_ Extended exposure time.
Elusion . .
Choice of extract condition.

Choice of solvents.
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2.8 Laser Surface Modification

Laser material processing can be divided into three major classes, namely heating,
melting and vaporisation. These three classes are determined by power density
(irradiance) and exposure/interaction time (residence time) as shown by the chart in
Figure 2-10. Within these classes there are various processes that can be achieved

through careful selection of the irradiance and residence time.
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Figure2-10: Classificationof different laser processing techniqi@g].

This study focuses on the high power density melting regime which requires substantial
amount of enerngto be induced at a very short period of time to trigger microstructure
and phase transformation. High laser power levels and reliability are crucial, thus
making CQ and Nd YAG lasers the only practical solutions for this type of process
[80]. Since the focus of this study was within the melting regime, some of the processes

within this class i.e. glazing, alloying and cladding will be discussed in more detail.

2.8.1 Laser Glazing

To date it is well known that desasing grain sizes into the nanoscale increases
strength, hardness and tribological properties of both metals and cer@inidsn
amorphous structure has no grains and is known to increase hardness and surface
properties through elimination of crystalline anisotragoyd intercrystalline defects

[80]. Thet er m O6 gl azi ngcbe srse foefr sb etion gt haeb I per ot 0 me
solid without any crystalline structur®7]. Laser glazing occurs when a beam of
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sufficient intensity, to create a molten state, is scanned rapidly across a strédhdix

rapid cooling caused by conduction of heat into the bulk material and shallow processed
area result in major microstructural alteration i.e. freezing of the atoms in a random state
before they can form crystals. These microstructural changes daabteglazing to
produce higher compressive strength, hardness, wear and corrosion resistance properties
[98].

However, laser glazing and the parameters required to produce such a state of
processing is difficulto distinguish as various authors throughout literature define the
process differently97, 99102]. With the various formats afradiance and exposure

time figures presented in literature, it is velyficult to predict a priory the precise
conditions which promote the formation of glazed surfd8€s 97, 99, 103]Figure

2-11 highlights some of the irradiance versus irradiance time graphs as published by

different aubhors.
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Figure2-11: Comparison operceivedglazing process parameters in literati@g, 99]

Mahank defined the glazing as a melting processldor surface modification in which

a thin layer of substrate or coating is melted to remove surface roughness or porosity
[99]. The author associated the process with a combination of irradiance ranging
between 2.5 7000 kW/cni and beam interaction time between 0.0010 s.DiMelfi

et al. [104] used laser glazing to reduce the friction coefficient of rail steel with
treatments producing up to 100 um deep glazed surfaces. In their study, a pulsed 1.6
kW Nd:YAG laser with a 1.06 pum wavelength and 0.2 mm spot size was used. The 1.06
um wavelength w&s particularly used because it eliminates the need for an absorptive
coating for rail steel. Two beam shapes were exploited, circular and elliptical, with an
average of 1 kW power being used for each pass. Nitrogen was used as an assist gas

during their gperiments. The laser glazing treatment used on the steel produced micro
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hardness values of up to 1072 HV, 257% higher than the typical untreated steel. Static
friction experiments proved that a reduction in friction coefficient of approximately
40% occured which corresponded with a calculated reduction in the crack propagation
rate of 79 %. A drawback not e drayfdiffraaion Di Me
scans showed full crystallinity of the glazed layer, therefore the study was inconclusive
regardingthe nature of the glazed layfr04]. In this respect, it can be seen that the
term laser glazing used in the literature does not generally correspond with the
production of amorphous material but rather represanggocess which uses high
power density and low surface interaction times.

Laser glazing typically occurs with a partially focused beam incident on a sample
moving at high speed, for example, with the sample on a rotating turntable. Speeds of
several metes per second can be readily achieved. Cases in which such glass structures
have been confirmed in metals aiften of a eutectic composition, such as for theCFe

Si-B and PdCu-Si alloys. However not all eutectic alloys will produce glassy
structures. R¥treatment to homogenise the microstructure prior to the glazing pass
have been used to achieve glassy structigéls Most of the confirmed laser glazing
cases that highlight the presence of amorphous struateréor ceramic$100, 101,

105]. Ceramics are known to radically reduce in grain size by applying appropriate heat
treatment regimes therefore validating the possibilitgahieving a glazed surfa¢&l].

Laser glazing also has the potential to seal heat checks formed on the surface of alloys
and relax surface stres4&96].

Due to the vagel definition of laser glazing process in literature, the process parameters
used in this research can be termed as being within the glazing range. If laser glazing is
defined by the processing maps given80, 97, 99]then the processing parameters
used in this study are within the glazing umbrella. However, for clarification purposes
the process used in this study is defined as being laser melting or laser surface
modification.

Amorphisation of the metal surface was not sought as a primary goal in this study
mainly due to the following:

i. Readily amorphised alloys require compositions, that allow rapid quenching,
that are not present in biomedical allqg®7-111]. Including these elements
would change the biocompatibility properties thus making the material usable
within the body.

ii.  Uncertainty oflaser glazing in titanium alloyd10]. Laser glazing of titanium

alloys is mentioned in two publicatiohdalakondaialet al.[112] and Read\et
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al. [97]. However, as discussed i Me | f i [AG4], Malkakomtgiahet al.
did not prove the amorphous structure by means of XRD or otherwise. Beady
al. [97], refers to creation of U martens
creating U martensite was a[t7hll® ¥14]d i n
and has beeproven to be a crystalline structure.

lii.  Metallic glasses are known to be brittle therefore limiting their performance in
load bearing applications like hip replacement applicddds].

iv. The area of laser surface modé#imn of biomedical alloy already presents a

significant large scope for optimisation and investigation.

2.8.2 Laser Surface Alloying

Laser surface alloying (LSA) is a surface modification technique which utilises high
power density available from focuséber sources to melt, externally added, alloying
elements and the underlying substiates, 117] The process is similar to laser melting
except that extraneous alloying elementsaatéed to the melt pool, thus changing the
chemical composition of the surface. The bulk of research carried out on surface
modification of titanium alloys have been focused on laser alloying. There are two main
ways used to deposit the alloying element elgmcodeposition and prédeposition.
Co-deposition involves direct deposition of the alloying element during laser irradiation.
The alloying element is deposited mainly in the form of [§48, 119] powder[120,

121] or wire [122]. Codeposition of the alloying element is considered the most
attractive as it involves a singléep processing. This method also offers the significant
advantage of real time control, over qeposition where the alloying element is
deposited prior to laser irradiation. Gas deposition has been the main technique used for
laser alloying of biomedicallloys. In previous studies laser nitriding of titanium alloys
has been thoroughly studidd23-127]. The attractiveness of LSA as compared to
alternative coating techniques is mainly due to rapid quenching from liquid phase which
allows formation of extended solid solutions and novel metastable phases with superior
mechanical and chemical properties.

Up to 500 pum thicknesses of titanium nitri@&N) layers have been reported, with
increased hardness as well as erosion and wear resi$fid&}e Laser nitriding of
titanium alloys is typically conducted with either Nd:YAG or £€ntinuous lasers
operating apower densities between 8land 18* W/m? with typical cooling rates of
between 19 and 18 K/s [124, 129] The type of gas is also known to affect the

resulting surface roughness, nitrogen gaslltesn higher average surface roughness
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compared to a mixture of nitrogen and argon. Considerable roughness is desired in the
stem of biomedical hip implants because it improves the bone bonding capabilities
[130]. The thickness of the processed region greatly depends on nitrogen pressure
intensity. Smooth processing is attributed to nitrogen pressures above atmospheric
pressure, however, an increase in nitrogen pressure also results in reduced thickness due
to the coting effect imposed by the higher pressures. Continuous wave laser processing
of energy density, beam diameter, scanning velocity and nitrogen pressure 6f 5x10
W/cn?, 3 mm, 6 mm/s and 0.4 MPa respectively, easily forms a fine titanium nitrate
(TiN) compouwnd [131].

TiN is extremely hard and is known to be used to improve the substrate's surface
properties. It hardens and protect surfaces, itstoxic properties allow for it to be

used for medical implants as it me#is FDA requirementgl32]. To produce the TiN,
experiments have to be conducted in a nitrogen atmosphere. Ageing treatments increase
hardness and distribute the TiN uniformly on the treated §t483. In laser nitriding,

up to five fold increases in hardness have been reported-6Al-HAV alloy surface
compared to substrates of approximately 350[HA3, 124, 133, 134]TiN coatings are

most popular for corrosion resistance in machine tooling, with lifetime improvement
being increased by a factor of three or mMd@2,135]. F o r ma-Ti was obsesved U

in the heat affected zone (HAZ) with hardness values averaging 450 HV.

Jianget al.also investigated the hardness and wear resistance of laser tre@fdel

alloy with a 3.3 kW continuous las§t36]. The authors reported an increase in both
parameters and related improvements to laser beam scanning rate. A lower beam scan
speed resulted in laser surface alloyed composite coating having a higher volume
fraction of TiN reinfacement due to the longer gaseous nitrogen and liquid interaction
time. Gyorgyet al. found the presence of TiN in -BAI-4V alloys treated using a
pulsed Nd:YAG laser in a controlled nitrogen atmospligBg]. The praess of laser
nitriding can be achieved through the use of either pure nitrogen or a mixture with argon
or helium. The best wear resistance properties were observed by laser melting in pure
nitrogen followed by a mixture with argon. Pulsed laser systerasv dor high
repetition rates to be achieved subsequently improving the depth of the processed layer
[138]. Improved cavitation erosion resistance was also observed and compared to
untreated sampld439].

The main problems still associated with this process are the formation of cracks due to
high cooling rates and lack of reproducibility. Cracks have been associated with the

laser scanning speed and nitrogen gas param@t&®$ Investigations carried out by
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Mridha et al. demonstrated a reduction in number of cracks as the laser scanning speed
increased140]. The study also established that nitrglim dilute gas environments
nitrogenhelium and nitrogerargon produced a significant reduction of crackke
surface hardness after glazing was dependent on the nitrogen concentration in the
mixture and was seen to increase with increasing nitrogerrtoRbrmation of less
dendritic TIN was cited as a contributing factor to lower crack formation. Preheat
treatment through laser glazing under argon prior to nitriding produced a more uniform
depth of treatment and reduced cracking eff¢t®/]. In addition to production of
cracks, laser alloying also introduces foreign alloying elements therefore achieving
homogeneity and repeatability is very difficult. Homogeneity and repeatability are
crucial in achieving a quality iplant and therefore crucial in the biomedical industry.

2.8.3 Laser Surface Cladding

Laser surface cladding (LSC) is a melting process where there is fusion of a substrate
material with a material of different metallurgical properties. Laser claddingnitasi

to laser surface alloying except the dilution by the substrate is kept at a minimum.
Normally, processes involving less than 10% dilution are referred to as cladding while
those with dilutions exceeding 10% are termed as alldylih@g]. The cladding process
offers optimum bonding, great flexibility, low distortion, and low thermal load on the
work piece together with little need for post cladding treatrf#fjt Ni-basedalloys are

the most commonly used material for cladding titanium and its alloybadid alloys

are often used due to their good high temperature wear and corrosion resistance
properties and they are easier to bond to the substrate than other mgiéiidl43].
However, nickel based alloys do not offer good biocompatibility properties due to the
toxicity of nickel within body environmen{gd4].

High hardness coating up to 1000 HV with excellent wear resistance and very low load
sensitivity properties can be obtained by laser claddifg]. One of the early works on
improvements of wear and oxidation properties of titanium was carried out by irose
al. [145]. They investigated the effects of laser cladding aluminides on CpTi. More
work on claddingof titanium has been carried out by Gebal. [146] and Puet al.

[147]. Cracking was found in all the laser modified speciméhis raised a cause of
concern for this laser éatment. Harness levels up to 600 HV have been achieved
through the formation of TiC, TiB and TiBia laser claddingl148]. Recently studies

on the cladding of FT6AI-4V by cobalt to improve corrosion resistance weagied out

by Majumdaret al.[149]. A significant improvement in microhardness was achieved at

the interfacial region. Uniform corrosion resistance increases along the graded
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interfaces were noted, but thétimg corrosion resistance marginally deteriorated. In
this case, the direct laser clad Co layer showed a better biocompatibility than that of as
received Ti 6AlT 4V sample.

The main drawback of cladding is that it often produces uncontrollable cracld) whi
result from the very high cooling rate of the melted pool. The process also has poor
reproducibility. This is due to the complexity in dissolving the material uniformly in the
melted pool. In an effort to achieve improved coating composition lasefirjpdses a

lower power densityaround 16 kW/mn? comparedto 10° to 10* kW/mn for laser
surface melting. This lower power density not only reduces the relative extent of
distortion, but also ensures a closer control of the dilution. Laser cladding isoskty

compared to other laser processing technif@igsl17]

2.8.4 Laser Shock Hardening

There are other laser processing techniques that modify the surface structure like laser
shock hardening (LSH). The principle of LSH is to use a high intensity laser and
suitable overlays to generate high pressure shock waves on the surface of the treated
material. When a material is irradiated with a Q switkelse laser, operated at power
densiy greater than 0.1 GW/cdna shock wave can be generated on the surface. Surface

of the treated material can be coated with a black paint before LSH as a laser energy
absorbing layer. The workpiece is usually covered with a transparent layer (for example
water or glass). When the laser beam strikes the ceatagle, the black paint, due to
absorption of laser beaenergy, is heated and instantaneously vaporized. The vapour
absorbs the remaining laser beam radiation and produces plasma. The rapidly gxpandin
plasma creates a high surface pressure, which propagates into material as a shock wave.
The shock wave can induce compressive residual stress that penetrates beneath the
surface and strengthens the surface of the treated mafknial effect may induce
microstructural changes, cause a high increase in dislocation density, influence
roughness surface of the material as well as introduce a compressive residual stresses
into the treated surface of the matef80, 151] The effects of such a process would

not greatly influence the crucial wear and corrosion properties needed in a biomedical
implant. Although LSH improves the wear and corrosion properties, the improvements
are insignficant compared to other laser surface modification techniques. It is because

of this reason that LSH was not implemented in this study.
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2.8.5 Laser Surface Melting

The process used in this research can be best described as laser surface melting. In this
process the alloy surface is laser melted and rapidbolidified without any direct
addition of other material elements to modify the chemical composition of the surface.
Vaporization is avoided during this laser treatment and the molten pool solidifies
rapidly. There is a sequence of events which initiate when the laser beam contacts the
surface. Firstly, the near surface region rapidly reaches the melting point and then a
liquid/solid interface starts to move through the alloy. Diffusion of elemenisw®l

within this liquid phase. At this point the laser pulse is nearly terminated while the
surface has remained below the vaporization temperature. At this stage the maximum
melt depth has been attained, iadéfusion continues, the rsolidified interfice
velocity is momentarily zero. The interface then rapidly moves back to the surface from
the region of maximum melt depth. Intiffusion continues in the liquid, but the-re
solidified metal behind the liquid/solid interface cools so rapidly that ssiiade
diffusion is negligible compared to that expected from an equilibrium phase diagram.

Finally, resolidification is completed and a surface modified layer has been created.

Due to the relatively small depth of the melted zone (10 to 1000 micrometezy)

high quench rates arachieved, in the range of 3@ 10 KI/s, resulting in non
equilibrium martensitic microstructurgl52]. The resolidified alloy has a titanium
oxide film on the surface, which confersagbhardness, wear and corrosion resistance.

