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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 complex structures. Titanium alloys,
particularly Ti6Al4V (Ti64), are among the most widely used materials in biomedical
engineering due to their high biocompatibility, excellent corrosion resistance, and low elastic
modulus (110 GPa).

One of the main topics in the literature on SLM of Ti64 for biomedical implants is the formation
of an o'-martensitic microstructure. It has been experimentally demonstrated that SLM parts that
are fully o’ martensitic have low ductility of less than 10%. In addition, residual stresses are
associated with the formation of an o' martensitic structure, resulting in lower mechanical
performance. However, according to ASTM F13-12a and ASTM F2924-14, the microstructure
of an implant or SLM part must have a minimum strain of 10% and an alpha (a)-beta (B) dual
phase. Therefore, there is clearly a practical need to study the microstructure development and
mechanical performance of heat treatment of SLM parts. The results show that heat treatment at
850 °C followed by furnace cooling gives the optimal possible combination of ductility and
strength properties, and the microstructure consists of f and o phases among other heat

treatments.

Bone resorption is a process of bone loss resulting from the large difference in Young's modulus
between bone (10-30 GPa) and the Ti64 implant (105-110 GPa) in younger patients under 40
years of age. The significant difference in Young's modulus results in a non-gradual transfer of
stresses to the bone surrounding the implant, leading to stress shielding and thus bone absorption.
Stability and fixation of the Ti64 implant inside the bone and bone ingrowth at the interface are
the main challenges after the implantation. To improve or enhance bone formation, accelerate
bonding, and achieve good interfacial bonding between bone tissue and metal implants, new
composite materials of Ti64 and hydroxyapatite (HA) are needed. It is well known that the
crystallographic and chemical composition of HA (Caio(PO4)s(OH)z2) 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, non-inflammatory, non-toxic, non-immunogenic and osteoconductive.



The results showed that the microstructure of SLM of Ti64 -2% HA composite was a complex
mixture of o Ti, HA, TisP, TixO, P and CaTiOs. The average volume fraction of HA in the
microstructure of Ti64 -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 spherical titanium powder in powder bed additive
manufacturing is that it is often very expensive. Irregularly shaped hydride dehydride (HDH)
powder is a less expensive product than spherical titanium powder. Therefore, it is necessary to
determine whether the hybrid powder of Ti64, 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
properties 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 formation of lack of fusion
defects with decreasing tensile properties. The results of this study would seem to suggest that
the absence of lack of fusion defects can be reduced by using the double scanning or remelting
strategy.
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Abbreviations

Variable Description

Ti6AI4V (Ti64) Titanium -6 Aluminum -4 Vanadium

HA Hydroxyapatite

AM Additive Manufacturing

3D 3-Dimensional

ASTM American Society of Testing and Materials

ISO International Organization for Standards

STL Stereolithography

SLM Selective Laser Melting

FGM Functionally Graded Material

FGS Functionally Graded Structure

FGMs Functionally Graded Material and Structure

XRD X-Ray Diffraction

EDX Energy-dispersive X-Ray Spectroscopy

SEM Scanning Electron Microscope

BSE Backscattered Electrons

HDH hydride dehydride

FC Furnace Cooling

wcC Water cooling

HT850FC Heat treatment at 850 °C followed by furnace cooling
HT1020FC Heat treatment at 1020 °C followed by furnace cooling
HT850WC Heat treatment at 850 °C followed by water cooling
HT1020WC Heat treatment at 1020 °C followed by water cooling
HT850WC+AG Heat treatment at 850 °C followed by water cooling and ageing
HT1020WC+AG Heat treatment at 1020 °C followed by water cooling and ageing
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Nomenclature

Titanium Metallurgy

Symbol Definition

a A hexagonal close-packed crystalline phase of Titanium and its alloys. Stable
below the beta transus (Bir= 975°C).

B A body-centered cubic crystalline phase of Titanium and its alloys. Stable
above the beta transus (Bir= 975°C).

o+ Titanium with a microstructure containing o and 3, stable below the beta
transus.

o’ o’ (Martensitic) is a supersaturated substitutional solid solution of elements
(vanadium) in a hexagonal close-packed crystalline system of the (o) phase. It
is a hard phase that can form during the quenching of Titanium.

o orthorhombic martensitic phase of Titanium alloys.

Beta transus
(Btr=975°C)

The temperature that designates the phase boundary between the a and o + 3
fields.




1 Introduction

1.1 Additive Manufacturing

Additive manufacturing (AM) or 3D printing is defined as the technologies for manufacturing
3D components by adding/welding the material layer by layer using computer software (CAD
model) [1]. As shown in Figure 1-1, the ASTM/ISO 52900-2015 standard [2] divides the
additive manufacturing into seven kinds: Powder Bed Fusion (PBF), Directed Energy Deposition
(DED), Binder Jetting, Material Extrusion, Sheet Lamination, Material Jetting, and Vat
Polymerization. Only four of these seven kinds are used for metal printing. These include PBF,
DED, sheet lamination and binder jetting. Only the first three of these four kinds are used for
printing titanium and its alloys [3]. PBF is widely considered the most important technology,
which also includes selective laser melting (SLM), selective laser sintering (SLS), and electron
beam melting (EBM). PBF is divided into four stages: Creation of the CAD model, conversion
of the CAD model into an STL (Standard Triangulation Language) file, slicing of the STL file,
and layer by layer printing. A brief schematic of the PBF process is shown in Figure 1-2.

_ 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 fusion (PBF)process flow [4].
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Despite the fact that there are many advanced additive manufacturing techniques, such as
Electron Beam Melting (EBM) and Direct Energy Deposition, the Selective Laser Melting
(SLM) is the preferred process in the powder bed melting family [5]. The key features of the
SLM process are high precision, high manufacturing speed and additional degrees of freedom in

the design of complex structures [6].

1.1.1 Selective laser melting (SLM)

Selective laser melting (SLM) is an additive manufacturing process in which heat is generated by
the absorptivity of the powder material to be bonded under laser irradiation [7]. In 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:YAG or Yb: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 beam to scan. The process repeats layer by layer until the product is
finished, as shown in Figure 1-3. The experimental setup for this system is shown in Figure 1-4.

Laser

\
Substrate
Plate Powder

N\
N
N

/ / —
Moving
Platform

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

Figure 1-3:Concept of SLM process [7].

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 (SLM) [8].
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Selective laser sintering (SLS) is a solid-state additive manufacturing process that produces
compounds by solid-state sintering or melting of binders into the material powder [7]. The
binders melt at lower laser energies, allowing the material powder particles to sinter. This
process 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 shown in Figure 1-5. Layer thickness, scan
speed, hatch spacing, and laser power (Figure 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 the final part [7, 9].

|/ SLM Parameters J
' [
PR I I ) [ L | .
| Powder | | Temperature J | Scam |
(LaserSource | Powder Shape | | Powder Size | «‘ Powder Bed \‘ —{MJ
p— ) | ‘ | Temperature | |(—Hatch Spacin |
Laser Power | Powder Density (Layer Thickness | || Halchopacng |
e T— T . Powder Feeder ( . )
Diameter of J ) i Temperature — Scanning Pattern
 Laser Beam ' Powder Morphology | Particle Distribution || )
‘ - : Temperature
Distribution

Figure 1-5: Parameters in SLM process[10].

Laser Beam
Power (P)

F-Theta
Lens

Figure 1-6: Schematic diagram of SLM process parameters: laser power, scanning speed, hatch
spacing, and layer thickness [11].

3



1.1.1.1 Applications of SLM Technology

SLM has many applications in the biomedical, automotive, and aerospace fields. Figure 1-7
shows medical implants such as dental prosthesis, 3-unit dental bridges, and hip stems made with
SLM technology. Automotive applications made with SLM technology include oil pump
housings, exhaust manifolds, and water pumps for a motor sports car (see Figure 1-8). Aerospace
metal parts made with SLM technology include the flight crew rest compartment bracket, engine

housing, and turbine blade, as shown in Figure 1-9.

Figure 1-7: Biomedical parts: (a) and (b) Dental prosthesis manufactured by SLM [12], (c) 3-
unit dental bridge manufactured by SLM [13], and (d) Hip stems manufactured by EBM [13].

Figure 1-8: Automotive parts manufactured by SLM technology [13]: (a) Oil pump housing, (b)

Exhaust manifold, and (c) Water pump for a motorsport’s car.

: 'N\m'umm,,,;, D
/)

~s

’ A
) \

Figure 1-9: Aerospace parts manufactured by SLM technology: (a) Flight crew rest
compartment bracket [14], (b) Engine housing [13], and (c) Turbine blade with internal cooling
channels[13].
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1.1.1.2 Features of SLM Technology

Due to the increasing use of functionally graded materials (FGM) and functionally graded
structures (FGS) in the biomedical applications, the use of SLM processes is rapidly increasing.
From this, the advantages of SLM compared to conventional manufacturing can be derived.

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

e Titanium is highly reactive and sensitive to oxygen, nitrogen, hydrogen, and carbon in the
liquid state or when heated in air to temperatures above 650°C. For these reasons,
conventional manufacturing processes (such as casting) and welding of titanium are very
difficult. The SLM process uses a 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 as an inert gas, is used to displace atmospheric air and prevent
embrittlement and contamination by nitrogen and oxygen.

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

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

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

produced during manufacture.

1.1.1.3 Unfavorable Issues and Defects of SLM

The major drawbacks in SLM of materials are the high probability of failure due to balling [15,
16], lack of fusion (unmelted particles) [17], and keyholing [18, 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 parameters. Therefore, the SLM parameters, especially the layer
thickness, scan speed, hatch spacing and laser power, which determine the energy density of the



laser beam, should be adjusted to achieve sufficient energy density. In general, there is an
optimum energy density of the laser beam to obtain a high-quality SLM product. It is known that
increasing the energy density by decreasing the layer thickness and scan speed or increasing the
laser power improves the mechanical 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 porosity. Keyholing leads
to the evaporation of powder materials and the development of circular porosity throughout the

component [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 fusion (Figure 1-10) and balling of CP -Ti
and Ti64. Balling is a common phenomenon in SLM and affects the quality of the SLM process.
Balling is generally associated with the formation of several metallic agglomerates of spherical
or ellipsoidal balls due to the lack of wetting ability of the molten pool with the previous layer
[16]. In contrast, some authors [21, 22] concluded that the presence of balling phenomena in

aluminum alloys and iron powders is due to high energy density.

Ry

ack of Pusion

" Aers ) o o o
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 beam (Egensity,) is defined by the
volumetric laser energy density with the unit Joule/Millimeter® (J/mm?) and can be expressed by
equation 1-1 [23].

Plaser

Egensity = veeeeee ... EQuation 1-1
density Vscan hspacing tlayer q

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 molten 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). Consequently, SLM parameters
must be set to avoid balling and keyholing defects.

1.2 Metallic Implant Materials

Metallic alloys biomaterials (Ti alloys, CoCrMo or stainless steel) are alloys used for
orthopaedic bone and joint replacements and dental implants that are intended 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 alloys is an important step in the fabrication of implants
[7, 24, 25]. Due to the ever-increasing requirements for biocompatibility of 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 application of 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 temperature. When cooled to 880°C, the beta-p phase (BCC structure) in the solid
state transforms into a hexagonal close-packed (HCP) structure known as the alpha-(a)) phase
[26]. In titanium alloys, this temperature at which the allotropic transformation from B-phase to
a-phase occurs is known as beta-transus (Bt). This temperature is strongly influenced by alloying

elements and impurities [24, 27].

There are three types of alloying elements for titanium (Figure 1-11), depending on how they
affect phase stabilization or crystal structure: Alpha (o) stabilizing, Beta () stabilizing, and
neutral. Alloying elements, such as Al, that are soluble in the alpha phase and increase the beta
transus are called alpha (a)-stabilizing elements. Elements, such as V-Mo-Nb, that dissolve in
the beta phase and decrease the beta transus are called beta (p)-stabilizing. The elements Zr and
Sn can be classified as neutral since they exhibit high solubility in both the alpha and beta

phases.



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

Recently, titanium alloys can be divided into four different categories based on their

microstructure: Commercially pure, alpha (o) and near-alpha, alpha-beta (a+f), and beta (B)

titanium alloys [28]. Table 1-1 describes a list of titanium alloys according to ASTM

designations and assigned Unified Numbering System (UNS) numbers.

Commercially pure grades or unalloyed grades of titanium alloys that have
microstructures mainly based on the alpha (o)-phase. Commercially pure grades are
designated by a variety of designations, including ASTM Grade 1, ASTM Grade 2,
ASTM Grade 3, and ASTM Grade 4.

