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A B S T R A C T

The development of materials for biomedical, aerospace, and automobile industries has been a significant area of
research in recent years. Various metallic materials, including steels, cast iron, nickel-based alloys, and other
metals with exceptional mechanical properties, have been reportedly utilized for fabrication in these industries.
However, titanium and its alloys have proven to be outstanding due to their enhanced properties. The β-titanium
alloys with reduced modulus compared with the human bone have found more usage in the biomedical industry.
In contrast, the α and αþβ titanium alloys are more utilized to fabricate parts in the automobile and aerospace
industries due to their relatively lightweight. Amongst the numerous additive manufacturing (AM) techniques,
selective laser and electron beam melting techniques are frequently used for the fabrication of metallic compo-
nents due to the full densification and high dimensional accuracy they offer. This paper reviews and discusses the
different types of AM techniques, attention is also drawn to the properties and challenges associated with
additively manufactured titanium -based alloys. The outcome from this study shows that 3D printed titanium and
titanium-alloys exhibit huge prospects for various applications in the medical and aerospace industries. Also,
laser-assisted 3D technologies were found to be the most effective AM method for achieving enhanced or near-full
densification.
1. Introduction

AM technique is a recently developed method, reportedly used to
fabricate parts in industries, including biomedical, aerospace, and auto-
mobile [1, 2, 3]. This method invented by Chucks Hull in the 1980s uses
3D digital design data in building different component layers through
material deposition [4, 5]. The building of intricate shapes accompanied
by complex geometry and design, which are difficult to produce using
other conventional methods such as casting [6], and powder metallurgy
[7], are easily fabricated at higher speed and accuracy when AM pro-
cessing route is adopted [8].

AM is commonly used due to several factors, including fast proto-
typing, complex geometry, fabrication of several combined parts,
enhanced performance, and low volume manufacturing [9]. This method
that is still gaining momentum has gained attention in the last decade
owing to several benefits such as improved automation, wide availability
of CAM/CAD design software, and a growing library of printable mate-
rials [5]. This fabricating technique requires an in-depth knowledge of
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the microstructure and mechanical properties resulting from manufac-
tured components. However, it is noteworthy that the resulting proper-
ties will depend greatly on the AM route adopted for fabrication.

The frequently used AM methods include vat photopolymerization
which cures materials by light-activated polymerization, material jetting
in which droplets of materials are jetted to join powder materials, pow-
der bed fusion where energy is used for selective fusion of powder bed
regions and material extrusion where materials are dispersed through a
nozzle before solidification [10, 11]. In addition, an extensive investi-
gation has been carried out on the fabrication of unalloyed titanium and
other alloys of titanium using AM techniques [12, 13].

Recently, titanium metal and its alloys have been a material of in-
terest in the biomedical [14, 15], aerospace [16, 17], defense [18, 19],
and automobile industries [20, 21, 22]. This has been attributed to the
exceptional improved strength, wear, biocompatibility, excellent corro-
sion resistance, and low modulus of elasticity they possess. The titanium
alloy grades presented in Table 1 have been reportedly used in several
engineering industries. However, research has shown that the alloys'
February 2022
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Table 1. Application and mechanical properties of different grades of titanium based alloys.

Titanium alloy Industry Tensile strength
(MPa)

Elastic modulus
(GPa)

Application Ref

Ti–8Al–1Mo–1V Aerospace 897 117 Compressor blades, Hydraulic lifts [44, 45]

Ti–10V–2Fe–3Al ✓ 970 900 High strength airframe components [46, 47, 48]

Ti–13Al–11Cr–3Al ✓ 1276 101.4 Wire springs [49]

Ti–6Al–2Sn–4Zr–6Mo ✓ 1210 114 Hydraulic systems [50, 51]

Ti–Al-2.5 ✓ 620 100 Aircraft engine [52]

Ti–6Al–4V Automobile 117 897 Connecting rods, wheel rim screws [20, 53, 54]

Ti grade 1s ✓ 105–120 345 Brake seal washers, valves [55, 56, 57]

Timetal LCB ✓ - 1565 Suspension springs [57, 58]

В-titanium alloys ✓ 101.4 1300 Valve springs [59, 60]

Ti–12Mo–6Zr–2Fe Biomedical 74 585 Hip replacement [61, 62]

Ti–35Nb–7Zr–5Ta ✓ 55 500 Dental implant [63, 64, 65]

Ti–29Nb–13Ta-4.6Zr ✓ 59 650 Artificial knee joint [66, 67, 68]

Ti–35Nb–7Zr–5Ta ✓ 55 550 Orthopedic implant [69]

Ti–29Nb–13Ta-4.6Zr ✓ 59 650 Cortical bone [70]

Ti–24Nb–4Zr–8Sn ✓ 42 850 Spine joints and bone plates [71]
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overall properties depend on the degree of impurity they contained,
which adversely affects their plasticity [23, 24, 25]. Titanium alloys
undergo plastic deformation when hydrogen, carbon, oxygen, and ni-
trogen are present [26, 27]. In general, alloying elements play a crucial
role in stabilizing its α or β phase [28, 29]. The incorporation of the alloy
elements in varying proportions often results in the formation of phases
which include near- α, α near-β, α-β, β -titanium and metastable β tita-
nium alloys [30, 31].

Titanium aluminide (TiAl) alloys have generated significant interests
in several applications, predominantly in structural systems such as
aerospace and automobiles, where lightweight and high strength/weight
ratios are required [32]. Titanium aluminide alloy has high-temperature
strength and improved oxidation resistance (>750 �C), and this makes
them fit for high-temperature structural applications [33]. Other types of
titanium alloys such as alpha type titanium alloys, dual phase titanium
alloys, metastable and stable beta titanium alloys have also been
employed in various industrial sectors [34]. A comparison between the
strength exhibited by titanium alloys at elevated temperatures and other
metallic alloys is illustrated in Figure 1. The replacement of parts pro-
duced from other metallic-based superalloys with titanium in aerospace
applications is expected to decrease the structural weight of gas turbine
engines with high performance by approximately 30% [35]. Therefore, a
Figure 1. A plot of specific strength of titanium alloys agains
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slight increase in fuel efficiency and performance may be noticeable
when titanium alloys are utilized to manufacture engine parts for gas
turbines.

Furthermore, other conventional techniques such as powder pro-
cessing, forging, casting, and powder metallurgy processes have been
reportedly used for the production of Ti-based alloys [37, 38, 39, 40].
However, these techniques often pose some challenges during the pro-
cessing, leading to increased production costs [41].

