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Abstract

Additive manufacturing, particularly selective laser melting (SLM), is an important process in
biomedical engineering applications due to the SLM technology has the potential to produce
functionally graded materials, lattice structures, and compglkeuctures. Titanium alloys,
particularly Ti6AI4V (Ti64), are among the most widely usedaterials in biomedical
engineering due tdheir high biocompatibility, excellent corrosion resistanaad low elastic
modulus (110 GPa).

One of the main topics ithe literature on SLM ofi64 for biomedical implants is the formation

of anUNinartensitic microstructurdt has been experimentally demonstrated that SLM parts that

are fully UNmartensitic have low ductility of less than 10%. In addition, residual stresses are
associated with the formation of alNjmartensitic structure, resulting in lower mechanical
performance. However, according to ASTM FliZa and ASTM F29244, the microstrcture

of an i mplant or SLM part must habeta Mbhi mwr
phase.Therefore, there is clearly a practical need to study the microstructure development and
mechanical performance of heat treatment of SLM parts. Thiégatiww that heat treatment at

8 5 0 followed by furnace coolingjives theoptimal possible combination of ductility and
strength properties, and the microstructure

treatments.

Bone resorption is a process ofniedossresulting fromthe large difference ivoung'smodulus
between bone (80 GPa) and th&i64 implant (105110 GPa) in younger patients under 40
years of age. The significant difference in Young's modulus results in-gradnal transfer of
stresse to the bone surrounding the implant, leading to stress shielding and thus bone absorption.
Stability and fixation of th@i64 implant inside the bone and bone ingrowth at the interface are
the main challenges aftéie implantationTo improve or enhanckbone formation, accelerate
bonding, and achieve good interfacial bonding between bone tissue and metal implants, new
composite materials ofi64 and hydroxyapatitdHA) are needed. It is well known that the
crystallographic and chemical composition of KBao(PQi)s(OH).) is similar to that of bone
tissue, which can greatly improve osseointegration and biological fixation. Other advantages of
HA that could reduce inflammatory reactions or allergic risks and accelerate bonding are

bioactive, biocompatible, neimflammatory,nontoxic, norimmunogenic and osteoconductive.



The results showed that the microstructure of SLMi6# -2% HA composite was a complex

mi xture of sPUTKO P ,and IG4Ti@ THeiaverage volume fraction of HA in the
microstructure ofi64 -2% HA was about 10%, based on the software Image J. The formation of
HA and dispersed Ca, P and O elements in the microstructure of implants may lead to a higher

tendency of good bone osseointegration and biocompatibility.

One of the main barriers to using spbafr titanium powder in powder bed additive
manufacturing is that it is often very expensilreegularly shaped hydride dehydride (HDH)
powder is a less expensive product than spherical titanium poWuenefore, it is necessary to
determine whether thkybrid powder ofTi64, which consists of 50% by weight of a plasma
atomized (PA) spherical powder and 50% by weight of an irregularly shaped HDH powder with
a flowability of 36.5 s, can be printed without affecting the microstructural and mechanical
propeties of the components produced by the SLM system. It was shown that the reduction of
the powder flowability leads to an increased susceptibility to the formatidackfof fusion
defectswith decreasing tensile properties. The results of this sialyd seem to suggeshat

the absence dack of fusion defectsan be reduced by using the double scanning or remelting

strategy.
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Nomenclature

Titanium Metallurgy

Symbol Definition

U A hexagonal clos@acked crystalline phase ®dftanium and its alloys. Stab
bel ow the p=et@7al@nsus (b

b A body-centered cubic crystalline phase Btanium and its alloys. Stab
above the fp=et975U&@)nsus (b

U + b |Titanium with a microstructure ¢
transus.

UNj UN[Martensitic) is a supersaturated substitudiosolid solution of element
(vanadium) in a hexagonalclepea c k ed crystal l i ne
is a hard phase that can form during the quenching of Titanium.

UNjN;j orthorhombic martensitic phase Tatanium alloys.

Beta transug

(b=

975

The temperature that designates {
fields.




1 Introduction

1.1 Additive Manufacturing

Additive manufacturingAM) or 3D printing is defined aghe technologies fomanufacturing
3D componert by adding/welding the materidédyer by layer using computersoftware(CAD
mode) [1]. As shown inFigure 1-1, the ASTM/ISO 529002015 standard2] divides the
additivemanufacturingnto seven kindsPowderBed Fusion (PBF)DirectedEnergyDeposition
(DED), Binder Jetting, Material Extrusion, Sheet Lamination, Material Jetting, and Vat
Polymerization.Only four of these seven kinds arsed for metal printing. These include PBF,
DED, sheet lamination and binder jettinQnly the first three of these four kinds arsed for
printing titanium and its alloy§3]. PBF is widely cosidered the most important technology,
which also includes selective laser melting (SLM), selective laser sintering (SLS), and electron
beam melting (EBM). PBIs divided into fourstages: Creation of the CAD model, conversion
of the CAD model into an ST[Standard Triangulation Language) file, slicing of the STL file,
and layer by layer printing. A brief schematic of BBF process is shown iRigure1-2.

_ Vat Polymerization ]—[ Digital Light Processing (DLP) ]
[ Liqud |
AW_‘:I Material Jetting ]—[ Ultraviolet Light (UV) ]
{ Selective Laser Melting (SLM) |
—[ Powder Bed Fusion }—E{ Electron Beam Melting (EBM) |

[ Selective Laser Sintering (SLS) ]

) Laser Engineered Net Shaping (LENS)
@—[ Direct Energy Deposition }—D ]

Direct metal deposition (DMD) ]

[ Additive Manufacturin g]

—( Binder Jetting |
Material Extrusion ]_[ Fused Deposition Modeling (FDM) ]
Sheet Lamination ]—[ Ultrasonic Consolidation ]

Figure 1-1: Classification of AM technologies

Design in CAD Convert to STL Slice file Print layer upon layer

Figure 1-2: Powder bed fusiofPBF)process flow4].
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Despite the fact that there are many advanced addui@eufacturing techniques, such as
Electron Beam Melting (EBM) and Direct Energy Deposition, Bedective Laser Melting
(SLM) is the preferred process in the powder bed melting fafdjlyThe key features of the

SLM process are high precision, high manufacturing speed and additional degrees of freedom in

the design of complex structurisg.

1.1.1 Selective laser melting (SLM)
Selectivelaser melting (SLM) is an additive manufacturing process in which heat is generated by
the absorptivity of the powder material to be bonded under laser irradididn this process,
the powder material is heated and melted beyond the melting point, and this molten material
rapidly solidifies to form the desired part. The laser beam is generated in a continuous single
mode laser with a wavelength of 1075 nm via a Nd:Y&GYb:YAG crystal. The generated
laser is selectively scanned onto the surface of the powder layer via optics and a scanner system.
Once a single layer has been scanned, the powder conditioner places a new layer on top of the
previous layer for the beano tscan. The process repeats layer by layer until the product is
finished, as shown iRigure1-3. The experimental setup for this system is showfignre1-4.

Laser

\

Substrate
Plate Powder

%
N
N\

/ / —
Moving
Platform

1- First Layer 2-n'" Layer 3- Remove excess powder

Figure 1-3:Concept of SLM proce$s].

Laser Optics Scanning Mirror

Laser Beam

Powder Depositor Melted Powder
—>

Un-melted Powder Bed

|2

Pre-fabricated Lavers

Fabricated Component

Figure 1-4: The experimental setup of Selective Laser Melting ($8M)
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Selective laser sintering (SLS) is a sedidte additive manufacturing process that produces
compounds by solidtate sintering or melting of binders into the material powdégr The
binders melt at lower laser energies, allowing the material powder particles to sinter. This
proces involves heating and softening the powder material below the melting point, and this

softened material rapidly solidifies to form the desired part.

SLM is a complex process in which a large number of parameters can affect the mechanical
performance and microstructure of the final part, as showigure 1-5. Layer thickness, scan
speed, hatckpacing and laser poweirgure 1-6) are the main input parameters that affect the
energy density of the laser beam impinging on the molten powder layer and influence the quality
of thefinal part[7, 9].

|/ SLM Parameters ‘
. ‘ )
PR I i I L | .
| Laser | | Powder | | Temperature J [ | Scan
‘/LaserSource | Powder Shape ‘ Powder Size | «{ Powder Bed \‘ —{ Scan Speed ‘
' Temperature T G i |
, \ / | . . | [HatchS
;LaserPower | | Powder Density |Layer Thicknessl —_——— | atch Spacing |
S+ TP p— : Powder Feeder | [ p )
Diameter of ‘ ) i Temperature — Scanning Pattern
_ Laser Beam | ' Powder Morphology | Particle Distribution | '~
' o ' Temperature
Distribution

Figure 1-5: Parameters in SLM proced9].

Laser Beam
Power (P)

F-Theta
Lens

Figure 1-6: Schemat diagram of SLM process parameters: laser power, scanning speed, hatch
spacing, and layer thicknefEl].
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1.1.1.1 Applications of SLM Technology

SLM has many appliceons in the biomedical, automotive, and aerospace fiéldgire 1-7
shows medical implants such @ntal prosthesjs3-unit dental bridges, and hip stems made with
SLM technology. Automotive applications made with SLM technology include oil pump
housings, elxaust manifolds, and water pumps for a motor sports caF{gaee1-8). Aerospace
metal parts made with SLM technology include the flight crewaestpartment bracket, engine

housing, and turbine blade, as showfrigure1-9.

Figure 1-7: Biomedical parts: (apnd (b)Dental prosthesisnanufactured by SL§12], (c) 3
unit dental bridgemanufactured by SL§A.3], and (d) Hip stemsanufactured by EBYL3].

Figure 1-8: Automotive parts manufactured by SLM technold§y. (a) Oil pump housing, (b)
Exhaust manifold,ah ( ¢) Water pump for a motor spg

-y, -
7

)

’ A
) \

Figure 1-9: Aerospace parts manufactured by SLM technology: (a) Flight crew rest
compartment brackgi4], (b) Enginehousing[13], and (c) Turbine blade with internal cooling
channel§l3].
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1.1.1.2 Features ofSLM Technology

Due to the increasing use of functionally graded materials (FGM) and functionally graded

structures (FGS) ithe biomedical applicationghe use of SLM processes is rapidly increasing.

From this, the advantages of SLM compared to conventional manufgotannoe derived.

T

SLM is capable of creating functional parts with high osseointegration, including a
porosity gradient odightweight scaffold structures, a microstructure gradient, and a
chemical composition gradient.

Titanium is highly reactive and setige to oxygen, nitrogen, hydrogen, and carbon in the
liquid state or when heated in air to temperatures above 6385Cthese reasons,
conventional manufacturing processes (such as casting) and welding of titanium are very
difficult. The SLM process usea laser beam with sufficient energy density to melt and
fuse a small, localized area of titanium powder (rapid heating) and to rapidly cool the
molten titanium to reduce the uptake of oxygen, carbon and hydrogen. In addition, a
protective shield, such am inert gas, is used to displace atmospheric air and prevent
embrittlement and contamination by nitrogen and oxygen.

