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ABSTRACT

The merger of metal 3D printing with a simglestprocessing treatment to fabricate parts using

Ti6Al4V medicd-grade titanium alloy would prove very desirable for most biomedical
applicationsln this study, the effect of pegrocessing heat treatment on the microstructure and
properties of 3D prited and conventionally manufactured Ti6Al4V medigedde titanim alloy

was investigated to determine the performance of the as printed artdeladad partdn general,

heat treatment | ed to the growth of distinct
prior Db grain bounda rth and\skapged stractules watten the arbrk e t we a
grains. \fshaped and spherical structures were specific tpr8ided and conventional samples,
respectively. Also, regarding the mechanical properties, 3D printed samples had better wear
resistance as well as higher hardresspared to the conventional samples uthe presence of

V-shaped structures.
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Chapter1l nt roducti on

1.1 Background and Motivation

Recently, advances Metal 3D Printing have led teevolutionay marufacturing techniques for

fabricating parts with complex geometry from 3D CAltawing of the part. They offedesign

flexibility to produce intricate shapes for customized medical parts by simply makamguiss-

aided drawings of the partBMLS (is an exanple ofa powder bed fusion mef§aBD printing

process. This manufacturing jgess is a technology to manuia@ complex geometriealso,

the final products are stronger and denser than converyiamahufactured parts. DMLR].
processstarts with heating the desired metal pewoshthep o wder bed, near to a
temperature. Next, a thin layerpdwder is dispensed on the bydlidtform and based dhe CAD

drawing, a high energy laser selectively sinters the poimtteasolid shapeln the end, after the

part iscooled down, the remaining metal powder is removed. This additive manufacturicgspro

is recently becoming moreteactive for medicagrade Ti6Al4V manufacturingl].

The Ti6Al4V (ELI Extra Low Interstitial) isatwp has e ( U t&onbtgmperdtureoThe a

U phase ( hcuye)is cogtribtitingl most to the mechanical strength of the structure
whilethe b phase (bcc cryst al tigyttatoiscalloy. ineT)6AldvVs i mp a
aluminum is the U stabilizer and vanadium is
temperature at which this alloyblesalrlucy Ws esti
changes to all beta (BC crystal )structure at or above beta tranBukeat treatment, three specific
parameters including temperature, time and rate of cooling may result in different microstructure

and mechanical properties. Choosing optimized heat treatment conditionslingclthe
temperature and cooling rate will result in better mechanical propgties

Titanium alloys have a wide application tine biomedical industry, because of their attnaeti

properties such as high strength to weight ratio, good corrosion resistance, and biocompatibility.
All these great featur es BhKeWih thaselargpamduntsy 6 s u s
of alloyés usage, it is desirable to have mant
Conventional manufacturing techniguesh as castingesult in a large material waste as well as

high manufacturing cost. However, Additive Maacturing (AM) using powder bed fusion

techniques for metallic products offsets the disadvantages of the conventional manufacturing
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techniques and also it is providing customization to biomedical profjcfs]. Residual stresses,
surface roughness, and porosity are some of the disadvantages of additive manufacturing which
can be improved by pogtrocessing like heat treatment which can as well improve the mechanical
properties of titanium alloys. For biocompatibility, stabiliyd cost, heat treatment is the most
conducive method which can be used to reduce residual stresses, to bring proper ductility and
stability to the structure, to increase strength and optimize special prof&rties

Besidsh e at t refeats aneechadalgproperties (wear rate) of Ti6Al4V, velocities, loads,
andtheoxide layer are other elements affecting wear and friction in matgflalfRecenstudies

have prova that the improvement of the wear properties of titanium alloys is related to the
reinforcement content which means thgher consolidatiotead to a lower wear loss rd&]. In

addition, some studies illustrated that the highediass results ilower friction coefficient which

are both dependent 0 [9]. @nhtlee other haady materialmiwthrhagls t r u c
hardness properties may not always lead to the lowest wear rate. For extapemary

martensite pree has been reported to have the worst wear resistance, even thoutiieiighest

hardness properti¢$0].

1.2 Problem Statement and Research Objectives

Although there have been several studies on Ti6Al4V ELI, the mechanical properties data
presented from these studies are not veryistarg. In additionsincethe DMLS printing method

is a newdeveloped manufacturing technique, there are not many studies clarifying
microstructure and mechanical properties of the medical grade Ti6AI4V alloys and possible
techniques to improvehese properties. The amif this work is to study the possibility of usiag

heat treatment technique to improve the microstructure and mechanical properties of-medical
grade Ti6Al4V.A comparison will be made using an alloy processed by conventionaideels

against a 3D prietd one. This is critical in tailoring and improving the structure and properties of
these materials for medical applications. For this purpose, all specimens were heat treated and their
hardness and wear resistance were investighte microhardness and aretest equipment.
Microscopy analysis was done by using an optical microscope and Scanning Electron Microscope
(SEM).
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1.3 Research Methodology

There were three major processes to achieve the objectives of this study. Firstly, dadrsamp

each group (conveional and 3D printed) was chosen as the controlled samples.tdtew the
optimized properties, atbther samples(16 sampleswer e sol ut i oni zed at 10
complete beta phase structure. The purpose of choossgmhperature was to heditthe samples
totheabove beta tr ans inorderte mgketheasgecimers cqmparable th each
other. The solutionizing was followed by -@ooling half of the samples and fast cooling(water
guenching) the rest dlie specimens. One samjiem each group was chosen to be aged at 200,

500, and 800he heat treatment process was followed by a comprehensive microstructural
characterizatiorio determine the morphology of the heaated specimens and theraseived

ones. Moreover, a comparso bet ween the baseline s-@eatpd esd n
ones was also done to investigate the microstructural evolution of Ti6Al4V ELI at different heat
treatment conditions. This study used different microstructural deaizng techniques
including, optical microscope, Scanning Electron Microscope (SEMByXDiffraction analysis

(XRD), and Electron Probe Microanalysis to reveal the microstructure of meplae Ti6AI4V

at different heat treatment conditiorfanally, the effect of heat treatent on the mechanical
properties of medicajrade Ti6Al4V was studieldy Micro Vickers Hardness test as well as rotary

wear test equipment with lubricant. These mechanical tests were done to measure and compare the
hardness and vae rate of each conditiorrespectively. In general, the careful study of the
microstructures and results from the mechanical tests would increase our understanding of the
effect of manufacturing techniques and ppicessing on the microstructure andpganies of
medicatgradeTi6Al4V.