AM has been reported as a promising technology with extensive
design freedom in geometry [42, 43]; therefore, immense attention has
been geared towards finding a suitable AM process to fabricate titanium
alloy parts with improved mechanical properties. This review will pro-
vide a general overview of AM fabrication techniques and provide in-
formation on microstructural and mechanical characterization of
titanium-based alloys fabricated via various AM methods.

2. Reported AM processes utilized for fabrication of titanium-
based alloys

Different AM methods has attracted global research interest over the
past few years owing to its exceptional benefits over other traditional
manufacturing processes. AM enables the fabrication of physical
t the thermal strength of other structural materials [36].
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components from computer-aided design (CAD) files in a 3D printing
machine by joining materials in layers [72, 73]. Moreover, this new
technology brings about many innovations such as shortened product
development cycle, fabrication of complex parts, which are difficult to
fabricate using other conventional production technique; energy, mate-
rials, and human resources, can be appreciably reduced. AMmethods are
essentially classified by the properties of the feedstock and binding
mechanism between the material layers joined together [74]. Several
investigations have been carried out on alloying of titanium alloys with
elements such as Cr, Mo, Nb, V, Si using AM technologies for different
biomedical and aerospace industries. However, there are very few suc-
cessful attempts to fabricate titanium alloys using binder jetting pro-
cesses to produce a 3D component with improved mechanical properties
as the process operates at room temperature and do not have adequate
temperature to fuse powders together for an enhanced green density.

2.1. Electron beam melting (EBM) process

EBM has recently attracted attention in manufacturing industries due
to its ease of fabrication of defect-free metallic components. This AM
technique represented in Figure 2 adopts an electron gun controlled by a
computer to create fully dense 3D components from metallic powders
[75, 76]. Structural components are generated through selective melting
of electrically conductive powders by electron beams under a controlled
vacuum. It should also be noted that parameters such as powder con-
ductivity and sintering temperature adopted for fabrication are fixed, and
this helps determine the boundary condition of preheating temperature
[76]. In contrast, other processing parameters such as electron beam scan
rate, scanning strategy, and scanning rate should be carefully calculated
and optimized [77]. EBM has been successfully used to fabricate parts in
the automotive, aerospace, and medical implant industries [78, 79, 80].
This makes the fabricated components strong, void-free, and fully dense.
Biamano et al. [81] explored the possibility of producing near-net-shape
components from Ti–48Al–2Cr–2Nb (45 and 150 μm) alloy composition.
Process optimization was needed to eliminate the residual porosity
Figure 2. Schematic illustration of ele
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located between two subsequent layers. This study proved EBM to be an
ideal AM technique if the fabrication of titanium-based alloys with little
internal defect and homogeneously dispersed alloying elements is
desired.

Rastkar and Shokri [82] reported on the phase evolution of
Ti–45Al–2Nb–2Mn–1B gamma-based titanium aluminide fabricated via
EBM technique. Results from this study showed that the lamellar struc-
ture of the fabricated alloy, which was initially composed of α2 (Ti3Al)
dendrites, became transformed into an interdendritic γ (TiAl) phase.
Moreover, this phase transformation increased the surface hardness to
600 HV in comparison to a value of 330 HV recorded for the untreated
specimen. A further observation from this study showed few cracks on
the surface layers at lower energies and higher speeds. In comparison,
lower speeds and higher energies produced hard crack resistant surface
layers.

The optical micrograph of the produced specimen's vertical section
revealed a microstructure which consist of fine equiaxed and little coarse
grains. The fine gamma equiaxed microstructure was attributed to rapid
cooling. Furthermore, series of heat treatments were performed on the
specimens to obtain a near lamellar microstructure, which is a major
requirement in the automotive industry [83]. The microstructure after
heat treatment consisted of both equiaxed fine and coarse grains. It
should be noted that the microstructure can be easily transformed upon
subsequent heat.

2.2. Directed energy deposition (DED) process

The DED technique adopts a laser beam to deposit a pool of molten
metal to a substrate, in which metallic powder is injected through a gas
stream [85, 86]. This method is suitable for the fabrication of metallic
components, including screws, valves, and mold tools [87, 88]. DED is
currently replacing several other conventional manufacturing processes
such as thermal spraying and gas metal arc welding. Recently, Liu et al.
[89] published their findings on the ductility property of heat treated
Ti–5Al–5Mo–5V–1Cr–1Fe titanium alloy, fabricated using DED
ctron beam melting system [84].



Figure 3. A schematic illustration of the directed energy deposited [91].

T.S. Tshephe et al. Heliyon 8 (2022) e09041
technique. To prevent the oxidation of the melt pool, the experiments
were reportedly conducted inside a chamber purged with argon. The
dimensions of the fabricated plate-like sample were approximately 400
mm � 300 mm � 40mm. Annealing heat-treatment was carried out at
750 �C for 2 h and then cooled in air. Microstructural examination of the
samples reportedly showed that they exhibit an ultrafine basket-weave
structure, with high strength but reduced ductility. After The authors
pointed out that the specimens showed an improved ductility with a
decreased strength after annealing. However, this behaviour was
ascribed to continuous formation of αGB, which resulted in α phase
precipitate-free zones. Thomas et al. [90] examined the laser metal
deposition of Ti–47Al–2Cr–2Nb alloy. The scan rate was between 60 and
4000 mm/min during the first trial for different laser power and different
powder feed rate. The main feature recorded in the single bead was the
presence of microcracks under a microscope, formed in the transverse
direction.
Figure 4. Binder jet pr
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Overall, these studies described DED as a helpful technique for
manufacturing and repairing complex parts in an automated fashion due
to its low heat input, which helps the material retain its strength. It also
produces a metallurgical bond between the deposited metal and base
material, promoting adhesion between parts. A schematic representation
of this process is presented in Figure 3.

2.3. Binder jetting printer (BJP) process

Binder jetting, also referred to as binder jet printing, is a technique in
which metal powder is deposited in layers and joined selectively with a
polymeric liquid binder. A diagram of a binder jet process is presented in
Figure 4. The strength of binder jetted parts can be increased by fully
curing the binder, and then unbound powder is removed. The metal
powder is then sintered for densification or infiltrated with a metal which
has a reduced melting point metal [92].
inting system [93].



Figure 5. XRD plots of mixed powders and post treated samples [94].

Figure 6. SEM micrographs of samples after annealing at 1400 �C for 2 h [94].
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Figure 7. Schematic diagram showing (a) first, (b) second, and (c) third stage of the selective laser melting process [100].

Figure 8. (a) Contour and (b) Surface plot of dilution (high laser power and feed rate at constant scan speed) [101].