Special designs are preferred for most anatomical processes, and in some cases these are
complex shapes with thiwalled sections and cuatures. These designs can be easily
fabricated using SLM techniques, as the design process in SLM has additional degrees of
freedom.

Cost savings: since no highly skilled personnel, molds, dies and equipment are required,
manufacturing costs are reduced.

Environmentally friendly: AM is an environmentally friendly process as little waste is

produced during manufacture.

1.1.1.3 Unfavorable Issues and Defects SLM

The major drawbacks in SLM of materials are the high probability of failure due to Haling

16], lack of fusion (unmelted particled)7], and keyholing18, 19]depending on the parameters

of the SLM process. As mentioned above, the energy density of the laser beam, which is crucial

for the formation of the molten pool, is determined by the energy input, which in turn is

controlled by the SLM parameter3herefore, the SLM parameters, especially the layer

thickness, scan speed, hasgacingand laser power, which determine the energy density of the



laser beam, should be adjusted to achieve sufficient erdaggity. In general, there is an
optimum energy density of the laser beam to obtain adugiity SLM productlt is known that
increasing the energy density by decreasing the layer thickness and scan speed or increasing the
laser power improves thmechaical properties mainly due to the reduction of balling and
porosity. On the other hand, increasing the energy density beyond a critical range has a negative
effect on the mechanical strength of the final product due to keyholing poksytiyoling leads

to the evaporation of powder materials and the development of circular porosity throughout the
componen{20].

Insufficient energy input (due to decreasing laser power and high scanning speed and large layer
thickness) leads to unfused powder, such as lack of fukigaré 1-10) and balling of CRTi

andTi64. Balling is a common phenomenon in SLM and affects the quality of the SLM process.
Balling is generally associated with the formatiorseferalmetallic agglomerates opkerical

or ellipsoidal balls due to the lack of wetting ability of the molbel with the previous layer

[16]. In contrast, some authof21, 22] concluded that the presence of balling phenomena in
alumnum alloys and iron powders is due to high energy density.

~ Lack bf: Fu§ibn R

Kers ) fy SE a3
SEM HV: 20.0 kV. Det: SE
SEM MAG: 1.00 kx _ Date(midly): 08/18/19 50 pm

Figure 1-10: Lack of fusion during SLM process
The physical basis for the energy density of the laser b&m ( is defined by the

volumetric laser energy density with the unit Joule/Millim&{@mn?) and can be expressed by
equationl-1[23].

,,,,,,,,,,,

0O €EEeEeéééééééé d&quationl-1

Where P is the laser power used in watts, v is the scan speed (mm/s), h is the hatch spacing in

mm, and t is the layer thickness in mm. The energy density of the laser beam must be selected to



create a mlten pool of the desired shape/size, but not so high that the molten metal vaporises at
the bottom of the pool (i.e., keyholing defects) and not so low that the molten metal does not
penetrate deep enough (i.e., lack of fusion and balling defects). Cemslgg SLM parameters

must be set to avoid balling and keyholing defects.

1.2 Metallic Implant M aterials

Metallic alloys biomaterials (Ti alloys, CoCrMo or stainless steel) are alloys used for
orthopaedic bone and joint replacements and dental implantarthatended to interact with

living tissues for a long time due to their biocompatibility, high wear resistance, and strength and
ductility [24]. The selection of metallic alloysis an important step in the fabrication of irapis

[7, 24, 25] Due to the eveincreasing requirements for biocompatibiliy hard tissues of the
human body, such as bone and dental tissue, the use of Ti alloys in biomedical and dental
applications is rapidly increasing. In addition, the need for excellent corrosion resistance and low
modulus of elasticity in the applicatiaf bone tissue engineering, dental implants, makes this

metal valuable for applications in the medical field.

1.2.1 Titanium Alloys
Titanium is an allotropic phase transformation metal; it can exist in two crystal structures
depending on temperatuM/hen cooled to 880°C,the bdta phase (BCC structur
state transforms into a hexagonal clpseked (HCP) structure knowas the alphd U) phase
[26].1l n titanium alloys, this temperatphagetoat whi
U-phase occurs is known as bétansug §. This temperature is strongly influenced by alloying

elements and impuritig24, 27]

There are three types of alloying elements for titanitigufe 1-11), depending on how they

af fect phase stabilization or <crystal struct
neutral.Alloying elements, such as Al, that are soluble in the alpha phase and increase the beta
transus ar e)-sw@huliring eldmeras. Bldmants(slich a$/u-Nb, that dissolve in

the beta phase and decr easstabilizihgeThdetements Zrramdn s u s
Sn can be classified as neutral since they exhibit high solubility in both the alphatand b

phases.



|' Classification of alloying elements |
« ‘ J

} [ i , i JE
| o Stablizing ‘ | B Stablizing ‘ | Neutral
| | | | ' L
: , \ . \ o
‘ Substitutional ‘ | Interstatial | ‘ Isomorphous ‘ | Eutectoid ‘ | ZrSn |
[ I |
AL | ONC | [ ViMoNb | [ CrFeSi |

Figure 1-11: Classification of alloying elements in titanium alloys

Recently, titanium alloys can be divided into four different categories based on their
mi crostructur e: Co mme r c {alphla,l aphdpeu rae , ( Uatlbp h a a(nld)
titanium alloys [28]. Table 1-1 describes a list of titanium alloys according to ASTM

designations and assigned Unified Numbering System (UNS) numbers.

1 Commercially pure pades or unalloyed grades of titanium alloys that have
mi crostructures mai n-phgpse.@ommezcally pune gtadeg area | p h a
designated by a variety of designations, including ASTM Grade 1, ASTM Grade 2,
ASTM Grade 3, and ASTM Grade 4.

f Alphait@nium alloys pbhasai minmg aa rs-phadep h & m@o|
(2-5% by volume), and neax| pha titanium al |l ophaseandat ai ni
small amount of less than about 10% by volume of-pb&se in the microstructure.

§ Alphabeta( U +dlioys are an important type of titanium alloys, which inclTde4.

( U +alioys contain a complex composite microstructure of alpha and beta phases (in
volume fractions between 4D%), which determine their mechanical behaj2®j. The
evolution of t he -tiariummloys ts deteominedrby thei cooling rdte b )
during the solidification proceg80]. During cooling, the beta phase decomposes into a
variety of alpha phase morphologiésgure 1-12 shows the schematic diagram of the
structure of different alpha phase morphologies during the decomposition of beta phase
during cooling under beta transus temperatur€®4 alloy [31]. At low cooling rates of

|l ess t han 20 uc/ s, t he beta pbepam tran
wi d ma n s tppatphataadnat dodling rates between {200) °C/s, the beta phase
transf or ms i) algha The misrestructere Willlbe an (hcp) crystal structure
and will be called alpha primé&Njjmartensite due to the high cooling rates of more than

410 °C/sinherent in the solidification procesAt higher cooling rates, the beta phase in

8



hi gher
structure and is called alpha double pritde) (martensitd32].

c 0 n c-stabilizera alphdoeta salloys trandborms into an orthorhombic

1 The microstructure of betidtanium alloys containing a high proportion of betsase

stabilizing elements is completely preserved in té&lphase at room temperat{88].

Beta titanium alloys are classified as stable beta, metadtetd, and betai ch U/ b al |
[34].
Tablel-1: Titanium alloys with the ASTM designations and (UNS) numbers.
Unalloyed Alpha and Near Alpha-Beta Beta Alloys
Grades Alpha Alloys Alloys
Stable Metastable Near beta Betarich
ASTMgrade 1 |  Ti-5AI-2.55n Ti-6Al-4V Ti-30Mo Ti-25Nb-2Mo-4Sn | Ti-20Nb-10Zr- | Tii 13NK 13Zr
ASTM F1341 UNS R54520 | ASTM F 1472 5Ta ASTM F1713
ASTMgrade 2 | Ti-8Al-IMo-1V | Ti-6AI-6V-2Sn Ti-40Mo Tii 12Mai 6Zri 2Fe | Ti-5AI-5Mo- | Tii 4.5Al 3Vi
ASTM F1341 UNS R54810 UNS R56620 ASTM F1813 5V-3Cr 2Moi 2Fe
ASTM grade 3 | Ti-6Al-2Sn4Zr- Tii 6AlT 7Nb Ti-35V-15Cr Tii 15Mo Ti-11.5Mo Tii 5AIT 2Sri
ASTM F1341 2Mo ASTM F1295 ASTM 2066 62r-4.55n 2Z1i 4Moi 4Cr
UNS R54620
ASTM grade 4 | Ti-6Al-2Nb-1Ta | Ti-6Al-2Sn4Zr- Ti-13V-11Cr3Al | Ti-10V-2Fe
ASTM F1341 0.8Mo 6Mo UNS 58010 3Al
UNS R56210
ASTM grade 7 | Ti-0.3Mo-0.8Ni Ti-7Al-4Mo Tii 1Ali 8Vi5Fe
ASTM grade 11| Ti-5AI-5Sn2Zr- Ti-8Mn Tii 8Vi 8Moi 2Fd
2Mo UNS R56080 3Al
UNS R58820
ASTM grade 12| Ti-5AI-1Sn1Zr- Ti-3A1-2.5V Ti-29Nb-13Ta
1V-0.8Mo 4.62r
‘ Alpha phase morphologies ‘
y | )
\ - | o :
Allotriomorphic (ogg)and ‘ Massive (o) alpha ‘ | Martensitic alpha |
Widmanstétten (ap) alpha
« N ~ (o) (@)
| Colony (ap) | Basketweave (ap) | | |
Figurel-12Char acteri stics of the Beta Y Al pha

Titanium is very reactive and sensitive to oxygen, nitrogen, hydrogen, and carbon when in the

liquid state or heated in air to temperatures above 650°@ecause of th high temperatures
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and the tendency of Ti alloys to release discrete amounts of oxide into solution, it is necessary to
use an inert gas atmosphere when SLMing titanium alloys to prevent embrittlement and
contamination by nitrogen and oxygehtanium hasa relatively low coefficient of thermal
expansion of 8.41g( m/m/°C at 20°¢ and a low conductivity of 6.6//m.K ). This results in a

lower possibility of deformation by the SLM process compared to other common implant metals

(stainless steel and CoCrajk), as shown imable1-2.

Tablel1-2: Thermal properties of metallic implants.

Implants Metals Thermal Conductivity Coefficient of thermal expansion
W/m.K gem/ m/ AC at 20A
Ti64 6.6 [35] 8.4136]
Stainless Steel 14.4[37] 17.3[38]
316L
CoCrMo 13[39] 13[40]

1.2.1.1 Ti6Al4V Alloys

Ti6Al4V (Ti64) is one of the most commonly used titanium alloys in aerospace, automotive and
biomedical applications due to its high mechanical properties, excellent corrosion resistance, low
ion release and excellent biocompatibi[iyi]. Ti64 consists primarily of a bodgentered cubic
b-phag and a hexagonal clopea c ke th afle at room temper afi ur e.
titanium alloy such agi64 undergoes a sohdtate phase transformation. The B6C p has e
transforms intoban HCPRU phase when -ctoaheds bl eahlig aft ur e
995°C). The final microstructure, which determines the mechanical properties of Ti alloys
produced by conventional processes such as welding and casting, is mainly influenced by the

cooling rate.