Due to the extremely high thermal gradiemesidual stressesandevelop which may

result in distortion of the workiece These effectsan be overcome by agphg a low

powered surface heating procedure fwileg the laser melting procegks2].

The advantages of laser melting in surface modification of biomedical implants include:
i.  No foreign material is used that might cause early or stress forced failure.

ii. Elimination d alien species eliminates the complex material dispensing
procedure therefore allowing for homogenous surface treatment.

iii. Less parameters are used, therefore, compared to other laser surface
modification techniques, the results are repeatability whichcrigcial in
biomedical industries.

iv. Less material and energy are required compared to other laser modification
techniques resulting in a cheaper process.

V.  Superior corrosion properties result compared to nitriding or claddiihd.53]

vi.  Superior biocompatibility can result due to elimination of foreign elements.

vii.  Crackfree modification easily created compared to laser nitriding and cladding.
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2.9 Parameters Affecting Laser Surface Modification

The main pocess variables in the laser surface modification operation are: laser power,
beam diameter, beam configuration, wpikce velocity, substrate condition
(roughness, temperature and absorptivity), alloy composition and thermophysical
properties of the workiece[80]. In order to obtain the required properties it is crucial
that the selected interaction time and power density allow the material to undergo the
desired degree of heating and phase transition. Powsityl@nradiance) input largely
determines the maximum temperature attained. Duration of interaction (residence time)
largely determines the reaction among the phases and the cooling rates. Interfacial
properties are also strongly attributed to the temperaencountered during treatment
[36]. The control of these laser processing parameters in this study is important to
achieve repeatability and optimum microstructure changes on the surface. It should be
noted thathe parameter selection process is complex. For instance, it would be more
convenient to quantify different laser processing using a singular parameter like energy
density (J/mrf) determined from power density multiplied by time. However, this
would not afine the true outcome of each individual processing parameter as it is the
specific combination of power and time (rather than their product) va@tdrmines the
resulting thermal and material effect.

2.9.1 Material Properties

To achieve any level of haening in alloys, certain types of microstructure are
favourable. For example, in stemlicrostructures a fine pearlitic structure and small
grain sizes typically provide optimal conditions for laser proceddibg-156]. If the
structure was made up of coarse graphite with large grains of ferrous alloys it would not
respond as well to laser hardening, preventing the complete transformation from the
austenitic phase to theartensitic phase. The final hardness of the steel is directly
related to the quantity of residual austenite or martensite formed during laser hardening.
Steel alloys can be heat treated down to greater depths than plain carbon steel due to
their lower themal conductivity. Research to date suggests that laser treating is the best
method at inducing the formation of retained martensite due to the extremely low
quenching time§l57]. Laser hardening has albeen found to produce surface residual
compressive stresses which can minimise crack growth leading to higher fatigue limits
and better wear resistance:6lAl-4V is preferred over other titanium alloys due to its

laser treatability characteristi€0, 71}
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Metals are known to reflect the infrared irradiation of the,@Ber at its 10.6 pum
wavelength. Surface modification techniques such as sandblasting, machining, etching,
anodising and coating are known to improve the absorption of njg@jlsAbsorption

of the CQ laser beangreatly affects the thermal cycles and peak temperature therefore
all heat transfer calculations on laser material processing require knowledge of the
beands absorptivityThe absorption of infrared radiation by metals largely depends on
conductive absotmn by free electrons and therefore the absorptivity can be calculated
from the knowledge of the electrical resistivity of the substrate. Asdtaal.
demonstrated that the absorptivity of various polished metallic surfaces is a linear
function of the sqare root of the electrical resistivity of the respective m¢i&i8]. Ti-

6Al-4V absorption is estimated to be approximately 0.42 or A8%

Metals absorptivity to incidentser irradiation depends on the following parameters:
Wavelength:At shorter wavelength, more energetic photons can be absorbed by a
greater number of bound electrons and so the reflectivity falls at shorter wavelengths
and absorptivity of the surface neases as shown iRigure 2-12. Generally, laser
energy is absorbed by metals better when it is of a short wavelength rather than a long
wavelength. The absorptivitgf (0.694 um) ruby lasers, for example is over 15%
greater than absorptivity of (10.6 um) g@sers for irradiated mechanically polished

321 stainless steel at 294[¥59].
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Figure2-12. Absorption oflaserradiation wavelength by metds60].

Effects of angle of incidencAt certain angles the surface electrons may be constrained
from vibrating since to do so would involve leaving the surrounding surface. Thus if the

electric vector is in the plane of incidence, the vibration of the electron is inclined to
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interfere with tle surface and absorption is thus high. There is a particular angle, the
ABrewstero angl e, at which the angle of
refraction. When this occurs it is impossible for the electric vector in the plane of
incident tobe refracted161]. Effects of high angle absorption and multiple reflections
due to the angle of incidence are illustrate&igure2-13.

Surface roughnessAbsorbance of C@irradiation by steel surfaces is known to be
dependent on surface roughng99, 158, 162] Roughness has a large effect on
absorption due to the multiple reflections in the undulations-iggee2-13. There may

also be some stimulateabsorption due to beam interference with sideways reflected
beams. Provided the roughness is less than the beam wavelength, the radiation will not
suffer these events and hence will perceive the surface §E6iat

High (Brewster)
.angle absorptance

\
Multiple reflection ¢

Figure2-13: Effects of angle of incidence and roughness on laser refledtiag}.

TemperatureClean surfaces of all metals and alloys at room temperatarknown to

be highly reflective to the infrared radiation of G@ser thus causing a problem in the
transfer of energy onto the surface of the m@aJ. As the temperature of the structure
rises there will ben increase in the phonon population causing more phkelectron
energy exchanges. Thus the electrons are more likely to interact with the structure rather
than oscillate and readiate. There is thus a fall in the reflectivity and an increase in the
absrptivity with a rise in temperature.

Surface FilmsThe reflectivity is essentially a surface phenomenon and so surface films
may have a large effect. The absorption variation fos &@iation by the surface oxide

films at different thickness is shown kiigure2-14.
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Figure2-14: Effect of oxidethicknesson absorption of a CQaser irradiatiorf162].

2.9.2 Laser Operating Modes

Both continuous wave (CW) and pulsed mode (PM) lasers may be employed for surface
modification. In contrast to the continuous wave operation, a pulsed beam offers several
challenges owing to the high number of operating variables and the complexity of
optimising the process parameters. For a given melt profile, surface characteristics and
other aspects including economy, the operating parameters such as pulse energy, pulse
width, pulsing frequencyscan rate etc. have to be chosen. This calls for an excellent
knowledge of the influence of operating parameters on melt profile and an in depth
understanding of its effect on structure and propefti@3]. Comparedvith continuous

wave lasers, the high peak power of a single pulse produced by a pulsed laser can
readily induce higher absorptivity in metals. Short duration times of pulsed lasers mean
short heating times which therefore contribute to higher cooling, ratdsequent grain
refinement, and the formation of nequilibrium phaseg§164]. Since pulsed lasers
allow for adjustments of various pulse parameters, they can provide a flexible
processing window that can bailored to suit certain microstructures and materials
[164]. CW operation on the other hand can offer higher depths of processing compared
to PM as previously seen for example in 316L stainless[41&%].

There have been very few comparative studies examining the effects of laser operational
mode on microstructure in the literature. Sanetral. studied the use of CW and PM

for the surface modification of alumirc@ramics[166]. The two processing conditions
generated two different grain structures. The grains showed facets for CW mode of laser
operation while they were nefaceted for PM mode. The author observed muchdrig

cooling rates for PM (two orders of magnitude) compared to the cooling rates from the
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CW laser processing. PM also created deeper melts depths due to higher energy
densities being supplied for shorter periods of time, thus melting more material than
CW where smaller energy densities were supplied for a longer periods of time. Thus the
melt depth was shown to be a function of the input energy and the time for which it was
supplied (residence time) without much direct bearing on the under cooling. Under
cooling in this case is defined conventionally as being the difference between the
melting point of the material and the temperature at which the temperature derivative

with respect to time is zero.

2.9.3 Laser Power and Irradiance

The average power of tHaser beam, whether it is operating in the continuous mode
(CW) or pulsed mode (PM), affects the nature and scale of the resultant striiddies

The use of pulsed power allows two more variables to be consideremlyn pulse
repetition frequency (PRF) and percentage overlap. Penetration of the laser beam is a
function of power. Howver, high power settingesult in vaporisation and material
ejection[161]. The power dnsity or irradiance of a laser beam is determined by the
power of the laser beam used and the diameter of its focal spot (spot size). Also known

as the laser intensity, irradiance is given by:
0

0 = 3

where, | is thérradiance (W/mrf), P is power (W), and is the radius of the spot size.
Figure2-15illustrates the laser beam profile depending on the focusing. Most of studies
in the literature focus the beam either below or above the surface to achieve larger beam
diameters than the fosad spot size and hence give the power density redaed 10,

153, 168, 169]

The focused spot sizB, for a Gaussian beamahin in Figure2-15, can be calculated

to a good approximation using Equati@hn[170]:

, L= Q
0 ¢Q o (4)

whered is the beam diameter at the lens inlés$, the focal length of the lens, aBdy, is

the spot diameter at the focus, Ségure2-15.

The optimal diameter of the beam which contains almost 86 % of the total laser power
is defined by 1/eof the peak intensity. A COlaser that functions in TEM mode
produces a Gaussian shaped spot as illustrateligure 2-16 (a). Generally, the

intensity along with the material properties gives an indinatibthe expected rise in
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temperature in the focal region and consequently indicates the melting intensity of the
material[171].

Input laser beam
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Figure2-15: Geometry and intensity of the Gaussian laser Haa2y.
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Figure2-16: Laser beam modes illustrating (a) TEMnd (b) TEM; modegq97].
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2.9.4 Sample Speedand Residence Time
Thespeed of the sample and laser beam spot s@edsal in determining the residence
time. Residence time can be defined as the amount of time the laser beam is in contact
with material. For pulsed mode, residence time encompasses the dutytarygéntial
speedof the sample and beam diameter. Timsetis equivalent of exposure time for
continuous mode lasers and can be calculated as fqi®6%
T O 0'YO

0

Y 5)

WhereR is the residence time (djlis the pulse widthDs is the diameter of the spot
size, PRF is the pulse repetition frequency gisdthe sample scan speed.

When continuous mode is used the pulse width and repetition frequency are ignored in
this calculation since the duty cycle is 100% and duty cyclevengbe the product of
pulse width and PRF.

2.9.5 Overlap percentage
Overlap is the ratio of the distance between two consecutive laser spots and the diameter
of the spot. A homogeneous structure is achieved in pulsed laser beams by using

controlled overlapOverlap percentage is typically calculated as

.
o5 5 PTF ©)

whereO is the overlap percentagl, is the length being processdd is the diameter

of the spot size an is the number of spots within lengdth.
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u

Figure2-17: Schematidiagram representing 50% spot overlap.
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The best results for laser processing 6bAi-4V were found from 50% overlgi52,

173]. Other works found that 30% and 35% overlap produced satisfactory surfaces
[174]. Overlapping has a large effect on heat bupdon the workpiece, resulting in
prehating before subsequent tracks75]. It is therefore crucial that the overlap

percentage is careful chosen to address these issues.

2.9.6 Pulse Energy density
Energy density is the power per unit time per unit area delivey a single laser pulse
at the focal spot. Energy density is a more accurate parameter to compare the effect of a
laser beam with varying pulse duratioBsiergy density is the product of irradiance and
residence time and can be calculated as follows:

O 0O (7
where, E; is the energy density (J/nfn | is the irradiance (W/mf) andR is the

residence time (s).

2.10 Effects of Laser Surface Melting on Stainless Steel Properties

Steels that can be heat treated are typically of high carbon c¢@®@ntAISI 316L
stainless steel is extremely difficult to heat treat for hardness due to its low carbon
content. Carbon enrichment methods havebé implemented before heat treatment
operationsLaroudieet al. published a study on laser surface alloying of 316L stainless
steel to improve the hardness of the 316L steel sufiat®]. The process consists of
melting the surface of the base alloy with known amoohfge-deposited materials. In
particular, the two routes presented were (i) the formation ofahoomium carbides by
carbon and SiC incorporation, and (ii) the incorporation of submicron pamtE

and precipitation of titanium carbides. Surface alloying was carried out on polished
samples using a 300 W continuous wave Nd:YAG laser with argon as a shielding gas to
prevent oxidation. A circular spot of 950 um in diameter resulting in a maxipuwer
density of 4.11 W/rhwas implemented in their research. The quality of the coating was
noted through high hardness, reduced cracks, and improved homogeneity throughout
the sample.SiC alloying micro hardness measurements revealedan values of
between 500 and 600 HV in the melted area and with absence of cracks on the surface.
Carbon alloying produced microstructures leading to an average micro hardness of 400
HV. TiC submicron particles alloying produced crdode, but a heterogeneous surface
with a slight increase in micro hardness to about 280Mi®to hardness of the surface

alloy ranged between 350 HV and 700 HV for Ti + SiC alloying. Laureta. thereby
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showed that 316L austenitic stainless steel can be hardened by laser surface alloying
[176].

The average surface roughness depends on pulse width and pulse period for pulsing
mode lasers. Pinkerton and Li obtained rougher surfaces using low pulse periods of 20
ms compared to higher pulse periods ofni89[165]. High duty cycles were found to
produce rougher surfaces due to longer irradiation times. Pulsing mode was found to
produce better roughness properties compared to continuous mode. Average surface
roughness Ra of as low as 0.9m were achieved with a larger spotsize of 3n7 and

lower irradiance of 198 W/mm

Corrosion in 316L can take marfgprms; the most common identified forms are
intergranular, pitting, fretting and crevice corrosion. More tHzh years ago,
heterogeneous intergranular distribution of carbon was observed in surgical grade 316
to result in intergranular corrosion due to the formation of chromium carbides. This
resulted in a demand for low carbon content alloys in surgical sgwofis. The
introduction of austenitic stainless steel with carbon content, lower than 0.03%, saw a
reduction in the risk of corrosion attacks of this foRitting is the most common form

of corrosion arising from the breakdown of the passivating oxide which can be
enhanced by the presence of proteins in the tissue dlnit serum[10]. Corrosion
products due to fretting on 316L immersed in extracellular tissue fluid were found to be
oxides containing chromichtoride and potassium dichromate as well as variable
amounts of calcium, chloride, and phosphorous, with nickel and manganese being
absent, indicating preferential release of these metal ions into the surrounding solution.
These results indicate that forl@. implant surfaces, nickel and manganese are
depleted in the oxide film and that the surface oxide composition changes to mostly
chromium and iron oxide with a small percentage of molybdenum oxide in the human
body. 316L is highly susceptible to crevi@®rrosion attack as compared to the other
implant alloys. Corrosion has been identified on bone plates and screws made of 316L
at the interface between the screw heads and the countdrgifjkin cases where there

are galvanic couples arising from the combination of dissimilar metals, such as 316L
stainless steel and the @w-M alloy or Ti-6Al-4V alloy, the stainless steel will be
attacked (galvanic corrosiorherefore theseombinations shodl be avoidedThere
continues to be a debate as to whether stress corrosion cracking takes place in 316L in
the body. While fractures of this alloy have been found to exhibit the classical stress
corrosion cracking appearance, in other cases it has beamued that intergranular

corrosion had weakened the device, thus influencing the fracture.
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Laser melting of sensitised 316L stainless steel showed significantly increased
resistance to pitting. This increase was attributed to the elimination of theeactwe
heterogeneous microstructure by laser mel{ihg8]. Studies on retrieved implants
show that more than 90% of tHiailures of 316L stainless steel implants dree to

pitting and crevice corrosion atta¢k79]. Hansenet al. [10] suggested that this fact
alone deems that a better material be used for even temporary implant devices.
Passivation and pittingesistance properties wee also seen to be enhanced with
increase inU-ferrite content in Laser Surface Modified (LSM) samplgsS30].
Possibilities of improving intergranular corrosion (IGC) and intergranular stress
corrosion cracking (IGSCCresistance were successfully investigated by melting the
surface of nitrogen containing 31&tainless steel using a CW g@ser[181]. The

main cause of IGC and E&EC is formation of MsCs carbides alonghe grains
subsequently leading to depletion of chromium adjacent to these carbides, a process
referred to as sensitisation. When sensitised microstructure is exposed to corrosive
solution IGC and IGCC can occur. By using a CW,I&er, sensitised microstiture

can be eliminated. A CQaser at 5 kW with a traverse speed of 20 mm/s was used in
the reported work [177]. Depending upon the temperature profiles, cooling rate, and
interaction time, continuous MCs carbides present in the sensitized specimen
dissolved. At the interface between the keféécted zone and the unmelted zone,
globular particles of MsCs were discontinuously distributed. Alloy depletion around
these particles was discontinuous, thus failure due to IGC or IGSCC was seen to be less
likely [181].