T.S. Tshephe et al. Heliyon 8 (2022) e09041
Polozov et al. [94] synthesized orthorhombic titanium alloy using 3D
printing technique. Commercially pure titanium, aluminium, and vana-
dium were turbula mixed and printed using ExOne Innovent printer and
ExOne solvent binder. The specimens were printed with a recount speed,
binder saturation, and dry time of 15 s, 45% and 7 mm/s, respectively.
Furthermore, the green parts were subjected to curing for 3 h at 180 �C,
after which they were reactive sintered at 800, 1000 and 1110 �C in
vacuum for 6 h however, the surface morphology of the samples was
modified upon increase in sintering temperature from 1000 to 1100 �C,
with smoother and reduced globular characteristics on the surface. The
authors ascribed this modification to a change in the wettability property
6

of aluminium at increased temperature. The XRD analysis (Figure 5)
further revealed the existence of Ti3Al phase. The titanium atoms were
reportedly dissolved on the surface of the molten aluminium after the
specimens were heated above the melting temperature of aluminium.
This resulted in the formation of enriched titanium solid solution, which
later solidified as globules. Upon annealing of the sintered samples at
1400 �C, there was diffusion and dissolution of Ti, Al, and Nb, leading to
the formation of solid solution and precipitates of Ti2AlNb phase. The
SEM images of the after annealing shown in Figure 6 also reveals that the
Ti2AlNb precipitates were formed within B2 grains and grain boundaries
due to the annealing temperature adopted.



Figure 9. (a) Contour and (b) Surface plot of dilution (high scan speed and feed rate at constant laser power) [101].
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2.4. Selective laser melting (SLM)

Selective laser melting has been widely adopted for the fabrication of
aerospace components using nickel-based superalloys, steels, and
titanium-based alloy materials [95, 96]. This technique turns prototypes
into functional hardware fabricated from the same material as produc-
tion components. It also allows the design of organic geometrics and
parts with challenging passages and internal features that could not be
produced via casting and other conventional fabricating techniques since
the components are built in layers. The fabrication process is initiated by
designing a 3D model from CAD (computer-aided design) software. The
optimized 3D model is mathematically divided into several 2D layers
using specific AM software. The data generated from the 2D model is fed
Table 2. Classifications of AM techniques.

Method Various technology Advantages

Directed Energy
deposition

� Laser engineered net
shaping

� Electron beam direct
melting

� Rapid plasma deposition
� Direct light fabrication
� 3D laser cladding

� Ability to control the grain structures
� Production of relatively large parts wit

tooling
� repair of high-quality functional parts

Binder jetting � Ink jetting
� 3D printing
� Color jet printing

� Ease of building parts in multiple mate
� Relatively low cost of fabrication
� High speed
� Allows the combination of powder ma

additives binders

Powder bed fusion � Selective laser melting
� Direct metal laser

sintering
� Selective laser sintering

� Improved production development tim
� Efficient for reduced volume productio

prototypingEfficient recycling of un-m

Vat polymerization � Digital light processing
technology

� Stereolithography

� High level of accuracy and excellent su
� It is relatively fast
� Has large build areas

Material jetting � Thermojet
� Polyject

� Parts are useful for the design of castin
� Excellent accuracy and surface finishes

Sheet lamination � Ultrasonic AM
� Laminated object

manufacturing

� Ease of material handling
� Support structures are not required
� Relatively cost-efficient
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into the SLM computer, which assigns pre-defined scanning strategies
and parameters. Prior to printing, it is essential to pressurize the building
chamber with inert gas (nitrogen or argon) to prevent oxidation and
contamination during the fabrication process. A schematic illustration of
the selective laser melting process is shown in Figure 7 (a-c). However,
the processing/scanning parameters should be carefully selected, as they
play a crucial role in the solidification and melting process of the feed-
stock powders [97]. Improper melting/solidification can affect the
microstructural properties of the fabricated components, thereby causing
defects such as delamination, cracks, and pores. Moreover, energy den-
sity is an important parameter that is required to achieve high densifi-
cation in fabricated components [98]. The laser energy density (Ed) can
be calculated using Eq. (1) [99].
Limitations Fabricated
components

Ref

h minimal
� Surface finishing is dependent on

the material used
� Post-processing finishing is

needed to achieve the desired
effect

� Polymers
� Metals
� Composites

[102,
103]

rials

terials and

� Poor accuracy and surface finish
� Infiltration steps are required to

achieve good mechanical
properties

� Metals
� Ceramics

[104,
105]

e
n and rapid
elted powder

� Requires post-processing
� Longer print time and relatively

low speed of production

� Ceramics
� Glass
� Plastic
� Metals

[106,
107]

rface finish � It can only be used for photo-resin
materials

� After print, components are
affected by ultraviolet rays

� Longer processing time.

� Polymer
� Ceramics

[108,
109,
110]

g pattern � Fragile parts owing to wax-like
materials

� Relatively slow build process

� Photopolymer
� Ceramics

[110,
111]

� More waste is generated in
comparison to other AM
techniques

� It has limited material options
� Not suitable for the fabrication of

hollow parts

� Metals
� Ceramics

[112,
113]



Figure 10. SEM micrographs of Ti–6Al–4V material in directions (a) X (b) Y (c) Z and (d) secondary α-phase crystal between coarse α plates [114].

Figure 11. Microstructure of the as-deposited (a) Ti–47Al–2.5V–1Cr and (b) Ti–40Al–2Cr alloys [115].
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Ed ¼ Lp
Ls � Ss

(1)
where Lp is the laser power, Ls is the laser spot and Ss represents the scan
speed.

A recent parametric studybyBhardwaj et al. [101] extensively analysed
the microstructure and mechanical properties of titanium-molybdenum
alloy, fabricated by laser AM technique. Spherical-shaped atomized mo-
lybdenum and titanium powder subjected to Hall flow test (according to
ASTM B213) were used as the starting powders. The specimens were pro-
duced in an argon gas environment through a DED-LAM coaxial powder
feeding nozzle. In this study, the authors adopted the laser power as the
main parameter, and this was varied below 1300 and 1950 W. X-ray
8

diffraction (XRD) analysis conducted confirmed the presence of a dominant
β-phase planes (110), (220) and (211). The SEM images also showed the
deposition of large columnar dendrites and several equiaxed grains. The
microvoids generated in the specimens were attributed to gas entrapment,
which occurredduring the fabrication process. It should benoted that these
porosities can be reduced/eliminated through post-processing treatment
(hot isostatic pressing or heat treatment) and the adoption of different laser
scans.

Furthermore, track dilution was reported to be minimal at a low scan
speed. A track dilution is dependent on track depth, and it is a function of
track penetration and track bulge area. Figures 8 and 9 showed the
contour and surface plots when minimum dilution was respectively
observed at different parameters. This was noted at two different

astm:B213


Figure 12. TEM images of the heat-treated TiAlCr alloy at (a) 1100�C/30 min (b) 1100�C/30 min (c) 1125�C/30 min [115].
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optimized parameters. The first was noted at a constant speed and high
laser power, irrespective of the powder feed rate, while the second was
achieved when the feed rate and scan speed were reduced with constant
laser power.