1.3 Hydroxyapatite Bio-Ceramic

Calcium phosphate (CaP) cemias are a group of ceramic materials containing calcium ions
(Ca*), various phosphate ions [FQO PQ, PO/*], and sometimes hydroxide (OH or
carbonate ions (C£) [42]. CaPcan be divided into 3 types: Hydroxyapatite (HA), Tricalcium
Phosphate (TCP) and Tetracalcium Phosphate (TTCP), based on the atomic ratio[48|CH/P

is well known that the atomic ratio of Ca/P is the most important factor in identifying the
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bioactivity and dissolution properties of CaP. A decrease in the Ca/P atomimcatiases the
dissolution rate of CaRt4]. The atomic ratio of Ca/P in human body bones and teeth exceeds
(1.67) and represents HAp [P Qu)s(OH)2] compared to the Ca/P atomic ratio of TCP (1.5)
and TTCP (2]45].

Due to thecontinued risingsimilarity and biomimetic requirements for the hard tissues of the
human body, such as bone and dental tissues, the use of HA nrediwal and dental
applications is rapidly increasing. In addition, the need for biocompatibility, osteoconductivity
and bioactivity in biomedical applications, dental implants and oral surgery makes this ceramic
valuable for medical device applicationsAlis one of the main components of the hard tissues
(bones and teeth) of the human bodyble 1-3 shows the biologicalmechanical,and

physiochemical properties of HA.

Table1-3: Physiochemical, mechanical and biological properties of{ 4B\ 48].

Properties Data Properties Data
Chemical composition Caio(PQy)s(OH), or Hardness (HV) 600
Cas(PQy)3(OH)

Ca/P molar ratio 1.67 Decomposition Temp. (°C)| More than 1000

Crystal system Hexagonal Melting point (°C) 1614
a=b 0.942 nm Thermal conductivity (W/cm|
c 0.688 nm K) 0.013

Youngdés mod 80-110 Biocompatibility High
Elastic modulus (GPa) 114 Bioactivity High
Density (g/crd) 3.16 Biodegradation Low

1.4 Current issues and problems of metallic implant materials

Osseointegration between metallic implants and the bone of the human body is one of the
important factors affecting the application of metallic implants in the biomedical[f6i®b4].
Osseointegration has been associated with a variety of problems, including a large difference in
elastic modulus between implants and bone, osteolysis and aseptic Igptskrof bioactivity,

and release of metal iorjS5]. Osseointegration, defined @he capability of providing good
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interfacial bond between bone tissue and metallic implants, is largely dependent on the implant

material, implant design, surfacendition and loading conditions of the impldb0, 54]

The modulus of elasticity of a metallic implant is one of the main factors that determine its
application in the biomedical fielfb6]. One of the most important problems to be solved for
metallic implant materials is the large difference in elastic modulus between hard tissue (human
bone) and the metallic implant materigd&i 59]. The modulus of elasticity of titanium alloys
(55110 GPa) is lower than that of 316LSS (210 GPa) andCCalloys (240 GPa]60].
However, the modulus of elasticity of titanium alloys is much higher than that of human bone
(10-30 GPa). This large discrepancy leads to a-grawdual or irregular trangfeof stresses
through the human bone/tissue to the metal implant, resulting in astieking effect [figure

1-13). The main cause of osteolysis aadeptic loosening of metal implants is the stress
shielding effec{61].

Stress is applied to the
top of the femur

Stress is applied to the
top of the implant.

The higher modulus of the
implant material means
stresses are transmitted

Vs

down the stem of the
N 2 - / implant. \_
(o — [
‘ \ / \_\/){ / Stressis transmitted \
Y “ [ through the trabeculae \\ As a result, less stress is
\ | of the cancellous bone. \

carried by the bone in

this region, so resorption
is likely to occur.

| The stress is then transmitted
| | through the cortical bone.

Healthy bone Femoral implant

Figure 1-13: : Healthy bone and femoral implant after applying stié&y.

To clarify, bone in nature is a living tissue (dynamic, not static) that undergoes constant
recycling, replacing old bone with new bone (resorption and replenishment), resulting in a strong
bone stucture with age. The resorption and replenishment praressontrolled by the stress
applied to the bonéduman bone tissue consists of spongy bone (porosity structure) protected by
compact bone (denser structure). The density and porosity structilve lnbne changes as the
region in the bone changes, depending on how much stress is concentrated or acting in that

region. Therefore, the strength and stiffness of the bone that carries the load applied to it are
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determined by density and porosi§ut in the case of the bone surrounding the implant, the
large discrepancy in elastic modulus between bone and implants results in eslséieasy

effect’' that causes the bone covering the metal implant to resorb without replenishment, leading
to aseptic loosning, periprosthetic fractures, and implant migrati63i 65]. The 'stress
shielding effect' is observed in both orthopaedic bone and dental im[@én&8]. Therefore, in
practice, there is a clear need to use a metal implant with a modublesb€ity closer to the

bone to prevent the development of the stress shielding effect.

Bandyopadhyay et d69] investigated the effect of porosity (cell structure) on the elastic
modulus of Ti6Al-4V implants. They showed that the elastic madwf implants with porosity

in the range of (232) vol% is close to that of cancellous bone in hum&spana et a51]

found that the elastic modulus of implant specimens with porosity in the rangel8f\i% of
CoCrMo implants was reduced in the range of 33 to 43 GPa compared to the 248 GPa of solid
implants. $milar conclusions were drawn §$9, 70 72]. In addition, the work of Bobyn et

[73] and Mullenetal [74] showed thaincreasing the porosity of implants to-88% leads to an
increase in fixation strength and provides a system that allows the transfer of stress from the
implant to the bondJsually, there are different types of pore geometries (unit cells) to create a
cdlular structure (scaffolds), including: octahedf&@b, 76] (trigonal, hexagonal, diamond
shaped) with different porgizes[70], (cubic and rhombic)s7], and (triangular, hexagonal and
rectangular]77].

In order to enable a metallic implant to mimic the host bone as closely as possible, new
functionally graded porosities are required. The functionally graded strweturiee divided into
gradation of porosity density and gradation of pore B8 Limmahakhun et aJ75] in their

work on SLM of CoCr with functionally graded structure stated that gradation of pore size of
CoCr allows greater stress transfer to the bone surrounding the implant. LimmahakHhuélet al
also found that the octahedral columnar unit cell had the best mechanical properties and the best
proliferation rate of bone cellddan et al[79] investigated the fabrication of a functionally
graded structure (porous scaffolds) of CP Ti by SLM based on a gradation of porosity density
from 7.97% to 19.99%Tl hey found that the elastic modulus was close to that of cancellous bone.
No otherinformation on the SLM of Ti alloys with functionally graded structure has been
reported so far.
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Anot her solution is to use titanium all oys
with Til3Nb13Zr cell structurd70] and SLM with Ti24Nb4Zr8Sn17], which have low
modulus of elasticity in the range of (69) GPa, as shown ifiable 1-4. In addition, betaf{ )
titanium alloys are known for their thgoiocompatibility[27], better mechanical propertig&0],
superior corrosion resistanf&l], and lack of flammable or allergic reactidfg]. Interestingly,

b e t atitar{iun)alloys do not contain V and Al elements comparediéd alloys. In the

literature, vanadium is a toxic elemé¢82] andAl causes Alzheimer's dised88, 84]

Tablel1-4: Young's modulus of biomedidaltitanium alloys.

pb- titanium alloys Young'smodulus(Gpa) Ref
Ti-19Nb-14Zr 14 [85]

Tii 29NbLi (6-11)Td 5Zr 20 [86]
TiT 15NG 9Zr 39 [87]

Tii 24Nbi 4Zri 7.9Sn 42 [88]
Tii 25T4 25Nb 55 [89]
Tii25Ta 64 [90]

Tii 12Moi 5Zr 64 [91]

Tii 1321 13Nb 64-69 [92]

1.5 Selectivelasermelting of composite TiT Hydroxyapatite.

New functionally graded porosities with hydroxyapatite are required to improve or enhance bone

formation, accelerate bonding, and establish a good interfacial connection between bone tissue

and metallic implants. Hydroxyaptgi (HA) has a crystallographic and chemical composition
similar to bone minerals, which could facilitate good osseointegration into bone. In addition, HA
is known to be highly biocompatible, néoxic, bioactive, noinflammatory, osteoconductive,

and noAimmunogenid47]. Despite the advantages of HA, there are also some challenges. The
complexity of SLM of HA and Ti alloys is due to a numbéfactors, including:

1 The differences in physical (thermal expansion coefficients), chemical and mechanical
properties between Ti alloys and HA,
Volume fraction and distribution of HA in the matrix of Ti alloys,

The effects of SLM parameters.
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1 In addition HA undergoes phase transformation at high temperatures during sintering
and melting, which should be taken into account because HA splits into TTCP
(tetracalcium phosphate) and (TCP) (tricalcium phosphate) at 1000 °C in vacuum or 1300
°C in air, which a& unfavorable phases and can easily dissolve in the human body
environment[93, 94] Kaya et al[95] pointed out that due to heating to very high
temperatures (up to 1600 °C) and rapid cooling during plasma spraying, HA may
subsequently transform into some undesirable phases (such as CaO) that are incompatible
with the human bodySimilar conclusions werdrawn by[96]. Several studies, e.¢97],

[98], and[99], focused only on improving the thermal behavior and sintering ability of

HAp powder. Therefore, it is necessary to avoid phase decomposition of HAP powders at

high temperatures during SLM.
Several studies have addressed the enhanced bone formation and ingrowth of natural bone into
osseointegrated implants by HA coatin§anthanakristan et al [100] investigated the
biodegradability of HAcoated Mg. They showed that thiedegradability of HAcoated Mg was
improved by 180% compared to Mg alloy. Biemond eftl@ll] investigated and implanted the
HA-coated Ti samples into the femoral condyle of goats. They concluded that there was good
interfacial bonding between bone tissue and specimen after 15 vwékkgevic et al [96]
studied the microstructure of plasma sprayed HA coated on SS AISI 316. They concluded that
higher plasma power leads to more decomposition of HAaddition, there are critical issues
related to the coating of metallic implants with HA, which have been extensively addressed in
modern research. Zhang et[802] reported the emergence of weak Ti/HA interfacial adhesion
due to the mechanical differences between HA and Ti substrates and the sharp irdterface.
addition, metakoating interface faire has been identified as an important problem in coating

processes that has not yet been so]94096].