1.4 Summary of Finding

In generaldistinctU | at h and basket weave |l ath structur
observed within the ggrinted samples. As the alloys were heat treated, different microstructures

were observed in different coitidns. V-shaped structures wemostly noticed n 3D printed

samples, which started appearing in solutioned samples. The volume fraction\ekhlaped
structuresvasrising by increasing the aging temperature. The maximeshaped structures were

found at aged 5G0 and as the sample was aged at380@he volume fraction of this

microstructure was reduced. Lath structure was the second structure noticed in Ti6Al4V alloys.

21



Heat treatment | ed to the growth of distinct
prior b grain dgngtempbature @as risingh the thidkreess af lath structures
appeared at grain boundaries was enlarging. About the same result was noticed in basket weave
structures, which were mostly formed in the middle of grain. The formatidrthicknessf the

baslet weave structuresereimproved by increasing the aging temperatuhéch at 808 some

basket weave structures were formed close to the grain boundaiffesent micilostructures
appeared on the alloybdés surface had a signifi
conventional samples. The presence efhédped structure raglless to the aging temperature or
manufacturing techniques resulted in the highest hardnesg bdsket weave structures led to

the lowest hardness among all the other obsemietbstructuresAlso, density and thickness of

the lath structures resulten a different hardness value. Therefonehoth waterquenched/aged

and aircooled/aged samples t he 3D printed samples at 500 h
of the presence of coarsesWiaped structures. Moreover, the 3D printed samples gineaal

higher wear resistance than the conventional samples regardless of the heat treatmimt. condit

1.5 Thesis Organization

This thesis is structured into six chapters. The following includes a summary of each chapter:

X Chapter 1 summarizes the background of medjcadle Ti6AI4V and its applications, the
motivation for this research, and the effect dflilve manufacturing in the future of
orthopedic and biomedical industries.

X Chapter 2 is a literature review of the microstructure and phases of Ti6AI4V ELI. Metal
additive manufacturing and processes that are used for Ti6AI4V manufacturing and post
processing thais necessary after 3D printing are fully discussed in this chapter. Moreover,
it includes a literature review of the possible wear mechanisms found after wear test on
Ti 6Al 4V. The chapter ends with the propose

X In chapter 3, twematerial manufacturing processes (conventional and 3D printing) and
preparations are explained. Alsthe heat treatment process and other experimental
procedures are described in detail.

X Chapter 4 is devoted to the results of heat treatre#fects on ngrostructure and

mechanical properties of conventional and 3D printed medieale Ti6AI4V.
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X Chapter 5 discusses the results and compares them with other research results.

X Finally, Chapter 6 concludes the results captured from this research
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Chapter2L i t eeaRavi ew

2.1 TIi6AIl4V Alloy information

Titanium consists of two main crystal structures, hexagonal-glosec k ed ( HCP) U phas«
centered cubic (BCC) b phase ( Fi gangffectgnthe Te mp e
microstructure and define tiygpe of alloy[11]. Elements such as Aluminum and Tin stabilize the

U phase by i ntionterapsratureg Pute titaniufitas a trassition temperature of
about 88 2 thetransformvation ©f HCP to BCC happens. Elements such as Vanadium,
Molybdenum, and Chromum ar e the b phase stabilizers ¢
temperature, this wialoys[liri ng more b phase to

Figure 2.1 Crystal structures of Titanium. a. Hexagonal clpaeked (HCP) b. BodZentered
Cubic (BCC)[11]

Geneally, due to the allotropic transformation, which can be caused by either alloying or changing

the temperature, titaum alloys are tvided into three main alloy groups.

211 0 alloys

U alloys are formed as a r gasdClwhi ho fartei ttahnei ulm sat
elements. Among all these elements, aluminum and oxygen have the highest solubility gropertie
which enable them to dissolve better. On the ottaerd, alloying with aluminum reduces the

density and brings ductility to the allg¥2]. Ti 5A1 2.5Sn is an exampl e

these alloys are known for their strength, toughness, and creep redis&jnce
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212 U+b all oys

These alloys consist mtfsomedooné¢ wor Ut wd abbi st alk
makehem a mi xture of tEmperatwdl3h Allpys sushes Ti®Al4V anol 0 m
Ti6AI2Sn6V are two welk n o wn U s @he adchaniocal properties of these alloys are
controlled by heat treatment. Therefore, a wide range of rsicnoture and mechanical properties

can be produced i n t he saeg highstreagghsatroo®emperatard andy , U -
good fabricability.

213 b all oys

Generally, al | e molulndy 0 fc oomtea iomr & wloarbgest abi | i
Niobium, Tantalumand Mol ybdenum. Despite U allaodyso6 st
heating or cold work at room temperature may resuhértransformation taheU phas e . Al

alloys have excellent formability, good ductilignd toughnes Since beta is a metastable phase,
by heating this alloy, alpha phase precipitation happ€&hus, this alloy is not the best choice for
application influenced by temperature, although frecttoughness improves by temperature

increasq13].