The outstanding characteristic of all AM techniques is their ability to
produce components of high geometrical complexity, which cannot be
fabricated by any other conventional method. A detailed classification of
different AM manufacturing techniques is presented in Table 2.

3. Microstructural properties of 3D printed Ti-based alloys

AM is known for its ability to produce site-specific microstructures. It
can fabricate components through a continuous layer addition, with a
thickness less than ten microns. Owing to this, the microstructural
feature of a 3D printed engineering material plays a crucial role in
determining its physicochemical and chemical properties. It is also
noteworthy that factors that include thermal gradient and rate of solid-
ification help control the microstructural properties of fabricated mate-
rials. These factors, however, determine the arrangement of grains,
defects, and crystallographic structure of the fabricated material. In a
recent study by Kovalchuk et al. [114], the SEM morphology of a 3D
printed Ti–6Al–4V article after heat treatment was investigated, and
shown in Figure 10. The β-grain structure is seen to cross the boundaries
between the vertical (Figure 10a), and the horizontal (Figure 10b) layers.
The α-colonies gave an intergranular shaped structure (Figure 10c). The
crystals dispersed in the secondary α-phase at high magnification is
presented in Figure 10d. The Qu et al. [115] discussed the microstruc-
tural features of Ti–47Al–2.5V–1Cr and Ti–40Al–2Cr (at.%) alloys
fabricated by LMD process. Results from this investigation showed a fully
lamellar microstructure of different grain size consisting of α2-Ti3Al and
γ-TiAl phases. The fine lamellar structures seen in the as-deposited TiAl
specimens was attributed to high solidification rate during the
manufacturing process. However, the lamellar microstructure which
consists of γ-TiAl and α2-Ti3Al as seen in Figure 11a and b reportedly
9

resulted from the solid-state phase transformation. This study showed no
clear indication of surface morphologies to ascertain if the cracks seen on
the microstructure resulted from the high solidification rate used during
fabrication. Figure 12 shows the TEM images of the heat-treated alloys.
From Figure 12a, there is a clear indication that the initial crack was
generated as a single grain, which later propagated along with the
lamellar interface and grain boundary. However, Figure 12b and c
revealed that the lamellae spacing is on the same level, resulting from the
short duration used during heat treatment.

Wang et al. [116] also reported on the mechanical and microstruc-
tural homogeneity of Ti–35Nb alloy, fabricated via selective laser melted
method. The SEM images from this study revealed the presence of den-
dritic niobium particles dispersed within the Ti–Nb matrix. This however
indicates that the molten pool underwent a rapid cooling, and the laser
powder had a reduced interaction time, which resulted in incomplete
diffusion and dissolution of the niobium particles.

The effect of boron addition on the texture and grain size of additively
manufactured β-Ti alloys was examined by Mantri et al. [117]. This study
was reportedly motivated by the need for a detailed microstructural and
textural investigation in additively manufactured components, which is a
function of spatial location and a model based on the thermomechanical
history as well as development of approach to microstructural consistency,
and goodunderstanding of the resulting texture in additivelymanufactured
TiAl alloys. Different titanium-based powders were deposited through laser
engineered net shaping (LENS) technique, from a blend of high purity
feedstock powders of titanium (Ti), vanadium (V), molybdenum (M), and
boron (B). The printed specimens were sectioned in the middle, and their
surfaces were prepared for microstructural examination using standard
metallography procedures. Electron backscattered diffraction (EBSD)
analysis was performed on the specimens to get detailed information on
their texture and grain sizes. The EBSD Inverse Pole Figures (IPF) maps are
presented in Figure 13 (a-d). The EBSD scans were reportedly carried out
acrossdifferent regionswithin the specimens.Amajor observation fromthis
study revealed that the grains exhibited columnar growth, which do not



Figure 13. EBSD-IPF maps for (a) Ti–V (b) Ti–Mo (c) Ti–V–B (d) Ti–Mo–B alloys [117].
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exceed 2mmalong the long axis (Figure 13a and b). However, the addition
of boron (Figure 13c and d) to the Ti-based powdersmapped out the grains,
which illustrates grain modification.

The texture maps of the specimens are shown in Figure 14. The au-
thors reported only on the texture maps from the β grains since the
texture is developed during the powder deposition stage. The Ti–V and
Ti–Mo specimens exhibited the maximum texture intensity (MTI) values
of 37 and 32, respectively. The high MTI values indicate the growth of a
strong (001) β columnar grain along the cylindrical deposit axis
(Figure 14a and c). Furthermore, incorporating boron into the Ti-Vand
Ti–Mo powders resulted in decreased MTI values of 1.75 and 1.9,
respectively (Figure 14b and d), thereby developing random textures.

Also, L€ober et al. [118] investigated the influence of different pro-
cessing parameters on the fabrication of beta solidifying titanium alu-
minide (Ti–Al28.9–Nb9.68–Mo2.26–B0.024) alloy. In this study, the
authors adopted laser beam power ranging from 50 to 250W and scan-
ning speeds within the range of 50–2100 mm/s during fabrication. The
results obtained showed the effect of the scanning speed and the laser
power on the morphology of the melt tracks. Furthermore, at an inter-
mediate laser power (100 W) and very high scanning speeds (350–2100
mm/s), a balling phenomenon was observed.

Balling, which often results from discontinuous and disconnected
scan tracks, is a significant defect associated with the direct metal laser
sintering technique [119, 120]. It further inhibits even deposition of new
10
powder layer, thereby leading to the formation of pores and delamina-
tion initiation because of poor bond strength between layers. Another
reason for balling effect has been ascribed to the presence of oxide
contamination on the melt and substrate surface.

The study further confirmed that maintaining higher scanning speeds
and power altered the microstructure from balling to an unstable melt
track, as seen in Figure 15 (a-c). The last morphology was observed to a
stable and smooth melt track when slow scanning speeds (50–100 mm/s)
and intermediate to high laser powers (100–250W) processing parame-
ters were adopted (Figure 15d).

In view of all that has been mentioned so far, it is essential to note that
the LMP addictive manufacturing technique may become a preferred
method for the fabrication of TiAl alloys with finer grain sizes, resulting
in enhanced mechanical properties.

4. Mechanical properties of 3D printed Ti-based alloys

Additively manufactured titanium alloys have been reportedly sub-
jected to various types of mechanical testing to better understand their
mechanical behaviour under severe service conditions. Researchers have
extensively used tests that include but not limited to tensile, hardness and
tribology to ascertain the mechanical properties of the fabricated alloys.