Recently, Wei et al[103] investigated the SLM of 316L SS and nana layer by layer using
microstructural studies and nanoindentation tests. They concluded that increasing the volume
fraction of HA increases the extent and amount of crack and increases the hardness value. Hao et
al [104] performed the same studies using 316 SS and HA powder. They performed tensile tests
at different scanning speeds. They found that the scanning speed has a significant effect on the
stressstrain behavior of the SLM of SS 316 add. The optimized scanning speed is 0.160m/s

with a highest tensile strength of 95MPa.
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Han et al[105] in their work on the fabrication of FGM parts from-HA from 0% to 5% HA
with a gradient of 1 % by weight by SLM foundh at t he phase ¢cOdisPE i t uen:
and CaTiQ. Han et al[106] also investigated the tensile and hardness behaviour of SHHATI

with HA contents of 2% and 5% HA (wt%). They reported that with increasing HA content, the

tensile strength decreases to 289 MPa and the microhardness increases from 38@B2Hd.60

There is evidence that with the development of SLM, functionally graded materials and
structures (FGM/S) with porosity and chemical composition have become possible. By designing
FGM/S implants with 100% Ti alloys forming the core of the implafaipwed by different

ratios of THHA and 100% HA the surface of the implants, and the structure of the implants
containing different size and density of porosi& shown inFigure 1-14, to eliminate the
mismatch of elastic modulus between bone and metal impdanfar as we know, additive
manufacturing (SLM) of functionally graded materials and structures (FGM/S) of Ti alloys and

HA has never beepublished.

Core of implant Pores Surface of implant
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Figure 1-14: Functionally graded materials and structures (FGM/S) implant with porosity and
chemical composition.
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1.6 Microstructural evolutionin 3D printing of Ti alloys
Microstructure evolution in 3D printing of Ti alloys is related to chemical composition and

cooling rate.

1.6.1 Chemical composition
Figure1-15 shows titanium alloyed with an isomorphic beta stabilizer phase diagram, which can
reference to f ol-titanwm alldye duqmdp a s e

be wused as a

additive manufeturing and welding. In this system, the beta transus and the martensite starting
temperature (Ms) are decreased when the beta stabilizer content is indfggas®d.-16 shows
the phase diagram of titanium alloyed with a bsigectoid stabilizer. It can be used as a

reference to foll ow ptilraisnalloysdaimgsaddidive manufactormg |
and welding.
a
Alloy o+p
T ------- Alloy Metastable B | gaple p
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Figure 1-15; Pseudebinary b isomorphous phase diagrait07].
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Figure 1-16: Equilibrium phase diagram for titanium alloyed with a Beta eutectoid stabilizer
[107].
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1.6.2 Cooling rates
Rapid heating and cooling caused by thermal gradients in additive manufacturing can
significantly change the microstructure of Ti alloys. Depending on the cooling rates, the beta
phase can subseeptly transform into the martensite, massive, allotriomorphic and widmanstatic
microstructure[31]. At cooling rates above 14 C°s, complete martensitic transformation
occurs. Massive transformation occurs between 410 and 20 C9s. Formation of an
allotriomorphic and widmanstatic microstructure occurs at lower cooling rates below 20 C9s.
Vilaro et al[108], William [1] and Song et glL09] reported that t cooling rate of SLM is in
the range of 10308 K/s. Therefore, martensite formation in SLM of titanium alloys is
confirmed when the cooling rate in SLM is higher than 410 C°/s. Many auftidliisl 13] have
demonstratedhiat the microstructure is fully martensiticyjin SLM of Ti64. Similar results
have been obtained in SLM of dp [114, 115]and Ti6AI7Nb[116]. Figure 1-17 shows the
SEM micrograph showing theNjnartensite structure of theé6@ manufactured by SLMIt has
been shown that SLM parts that are fully martensiijitave a low ductility of less than 10%
[9, 108, 117, 118]Some authors have tried to change the microstructure ftiim@rtensite to
(U+b) . Vr a1e] kteded tleet effeetd of heat treatment on theresitucture and
ductility of parts produced by SLM. Heat treatment converteilj ( t o ( U+ Db) and i
ductility from 7.36 to 12.84Similar conclusions were found %08, 120] Figure 1-18 (a) and
(b) demonstra®SEM micrographs showing the microstructure of annealed SLMed Ti64 at 850
and 1020 C, respectively, indicatingttransformation ofNj o Nu-¢fb al[121] in their work
on the SLM ofTi64f ound t hat the microstructure was a |
s and a | ameUNjmartensiie dt-am ihterlayer tiche of( 10THey also investigated
the effect of lagr thickness on microstructure in SLM ®i64. Their results showed that the
mi crostructure i s a coarser l amel | ar (U+b)
microstructure in SLM of Ti alloys strongly depends on the layer thickness in addition to the

time between layers.
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Figure 1-17: SEM micrograph showing tHé\Nnartensite structure of the Ti64 manufactured by
SLM.
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Figure 1-18: SEM micrographs showing microstructure of annealed SLMed Ti@9 860 and
(B) 1020 C, respectively, indicating the transformatiobdf o U+ b .

1.7 Thesis Objectives

Titanium alloys, especially Ti6AI4V (Ti64), are among the most widely used materials in
biomedical engineering thanks to their high biocompatibility, higlecsic strength, and
excellent corrosion resistance. The stability and fixation of a Ti64 implant inside the bone and

bone ingrowth at the interface are the greatest challenges after implantation. The resorption of
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the bone is a process of bone loss tesung from the | arge differe
between the bones (B0 GPa) and the Ti64 implants (103.0 GPa).

AM, especially SLM, is suitable for revolutionize the global parts manufacturing and logistics
landscape. SLM is an importaptocess in biomedical engineering. This is due to features of
SLM technology that produce lattice (scaffolds) or complex structures and functionally graded
materials (FGM). Due to the continued rising similarity and biomimetic requirements to the hard
tissue of human body such as bone and dental, the use of HA in biomedical and dental
applications is rapidly increasing. In addition, the need for biocompatibility, osteoconductivity,
and bioactivity in the biomedical application, tooth implants, and maxi@fsurgery, make

this ceramic valuable for applications in the medical engineeriige development of
functionally graded materials/structures of Ti64 and HA for applications in biomedical field is to
improve the osseointegration between metallic impglaand hard tissue of human bobgs
become possibleith the development of SLMrhe complexity and challenges of the SLM of

HA and Ti64 alloys comes from a number of factors including:

U The different in physical (thermal expansion coefficients), chenmacal mechanical
properties between Ti64 alloys and HA,
U Volume fraction and distribution of HA in Ti64 alloys matrix,
U The effects SLM parameters.
U In addition, the HA is subject to phase transformation at high temperatures during
melting should be considered
Another mainproblemin the literature on SLM of Ti64 for biomedical implants is that the
f or mat i ommartemditic microsttdtjre. It has been experimentally demonstrated that SLM
parts that are fully UN mar t%eRFudherinire; onbafthe | ow
main barrierdo the use obpherical titanium powder iBLM is that it is often very expensive
(2001 450 $/kg) Irregularly shaped hydride dehydride (HDH) powder is a less expensive product
than spherical titanium powd6i 176 $/kg).

By presenting the problems and challenges abthee,specific objectives of this study are
summarized below:
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Investigate the effects of annealing and solution treatment at 850 and 1020 °C below and
a b o v e-trandusetenfperature on thecrostructure and mechanical properties of Ti64
structure fabricated by SLM to improve ductility.

Analyze the phases, microstructure, and mechanical properflé84e2%HA composite
samples fabricated by SLM.

The Ti64 powder was mixed with different whtgatios of HA, including 1, 2, 3, 4, and

5 wt%. It was decided that the best ratio for this study was 2 wt% of HA (optimum
addition). The Ti64 HA composites, especially with high amounts of HA (3 to 5 wt%),
showed complicated production behavior; dgri8LM processing, several explosions
(popups) occurred, causing the support structure to crash.

Propose, describe, explain, and analyze a functional implant of functionally graded
materials and structures (FGM/S) with porosity and chemical compositionasidTHA

by SLM process, which ensures good biological fixation and osseointegration between
implant and bone tissue without using bone cements.

Determire whether the hybrid powder dfi64 (50 wt% plasma atomized (PA) spherical

and 50 wt% hydride dehydride (HDH) irregular shaped powder) can be printed without
affecting the microstructural and mechanical properties of the components fabricated by
SLM systento reduce the cost

This ratio 5060 was chosen to reduce the cost as much as poasitbédso because of

the limited amount of powder, which did not allow me to use other ratios.
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2 Heat Treatmentsof SLM Ti6Al4V

2.1 Introduction

SLM involves a complex interaction between the phenoneériae process (including melting

and solidification) and microstructural changes or phase transformations of the material being
manufactured7]. The heating and coolingates of the SLM technique are much higher than

those of casting and welding processes and can significantly change the microstruttGde of
alloys[122. The main causes for the -phasepmtoamastensiticans f o
(UNjjstructure during the SLM process are the complete melting mechanism and the very high
cooling rate[11]. Martensitic (Njis a supersaturated substitutional solid solution of elements

(vanadium) in a hexagondgdl23crystal system of t

One of the main issues in the literature about SLMTi®4 for biomedical implants is the
formation of anUNjnartensitic microstructurfd 1, 112]. It has been experimentally demonstrated

that SLM parts that are fullyNjnartensitic have low ductility of less than 195108, 117, 118,

124, 125] Moreover, the residual stresses are associated with the formationfjarastensitic
structure, resulting in lower mechanicalrfoemance[126]. Due to the highly localized heat
input, short interaction times, rapid solidification, and large thermal gradients during the SLM
process, thermal stresses are formed. It is well known that the fatigue performance of SLM parts
can be affected by residustresses generated by the high cooling rates and thermal gradient of
the SLM proces$127]. In addition, according to ASTM FiRa[128] and ASTM F292414

[129], the microstructure of an implant or SLM part requires a minimum strain of 10% and an

alpha [)-beta p) dual phase.

In [111, 121, B0i 132], the authors changed the microstructure of the SLM part ftdjjiq

(U+b) to improve ductility and reduce internal residual stresses. The work by Xu[E214l

revealedd hat the microstruct ur eUbpdtructiré compared tathee r t h
micr ostructure of 30 Wjmarténsitg structute.hAli et {BOppsesentéds an |
a new principle of ()jmartensite decomposition, in which increasing the bed temperature
(preheating) to 570 °C enables the decompositiortififito (U+b)-structure. As indicated by

Qiu et al[111], (Njtransforms into{) plus @) during heat treatment by hot isostatic pressing

(HIP). Vrancken et gl131] in their work on the addition of 10 wi% Mo Ti64 powder during

SLM process found that the conversion 6j fo ((Njis completely suppressed due to the
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reduction ofb-transus temperature from 995°C to 9009lhammad et gl132] investigated the
heat teatments offi64 parts produced by SLM at 950°C near baansus temperature for 1h,
followed by furnace and air cooling. They found that Th@4 microstructure has almost the
same microstructurd)( plus @) due to the converging cooling rate

2.2 Objective

Consequently, there is clearly a practical need to study the microstructure evolution and
mechanical performance of heat treatment of SLM parts. The heat treatmérig# qfarts
produced by SLM have not been studied in depth. Therefor@uiip@seof this researchis to
analyzethe effects of annealing and solution treatments at 850 and 1020 °C below and above the
b-transus temperatureby) on the microstructure and mechanical properties Tid4
microstructuremanufacturedoy SLM. After the solutionreatment, thespecimensvere aged
(reheated) to 550 °C for 3 hours.