Ti 6A1 4V with 6% Al uemi naunnd a4s% tVhaen alll i sutma baisl itzhe |
as the U+b al | oyl4]aThererare ovmdifferennges rofatiis alioye avilble

and being used in different industries. Grade 5 of Ti6AI4V is mainly used in aerospace and
automotive industries while the grade 23 or the ELI Ti6Al4V has a wide application in medical
industries. The main difference betweendgr® and grade 23tke lower percentage afxygen,

Nitrogen and Iron in grade 23 which results in ductility and fracture toughness improvement.
Therefore, grade 23 of Ti6AI4V is the best choice when a combination of high strength, light
weight, goodcorrosion resistance, efal formability, and high toughness is required. Above all,

the ELI grade has a superior damage tolerance compared to the othef2jrabes main focus

of this thesis is on medicgrade Ti6AI4V ELI with extradow interstitials of ygen and nitrogen.

2.2 Ti6Al4V Application

Because of titanium alloysd exceptionkmmsed char a

materials are widely used in industries such as aerospace and biomedical engjhbgrirtys
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alloy was first used in 1950 for aircraft applicasoBecause of its lightweight, Ti6Al4V has been
a suitable option for jet engines, gasbines and aircraft framesAs time passed by, more
industries became interested in Ti6AI4V attractive characteri§li6fi [19].In the last few
decades, Ti6Al4V alloys have been used in dental andibguiant which is due to their eztient
biocompatibility to human body tissue, great corrosion resistancéhargbod strengtiweight
ratio [20]. Recently total hip replacement is one of the shaommon orthopedic surgerigl].
The implanted hip has a litexpectancy of 10 to 15 yeaedthough almost half of the patients who
are in need of implants are younger than 70 yearslItids, there is a high risk of a new surgery
and operation.

2.3 Additive Manufacturing

Conventional manufacturing is a process of maoufring structures by remayg material.
Different types of conventional manufacturing are such as turning, milling, ggindilling, CNC
machining, injection molding, forging, and casting. Disadvantages such as the high amount of

material waste are ilgjing more attention to addie manufacturing [21].

Additive manufacturing defines as a process of building structurbs ifotm of threedimension
by joining material layer by layef22]. Additive manufacturing is also known as additive
fabrication, aditive processes, direct digital manufacturing, solid freeform fabricasiod
printing manufacturing. Investigation in additive manufacturing methods dtartbe late 1980s
[23]. The early 3D printing materials were resin, polyamide, wax, ABS, polycasyometal,
metal/ceramic/polymer powders, etc. which were built layer by lagen the CAD model§24].

In the pasttwo decades3D printing manufacturing hasebn applied in industries such as
automotive, biomedical, and aerospd@2], [25]i[27]. In general, additive manufacturing
technology brings improvement in industries by decreasimg Iélad time, bringing more
possibilities to manufacturing complex structures, emstsaving in single parts manufacturing
[24].

Additive manuécturing processeare divided into four categories according to the state of the
starting matgal used. Table 2.1 summarizes the four states of starting material: liquid,

filament/paste, powder, and solid sheet.
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Table2.1 Four categories of AM process according to the state of starting materig28%ed

State ofstarting Process Material Layer creation Phase change Typical materials Applications
material preparation technique
Liquide SLA liquid resin in Laser scanning/ | photopolymerization| UV curable resin, prototypes, casting
vat light projection ceramic suspension patterns, soft tooling|
MIM liquid polymer Ink jet printing Cooling and UV curable acrylic | prototypes, casting
in jet photopolymerization plastic, wax patterns
RFP liquid droplet in On demand Solidificationby water prototypes, casting
nozzle droplet deposition freezing patterns
Filament/paste FDM Filament melted continuous

Solidification by

Thermglastics,

prototypes, casting

in nozzle extrusion and cooling waxes patterns
deposition
Robocasting| paste in nozzle continuous - Ceramic paste Functional parts
extrusion
EFE paste in nozzle continuous Solidification by Ceramic paste Functional parts
extrusion freezing
Powder SLS Powder in bd laser scanning Partial melting Thermoplastics, prototypescasting
waxes, metal patterns, metal and
powder, ceramic | ceramic performs (tg
powder be sintered and
infiltrated)
SLM Powder in bed laser scanning Full melting Metal Tooling, functional
parts
EBM Powder in bed Electron beam Full melting Metal Tooling, functional
scanning parts
LMD powder On demand Full melting Metal Tooling, metal part
injection powder injection repair, functional
through nozzle and melted by parts
laser
3DP Powder in bed | Drop on demand - polymer, metal, prototypes, casting
binder printing ceramic, other shdls, tooling
powders
Solid sheet LOM Laser cutting feeding and -

binding of sheets

with adhesives

paper, plastic, metal

prototypes, casting

models

2.3.1 Powder-basal additive manufacturing

Basically, in powder base additive manufacturing, materials are used intheffpowder and a

localized heat source is used to build a structure layer by layer. Powder bed fusion technique

consists of different processésat are used ksed on the material and applications. SLS or

Selective Laser Scanning is one of the powder fas@n techniques in which the powder is

sprayed in a layer then based on the desired strutharppwder get scanned selectively by a
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laser. SLSprocesses cacover a wide range of material types sucla gelymer, wax, metal,
ceramics, polymer/metalopvders[29], [30]. In this techniquethe powder is partially melted,
while in SLM (Selective Laser Melting) full melting happens. SLM technique is mainly used for
metallic parts and is derived from a selective laser scgriachniqueThe final products are very
dense and normally no pegstocessing is required which makihem have better mechanical
properties than the conventional manufactured m¢gdl§ [34]. DMLS (Direct Metal Laser
Sintering) is another additive manufacturing methbalt is used for metal manufactugnA
schematic of this manufacturing process is shown in FigDMLS is similar to SLM with he
difference that in SLM there is complete melting while in DMLS only partial melting happens
[35].0n the other hand, DMLS and SLS haadot in common while SLS is mostly used for non
metal application§36]. ElectronBeam Melting (EBM) is another powder additive manufacturing
process in wiih an electron beam is used assource of energy. EBM is used for metal
manufacturing and the final products are better 8lad products due to the strength and higher
energy that is received from an electron beam versus that of a laser. The negatoetisis
manufacturing technige is its surface finisf87]i [42]. LMD or Lase Metal Deposition which is
also known as Laser Engineered Net Shaping (LENS) is simildnet&LM technique with the
difference that in LMD the powder is fed v@arozzle while in SLM the structure is made in a
powder bed. The product of this technique is very dense, and nprpastsing is need¢d3]i