The effect of boron addition on the resistance of additively manu-
factured titanium alloy to wear deformation was studied by Mantri et al.



Figure 14. Texture maps of (a) Ti-20 wt% V (b) Ti-20 wt% V-0.5 wt% (c) Ti-12 wt% Mo and (d) Ti-12 wt% Mo-0.5 wt% B [117].
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[14]. This research was reportedly motivated by the need to use
titanium-based alloys in the biomedical engineering industry due to their
improved corrosion and fatigue resistance and their reduced elastic
modulus [15, 16]. The insolubility of boron in titanium when in solid
state has been reported, and this often prevent embrittlement within ti-
tanium matrix. Murr et al. [32] compared the mechanical and micro-
structural properties of Ti–6Al–4V fabricated by the electron beam
melting (EBM) process to wrought and cast fabricated Ti–6Al–4V sam-
ples. Findings from this research show that the investigated AM tech-
niques are more efficient for the production of biomedical implant
components, with superior mechanical properties, compared to the cast
and wrought fabricated Ti–6Al–4V components.

In a similar investigation by Rafi et al. [122], two different 3D printing
techniques were compared (selective laser melting and electron beam
melting) based on the microstructural and mechanical properties
exhibited by the fabricated Ti6Al4V parts. Their results showed that the
Ti64 sample produced via SLM technique recorded a higher tensile
strength compared to the EBM-produced samples. However, the
EBM-produced samples were reported to record an enhanced ductility as
presented in Table 3. The authors attributed the higher tensile strength
shown by the SLM samples to its martensitic microstructure, while the
higher ductility in EBM-produced samples was ascribed to the presence of
a lamellar phase. Moreover, a fatique limit of 500 MPa was recorded by
the samples fabricated by SLM technique. In contrast, the EBM-produced
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samples had a fatigue limit of 340MPa, and this behaviourwas ascribed to
the presence of lamellae structures revealed in their micrographs.

In another study by Mantri et al. [123], the influence of boron rein-
forcement on the hardness and wear properties of 3D printed
titanium-based alloy was investigated. Two specimens with the label TNZ
(with composition Ti–13Nb–13Zr) and TNZ-B were reportedly examined.
The hardness property was evaluated under a load of 2000 mN for 10 s,
while the wear behaviour was carried out using a silicon nitride coun-
terface and a static load of 1N, which corresponds to an initial mean
Hertisan contact stress of 500 MPa. Findings from this investigation show
that the TNZ specimen recorded an overall hardness value of 325 HV,
which is a bit higher than the values reported in the literature [124, 125].
This behaviour was reportedly ascribed to fine grains and residual stress,
which resulted from the laser-engineered net shaping (LENS) printing
technique adopted for the fabrication of the specimens. Upon incorpo-
rating boron into TNZ, the hardness value of TNZ-B increased to an
average value of 450 HV. The authors attributed the increase in hardness
value to the formation of in-situ TiB precipitates. Moreover, the TNZ-B
showed a reduced wear rate compared to the TNZ alloy due to the
increased hardness, which was previously reported to result from the
formation of TiB and the change in volume fraction and morphology of α
precipitates. The images seen in Figure 16a and b reveal the SEM mi-
crographs of the wear tracks generated on both specimens, while their 3D
Scanning White-Light Interferometer (SWLI) images are presented in



Figure 15. Microstructural examination of specimens showing (a) balling, (b) unstable melt track, (c) melt track with cracks, and (d) stable melt track [121].
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Figure 16c and d. Figure 16c depicts an increase in the wear track width
(�850 μm) and depth (�46 μm) generated by the TNZ and TNZ-B alloys,
respectively.

Conversely, Figure 15d showed a wear track width of -150 μm and a
depth of -17 μm for the TNZ-B. In conclusion, the TNZ alloy exhibited
microploughing and extensive plastic deformation, which depicts abra-
sive wear. However, fewer of these wear mechanisms were evident in
TNZ-B alloy.

Kim et al. [126] carried out extensive research on the biomedical
properties of 3D printed titanium-based alloy for dental application. The
specimens were produced using a direct laser metal sintering technique
in an argon atmosphere. The bar specimen analysed for mechanical
properties were prepared at fabricated at different span width of 1, 0.5,
and 0.3mm, and laser spacing of 90, 70, 50and 30 μm. In addition, the
authors carried out a comparison between the elastic modulus of the
specimens and a dense block. It was reported that the specimen with
0.3–0.1 μm lattice yielded a reduced modulus with increased flexibility.
Figure 17 represents the analysis, with the different alphabets denoting a
major difference between the specimens (n¼ 3, P < 5). This study shows
that the mechanical properties of the fabricated specimens are affected
by the laser spacing adopted for printing.

Zhang et al. [127] reported their findings on AM high-strength tita-
nium -copper (Ti–Cu) alloys with ultrafine grains. The authors maintain
Table 3. Tensile results for SLM-produced and EBM-produced Ti64 alloy samples
[122].

Stress at
yield (MPa)

Ultimate tensile
stress (MPa)

Strain at
break (%)

EBM (vertically built and machined) 869 928 9.9

SLM (vertically built and machined) 1143 1219 4.89

EBM (horizontally built and machined) 899 978 9.5

SLM (horizontally built and machined) 1195 1269 5

Percentage increase 33 30 47
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that the dimension of laser melted regions and increased thermal
gradient in titanium alloys suppresses the supercooling rate, thereby
making the formation of fine grain size challenging. Ti–Cu alloy samples
(Ti-3.5Cu, Ti-6.5Cu, Ti-8.5Cu) were fabricated using the laser melted
deposition technique. Ti–6Al–4V specimen was also fabricated using the
same parameters adopted for producing the Ti–Cu alloy for comparison.
For the tensile test, cuboid samples were machined to tensile dimension,
and the loading direction was reportedly perpendicular to the building
direction used during laser melting deposition. The authors found that
the Ti-6.5Cu exhibited an increased strength with reduced ductility
(Figure 18a). Comparing the Ti-6.5Cu and Ti-8.5Cu, the latter recorded
an improved strength, and this was ascribed to an increased volume
fraction of eutectoid lamellae. The reduced ductility observed in the alloy
with a high-volume fraction of Cu was attributed to the formation of
hyper-eutectoid Ti2Cu compound. Furthermore, the Ti–Cu alloy fabri-
cated via AM technique was compared with post heat treatment and
casting specimens. The 3D printed Ti–Cu alloy is seen in Figure 18b to
display the combination of superior ductility and yield strength.