2.3 Microstructure of Ti6Al4V

Phase transformations 64 alloy can be divided into two types depending on the cooling rate:
diffusive processes (nucleation and growth) and martensitic transformation (shear mechanism)
Due to the fastooling rates of more than 410 °G,s t -hhase fransforms into the (hcp)
crystal structure called alpha primeNjmartensitebY UNpr into the orthorhombic structure
called alpha double prim&l{jMjartensitebY UNjBjuring the diffusive transformation, tig64
alloy undergoes a phase transformation in the solid state. ThebBb@se transforms into the
HCP-U and BCGbH phases at slow cooling rates of less than 20 *Gheough theb-transus
temperaturefly), as shown irFigure 2-1. For this study, thé; temperature was calculated to be
975 °C according t&q. 2-1 [133].

btr= 882+ 21.1 [Al] + 4.2 [Sn] + 1230] + 23.3 [Si]- 9.5 [Mo] i 6.9 [Zr] i 11.8 [V]i 12.1 [Cr] i 15.4 [Fe] Equation 2-1.

btr= 882+ 21.1 [6.11] +-946[0269[07 11800 32.1[pPi.16.0M1] + 23.3 [ 0]

btr = 18802+0+11.7+0-07 07 47.44i 07 2.62 =973 ~ 975 °C
Dependi n gteroperaturehthe héat treatmentla®4 can be divided into the following

zones: Subtransus heating (in theb zone) and Supertransus heating (in fiiene), as shown

in Figure 2-1.
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Figure 2-1: Typical Equilibrium Phase diagram fdin64 alloys.
2.4 Materials and Methods

2.4.1 Materials preparation
The SLMTi64 components are manufactured at B&rttT e c hni k Kft ( Gy Rr , Hu
commercial SLM machine (Sisma mysint 100/Italy) equipped with a 200 W fiber laser and a 55
e m | a s nihis stydy Ti64 plasmaatomized spherical powder (Gr.23) supplisd(LPW
Technology/UK), as shown iRigure 2-2, was used athe basematerial. Table 2-1 reportsthe
chemical compositiorof Ti64 powder The size distributionis in the range of 185 pm
(D10:14.28 pm D50:25.06 pmD90:42.15 pnm. SLM parameters were selected based on the
guidelires available in the SLM machine, resulting in optimal build conditions. Throughout the
processthe layer thickness, scan speed, and laser power were kept constant at 20 um, 1000
mm/s, and 125 W, respectivelyor shielding, Pure argon gas was used with a flow rat8 &f
L/min. The dimension®f the specimensand the configuration of the tensile test performed

during the investigation ashown inFigure2-3.

Mag= 250X  SignalA=CZBSD Date 4 Feb2020 == Mag= 100KX SignalA=CZBSD Date 4 Feb2020
WD =13.0 mm EHT=2000kv  Time 9:0500 1 WD = 13.0mm EHT=2000kv  Time 9:06:51

Figure 2-2: SEM micrographs show morphologyTa64 powder at differenmagnifications
(250x and 1000x)
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Table2-1: Chemicalcompositiorof Ti64 powder and ASTM specification.

(Mass%) Al \Y Fe O N C H Ti

Ti64 powder 6.11 4.02 0.17 0.090 0.023 0.01 0.003 Bal

ASTM B348 Max | 6.50 4.50 0.25 0.13 0.03 0.08 0.0125 Bal
Gr.23 Min 5.50 3.50 -

|
14

Figure 2-3: The shape and size of the tenspecimer{mm).

2.4.2 Heat treatments processes
After fabrication, four different heat treatments were performed, as shown schematically in
Figure 2-4. In heat treatments 1 and 2, the SLI#4 specinens were heated to 850 (U
73%+0H27%) for 2 hours and therome specimenscooled in the furnace (FC) amathers
guenched with water (WC) to room temperature heat treatments 3 and 4, the SLIW4
specimensvere heated at 1020 (b100%) for 1 h, somsepecimengollowed by FC and others
followed by WC. After WC, thespecimens were aged at 550for 3 hours and then cooled in
the furnaceFor shielding, Pure argon gas was used with a flow rat& &/min. HT850FC,
HT850WC, HT850WC+ A&, HT1020FC, HT1020WC, and HT1020WC+ AG were the

designations for theorresponding hedteated specimens at different temperatures
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Figure 2-4: Schematic representation of heat treatment cycle usknsimvork.

2.4.3 Materials characterization

To understand how the microstructures affect the mechanical properties, three tensile test

specimenswere performed at room temperature for each treatment. The tensile test was

performed using a necomputerized testgn machine (FORM + TEST, Model: TTM 100,

Germany) at a crosshead speed of 1 mm/min. All metallographic examinations of the specimens

were prepared according to the standard procedure for titanium alloy metallogtyyioal

microscopy (OM, Neophot 2, Germg and FEI Quanta 3D scanning electron microscope

(SEM, Hitachi, Japan) equipped with an energy dispersivay)Xspectrometer (EDS) were used

to study the microstructure of trepecimens A (EDS) was used to evaluate the chemical

composition of the phasesKeller's etchant No. 193134] was used to visualize the

microstructure of thepecimensX-ray diffraction analysis (XRD, Philips) er t Pr o)

radiation was performed to analyze the phases composing ap#doemensThe tube current

wi t h

and tube voltage of the XRD are 20mA and 40kd&pectively. Vickers microhardness testing

was performed with a dwell timef 10 seconds and a load of 0.5 kg f.
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2.5 Results andDiscussion

2.5.1 Microstructure investigation
The final microstructurewhich determines the mechanical properties of akeanufactured
Ti64 alloy, is determinedby the heat treatment parametersainly the cooling rate, time, and
temperatureThe researclobjectivesin this study focused on heating thpecimengo 850
and 1020 followed by furnace cooling (FC) and water quenching (VW@Qunderstand the
effectsof differentheat treatment temperatsr@ndcooling rates on the resulting microstructure

andmechanicaproperties.

2.5.1.1 Microstructure of asmanufacturedTi6AI4V

Figure2-5 reportsthe XRD pattern of thasmanufacturedpecimensin which hexagonal close
packed reflections related t h &inaJr t e n s pghaseand @ wealdrthorhombicreflection
relatedto the Unj martensiteof titanium were observed.The Uhj structure is indicated at the
reflectionplane of (111) according to REf35]. Moreover a new reflection plane (101) is seen
at2 =36.53. Unfortunately,there is no possible explanation for this redtitvould seem that

this new refletion is related to théhjstructure

0'(101)

(100) o'

(002) o'

(111) @ "
(102) o'

Intensity?? (a.u.)
(103)a’
’
(201{16}12) o

(110) o'

(200) o’
(202) o'

30 40 50 60 70 80 90
26 (deg)

Figure 2-5: The XRD pattern of the as print&@b4 indexingUNjind Unjphases.

It is well known thatboth of U  aUhljchvea hexagonal structurélhereforejt is very difficult
for XRD analysis to distinguishhem from each otherHowever, there is an important
metallurgical difference betwediNg n d U , whithaiscer®lated tethe content of V in the

atomic structure.Due to the fastcooling rates,vanadium diffusion is inhibitedtherefore, the
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vanadiumcontentin UNphase is higher than U p hleadirg tothe developmenbf significant
deformatiors of the crystal structure dhe UNphasewhich causes broadening tife XRD peaks.

Full width at half maximum (FWHM) valuewere measuretbr the peaks around = 40.56

and 39.80, which correspondo the diffraction of the (101) and (110) peaksttd U and b
phasesrespectivelyTable2-2 compares and summarizes the changes in the FWHM and lattice
parameters ofhe phases in thasmanufacturedstate and after different heat treatmeftgan

be seen fronTable 2-2 that the FWHM value of thasmanufacturedspecimeng0.146§ is
significantly higher than that of thether heattreatel specimendecausehe asmanufactured
specimenis mainly composed diNinartensite Moreoves the lattice parameters a anafcthe
asmanufacturedspecimensare 2.9324A and 4.67 &A, respectivelywhich is in line with the
lattice parameters for tHd\jnartensite in Ref136].

Table2-2: Lattice parameters and FWHM of the maln ahi\p peaks at @ = 4 0 arfsl 89/80°
respectively of as printed sample and samples subjected to different heat treatments.

U/ UNj Phase b Phase
Lattice parameters (A) Lattice
(101) parameters (110)
(A)
Sample Name a c c/a 2 & A FWHM a 2 & A FWHM

As printed 29324 | 467 6 | 1.5930| 40.56| 0.1466
HT850FC 2.9218| 4.6667 | 1.5972| 40.54 | 0.0876 3.1989 | 39.80| 0.253
HT850WC 2.9236 | 4.6701| 1.5973| 40.51| 0.094 32419 39.25| 0.27
HT850WC+AG | 2.9228| 4.6692 | 1.5975| 40.52 | 0.0792 3.2001 | 39.80| 0.211
HT1020FC 2.9264 | 4.6819| 1.5956 | 40.46| 0.1008 3.2316 | 39.41| 0.366
HT1020WC 2.9295| 4.6699 | 1.5968 | 40.43| 0.114
HT1020WC+AG | 2.9238 | 4.6714| 1.5977| 40.47| 0.1373 3.1973 | 39.80| 0.243

No amounts ob phase wereevealedby XRD analysisin contrastEBSD phase map@-igure
2-6) of the cross sectiomdicatethe formaton of abody centered phase The EBSD phase
maps highlighted that the v o lTiGdseuctdre farmoed byo n
SLM. TheUNp h a s e phaseadecolored red and greerespectivelyin the EBSD mapdt is
shownthat h e pr i o rby épitakiad grdwth dumregaccessive layer depositiofid].
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Phase Fraction
I Titanium (Alpha)  0.915
[ Titanium (Beta)  0.085

111 1010

0001 2110
001 101

Beta Pole Alpha Pole

Figure 2-6:EBSD phase maps of as prinfBé4 sample indicating the volume fractionofijd
b phases.

As washypothesizedthe SEM experimentd={gure2-7) prove thathe microstructuref the as
fabricatedTi64 specimenss full UNjnartensiti¢ with a lath morphologyand a small amount df
phase.The averagevalue for UNjath thickness was 0.420 pririgure 2-8 showsthe EBSD
orientation maps and grain size of tbljmartensitemicrostructurein detail. Moreover this
martensiticmicrostructurds defined as a hierarchical structyfegure 2-9), which is composed
of four different types ofENpn the basis othe dimensionsprimary (L=125 pm) secondary64
um), tertiary(32 pm), andquartic(8 pm). The formationof UNjnartensite depends on the cooling
rate.According to Re{31], the critical cooling rate ofi64 for the formation ofNjnartensite in
the microstructure i410°Cs#. The cooling rate during SLMf Ti64 is 10* K s#[108], whichis

significantly higher than410°C . Therefore,the formation ofUNmartensiteduring SLM of
Ti64 is not surprisingThe average hardness of tidjs 377 HV (Figure2-10). It is important to

note that the hardness ORjnartensitehasthe highest value amonghe microstructures of the
otherspecimensexcept for HT1020WG@nd HTD20WC+AG
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Figure 2-7:SEM images ofi64 produced by SLM showird\jnartensite microstructure and the
formation of gas pores.