2.11 Effects of Laser Surface Melting on Ti-6Al-4V Properties

Laser surface modification of -BAI-4V has been widely investigated in the literature.

The bulk of modification techniques carried @ue laser nitriding. This section of the
thesis focuses on the technique examined in the authors work and presented later in this
thesis, laser surface melting, where an inert gas is used to avoid alldgivig.2-4

shows the laser processing parameters from the literature for unalloyed laser melting of
Ti-6Al-4V.
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Table2-4: Processingarameterpreviousy presented in the literature for the laser

surface modification of T6AlI-4V.

Ref Laser Interpreted parameters
Type Power Speed Overlap  *Irradiance *Residence Timg

(W) (mm/s) % (kW/mnf) (ms)

[17] Diode 600-800 1-6 25 0.114 583

[182] Nd:YAG 150 6-16.7 20-50 - -

[168] Nd:YAG 500-1000 2.5i 4.2 - 2 190

[153] | Excimer 200 16.7 - .254 59

[16] Nd:YAG 800-1500 25 15 0.01 140

[163] Nd:YAG 400 5-25 - 5.6 12

*Highest irradiance/residence time attained

2.11.1 Microstructure

A very common result of irradiatiorwith a scanning beam is single phase
microstructure that looks featureless through an optical microscope. This single phase
occurs when various constituents in the solid have dissolved with rapid solidification
thwarting segregation of the various alloyielgments into high and low concentration
regions. Laser surface melting typically
layer of various films, TiO, Ti@and TiOs, which have excellent wear and corrosion
resistancg20,183] The mentioned transformation i ¢
alloys during cooling from very high temperatures (>1660 °C). Since the cooling rates
of the laser melt pool during solidification is extremely high*¢b 10° K/s), complete
transformation of U + b to acicular U (
a c i c 4Tiisgaund b result from these very high cooling rdfie.

As bought/received T8AI-4V (grade 5)consists of a mixture ot) and b-Ti. The

relative volume fraction db-Ti is usually lower than that &3 Ti. Laser surface melting

is known to lead to an increased volume fraction of acicUlanartensite and a
decreased volume fraction of thephase in the microstructuf@6, 17} Reduction in

volume fraction ofb-Ti following melting is attributed to the stabilisation of acicular
martensite in the structure during rapid quenching. This fine, acicular martensite has a
hexagonal closed packed structure and possesses a high hardness but relatively low
ductility and bughnes$184, 185] Acicular martensite structure enhances the materials
wear and corrosion resistance. A decreadephase in the microstructure is known to

improve corrosion properties smpitting attacks mainly target tibgohaseg71].
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Laser surface melting has a significant effect on grain structure @Alf4V. Extreme
cooling rates resulting from low residence time reduce the grain size and grain sizes
have been found to increase with distance from the surface of the treatef9Zjone
Generally the heat affected zone has a lgrgen structure compared to the melted zone
[174]. Singhet al. reported grain growth from 65 pum to 89 um for an increase in laser
power from 800 to 1500 W216]. This grain growth was associated with high
temperatures which produced larger melt pools and subsequently a slower cool rate.
Some reports have reported defects on laser melteccesifi®82]. Defects, especially
cracks have been seen to result from lack of use of an inert assist gas. Ost@i#ka
particular used air in their laser melting technique thus producing large cracks on the
melted surfacd182]. The formation of surface cracks is likely to be due to extensive
oxidation of titanium as it is irradiated in atmospheric[a83]. When argon gas has
been useé at a sufficient flow rate, laser surface melting has been shown to produce
crackfree surfacegl?7, 153]

2.11.2 Melt Profile

The depth of processing can influence the service life and finalcapph of the
component. In coating technology the depth of coating is a very important factor as
thicker coatings have a chance to delaminate while thinner coatings have a short
lifetime. The same applies for the laser processed surface where an aegege |
thickness of between 40 um and 60 um has been reported to bd2Hesleltpool

profile depends on various laser processing parameters including laser spot size, power
and scan speed. Variation of scan spmedl power has previously been used to analyse
their effects on melt layer depth profile. However considering irradiance and residence
time solely does not give a complete representation of all factors affecting the meltpool
profile. The product of thesavb parameters (energy density) assists in gaining further
understanding of the influences on melt pool depth profile. When the process
parameters where analysed individually, treated zone depth and width was found to
decrease with increasing scan rate T®®Al-4V [136, 163] This phenomenon was
concluded to be a result of a reduced interaction time between the target and the laser
beam. In samples treated in pulsed mode the width and depth ofe#itedtrzone
increased linearly with increasing pulsing frequency. This was attributed to the
increased average power deposited with increasing frequency. Kumar found that melt
pool width and depth increased with increasing pulse erf@@g}]. The treated depth
increased from 0.15 mm to 0.75 mm and the treated width increased from 0.85 mm to

2.35 mm for an increase in pulse energy from 2 to 12 Jrigeee 2-18. As the pulse
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energy increases both the average and peak power increases, increasing the treated zone

dimensions.
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Figure2-18: Variations of treated zone width and depth vinitreasing pulse energy

for fixed values of pulse width (5 ms), frequency (30 Hz) and scaflG®¢

A mathematical model was developed for th® 3neltpool geometry and single
crystalline mehpool solidificationin laser surface melting.86-188]. The models relate
power and scan speed to meltpool depth and width. The model was found to match the
effects mentioned earlier. The modedsvalso found to be in good agreement between
the predicted and experimentally observed microstructures. &hahalso created a
thermal model to show the effects of conduction and convection on depth and width of
the meltpool[189]. It was found that the physics of the process can change from
conduction dominated to convection dominated for large melt pools. This was noted to
change the pool geometry dramatically, resulting in up to a 150% increase in the aspect
rao (width/depth) as compared to the case with only pure conduction taken into
account. The study done by Chan also highlighted the crucial role of overlap on
meltpool dimensions and the need to consider it as a parameter. The temperature
distributions andnolten flow within the meltpool were further detailed by Bamberger
[190].

2.11.3 Roughness
Effects of laser surface modification of roughness have received little interest in the

literature mainly because many apptions require a finishing surface machining
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operation before service. Roughness greatly depends on the variation of irradiance and
residence time. Very smooth surfaces have been previously reported in the literature
[152]. Surface roughness usually arises from the ridges and periodic structure caused by
the laser pulsing and the movement of the sample during laser treatment. Laser melting
produces smooth flat islands, surrounded by a vi&eemicro-relief. Surfacerippling

or roughness of laser modified-BA-4V is dependent on the viscosity of the melt.
Morton et al. concluded that waviness is a function of the convectional flow of the melt
surface and also further noted that it is influenced by the percentagapoje 3].

Energy density also plays a crucial role in the resultant roughnessalshowed that
increased energy density and number of pulses resulted in higher roufft®iHss
Roughness has a major effect on cell attachment onto the surface.

2.11.4 Hardness

Hardness can be described as the measure of the resistance of a material to plastic
deformation and is dependent on the chemical composition and microstructure of the
alloy. Hardenability on the other hand is the depth to which the alloy can be hardened
during a heat treatment such as quenching. The microstructure, in this case, is dependent
on the severity of quenching. Achieving a rapid cooling rate with laser shaaddge
reduced grain size and improve hardness properties. Hardness has a significant
influence on the wear properties of a material a fact which has resulted in a significant
amount of research on this pojhb2, 192]

Singhet al.reported an increase in hardness from 254 HV in an untreated sample up to
297 HV from laser modified surfacg$6]. Other reports in literature have recorded
micro-hardness impnements up to 510 HVY17, 182] Typically, hardness reduces

with distance from the surface. The heat affected region has lower hardness values
compared to the melted regigh93]. Investigations by Biswast al. revealed that
uniform hardness can be obtained within the melted region. This study showed a 490
HV hardness that was consistent throughout the &B0treated regiorf17]. The
hardness then dropped to 260 HV within the untreated bulk alloy. The improvement in
micro-hardness of the melt zone was attributed to refinement of microstructure and
formation of acicular martensite during rapid quenching. The hardnesep&latce

treated Ti6AlT 4V decreased with increase in laser poyi&]. This is in accordance

with the weltknown Hali Petch relation that defines the increase in hardness with
decreased grain sif£l6, 194]
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Various reports have been published showing the decrease of hardness with increase in
scan speefll52, 193, 195]However, from the literature on laser nitrided samples, the
same result cannot be guaranteed as with laser melted samples. éi@mexitensively

studied the effects of laser nitriding on-@Al-4V and noticed a bell shaped relation
between hardness @rscan speefll25]. Initially as scan speed increased the hardness
increased. Conversely, at very high speed, with laser nitriding, the hardness reduced for
further increases in scan speed. It is worth noting that latriding tends to have high
hardness compared to laser melting in afd@, 17] This is due to the formation of the

hard TiN alloyed layer on the nitride surface.

2.11.5 Wear Properties

Titanium alloys are known to have poor fretting fatigue resistance and poor tribological
properties. Mathematical models have shown that metals with low theoretical tensile
and shear strengths exhibit higher coefficients of friction than higher strengghaisa
Ti-6Al-4V has a hexagonal close packed structure and has relatively low theoretical
tensile and shear strength. Consequently, it is expected that it will have high coefficient
of friction (e¢) values, whithtaai tmei oaas
6 [196]. Lower strength materials also show greater material transfer tonatarial
counterfaces, than higher strength materials. The great affinity of titanium for oxygen
leads to theformation of oxide which is transferred and adheres to-metallic
materials, such as polymers, resulting in severe adhesive wear. Surface modification is
therefore required to increase near surf.
tendency ér transfer of material and adhesive wg#&7].

Yerramareddy and Bahadur were among the first to study both sliding wear and
abrasive wear of titanium alloys following laser surface modificafit®8]. They
assessed the wear following surface melting in an argon atmosphere with nitriding and
nickel alloying. Sliding wear tests were undertaken using a faakng configuration

in dry conditions, with the titanium alloy slidirggainst a tool steel. The steady state
wear rate decreased from 40%1&m*/m to 0.8 x 1d mm*N m after Ni alloying, to
0.5x10* mm*/N m after surface melting, and to the lowest wear rate of 0:3r6*/N

m, following laser nitriding. The asceiveda | ue of € was reduced
for all the laser treated specimens. The study showed that laser surface melting can be
used to enhance the wear properties eédAl-4V.

Biswaset al.[198] and Singhet al.[16] laser treated F6AI-4V to improved wear and
corrosion properties for bimmplant applications. Generally the wear rate increased

with an increase in power. Singt al. attributed the reduction in wear ratetceated
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samples to the modifications in microstructure, hardness, grain size and alteration of the

electrochemical response of the modified surface.

2.11.6 Corrosion Resistance

Ti-6Al-4V is considered to be highly corrosive resistant. However, corrasiorstill

occur especially when the passivation layer is damaged by fretting of a loosened
implant and/or a change in pH value occurs due to wounds or inf¢téi8h Gilbert, et

al. reported that approximatel\6% to 35% of 148 retrieved total hip implants showed
signs of moderate to severe corrosive attack in the-heekl taper connectiof200].
Improvements in corrosion potential and primary potential forgeination compared

to the agreceived Ti6Al-4V have been observed in the literat{t&]. Biswaset al.

[17] and Yueet al.[153] reported bedr corrosion properties in laser melting surfaces
compared laser nitrided surfac€orrosion potentialalues for laser surface modified
sample shifts significantly towards the nobler direction after treatment. Shifting of the
corrosion potential was aitbuted to formation of acicular martensite and a reduction in
bTi volume phase. Unlike the untreated specimen, LSM samples were not seen to
passivate over the current range of°1® 10° A/cm?® [16, 17, 153, 168] Pitting
potentials reduced in laser melted samples compared to the untreated Ja@iples
Singhet al.reported pitting potentials of 2.4 V and 8 in laser treated and untreated
samples, respective[\L6]. However, when the laser treated samples were polished the
pitting potential vasgreater than 2.4 V and highest corrosion resistance was noted from
processing at 800 W.

Re-distribution of alloying elements within the treated titanium alloys improved pitting
corrosion resistance. Geetbial. found improved corrosion resistance ofdasitrided
samples in a simulated body environment using pot@hytiamic polarisatiorj130].

These results also indicated pitting potential increase by 200 mV for the laser treated
surface. Studies carried out usiegcimer lasers showed significant increase in pitting
potential of the Ti alloy when the material was treated in argofl@hsUp to a seven

fold reduction in corrosion current was obtained when the material wasdreat
nitrogen gas. The improvements were credited to the reduction of the solute partitioning
effect of detrimental al[l8mi ni um segregat.
Zaveri et al. studied treated TBAIT 4V alloy with pulseewave Nd:YAG laser under
various conditions to obtain a surface oxide layer for improved corrosion resistance
[168]. Corrosion resistance studies were carried out in three different simulated bio
fluids (SBFs), namelyN a C | solution, Hankdés solutior

analysis showed that the lagezated Ti 6AlT 4V were more corrosion resistant than the
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bare specimens in any of the above SRIES]. Langladeet al.usal a Nd:YAG laser to

study the oxidising FBAI-4V [20]. Stratified layers giving different coloured films

were related to oxide thicknesses and oxide compositions. It was noted that titanium
oxides may exhibit a salilubricant effect, while the oxygen dissolved in the titanium
matrix had a hardening effect.

The reduced pitting corrosion provided by surface melting is possibly because of partial
suppression ob phase formation in the microstructure and the changeoirphology

from granular to aciculgil7, 153] Yueet al. attributed corrosion enhancement to the
presence of the transformed Ti martensitic structuréhe laseimodified layer[153].

The poor corrosion resistance of untreatdddAii 4V can also be attributed to the local
enrichment of aluminium (U stabilizer) a
two different phases U wmdf rbphasePdunng i t i o
electrochemical corrosion is the primary mechanism of degradation of the aluminium
containingTial | oys, wher eas, a®Al-dWlacksthis portionng | a s €
effect[16].