Alpha (o)-titanium alloys containing an alpha (o)-phase and a small amount of -phase
(2-5% by volume), and near-alpha titanium alloys containing an alpha (a)-phase and a
small amount of less than about 10% by volume of beta-phase in the microstructure.
Alpha-beta (a+p)-alloys are an important type of titanium alloys, which include Ti64.
(at+p)-alloys contain a complex composite microstructure of alpha and beta phases (in
volume fractions between 10-50%), which determine their mechanical behavior [29]. The
evolution of the microstructure in (a+p)-titanium alloys is determined by the cooling rate
during the solidification process [30]. During cooling, the beta phase decomposes into a
variety of alpha phase morphologies. Figure 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 temperature of Ti64 alloy [31]. At low cooling rates of
less than 20 °C/s, the beta phase transforms into allotriomorphic (oce) and
widmanstaetten (ap) alpha, and at cooling rates between (20-410) °C/s, the beta phase
transforms into massive (am) alpha. The microstructure will be an (hcp) crystal structure
and will be called alpha prime (o) martensite due to the high cooling rates of more than

410 °C/s inherent in the solidification process. At higher cooling rates, the beta phase in

8



higher concentrations of B-stabilizers alpha-beta alloys transforms into an orthorhombic
structure and is called alpha double prime (a'") martensite [32].

e The microstructure of beta-titanium alloys containing a high proportion of beta-phase
stabilizing elements is completely preserved in the beta phase at room temperature [33].
Beta titanium alloys are classified as stable beta, metastable beta, and beta-rich o/p alloys

[34].
Table 1-1: 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 Beta-rich
ASTM grade 1 Ti-5Al-2.55n Ti-6AI-4V Ti-30Mo Ti-25Nb-2Mo-4Sn | Ti-20Nb-10Zr- | Ti-13Nb-13Zr
ASTM F1341 UNS R54520 ASTM F 1472 5Ta ASTM F1713
ASTMgrade2 | Ti-8Al-IMo-1V | Ti-6Al-6V-2Sn Ti-40Mo Ti-12Mo-6Zr-2Fe | Ti-5Al-5Mo- | Ti-4.5Al-3V-
ASTM F1341 UNS R54810 UNS R56620 ASTM F1813 5V-3Cr 2Mo-2Fe
ASTM grade 3 | Ti-6Al-2Sn-4Zr- Ti-6AI-7Nb Ti-35V-15Cr Ti-15Mo Ti-11.5Mo- Ti-5Al-2Sn—
ASTM F1341 2Mo ASTM F1295 ASTM 2066 6Zr-4.55n 2Zr-4Mo-4Cr
UNS R54620
ASTMgrade4 | Ti-6Al-2Nb-1Ta- | Ti-6Al-2Sn-4Zr- Ti-13V-11Cr-3Al | Ti-10V-2Fe-
ASTM F1341 0.8Mo 6Mo UNS 58010 3Al
UNS R56210
ASTMgrade 7 | Ti-0.3Mo-0.8Ni Ti-7Al-4Mo Ti-1AI-8V-5Fe
ASTM grade 11 | Ti-5Al-5Sn-2Zr- Ti-8Mn Ti-8V-8Mo-2Fe—
2Mo UNS R56080 3Al
UNS R58820
ASTM grade 12 | Ti-5Al-1Sn-1Zr- Ti-3Al-2.5V Ti-29Nb-13Ta-
1V-0.8Mo 4.6Zr
‘ Alpha phase morphologies ‘
. | )
| o | o | |
Allotriomorphic (ogg)and ‘ Massive (o) alpha ‘ | Martensitic alpha |
Widmanstitten (op) alpha
(@) (@) |

| Colony (op) | Basketweave (ap) \

Figure 1-12: Characteristics of the Beta — Alpha + Beta Transformation.

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°C [7]. Because of the 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 oxygen. Titanium has a relatively low coefficient of thermal
expansion of 8.41 (x m/m/°C at 20°C) and a low conductivity of 6.6 (W/m.K). This results in a
lower possibility of deformation by the SLM process compared to other common implant metals

(stainless steel and CoCr alloys), as shown in Table 1-2.

Table 1-2: Thermal properties of metallic implants.

Implants Metals Thermal Conductivity Coefficient of thermal expansion
W/m.K um/m/°C at 20°C
Ti64 6.6 [35] 8.41[36]
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 biocompatibility [41]. Ti64 consists primarily of a body-centered cubic
B-phase and a hexagonal close-packed a-phase at room temperature. It is known that an a-f
titanium alloy such as Ti64 undergoes a solid-state phase transformation. The BCC-B phase
transforms into an HCP-a phase when cooled by the B-transus temperature (By=1273 K or
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) ceramics are a group of ceramic materials containing calcium ions
(Ca?"), various phosphate ions [POs*, PO, P.O7*], and sometimes hydroxide (OH -) or
carbonate ions (COs%) [42]. CaP can be divided into 3 types: Hydroxyapatite (HA), Tricalcium
Phosphate (TCP) and Tetracalcium Phosphate (TTCP), based on the atomic ratio of Ca/P [43]. It

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 atomic ratio increases the
dissolution rate of CaP [44]. The atomic ratio of Ca/P in human body bones and teeth exceeds
(1.67) and represents HAp [Ca10(PO4)s(OH)2] compared to the Ca/P atomic ratio of TCP (1.5)
and TTCP (2) [45].

Due to the continued rising similarity and biomimetic requirements for the hard tissues of the
human body, such as bone and dental tissues, the use of HA in biomedical 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 applications. HA is one of the main components of the hard tissues
(bones and teeth) of the human body. Table 1-3 shows the biological, mechanical, and

physiochemical properties of HA.

Table 1-3: Physiochemical, mechanical and biological properties of HA [46-48].

Properties Data Properties Data
Chemical composition Cai0(PO4)s(OH), or Hardness (HV) 600
Cas(PO.)3(OH)

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

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

Young’s modulus (GPa) 80-110 Biocompatibility High
Elastic modulus (GPa) 114 Bioactivity High
Density (g/cm®) 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 field [49-54].
Osseointegration has been associated with a variety of problems, including a large difference in
elastic modulus between implants and bone, osteolysis and aseptic loosening, lack of bioactivity,

and release of metal ions [55]. Osseointegration, defined as the 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, surface condition, and loading conditions of the implant [50, 54].

The modulus of elasticity of a metallic implant is one of the main factors that determine its
application in the biomedical field [56]. 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 materials [57-59]. The modulus of elasticity of titanium alloys
(55-110 GPa) is lower than that of 316LSS (210 GPa) and Co-Cr alloys (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 non-gradual or irregular transfer of stresses
through the human bone/tissue to the metal implant, resulting in a stress-shielding effect (Figure
1-13). The main cause of osteolysis and aseptic loosening of metal implants is the stress-
shielding effect [61].

Stress is applied to the Stress is applied to the
top of the femur top of the implant.

—_— The higher modulus of the

\\ implant material means
\ stresses are transmitted
A~ \ down the§lem )
N /' implant. \__
( /\/% o [ /
\ \
\ X / Stressis transmitted

\ N [ through the trabeculae \\
\ | of the cancellous bone. \

\\ \
)
\\ ‘ \
\ \ The stress is then transmitted
| \ \
| \
| |
; ‘-

As a result, less stress is
carried by the bone in
this region, so resorption
is likely to occur.

through the cortical bone.

Healthy bone Femoral implant

Figure 1-13: : Healthy bone and femoral implant after applying stress [62].

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 structure with age. The resorption and replenishment process are controlled by the stress
applied to the bone. Human bone tissue consists of spongy bone (porosity structure) protected by
compact bone (denser structure). The density and porosity structure of the bone 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 porosity. But in the case of the bone surrounding the implant, the
large discrepancy in elastic modulus between bone and implants results in a 'stress-shielding
effect’' that causes the bone covering the metal implant to resorb without replenishment, leading
to aseptic loosening, periprosthetic fractures, and implant migration [63-65]. The 'stress
shielding effect' is observed in both orthopaedic bone and dental implants [66-68]. Therefore, in
practice, there is a clear need to use a metal implant with a modulus of elasticity closer to the

bone to prevent the development of the stress shielding effect.

Bandyopadhyay et al [69] investigated the effect of porosity (cell structure) on the elastic
modulus of Ti-6Al-4V implants. They showed that the elastic modulus of implants with porosity
in the range of (23-32) vol% is close to that of cancellous bone in humans. Espafia et al [51]
found that the elastic modulus of implant specimens with porosity in the range of 10-18 vol% of
CoCrMo implants was reduced in the range of 33 to 43 GPa compared to the 248 GPa of solid
implants. Similar conclusions were drawn by [59, 70-72]. In addition, the work of Bobyn et al
[73] and Mullenet al [74] showed that increasing the porosity of implants to 75-80% leads to an
increase in fixation strength and provides a system that allows the transfer of stress from the
implant to the bone. Usually, there are different types of pore geometries (unit cells) to create a
cellular structure (scaffolds), including: octahedral [75, 76], (trigonal, hexagonal, diamond-
shaped) with different pore sizes [70], (cubic and rhombic) [57], 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 structure can be divided into
gradation of porosity density and gradation of pore size [78]. Limmahakhun et al [75] 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. Limmahakhun et al [76]
also found that the octahedral columnar unit cell had the best mechanical properties and the best
proliferation rate of bone cells. Han 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%. They found that the elastic modulus was close to that of cancellous bone.
No other information on the SLM of Ti alloys with functionally graded structure has been
reported so far.
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Another solution is to use titanium alloys with low beta (B) modulus of elasticity such as SLM
with Til3Nb13Zr cell structure [70] and SLM with Ti24Nb4Zr8Sn [17], which have low
modulus of elasticity in the range of (14-69) GPa, as shown in Table 1-4. In addition, beta (B)-
titanium alloys are known for their high biocompatibility [27], better mechanical properties [80],
superior corrosion resistance [81], and lack of flammable or allergic reactions [60]. Interestingly,
beta (B)-titanium alloys do not contain V and Al elements compared to Ti64 alloys. In the

literature, vanadium is a toxic element [82] and Al causes Alzheimer's disease [83, 84].

Table 1-4: Young's modulus of biomedical - titanium alloys.

B- titanium alloys Young's modulus (Gpa) Ref
Ti-19Nb-14Zr 14 [85]
Ti—29Nb—(6-11)Ta-5Zr 20 [86]
Ti-15Nb-9Zr 39 [87]
Ti—24Nb-4Zr—7.9Sn 42 [88]
Ti-25Ta-25Nb 55 [89]
Ti-25Ta 64 [90]
Ti-12Mo-5Zr 64 [91]
Ti-13Zr-13Nb 64-69 [92]

1.5 Selective laser melting of composite Ti — 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. Hydroxyapatite (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, non-toxic, bioactive, non-inflammatory, osteoconductive,
and non-immunogenic [47]. Despite the advantages of HA, there are also some challenges. The

complexity of SLM of HA and Ti alloys is due to a number of factors, including:

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

e The effects of SLM parameters.
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e 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 are 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 body. Similar conclusions were drawn by [96]. Several studies, e.g., [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 coating. Santhanakrishnan et al [100] investigated the
biodegradability of HA-coated Mg. They showed that the biodegradability of HA-coated Mg was
improved by 180% compared to Mg alloy. Biemond et al [101] 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 weeks. Vilotijevic 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 HA. In addition, there are critical issues
related to the coating of metallic implants with HA, which have been extensively addressed in
modern research. Zhang et al [102] reported the emergence of weak Ti/HA interfacial adhesion
due to the mechanical differences between HA and Ti substrates and the sharp interface. In
addition, metal-coating interface failure has been identified as an important problem in coating

processes that has not yet been solved [94-96].

Recently, Wei et al. [103] investigated the SLM of 316L SS and nano-HA 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
stress-strain behavior of the SLM of SS 316 and HA. 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 Ti-HA from 0% to 5% HA
with a gradient of 1 % by weight by SLM found that the phase constituents are a Ti, TisO, TisP3
and CaTiOzs. Han et al [106] also investigated the tensile and hardness behaviour of SLM Ti-HA
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 336.2 to 600.8 HV.

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 implants, followed by different
ratios of Ti-HA and 100% HA the surface of the implants, and the structure of the implants
containing different size and density of porosity, as shown in Figure 1-14, to eliminate the
mismatch of elastic modulus between bone and metal implant. As far as we know, additive
manufacturing (SLM) of functionally graded materials and structures (FGM/S) of Ti alloys and
HA has never been published.