5. Corrosion of titanium and titanium alloys

Several reports have shown that titanium is a reactive metal, which
forms passivating oxide layers like stainless steel, in addition to
aluminium and nickel-based alloys when exposed to aerated and aqueous
environments [128, 129, 130, 131, 132]. In contrast to other metals, ti-
tanium and its alloys can undergo corrosion slowly or fast, depending on
the environmental condition [133, 134]. Despite their overall enhanced
corrosion, they still suffer corrosion attacks, which could be any combi-
nation of uniform corrosion, hydrogen embrittlement, pitting corrosion,
erosion corrosion, and sometimes stress corrosion cracking [135, 136,
137]. Therefore, titanium supports a general rule which classifies
corrosion as more of a system property than a material property (elastic
modulus, electrical conductivity, and other physical properties).

Titanium becomes stable and energetic when it within an oxidation
state of IV (TI4þ), and will only exhibit oxidation states of II and III



Figure 16. (a–b) SEM and (c–d) SWLI images for wear tracks of TNZ and TNZ-B respectively [123].

Figure 17. Elastic modulus modulation in fabricated titanium alloy [126].
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when an unstable and intermediate product is formed during the
corrosion process. Eqs. (2) and (3) show the overall reaction of a metal
(M) and titanium (Ti) in an aqueous environment (water), respectively
[138].
13
Mþ nH2O ↔ MðOHÞn þ
n
2
H2 (2)
Ti 4H2O ↔ TiðOHÞ4 þ 2H2O (3)



Figure 18. (a) Stress-strain curves of fabricated samples (b) Plot of yield strength vs tensile elongation for Ti–Cu alloy produced via different fabricating tech-
niques [127].

Figure 19. (a) Nyquist (b, c) Bode plots, and (d) equivalent circuit of Ti6Al4V specimens in sodium chloride electrolyte [144].
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Recent studies conducted to evaluate the corrosion properties of
additively manufactured titanium alloys showed that they exhibit a
decreased corrosion resistance compared to titanium alloys fabricated
using other conventional manufacturing techniques [139, 140]. This
deterioration was ascribed to a decrease in the quantity of stable β-phase
and increased metastable α-phase owing to rapid solidification of AM
process. However, post-fabrication processing such as heat treatment and
hot isostatic pressure has been employed for solving this challenge [141,
142, 143]. Yang et al. [144] examined in sodium chloride the corrosion
resistance of different Ti6Al4V specimens from wire and arc
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manufacturing, SLM, heat-treated SLM, and traditional rolling tech-
niques. From the potentiodynamic polarization test (PP), the heat-treated
SLM specimen showed the least current density. Further analysis con-
ducted using electro impedance spectroscopy (EIS) which also confirms
the PP result, as the heat treated SLM specimen recorded the highest
charge transfer (RCT), while the SLM specimen showed the least RCT.
Result from this study also confirms the effectiveness of post-fabrication
processing on specimens fabricated using selective laser melting tech-
nique. The Nyquist and Bode plots from the EIS test conducted is shown
in Figure 19 (a-c).



Figure 20. Potentiodynamic polarization and corresponding Tafel curves for (a) EBM-H, (b) EBM-V, (c) forging, (d) SLM-H, and (e) SLM-V alloys immersed in RDF in
deicing electrolyte [146].

Table 4. Corrosion parameters extrapolated from Tafel fit of potentiodynamic
polarization plots for Ti6Al4V specimens.

Specimen Ecorr (V) Icorr (μA/cm2) Bc (mV/dec) Ba (mV/dec)

Forging -.122 0.0176 94.5 261.2

EBM-V -1.24 0.0311 85.4 162.9

EBM-H -1.18 0.0113 84.3 176.8

SLM-V 1.29 0.3428 88.1 223.5
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The corrosion properties of Ti–6Al–4V alloy fabricated using powder
bed fusion method was investigated by Chen et al. [145]. A point defect
model used in this study revealed that the Hank's solution electrolyte
yielded an increased dissolution rate of the metallic ions, thereby leading
to increase in the oxygen diffusion coefficient of the passive oxide layer
formed on the titanium alloy. The morphological influence on electro-
chemical dissolution of 3D printed and forged Ti6Al4V alloys was
investigated in deicing electrolyte by Zhou et al. [146]. This research was
reportedly motivated by the use of Ti alloys in the aerospace industry and
their constant exposure to deicing liquids when used for the fabrication
of load-bearing components. A forged aircraft part produced via AM
technique in addition to SLM and EBM manufactured specimens were
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investigated. Furthermore, the SLM and EBM specimens were sectioned
into horizontal (SLM-H, EBM-H) and vertical (SLM-V, EBM-V) planes.
Results of PP from this study showed that all the specimens exhibited
SLM-H 1.23 0.0833 84.3 352.9



Figure 21. Pictorial representation of 3D printed titanium (a) car wheel [158] (b) screw, plates and cages for horse implant [159] (c) sternum implant [160].
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similar current density and rapid deposition of corrosion products. Pas-
sive film formation is observed in all the specimens, with the EBM-H
specimen displaying a broader potential range. However, the worst
corrosion resistance in the test electrolyte was seen in the SLM-V spec-
imen. The PP curves for all the specimens are displayed in Figure 20 (a-e),
while Table 4 shows the corrosion parameters extrapolated from the
Tafel fit. It should be noted that the higher corrosion potential depicts the
stability of the passive films formed on the specimens' surface. Qin et al.
[147] investigated on the corrosion behaviour and mechanism of selec-
tive laser melted Ti–35Nb alloy using mixed powder (Ti–35Nb-M) and
pre-alloyed powder (Ti–35Nb–P) in Hank's solution. Both samples dis-
played similar electrochemical behaviour. However, the Ti–35Nb–P
sample oxide appeared to be more stable compared to the mixed powder
sample. This was confirmed by performing the Mott-Schottky tests, it was
found that the oxide film formed on Ti–35Nb–P has lower potential range
of 0.5–1.5 V, which exhibits a lower vacancy flux, a lower vacancy
diffusion coefficient, and a slightly lower thickness. This shows that the
pre-alloyed-based alloy exhibit superior corrosion resistance compared
to the mixed alloy.
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6. Challenges and prospects for titanium-based alloys

The supply of an adequate quantity of powders for 3D printing of
titanium components has been a challenge in underdeveloped countries
due to the rapid increase in the demand for these powders by different
manufacturing industries in the developed countries. Another setback
associated with Ti alloys' use for thermomechanical processes is the
heterogeneous nature of 3D printed ingots [148, 149, 150]. This led to an
increase in the distribution of the alloying elements between the top,
base and across the diameter of the fabricated shapes. This results in the
loss of other volatile elements, which reduces the overall properties of
the alloy. Furthermore, the occurrence of embrittlement at reduced
temperature has also been identified when a short fabrication time (1–2
h) is utilized for fabrication at low temperatures (650–700 �C). It is,
however, noteworthy that research is currently ongoing on the elimina-
tion of embrittlement, which is always a surface defect.