2.11.7 Interfacial and Biocompatibility Properties

Bandyopadhyayet al. has shown that the laser processing does not have a negative
effect of inherent biocompatibility of the materials used to fabricate the struftargs

Laser surface modification produces minimal contamination compared to conventional
surface modification techniques, thus it can help improve osseointegf@fip@01,

202]. The highest implant stability can be achieved by compmsseointegration of a

large implant surface.

Several publications have shown that roughness and wettability produced by laser
modification plays a vital role in biocompatibility propertif202-207]. Hao et al.

showed that improved surface roughness, surface oxygen content and surface energy
generated by laser treatment accounted for the better wettability characteristics of the
material and enhancement thie adhesion with the biological liquids used. Although
surface roughness played a role on the osteoblast response, the authors reported that
wettability characteristics were the chief mechanism governing the osteoblast response
[207].

An investigation of initial cell spreading and adhesion on longitudinally and
transversally oriented micigrooves produced by the laser irradiation of6Ai-4V
surfaces was carried out by J. Chenal. [208]. Samples were polished and laser
treated. Human osteosarcoma (HOS) cells, common bone cancer cells, were cultured at

periods ranging from 15 minutes to 24 hours with immflaorescence staining of
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adhered proteins (actin and vinculin) being usestiwdy the spreading and adhesion of

the cells. Enzymatic detachment tests were carried out to quantify the adhesion of cells.
Results of the experiment showed that cell spreading and adhesion were enhanced by
the longitudinally and transversally orientedcm-grooves. Contact guidance was
found to promote cell adhesion due to the increase in interactions between the focal
adhesions and the patterned exdetiular matrix (ECM) proteins on the laser micro
grooved surface08].

Grizon et al. found that rougher titanium implants have stronger bone response
compared to smoother implants after a long term implantation [407]. A study conducted
by Wennerbergt al. reported theptimal surface for biomedical implants shows wave
structures with an average wavelength of Jtr6and height deviations df4 um [201,

209]. The structure of the surface of titanium implants dictates the success for the
subsequent healing pra=e It is primarily the microscopic structure of the implant
surface that isesponsible for bone apposition to the impl&@tl]. Surface treatment of

implant material has been proven to influence the attachmenti®ofa@, 210213].

2.12 Study Focus and Objectives

The vast majority of laser surface modificasolor improved Ti6Al-4V found in
literature are on the topic oflaser surface nitriding. Nitriding is an alloying process
which has limited applications in bimplants due to nehomogeneity of the surface
properties, crack development on the surface diffctulty in reproducibility. Laser
surfacemelting has ayreat potential as it is does not suffer from the same limitations as
alternate processes. Foio-implants laser surface melting provides (relative to other
processesyery low contamination, egslimination of cracksandthe ability to easily
achieveuniform and repeatable surface properties. Howeber limitedlaser melting
studies conducteith previouswork havemainly focused on lowgcanspeed andthe use

of a largespotsizefor the lase treatmerd. These previousvorks therefore have been
restricted to high residence times and low irradiance, which in essence prodace low
cooling rateghan would be required tachieve finer surfacstructures with enhanced
properties. None of the workviewed intheliterature followed a design of experiments
approach so its difficult to gain a full understanding of the process even within the
parameter ranges that have been investigated toSlaidies reviewed ithe literature

only relate procesng parameters to one individual response without grlaing
between multiple measured properties achieved by laser melting. This makes process

mapping considerable challenging.
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In this work, design of experiments was used to provide a detailed tamtbng of the

effects of processing parameters resulting surfaceroperties.This work presents a

comprehensive study of high speed laser surface melting of commercially available

316L stainless steel and-BAl-4V for biomedicalapplications. The workn particular

investigates the possibility of implementing extremely high irradiance and low

residence ti mes I n order to I mprove t

biocompatibility properties. The aims can be summarised as follows:

Vi.

Vil.

viii.

Xi.

Xil.

Implementingdesign of experiments to study the effects of,&G8er processing
parameters on surface properties relating to biomedical applications

Investigate in particular the use of high irradiances and low residence times with a
view to producing a surface whicltas a combination of properties required for
biomedical implants, including a surface which is chemically homogenous, has
low corrosion potential, low wear, high hardness, high degree of biocompatibility,
good melt pool depth, roughness appropriate forouarbiomedical applications,

and a low induced surface stress.

To provide a laser treatment process to enhance the life time of a currently used

biomaterials to avoid the need for new biomaterial development as well as process

development.

Microstructure analysi$ study of the resulting topography and crssstional
microstructuresnduced by laser treatment.

Meltpool profilei characterising the melt pool profile induced by laser treatment.
Roughnes$ study of effects of laser procesggaeters on roughness

Hardness analysis investigate the effects of laser processing on hardness and
resulting hardness distributions within the treated surface.

X-ray diffraction analysig phase distribution in treated samples and effects of
irradianceand residence time on residual strain/stress.

Chemical composition analysisvariationin chemical elements within the treated
samples.

Weari investigating the wear mechanism in laser treated sarapbkslifference
compared to untreated samples

Corrosbn resistancé study the corrosion behavioand ratesof the untreated
and treated samples.

Biocompatibilityi In this studyscreening tests weresed to test biocompatibility

of the laser treated samples. Since the material being used for this research
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already being used for hip replacement implants the biocompatibility ieses
used to evaluate the performance of the laser treated alloys relative to the
untreated alloy.In this research the biocompatibility of the materiaas

investigated usingrealytical chemistry (in vitro) techniqué¢31].
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Chapter 3
- AOAOEAI O ATl

This chapter covers the materials and methods used in this research. This chapter
presents details on the experimental work carried out andssary information to
replicate the work as needed. The majority of methods were similar for both sets of
materials i.e. 316L stainless steel anébAi-4V. The sections in this chapter, therefore,

refer to both sets of materials unless otherwise stated.

3.1 Sample Preparation

In order to achieve very low exposure times, high sample speeds needed to be
implemented. Previous studies have shown that extreme temperature gradients can be
attained by using rotating cylindrical samples at high spg&ds For 316L stainless

steel, the worlpieces used in this work were cylindrical sections 120 mm long and 10
mm in diameter. The composition of theraseived AISI 316L austenitic stainless
steel, is given imable3-1. The material was manufactured and supplied by Acciaierie

Valbruna Stainless SteSlpplier Italy (seeAppendixA).

Table3-1: Elemental chemical composition of AISI 316L stainless steel (weight %).

Element Cr Ni Mo Mn Si Co N S P C Fe

wit% 16.82 10.14 2.03 1.51 0.55 0.08 0.061 0.03 0.03 0.02 Bal.

Cylindrical samples were not used for testing6Ai-4V as this would havenade it
very difficult to perform the required wear, corrosion, XRD and biocompatibility
testing. Flat samples were used for laser surface modification-6Alf4V; work-
pieces were 120 mm long, 20 mm wide and 4 mm thick. Theaesved Ti6Al-4V
was preiously annealed at 70@ for 2 hours and subsequently ground using a centre
less grinder tool by the supplier, Super Alloys International Limitétilton Keynes

UK (seeAppendixA). Composition of the aeceived alloy is listed ifiable3-2.

Table3-2: Elemental chemical composition of-BAl-4V (weight %).

Element C Si Fe O V Al Ti

wit% 0.14 0.01 0.16 0.17 3.97 6.36 Bal.

The terms workpiece, sample and specimen which are used in this thesis are defined as

illustrated inFigure3-1.
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Work-piece

| 20 mm

Specimen
Figure3-1: lllustration of the Ti6Al-4V work-piece,
specimen and sample, as used in this thesis.

3.1.1 Surface Pre-treatments

316L stainless steel wofieces were machined and in some cases etched prior to laser
treatment, to improve the GQaser wavelength absorption. Chemical etching was
carried out by immersing the wopkieces in glyceregia for 10 minutes before laser
treament. Glyceregia is a chemical etchant made up of 10 mI3iR@E60 ml HCI and

30 ml glycerol. Etchant preparation and application was carriediraigr fume hood
ventilation. Glyceregiaeacts with 316L stainless steel, darkening the metal for better
10.6 >m wavelength absorption. Roughening is another -lwedwn technique for
improving laser wavelength absorption as explained in se@i®i Roughening of
316L SS samples was achieved by machining the surface using a Computer Numerical
Controlled (CNC) turning machine to produce 2.90 + ©12 average surface
roughness. FBAI-4V samples were grit blasted before treatment. Parameters of grit

blasting procedure are outlinedTiable3-3.

Table3-3: Grit blasting parameters used for@Al-4V samples.

Machinery Distance Pressure Angle Type of Particles Shape Size
Guyson F 100 mm 8 bar ~45 Soda lime Spherical 106212
1400® glass* and smooth  um

*Chemically inert Honite® Grade 1214]

There are two main reasons for dplidsting the samples:
i.  Grit blasting removes surface contaminants from the titanium workpiece.
Imperfections on the surface are eliminated when small inert particles are
launched at high velocities. Eliminating imperfections is also desirable in laser

processing for even surface processing.
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ii.  Grit blasting is also known to improve absorption of the, @Ser by creating a

nonreflective surfac¢75, 162]

After grit blasting the worlpiece still had tightly adhering particles embedded onto the
surfaces. These contaminants were composed of insoluble particles loosely attached and
held in place by ionic or cohesive forces. These particles needed only hecelispl
sufficiently to break the attractive forces in order to be removed. All ywmEtes were
ultrasonically cleaned for 10 minutes in filtered cleariaesed water. This ultrasonic
cleaning is less aggressive cleaning, compared to other chemical gleaethods,

which therefore does not affect the composition of the sub$&Hé

3.2 Laser Instrumentation and Experimental Set -up

Laser treatment of the samples was carried out using a, Rofin DC015 sjdbs®O

This CQ laser systemwas utilised in this study due to its versatility, high unsaturated
gain and mostly higipower output capabilitiegl61, 216] The laser has a maximum
power outptiof 1.5 KW in the far infrared region (10.6 um wavelength). Both pulsing
mode and continuous wave laser operation were implemented, depending on the DOE.
All experiments were carried out with the laser beam focused on thepiemd surface
providngaGassi an | aser spot size of 90 &m.
for high cooling rates during processiriable 3-4 gives a summary of the GQaser

system implemented in this investigation.

Table3-4: CO; laser system specifications used in this work.

Laser gstem specifications

Active medium Carbon Dioxide
Output wavelength 10.6 um
Peak power capacity 1.5 kw
Operation mode Pulsed/Continuous
PRF range 27 5000 Hz
Pulse width range 26 psi 125 ms
Laser beam specification
Spatial mode TEMgo
Beam qualityfactor, K >0.9
Beam propagation parameter,2 M 1.11
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Argon was used as an assist gas with three crucial functions in laser surface melting:
i.  Shielding the melt pool thus avoiding oxidation during laser processing
ii.  Preventing small ablated particles fropackspattering into the nozzle and
possibly damaging the laser optics

iii.  Aids the cooling process thus allowing for even higher cooling rates

The laser was controlled from the main Rofin laser control unit provided. The main unit

facilitates control of lasr beam peak power, duty cycle, and pulse repetition frequency.

Figure3-2 shows the C@laser system used in this study.

Main Laser
Control Unit

Gas Pumping
Unit

Figure3-2: Rofin CG laser system and gas pumping unit, showing

the processing of a cylindrical sample 10 mm in diameter.

The control console shown iRigure 3-2 was used to position the stage, control the
table motion during processing and gas delivery through the nozzle. The laser came
equipped with a MTI 0505 Scientific Motion System (positioning stage). This motion
system, shown ifrigure 3-2, consisted of a machining table that provided XY cutting
area of 50 x 50 cm. The motion resolution provided via the optical rotary encoders was
1.25 ym. The XY positioning speed was controlkafrom 1 to 5000 mm/min, and the
acceleration at the beginning of the motion could be as high as’2Tiéslaser beam

was focused onto the moving samples via a 127 mm (5 inch}l&rggth lens which

was part of the nozzle assembly. The nozzle assematyguided by vertical linear
variable displacement transducers (LVDT) which provided 150 mm of vertical height or

focal position adjustment capability/70].
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3.2.1 Laser Processing of Cylindrical Work -pieces

Cylindrical workpieces, 10 mm in diameter, were rotated using a DC motor attached to
the positioning stage. The DC motor was capable of reaching speeds up to 2500 rpm.
Figure 3-3 shows a schematic of the laser modification process. The laser beam was
kept perpendicular to the wogkece during laser irradiation to maximise the
absorbance and ensure uniform conditions for proce$9®lg Tangential and linear
velocities were varied using the control console depending on the pulse repetition
frequency being used. The tangential and linear velocities also determined the resultant
laser spot overlap. The calculation method used forla@yeercentage determination is
detailed in sectio2.9.5 Specimens of 10 mm length along the bar were processes with
different processing parameters according to the DOEs for subsequent characterisation

as outlinecbelow.

Laser
beam

Assist ‘;;>

gas

< —t

A
S —— ]

Work-piece linear direction

rotational
direction

domm__

}4— 120 mm long —>|

) Work-piece

—

Figure3-3: Schematic of the laser processingigefor a cylindrical sample.

Spot diameter (z) on the sample surface could be controlled through setting the sample
distance from focal plane of the Gaussian beam. Equ@)omasused to calculate the
focus distance, see secti®®.3for more details.
L _8&

o 0 p TG ()
where the beam radius along the propagation Wfe) was 45 pum, initial beam rags
at the focusw, was 45 um, and the wavelength of the dOa s e r , > Als 10.
experiments were conducted with the laser beam focused on the surface of the work

piece.
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3.2.2 Laser Processing of Planar Work -pieces

Laser processing of planar samples was performed in a raster scan fegjuon3-4

shows the cross sectional side view of the equipment and the planar view adtdre r

scan path for the laser treatment process. The starting and ending points for each run
were carefully chosen to allow the laser to accelerate to constant velocity before the
laser beam interacted with the sample surface; more details on this dablaviai
AppendixB. Specimens of 15 mm length along the flat workpiece and 20 mm width
across workpiece were processed according to the DOE for subsequent characterisation

as outlined below.

Laser
Lens beam
c
2
-5 95 mm
c
I
Assist 3 4
gas T
Work-piece 20 mm
4‘?
mm
Laser modified region| ¢ Laser Path
= Work-piece linear direction
‘4— 120 mm long —>| Laser spot
(@) (b)

Figure3-4: Schematic of the (a) cross sectional side view of the equipment and (b) the

planar view of the raster scan path for the laser treatment process.

3.3 Metallography

The material microstructure can be thought of as its fingerand is directly related to

the material properties and performance. In order to study the material microstructure a
series of surface preparation techniques have to be done. The necessary surface

preparation processes are detailed in the followintjosex

3.3.1 Sectioning of the Work -piece
Sectioning was performed using the Delta AbrasiMet ® abrasive cAtt8IC cutoff
wheel at 3800 rpmin continuous flowing coolant, was used to avoid deformation and

overheating during sectioning.

3.3.2 Mounting of the Sectioned Sample
Samples were encapsulated or mounted to protect the sample material and also to

produce a uniform dimensionally stable size for subsequent automatic grinding and
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polishing operations. Compression hot mounting was implemented sn sthdy.
BakeliteE thermoset phenolic mounting m;:
mounting press. Thermosetting phenolic mounting material was chosen because once
set it remains rigid even when subjected to heat. Curing was carried out°& &80

minutes. The encapsulated samples were then cooled for 4 minutes.