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 evolution in 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
Figure 1-15 shows titanium alloyed with an isomorphic beta stabilizer phase diagram, which can
be used as a reference to follow the phase transformation in the (o+f)-titanium alloys during
additive manufacturing and welding. In this system, the beta transus and the martensite starting
temperature (Ms) are decreased when the beta stabilizer content is increased. Figure 1-16 shows
the phase diagram of titanium alloyed with a beta-eutectoid stabilizer. It can be used as a

reference to follow phase transformations in (a+f)-titanium alloys during additive manufacturing

and welding.
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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 subsequently transform into the martensite, massive, allotriomorphic and widmanstatic
microstructure [31]. At cooling rates above 410 C°s, complete martensitic transformation
occurs. Massive transformation occurs between 410 and 20 C°s. Formation of an
allotriomorphic and widmanstatic microstructure occurs at lower cooling rates below 20 C°s.
Vilaro et al [108], William [1] and Song et al [109] reported that the cooling rate of SLM is in
the range of 103-108 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 authors [110-113] have
demonstrated that the microstructure is fully martensitic (o) in SLM of Ti64. Similar results
have been obtained in SLM of Cp-Ti [114, 115] and Ti6AI7Nb [116]. Figure 1-17 shows the
SEM micrograph showing the o’ martensite structure of the Ti64 manufactured by SLM. It has
been shown that SLM parts that are fully martensitic (o) have a low ductility of less than 10%
[9, 108, 117, 118]. Some authors have tried to change the microstructure from (a") martensite to
(at+p). Vrancken et al [119] studied the effects of heat treatment on the microstructure and
ductility of parts produced by SLM. Heat treatment converted (a') to (o+p) and increased
ductility from 7.36 to 12.84. Similar conclusions were found by [108, 120]. Figure 1-18 (a) and
(b) demonstrates SEM micrographs showing the microstructure of annealed SLMed Ti64 at 850
and 1020 C, respectively, indicating the transformation of o’ to a+f. Xu et al [121] in their work
on the SLM of Ti64 found that the microstructure was a lamellar (a+f) at an interlayer time of 1
s and a lamellar (a+p) with (a') martensite at an interlayer time of 10 s. They also investigated
the effect of layer thickness on microstructure in SLM of Ti64. Their results showed that the
microstructure is a coarser lamellar (o+p) at a layer thickness of 90 pum. Therefore, the
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 the a' martensite structure of the Ti64 manufactured by
SLM.
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Figure 1-18: SEM micrographs showing microstructure of annealed SLMed Ti64 at (a) 850 and
(B) 1020 C, respectively, indicating the transformation of o' to a+p.

1.7 Thesis Objectives

Titanium alloys, especially Ti6AI4V (Ti64), are among the most widely used materials in
biomedical engineering thanks to their high biocompatibility, high specific 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 resulting from the large difference in Young’s modulus
between the bones (10-30 GPa) and the Ti64 implants (105-110 GPa).

AM, especially SLM, is suitable for revolutionize the global parts manufacturing and logistics
landscape. SLM is an important process 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 maxillofacial surgery, make
this ceramic valuable for applications in the medical engineering. The development of
functionally graded materials/structures of Ti64 and HA for applications in biomedical field is to
improve the osseointegration between metallic implants and hard tissue of human body has
become possible with the development of SLM. The complexity and challenges of the SLM of
HA and Ti64 alloys comes from a number of factors including:

» The different in physical (thermal expansion coefficients), chemical and mechanical
properties between Ti64 alloys and HA,
» Volume fraction and distribution of HA in Ti64 alloys matrix,
» The effects SLM parameters.
> In addition, the HA is subject to phase transformation at high temperatures during
melting should be considered
Another main problem in the literature on SLM of Ti64 for biomedical implants is that the
formation of an o’-martensitic microstructure. It has been experimentally demonstrated that SLM
parts that are fully o’ martensitic have low ductility of less than 10%. Furthermore, one of the
main barriers to the use of spherical titanium powder in SLM is that it is often very expensive
(200450 $/kg). Irregularly shaped hydride dehydride (HDH) powder is a less expensive product
than spherical titanium powder (66-176 $/kg).

By presenting the problems and challenges above, the 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
above the B-transus temperature on the microstructure and mechanical properties of Ti64
structure fabricated by SLM to improve ductility.

Analyze the phases, microstructure, and mechanical properties of Ti64-2%HA composite
samples fabricated by SLM.

The Ti64 powder was mixed with different weight ratios 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; during SLM 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 composition of Ti and HA
by SLM process, which ensures good biological fixation and osseointegration between
implant and bone tissue without using bone cements.

Determine whether the hybrid powder of Ti64 (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 system to reduce the cost.

This ratio 50/50 was chosen to reduce the cost as much as possible and also because of

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

2.1 Introduction

SLM involves a complex interaction between the phenomena of the process (including melting
and solidification) and microstructural changes or phase transformations of the material being
manufactured [7]. The heating and cooling rates of the SLM technique are much higher than
those of casting and welding processes and can significantly change the microstructure of Ti64
alloys [122]. The main causes for the complete transformation of the (j3)-phase into a martensitic
(a")-structure during the SLM process are the complete melting mechanism and the very high
cooling rate [11]. Martensitic (o) is a supersaturated substitutional solid solution of elements

(vanadium) in a hexagonal crystal system of the (o) phase [123].

One of the main issues in the literature about SLM of Ti64 for biomedical implants is the
formation of an o’-martensitic microstructure [11, 112]. It has been experimentally demonstrated
that SLM parts that are fully o’ martensitic have low ductility of less than 10% [9, 108, 117, 118,
124, 125]. Moreover, the residual stresses are associated with the formation of an (a’) martensitic
structure, resulting in lower mechanical performance [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 residual stresses generated by the high cooling rates and thermal gradient of
the SLM process [127]. In addition, according to ASTM F13-12a [128] and ASTM F2924-14
[129], the microstructure of an implant or SLM part requires a minimum strain of 10% and an
alpha (o))-beta (B) dual phase.

In [111, 121, 130-132], the authors changed the microstructure of the SLM part from (o) to
(o+p) to improve ductility and reduce internal residual stresses. The work by Xu et al [121]
revealed that the microstructure of 90 um layer thickness is an (a+f) structure compared to the
microstructure of 30 um layer thickness is an (o) martensitic structure. Ali et al [130] presented
a new principle of (a')-martensite decomposition, in which increasing the bed temperature
(preheating) to 570 °C enables the decomposition of (a') into (a+)-structure. As indicated by
Qiu et al [111], (a’) transforms into (o) plus (B) during heat treatment by hot isostatic pressing
(HIP). Vrancken et al [131] in their work on the addition of 10 wt% Mo to Ti64 powder during
SLM process found that the conversion of (B) to (a') is completely suppressed due to the
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reduction of B-transus temperature from 995°C to 900°C. Muhammad et al [132] investigated the
heat treatments of Ti64 parts produced by SLM at 950°C near the B-transus temperature for 1h,
followed by furnace and air cooling. They found that the Ti64 microstructure has almost the

same microstructure (o) plus (B) 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 treatments of Ti64 parts
produced by SLM have not been studied in depth. Therefore, the purpose of this research is to
analyze the effects of annealing and solution treatments at 850 and 1020 °C below and above the
B-transus temperature (Pr) on the microstructure and mechanical properties of Ti64
microstructure manufactured by SLM. After the solution treatment, the specimens were aged
(reheated) to 550 °C for 3 hours.

2.3 Microstructure of Ti6Al4V

Phase transformations in Ti64 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 fast-cooling rates of more than 410 °C s, the B-phase transforms into the (hcp)
crystal structure called alpha prime (a') martensite B— o’ or into the orthorhombic structure
called alpha double prime (a'") martensite B— a'’. During the diffusive transformation, the Ti64
alloy undergoes a phase transformation in the solid state. The BCC-f phase transforms into the
HCP-a and BCC-p phases at slow cooling rates of less than 20 °C s* through the B-transus
temperature (Bt), as shown in Figure 2-1. For this study, the B« temperature was calculated to be
975 °C according to Eq. 2-1 [133].

Btr= 882+ 21.1 [Al] + 4.2 [Sn] + 123 [O] + 23.3 [Si] - 9.5 [Mo] - 6.9 [Zr] — 11.8 [V] - 12.1 [Cr] — 15.4 [Fe]. Equation 2-1.
Btr= 882+ 21.1 [6.11] + 4.2 [0] + 123 [0.090] + 23.3 [0] - 9.5 [0] — 6.9 [0] — 11.8 [4.02] — 12.1 [0] - 15.4 [0.17]
Btr=882+128.93+0+11.7+0-0-0-47.44-0-2.62=973~975°C

Depending on the By temperature, the heat treatment of Ti64 can be divided into the following

zones: Subtransus heating (in the o+ zone) and Supertransus heating (in the p zone), as shown

in Figure 2-1.
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Figure 2-1: Typical Equilibrium Phase diagram for Ti64 alloys.
2.4 Materials and Methods

2.4.1 Materials preparation
The SLM Ti64 components are manufactured at Dent-Art-Technik Kft (Gy6r, Hungary) using a
commercial SLM machine (Sisma mysint 100/Italy) equipped with a 200 W fiber laser and a 55
um laser spot. In this study, Ti64 plasma-atomized spherical powder (Gr.23) supplied by (LPW
Technology/UK), as shown in Figure 2-2, was used as the base material. Table 2-1 reports the
chemical composition of Ti64 powder. The size distribution is in the range of 15-45 pm
(D10:14.28 pm- D50:25.06 pm-D90:42.15 pum). SLM parameters were selected based on the
guidelines available in the SLM machine, resulting in optimal build conditions. Throughout the
process, the layer thickness, scan speed, and laser power were kept constant at 20 um, 1000
mm/s, and 125 W, respectively. For shielding, Pure argon gas was used with a flow rate of 35
L/min. The dimensions of the specimens and the configuration of the tensile test performed

during the investigation are shown in Figure 2-3.

Mag= 250X Signal A=CZ BSD Date 4 Feb 2020
WD =13.0 mm EHT =20.00 kV Time 9:05:00

Figure 2-2:SEM micrographs show morphology of Ti64 powder at different magnifications
(250x and 1000x).
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Table 2-1: Chemical composition of Ti64 powder and ASTM specification.

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 SLM Ti64 specimens were heated to 850 °C (a
73%+B27%) for 2 hours and then some specimens cooled in the furnace (FC) and others
quenched with water (WC) to room temperature. In heat treatments 3 and 4, the SLM Ti64
specimens were heated at 1020°C ($100%) for 1 h, some specimens followed by FC and others
followed by WC. After WC, the specimens were aged at 550 °C for 3 hours and then cooled in
the furnace. For shielding, Pure argon gas was used with a flow rate of 35L/min. HT850FC,
HT850WC, HT850WC+ AG, HT1020FC, HT1020WC, and HT1020WC+ AG were the

Figure 2-3: The shape and size of the tensile specimen (mm).
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Figure 2-4: Schematic representation of heat treatment cycle used in this work.

2.4.3 Materials characterization

To understand how the microstructures affect the mechanical properties, three tensile test
specimens were performed at room temperature for each treatment. The tensile test was
performed using a non-computerized testing 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 metallography. Optical
microscopy (OM, Neophot 2, Germany) and FEI Quanta 3D scanning electron microscope
(SEM, Hitachi, Japan) equipped with an energy dispersive X-ray spectrometer (EDS) were used
to study the microstructure of the specimens. A (EDS) was used to evaluate the chemical
composition of the phases. Keller's etchant No. 193 [134] was used to visualize the
microstructure of the specimens. X-ray diffraction analysis (XRD, PhilipsX'-PertPro) with CuKa
radiation was performed to analyze the phases composing all the specimens. The tube current
and tube voltage of the XRD are 20mA and 40kV, respectively. Vickers microhardness testing
was performed with a dwell time of 10 seconds and a load of 0.5 kg f.

26



2.5 Results and Discussion

2.5.1 Microstructure investigation
The final microstructure, which determines the mechanical properties of the as-manufactured
Ti64 alloy, is determined by the heat treatment parameters, mainly the cooling rate, time, and
temperature. The research objectives in this study focused on heating the specimens to 850 °C
and 1020 °C followed by furnace cooling (FC) and water quenching (WQ) to understand the
effects of different heat treatment temperatures and cooling rates on the resulting microstructure

and mechanical properties.