[48]. Besides all the good features of this manufacturing technique, due to difficulties in controlling
a large amount of energy used foeling metal powders, issues such as balling, high residual

stress and padeformation may occuB1] which are discussed fully in 9@ 2.3.4 of this thesis.
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Figure2.2 Schematic of Direct Metal Laser Sintering (DMLS) prodé$§

2.3.2 Metal Additive Manufacturing

The first additie manufacturingechnology was able to produce plastic prototypes and parts.
Development in AM technology enablmdustries to 3D prinmetals via EBMand SLM. More
improvement resulted in producing complex-skaped metallic products. In general, metal

additive manufacturing is either dodiectly or indirecty.

2.3.21 Indirect Metal 3D Printing

Binder is usedn the indirect AM pocess to attachnd hold the structure. Binder can be either
polymer or a low melting point metal. Products that are nimadedirect metal AM require post
processing in order to remove the binder and form a fully dense structure-BMS SLA, 3DP,
and LOM are the metadditive manufacturing processes that indirect process is used ifBblem
[51].
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2.3.22 Direct Metal 3D printing

Metal manufacturing can also be done ie threct method. In 34 and EBM proces no binder

usage is necessary since a hgtwer laser or electron beam is used as the energy soudutly to

melt the powder. This manufacturing method results in great mechanical properties which at some

point, thee mechanical propersemay be bettehan the conventional products. Titanium alloys
such as Ti6Al4V and Ti6Al4V ELI are mainly manufactureg direct metal 3D printing35],
[52], [53].

2.3.3 Additive manufacturing application in orthopedic application

Improvement in 3D printing and biomedical industry brought interest irufaaturing orthpedic
implants, artificial organs and medical devi¢g4]. The benefits that additive manufacturing is
bringing to orthopedic implants are tability to manufacture complex structures and geometries,

produce stiff and effective bone implants with tissues similar to bone attegy and abovall,

customizing iIimplants to match patientds needs

MTT Techologies are examples of companies manufacturing orthopadidantal implants
using additive manufacturing techniques like SLM andvEB5], [56].3D printed Ti6AI4V alloys
due to their superior mechanicabperties, biocmpatibility, and similarities to bone stiffness
have attracted scienti st thétwatéechngues usedrio falricaté
implant part444], [57].

Figure 2.3 Additive manufactured hip implacup [58]

2.3.4 Additive Manufacturing Defects

Besides althe great featureghatadditive manufactunig has, this manufacturingethod can be
limited by the number of defects. Porosity, rough surface fiaisth residual stresses are som

examples of flaws that additive manufactured produces may have. Each idfifesicesthe
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mechaical properties of abuilt products. In thisexction, more deiils are discussed regarding
additive manufactured Ti6AI4V.

2.3.4.1 Porosity

Although controlled poraty can be beneficial for Ti6AI4V implants to reduce stress shielding
effect and inpacts, uncontrééd porosity in a fuldense structure happeas a result of on-

optimal deposition parameters and has a negative impact on mechanical prgp®rtjgs]i [62].
Researches have shown that porosiikapes and orientations have etffeon product dudity.

Al so, adiabatic shear bands and mic[63i[65l.acKk s
Porosity apparance is very common in additive manufacturing products, but their size can be
controlled by posprocessing techniques suab heatreatment and HIP which researches show

to haveanimprovement in M productg66]. Generally, pores in 3D printiraye divided ito two

groups: gas pores and lack of fusion pores. Gas pores appear randomly in AM materials as
spherical or elliptic shape (Fig&a). It isbelieved that gas pores form as a result of gas entrapment
and toeliminate their formation durin@D printing, usage foa laser with higher energy and
reducing the scan speed may hi@p]i [72]. On the other hand, lack of fusion psmehich are
shownin Fig 24.b have an irregular sha with sharp edges and appear to be larger than the
spherical pores. They form as a result of deflectioth@melting condition. For examplegw

power hser usage or melting an extra amount of powdkeresult in alack of fusion pores due

to insufficient melting and forming weak bonding between layers. That explains the formation of

the irregular pores at the boundaries which seem like aréak[63], [73].

Figure2.4 a. Spherical or gas pores b. Irregular shaped or lack of fusion[p@tes
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2.3.4.2 Surface roughness

High surface roughness is one of the disadvantages of additive manufacturing which makes almost
all the products from iB manufacturing typedependenton postprocessing74]. Surface
roughness of different AM procsssvaries. Also, by canging the parameters like scanning speed,
powder size, and each layer height in each additive manufacturing process, surface roughness can
be improved. Li el al claimed that there are three reasons for surface roughness formataseStai
phenomena isre of the reasons for a rough surface (Fi§ 2hich can be controlled by the
number of | ayers and the bonded | ayersoé6 angl e.
at the external surface and appearance of open uncontpolled[75]. The most effective post
processing in order to reduce surface roughness is polishing. Research has shown that polished
samples show higher straio failure, which isdue to removing critical defects and cracks from

the surfacg73].