3.3.3 Grinding and Polishing of the Mounted Sample

During the metallographic preparation of the treated region, damage can be induced to
the sample. Sectioning of the specimen can causézledaracking. As a result, the
plane of evaluation must be at a point beyond this induced damage. This initial step,
designed to quickly remove material, is referred to as planar grinding. The samples were
ground on successive grades of silicon carb@gep using water to keep the specimen
cool and flush away loose particles of metal and abrasive. Final polishing was carried
out using a microcloth and alumina or diamond suspension. Both grinding and polishing
were done using Buehler Motopol® 2000 autdmatinder/polisher machinelable

3-5 highlights the grinding and polishing parameter used for both 316L SS &Al-Ti

4V.

3.3.4 Etching

In order to reveal information such as grain boundaries and phases of the material, the
samples where chemically etched. Grinding and polishing produces a highly deformed,
thin layer on the surface which is removed chemically during etching. Etchants attac
the surface with preference for those sites with the highest energy, leading to surface
relief which allows different crystal orientations, grain boundaries, precipitates, phases
and defects to be distinguished in reflective light. 316L stainless steektghed by
exposing the surface to be characterised in glyceregia for approximately 1 fikd]te

The higher HCI content in glyceregia re
outlines carbides. Glyceregia walsvays used while fresh and discarded when it turned
orange in colour. Micr@tching of Ti6AlI-4 V was carried out by i
reagent for one and a half minutes. Composition of the etchant being: 92 ml distilled
water HO, 6 ml nitric acid HNG@, and 2ml hydrofluoric acid HR218].
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Table3-5: Grinding and polishing parameters for 316L SS anfATl+4V [219]

Process Surface Abrasive  Lubri- Time Base Head Force
cation (min)  Speed speed/ (N)
(rpm) direction
316L SS
Planar SiC 240, 600 H,O  Until 200 120/ 5
grinding 1200grit Plane Comp.
Sample Ultra Pad 6 um - 4 150 120/ 5
integrity Diamond Comp.
suspension
AcetateSilk 1lum - 4 150 120/ 5
Diamond Comp
suspension
Final Chemomet 0.0 5um - 2 150 60/ 5
polish Alumina Comp.
suspension
Ti-6Al-4V
Planar SiC 320grit H,O | Until 240-300 60/ Contra| 20
grinding (P400) Plane
Sample Ul tr aF 9 um - 10 120-150 60/ 20
integrity PSA Diamond Contra
Silk Cloth ~ suspension
Final MicroCloth® 0.0 6 um - 10  120-150 60/ 20
polish or Veltex Alumina Contra
cloths suspension

"Comp. = Complementary (platen and specimen holder both rotate in the same direction while donthe is

opposite direction)

3.4 Design of Experiments (DOE)

A DOE approach was taken in this study in order to systematically evaluate the effects
of processing parameters on resultant surface properties. Design Expert 8, DOE
software, was implemented in this research. The software was supplied by State Ease
and ha several statistical tools that allow for:
i.  Screening of designs to identify vital factors (processing parameters).

ii.  Discovering the best combination of factors.

iii.  Creating models and response surfaces from the factors.

iv.  Statistical analysis of resulting mdsle

v.  Graphically displaying the models.
Design Expert® was used for the analysis of variance (ANOVA) to test the adequacy of
the developed models. The statistical significance of the model and each term in the
regression equation was examined using the esd@ Ftest, and other adequacy

measures (i.e. R Adj- R? and Pred.B to obtain the best fitFrom the statistical
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models created by Design Expdiie F-values are ndi cati ons of, a f a
higher F-valuessignify that the factor is of gaterinfluence Low p-values less than
0.05indicatethat the model is significant. A-yalue of 0.05 indicates 95% confidence

of the model.The R-squared value is measure of the amount of variation around the
mean explained by the model. The closesita 1 the less variance there is around the
mean. The adjusted-8quared value is a measure of the amount of variation around the
mean adjusted for the number of terms in the model. anested Rsquared value

should be in reasonable agreement with thedipted Rsquared valueThe Adeq
Precision value measures the signal to noise ratio. A higher ratio is desirable, and for the

terms used in this study, a ratio greater than 4 is desirable.

3.4.1 316L Stainless Steel

Three DOEs were implemented for 316L stainless steel, however, only the last two are
presented in the results section. The preliminary (screening) DOE is presented in the
AppendixC. This initial DOE wasa full three level factorial design %3 This model

was chosen as it gave a more comprehensive analysis of all parameter intefBladons.
results from this pilot run were used to determine the parameters that had the most

influence on the surface properties.

Design of Experiments 1

After the initial DOE,the two main parameters that had a pronounced effect on the
surface properties were found to be residence time and irradiance. From the pilot DOE
it was decided to further investigate the parameters usifgxO%. This DOE was

named DOE 1. Two factors adiance and residence time were varied for five levels
from 78.6 to 2358 kW/mfmand 49.6 to 165.3 &s respe
correspond to energy densities from 3.93 to 39.3 3/riimble 3-6 summariseghe
parameters used. THellowing parameters were kept at these specified constant levels
throughout the laser treatment:

i. Cylindrical sample diameter, 10 mm v. Surface tangential speed, 272 mm/<
ii. Laser beam spot size, $h vi. PRF, 3000 Hz
iii. Assist gas, Argon at 20Pa vii. Table speed, 46.8 mm/min
iv. Overlap, 0%
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Table3-6: DOE 1 processing parameters for 316L stainless steel.

D Peak Duty | Average Irradiance Res_idence Energy Est
Power @ Cycle Power Time Density Temp.
(W) % (kW) (kW/mnf) (es) @mnf) (°C)
1 500 75 78.6 3.93 483
2 800 120 125.8 6.29 773
3 1000 15 150 157.2 49.6 7.86 967
4 1300 195 204.4 10.22 1260
5 1500 225 235.8 11.79 1450
6 500 100 78.6 524 644
7 800 160 125.8 8.38 1031
8 1000 20 200 157.2 66.1 10.48 1289
9 1300 260 204.4 13.62 1676
10 1500 300 235.8 15.72 1933
11 500 125 78.6 6.55 806
12 800 200 125.8 10.48 1289
13 1000 25 250 157.2 82.6 13.10 1611
14 1300 325 204.4 17.03 2094
15 1500 375 235.8 19.65 2417
16 500 150 78.6 7.86 967
17 800 240 125.8 12.58 1547
18 1000 30 300 157.2 99.2 15.72 1933
19 1300 390 204.4 20.43 2513
20 1500 450 235.8 23.58 2900
21 500 250 78.6 13.10 1611
22 800 400 125.8 20.96 2578
23 1000 50 500 157.2 165.3 26.20 3222
24 1300 650 204.4 34.06 4189
25 1500 750 235.8 39.30 4833

The laser beam spotsize was kept constant at the lowest permissible diametemof 90

as lower spotsize would result in higher cooling rates. The cylindrical sample diameter
and overlap were kept constant at optimised levels from previous studies that showed
smoother surface properties at these leM€l2)]. The surface tangential speed, PRF and
assist gas pressures were derived from the preliminary BQiace temperatures were

predicted using Equation 127, 220]
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where A is the absorption coefficient, P the laser power (W), k the thermal conductivity
(W/mK), Vy, the scan speed (m/s), t the residence time {she theating time (s)o the

time necessary for heat to diffuse overistahce equal to the laser beam radius on the
workpiece surface (s £ R/ 4 U,  therras diffustvigy (nf/s), z is the coordinate
perpendicular to the treated surface, ants zhe distance over which heat can diffuse

during tre laser beam interaction time.

The thermophysical properties and absorption coefficients used in Equation 12 are
given inTable 3-7. The majority of the absorbancatd presently available considers
only polished and roughened alloys rather than the commercially available (unpolished)
alloys. Absorption coefficient of 316L stainless steel was set at [@8p This
absorption codicient value corresponds to 96.5% reflectivity of highly polished and
roughened samples for a g@ser wavelength of 10.6 um. It should be noted that
Equation 12 was created for continuous mode so it is only expected to give an
indication of the actualetative changes in temperature between samples but not the

absolute values of temperature.

Table3-7: Thermophysical properties of 316L stainless J@21].

_ Specific Heat  Liquidus Thermal Thermal Absorption
Density

Capacity Temp. conductivity Diffusion coefficient
7970 kg/m 500 J/kg °C  1400°C  21.4W/°Cm 5.37 x10° m‘/s 0.35

Design of Experiments 2

To more fully comprehend the effects of irradiance, residence time aiticeptments a

new DOE, termed DOE 2, was implemented. The parameters of DOE 2 are summarised
in Table3-8. These parameters were carefully chosen so that they just barely melt the
surface. These laser parameters were selected based on the previous DOE experiments
and the thermal prediction modé&he energy density was set at two levels, pulse width

at two levels and three techniques were used for surfadecptenents. The agceived

(non pretreated) surface was also processed with the DOE 2 parameters for
benchmarking purposes. This resulted20 experimental conditions/samples being

investigated. The machined greatment consisted of machining ridges with an
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average roughness of approximately 3 um. As the overlap was set to 0 % for DOE 2, the

residence time was equivalent to the pulse hwvidt

Table3-8: Laser processing parameters implemented in the fractional DOE.

RUN* Peak Power Duty Cycle Irradiance Residence Time Energy density
(W) (%) (kw/mnm) (ks) (I/mn)
1 1000 20 157 67 10.48
2 800 25 126 83 10.48
3 400 50 63 167 10.48
4 700 30 110 100 11.00
5 1400 15 220 50 11.00

*Each run was repeated using three surfacdanesments etched; machined; machined+etched

3.4.2 Ti-6Al-4V

Design of Experiments 1: Planar samples

Experiments withTi-6Al-4V were conducted with flat samples as opposed to the
cylindrical samples used for the 316L processing. 2Ad&sign of experiment was
implemented. The two factors chosen were irradiance and residence, each time varied at
three levelsThe laser wasised in continuous mode to irradiate the workpiece at three
levels of irradiance: 15.72, 20.43 and 26.72 kWframd three levels of residence time:

1.08, 1.44 and 2.16 ms, sEable3-9.

Table3-9: DOE 1 processing parameters for6RAl-4V

Average  Sample . Residence Ener
D Powegr Spegd Iradiance Time Dens?till
(W) (mm/s)  (KW/mm) (ms) (J/mnf)
LSM 1 100 15.72 34
LSM 2 130 41.2 20.44 2.16 44
LSM 3 170 26.72 58
LSM 4 100 15.72 23
LSM 5 130 62.5 20.44 1.44 29
LSM 6 170 26.72 38
LSM 7 100 15.72 17
LSM 8 130 83.3 20.44 1.08 22
LSM 9 170 26.72 29

The laser beam was focused on the waidce surface providing a Gaussian laser spot
si ze o fSinceg @ contimuous beam was used, pulse frequency and pulse width

were not taken into account for residence time calculation, see s2didrfor more
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details. Low workpiece velocity compared to 316L samples subsequently resulted in
much lower residence times. Due to the continuous nature of the beam the power is
expressed as average power as opposed to peak powerdiar-4V. Irradiation was
carried out using a raster scan with a partial overlap of 30% in order to provide for
microstructural and compositional homogeneity. Argon at a pressure of 200 kPa was
used as an assist gas to avoid oxidation. The laser beakepitagerpendicular to the
workpiece during laser irradiation to maximise absorbance and ensure uniform

conditions for processing.

3.5 Microstructural Analysis

The influence of the process parameters on the microstructure of the modified surface
topology and cross section were studied using optical and scanning electron microscopy
(SEM). Microstructure analysis was used to enable characterisation of the following

I.  Pits and cracks iii.  Gas, shrinkage and interfacialvoids
ii.  Grain structure and sizes iv.  Inclusions

A Reichart Me F2 Universal optical microscope was used for bright field examination
of polished metallographic specimens. The microscope was equipped with Buehler
Omnimet Enterprise, a software drivol that allows for the quantitative analysis of

the ample image. A CaZeiss EVOLS15 scanning electron microscope, shown in
Figure 3-5, integrated with SmartSEM software was used for both morphological and

microstrud¢ure analysis.

VPSE
Detector

Figure3-5: CarlZeiss EVOLS15 SEM and its components (a) exterior and (b) interior.

Micrographs obtained from secondary electrons were primarily used for morphological
analysis, while the backscatter detector images from the SEM were used to reveal
microstructure featureS'he dependence of the backscatter yield with atomic number
formed a basis for differentiating between different phases, thus providing an ideal
starting point for further microanalysi8ll images were captured at a high accelerating
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voltages (20 kV) and high contrast to reveal the grain structure. Cross sectional views
were prepared by sectioning the sample perpendicular to the longitudinal axis. The
6anal yse particles6 option in Image J (vV
used to determine the grain size. The s«
measures the grain size by the greatest distance between two parallel lines touching

opposite sides of the graj22].

3.6 Melt Pool Profile Measurement

Analysis of the meltpool width and depth was performed frmigges obtained by the
optical microscope and SEM. Average meltpool depth was determined with the
software, Image J. An average depth for the laser modified surface was taken from at

least ten measurements for statistical analysis.

3.7 Roughness Measurements

Roughness was calculated from a 2D profile. The surface profile was scanned with a
stylus profilometer, Civil Instruments TR200, with a stylus tip radius of 2 um. The
surface mean roughness (Ra) measurements were derived from a given evaluation

sampling ad evaluation lengthrigure3-6 defines the evaluation and sampling lengths.

’AVAVIAVAVVAV‘VAVVM\\/\/AA\/\IA/\AV\W VAWMVANIMV VAV\IJA/\/\/

- —»
________ Sampling e d o
I I length I !
I & 1 1 > :
] Evaluation length e e i
Data loss due to filter f

Figure3-6: Sampling and evaluation letig of a measured surface profile.

Once the surface profile was measured, waviness was eliminated with a Gaussian filter.
The choice for a good cufff length over which to measure the roughness is important.
The cut off is a filter designed to measureyosinall irregularities with a spacing less
than a given value of wavelength. Sampling length is always numerically equail to cut
off and the relationship between the cut off and an evaluation length is given by
Equation(10):

_ P (19
- )

where<; is thecut off length and, is the evaluation length
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Sampling and evaluation lengths used were 0.8 mm and 4 mm respectively. The
roughness was measured according to ISO 4287/4288. A table of the recommended cut
off lengths is shown idppendixD.

3.8 Micro -hardness Measurements

A Leitz mini-load tester wassed to perform the microhardness measurements of all
samplesVickers microhardness tests were carried out using a set load of 500 mN and
an indentation time of 30.sThe measurements were taken from the esessional
surface that had been polished tdirsh of 0.05>m. Vickers microhardness was
calculated by measuring the diagonal length) (of square indentationsFive
measurements were taken from the middle of the modified layer, unless otherwise
stated. Measurements were taken according to the ISO 14577 standard. The indents
were kept at least three diameters (indentation diameter) away from a free surface or
interface and at least five diameters, of the largest indent, from each other to avoid
interferencg223].

3.9 XRD Analysis

X-ray diffraction patterns of the samples were recorded using a Bruker D8 XRD system
with Cu KU (&= 1.5405 A) radiation. The test sep is schematically shown Figure

3-7. Samples were cleaned with acetone and rinsed with deionised water prior to

analysis.

80¢° 100°

T= x-ray source, S = Specimen, C = detector, and O = axis.