2.5.1.1 Microstructure of as-manufactured Ti6AlI4V

Figure 2-5 reports the XRD pattern of the as-manufactured specimens, in which hexagonal close-
packed reflections related to the o' martensite or a phase and a weak orthorhombic reflection
related to the o martensite of titanium were observed. The a” structure is indicated at the
reflection plane of (111) according to Ref [135]. Moreover, a new reflection plane (101) is seen
at 26=36.53°. Unfortunately, there is no possible explanation for this result. It would seem that

this new reflection is related to the o’ structure.
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Figure 2-5: The XRD pattern of the as printed Ti64 indexing a’ and " phases.
It is well known that both of a and o’ have a hexagonal structure. Therefore, it is very difficult
for XRD analysis to distinguish them from each other. However, there is an important
metallurgical difference between o’ and o phases, which is correlated to the content of V in the

atomic structure. Due to the fast-cooling rates, vanadium diffusion is inhibited; therefore, the
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vanadium content in o’ phase is higher than in a phase, leading to the development of significant
deformations of the crystal structure of the o phase, which causes broadening of the XRD peaks.
Full width at half maximum (FWHM) values were measured for the peaks around 26= 40.56°
and 39.80°, which correspond to the diffraction of the (101) and (110) peaks of the a and P
phases, respectively. Table 2-2 compares and summarizes the changes in the FWHM and lattice
parameters of the phases in the as-manufactured state and after different heat treatments. It can
be seen from Table 2-2 that the FWHM value of the as-manufactured specimens (0.1466) is
significantly higher than that of the other heat-treated specimens because the as-manufactured
specimen is mainly composed of o’ martensite. Moreover, the lattice parameters a and c of the
as-manufactured specimens are 2.9324A and 4.6716A, respectively, which is in line with the
lattice parameters for the o' martensite in Ref [136].

Table 2-2: Lattice parameters and FWHM of the main o/a.’ and S peaks at 20=40.56° and 39.80°
respectively of as printed sample and samples subjected to different heat treatments.

a/a’ Phase [ Phase
Lattice parameters (A) Lattice
(101) parameters (110)
(R)
Sample Name a c cla 26° | FWHM a 20° | FWHM
As printed 2.9324 | 4.6716 | 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 3.2419 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 of B phase were revealed by XRD analysis. In contrast, EBSD phase maps (Figure
2-6) of the cross section indicate the formation of a body centered B phase. The EBSD phase
maps highlighted that the volume fraction of B is about 8.5% of the Ti64 structure formed by
SLM. The o' phase and B phase are colored red and green, respectively, in the EBSD maps. It is

shown that the prior B is formed by epitaxial growth during successive layer depositions [11].
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Figure 2-6:EBSD phase maps of as printed Ti64 sample indicating the volume fraction of «' and
[ phases.

As was hypothesized, the SEM experiments (Figure 2-7) prove that the microstructure of the as-
fabricated Ti64 specimens is full o’ martensitic, with a lath morphology and a small amount of 8
phase. The average value for o' lath thickness was 0.420 um. Figure 2-8 shows the EBSD
orientation maps and grain size of the o’ martensite microstructure in detail. Moreover, this
martensitic microstructure is defined as a hierarchical structure (Figure 2-9), which is composed
of four different types of a’ on the basis of the dimensions: primary (L=125 um), secondary (64
pum), tertiary (32 um), and quartic (8 um). The formation of o" martensite depends on the cooling
rate. According to Ref [31], the critical cooling rate of Ti64 for the formation of o’ martensite in
the microstructure is 410°C s™. The cooling rate during SLM of Ti64 is 10* K s [108], which is

significantly higher than 410°C s’. Therefore, the formation of o’ martensite during SLM of

Ti64 is not surprising. The average hardness of the a’ is 377 HV (Figure 2-10). It is important to
note that the hardness of o' martensite has the highest value among the microstructures of the
other specimens, except for HT1020WC and HT1020WC+AG.
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Figure 2-7:SEM images of Ti64 produced by SLM showing o' martensite 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 structure of o’ martensitic
microstructure.
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Figure 2-10: Typical hardness profile of as printed sample and samples subjected to different
heat treatments.

Figure 2-11 a and b show the microstructure of as-manufactured Ti64 at low magnification by
optical microscope for the top and side views, respectively. The microstructures do not exhibit
homogeneous morphologies. In the top view, equiaxed B-grains with an average diameter of 72
pum were observed to be completely interspersed with o' martensite (Figure 2-11 a), which can be
attributed to recrystallization during the SLM process. This is completely different from what
was identified in the side view (Figure 2-11 b). The morphology in the side view consists of 8
columnar grains that grow epitaxially due to the re-melting and re-solidification of the material
during the successive layer depositions. The width of the B columnar grains is around 78 um,
which corresponds to the hatch spacing chosen for the fabrication of the specimens. Figure 2-7
shows a typical SEM micrograph of Ti64 produced by SLM, indicating the existence of spherical
gas pores (7.5 um) in the microstructure. Gas pores are formed by the formation of a void in the
solidified pool due to trapped gas, which is not insoluble in liquid metals, resulting in a spherical
void shape [122]. There are two sources of trapped gas: gas from the powder manufacturing

process and inert shielding gas used with SLM.
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Figure 2-11: a: An optical micrograph of the top view of as printed Ti64 indicating equiaxed S
grains morphologies fully with o’ martensite. b: An optical micrograph of the side view of as
printed Ti64 indicating p columnar grains.

2.5.1.2 Microstructure of subtransus heat treatments

Figure 2-12 reports the X-ray diffraction pattern of the HT850FC specimen in which reflections
of the a, B, and o' phases were observed. The § phase can be seen in the four reflection planes
(110), (200), (211), and (220). It is interesting to note that the o' structure is displayed at a new
weak reflection plane of (110)(26=34.73°) according to Ref [136, 137]. This would appear to
indicate that the a” is a new phase precipitated from the o’ phase during FC cooling. The
reflection plane (101) at 26=36.53° remains visible in the XRD pattern of the specimen after
HT850FC. Figure 2-13 presents the microstructure of the HT850FC specimen at various
magnifications, indicating o phase (dark phase) associated with [ phase (lighter phase),
confirmed by EDS analysis as a V-rich element (Figure 2-13 D). The V content of the  phase
(2.76 W1t%) is slightly higher than that of the a phase (2.18 Wt%). This  phase, which is poor in
vanadium, is called metastable pr phase. Back scattered electron mode (BSE, Figure 2-14)
confirmed the slight chemical contrast between the a and p phases. It is interesting to note that
the Al content in the Br phase (7.67 W1t%) is higher than that of the a phase (6.27 Wt%). The
hardness values of the HT850 FC averaged at 364 HV, is lower than the hardness of the as-
manufactured specimen (377 HV). This is due to the decomposition of o’ martensite into a, f,

and o phases.
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Figure 2-12: The XRD pattern of the HT850FC sample indexing «, , and a" phases.
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Figure 2-13:SEM micrographs showing microstructure of the HT850FC sample at different
magnifications indicating o phase (dark phase) coupled with f phase (lighter phase).
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Figure 2-14: SEM (BSE) micrograph showing microstructure of the HT850FC sample indicating
the slight chemical contrast between the o. and f phases.

It has been shown that the a phase begins to transform into the B phase when heated to a
temperature above 705 °C [138]. The formation of the p phase at elevated temperature can be
attributed to the expulsion of vanadium atoms from the o’ phase, leading to the nucleation of the
a-phase along the o’ boundaries and the precipitation of the B phase in the grain boundaries of
the o phase [112]. As highlighted in Table 2-2, the angle of the XRD peak (101) in the heat-
treated specimens is shifted to lower diffraction angles, compared to the as-manufactured
specimen, suggesting that there is significant diffusion of vanadium in the Ti structure. The loss
of interstitial or substitutional atoms (V or Al) in the hcp lattice of Ti leads to a slight increase in
the c/a ratio of the a phase. All heat-treated specimens exhibited an increase in the c/a ratio of the
XRD peak (101) compared to the as-manufactured specimen. From these results, it can be

inferred that more vanadium was dissolved in the B phase during the heat treatments.

In this region, at temperatures of 850 °C, below the By, the o microstructure transforms to about
73% o and 27% P upon heating [139]. Cooling to room temperature reveals a lamellar mixed
structure of a plus B, in which the a phase is appear as fine needles. Figure 2-15 shows the
microstructure of the HT850FC specimen at a higher magnification. It can be seen that some
nanoscale particles are dispersed on the o phase. It was found that these nanoscale particles are
the B phase [132].
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Figure 2-15: SEM micrographs at higher magnifications showing microstructure of the
HT850FC sample indicating the formation of  nanosized particles dispersed on the o phase.

The XRD analysis of the HT850WC specimen is illustrated in Figure 2-16. It can be identified
that the HT850WC specimen has strong reflection peaks of the a phase. There are two reflection
peaks of the B phase at (110) and (200). In addition, one reflection peak (111) of the o phase
was identified. The reflection plane (101) at 26=36.53° remains visible in the XRD pattern of the
specimen after HT850WC. The fullwidth half maximum (FWHM) of the HT850WC specimen
(Table 2-2) confirms that this specimen has narrower o reflections (0.094) compared to
HT1020FC (0.1008) and is broader than that of the HT850FC specimen (0.0876). These results
show that the HT850WC produces an orthorhombic o instead of ao'.
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Figure 2-16: The XRD pattern of the HT850WC sample indexing «, g, and o.” phases.
Figure 2-17 (a to d) presents the SEM micrographs of the microstructure of the HT850WC

specimen at various magnifications. The EDS-spot analysis of these formed phases is presented

in Figure 2-17 (c). The average V content of the § and o phases was found to be 2.28 and 1.64
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W%, respectively, which is confirmed by the backscattered electron (BSE) mode as a significant
chemical contrast (Figure 2-18). As can be seen, this  phase is not very rich in V, indicating the
formed metastable pBr phase. In fact, the very high cooling rate in water, which prevents the
diffusion of vanadium that has not reached the equilibrium state, can explain the formation of o
martensite. It has been shown that the formation of a” martensite depends on the V content
[108]. Figure 2-19 is the EDS line scan across the microstructure of the HT850WC specimen.
From the analysis of the composition profile, it can be deduced that some areas are rich in V and
others are poor in V. The presence of high and low amounts of V can explain the formation of o
and Br phases.
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Figure 2-17: SEM micrographs showing microstructure of the HT850WC sample at different
magnifications indicating the formation of a dual phase microstructure.

The decrease in microhardness in the microstructure of the HT850WC specimens from 377 to
331 HV, as shown in Figure 2-10, indicates that the o’ formed during water quenching.
Consequently, the microstructure of the HT850WC specimen was a complex mixture of a, a”, B
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and Br. Figure 2-17 (d) shows the microstructure of the HT850WC specimen at high
magnification, indicating that some nanoscale particles are dispersed on the o phase, which are
confirmed to be § phase by Ref [132].

Figure 2-18: SEM (BSE) micrograph showing microstructure of the HT850WC sample
indicating the consid-erable chemical contrast between two phases.
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Figure 2-19: The line scan EDS results of HT850WC showing some areas are rich in V and
some are poor in V.

Ageing of the HT850WC specimen at 550 °C for 3h results insignificant changes in the
diffraction pattern (Figure 2-20). Three reflection peaks (110), (211), and (220) belonging to the
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B phase have formed instead of two in comparison to the HT850WC specimen. In addition, a
new weak reflection peak (110) belonging to the o phase is observed at 26=34.73°. This
indicates that new phases (B and o) are precipitated during ageing. On the other hand, the
microhardness measurements of the HT850WC+AG specimen (Figure 2-10) indicated an
increase in hardness compared to the HT850WC specimen (343 HV versus 330 HV). On
combining the XRD result with the microhardness result, we deduce that the a' partially
decomposed and transformed into the a, p and o phases. Figure 2-21 (a to d) presents the SEM
and optical micrographs showing microstructure of the HT850WC+AG specimen at various
magnifications. The lattice parameters (a) of the B phase in the HT850WC specimen (a = 3.2419
°A) were higher than those in HT850WC+AG specimens (a = 3.2001 °A) as shown in the Table
2-2. The reason for this result is the difference in chemical composition. The EDS analysis of the
B phase in the HT850WC specimen (7.31 wt.% Al, 90.41 wt.% Ti and 2.21 wt.% V) (Figure
2-17 c) confirms that this phase has a different composition than that of the HT850WC+AG
specimen (5.50 wt.% Al, 88.44 wt.% Ti and 6.05 wt.% V) (Figure 2-21 d). The concentration of
V in the B phase of the HT850WC+AG specimen is higher than HT850WC. The atomic radii of
V (0.132 nm) are smaller than those of Al (0.143 nm) and Ti (0.147 nm) [140]. As a result of the
enrichment of the phase with Vanadium, the lattice parameter 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 location, from 26 = 39.25 to 39.80° for the (11 0) peak.
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Figure 2-20: The XRD pattern of the HT850WC+AG sample indexing «, £, and a.” phases.
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Figure 2-21: SEM and optical micrographs showing microstructure of the HT850WC + AG
sample at various magnifications.