Ti-based alloys for applications in structural engineering depend on
the modification of these alloys for improved properties. This can how-
ever be achieved through proper alloying and selection of adequate 3D
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printing fabrication techniques. The mechanical properties of the alloys
should also be improved if the alloying elements promote the formation
of new microstructures. Therefore, it is important to adequately identify
the required alloy element and their possible effect on the alloy while in
service. The combination of 3D printing technique such as electron beam
melting with hot deformation process should improve the ductility and
workability of titanium-based alloys. Conclusively, promoting the usage
of titanium-based alloys for biomedical and structural applications can
encourage researchers to carry out more investigation on the design and
fabrication of components with titanium-based alloys.

7. Applications of 3D printed titanium-based alloys

3D printed titanium based alloys has been used in different applica-
tions, and some of these include tool steels used as mould inserts [151,
152], cobalt-chromium alloy for dental prostheses [153], and titanium
alloy as a choice material for various medical applications as a hip
endoprosthesis. Furthermore, in the biomedical industry, this class of
alloy has supported the development of new organs, tissues, and
biomedical implants in addition to drug delivery systems [154], its
flexibility has also allowed the fabrication of complex shapes by new
materials such as semi-crystalline polymeric composite [155]. This
fabrication technique has been used to improve the effectiveness and
efficiency of medical surgery and reduce the need for further treatment,
which might help a patient fit for an implant. CAD files introduced by the
National Institute of Health for AM of biomedical parts are easily trans-
ferred between various researchers [156]. This has facilitated easy
reproduction of required parts across the globe.

In the aerospace industry, the fabrication of parts using AM has been
greatly embraced for several reasons. First, the development of high-
performance alloy to near net shape using the conventional methods
has not been cost and economically efficient. The introduction of AM
technique for the fabrication of aircraft body parts such as fuel nozzles
(GE LEAP aero engine) [41] has been of assistance in fabricating such
parts with complex designs with powders being used repeatedly without
any alteration in the mechanical and physical properties of fabricated
parts [157].

Aside from the biomedical applications of titanium-based alloys, they
are also used in the aerospace and automotive industries due to their
attractive properties. These include improved resistance to oxidation,
high stiffness, and low density, making them a perfect fit for lightweight
applications. Pictorial representation of applications where 3D printed
titanium alloy have been reportedly utilised are shown in Figure 21.

8. Conclusion

AM technology has shown great potential and advantages in many
applications for producing complex-shaped 3Dmetallic components. The
reviewed work showed that SLS and EBM are the most used AM tech-
niques for fabricating metallic parts. Moreover, these techniques
encounter challenges such as poor corrosion resistance because they
undergo melting and solidification stages, which leads to depletion of the
stable β-phase. In addition, these processes are susceptible to various
metallurgical problems such as solid-state cracking due to thermal
stresses from the inbuilt brittleness induced during the fabrication pro-
cess. Furthermore, the fabrication of titanium based intricated shaped
components for high temperature applications using the conventional
techniques has proven to be difficult. However, these problems are not
specific to binder jetting technique, as it operates at low temperature. It
appears to be a more suitable technology that can be utilized to fabricate
complex-shape titanium alloys with improved mechanical properties.
Other challenges that are peculiar to 3D printed titanium-based alloys
include void formation in-between material layers, which often lead to
porosity during the fabrication process, thereby, decreasing the me-
chanical properties of the printed alloy. Although recent research has
provided alternatives to some of these challenges, however,
17
improvement is still required. This review has shown that AM of
titanium-based alloys is a futuristic research area, which helps with the
production of titanium-based composites with desired properties.
Despite all its outstanding attributes, critical insight on production of
other metallic alloys is required, with the aim of providing a deeper
understanding to the relationship that exists between processing condi-
tions and material properties.
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[59] N. Yumak, K. Aslantaş, A review on heat treatment efficiency in metastable β
titanium alloys: the role of treatment process and parameters, J. Mater. Res.
Technol. (2020).

[60] Y. Liu, L. Liu, First-principles study of β-titanium alloy TiX (X¼ Al, Ni, Fe) for key
parts of automobile engines, in: Journal of Physics: Conference Series, IOP
Publishing, 2021, p. 12035.

[61] R. Duan, S. Li, B. Cai, W. Zhu, F. Ren, M.M. Attallah, A high strength and low
modulus metastable β Ti-12Mo-6Zr-2Fe alloy fabricated by laser powder bed
fusion in-situ alloying, Addit. Manuf. 37 (2021) 101708.

[62] M. Niinomi, M. Nakai, Ti-based biomedical alloys, in: Novel Structured Metallic
and Inorganic Materials, Springer, 2019, pp. 61–76.

[63] M. Hendrickson, S. Mantri, Y. Ren, T. Alam, V. Soni, B. Gwalani, M. Styles,
D. Choudhuri, R. Banerjee, The evolution of microstructure and microhardness in
a biomedical Ti–35Nb–7Zr–5Ta alloy, J. Mater. Sci. 52 (2017) 3062–3073.

[64] R. Ummethala, P.S. Karamched, S. Rathinavelu, N. Singh, A. Aggarwal, K. Sun,
E. Ivanov, L. Kollo, I. Okulov, J. Eckert, Selective laser melting of high-strength,
low-modulus Ti–35Nb–7Zr–5Ta alloy, Materialia 14 (2020) 100941.

[65] J. Vishnu, M. Sankar, H. Rack, N. Rao, A. Singh, G. Manivasagam, Effect of phase
transformations during aging on tensile strength and ductility of metastable beta
titanium alloy Ti–35Nb–7Zr–5Ta-0.35 O for orthopedic applications, Mater. Sci.
Eng. 779 (2020) 139127.

[66] S. Kikuchi, Y. Nakamura, K. Nambu, T. Akahori, Formation of a hydroxyapatite
layer on Ti–29Nb–13Ta–4.6 Zr and enhancement of four-point bending fatigue
characteristics by fine particle peening, Int. J. Lightweight Mater. Manuf. 2 (2019)
227–234.

[67] Q. Li, Q.Qi, J. Li,M.Nakai,M.Niinomi, Y. Koizumi,D.Wei, K. Yamanaka, T. Nakano,
A. Chiba, Low springback and low young’s modulus in Ti–29Nb–13Ta–4.6 Zr alloy
modified by Mo addition, Mater. Trans. 60 (2019) 1755–1762.

[68] X. Zhao, L. Li, M. Niinomi, M. Nakai, D. Zhang, C. Suryanarayana, Metastable
Zr–Nb alloys for spinal fixation rods with tunable Young’s modulus and low
magnetic resonance susceptibility, Acta Biomater. 62 (2017) 372–384.