Rough surface finish Smooth surface finisH

Figure2.5 Appearance of staircase phenomena in AM products

2.3.4.3 Residual stresses

Ragd heating and cooling cycles in additive manufacturing processes cause residaas stres
specimend76]. Residual stress rises by increasing the number of layers and usoaliyee
surface has the highest residual stress Vi@lde Moreover, the scanning angle has an effect on
residual sresses. Higher residual stresses can be found along the scan direction whilerésser st
was observed at spots that the scanning direction was perpendicular. In addition, by intireasing
scan éngth, residual stress rig@8]. Residual stress is emf the easons for material failure since

it can cause crack formah and geometrical disorientation in certain péfg. To improve AM

mate i a | l#yéregarding residual stresses, Vastola e{@l] claimed that by preheating the
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fusion bed,the thermal gradientwill be reduced. Therefore, by increasing the bed fusion
temperaturdoy 50 , residual stress can be reduced b
Ti6AI4V the buildngt e mper at ur e i s thetlewonal gradéit 8 low amd cérbpéred,

to SLM manufacturirg, EBM has lower residual stref§9]. Heat treatment is alagsed as a post
processing technique to reduce residual stress-buiismaterials.Stressrelieving in titanium

alloy is dependent to time, temperature and chemical composition y$.alocordng to ASM

standard for Ti6Al4V, stress relieving procegeds to be done for 1 to 4 hours at temperature

bet ween 488. to 650

Figure2.6 Crack Formation as a result of residual stress tuplduing themanufacturing process
[80]

2.3.4.4 Non-equilibrium phases

According tothephas e di agr am, s| oanmsusc empengt irem( bvpha
generallyresl t s in an U phasei dmrmatiost amdt wmme eafu
mixture. A high cooling rate is used ithe additive manufacturing process. Therefonen

equilibrium metastable phases sach ard formed81]. The emperature gradient between layers

is the main reason for neaquilibrium phasdormation. Posprocessing like heat mémentcan

reduce these metastable phases.

2.3.4.5 Balling or over melting

Balling happens aasresult of insufficient laser processing parameters such as its speed and energy.
Due to unfavorable laser parameters melteddeinstead of spreading equallyacettain layer,
they break into droplets. The droptetmation is known as balling which @e of the defects in

additive manufacturing. Balling phenomena can result in a poor surface Tihistbrmation of
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balling is strongly influenced by the melted posvcand the solid surface temperat[82]. Post

processing like polishing the surface finish can improve the balling effect.

Figure2.7 Micrograph of Balling Formation in additive mafacturing proces[83]

2.4 Heat Treatment

Studies have shown that the microstructural and mechanical propertiesnadterias such

as Ti6Al4V can benfluenced by posprocessing heat treatmg8#]. The pos{processing heat
treatments can reduce residual stresses and bring more equilibrium microstractiine
structure[85]. According tothe ASM standardihe heattreating processs accomplished for
several reasons: 1. Relieving stresses that were developed during fabrication 2. To bring
sufficient ductility, stability, and machinability structure 3. To increase stremgind 4. To
improvethe mechanical propertiesf alloys such s fracture toughness, fatigue strengthd

high temperature creep strength based on the appli¢agpn

Various heat treatment types in titanium alloys result in different microsteucod

mechanical properties. Also,edoendi ng on t he al | o yedts p ha
microstructires are expected. Beta transus point is a temperature that differs in alloys with
different chemical composition and it is an important temperatuhe hreat treatment process.

Ti 6 Al 4\VbeHELlal &sr ansus t e mp[&6t whichumakes this alley baveuat 9 7 5
fully b structure above,h Di766A1 4avh db ebheal voews tahsi sa
The ooling rate is another factor heat treatmenthit may cause fferent microstructures in

alloys. For instance, by air cooling afphabeta alloy like Ti6AI4V after solutioning it at
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above beta transus teanpeér &t wwrod , onwi dmam 0ts?t trt
observed, whi water quenchingesultsinmartesi t i ¢ U str u¢flures (Ubd a

As it was mentiong above, based ornfférent applicéions, the heat treatment process may
vary. For examplegheagingp r ocess is used in U+b alloys to

increase ductility and toughness of titanium allojis3].

2.4.1 Annealing

Annealing treatment is commonlyles the solution treatment or stress relief heat treatment
that hasfour different kinds: 1. Mill annealing 2Duplex annealing 3. Recrystallization
annealing, and 4. Beta annealing. The main purpose of annealing is to bring toughness and

ductility at roan temperature to alloy43].

2.4.2 Aging

Aging is another hedteating processhat improves the strength of titanium alloys. It is a
process ofeheat ng speci mens at about 425 to 650 t
resultsinthet r ansf or mati on of he x a gystal structutesto adphad o r t

and sustainability of the decomposition of the supersaturated betd pBase

2.4.3 Heat treating effects on Ti6Al4V ELI

Resarch has been done on the effect of heat treatment on Ti6Al4V ELI by H. Galarraga and

R.J. Warren and they reported that the heat treatpsaimeters such as cooling rate need to

be chosen based o 1j67]tThey repottdd that fagt coalipgpspeeds gesult o n
in a fully iléée areooled samplésicantain fewer martensitic strustife].

Additive manufactured Ti6Al4V alloys go through multiple phasens$formations due to
temperature fluctuation during manufacturjgg]. First, the U+b powder
transus andurnt o | i qui d and then the cooling proces
and then to U, U6, and b, and {88].eig88shoes pr oc e
Ti 6 Al 4V al | oy.GByheathnags eT idéiAalgdrVam o 1050 whi ch

tranais temperature,thewlwl al | oyds phase turns to b. Fast
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alloy at this condimaonenseisuétamaec B phaxs er ecC

coolingheal oy result in | amel | andariedappears.t ruct ur e a

1050°C
N, ~ 850°C

g N
\ 800°C

A
O\ 650°C
Ti-6Al 1% v

Figure2.8 Ti6Al4V Phase DiagranB9]

2.5 Wear Mechanism

Tribology is the science of studying wear and friction. Weguplers as a result dfiction between
surfaces in contacin order to measure and monittre wear of materials, it is essential to
understand different types of wear mechasisin general, here are four main types of wear

mechanism; Adhesive wear, Asivewear, Fatigue war, and Corrosive we§®0].