After aging the HT850 WC specimen at 550°C, the average lath thickness of o phase was
increased from 1.024 to 1.342 um and the average volume fraction of a phase was increased
from 68.42 to 74.39%. According to the microstructure of the HT850WC+AG specimen at high
magnification in Figure 2-21 d, this considerable grain growth is due to the transformation of
nanoscale particles dispersed on the a phase in the microstructure of the HT850WC (Figure 2-17
c) into the a phase. The EDS in Figure 2-21 d would seems to show that for the HT850WC+AG
treated specimens, the [ phase poor in vanadium re-maintenance itself during aging by
increasing the concentration of vanadium from 2.28 wt% for the HT850WC specimen to 6.05
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wt% for the HT850WC+AG specimen due to the diffusion of vanadium from decomposed

nanoscale particles into the  phase.

Subtransus heat treatment at 850 °C for 2 hours, followed by furnace cooling and water
quenching, highlights approximately different microstructure evolution, as detailed in Figure
2-22. A comparison of the two figures, it can be seen that there are significant differences in the
thickness of o phase. The average lath thickness of a phase is 1.403 um after furnace cooling and
1.024 um after water quenching. Nevertheless, the lath thickness of a phase was higher after
furnace cooling than after water quenching, which can be attributed to the low cooling rates
during furnace cooling that allow the grains to grow. Therefore, we can conclude that cooling
rate is an important factor when cooling from 850°C below the . It is worth mentioning that the
volume fraction of o phase is higher after furnace cooling than after water quenching. The
average volume fraction of a phase after furnace cooling and after water quenching was found to
be 78.71% and 69.42%, respectively.

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

2.5.1.3 Microstructure of supertransus heat treatments

Figure 2-23 A presents the XRD patterns of the HT1020FC specimen in which reflections related
to o and B phases were identified. It is interesting to note that some reflections such as (200),
(112), and (201) consist of a series of subpeaks as shown in Figure 2-23 B. According to the

literature, these findings demonstrate that a phases are precipitated at different temperatures with
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the same a and different c lattice parameters [135]. At the same time, the chemical composition
and morphology of the a phases precipitated at different temperatures are also different. Figure
2-24 shows the optical and SEM images of Ti64 microstructure after HT1020FC heat treatment,
revealing a lamellar microstructure of o and B phases. Figure 2-24 (C) shows the chemical
composition of these phases. As can be seen, the B phase is rich in V (12.75 Wt%) compared to
the a phase (0.63 W1t%). The mean amount for B phase after HT1020FC was about 9.14 + 1
wt.%. Peak temperatures above the P occur during this heat treatment, which convert the o'
microstructure to 100% B. Owing to the slow cooling rate, B is subsequently converted to the
dual phase microstructure of a and B. It is noteworthy that some grains of o phase exhibited
particles of B phase, as highlighted by a yellow circle in Figure 2-24 (c and d). The presence of 8
particles has been reported in heat treatment of as-manufactured Ti64 at 1150 °C for 2 hours
followed by air cooling [141]. The hardness values of the HT 1020 FC averaged at 342 HV, is
lower than the hardness of the as-manufactured specimen. This is due to the decomposition of o'

martensite as well as the grain coarsening of a phase during the heat treatments.
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Figure 2-23: A: The XRD pattern of the HT1020FC sample indexing « and f phases. B:
Enlargements of the (200), (112), and (201) peaks from 74° to 80° diffraction angles indicating
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 HT1020WC specimens after XRD measurements (Figure 2-25)
showed the presence of a’, a, and o phases. No evidence of B phase was found. In contrast, a’,
a, B, and o' phases were revealed in the HT1020WC+AG specimen (Figure 2-26). Moreover,
the intensity of the (110) peak was significantly higher in the HT1020WC+A specimen than in
HT1020WC. Both a and o’ phases exhibit a hexagonal structure. Therefore, it is difficult to
distinguish between o and o' phases by XRD. One of the most important metallurgical
differences between a and o’ phases is the content of V element. The content of V of o’ phase is
higher than that of the o phase, which is due to rapid cooling that prevents the diffusion of
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vanadium. Figure 2-27 shows the SEM and optical micrographs of the HT1020WC specimen at
different magnifications. As can be seen, the EDS analysis (Figure 2-27 C) reveals that o’ phase
is rich in V (3.19 Wt%) compared to the o phase (0.42 Wt%). The formation of a and o' phases
instead of o' martensite is surprising. According to previous studies [142], the  phase formed
when heated above Py temperature is converted to a complete o' martensitic phase when
quenched with water. However, the reason is probably that the Bt of the powder can be higher
than 1020 °C. The higher hardness of HT1020WC (~ 379 HV) compared to as-manufactured
specimen (~ 377 HV) is due to the formation of o' martensite plus o phase.
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Figure 2-25: The XRD pattern of the HT1020WC sample indexing «, o, and a” phases.
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Figure 2-26: The XRD pattern of the HT1020WC+AG sample indexing o', @, 5, and a" phases.
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Figure 2-27: SEM and optical micrographs showing microstructure of the HT1020WC sample at
various magnifications.

In contrast to the HT1020FC process, where the formation of a+f lamellae were the main
metallurgical features (Figure 2-24), in the HT1020WC process the columnar prior f structure of
the as-manufactured Ti64 is replaced by semi-equiaxed B grains with a diameter of about 170 um
with longer elongated o grains and o', as shown in Figure 2-28. The B phase undergoes more
complicated microstructural transformations during solidification after HT1020WC, such as the
formation of the o’ phase by the displacing transformation with a shear mechanism and the

formation of the semi-equiaxed B grains morphology by a nucleation process.
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Figure 2-28: SEM micrograph showing semi-equiaxed $ grains morphology of the HT1020WC
sample.

The effect of aging (550 °C/3 h/FC) on the microstructure of HT1020WC specimens is
summarized in Figure 2-29 at various magnifications. It can be seen that the longer elongated a.
grains have started to fragment and globularize as indicated by the arrows in Figure 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 a phase. The formation of B phase after HT1020 WC+AG was not
revealed by optical and SEM results. In contrast, XRD result after HT1020 WC+AG indicating
the formation of a small amount of  phase (Figure 2-26). 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 HT1020WC specimen). Figure 2-30 shows the microstructure of the HT1020
WC+AG specimen at a higher magnification. It can be seen that some nanoscale particles are

dispersed on the a-phase.
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Fragmentate

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

Nanosized Particles

Figure 2-30: SEM micrographs at higher magnifications showing microstructure of the
HTI1020WC+AG sample indicating the formation of p nanosized particles dispersed on the a
phase.
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2.5.2 Tensile properties
The results of the mechanical properties obtained from the tensile test of as manufactured and
heat-treated specimens are summarised and compared in Table 2-3. As expected, the as-
manufactured specimen has a high yield (1060 MPa) and a high ultimate tensile strength (1180
MPa) but a low ductility (8%) of less than 10%. This is due to the formation of a fine o'
martensitic microstructure. Interestingly, the ductility of all heat-treated SLM specimens is
higher than that of the as-manufactured specimen, except for specimen (HT1020WC+AG). On
the other hand, the strength of all heat-treated SLM specimens is lower than that of the as-
manufactured specimen. This is might be explained by the complete decomposition of o’ and the
coarsening of the microstructure of heat-treated specimens compared to the original fine o’

martensite.

The evolution of mechanical properties during heat treatment of SLM parts is controlled by the
decomposition of o' martensitic microstructure. It is important to note that the HT850FC
produces the best possible combination of ductility (13%) and strength properties (cy=932,
o0u=986 MPa) and the microstructure is comprised of B and o phases among all. This is due to the
formation of B phase in Ti64 alloy, resulting in a decrease in tensile strength and an increase in
ductility. The lower strength of HT850WC (6y=870, 6,=930 MPa) and HT850WC+AG (6y=892,
ou=970MPa) compared to HT850FC (0y=932, 6,=986 MPa) could be interpreted that the soft
martensitic a” microstructure is formed in prior B grains during rapid solidification of  phase,

upon water quenching.

It has been found that the mechanical properties of Ti alloys are a function of thickness of o lath
and a colony as well as grain boundary a [143]. A larger a-lath and a complete degradation of o’
martensite may describe the lower strength of treatment at HT1020FC (cy=748, 6,=833 MPa) in
comparison with HT850FC. The average lath thickness of a phase was 10.63 pm after
HT1020FC compared to 1.403 um after HT850FC and 0.420 um after printing.

HT1020WC exhibits high strength (cy=878, 6,=990MPa) and low ductility (8.6) compared to all
heat treatments processes. At the same time, the tensile strength of the HT1020WC specimens
decreases compared to the as-manufactured specimens, but the ductility does not increase. This
is due to the presence of 27.33 vol.-% of lamellar a and 72.67 of o' in microstructure instead of

complete a’, which leads to a decrease in strength. Another possible reason is that the lath
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thickness of a (13.6 um) in HT1020WC specimens is higher than that of the as-manufactured

and other heat treatments specimens, which can reduce the mechanical properties.

Interestingly, the strength of the HT850 WC+AG (oy=944, cu=1035 MPa) is slightly higher than
that of HT1020WC but its ductility is lower (7.2%). The reason is probably the presence of some

nanoscale B particles distributed on the o', which in turn increases the strength and decreases the

ductility.

Table 2-3: Mechanical properties of the of as printed sample and samples subjected to different
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 wWC 870+8 930+13 | 10.4+0.3
4 850 2 WC 550 3 FC 892 +5 970+23 | 9.3+0.27
5 1020 1 FC 748 + 12 833+10 | 145+0.6
6 1020 1 WC 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, a very fine acicular martensite o’ with a small amount of 8

and o' structure developed due to the extremely high cooling rate associated with the

SLM. Microstructural observations confirmed the complete decomposition of the fine

acicular martensite o' during the post heat treatments cycle, the transformation of o’ to a,

B, and o' phases, and the formation of some nanoscale f particles during the cooling

stage, confirming the need for post treatments after SLM of Ti64.

The optimal mechanical properties were obtained by heat treatment at 850 °C followed

by cooling in the furnace. This heat treatment enhanced the ductility to 13%, compared to

8% for as-manufactured specimens The improved ductility of the HT850FC can be

attributed to the complete decomposition of o’ into mainly a plus  and small amount of
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a' phases as well as the coarsening of the microstructure of HT850FC compared to the
original fine o’ martensite.

No improvement in mechanical properties was observed for HT850WC due to the
formation of soft orthorhombic o', a, and B. The presence of o’ is responsible for a
significant decrease in hardness.

Microstructure of HT1020FC is featured by the formation of an o+f lamellar. In contrast,
the microstructure of HT1020WC is featured by the formation of semi-equiaxial B-grains
with a diameter of about 170 um with longer, elongated a-grains and basket-weave o'.

Moreover, XRD analysis confirmed the presence of a'.
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3 Selective Laser Melting of Ti6Al4V-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 osseointegration, and superior corrosion
resistance, Ti64 alloys play a crucial role in biomedical applications. Moreover, the elastic
modulus of Ti64 alloys (105-110 GPa) is lower than that of 316 L stainless steel (210 GPa) and
cobalt-chromium alloys (230 GPa) [144]. Although Ti64 has many remarkable properties, there
are also some unresolved issues regarding bone resorption, stability and fixation of Ti64

implants, and the body's inflammatory response.

The resorption of the bone is a process of bone loss resulting from the large difference in
Young’s modulus between bones (10-30 GPa) and the Ti64 implants (105-110 GPa) for younger
patients under 40 years [145]. 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 absorption. Figure 3-1 illustrates the natural history of this problem clearly.

. é

Figure 3-1: a: Before the surgery. b: Immediately after the surgery. c: Beginning of the bone
resorption. d: Fracture [146].

Stability and fixation of a Ti64 implant inside the bone and bone ingrowth at the interface are the
greatest challenges after implantation [147]. There are several types of implant fixation: bone
cement, mechanical fixation (screws), and activated surfaces of implants (coating)[74]. Bone
cement is used in hip replacements to fix the bone stems, and to tackle the Young’s modulus
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 joint [148]. In recent decades,

50



coating implants with hydroxyapatite (HA) has been an innovative alternative to cemented
fixation [149]. Although implants coated by HA show good interfacial bonding between bone
tissue and implants [101], there have been some issues regarding the failure of the metal coating
at the interface, for which there is still no accepted solution [95, 96]. Another disadvantage of
using Ti64 implants is that they allow the release of metallic ions which leads to an inflammatory

reaction in the bone surrounding the implant[150].