0.12

0.10 Grain size of a'
0.08
0.06
0.04

0.02

0.00

0.0 0.2 0.4 0.6 0.8 1.0 1.2 14
Diameter [um]

Figure 2-9: An optical micrograph showing hierarchical structurelbiinartensitic
microstructure.
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Figure 2-10: Typical hardness profile of as printed sample and samples subjected to different
heattreatments.

Figure2-11 a and b showhe microstructure ofasmanufacturedrié4 at low magnificationby
optical microscopdor the top andside vievs, respectively The microstructure do not exhibit
homogeneoumorphologies] n t he t op wiaiaswith ae gvaraga disendter bf 72
um were observed to be completely interspersed WhartensitgFigure2-11 a), which can be
attributed to recrystallization during the SLM proceBBis is completely different from what
was identifiedin the side view Figure2-11 b). The morpholog in the side viewconsists ofb
columnar grainghat grow epitaxiallydue to the remelting and resolidification of the material
during thesuccessive layer depositiorch e wi dt h of the b Welmymnar
which corresponds tthe hatch spacinghosen for the fabrication die specimensFigure 2-7
shows a typical SEM micrograph of Ti64 produced by SLM, indicating the existesplerical
gas poreq7.5 um)in the microstructureGas poresre formed bythe formation of a void in the
solidified pooldue to trappedas which isnot insoluble in liquid metaJsesultingin a spherical
void shape[122]. There are two sources tfappedgas: gadrom the powder manufacturing

process and ineshielding gasised with SLM

31



Figure 2-11: a: An optical micrograph of the topew of as printed Ti64 indicating equiaxbd
grains morphologies fully witbNpartensite. b: An optical micrograph of the side view of as
printed Ti 64 indicating b columnar

2.5.1.2 Microstructure of subtransus heat treatments

Figure2-12 reports the Xray diffraction pattern of thelT850FCspecimenn which reflections

of the U, b, andUhjphases were observeéllh e b camibeaseee in théour reflection planes

(110), (200), (211), and (220Qy.is interesting to note that thdnjstructure isdisplayedat a new

weak reflection plane of (1102 =34.73°) according to Ref136, 137] This would appear to

indicate that thelhjis a new phase precipitated from tbljphase during FC coolinglhe

reflection plane (101at 2 =36.53 remains visible in the XRD pattern of tlspecimenafter
HT850FC. Figure 2-13 presentsthe microstructure of thédT850FC specimenat various
magifications i ndicating U agsbcmtedwvi t((ldabk pplaase)( | i gh
confirmed by EDS analysis asvarich elementFigure2-13 D). The V content of thé phase

(2.76 Wit%) isslightly higher tharthat oftheU p h as e (Thisbl 8p hwhishespoor in

vanadium is called metastablebr phase Back scattered electron mode (BSEHgure 2-14)

confirmed theslight chemical contrast between thind b phasesilt is interesting to note that

the Al content inthe br phase(7.67Wt%) ishi gher than that of the U
hardness values of the HT850 FC averaged at 364 HV, is lower than the hardnesasof the
manufacturedspecimen(377 HV). This is due to thelecomposition ofNjnartensite intdJ, b,
andUnjphases
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Figure 2-12: The XRD pattern of the HT850FC sample indexing anbl ) mjhases.
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Figure 2-13:SEM micrographs showing microstructure of the HT850FC sample at different
magnificationsind cat i ng U phase (dark phase) coupl e
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Figure 2-14: SEM (BSE) micrograph showing microstructure of the HT850FC sample indicating
the slight chemicahdcédnphasesbet ween

|t has been 9hawre threati ns hd oUphaseawhenfheatethtoiant o
temperature above 705 [138]. The formation ofthe b phaseat elevated temperatucan be

attributed to theexpulsionof vanadium atoms from tHeNphaseJeadingto thenucleation of the

Uphase along theNpourdaries and the precipitation tifeb  p h attse grain boundaries of

the U phase[112]. As highlighted inTable 2-2, the angle of the XRD peak (10ih) the heat

treated specmens is shifted to lower diffraction angles, compared to tlemanufactured
specimensuggesting that there is significant diffusion of vanadiuth@ri structure. The loss

of interstitial or substitutional atoms (V or Al) in the hcp lattice of Ti le&mla slight increase in

the c/a rati o otfeatcedspesimanexpititadsaeincredse ih thencka aatio of the

XRD peak (101) compared tthe asmanufacturedspecimen From these results, it can be

inferredthat morevanadiumwasl i ssol ved in the b phase during

In this regionat temperatures of 850, below theby, the UNjnicrostructure transfornts about

73% U a nuponBeatrg[1B89]. Cooling to room temperatuneveals a lamellar mixed
structure ofU plus b, in which theU phaseis appearas fine needlesFigure 2-15 shows the

microstructure of thedT850FC specimenat a higher magnification. ktan beseen that some
nanoscalearticlesared i sper s ed olnwadfdure thdl thgsdhamasaalgarticles are
theb p H18%. e
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Figure 2-15. SEM micrographs at higher magnifications showing microstructure of the
HT850FCs ampl e i ndicating the formation of b nan

The XRD analysis of the HT850W€pecimenss illustratedin Figure 2-16. It can beidentified

that the HT850WGpecimerhasstrong reflection peaks tieU phase. There ar e
peaks otheb phase at (Inlafiddtion orereflection2p@aR (111) dhe Lhjphase

was identifiedThe reflection plan€l01) at 2 =36.53 remains visible in the XRD pattern of the
specimenafter HT85@WC. The fullwidth half maximum (FWHM) of the HT850WE€pecimen

(Table 2-2) confirms that thisspecimenhas narrowerU reflections (0.094) compared to
HT1020FC (0.1008) and izroader tharthat of the HT850FGpecimen(0.0876).These results

show that the HT850WC produces an orthorhonthjinstead ofNj
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Figure 2-16: The XRD pattern of the HT850WC sample indeking anbl ) mhases.
Figure 2-17 (a to d) presentshe SEM micrographs of the microstructure of the HT850WC

specimen at various magnifications. The E§dt analysi®f theseformedphases is presented

in Figure2-17 (c). The average V contewif the b and U phases was found to be 2.28 and 1.64
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W1%, respectively, whiclis confirmedby the backscattered electron (BSE) mode as a significant
chemical contradtFigure2-18). As can be seen,ighb phaseds notveryrich in V, indicating the
formed metastableb rphase In fact, he very high cooling rate in watewhich preventsthe
diffusion of vanadium that hasot reached the equilibrium statan explain the formation dhj
martensite It has been shown that the formationi martensitedepends on th& content
[108]. Figure 2-19 is the EDS line scan across the microstructure of the HT858@¢Cimen
From the analysis dhe composition profile, it can be deduced that some areas are ricinia V

othersare poor in V. The presence of high and low amounts of V can explain the formadiign of
a n daphéss.

Nan6sized Particles

b

o~ =" TiK 9220
K> s [::> Vk 164
ﬁ Ak 1312
TiK  90.41
P Vi 221

Figure 2-17: SEM micrographs showing microstructure of the HT850WC sample at different
maghnifications indicating the formation of a dual phase microstructure.

The decrease imicrohardness in the microstructuretbé HT850WC specimengrom 377 to
331 HV, as shown inFigure 2-10, indicates that the Uhj formed duringwater quenching.
Consequently, the microstructure of the HT850¥@cimerwas a complex mixture df, Chj b
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and br. Figure 2-17 (d) shows the microstructure of thEITB50WC specimenat high
magnification, indicating that sont@noscalearticlesaredisperseon t he U phase, \
conf i r melhbsetbpRelIR]. b p

Figure 2-18: SEM (BSE) micrograph showing microstructure of the HT850WC sample
indicating the consigtrable chemical contrast between tpleases.

l' * Jv lr & lHigh amounts of V

4 4 Low amounts of V
60 80 100 120 140 160
Distance

Figure 2-19: The line scan EDS results of HT850WC showing some areas are rich in V and
some are poorin V.

Ageing of the HT850WCspecimenat 550 °C for 3h results significant changes in the
diffraction patternKigure2-20). Three reflection peaks (110), (211), and (220) belonging to the
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b phase have twomnmangarisomte th#T8WspecimenIn addition, a

new weak reflection peak (110) belamg to the Uhj phase is observed at 234.73. This
indicatesthat new phase&h and Uh) are precipitatediuring ageing On the other hand, the
microhardness measurements of the HT850WC+ggecimen (Figure 2-10) indicated an
increase in hardness compared to the HT850¥pEcimen(343 HV versus330 HV). On
combining the XRD result with the microhardness result, deducethat the Uhj partially
decompose and transformed into tH¢  afid ChjphasesFigure2-21 (a to d) presenthie SEM

and optical micrographs showingicrostructure of the HT850WC+AGpecimenat various
magnificationsThe lattice parametg(a) of theb phase in the HT850W€pecimena=3.2 1 9

°A) were higher than those in HT850WC+ABecimenga = 3.2 0 °A) as shown in th&able

2-2. The reason for this result is the difference in chemical composition. The EDS analysis of the
b phase in the HT850WGpecimen(7.31 wt.% Al, 90.41 wt.% Ti and 2.21 4. V) (Figure

2-17 c) confirms that this phase hasdifferent composition tharthat of the HT850WC+AG
specimen5.50 wt.% Al, 88.44 wt.% Ti and 6.05 wt.% figure2-21 d). The concentration of

V. in the b phas e spedimetishighertharBHI 86WIC+ Ph&atomic radii of

V (0.132 nm)are smallethanthoseof Al (0.143 nm) and Ti (0.147 nnj}40]. As a result of the
enrichment of the phase with Vanadium, the latticeaqater of(a) decreases. As shown in
Table 2-2, decreasing the lattice parameter of (a) causes the phase angle to move to a higher

angular locationfrom 2 = 39.25 to 39.80for the (11 0) peak.

a (101)

a (002)

Intensity?? (a.u.)
a (100)
a (110)

rr (110)

T &

0N (@]
o S s8
5 =

(111) o”

&(‘l

F——a(loz)

30 40 50 60 70 80 90
26 (deq)

Figure 2-20: The XRD pattern of the HT850WC+AG sample indeking anbl ) mhases.
38



Wit% TiK 88.44

AIK 630 605
TiK 92.05
Vi 166

9.9 mm |2

Figure 2-21: SEM and optical micrographs showing microstructure of the HT850WC + AG
sample at various magnifications.