Figure3-7: Schematic and image of XRD sgt[47].
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A fixed detector slit size of 0.2 mm wide and 12 mm long was used for all samples. A z
scan was used to position samples at correct heights on the z drive prior to XRD
measurement. Locked coupled scans were performed at a rate of 5 sec/step, with 0.01
stepincrements, varying the diffraction angle between 20 and 120°. Each scan took 13
hours and 47 minutes to complete. The diffraction patterns produced were plotted with
intensity against 2 theta angles, and used for phase transformation and crystallinity
aralysis. Ti-6Al-4V is not included in theJoint Committee on Powder Diffraction
Standards (JCPDS) database. Therefore, miller indices and phase determination were
derived fr om -Ti patern RJERDS dile #44294) bhd the cubit-Ti

pattern (JCPB file #441288). Strain and residual stress calculation induced by laser
treatmentcan becalculated by using the variation in interplanar spaaitegived from

shifting of the diffraction peak$224].

3.10 Chemical Composition Analysis

Element analysis and chemical characterisation were performed witBnargy
dispersive xray spectromete(EDS). The Inca XAct and Microanalysis suit, Oxford
Instruments, integrated in the SEM was used Fsgeare 3-5. The instrument is capable

of analysing composition of sample areas down tor2to be analysed on conductive
samples with a relative accuracy of 2%. The volume analyseth which the primary
electrons interact with the sample is generally characterized as pear/onion shaped region
as seen ifrigure3-8 (a).

The geometry and volume this shape is dependent on the average sample atomic
number and electron beam accelerating voltage. The accelerating voltage used in the
electron column influences both the spatial resolution of tmayxsignal and the
efficiency with which characterist x-rays are excited from the sample atoms. Higher
voltages produce higher energy electrons, which penetrate more deeply into the sample
and spread more widely than leemergy electrons. The result is degradation in
resolution on the one hand, but mor&ogént excitation on the other. The relationship
between the accelerating voltage, density and spatial resolution is givégune 3-8

(b). The red dashed line Figure3-8 (b) indicates the conditions use for analysis of the

Ti-6Al-4V samples in this work.
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Figure3-8: (a) Schematic depiction of the variation of interaction volume shape with
average sample atomic number (Z) and electron beam accelerating voflagadEb)

chart for calculating xay spatial resolution from the acceleng voltagg225].

3.11 Wear Testing

Tribological evaluation of the modified surface was obtained using a pin on disk
tribometer (ball on disc configuratigrgccording to ASTM wear testing standared&

The appaatus used a pin pressing against the disk (sample) at a specified load. Amount
of wear was determined by measuring appropriate linear dimensions of the wear track
of the specimen after the test. The wear track shape was characterised using the SEM
and dmensi on measured using the white 1igh
optical profiling system. The continuous recording of wear data was obtained using a
LVDT to characterise the formation of the track. The continuous wear depth data alone
cannot be w=d to fully characterise the wear properties due to the complicated effects of
wear debris and transfer film present in the contact gap and the low, but significant,
vibrations of the mechanism. A schematic of the-gwdisk wear tester is shown in
Figure3-9. The T+6AI-4V samples were polished to within 0.2 um average roughness

to avoid excessive damage of the wear of the testing pin. Wear tests were carried out by
sliding a 5 mm commercial zioaia pin against the polished samples at a constant speed

of 18.9 mm/s with an applied load of 5 N.
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Figure3-9: Schematic of the (a) pin on disc apparatus used and (b) typical wear track

The full list of testing parameters used for wear testing is showiabie 3-10. Sliding
distance was varied by adjusting the number of revolutions completed tednepin.
All samples were cleaned with acetone in an ultrasonic bath, and dried prior to testing

and measuring.

Table3-10: Wear testing parameters

Sample/Disc material Ti-6Al-4V Applied load 5N

Pin material Zirconia (ZrQ) | Atmosphere Air

Pin diameter 5 mm Test solution Hanks solution
Speed 18.9 mm/s Temperature Ambient
Radius of wear track 1.5 mm Sliding distance 20 and 150 m

Specific wear rate determines the wear behaviour of th@AIF4V with respect to

sliding distance, contact pressure, velocity, temperature and test solution used. The
specific wear rate for all samples was calculated using EquétipnThe amount of

wear was determined using two methods. The first method evaluated the volume loss by
measuring the mass of the sample before and after wear experiments by means of a
prec si on bal ance (Avery Berkel ds FA215DT)
(12). The second method evaluated the volume loss by characterising the worn track

dimersions using white light interferometry, via Equati@3). The optical micrographs

of the wear track were further evaluated using the SEM.
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wherer is radius of the pin from the central rotation axis of the sampleAaisdthe
crosssectional area of the wear track obtained using the white light interferometer.

3.11.1 Reasons for parameter choice

Zirconia was chosen as it has high strength, hardness (>1200 HV), stability in
physiological environments and is widely usexdlaahead and socket material for hip
replacements. The -BAI-4V sample rotational speed of 120 rpm was chosen to obtain
a linear tangential sample velocity of 18.9 mm/s which is approximately the mean
sliding velocity for femoral heads of 28 mm diamd&f, 226] A 5 N load was chosen

for the normal load applied to the pin during testing. The reasoning for choosing 5 N as

the load for wear testing is discussed in Appeiidix

3.11.2 Wear Testing Procedure

1. Specimen were cleaned and dried prior to testing and measuring using acetone.

2. The sample dimensions were measured and weighed to the nearest 2.5 um and
0.00001 g respectively.

3. The disk was then inserted to the holding device, +1° perpendioula tixis of
rotation to maintain the necessary surface conditions.

4. The load (5 N) was added directly onto the pin.

5. The revolution counter was set to zero.

6. The test was then run with the pin in contact with the specimen. The test was not
interrupted or rstarted until the set number of revolutions was reached for the
corresponding test distance.

7. The wear material removal characteristics were investigated using the SEM.

8. The samples were then removed and cleaned.

9. The wear track dimensions and weight were theasured.

3.12 Corrosion Testing

To accelerate the corrosion process, electrochemical tests were used to directly amplify
the impact of corrosion processes. This was possible since electrochemical tests use a

fundamental model of the electrode kineticsariated with corrosion processes to
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quantify corrosion ratef227]. Two types of electrochemical testing were employed.
The first method was the corrosion measurement at the free corrosion potential (open
circuit potential) in order to follow the active corrosion. The second was polarisation
which measured susceptibility to localized corrosion for corrosion resistant materials.
Prior to electrochemical testing, specimens were machined into square safmples

mm x 10 mm (+/ 1 mm) subsequent to laser treatment. The precise sample dimensions
were measured prior to each test to 0.01 mm resolution and these measurements were
input into the software before each test. The samples &eb®dded in epoxy resin
exposng 1 cnf of the sample surface to the electrolyte. All samples were ultrasonically
cleaned in acetone and rinsed using deionised water. A polarisation test cell with the
following inserts was used: test, auxiliary and reference electrodes; luggin capifidry
thermometer, see schematickigure 3-10. Potentiodynamic polarisation was carried

out using an ACM Gillac® potentiostat scanning unit. The taistat was capable of
maintaining an electrode potential within 1 mV of a-pe¢ value. The auxiliary
electrode supplied the current to the working electrode (test specimen) in order to
polarise it. The potential between the specimen and the referdeceode was

monitored in the test.

u . Gas outlet

Thermometer \

Luggin b

{1 Gas inlet
capillary 1" 111,
r“f | [
: A8 Auxilary inlet
| &
AN s B | holder

Working —
electrode

Figure3-10: Schematic diagram of polarisation cell used in the experinfiz2é$

Figure 3-11 shows the experimental sap used to monitor the electrochemical
corrosion. A saturated calomel electrode and a platinum electrode were utilised as the

reference and auxiliary electrode resgively.
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Figure3-11: Schematic of instrumentation setup for

electrochemical polarisation experiments.

To simulate body conditions a°CQuasused &a C |

the electrolyte; se€able3-11for the experimental parameters.

Table3-11: Corrosion eperimental parameters

Tests 1. Open Circuit Potential (OCP)
2. Potentodynamic scan (PDS)afel analysis
Simulated Body Fluid | 1. NaCl Solution

(SBF) 2. Hanks Solution
Experiments carried out in aerated conditions
pH 7
Temp 37°C
Electrodes ReferenceSaturated Calomel Electrode

Counter : platinum

Open circuit voltage | 1 - 2 hours or until the corrosion potential.{& changed ng

sampling time more than 2 mV over a 5 min period (OCP)
Potential range -250 to 3000 mV at 0.5 mV/s
Exposed Area 10 mnf

Open Circuit Potential (OCP) was measured in aerated conditions in each sample for
one hour before potentiodynamic scans were started. After one hour the OCP stabilised
and the potentiodynamic scans were started at 250 mV below OCP, at a rate of 0.5 mV
s'. The results were analysed in terms of geometric surface area. Tafel extrapolation
analysis was used to determine quantitative assessment of corrosion. Corrosion rate was
determined by Equatiofi4):
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Q

whereico is the corrosion current densityX cm™®), K is a constant of 3.27xT0mm g
(>A cm yr)*, EWis the equivalent weight (11.768 g eqiiv.and” is the density (4.42
g/cnt).

3.12.1 Corrosion Testing Procedure

Sample Preparation

1. The specimens to be used for corrosion testing were marked with a unique
designation during preparation.

2. Dimensions of the sample were recorded.

3. Samples were cleaned wilsetone and dried before mounting.

4. Silver paste was applied to attach an insulted wire to the opposite of the tested
area sample and secured to the sample using tape. A requisite resistivity of less
than 1 q was kept for all sampl es.

5. Samples were cold moted using epoxy and allowed to set for at least 6 hours.

6. For comparison purposes the control samples were polished. Grinding was
accomplished using 320 grit SiC paper and polishing was conducted using 9 um
diamond suspension and followed by 0.06 um alureoiation.

7. The surface structure was analysed under SEM or optical microscopy for
existing defects before corrosion testing.

Apparatus Setip

8 The prepared NaCl/Hankés solution was

9. The temperature of the solution wassed to 37 °C using a controlled water
bath.

10.Components of the test cell were placed into the cell. The sample was then
mounted on the electrode holder. Degreasing was carried out using acetone and
rinsing using distilled water, just before immersion.

11. Theworking electrode was transferred to the cell and the salt bridge adjusted so
that the probe tip was about 2 mm away from the surface of the specimen.

Corrosion Testing
12.Before each polarisation scan was initiated, the corrosion sample was allowed to
stabilise in the electrolyte for either 1 hour or until the corrosion potential, E
changed by no more than 2 mV over a 5 min period.

13.Cyclic sweep scan was carried out at a sweep rate of 0.5-mV/s
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Posttest
14. Ultrasonic cleaning was carried out in reagwater to remove loose products.
15.Assessment of corrosion damage: microscopical examination for dealloying,
exfoliation, cracking or intergranular attack by metallographic examination.
16.Data analysis involved OCP variation with time analysis and compan§o

polarisation curves.

3.13 Contact Angle Analysis

The wetting characteristics of the surfaces were evaluated by measuring the contact
angle between the surface and deionised water droplets, based on the standard sessile
drop test. The contact anglés,of deionised water on the untreated and laser treated Ti
6AIl-4V was determined in atmospheric conditions using a sessile drop measuring
machine (goniometer). AI200 angstrom equipment was used for this which comprised

of a monochrome camera and a matctuated 10 ml syringe, sEgure3-12. To avoid
contamination, all samples being tested were cleaned with acetone in an ultrasonic bath
for 30 mins, rinsed with deionised water several time and allowed to dry for at least 30
minutes. A wait period of 30 seconds was used before ‘easbhasurement was taken.
Dedicated software was used to calculate the wetting angles. Three measurements taken
at different positions were averaged to get the final contact angle value for each sample.

The mean value for the angle from both sides of each drop was used.

Figure3-12 FTA 200 angstrom sessile drop measuring madizi2@].
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3.14 Biocompatibility Anal ysis
The biocompatibility work carried out in this research is split into two sect{gnsl|
attachment and proliferation, agg cytotoxicity analysis. The methods taken for each

section are detailed in sections 3.14.1 and 3.14.2 respectively.

3.14.1 Cell Attachment and Proliferation

Cell culture

MC3T3 preosteoblastic cells were cultured in T175 flasks (Sarstedt) in standard media
( MEM media (BioSera) supplemented with 10% fetal bovine serum (BioSera), 2%
penicillin/streptomycin (Sigma Aldrig, and 1% Ltglutamate (Sigma Aldrich)). Cells
were passaged using tryp€tDTA to detach the cells after several washes with sterile
Phosphate Buffered Saline (PBS). The cells were incubated for 3 minutes then media
added to deactivate trypsin. The saatiwas then placed in a centrifuge and processed
at 1200 rpm for 5 minutes. The mixture of trypsin and media was then pipetted out and
the resulting pellet rsuspended and split among T175 flasks. Media was then added to
the flasks and the flasks were @@ in incubators at 37° C and 5% £®edia was

refreshed every 3 days.

Seeding cells

Media was removed from the flasks and the cells rinsed several times with PBS. Cells
were detached from the flasks using trypSIDTA solution and then incubated for 3
minutes. Media was added to deactivate the trypsin. The resulting solution was then
placed in the centrifuge at 1200 rpm for 5 minutes to separate the cells and the solution.
The mixture of trypsin and media was then pipetted out and the pefiaspenda in

10 ml of media. Cells were then counted using a haemocytometer several times and the
average used to calculate the total amount of cells in the solution. The media was again
removed and the pellet thensaspended to yield a cell suspension contgigiis x 16

cells per 20 pl. The titanium samples were warmed in the incubator in 24 well plates
and then seeded with 20 ul of the qlefined cellular solution on each of the treated
surfaces. The samples were incubated for 15 minutes with 1 ml of megifaG and

5% CQ.

Evaluating cell attachment

At 2 hrs, the cells were removed using tryp&tDTA solution, and digested using
papain solution to expose the DNA. Hoechst dye binds to DNA (hence the exposure of
DNA required) and fluoresces, resulting in lneg levels of fluorescence with higher
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amounts of DNA. Cell number was quantified using a Hoechst 33258 DNA assay.
Measurements were made using a fluorescence spectrophotometer (Varioskan Flash,
Thermo Scientific) (excitation: 355 nm; emission: 460 nm) raadlings were converted

to cell numbers using a standard curve. Cell attachment was quantified using the results
from the Hoechst 33258 DNA assay.

Evaluating metabolic activity

10% al amarBlueE solution (-MBMmetia (BigSern), UK
and alamarBlue® dye. AlamarBlue is a compound that is reduced in cells and this
reduction results in a colour change of the solution, thereby indicating the cell metabolic
activity. The samples were then removed from the media and placed in 24 well plates
with 1 ml of 10% alamarBlue® solution in each well. The samples were then incubated

at 37°C and 5% Cg&for 4 hours. They were then transferred back to 24 well plates with

1 ml of media in each well, and the alamarBlue® solution pipetted out in 100 pl
triplicate on 96 well plates and read with a spectrophotometer at 540 and 620 nm
absorbance. This process was repeated at 24 and 96 hours and 7 days to assess cell

metabolism.

Evaluating cell number

At 3 days and 7 days, the cells were removed using trFISIFA solution, and
digested using papain solution to expose the DNA. Cell number was quantified using a
Hoechst 33258 DNA assay. Measurements were made using a fluorescence
spectrophotometer (Varioskan Flash, Thermo Scientific) and readings were converted to
cell numbers using a standard curve. Cell number was quantified, again using the results
from the Hoechst 33258 DNA assay.