3.2 Objective

This work outlines a SLM of Ti64-HA as a composite powder to solve the main Ti64 implant
problems. HA was added in order to provide a solid biological fixation between Ti64 implants
and bone tissue without the use of bone cements. It is well known that the crystallographic and
chemical composition of HA (Ca10(POa4)s(OH)2) is similar to that of bone tissue, which can
dramatically enhance osseointegration and biological fixation. Other advantages of HA, which
may have reduced inflammatory reaction or allergic risk and accelerated bonding, are bioactive,

biocompatible, non-inflammatory, non-toxic, non-immunogenic and osteoconductive [47].

Until recently, very little research has been carried out on the SLM of Ti-HA composites. Han et
al.[106] investigated the microstructure and mechanical properties of SLM-processed pure
titanium (CP Ti)-HA composites. Marcu et al.[151] studied the effect of SLM variables on the
microstructure evolution and mechanical properties of Ti6AlI7Nb-HA composites. Therefore, the
present paper aims to study the phases, microstructure, and mechanical properties of Ti64 -
2%HA composite samples manufactured by SLM. Moreover, the microstructure and mechanical

properties of Ti64-2%HA were compared with pure SLM-fabricated Ti64.

3.3 Materials and Methods

3.3.1 Materials preparation
In this work, 2wt% HA powder (nanoXIM*HA203, fluidinova, Portugal) was added into Ti64
powder (Gr.23, LPW Technology/UK) followed by mechanical mixing and SLM processing.
Figure 3-2 schematically describes preparation and manufacturing process. The gas-atomized
spherical Ti64 powder (Figure 3-3 a) had a nominal particle size of 15 to 45 um. Figure 3-3 b
shows SEM microscopic images of the mixture of the Ti64 and HA powders and their diameter

distributions. The hydroxyapatite powder had an average particle size dso of 10 © m and specific
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surface area > 100 m?/g. Mechanical mixing to produce the composite Ti64 -2%HA was

performed with a planetary ball mill (Retsch PM400). The mixing time was 8 h.

oo Printing
Mixed Powder
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Tl64/[f_p\vder ‘ . Ti64+HA
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Figure 3-3: Morphology of the powders.: @) SEM micrograph of pure Ti64 powder. b) SEM
micrograph Ti64 powder mixed 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 pm laser spot. Laser power, scanning speed, and layer thickness were kept

constant (optimum conditions) at 125 W, 1000 mm/s, and 20 pum, respectively. Parameters of
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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 was conducted 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 described by ASTM ES8.
The tensile test was conducted through the use of a non-computerized 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
Samples for metallographic examination through the cross section were prepared using standard
metallography procedure, and Keller’s reagent (92 mL H20, 6 mL HNO3, and 2 mL HF) was
used to reveal the microstructure. X-ray diffraction (XRD) with Cu-Ka radiation and the
wavelength of A= 1.5406 A at 40 kV and 30 mA was used to determine the phase constituent of
the microstructures of the printed samples. In order to investigate of the microstructural
evolution, optical microscopy (OM, Neophot 2, Jena, Germany) and 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 grain boundaries 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 testing (Leitz-Wetzlar,
Germany) was conducted with a dwell time of 10 s and a load of 0.5 kg f. Furthermore, micro/
nanoindentation tests (CSM micro-indentation tester) was done with an applied load of 3500 mN

and holding time of 10 s.

3.4 Results and Discussion

3.4.1 Material behavior during the SLM process of Ti6Al4V -HA composites
The Ti64 powder was mixed with different weight ratios of HA, including 2 wt%, 3 wt%, 4 wt %
and 5 wt %. The Ti64-HA composites, especially with high amounts of HA, showed complicated
production behaviour; several explosions (popups) occurred during SLM processing, resulting in
the crash of the support structure. Figure 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 H>O gases, which could be responsible for these explosions. It has been found [93, 152]
that HA [Cai0(PO4)s(OH)2] dissociates into H20 (gas) and tetracalcium phosphate [Cas(POa)20]
and/or tricalcium phosphate [Ca3(POas)2] at high temperatures above 1300 °C.

Figure 3-4: The crash of the support structure during SLM of Ti64-2%HA composite.

To eliminate the effects of trapped/generated water and reduce the impact of this "gas/explosion”
problem on the SLM-produced Ti64 -2% HA, preheating of the HA powder is required.
Therefore, the HA powder was heated to 1000 °C for 2 hours and the heating and cooling rate
was 10 °C/min. Heat treatment of HA was performed in a muffle furnace at 1000 °C for 2 hours
and the heating and cooling rate was 10 °C/min. After heat treatment, the HA powder was
characterized by Fourier transform infrared spectroscopy (FTIR) and X-ray diffraction (XRD).
The FTIR spectra (Figure 3-5) confirmed the stability of HA by the presence of peaks related to
phosphate [(PO4)* and PO4], OH", and HPO4 groups, which are important in the molecules of
HA. XRD analysis (Figure 3-6) indicated that the material is HA as shown by the (ICDD 00-
024-0033) pattern.
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Figure 3-5: FTIR spectra of HA powder heated at 1000 °C.

250 r T T T y T T T
E ICDD 00-024-0033 |
200 .
f;;- ~
E =
g 150 — .
N2 ~
o
g ) 2
= 100 - S - ~ -
2] N ) (o
- S S ) o
= SMe 2 <5
_ S L] ==r5
== | o —_ el Rl e cg S
0452 (12 =8 |pzS T=ADITSES
0~ T T T T bl
20 30 40 50 60 70
20(")

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 and Ti64-2%HA composites are compared in
Figure 3-7. Figure 3-7 a and b show typical OM and SEM micrographs of the Ti64 samples
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indicating a lath microstructure, consisting mainly of an a’ martensitic structure and a small
amount of B-titanium (B-Ti) at grain boundaries. The analysis of XRD (Figure 3-8 a) confirmed
findings of SEM and the formation of o’ martensite due to the appearance of hexagonal close-
packed (hcp) peaks related to a martensitic structure. Figure 3-7 ¢ and d show typical OM and
SEM micrographs of the Ti64-2%HA composite showing the existence of small grain structures
associated with dark grain boundaries and some light green areas. The phases formed during
solidification of the Ti64-2%HA composite were investigated by XRD, EDS-line, EDS- spot and
EDS-map.

Figure 3-7: a), optical image and b), SEM image showing microstructure of the Ti64
manufactured by SLM. C), optical image and d), SEM image showing microstructure of the
Ti64-2%HA composite manufactured by SLM.
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Figure 3-8 b presents the XRD pattern of the Ti64-2%HA composites in which reflections of o
Ti (hcp) and HA phases were revealed. The HA structure is indicated by the peak of 26=57.2°
which represents the (322) diffraction planes according to (ICDD 00-024-0033). This peak is
virtually identical to the peak found in Ref [153]. Some phase identifications of Ti64-2%HA
composites can be very difficult because the high concentration of Ti, which leads to strong
diffraction peaks which in turn overshadow the peaks of the other phases which result from the
decomposition of HA or interaction of Ti64-HA. Therefore, it would seem that the XRD
identified other phases such as TisP, different titanium oxides TixO (TisO and Ti2O), and
CaTiOs. According to the Ti-P phase diagram (Figure 3-9) [154], P weight fraction of 24 can
form the TisP phase. At the same time, the enthalpies of mixing of Ti-P, Ti-Al, and Ti-V are -
100.5, -30, and -4 kJ/mol respectively [155]. Therefore, the P in HA could be reacting with the
Ti in Ti64 to form the TisP phase during SLM. From the binary Ti-O phase diagram (Figure
3-10) [156], it can be deduced that O weight fractions of 20 to 40, TizO, Ti»O, and TizO- can

form in the structure.
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Figure 3-8: a) the x-ray diffraction of the SLM of Ti64 indexing o’ martensitic structure. b) the x-
ray diffraction of the SLM of Ti64-2%HA indexing o. Ti, HA, TisP, CaTiOs, and TixO phases.

EDS mapping of the selected area (Figure 3-11) indicated a homogeneous distribution of Ti, V,

and O, while the other elements P, and Ca were assumed to be inhomogeneous. It can be seen

that in some zones there was no significant overlap between Ca, P and O, as shown in Figure 8

(white circles). On combining this result with the XRD, we conclude that the powders of HA

were partially decomposed and interacted with Ti, which is converted into TisP, TixO, and

CaTiOs phases. Moreover, the intensity of XRD peaks of Ti64-2%HA are significantly higher

than that of Ti64. The decomposition of a certain percentage of HA has been reported in the

selective laser sintering of NiTi—HA system [157].
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Figure 3-9: Phase diagram of Ti-P (Titanium-Phosphorus) [154].
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Figure 3-11: EDS mapping analysis of SLM Ti64-2%HA composites.
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Figure 3-12 reveals EDS-line scan across the grain boundaries and inside grain domains in the
structure, indicating the partitioning tendencies of Ti and O elements that are present in the grain
boundaries when compared to that of the inside grain domains. As detailed in Figure 9, the phase
formed in the grain boundaries is significantly enriched with O. The quite low and high
concentration of the O element in the discrete peaks of O could be attributed to the formation of
HA and TixO. Another possible explanation for the formation of TixO is that the O element
content is relatively high, which could have led the formation of some TixO in the microstructure
after solidification as well.

Figure 3-12: EDS line scan across the grain boundaries in structure of SLM Ti64-2%HA
composites.

The EDS-spot analysis (Table 3-1) revealed that grain boundaries have small amounts of Ca and
P, suggesting that HA is formed in the grain boundaries. The high tendency for precipitation of
HA (Ca, P and O) in grain boundaries could be attributed to the low melting point of Ca, P, and
O elements. A small amount of Ca and P can be explained by their partial absence during the
standard metallographic procedure. It has been shown that nonmetallic elements (Ca and P) can
be easily removed during grinding and polishing [158]. In addition, the EDS-spot analysis of the
selected B and C points (Table 3-1) revealed that these points are enriched in phosphorus,
suggesting that TisP is formed in these points. It is interesting to note that some spherical nano-
sized white particles are found to be dispersed on the microstructure of the Ti64-2%HA
composite at high magnification as shown in Figure 3-13. The white nano-sized particles could
be interpreted as being a result of P diffusion due to their small atomic radius which causes a
high diffusion of P into the Ti64 matrix during the SLM process.
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SLM Ti64-2%HA composites.

Table 3-1: EDS spot analysis of grain boundary (GB) and inside grain domains in in structure of

Analysis Element wt%
points Ti Al \Y/ 0] P Ca
A 83.61 4.36 2.58 8.36 1 0.09
B 86.28 7.75 2.57 3.2 0.20 -
C 85.94 7.44 2.55 3.8 0.27 -

5 pm
ELTE TTK

Figure 3-13: Nanosized particles on the microstructure of the SLM Ti64-2%HA composites.

To additionally investigate and reveal the phases during SLM of the Ti64-2%HA composite,
Vickers microhardness testing was performed. The results are illustrated in Figure 3-14. The
average hardness of the Ti64 is ~ 374 HV, which is in good agreement with its predominantly o'
martensitic structure. The hardness of the Ti64-2%HA, averaged at 478 HV, is higher than the
hardness of the Ti64. This increase in hardness can be explained by the presence of HA at grain
boundaries and also by the presence of Ca, P, and O elements due to partial decomposition of
HA, which results in the structure strengthening via a solid solution mechanism. Another
possible reason for the increase in hardness is the formation of the fine a Ti phase in the Ti64-
HA structure. It has been shown that the fine o Ti phase is harder than the o' martensite phase
[132, 159]. The heterogeneous hardness profile of Ti64-2%HA compared to that of Ti64 is a
result of different phases formed in the structure of the Ti64-2%HA composite. The higher value
of the hardness in the region (563 HV) compared to the vicinity zones (470 HV) can be

62




attributed to the formation of the HA phase. It has been reported that the hardness of the HA
phase is about 600HV [46].

Consequently, the microstructure of the SLM of Ti64-2%HA composite is a complex mixture of
a Ti, HA, TisP, TixO, P, and CaTiOs. The average volume fraction of HA in the microstructure
of the Ti64-HA is about 10% based on Image J software. The formation of HA has been reported
in electron beam melting of Ti-HA composites [153]. It should be noted that the formation of
HA and dispersed Ca, P, and O elements in the microstructure of implants may result in higher

tendency of good bone osseointegration and biocompatibility.
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Figure 3-14: Corresponding microstructures are labelled on Vickers microhardness of the SLM
Ti64 and Ti64-2%HA composites.