After agingthe HT850 WC specimenat 558 ,t he average | ath thickne
increased from 0.2 to 1342 ¢em and the average volume fraction Ofphase was increased

from 68.4 20 74.39% According to the microstructure of th€T850WCH+AG specimerat high
magnification inFigure 2-21 d, this considerable grain growth dkieto the transformation of
nanoscalearticles dispersed on thiphasen the microstructure of th T850WC (Figure2-17

c) into the Uphase The EDS inFigure2-21 d would seems to show that for tRF850WGHAG

treated specimenst h e phdse poor in vanadium -meaintenance itf during aging by

increasing theconcentratiorof vanadium from 2.28 wt%or the HT850WC specimento 6.05
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wt% for the HT850WCH+AG specimendue tothe diffusion of vanadium from decomposed

nanoscale particles into the b phase.

Subtransus heat treatmeat 850  for 2 hours, followed by furnace cooling and water
guenching highlights approximateldifferent microstructure evolutionas detailed inFigure

2-22. A comparisorof the two figuresit can be seen that there are significant differencése
thicknesof U p hTahsee .aver age | at h #0Bjmakenfaersase canlingddd p h a s ¢
1.024 um after water quenchinfNever t hel es s, t he \asthigherdftéri c k nes
furnace cooling thamafter water quenchingyhich can be attributed to the low cooling rates

during furnace coolinghat allow the grains to gravirherefore, we cawconcludethat cooling

rateis animportant factowvhen ooling from 850°Cb e | 0 w. Itismwerth nentioning that the

vol ume f r act is bigheraftér fuldacep doalirsy eéhan after water quenching. The
average Vvol ume afterfarcateicooling andl aftél waieh gusnehing was found to

be B.71% and69.42%, respectively

Figure 2-22: Comparison of the structure morphologies similarity for sample HT850FC and
sample HT880WC.

2.5.1.3 Microstructure of supertransusheat treatments

Figure2-23 A presents th&XRD patternof theHT1020~C specimerin which reflectiongelated

to U abnpHases werd@entified It is interesting to note that some reflections such as (200)

(112) and (201)consistof a seriesof subpeaks as shown kigure 2-23 B. According tothe
literaturethes e findings demonstrate that U phases a
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the same a and different c lattice paramdtEs$]. At the same time, the chemical composition

and morphology of thé phases precipitated at different temperatures are also diff€igate

2-24 shows theoptical and SEM imagesf Ti64 microstructureafter HTLO2GFC heat treatment

revealing a lamellar microstructure tfand b phases.Figure 2-24 (C) shows the chemical

composition of these phases. As can be seerf) piase is rich in (12.75 Wt%)compared to
the U phase(0.63 Wt%) The mean amourfor b phase after HT1020F@as about9.14 + 1
wt%.Peak t emper atwoccarsduriaghthisvheat ttedtneent,bwhich convert thi

microstructure tal 0 0 %Owhng to the slow cooling raté is subsequently converted the

dual phase microstructure dd a n ltlis rioteworthy that some grains bfphase exhibited

particlesof b phaseas highlightedby ayellow circle inFigure2-24 (c and d) The presence df

particles has been reported in heat treatmersofanufacturedri64 at 1150 °C for zhours
followed by air cooling141]. The hardness values of the HT 1020 FC averag@daHYV, is

lower than the hardness of taemanufacturegpecimenThis is due to the decompositiondfj

martensite as well as t hgehe lgeat rdatmentso ar seni ng
A a
o
a]
[+
2 =) H
s 3 ~ — B
o o S e | b |
z 5§ < S S
= o (<1 — —_ - -~
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Figure 2-23: A: The XRD pattern of the HT1020FC sample indekliagd b phasesB:
Enlargements of the (200), (112), and (201) peaks from 74° to 80° diffraction ardjézgting

the formation of subpeaks.
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Figure 2-24: SEM and optical micrographs showing microstructure of the HT1020FC sample at
various magnifications.

The microstructure analysis of HT1020Wpecimensafter XRD measurementgigure 2-25)
showed the presence dflj U ,lhjphases No evi dence of b plypse
U, arfdlUhjphases were revealed in the HT1020WGH#pecimen(Figure 2-26). Moreover,

the intensi of the (110) peak was significantly higher in the HT1020WGp&cimenrthan in
HT1020WC Bot h  UNphasesxhibit a hexagonal structurdherefore, it is difficult to

di stingui sh lphasesbye XRD.UOna nfdhe most important metallurgical
differences betweed  alhjthasess the content of/ element The content o¥/ of UNphase is

higher thanthat oft h e U, whidhasslue torapid cooling that preventthe diffusion of
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vanadium Figure 2-27 shows the SEM and optical micrographs of the HT102®fp€imerat

different magnifications. As can be setme EDS analysigFigure2-27 C) reveals thatNphase

is rich in V (3.19 Wt%)comparedot h e U(0.p2hW&%)d he f or mandiNphaseso f U
instead ofUNjnartensite is surprisingAccording to previous studig$42], the b phase |
when heateda b o wreemfieratureis convertedto a complete UNjmartensitic phasavhen

guenched with wateHo we v e r t he r e as aorofthe powgercarbbe highgr t h a't
than 1020 . The higher hardness of HT1020WC 379 HV) compared tcasmanufactured

specimer(~ 377 HV) is dugo theformation ofUNjnartensite plu§) p has e .
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Figure 2-25: TheXRD pattern of the HT1020WC sample indexihlyj,andU ighases.
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Figure 2-26: The XRD pattern of the HT1020WC+AG sample indekingj, ahdllD mitinses.
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Figure 2-27: SEM and optical micrographs showing microstructure of the HT1020WC sample at
various magnifications.

In contrast to the HT1020F@rocess,where the formation of) + lamellae were thenain
metallurgical feature§igure2-24), in the HTLO20WCprocesghe columnar priob structure of
theasmanufactured’i64 is replaced by serei q u i a x e dvithba dignneter ohabout70 um

with longer elongated grains andJ\jas shownin Figure 2-28. The b phase undergoes more
complicated microstructuratansformations during solidification aftefT1020/NC, such aghe
formation ofthe UNphase by thalisplacingtransformation with a shear mechanism and the
formation ofthesemie qui axed b grains morphol ogy by a
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Figure 2-28. SEM micrograph showing semguiaxed grains morphology of the HT1020WC
sample.

The effect ofaging (550 /3 h/FC) on the microstructure of HU20WC specimensis
summarized irFigure 2-29 at various magnificationgt can be seen that thenger elongated
grainshave started to fragment and globularize as indicated by the arrdviguire 2-29. This

result leads us to conclude that the aging is the key factor in determining the final dimensions
and the morphology of the phaseThe f or mati on of b plGavaseotaft er
revealed by optical and SEM results. In contrast, XRD result after HT1020 \@@dicating

the formation of a small amount bfphase Figure2-26). The microhardness results confirm the
SEM result of HT1020 WC +AG, as there is a slight increase after aging (384 HV instead of 379
HV for the HT1020WCspecimeih Figure 2-30 shows the microstructure of thdT1020
WC+AG specimenat a highemagnification. It can be seen that some nanoscale particles are
di sper sephasean t he U
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Fragmentate

Figure 2-29: SEM and optical micrographs showing microstructure of the HT1020WC+AG
sample at various magnificans.

Nanosized Particles

Figure 2-30: SEM micrographs at higher magnifications showing microstructure of the
HT1020WC+AG sample indicating the format
phase.
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2.5.2 Tensileproperties
The results othe mechanical properties obtained from the tensile désts manufacturednd
heattreated specimensare summarisedaind comparedin Table 2-3. As expected the as
manufacturedgpecimerhas ahigh yield (1060 MPa) anda highultimate tensile strengt{1180
MPa&) but alow ductility (8%) of less than 10%This is due to the formationf a fine UNj
martensitic microstructurelinterestingly the ductility of all heattreated SLMspecimensis
higherthanthat ofthe asmanufacturedspecimen exceptfor specimenHT1020WC+AG). O
the other handthe strength of alheattreated SLMspecimenss lower than that of the as
manufacturedpecimenThis ismight be explained by the complete decompositiodNgindthe
coarseningof the microstructure of heateated specimens compared to the original fihg

martensite.

The evolution of mechanical propertigsring heat treatment of SLM parts is controlled by the

decomposition ofUNjmartensitic microstructurelt is important to note thatthe HT850FC
produces the best possible combination of ducti{it$%) and strength propertiei,=932,
0,=986 MPa)and the microstructure is comprisedbof a n d  EmopdaiiThis is due to the
formation ofb phase inTi64 alloy, resulting in a decrease in tensile strermtidan increase in
ductility. The lower strentp of HT850WC(0y=870, l,=930 MPa)and HT850WC+AQ(,=89 2
0,=9 7MPa) compared to HT850FQ1,=932, (l,=986 MPa)could be interpretethat the soft
martensiticthimi cr ostructure is formed in pr phase,

uponwaterquenching.

It has beerfoundthat themechanical properties of Ti allogsea function ofthicknesso f U
and U colony as w@43lA a sa riggheand aidorbptete dedradatipnib)
martensite may describe the lower strength of treatme#T 2020FC((l,=748, (1,=833 MPa)in
comparison withHT850FC The average |l ath thickness
HT1020FCcompared to 1.40@m after HT850FC and 0.420 um after printing.

HT1020WC exhibits high streng(dy=878,0,=990MPa)and low ductility(8.6) compared tall

heat treatments processés.the same time, the tensile strength of the HT1020WC specimens

decreases compared ttee asmanufacturedgpecimensbut the ductility does not increasEhis
is due tothe presence &f7.33vol.-% of lamellarU a n d TN micibstracfurénstead of

complete UNjwhich leads toa decreasén strength Another possible reason is thtte lath

a7
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thickness ofU (13.6 pm) inHT1020WCspecimenss higher than that of thasmanufactured

and other hedteatments specimens, which can reduce the mechanical properties.

Interestinglyt h e

strength

of

t he

that ofHT1020WC but its ductility is lower (7.2%Jhe reason is probably the presence of some

nanoscal®
ductility.

Table2-3: Mechanical properties of the of as printed sample and samples subjected to different

p a rdistribatedenstheUNjwhich in turnincreaseshe strengttranddecreases the

heat treatments.