2.5.1 AdhesiveWear

This type of wear happens asesult of two surfaces sliding against each other and the friction
caused by this coldields the roughness of one surfaceatwmther one. Thus, some material
transformation occurs as a result of esike wear and the ammt of material transferred is
depenable to the area of the contract. Fi§ &hows a schematic tieadhesive wear mechanism
[90].
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Figure2.9 Schematic of adhesive wear mechanism showing from left to right the process of
meeting, friction and adhesion, and finally the separation, respectively.

2.5.2 Abrasive Wear

Abrasive wear is the most common type of weada happens as materials with different hardness
slide against each other (FiglR). This type of wear is controlled by the materials hardness,
geometry of the materials in contact, load ardirsfjdistance. Abrasi wear can happen between
more thanwo surfaces whiclare called two-body and thredody abrasion when there are two
andthree surfaces in contact, respectively. Material can also be cut by a high velocity flowing

liquid which is knavn aserosion which isnother type of abrasive wear].

Figure2.10 Schematiof abrasive wear. a. twioody abragin b. threebody abrasion
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2.5.3 Fatigue Wear

As a result of two surfacediding against each other, a zone of compression and tension is created
ahead and behind the motion, respectively. This compreasi tension initia¢ a crack formation

and as the cycleepeats, the crack enlarges and reaches the surface. Materiahdbsiebris
produced because of the fatigue wear may result in the-boddeabrasive wear. Fig2L shows

a schematic of the fafue wear as well as tsion and compression zo[@3).

= . N

Tension Z27%7%7% compression

Zone p zone Crack Crack
AT :
|WWWEEEEEE v S 33 creation enlargement

Figure2.11 Fatigue wear schematic. a. tension and compression zone, b. crack initigten c.
crack grows as the cycle goes on until failure happens.

2.5.4 Corrosive Wear

Corroson wear (Fig 212) happens when a gace is exposed to a chemical ahdreaction layer

is getting removed after each slide between two surfaces. Basically, after egehfsdisle surface

is getting exposed to the chemical whish going to be remowek at the next cyel [90].

Flud

Figure2.12 Schemati of corrosion wear ahthereaction of materiasurfacewith corrosive
fluid.
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Chapter3Mat er i al

3.1 Material Processing and Preparation

Apreal | oy ed

and

Exper.i

ment al

p 0o wd6Ak4V,(Qaebek CCamda)lmanufactured using the proprietary

APATM Plasma Aomization proces producing highly spherical powdeantaining virtually no

entrapped porosities with minimal satellite content, resulting in axtgptional flowability and

packing density were used. Direct Metal Laser sintering (DMLS) methedig€hto manufacture

cylindrical parts of 25x10 mmAll the

3

printed

sampl es

wer e

manuf .

located at Winnipeg, Canada. PrecisioDM is a known manufacturer for medical implant 3D

printing. To sum upthe DMLS 3D printing methodthe STL file of the cyindrical part is fed to

the printer.At each stage of the printing, a roller spread a thin layer of Ti6AlI4V powder on the

base of thevork followed byheating up the print chamber of the 3D printer. Then a high energy

laser is used toaise the temperaturef the powder for those areas the¢ gart of the design to

just above the melting point. This action at each layer fuses the ptwga¢ner. This is repeated

until the final layer is attached togettjeB]. The pstprocessing a®5 0 0

by oven ooling in a norinert atmosphere using an 1ISO 134&Ktified multistepmanufacturing

for 2

hour s

plan for medical devices was done right after 3D printing those cylindrical parts. For investigation

purposes, a baseline was intngdd to compare the 3D printing pantgh, and this baseline was

consisting of cylindrical parts of 25x10 maf conventionally processed Ti6Al4V ELThese

conventionally
JOEO | ocated

Table 3.1.

at Theidhengicaltcampqgsitio af the T6AI4V allog shown in

manufactured

all oys

wer e

Table3.1 Chemical composition of Ti6AI4V ELI (wt%) from ASTM F136 stand{®d]

Al l oy Conposition

Ti \Y Al O Fe H C N
Ti 6 Al 4

Bal a[3 .-45.|5 .-66.| <0. [ <0.|<0.(0<0.]|<0.
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3.2 Heattreatment

To understand the effect of heat treatment on vodugon of the microstructure and mechanical
properties of medicadrade Ti6Al4V, DMLS nanufactured samples were heat treated. First, all
samples were divided into two groups to studydffect of cooling rate on their structures and
properties. For bett traking the sequence of events that happen to the specimens after heat
treatment, bdt groups were hedteated in a furnace to above beta transus for solutionizimgy. T
temperatureclwen f or solutionizing was 1énpd&aturedond al |
4 hours prior to aging. Group 1 samples werecaoled while samples in group 2 were water

guenched right aft er-4mod. Allsamplesinthgtwdagrpswerethéne 1 0 8 (
aged at 20Gdnd, 800 for 4 hours followed

schematic of the process used for Headiting the 3D printed samples. The whole heat treatment
procedure was repeated for conventional medjcatle T6Al4V samples which were chasat

the comparison baselin&lso, a list of the.8 samples with their names used in this thesis is shown
in Table 3.2.

by

1080 °C - 4 hrs
800 °C - 4 hrs
z
X Q 500 °C - 4 hrs
= % Z
Q e A
=1 o
s 200°C - 4 hrs %
g %
= &
(s
i / AN
Y J | : J
Solutionization Heat Treatment Aging Heat Treatment

Figure3.1 Schematic of heat treatmestanditionsof Ti6Al4V alloy.
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Table3.2 Sample's symbol and their descriptions.