3.4.3 Mechanical properties
Tensile tests and nanoindentation tests were performed to investigate the mechanical properties
of Ti64 and Ti64-2% HA. Figure 3-15 summarizes the results of the tensile tests on the SLM-
processed Ti64-2% HA composite and compares them with those of pure Ti64. The experimental
results of the tensile test indicate that the addition of HA has a significant effect on the load
carrying capacity of selective laser melting. As can be seen, the addition of 2%wt HA lowered
yield strength, maximum tensile strength, and elongation of the selective laser melting from
1060, 1180, and 8 to 223, 255 and 0.9, respectively. The deteriorating of tensile properties and
improvement of hardness are due to the formation of brittle phases including TisP, CaTiOs, and
the precipitation of HA in grain boundaries. Nevertheless, the tensile strength of the composite
Ti64-2% HA produced by SLM is about 2-3 times higher than that of human bone. It has been
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reported that the tensile strength of human bones are between 60 and 130 MPa [103, 160]. Figure
3-16 shows a typical load/nano-indentation depth curves for Ti64 and Ti64-2%HA samples at a
peak load of 3.5 mN. The penetration depths of the Ti64 and Ti64-2%HA samples are 580 and
450 nm, respectively. According to Figure 3-16, the hardness of the Ti64-2%HA is higher than
the hardness of the Ti64. This is due to the formation of a hard and brittle structure in the Ti64-
2%HA sample as compared to the lath microstructure, consisting mainly of o’ martensitic

structure in the Ti64 sample.
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Figure 3-15: Tensile properties of the SLM Ti64 and Ti64-2%HA composites.
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Figure 3-16: Load/nano-indentation depth curves of the SLM Ti64 and Ti64-2%HA composites.
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3.5 Conclusions of the SLM of Ti6Al4V-Hydroxyapatite

1.

SLM of Ti64 components exhibit a lath microstructure consisting mainly of an o'
martensitic structure and a small amount of B-titanium (B-Ti) at the grain boundaries.
SLM of Ti64-2%HA composite components exhibits small grains of a Ti coupled with
dark grain boundaries of HA and some light green regions of TisP, and other phases of
TixO, P, and CaTiOs.

The tensile properties of SLM components made of Ti64-2% HA are significantly higher
than those of human bone in the literature. Therefore, it is recommended that further
research be conducted in the field of SLM of titanium hydroxyapatite with graded
composition/structure (functionally graded materials/structures) to mimic natural bone
and ensure good interfacial bonding between bone tissue and metal implants.

For the same HA amount (2 wt%), a decrease in energy density resulted in lower tensile
strength. On the other hand, an increased energy density input has a negative effect on the
fabrication behavior, since several explosions (popups) occurred, leading to the collapse
of the support structure. Therefore, it can be suggested that a preheating treatment of the
HA powder is required to eliminate the effects of this "gas/explosion™ problem on the
SLM fabricated Ti64 -2% HA.

The SLM of Ti64- HA exhibited the lower tensile properties compared to the SLM of
Ti64. This was attributed to the formation of very brittle and hard HA in the grain

boundary, which promotes the growth of cracks.
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4 SLM Process on Ti6Al4V Alloy Hybrid Powders with

Spherical and Irregular Shapes

4.1 Introduction

SLM is a challenging process where a large number of parameters can affect the mechanical
performance and microstructure of a finished part [10]. The parameters of the SLM process can
be divided into four groups: Laser, Scan, Temperature and Powder, as shown in Figure 1-5. The
parameters for the laser and the scan in SLM of Ti64 have been studied by many authors [11,
161-167]. Several studies, for instance [130, 168-170], have been performed on the effects of
SLM temperature parameters on the Ti64 alloy. In contrast, few studies have been done to
investigate the effect of powder parameters of Ti64 [121, 171]. The qualities of SLM
components such as dimensional accuracy, defects, and surface roughness are mainly influenced
by flowability, size distribution, shape, composition, and surface morphology of the powder
particles [122, 172, 173].

Most previous studies have focused only on the use of plasma atomized powders (spherical
particles) with excellent flowability [174] (28 s/50g for plasma atomized 100% spherical Ti64
powder [175, 176]) for powder bed additive manufacturing. To date, there is no accepted
definition for the influence of powder properties in the SLM process [173, 177-179]. Therefore,
there is a clear practical need to gain a comprehensive understanding of the relationship between
powder and final workpiece properties, which requires further advanced research on the various
powder parameters (see Figure 4-1).

4.2 Objective

The objective of my work was to extend the current knowledge on the relationship between
powder and finished part properties. This work is a preliminary attempt to investigate the SLM
of hybrid powder of Ti64, which consists of 50 wt% spherically atomized plasma and 50 wt%
irregular hydride dehydride (HDH) powder, with acceptable flowability (36.5 s/50g). It is well
known that powder flowability (fluidity) is a critical factor in powder bed additive manufacturing
[172, 173]. Flowability or fluidity is defined in JIS Z 2502:2012 [180] as the time required for a
given mass (50 g) of powder to flow out of a given orifice under given conditions. Figure 4-2
details the method of flowmeter apparatus (Hall Funnel) to calculate the flowability of powder.
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Figure 4-1: Powder parameters influencing on the properties of SLM manufactured parts.
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In addition, one of the main obstacles to the use of spherical titanium powder in powder bed
additive manufacturing is that it is often expensive [3, 182] (200-450 $/kg[183]). Irregularly
shaped HDH powder is a lower cost product than spherical titanium powder [172, 184] (66-176
$/kg[183]). For this reason, much attention has been paid to the fabrication of a low-cost
hydride-dehydride (HDH) irregularly shaped Ti alloy for powder bed additive manufacturing
[185, 186]. Therefore, it is necessary to determine whether the hybrid powder of Ti64 can be
printed without affecting the microstructural and mechanical properties of the components
fabricated by the SLM system.

4.3 Experimental work

A hybrid powder (see Figure 4-3) consisting of 50% spherical plasma- atomized (PA) and 50%
irregularly shaped hydride-dehydride-based (HDH) Ti64 alloy (provided by TOHO Titanium
company/Japan) was used as the base material. The size distribution of the hybrid powder is in
the range of 45-150 um. The chemical compositions and ASTM specification (ASTM B348
Gr.5) of the Ti64 hybrid powder are given in Table 4-1. As detailed in Figure 4-4, the value of
flowability of (50% PA+50%HDH) powder is 36.5 s/50g according to JIS Z 2502:2012 [175,
176]. An additional Ti64 (Gr.23) plasma atomized spherical powder (provided by LPW
Technology/UK), as demonstrated in Figure 4-5, was used as a reference powder to facilitate
discussion of tensile properties. The chemical composition (wt %) of the reference powder is

given in Table 4-1, and the size distribution is in the range of 15-45 pum.

100 pm Mag= 100X  SignalA=CZBSD DateFeb2020 M | 204m Mag= 250X  SignalA=CZBSD Dato:dFab2020 [N
m WD =120 mm EHT =20.00 kV Time 9:39:40 ~“J m WD =120 mm EMT = 20.00 kV Time 9:39:23
' 0

Figure 4-3: SEM micrograph of Ti64 alloy hybrid powder at two different magnifications.

Table 4-1: Chemical analysis of hybrid powder and reference powder.

(Mass%) Al \ Fe e} N C H Ti
Hybrid powder (50%/50%) 6.31 | 4.15 0.18 0.170 | 0.008 0.01 0.008 | Bal
Max | 6.75 | 450 | 0.40 0.20 0.05 0.08 0.015 | Bal
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ASTM B348 Gr.5 Min | 550 | 3.50 - -

Reference powder (100%) 6.11 | 4.02 0.17 0.090 | 0.023 0.01 0.003 | Bal
Max | 6.75 | 450 | 0.25 0.13 0.03 0.03 0.012 | Bal

ASTM B348 Gr.23 Min | 5.50 | 3.50 - -

45 ‘ '

Impossible
to measure
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Figure 4-4: Flowability (fluidity) of (50% PA+50%HDH) hybrid Ti64 powder and (100% PA)
reference powder [175].
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Figure 4-5: SEM micrograph of Ti64 alloy reference powder at two different magnifications.

Ti64 samples were manufactured using commercial SLM equipment (Sisma mysint 100) fitted
with a fiber laser 200 W with a laser spot of 55 um. Laser power, scanning speed, and layer
thickness were kept constant (optimum conditions) at 125 W, 1000 mm/s, and 20 pm,
respectively. Pure argon gas with a flow rate of 35 L/min was used for shielding. The samples of
the tensile test were prepared with dimensions of 60 mm in length, 10 mm in width and 2 mm in
thickness. Tensile tests were carried out at a cross head of 1 mm/min. Each tensile testing was
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collected from an average of three experiments. The purpose of the tensile test was to evaluate
the mechanical properties of manufactured samples in terms of yielding strength, ultimate tensile
strength, and total elongation. Metallurgical characteristics of the SLM-fabricated Ti64 parts
were examined using X-ray diffraction, optical microscopy, and scanning electron microscopy.
All metallographic sample examinations were prepared following the standard metallography
procedure for titanium alloys. Keller's No. 193 etching reagent [134] was used to reveal the

microstructure of the samples.
4.4 Results and Discussion

4.4.1 Formation of defects in building sample
SLM building sample defects made while using hybrid and reference Ti64 powders were
determined by examination of the cross-sectional surfaces. Two types of defects (Figure 4-6 A)
were observed during the SEM test in the samples made using the hybrid powder. These
included gas porosity, which is accompanied by a spherical or elliptic shape, and lack of fusion
voids, which is accompanied by an irregular shape with sharp tips. In contrast, only gas porosity

(Figure 4-6 B) was observed in the samples made using the reference powder.

4

w
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powderl Lack of fusion
particles
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Figure 4-6: Gas porosity and lack of fusion defects during SLM of A) hybrid powder and B)
reference powder.

Gas porosity: In the SLM process, gas pores are formed from trapped inert gas in the molten
pool not insoluble in liquid metals which resulted in a void in the solidified pool. There are two
sources for gas porosity formation in the SLM building sample: the inert shielding gas such as
He and Ar entrapped between the powder particles and gas entrapped inside the powder
fabricated via gas atomization [122]. A good way to avoid the use of He and Ar is to use N
(non-inert shielding gas) instead. Elmer et al.[187] in their work on the effect of N> and Ar on
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porosity formation in laser welds found that porosity formation can be reduced or eliminated in
stainless steel welds by using N2 instead of Ar. It is common knowledge that N2 dissolves before
solidifying the liquid melt pool. Unfortunately, this can’t be used in Ti alloys due to the fact that
Ti is highly reactive and sensitive to nitrogen in the liquid state or when heated in air at
temperatures above 650 °C [48].

Lack of fusion voids: Lack of fusion voids are evident in the cross-sectional surfaces, which
result from insufficient laser energy per unit volume, which can cause inadequate penetration.
Figure 4-7 highlights severe defects of the SLM building sample made by using the hybrid Ti64
powder, whereas parts fabricated using the reference powder achieve near full density under the
same processing parameters as detailed in Figure 4-6. It is well known that increasing laser
energy with sufficient penetration by altering the parameters of the SLM process decreases lack
of fusion voids. Nesma et al.[10] showed that increasing scan speed increases the formation of
voids; on the other hand, Bauereil? et al. [188] found that increasing laser power decreases the
formation of voids. The hot isostatic pressed (HIP) approach has been put forward to solve this
issue [189-191].

SEM HV: 20.0kV | Det: BSE | NanoLAB-MOST
SEM MAG: 50 x | Date(m/dly): 08/05/19 1mm

Figure 4-7: Macrographs of fabricated samples by using the hybrid powder in as-polished
condition.

In contrast with applying 100% spherical powder which leads to high density of fabricated parts
(Figure 4-8), we believe that applying the hybrid powder with its different shape and flowability
could leave gaps (or cavities) between such particles which leads to the existence of pores on the
final products as highlighted in Figure 4-9 (a-b). In my view, several new techniques can be
suggested and will assist researchers in overcoming this problem, including:

o Reducing the hybrid Ti64 powder sizes to a range of 20 to 60 um,
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. The lack of fusion voids can be reduced by decreasing the amount (ratio) of
HDH irregular from 50% to 25% or 15% wt.,

o Using the double scanned or re-melted strategy in order to solve this problem,

as highlighted in Figure 4-9 (a-c).

Figure 4-8: Applying 100% spherical powder.

Low bed density

C
Layer thickness Scan 1 Scan 2

Figure 4-9: Applying hybrid powder with different shape and size.