No. T/°C t/h Cooling Aging YS/MPa UTS/MPa BE%
Rate TPC | th | Cooling
1 1060+ 21 | 1180+ 29 8+0.2
2 850 2 FC - - 932+ 6 986+ 9 13+0.15
3 850 2 wC 870+ 8 930+13 | 10.4+0.3
4 850 2 e 550 3 FC 892+5 970+23 | 9.3+0.27
5 1020 | 1 FC 748+ 12 833+10 | 14.5+0.6
6 1020 | 1 e 878+ 17 990+11 | 8.6+0.24
7 1020 | 1 wC 550 3 FC 944+ 14 1035+ 19 | 7.2+0.13
2.6 Conclusions
1. In the microstructure of Ti64,&ery fine acicular martensiteNyvith as ma | | amount

and Unhj structure developed due tbe extremely high cooling rate associated with the

SLM. Microstructural observations confirmed the complete decomposition of the fine
acicular martensiteNjluring the post heat treatments cycle, the transformatithjofo
t he

b ’

stageconfirmingthe need for post treatments after SLM of Ti64

ehfjpdhases,

and

f or mat

on of

u,

Some

2. The optimal mechanical properties weobtained byheat treatment at 850 °C followed

by coolingin thefurnace.This heat treatmemnhancedhe ductility to13%, compared to

8% for asmanufactured specimeriBhe improved ductility of the HT850FC can be

attributed to the complete decompositionUbinto mainly Uplus b and small amount of
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Uhjphases as well as the coarsening of the microstructure of HT850FC compared to the
original fine UNjnartensite.

. No improvement in mechanical properties was observed for HT85@NW¥C to the

formation of soft orthorhombithj,U andb. The presence ofhjis responsible for a
significantdecreasén hardness

. Microstructure of HT1020FC is featuredbyh e f or mati on of an U+b
the microstructure of HT1020WC is featured by the formation of semgiu i a-graina | b

with a diameteo f about 170 Om wigtaihsand laskeiveeave(Nje | o n g a

Moreover, XRD analysis confirmed tipeesence ofhj .
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3 Selective Laser Melting ofTi6Al4V -Hydroxyapatite

3.1 Introduction

Metallic alloys (stainless steel, CoCrMo, Ti alloys) are biomaterials used in orthopedic bone,
joint replacements, and dental implants to interact with living tissue. Due to their excellent
biocompatibility, high relative strength, favorable osseointegmatiand superior corrosion
resistance,Ti64 alloys play a crucial role in biomedical applications. Moreover, the elastic
modulus ofTi64 alloys (105110 GPa) is lower than that of 316 L stainless steel (210 GPa) and
cobaltchromium alloys (230 GP4)44]. Although Ti64 has many remarkable properties, there
are also some unresolved issues regarding bone resorption, stability and fixatibi®4of

implants, and the body's inflammatory response.

The resorption of the bone is a process of bone loss resulting from the large difference in
Youngds modul u(s0 30 @RapardahEi6dbnaplardésg105110 GPa) for younger
patients under 40 yeaf$45]. The significant difference in Young modulus results in a-non
gradual transfer of stresses to the bone surrounding the implant, resulting in stress shielding and
bone absorptiorfigure3-1 illustrates the natural history of this problem clearly.

. é

Figure 3-1: a: Before the surgery. bmmediately after the surgery. c: Beginning of the bone
resorption. d: Fracturg146].

Stability and fixation of al'i64 implant inside the bone and bone ingrowth at the interface are the
greatest challenges after implantatidd7]. There are several types of implant fixation: bone
cement, mechanical fixation (screws), and activated surfaces of implants (¢@4iinBpne

cement is used in hip replacementt o f i x t he bone st ems, and t
mismatch between the implant and the bone. The major limitation of bone cement is related to

the cracks or infections which may occur after implantation in the [[b48]. In recent decades,
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coating implants with hydroxyapatite (HA) has been an innovative alternative to cemented
fixation [149]. Although implants coated by HA show good interfacial bogdetween bone
tissue and implanfd01], therehavebeen some issues regardihg failure of the metal coating
at the interfacefor which there is still no accepted soluti{8b, 96]. Another disadvantage of
usingTi64 implants is that they allow the release of metallic ions which leads to an inflammatory

reaction in the bone surrounding the imp|a50].

3.2 Objective

This work outlines a SLM ofTi64-HA as a composite powder to solve tiain Ti64 implant
problems HA was added in order to provide a solid biological fixation betwiééa implants
and bone tissue without the use of bone ceméniswell known thathe crystallograpie and
chemical composition of HA (G&POs)s(OH)2) is similar to that of bone tissughich can
dramatically enhance osseointegration and biological fixa@iher advantages of HA, which
may have reduced inflammatory reaction or allergic risk and aatetebonding, are bioactive,

biocompatible, noiinflammatory, noroxic, norimmunogenic and osteoconductivg’].

Until recently, very little research has been carried out on the SLM -#1Aicomposites. Han et
al[106] investigated the microstructure and mechanical properties of-@bkkssed pure
titanium (CP Ti)HA compositesMarcu et &[151] studied theeffect of SLM variableson the
microstructuresvolutionand mechanical properties Bi6AI7Nb-HA compositesTherefore, the
presentpaperaims to studythe phass, microstructure, and mechanical propertésTi64 -
2%0HA compositesamples manufactured by SLM. Moreover, thierostructure and mechanical
propertiesof Ti64-2%HA were comparewith pure SLMfabricatedTi64.

3.3 Materials and Methods

3.3.1 Materials preparation
In this work, 2o HA powder (nanoXl MAHA203, f | uri64dli nov a,
powder (Gr.23, LPW Technology/UK) followed by mechanical mixing and Sktbtessing
Figure 3-2 schematically describes preparation and manufactyitogess The gasatomized
sphericalTi64 powder Figure 3-3 a) had a nominal particle size of 15 to d&. Figure3-3 b
shows SEM microscopic images tbie mixture of theli64 and HA powders and their diameter

distributions. The hydroxyapatifgowder had an average particle sigeof 10g m and specific

51



surface area 100 nf/g. Mechanical mixing to produce theompositeTi64 -2%HA was

performed with a planetary ball m{lRetsch PM400)The mixing time was 8 h.

oo Printing
Mixed Powder
. ! i64+
Tl64/[f_p\vder ‘ . Ti64+HA
//‘ ‘ :
(R ) P
~ J- Mixing *
- ‘
N =
(¥
T Tensile samples l

Furnace

HA Powder

'

A >
SE‘Mag: 500x WD @5 mm™ HV: 20 kV =30/pm —4| SE Mag: 500x WD: 45 mm HV: 20 kV

Figure 3-3: Morphology of the powders.: a) SEM micrograph of pure Ti64 powder. b) SEM

micrograph Ti64 powdemixed with 2 wt% of HA powder.
3.3.2 SLM system and processing

SLM was conducted with a commercial SLM (Sisma MYSINT 100) system with a 200 W laser
fiber and a 55 em | aser spot . Laser power
constant (optimum condii ons) at 125 W, 1000 mm/ s, and
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SLM are selected based on a guideline available with a Sisma MYSINT 100 machine and some

trial and errors. Pure argon gas was used to shield at a flow rate of 35 L/min

The tensile test weaconducted to investigate the mechanical performance of the printed samples.
Mechanical performance of the printed samples was described in terms of yield and ultimate
tensile strength and the total elongation. The sample dimensions were as descriBad/b®R

The tensile test was conducted through the use of acomputerized testing machine
(FORM+TEST, Model: TTM 100, Germany) at a crosshead speed of Imm/min. Average of three

tests is performed for each tensile testing.

3.3.3 Materials characterization

Samjpes for metallographic examination through the cross section were prepared using standard

met all ography procedur e, and Kellerds reagent

used to reveal the microstructure-ra§ diffraction (XRD)with CWuK U r adi at i on
wavelength ob- 21.5406 Aat 40 kV and 30 mAwvas used to determine the phase constituent of
the microstructures of the printed samples. In order to investigate of the microstructural
evolution, optical microscop{OM, Neophot 2 Jena, Germanygand FEI Quanta 3D scanning
electron microscope (SEM) fitted with an EDS were utilized. The EDS spot examinations was
carried out to describe the chemical composition of the phases. To examine the chemical
composition profile across the grdboundaries and phases, the EDS line scan analysis was done.
EDS mapping analysis allowed to characterize the distribution of the HA (Ca, O and P spectra)
precipitates on the Ti64 matrix. In order to understand the relationship between the
microstructure and mechanical properties, Microhardness Vickers testlrgtz-Wetzlar,
Germany)was conducted with a dwell time of 10 s and a load of 0.5 kg f. Furthermore, micro/
nanoindentation tes{f€SM micraeindentation testefvas done with an applied load of 6MN

and holding time of 10 s.

3.4 Results andDiscussion

3.4.1 Material behavior during the SLM process of Ti6Al4V -HA composites
TheTi64 powder was mixed with different weight ratios of HA, including 2 wt%, 3 wt%, 4 wt %
and 5 wt %. Thdi64-HA composites, espeadly with highamountsof HA, showed complicated
production behaviour; several explosions (popups) occurred during SLM processing, resulting in
the crash of the support structurégure 3-4 clearly illustrates this problem. As far as we know,
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trapped water in the mesoporous structure of the HA powder or the decomposition of HA can

generate KO gases, which could be responsible for these explosions. It has beeRf$ubisl]
thatHA [Cawo(PQs)s(OH)2] dissociates into ¥ (gas)and etracalcium phosphate [€RO4)20]
and/ortricalcium phosphatfCa(PQy)-] at high temperatures above 1300 °C.

Figure 3-4: The crash of the support structure during SLM of 7264HA composite.

To eliminate the effects of trapped/generated water and reduce the impact of this "gas/explosion”
problem on the SLMroduced Ti64-2% HA, preheating of the HA powder is required.
Therefore, the HA powder was heated to 1000 °C for 2 hours angetiting and cooling rate

was 10 °C/minHeat treatment of HA was performed in a muffle furnace at 1000 °C for 2 hours
and the heating and cooling rate was 10 °C/rAiiter heat treatment, the HA powder was
characterized by Fourier transform infrared spmscopy (FTIR) and ay diffraction (XRD).

The FTIR spectraRigure 3-5) confirmed the stability of HA by the presence of peaks related to
phosphate (PQy)® "and PQy], OH', andHPQy groups, which are important in the molecules of

HA. XRD analysis Figure 3-6) indicated that the material is HA as shown by the (ICDB 00
024-0033) pattern.
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Figure 3-5: FTIR spectra of HA powder heated at 1000 °C.
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Figure 3-6: X-ray diffraction pattern of HA powder heated at 1000 °C.

3.4.2 Phase structure evolution
The results of OM and SEM for the Ti64 samples &itdl-2%HA composits are compared in
Figure 3-7. Figure 3-7 a and bshow typical OM and SEM micrographs of the Ti64 samples
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indicating a lath microstructure, consisting mainly of @imnartensitic structurand a small
amount ofb-titanium @-Ti) at grain boundariesThe analysis of XRO4@Figure 3-8 @) confirmed
findings of SEMandthe formation ofUNjnartensite due to the appearance of hexagonal-close
packed (hcp) peaks related to a martensiructure.Figure3-7 ¢ and dshowtypical OM and
SEM micrographs of thdi64-2%HA composite showing the existence of small grain structures
associatedvith dark grain boundariesand some light green area¥he phases formed during
solidification of theTi64-2%HA composite were investigategt XRD, EDSIline, EDS spotand
EDSmap

Figure 3-7: a), optical image and b), SEM image showing microstructure of the Ti64
manufactured by SLM. C), optical image andSEM image showing microstructure of the
Ti64-2%HA composite manufactured by SLM.
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