Statistical Analysis

One way repeated analysis of variance (ANOVA) followed by HSidek multiple
comparisons were performed on Ibaets to compare data-tdsts were also used to
compare the treated and untreated samples. Error is reported as standard deviation and is

represented on figures, and significance noted for cases with probability, p < 0.05.

3.14.2 Cytotoxicity
Cytotoxicity tests were performed in accordance with ISO 18993009) guidelines
and included the direct contact, the indirect contact and elution tests with MTT as an

endpoint.
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Cell culture

The in vitro cytotoxicity assessment of the titanium samples was peefbron the
mouse embryo fibroblast (NIH/3T3) cell line. All culture and manipulation of cells was
performed within a class 11 laminar flow unit in a dedicated cell culture laboratory. To
ensure an adequate level of sterility, aseptic technique was stithigred to in
accordance with 1ISO 10993 standards. Tissue culture plasticware was utilised at all
times while incubators and laminar flow units were periodically cleaned with 70%
ethanol to reduce the risk of contaminatibnaccordance with American Tygg&ulture
Collection (ATCC) recommendations for cell type media selection, 200 ml volumes of
media, were aseptically prepared in 75%cemlture flasks.Table 3-12 outlines the
preparation of NIH/3T3 complete culture medium. Complete media was stored at 4°C
for no more than 14 days. Media was heated to 37°C prior to use.

Cryovials of NIH/3T3 cells wergemoved fromliquid nitrogen ¢196°C) storage and
disinfected with 70% ethanol. Cells were placed in a 37°C water bath to thaw. Cells
were added to 10 ml of psgarmed medium in sterile 25 ml universals and spun at
1500 rpm for 5 min in a bench top cenige (Mistral 1000, MSE Ltd.). Cell pellets
were resuspended in 1 ml of complete medium. Cell suspensions were subsequently
pipetted into 25 chculture flasks and cultured in a humidified atmosphere of 5% CO
95% air at 37°C until subconfluent.

Table3-12: Composition of NIH/3T3 complete culture medium.

Constituent Volume/200 ml
Dulbecco's Modified Eagles Medium (DMEM) 178
Fetal Calf Serum (FCS) 20
Penicillin-Streptomycin 1
Amphotericin B 1

Upon reaching 80% confluency, anchorage dependant cells were detached from the
growth substratum. Media was aspirated off, under the laminar flow unit, cells were
washed with sterile PBS and 2 ml of 0.25% trypstinylenediamine tetracetic acid

(EDTA) was added in order to facilitate cell removal. Cell culture flasks were incubated

at 37° C for 5 mins. The degree of detachment was then assessed under an inverted light
microscope. In order to deactivate the trypsin upon complete cellular detachment, 2 ml
fresh media was added. Cell suspensions were aseptically removed to a sterile universal
and centrifuged at 1500 rpm for 5 mins. The supernatant was discarded and the cell

pellet was resuspended in 1 ml of complete medium. If required, a cell count was
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performed; otherwise the 1®uspended cell pellet was split equally between two cell
culture flasks and incubated at 37°C in a humidifieg @@ubator.

A volume of 0.1 ml of cell suspension was transferred to a sterile eppendorf tube along
with 0.15 ml PBS amh 0.25 ml of 0.45% trypan blue. The suspension was inverted
several times to allow for ewn distribution of cells. 10 pbf cells were loaded onto a
Neubauer haemocytometer (previously washed with 70% ethanol) and covered with a
glass coveslip. All viable cells were counted in five 1 mMnsquares (see shaded
regions in Figure 3-13), viewed under an inverted light microscope at 200x

magnification.
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Figure3-13: Haemocytometer viewed at 200x magnificatj280]

The count was repeated three times for accuracy and the number of cells gfer ml

suspension was calculated, Equaiits).
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Cytotoxicity Assessment

Cytotoxic effects on cell growth and viability were determined by the MTT assay. This
assay determines the ability of viable cells to convert the soluble tetrazolium salt (MTT)
into a purple formazan precipitate which can be quantified spectrophotonhetiided
conversion of the tetrazolium ring to the formazan product is maintained by the

mitochondrial enzyme succinate dehydrogenase and the cofaictotisamide adenine
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dinucleotide NADH) andnicotinamide adenine dinucleotide phosph&taDPH). The
amaunt of formazan produced is directly proportional to the number of viable cells. Ti
6Al-4V samples tested were insoluble, hence suitable for all three types of cytotoxicity
test outlined in ISO 10993 (2009).

Prior to biocompatibility testing, the titamiu samples were prepared to obtain
reproducible and valid samples for testing. The risk of microbial contamination was
reduced by briefly submerging the samples in 70% ethanol solution. Removal of
residual ethanol was facilitated by evaporation under a@septnditions and UVi
irradiating at 263 nm for 10 mins. Sample eluate was prepared by immersion of samples
in culture media for 7 days followed by preparation of serial dilutions. A 1% solution of
Triton®X-100 was prepared fresh on the day of use by addidgd ¢ | ®®-100fr i t o1
9.9 ml of fresh complete medium in a sterile universal. The solution was mixed,

shaking by hand, and used immediately.

Direct contact assay (MTT endpoint)/ Agarose overlay

An MTT stocksolution (5 mg/ml) was made by dissolving Big MTT salt in 10 ml of
sterile PBS. The solution was filtered
membrane filter, kept in the dark, refrigerated at <4°C and discarded after 21 days.
NIH/3T3 cellswere seeded at 500,000 cells’nih 60 mm tissue wture plates and
incubated at 37°C until confluent. Sterile laser treated and untreat®l -8V samples

were placed in the centre of confluent cultures covering approximately 10% of the
growth area and incubated for a further 24 h at 37°C. Followingfudaremoval of
samples with sterile tweezers, and cell incubation in MTT medium (0.5 mg/ml) for 4 h,
morphology and viability was qualitatively assessed under an inverted light microscope
and toxicity graded as outlined Trable3-13 (ISO 109935, 2009).

Table3-13: Reactivity grades for direct and indirect (agarose overlay) contact assays
adapted from ISO 10993(2009).

Grade Reactivity Description of reactivity zone

0 None No detectable zone around or under specimen
1 Slight  Some malformed or degenerated cells under spec
2 Mild Zone limited to area under specimen

3 Moderate Zone extends up to 1.0 doeyond specimen

4 Severe  Zone extends greater than 1.0 cm beyond specirn

but does not involve entire dish/well
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For quantitative assessment 4 ml of fresh culture media supplemented with 0.5 mg/ml
MTT, was added to each well and incubated for a further 4 h at 37°C. The MTT media
was carefully aspirated ofind 4 ml of Dimethyl Sulfoxide (DMSO) was added to each
well to aid in solubilisation of the crystals. Plates were shaken for 15 s and incubated at
room temperature for 10 min prior to recording optical densities at 540 nm, with cell
viabilities calculated as a percentage of untreated control cells + the starmdardfer

the mean (SEM) using Equati¢ho):

000 ¢1 0OEa®T Q0@ |

TR 1 vnieBE 01 Qmamd

6 QOO @ Q (16)

Elution test (MTT endpoint)

NI H/ 3T3 cells were seeded at 10,000 <cell
plates and incubated in a humidified atmosphere of 5% @& air at 37°C uil the

desired degree of confluency was obtained. Subsequently cultures were exposed to pre
warmed test media containing 208 eluate from FBAI-4V samples or 1% TritGtX-

100 positive control for a further 24 h at 37°C. Following removal of test metlsa c

were washed with 100 pl of warm sterile PBS. 100 pl fresh culture media supplemented
with 0.5 mg/ml MTT was added to each well and plates were incubated for a further 4 h
at 37AC. The MTT media was careful Ity asp
each well to aid in solubilisation of the crystals. Plates were shaken for 15 s and
incubated at room temperature for 10 min prior to recording optical densities at 540 nm.
Cell viabilities were calculated as a percentage of untreated control cedisstatidard

error of the mean using Equati¢ib).
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4.1 Design of Experiments 1

This DOE was especially designed to study the effects of irradiance and residence time
on 316L stainless steel after reviewing of literature and preliminary results, see
AppendixC.

4.1.1 Morphology and Microstructure Analysis

Figure 4-1 shows SEM images the (a) planar and (b) esas$ional microstructure

prior to laser surface modification. The-r@seived surfacdrigure4-1 (a), showed an
uneven topology with significantly large scratches and cracks. The cross sectional
micrographsFigure4-1 (b) and (c), clearly show the phases present in 316L stainless
steel. Small pores are visible as dark spots on the BSE micrographs. These are likely to

be caused by the pull out of inclusidnghe steel during grinding and polishing.

Figure4-1: Microstructure of aseceived 316L stainless steel (a) morphology

structure, and the crosgctional microstructure obtained via (b) secondary

electron (SE) detector and (c) back scatter electron (BSE) detector.

To demonstrate the effects of laser processing parameters on the morphology and cross
sectional microstructe three levels of energy density have been selected, 5.24, 10.48
and 20.96 J/mf These three levels are important as they illustrate three different
stages that result from energy densugriations. Surface morphology and cress
sectional microstructuref the laser processeBll6L stainlesssteel arepresentedn

Figure 4-2 and Figure 4-3 respectively.Figure 4-2 illustrates the surface melting

induced by the laser treatment at increagingrgy densityrom (a) to (c). The surface
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temperature directly under the surface was estimated, using Equ8ioi be
approximately 1190, 2001 and 3111 K tbe samples ifrigure4-2/Figure4-3 (a), (b)
and(c) respectively.

Figure4-2: Effects ofenergy densitpn surface melting
(a) 524 J/mm?, (b) 1048 J/mm? and (c) 2096 J/mm?.

Figure4-3: BackscatterSEM images of transverse cross sectional microstructure

corresponding tprocessedurface shown ifrigure4-2 (a), (b) and (c)

Sample rotation paragters were set to produce 0% overlapping of the melt pool as
represented irFigure 4-2 (a) andFigure 4-3 (a). At 5.24 J/mm, Figure 4-2 (a) and
Figure4-3 (a), laser marking featureare visible. The low energy density only produces
localized melting effects. This is more evidamfigure4-3 (a) which showdess than

20 um depth of processing in the cross sectional microstructuraighdicant grain
structure changes are visibleRigure4-3 (a).

At 10.48 J/mrh, Figure4-2 (b) andFigure4-3 (b) illustrate homogenised melting with
increased depth of processindsing the spotsize diameter of $¢n created on the
surface of the material, the wepkece velocity and PRWere adjusted to create an
overlap of 0%. However overlapping of the meltpool was visible at energy densities of
10.48 J/mrA This overlapping effect is due tiie production ofnelt pools wider than

the original spot sizand subsequent flow due to tlest rotation of the specimeigh
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sample surface sped@72 mm/sland t he b e amod sare Galiavesi soialaon pr
contibute to the overlapping effect. The effects of the Gaussian beam and distribution
of power density are explained in detailsection 6.1.1The grain structure of samples
laser treated at 10.48 J/rirhanged direction at the substrate laser treated interface.
The grain structure ferientation is clearly highlighted iRigure4-4. The phenomenon

was visible in all samples laser treated at energy densities greater than ¥ J/mm
Tangential force produced by the rotation of the sanplattributedto the grain
directionre-orientation.Even though the residence time was very low, the cooling rates
were still not high enough to significantly impact the grain sizes. There was no
significant grain sizechanges observed in the sample laser treated at 10m8.J/
Unchanged grain sizes could possibly be also due to the high carbon content of 316L

stainless steel that also restricts hardening of the material through heat treatment.

AN

Figure4-4: Grainstructurere-orientation in samples laser

treated at energy densities greater than 9 3/mm

Figure4-2 (c) andFigure4-3 (c) depict the surface and cressction microstructure at
anenergy densitgpproximately 4 times larger th&iigure4-2 (a) at 20.96 J/mrwith
surface temperatures approxinthtat 3111 K. An increased depth of processing is
observed, while other regioshiowed somablation duehis higher irradiancesalues.
Grain size and orientation alteratiare also visibleThe overlapping boundaries visible
at highenergy density2096 Jmm?, can be seen ifigure4-2 (c) as layers rresenting
different isothermsFigure4-5 shows the variation in microstructure at different points

within the laser treated region.
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Figure4-5: (a) Microstructure variation in samples treated at 20.96 3anuhclose up

view of specific regions (b), (c) and (d).

Figure4-5 (b) shows thenterface between thentreatedand LSM regionshighlighting

grain structure r@rientation and transition of the grain structdrem the typical
austenite grairstructureinto a lamellar structure. The lamellar morphology created at
this interface in the LSM regiomesembles thegrain structure aftediffusion-less
transformationas presentedn the ASM HandbookVol. 9 [231]. These martensitic
microstructures are produced by rapid quenching of the austenitic parent phase. The
austenitic phase is not retained due to the uninterrupted rapid cooling which prevents

austenitic decomposition into ferrite and pearlite via diffusigmocesses. The substrate
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act as a heat sink thus assisting wabhievingthe rapd solidification necessarfor
formation of this structure

Figure 4-5 (c) showsthe transition from lamellar structures to nodular structures. The
nodular structure, shown figure4-5 (d), is prevalent near the surface. This structure
has notpreviously beenidentified in literature. However, it is postulated that the
transition is caused by the high cooling rates and thermal gradient induced by a
combination of high irradiance and low residence times. Such thermal gradients produce

variant phaes from theypical austenite structure within the untreated region.

4.1.2 Melt Pool Size Analysis

Figure4-6 shows the effects of residence timetba depth of processing at irradiance
valuesfor the three irradiances 79, 157 and 236 kWifmAll DOE meltpool depth

results are shown iAppendixF. Augmentation in melt pool depth is closely linear for
increasing residence time for all irradiance valudggh residence times result in
increased interaction of laser beam and surface of the material thus increasing exposure
time and melting pool depth size. Low levels of irradiaf®@®kW/nm?) and residence

time (50 ps) produced the minimum melt pool depith0 pm. The maximum melt pool

depth of 95 um was produced with combination of high levels of both residence time
(100 ps) and irradiance (23.6 k\Minf).
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Figure4-6: Effects of residence timend rradian@ and on melt pool depth
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To illustrate the effects of irradiance and residence time on the depth of processing and
roughnessenergy densityvas fixed at 13 J/mm? with two different combinations of
irradiance and residence time. The resulting micrographs are shokiguire 4-7. A
combination of low irradianc€79 KW/mm?) and high residence time (167 ps) produced

a mel t pool depth of 115 em. The dept |
combination of high irradiancel$7 RV/mm?) and low residence time (83 ps) which
produced a de pfidured7t Anolsenation of thee aforementioned
results show that residence time has a greater effect on depth of processing compared to
irradiance. The results prevthat depth of processing cannot be related to a product
value energy densily of irradiance and residence time. Independent values of both
parameters have to be considered in order to understand the output depth of processing.
In order tohave a microsticture with low grain sizes (improved hardnes®ry high

cooling rates are required. The cooling rates can only be obtained at very low exposure
time with extremely high irradiance. Using the minimum permissiedence time

from the system a2 7 an sradiance of over 1500 W would be required which is over

the limit of the laser uniised inthe presemdresearch. One way to increase the energy

input is to improve the laser absorbance ofhe stainless steeturfaceas only 3.5%

absorption was estiated using theurface temperature prediction Equat(®hper the
literature[99].