4.4.2 Mechanical performance
The mechanical performance of SLM building samples is generally considered under tensile
loading conditions [112, 161]. Mechanical performance of the SLM-fabricated Ti64 parts was
described in terms of yielding strength (co02), ultimate tensile strength, and total elongation to
failure. As highlighted from Figure 4-10, there is a significant difference in tensile properties
between the SLM-fabricated Ti64 parts with 100% spherical powder and SLM-fabricated Ti64
parts with hybrid powder. The average yielding strength, tensile strength, and total elongation of
the Ti64 parts manufactured using hybrid powder were 21%, 17%, and 31% lower than that of
the Ti64 parts manufactured using 100 wt% spherical powder respectively. These results could
be correlated to sharp tips of lack of fusion voids which are susceptible to focused local stress,
leading to premature failure under loading conditions, especially static / quasi-static tensile
[192]. The lack of fusion voids have strongly affected the mechanical performance of 3D

manufactured products during the tensile test when compared to the gas porosity [193].
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Figure 4-10: Yielding strength, tensile strength, and total elongation of Ti64 parts manufactured
using hybrid powder and spherical powder.

4.4.3 Metallurgical characteristic

The metallurgical characteristics of Ti64 alloys are recognized as being the most important factor
which affects their mechanical properties. It is common knowledge that Ti64 alloy
microstructure evolution is controlled by a solidification reaction and solid-state phase
transformation. The microstructural evolution of the Ti64 alloy during SLM is more complicated
than that of the conventional manufacturing process due to a large number of SLM parameters
that can affect the cooling rate and reheating. Figure 4-11 shows a schematic representation of
the effect of temperature history on the microstructure of a single layer of the Ti64 alloy in the
last 7 layers [1]. It can be seen in Figure 4-11 that each layer was subjected to two liquid solid
transformation, one L+ / solid transformation, one P transformation, and two alpha-beta
transformations. This figure largely depends on the SLM parameters mainly laser power, scan
speed and layer thickness.

The SLM process involves a complex interaction between the metallurgical and physical
characteristics of the printed material and the process phenomena. Figure 4-12 (a and b) shows
an X-ray diffraction (XRD) pattern and a typical microstructure of a Ti64 part manufactured by
SLM. The XRD analysis reveals a dual phase crystalline structure of hexagonal close packed

(hcp) and body center cube (bcc).
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Figure 4-11: Schematic representation of thermal cycles that can occur during SLM.

The presence of the hcp structure is due to the formation of alpha prime (a’) martensite or alpha
(o) phase, or the intermetallic aluminide phase (TizAl). As is well known, in Ti alloys, the
structure of o', a, and TisAl is hcp; therefore, it is difficult to distinguish between each other with
regard to XRD analysis. The difference in the metallurgical content between o' and a phases of
Ti64 alloy is related to the vanadium (V) content in the atomic structure. The V content in o’

phase is higher than a phase resulting in the formation of a higher deformation of the crystal
structure of o’ phase[120].

350 4

300~

> |

250

200 4

Intensity

150 4

002) o’

100 4

(100) a’
110y p
(103) o’

-] ®
a g
= -
- )
=’ et

(112) a’

(201) a’

50

0

30 40 50 60 70 80
2 Theta

Figure 4-12: a) X-ray diffraction patterns of fabricated Ti-6Al-4V sample and b) SEM
micrograph showing fabricated Ti64 microstructure.
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The effect of the cooling rate on the final microstructure of the Ti64 alloy during the
solidification process has been comprehensively studied [31]. It has been shown that at high
cooling rates of more than 410 °C s?, beta phase transforms into a fully alpha prime (a’)
martensite. Moreover, the optimum cooling rate of SLM has been reported in the range of 10%—
10% K s™' [1, 108, 109]. Additionally, peak temperature has been noted between 1900 and 2700
°C in the molten pool of Ti64 during SLM [194]. Therefore, alpha prime (o) martensite
formation in SLM of Ti64 is highlighted because the cooling rate in SLM is higher than 410
°C/s. Several researchers [110-112] have shown that Ti64's SLM microstructure is completely
(o) martensitic.

It is fundamental to note that a serious matter during Ti64 printing by SLM is probable that
(TisAl) may have precipitated in grain boundaries, which can dramatically reduce fracture
toughness of the manufactured parts [195, 196]. It is well known that TizAl is a typically hard
and brittle phase, which leads to brittle fractures. Sun et al. [195] investigated the formation of
TisAl via an XRD test. They reported that the planes at (100), (101), and (110) are related to
TisAl. They also reported that the formation of TisAl due to the extremely high cooling rates in
SLM and much higher values for Al content than the content of the supersaturated solid solution,
which leads to precipitate of TisAl in the grain boundary. In addition, the solubility of Al in Ti is
greatly reduced during the solidification of the molten pool [197]. Thijs et al.[196] noted that the
presence of dark bands in the optical micrograph of the Ti64 microstructure manufactured by a
SLM system. They found that the primary cause of the present dark bands was due to the
precipitation of TisAl on the basis of the EDX measurement. This study has not confirmed
previous research on the precipitation of TisAl. This is due to uniform Al concentration in the
EDX measurement along the line 300 um, as shown in Figure 4-13. Furthermore, the calculation
of lattice parameter (a) not confirmed the formation of TisAl, it was found that the average score
for (a) of my XRD results = 2.9366 A, which is in complete agreement with those of o’
martensite [164], whereas lattice parameter of (a) for TizAl is 5.751 A [198].

The presence of the bcc structure is related to the B phase due to several possible reasons: Firstly,
the pores are usually filled with unmelted Ti64 powder particles during the SLM process, as
shown in Figure 4-6 a. As is well known, the microstructure of unmelted Ti64 powder consists of
B+o phases. The lower intensity of the XRD peak of  phases in the 26 = 39.8 compared to the
intensity of the o’ may be due to the low volume fraction. It has been found that the volume
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fraction of B phase accounted for approximately 5% of fabricated SLM Ti64 structure [159].
Secondly, the B phase in temperatures above beta transus could have been solidified rapidly
under a  fast  cooling rate and the  solid solution atoms V)
did not have sufficient time to spread from unit cells, therefore, transformation into o phase is
difficult [195, 199].
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Figure 4-13: X-ray line scan (EDX) in the manufactured parts, not indicating the formation of

(Ti3Al) in grain boundaries.
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4.5 Conclusion
1- The results of this investigation show that a decrease in powder flowability (36.5 s)
results in an increase in susceptibility to the formation of lack of fusion defects with
dropped tensile properties.
2- The findings of this study add substantially to our understanding of SLM and indicate
that hybrid powder (50/50) wt% of Ti64 with larger powder particles are less desirable in
SLM system.
3- The Ti64 fabricated part’s microstructure features alpha prime (a') martensite- prior 3
grain boundaries which is in contrast to the o', B, and TisAl microstructure predicted by

the Sun et al. and Thijs et al.
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5 Summary of New Scientific Results

The dissertation findings are summarized in seven thesis points. In square brackets are the
author's works in which the actual thesis points were published.

Thesis 1 [Publications: J1]: I have found that the structure of Ti64 manufactured by SLM has
two different martensite variants, namely the HCP martensite of the a’-phase and the
orthorhombic martensite of the a'’-phase. | also found that the martensitic &’ microstructure of
as-manufactured Ti64 is characterized by a hierarchical structure composed of four different
types of a' based on dimensions: primary (L = 125 um), secondary (64 pm), tertiary (32 pum),
and quaternary (8 um). The parameters of the SLM process were laser power = 125 W, scanning

speed = 1000 m/s, and layer thickness = 20 um.

Thesis 2 [Publications: J1]: I have proved that solution treatment at 1020 °C and 850 °C has a
slight effect on elongation improvement. After solution treatment at 1020 °C, the elongation
increased from 8% (as-printed) to 8.6%, and the tensile strength decreased from 1180 MPa (as-
printed) to 990 MPa due to the formation of a, a’, and a'’. After solution treatment at 850 °C, the
elongation increased from 8% (as-printed) to 10.4%, and the tensile strength decreased from
1180 MPa (as-printed) to 930 MPa due to the formation of a, 8, and a'’.

Thesis 3 [Publications: J1, C1]: I have underlined that the SLM-manufactured Ti64 parts with
an annealing treatment at 1020 °C followed by cooling in the furnace had higher elongation but
significantly reduced strength. The elongation increased from 8% (as-printed) to 14.5 %, and the
tensile strength decreased from 1180 MPa (as-printed) to 833 MPa due to the formation of an a

and B lamellar structure.

Thesis 4 [Publications: J1]: I have highlighted that ageing at 550 °C for 3 hours followed by
cooling in the furnace after solution heat treatment at 850 °C and 1020 °C had a negative effect
on elongation improvement. After HT850WC + AG (heat treatment at 850 °C followed by water
cooling and ageing), the elongation decreased from 10.4% to 9.3%, and the tensile strength
increased from 930 MPa to 970 MPa due to the partial dissolution of soft a'' and its
transformation into a, p, and a”. After HT1020WC + AG (heat treatment at 1020 °C followed by

water cooling and ageing), the elongation decreased from 8.6% to 7.2%, and the tensile strength
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increased from 990 MPa t01035 MPa due to the fragmentation and globalization of longer,
clongated a-grains.

Thesis 5 [Publications: J1, C1]: I have demonstrated that the microstructure of HT1020FC
(heat treatment at 1020 °C followed by furnace cooling) is characterized by the formation of an a
+ B lamellar structure. In contrast, the microstructure of HT1020WC (heat treatment at 1020 °C
followed by water cooling) is characterized by the formation of semi-equiaxial B grains with a
diameter of average 170 um with longer elongated o grains and basket-weave a’. | also
demonstrated that the B phase undergoes more complicated microstructural transformations
during solidification after HT1020WC, such as the formation of the a’ phase by the displacing
transformation with a shear mechanism and the formation of the semi-equiaxed B grains

morphology by a nucleation process.

Thesis 6 [Publication: J2 and J3]: | have reported the characterization and mechanical
properties of a novel Ti6Al4V/2% Hydroxyapatite metal/bio-ceramic composite fabricated using
the additive SLM manufacturing process. According to XRD, SEM, EDX (point, line, and
maps), OM, and hardness tests, | have revealed that the SLM components made from Ti64-2%
HA have small grains of a Ti associated with dark grain boundaries of HA and some light green
regions of TisP and other phases of TixO, P and CaTiOaz. | have showed that the behavior of HA
during SLM of Ti64/2%HA goes through two paths: Decomposition and Stability. Part of HA
decomposes and interacts with the Ti, which is transformed into TisP, TixO, P, and
CaTiOsz phases. Other HA was stable, and no decomposition occurred. The average volume
fraction of HA in the microstructure of Ti64- HA was about 10%.

Thesis 7 [Publication: J3]: I have highlighted that the composite SLM Ti64-2% HA has a
heterogeneous hardness profile compared to Ti64, which is due to the formation of different
phases in the structure of the composite SLM Ti64-2% HA. The peak microhardness (~ 563 HV)
compared to the ambient zones (~ 470 HV) is due to the formation of the phase HA. | have also
highlighted that the composite Ti64-2% HA has a higher microhardness (~ 478 HV) than the
pure Ti64 (~ 374 HV), which is due to the presence of HA at the grain boundaries and the

presence of Ca, P and O elements as a result of the partial decomposition of HA.
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7 Future studies

This dissertation mainly focuses on the progress and challenges in SLM of Ti6Al4V and SLM of
Titanium-Hydroxyapatite. The first challenge, which is the focus of this dissertation, is related to
the characterization and mechanical properties of a novel Ti6Al4V/ Hydroxyapatite composite
fabricated using the additive SLM manufacturing process for biomedical applications, which
aims to improve the osseointegration between metallic implants and the hard tissue of the human
body. The second challenge is to improve the mechanical performance of Ti6Al4V alloys
manufactured by selective laser melting (SLM), especially ductility, by applying annealing and
solution treatments as post-heat treatments. The third challenge is to reduce costs by using hybrid
powders of Ti6AI4V alloy with spherical and irregular shapes. However, several aspects need to

be further investigated and include:

e SLM of Titanium Zirconium (TiZr) Alloys such as Ti-13Nb-13Zr.

e Fabrication of a novel implant of functionally graded materials and structures (FGM/S)
with porosity and chemical composition of Ti and HA by SLM process. By designing
FGM/S implants in which 100% Ti alloys form the core of the implants, followed by
different ratios of Ti- HA and 100% HA the surface of the implants and the structure of
the implants, which contain different size and density of porosity to eliminate the
mismatch of the elastic modulus between bone and metallic implant.

e Effect of double-scanning or remelting strategy of SLM process on the Microstructure
and Mechanical Properties of Ti6Al4V alloy hybrid powders with spherical and irregular
shapes.

e Effect of quenching-aging treatment on as-fabricated Ti6Al4V samples by SLM.
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