# Symbol Sample Description

1 AR-CV As Received Conventional

2 AR-3D As Received 3D printed

3 | ACl1080CV Solutionized at 1080 followed byair-coolingConventional

4 | AC10803D Solutionized at 1089 followed by aircooling-3D Printed

5 | AC200CV Solutionized at 1080 followed by aircooling + aged at 2@0-Conventional

6 AC200-3D Solutionized at 1089 followed by aircooling + aged at 2@0-3D Printed

7 | AC500CV Solutionized at 1080 followed by aircooling + aged at 5@0-Conventional

8 AC500-3D Solutionized at 1089 followed by aircooling + aged at 5@0-3D Printed

9 | AC800CV Solutionized at 1089 followed by aircooling + aged at 8@0-Conventional
10 | AC8003D Solutionized at 1089 followed by aircooling + aged at 8@0-3D Printed

11 | WQ108G6CV Solutionized at 1089 followed by waterQuenchingConventional

12 | WQ108G63D Solutionizedat 1083 followed by waterQuenching3D Printed

13 | WQ200CV | Solutionized at 1080 followed by waterquenching + aged at 203Conventional
14 | WQ2003D Solutionized at 1089 followed by waterquenching + aged at 2003D Printed
15 | WQ500CV | Solutionized 8108& followed by waterquenching + aged at 593Convenional
16 | WQ5003D Solutionized at 1089 followed by waterquenching + aged at 5803D Printed
17 | WQ800CV | Solutionized at 1080 followed by waterquenching + aged at 893Conventional
18 | WQ8003D Solutionized at 1089 followed by waterquenching + agedt 803 -3D Printed

To

metallographic techniques such as mounting, grinding, polishing, etching, midmaoatysis,

suspension to attain a mirrbri k e

etchant

study

3.3 Metallographic Analysis and Microstructural Characterization

t he sampl es dties mftec heat greatment pracederre, dasid

600, 800, and 1200 grit Silicon Carbide papers. Giowwas followed by polishing with alumina

sur face fini sh ) wsrusethdad s

to enable sampl esbd
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hardness, and wear testing were used. Right after heat treatment, all samples were hot mounted.

To remove oxide l&r and achieve a smooth surface, all specimens were ground with 180, 400,
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condition. Samples were soakén the etchant for about 30 secerahd it was followed by
immediate water and ethanol cleaning, respectively. Optical Microscope (OM) and Scanning
Electron Microscope (SEM) were used to study different structures of Ti6Al4V samples. One of
the equipment sed t o i nve st hapieat peopettibsivas Micio VickgrdHardmass ¢
tester.The hardness of the samplesasimeasured by applying a 300 gf (grémnce) or 2.94 N

force for 15 seconds on the samplkesotal of 15 indentationaway fromthe sap | e s @weree d g e
recorded and theirvarage values calculated as the hardness value of the sample.

3.4 Surface Roughness Measurements and Wear Tests

Tomeasure the surface roughness of the miikersurface of samples, Bruker Contour GT optical
profilometerdevice was used. This device is ggped with two different lights which in this study

the white light was used to detect the surface roughness of each sample. This measurement was
done prior to each wear test t ghnessswithinte t hat
acceptable rangé&tandard used for the surface roughness investigation was 1ISO 25178 in which

a high and low pass filter were used, respectively, to smooth the asperities of the polished surface.
The average of seven roughness measent in the form of area surface maasment (9 for

each sample is shown in Tabl& &r both 3D printed and conventional manufactured Ti6AI4V.

Table3.3 Surface roughness of Ti6AI4V alloys at different heat treatment conditions (nm).

As
Condition WQ10WQ2 (WQ5 (WQ8B8 (AC1JAC2(AC5(ACS8
rece

Conven 1.4%11.2|1.4)1.6|1.3[0.9(1.2]1.2|0.9
3D pr | 1573 | 1.896 | 1.504( 1.569| 1.222| 1.320 | 1.591| 1.473| 1.791

Wear test was the other method usedht@stigate the mechanical properties of meegrable
Ti6AI4V alloy. The UMT Tribolab (Brucker Tribometer, Canada) wear equipment was used for a
ball-on-disc rotary wear test with lubricants. Fig 3.2.a shows a configuration of this equipment.
The sandardused for this test was ASTM G5 (2010) in which a 9.525 mm diameter spherical
high strength grade 5 Ti6Al4V was used as the counter body iesherhe ball was cleaned as

well as weighted before and after each test. Right after ball measurenvess, secured in the
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designed holder. The polished distaped sample which is shown in Fig 3.2.b with a dimension

of 25x4 mm was cleaned, dried by higressured air, and weighted prior to getting secured by a
screw in the center to the bottom of the chambBd&e chamber was filled with 9g/L Sodium
Chloride as Lubricant to fully cover the samp
first dage a preload of 10 N was applied to the titanium alloy ball for 60 s. The main reason for

this step was ensure smooth engagement of the contact surface before the beginning of the major
stage of the test and to examine the force sensor sensitiiéysetond and the main stage started

by continuing the constant normal load of 10 N for 90 mins whileghergal ball rotated with a

velocity of 106.5 rpm. lee mper at ure for the test was kept

temperaturén which the chamber temperature was set ® &7 the beginning of the first stage.

Figure3.2 a. Ball on disaotary wear test machine withetemperaturecontrolled chamber. b.
The dsc-shapé specimen used fdaherotary wear test.

For alll conditions, the ball and the speci mer
Also, in order to find out the asons behind the different wear rates of each condition, wear

mechanisms of wear tracks were stddi optical microscope.

3.5 Electron Probe Micro Analyzer (EPMA)

EPMA was used to analyze the chemical compositionthef vshaped microstructure. The
fundamentof both EPMA and SEM is the same. However, EPMA is mainly designed for

guantitative analysis, while, SEM is primarily designddr highresolution imaging.
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Microanalysis and XRD results helped in realizing the crystal structure of thkaped

microstructire as well as the grain boundaries.