Figure4-7: Backscatter SEM cross section micrographs of sesnmocessed using the
sameenergy density13.1 Jim?) with: (a) low irradiance®9 kW/nm?) and
high residence time (167 ps); (b) high irradiant&7 kW/mm?)

and low residence time (83 is)
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4.1.3 Roughness Analysis

The average roughness of untreated stainless steeheasuredo be 1.96 + 0.26 um.
Figure4-8 illustrates the roughness results obtaiaedarious levels of irradnce and
residencetimes. The roughness increases as the irradiancesasesfor all given
residence times. At low irradiance (R%/mm?), varying residence time does not have

a significant effect on roughness. There is no significant increase in rasgan®w
residence times since no melting occurs at minimum exposure times. At low exposure
times the laser beam is in contact with the beam for a very short period of time therefore
extremely high laser powers are required to induce melting on the esutfagy
exposure times have roughness values comparable to the untreated steel due to the
aforementioned effects. The roughness values obtained in this study give a good
indication of the melting status of the parameters used in the experiment.
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Figure4-8: Relationship betweeaveragesurfaceroughness

andirradiance at varying residence times

An increase in the laser beam residetioge results in elevated surface tengieres
The characteristic of such a treatment is increased roughness allation occurring
on the surface. The highest residence time implemented in the expsricoeducted
(1 6 7) resudted in high roughness. Thesidence time produced awerage rougtess
of 13.8 pm when coupledith the lowest irradiance ofo&kW/mn?. At a residence time

of 1 eard far Bradiances higher than 79 kW/fthe profilometer was unable to
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detect resultindiigh sample roughness due to extensive ablatagure 4-9 illustrates

the effect of low irradiance and high residence time on the surface roughness.

Figure4-9: Sample treated &w irradiance (79 kW/mA) and high residence

time (167>s) illustrating effects of high densities on surface roughness.

Figure 4-9 shows the typical, channkke, ablation features that are induced at high
energy densitiesA strong correlation is also visible between roughness eareigy
densityused in the experiment regardless to bsidenceime; seeFigure 4-10. The
first three points(bottom left) on the graphwere results from samples in which no

melting occurreddue tothe low energy density A linear increase in roughness is
observed with higheznergydensities
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Figure4-10: Relationship between average surface roughnessrady density for
laser processing of 316L with DOE 1.
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4.2 Design of Experiments 2
Two energy densities (10.48 and 11 JAhwhich provided the most homogenous

melting of the surface were especially studied in this DOE. While keeping the energy
densities at 10.48 and 11 J/frirradiance and residence times were varied in order to
study their effects. All design points were processedsreceived, machined, etched,

and machined+etched wepkeces to study the effects of surface-ppeatments.

4.2.1 Microstructure Analysis
Prior to DOE 2, energy densities ranging betweean8 25J/mm? were examined

Figure 4-11 shows theresult of processing @& J/mm? Figure 412 shows the result

from processing at 2Hmm?.

Figure4-11: Influence of lowenergy densit J/nm? on melting of surface

(a) surface topology ar(ch) cross sectional microstructure

Figure4-12: Influence othigh energy density5 J/mm? on melting of surface

(a) surface topology and b) cross sectional microstructure

The processing parameters of these results are not within the DOE 2 set of processing

parameters, however are included here to illustrate processqgtarapace boundaries
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for the laser processing of 316Ihe low energydensityin this caseresuled in
insufficient surface meltingThe lser spot shapes produced are attributed to the
Gaussian characteristics of the laser beard very small volumes of surface metal
melting Negligible overlap occurrediue to relatively small amount of melting
occuring thusthe characteristic of theet spot size is visible. There is significant
change in microstructure as can be sedfigare4-11 (b).

Increasing the pulse energy to 163 producel ablation on the surface of the steel as
shown inFigure4-12 (a). The ablation can easily be noticed through the formation of
distorted channdike features on the stedkigure 4-12 (b) shows the corresponding
microstructural effects and material removal on the steel surface. Overlapping of the
individual molten volumess visible and this is attributed to high irradiance producing
mdting pools larger than the set laser beanface spotliameter.

The rest of the results in this section correspond to DOE 2 set paranigtiers.
topography of the samples laser modified usingenergy densit10.48 Jinm?) but

with different peak powers am@sidence timeare shown irFigure4-13. Figure4-13

(a) shows the treated surfaceast irradiance ofl57.2 kW/mnt and 67 psresidence

time. Figure4-13 (b) shows the surfaces processed at an irradiance and residence time
of 62.9kW/mn¥ and 167 psespectively

Figure4-13: Effects of processing parameters at a fixed energy deasig8 Jmm?):
(a) highirradiance (15kW/mn¥) and lowresidence tim¢67 ps);
(b) low irradiance (62.%W/mnt) and highresidence tim¢167 ps)

Figure4-14 (a) and (b)showsthe cross sectional views correspondingitgure4-13 (a)
and (b) Lower exposure tingeproduced less surface melting and hence a smoothe
surface morphology. The morphology exhibited=igure 4-13 (a) and Figure 4-13 (b)
show an enlarged melted phase due to higher exposurergswdting from thenigher
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pulse width duratiom This is evident from the melt pool depth and roughness results

shown inTable4-1.

Figure4-14: (a) and (b) BSEnicrographsof transverse cross sectional microstructure

correspondingo processed surface showrFigure4-13 (a) and (byespectively.

Glyceregia etchant revesl carbide formatiorand inclusionswithin the stainless steel
microstructure. The small dark spots visible within the microstructuréime4-14 (a)
and (b) resemble carbidaesd other inclusionm the steel. However theggclusionsare
nearly eliminatedvithin the laser processedgiens. Creation of a chemically uniform

and defect free surface is useful as it can lead to increased wear resistant glifaces

Table4-1: Melt pool depth and roughness measurements BQ#& 2 for316L.

Residence Energy Irradiance _ ) Machined and
_ _ Asreceived Machined
Time Density Etched

Depth Ra  Depth Ra Depth Ra

Jimn?
W O Wiy @my | @m) @) @m) | @m) ()

50 11.00 220 38 4.00 48 3.35 43 2.23
67 1048 157 42 2.14 44 2.40 51 3.35
83 10.48 126 51 2.42 53 2.79 60 2.79
100 11.00 110 59 6.90 77 7.13 84 4.01
167 1048 62.9 72 3.63 86 3.38 91 3.38

4.2.2 Effects of pre-treatments and residence time on meltpool depth

Figure4-15 shows the effects of residence timeachining and etchingnahe modified

layer depth Meltpool depth increased with incredseesidence itne for all sample
conditions. A steeperincreas@s not ed bet we @he snaaldinceasdin 1 00
meltpool depth al 6 Om was due to the low irradiance of 62.9 kW/frused for the

4-94



sample processed at this point. Etched samples did not improvestipeoh depth thus
indicating that it had the least impact on improving G&ser absorption of 316L
stainless steel. Machined and etched samples showed the highest meltpool depths.
Machining of samples had a greater effect on meltpool depth comparedhinget

There were no significant effects of greatments on roughness, gggendix F
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Figure4-15: Effects of pretreatments and residentiae on meltpool depth

4.2.3 Microhardness

The average hardness of untreated 316L stainless steel was measured from the sectioned
samples to be 250 H\Wigure 4-16 shows the effects of laser surface melting on
microhardness. The dotted line represents the hardness of untreated samples. Some
samples showed slight increase in hardn&iisough a significant increase in hardness

was identifiable for specific laser processing condititing|evel of inaeasewassmall

and for most samples nostrong relationshipwas presenfrom the effects of laser
processing parameters on resultant microhardness. In order to have significant increase
in hardnessvithin the steel, time is needfor the carbon content to diffuse allow the
transformation from austenite to martensite to od&ui. When insufficient time is
provide due to rapid heating and cooling or when insufficient carbon content is present
to aid the driving of the difision procesghenlittle hardening effect would be expected

to occur. Both of these situatiomgere present in this case due to the rapid laser

processing and the low carbon content in 316L material respectively.
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Figure4-16: Effects of laser processing on 316L hardness

compared to as received material hardness.

Due to the aforementioned phenomeBE6L stainless ste@asnot conducive to laser
hardening.Laser surface hardening of 316L could be achieved via extreme quenching
methods that induce formation of either a giagstalline or an amorphous structure
[232]. An amorphous structure can be achieved on the sudbdbe material by
freezing the molten surface atoms in a random state through extremely rapid quenching
techniques. A possible quenching technique that could be implenmerdehieve this is

by conducting cryogenic laser surface melting. The lasercaurfeeltingin this case

would be onducted with a cryogenic coolant used to assist in quenching the surface.

4.2.4 EDS Analysis

The chemical composition of untreated and laser treated regions were analysed using
energy dispersive -ray spectroscopy (EDSFigure 4-17 shows the crossectional
microstructure highlighting the point of analysis and the corresponding EDS spectrum
of the bulk materialFigure4-18 shows the microstructure, point of analysis, and EDS
spectrum of the laser treated regidrable 4-2 shows that there was no significant
difference in chemical composition of the various elements constituting 316L stainless
steel. Regardless of the high cooling rates implemented in this study the XRD analysis

did not show any phase transfotina.
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Figure4-18. Micrograph and EDS spectrum of the laser melted 316L staistiesls

Table4-2: Chemical composition of elements in 316L stainless steel

measured using the energy dispersinayspectroscopy.

Bulk Material Laser modified region
Element(K level) Weight% Element(K level) Weight%

C 3.06 C 4.16
Si 0.69 Si 0.68
Cr 17.10 Cr 16.89
Mn 151 Mn 1.58
Fe K 65.43 Fe K 64.47
CoK 0.23 Co K 0.28
Ni K 9.68 Ni K 9.43
Mo L 2.29 Mo L 2.51
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4.3 Summary

This chapter presented results for taselr surfacenodification of316L stainless steel.

In particular, the effects of the laser surface modification processing conditions on
meltpool profile, microstructure, roughness, hardness, and chemical composition were
presented. It was found the surface could bdtemieand solidified in a controlled
manner by control of the laser processing parameters. Novel microstructures have been
obtained which were not previously reported in the literaturaser surface
modification also reduced asperities and eliminated sraeid inclusions within the
treated regionAn increase in hardness was achieved for some of the laser processing
conditions relative to the untreated surface. However, the level of this increase was
typically not high and no correlation was evident betwélge range of processing
parameters investigatednd the hardness results. Melbl depths were found to
increase for increased residence time and for machined as well as machined and etched
surfaces.

Reduced irradiance and higher residence times resintéower surface roughness
values. While reduced roughness and increased melt pool depths could be seen as
beneficial for biomedical implants, other physical properties of the ko need to

be considered,ni particular, he levels ofhardness The lack of significant phase
transformation and chemical composition changes of the microstrutburehe
processing parameters investigated would indicate that the possibilgigroficant
improvemens of hardnes&and necessary tribological propertigsuld not be great for

this alloy. This indicates that an alternate process that alters the material structure in a
different manner would be required if laser surface modification was to be successful
for increasing the hardness and life span for 316L hpdants. One possible method of
achieving this would be to create an amorphous structure on the surface of this implant
material. Amophous structures are known to have excelleatdness,wear and
corrision peoperties. Such a structure could potentiallgdbeeved by cryogenic laser

surface tratment.
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Chapter 5
2A001-@0O16 41

This chapter presents results for high speed laser meh@dl#V. The results include
microstructure analysis, meltpool profile, roughness, microhardness, phase and
chemical compositio, wear and corrosion resistance, wettability and biocompatibility
properties. Compared to 316L stainless steel results presented in Chapter 4, much more

detailed characterisations were carried out 66AI4V samples.

5.1. Metallography

The results presged in this section are mainly microscopic analysis of the physical
structure of the FBAI-4V before and after laser melting. Surface topography results
represent the plan view analysis while the cimgion views were obtain after a

transverse sectiamg and etching to highlight phase structure.

5.1.1 Surface Topography
Figure5-1 presents the plan view of the (a}raseived and (b) grit blasted-BAl-4V.
There were no visible voids, inclusions, pits or cracks on the surfaceretesed

samples.

Figure5-1: SEM micrographs showing the plane view of
(a) asreceived and (b) grit blasted-BAI-4V

Figure 5-2 to Figure 5-4 presents the topographical characteristics of the laser melted

region, highlighting the repetitive processing tracks created due to rapid solidification.
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Figure5-2: Back scatter detector (BSE) surface morphology images of laser
surface modified FBAI-4V at a constant residence time of 1.08 ms and
three levels of irradiance (a) 18,7b) 20.4 and (c) 26.7 kW/nfm

Figure5-3: Back scatter detector (BSE) surface morphology images of laser
surface modified FBAI-4V at a constant residence time of 1.44 ms and
three levels of irradiance (a) 15.72, (b) 20.4 and (c) 26.7 kV§/mm

Figure5-4: Back scatter detector (BSE) surface morphology images of laser
surface modified FBAI-4V at a constant residence time of 2.16 ms and
three levels of irradiance (a) 15.72, (b) 20.4 and (c) 26.7 kV¥/mm
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Figure 5-2 shows the morpdiogical structure at the lowest residence time of 1.08 ms
and three levels of irradiance (15.72, 20.4 and 26.7 kW)mimcrease in irradiance
produced a smoother treated region with a more homogeneous melting regime. A
similar trend with increased irraahice was observed for samples processed at higher
residence times of 1.44 mBigure5-3) and 2.16 msKigure5-4).

Evolution of roughness and rippling effect on the treated surface confirms that the
surface was heated to a liquid phase as seé&igiure5-5. No evidence of ablation is
visible on all treated sample due to the careful selection of the laser processing
parameters. Grain structure formation is also visible on all topographic micrographs.
Figure5-5 shows the typical grain distribution on laser melted topography. The grains
are not homogeneous in size and vary within the treated zonEiglme 5-5 the

di mension of the grains varied from as
guantitatively determine from these images an average the grain size within a particular
treated sampleHowever, the grains generally increased in size and became more visible
with increasing irradiance and residence time. The largest grains are visthgiie

5-4 (c) where the highest irradiance of 26.7 kW/frand residence time of 2.16 mas
applied.

-

Figure5-5: Grain distribution on the surface of a sample laselted at an

irradiance of 26 kW/mfand a residence time of 2.16 ms, imaged in BSE mode.

5.1.2 Cross-sectional microstructure

Figure 5-6 shows the etched cresectional microstructure images of theraseived
Ti-6Al-4V taken using an optical microscopes, §égure 5-6 (a), and back scatter
electrondetector (BSE), seleigure5-6 (b). The ageceived microstructure consists of a
fully Il amell ar microstructure corbphaset i ng
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as depicted by both the optical and electron microscope€igare 5-6 (a) and (b)
respectivel y. Optical mi croscopy ograpbws t
while the b phase are darker regions. BSE micrographs on the other hand show the
opposite, with the U phase as dabpkase egi o
To enhance contrast and image clarity a yellow filter was used to take theepict

shown inFigure5-6 (a) andFigure5-7 (b).

(b)

10 pm

Figure5-6: Crosssectional micrographs of the-eeceived Ti6Al-4V
obtained via (a) optical microscopy and (b) BSE.

High speed laser treatment resulted in the creation of a-teekmodified layer
rangingfrom2 0 t o 50 em thick with very differ
bulk alloy. Figure5-7 reveals a typical craekee cross sectional microstructure of the
lasermelted Ti6AIl-4V highlighting also the phase transformation in the modified layer.
Foll owing high speed | aismigrostracturetre&rystgllisedt h e
to form a martensite structure with an

transformation is detailed in later sections of the thesis.

(@) (b)

Figure5-7: Cross sectional BSE micrograph of laser modifie®Al-4V
obtained via (a) optical microscopy and (b) BSE.
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