3.6 X-Ray Diffraction Analysis on The Medical Grade Ti6Al4V

2D diffraction data wrecollected at the MAX Diffraction Facility at McMaster University using
a Brucker D8 DISCOVER diffractometer. The diffraction phases ithalsamples were analyzed
using X%Ray diffraction (XRD) with Cu/K alpha radiation with a wavelength of 1.054856ing

an X-ray source operated at 40kV andienA current at room temperatusgth the exposure time
of 300s/framevi t hi n 21&to 10&.MigeeXRMD pfatterns phase identificatiowere carried

out using MDI Jade 6.5 software.
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Chapter4 Res ul t s

4.1 The microstructure of the As-printed Ti6Al4V Alloy

Generally, the mechanical properties of titanium alloys are affected by morphology and
distribandoh pha$tles. It has beenthehpWwmsehatst
direct influence orthe mechanical properties of Ti6AI4V EL95]. Figure4.1 shows the surface

of an etched Ti6Al4V sample which generally reveals the grains affeingt

Figure4.1 The sirface of Ti6AI4V sample after chemical etching
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Figure 42 shows an Optical microscope (OM) and scanning electron microscope (SEM)
micrographs of the agrinted 3D printed Ti6Al4V ELI at different magnificationseterally, two

forms of lath morphologies were observed within the grains. One morphology comprised of
basketwave structures (Fige 4.2 (a)) whiles the other morphology was made up of-likin
structures with single orientations as shown iruFegt.2 (b-d). The basketweave structures were
made up of laths with 2 orientations which were generally at 90° to atheh. The latHike
structures were usually colonies of lath with single lath orientations. Thékiatstructures were
more distinct and devaped than the basketweave structures as shown in Figuide 4ddition,

few surface micropores were obseruethe asprinted specimen as shown in Big (d-f). Figure

4.3 shows the microhardness indentation on thepraged Ti6Al4V ELI. The average
microhardness value recorded for this sample was 402 HV. However, microhardness values were
different for the wo specific morphologies (latike and basketweave structures). The lath
structures exhibite@ higher average microhardness value of 411 HV eghthe short basket

weave structures exhibiteshaverage microhardness value of 395 HV as shown id B{g-d).
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4.2 Microstructural Evolution of the As -printed and Conventional Ti6AlI4V
Alloy Solutionized at 1080°C Folbwed by Water Quenching and Aged at
200°, 500° and 800°.

To study the effect of heat treatment on the microstructural evolution of-grentsd samples, all

the samples in this group were heat e at ed at 1080 f oredgtiorbbpour s a
aghg.Gener al | vy, cooling and diffusion rate infl
Usuallywat er quenching, which has a faster cool it

martensitic alpha which can be either a hexafjonas t r u @r/and oréhorhthbic crystal
structure Uo. The amount and type of each ma
composition of t he Hgur@pdraheves SBEM ricographspl3® prated n g .
Ti6Al4V ELI sample which wasvater quenche& f t er sol utionization at
WQ10803D. The microstructure comprises mainly of lath structures with different orientations

(Fig 4.4(@)) within priokb  gr ai ns i n addition tod44(@®wLathasket
structures were enmating from prioth gr ain boundaries forming U
colonies) asshowninHMgd(c-d) . These U colonies were well de
and usually appeared oriented along pior gr ai n b o un d,a/rshaged strctures  addi
were observed withinthe priir gr ai ns a 44(®,l)oTwese \ishape# strgctures did

not appear to have lath structures within them and appeared smooth.
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Figure4.4 SEM micrographs of the WQ1088D Ti6Al4V sample showing thelath, basket
weave and evolution of new-$haped structures
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As a baseline for comparison, conventional Ti6Al4V ELI samples weretheae at ed at 10 8¢
4 hours and eithaair-cooled or watequenched prior to aging. Figude5 shows the optical and
Secondary Electron (SEM) micrographs of the conventional Ti6AI4V ELI sample which was
water quenched after soluti onCVz ahe miorostruetire 108 0
comprised of densetlastructures (Figh5 a) ) and singl e d4%b)eithned U c
prior b grains with few basket-shapedstruetureséngr uct ur
relatively higher than was observed in beattreated 3D printed sample. ThesWiaped structures

were very much distinct and appeared flat and smooth 4Edc-f)) compared to the ones

observed irtheheatt r eat ed 3D printed sampl e. I n additic

and well devadped compared to the ones observethéheattreated 3D printed sample.
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Figure 4.5 Optical and Secondary Electron (SEM) micrographs ofW(@lOSOCVTi6AI4V
samqpl e showing dense | ath struct-ghapedstracturesnrg pr
the background

k!

52



Figure 4.6 shows the microhardness indentations on the different lath astthjed structures
observed in the hedteated 3D printed, WQ1088D, andconventional, WQ108€V, Ti6Al4V

ELI alloys. The average measur-82wab391 Huwvhdea mp | e 0
the WQ1086CV was 447 HV, representing a 14% increase in hardness. As shown in£igure

the lath structures in the WQ108) weregenerally denser with a higher hardness than the lath
structures observed in the WQ168D. In addition, the obserdeV-shaped structures in the
WQ1080CV were usually harder than the lath structures observed in the WDD8Uhe
WQ1080CV sample, with ts densely packed lath structurexhibited the highest hardness

among all the water quenched samples.

a. 369HV b. 404
Basket Dense lath
tructure in
weave lath / Structt
structure in 32a|?rr]|n;[§d
3D printed P
sample
C. 432 d. 496
Dense lath
V-shaped lath structure in

structurein convenional
Conventional sample
sample

Figure4.6 Microhardness indentations on the different striegwbserved in the WQ108D
and WQ1086eCV Ti6Al4V samples
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