[69] L.M. Zou, C. Yang, Y. Long, Z.Y. Xiao, Y.Y. Li, Fabrication of biomedical
Ti–35Nb–7Zr–5Ta alloys by mechanical alloying and spark plasma sintering,
Powder Metall. 55 (2012) 65–70.

[70] G.S. Kumar, S. Chinara, S. Das, C. Tiwari, Prakash, G.V.S.N. Rao, Studies on Ti-
29Nb-13Ta-4.6Zr alloy for use as a prospective biomaterial, Mater. Today Proc. 15
(2019) 11–20.

[71] Y.L. Hao, S.J. Li, S.Y. Sun, C.Y. Zheng, R. Yang, Elastic deformation behaviour of
Ti-24Nb-4Zr-7.9Sn for biomedical applications, Acta Biomater. 3 (2007) 277–286.

[72] N. Guo, M.C. Leu, Additive manufacturing: technology, applications and research
needs, Front. Mech. Eng. 8 (2013) 215–243.

[73] T. Do, P. Kwon, C.S. Shin, Process development toward full-density stainless steel
parts with binder jetting printing, Int. J. Mach. Tool Manufact. 121 (2017) 50–60.

[74] D. Gu, Laser additive manufacturing (AM): classification, processing philosophy,
and metallurgical mechanisms, in: Laser Additive Manufacturing of High-
Performance Materials, Springer, 2015, pp. 15–71.

http://refhub.elsevier.com/S2405-8440(22)00329-2/sref14
http://refhub.elsevier.com/S2405-8440(22)00329-2/sref14
http://refhub.elsevier.com/S2405-8440(22)00329-2/sref14
http://refhub.elsevier.com/S2405-8440(22)00329-2/sref14
http://refhub.elsevier.com/S2405-8440(22)00329-2/sref15
http://refhub.elsevier.com/S2405-8440(22)00329-2/sref15
http://refhub.elsevier.com/S2405-8440(22)00329-2/sref15
http://refhub.elsevier.com/S2405-8440(22)00329-2/sref16
http://refhub.elsevier.com/S2405-8440(22)00329-2/sref16
http://refhub.elsevier.com/S2405-8440(22)00329-2/sref16
http://refhub.elsevier.com/S2405-8440(22)00329-2/sref16
http://refhub.elsevier.com/S2405-8440(22)00329-2/sref17
http://refhub.elsevier.com/S2405-8440(22)00329-2/sref17
http://refhub.elsevier.com/S2405-8440(22)00329-2/sref17
http://refhub.elsevier.com/S2405-8440(22)00329-2/sref17
http://refhub.elsevier.com/S2405-8440(22)00329-2/sref18
http://refhub.elsevier.com/S2405-8440(22)00329-2/sref18
http://refhub.elsevier.com/S2405-8440(22)00329-2/sref18
http://refhub.elsevier.com/S2405-8440(22)00329-2/sref18
http://refhub.elsevier.com/S2405-8440(22)00329-2/sref19
http://refhub.elsevier.com/S2405-8440(22)00329-2/sref19
http://refhub.elsevier.com/S2405-8440(22)00329-2/sref19
http://refhub.elsevier.com/S2405-8440(22)00329-2/sref19
http://refhub.elsevier.com/S2405-8440(22)00329-2/sref19
http://refhub.elsevier.com/S2405-8440(22)00329-2/sref20
http://refhub.elsevier.com/S2405-8440(22)00329-2/sref20
http://refhub.elsevier.com/S2405-8440(22)00329-2/sref20
http://refhub.elsevier.com/S2405-8440(22)00329-2/sref20
http://refhub.elsevier.com/S2405-8440(22)00329-2/sref21
http://refhub.elsevier.com/S2405-8440(22)00329-2/sref21
http://refhub.elsevier.com/S2405-8440(22)00329-2/sref21
http://refhub.elsevier.com/S2405-8440(22)00329-2/sref22
http://refhub.elsevier.com/S2405-8440(22)00329-2/sref22
http://refhub.elsevier.com/S2405-8440(22)00329-2/sref22
http://refhub.elsevier.com/S2405-8440(22)00329-2/sref22
http://refhub.elsevier.com/S2405-8440(22)00329-2/sref23
http://refhub.elsevier.com/S2405-8440(22)00329-2/sref23
http://refhub.elsevier.com/S2405-8440(22)00329-2/sref23
http://refhub.elsevier.com/S2405-8440(22)00329-2/sref23
http://refhub.elsevier.com/S2405-8440(22)00329-2/sref24
http://refhub.elsevier.com/S2405-8440(22)00329-2/sref24
http://refhub.elsevier.com/S2405-8440(22)00329-2/sref24
http://refhub.elsevier.com/S2405-8440(22)00329-2/sref24
http://refhub.elsevier.com/S2405-8440(22)00329-2/sref25
http://refhub.elsevier.com/S2405-8440(22)00329-2/sref25
http://refhub.elsevier.com/S2405-8440(22)00329-2/sref25
http://refhub.elsevier.com/S2405-8440(22)00329-2/sref25
http://refhub.elsevier.com/S2405-8440(22)00329-2/sref26
http://refhub.elsevier.com/S2405-8440(22)00329-2/sref26
http://refhub.elsevier.com/S2405-8440(22)00329-2/sref26
http://refhub.elsevier.com/S2405-8440(22)00329-2/sref26
http://refhub.elsevier.com/S2405-8440(22)00329-2/sref27
http://refhub.elsevier.com/S2405-8440(22)00329-2/sref27
http://refhub.elsevier.com/S2405-8440(22)00329-2/sref27
http://refhub.elsevier.com/S2405-8440(22)00329-2/sref27
http://refhub.elsevier.com/S2405-8440(22)00329-2/sref27
http://refhub.elsevier.com/S2405-8440(22)00329-2/sref27
http://refhub.elsevier.com/S2405-8440(22)00329-2/sref28
http://refhub.elsevier.com/S2405-8440(22)00329-2/sref28
http://refhub.elsevier.com/S2405-8440(22)00329-2/sref28
http://refhub.elsevier.com/S2405-8440(22)00329-2/sref28
http://refhub.elsevier.com/S2405-8440(22)00329-2/sref28
http://refhub.elsevier.com/S2405-8440(22)00329-2/sref28
http://refhub.elsevier.com/S2405-8440(22)00329-2/sref28
http://refhub.elsevier.com/S2405-8440(22)00329-2/sref28
http://refhub.elsevier.com/S2405-8440(22)00329-2/sref28
http://refhub.elsevier.com/S2405-8440(22)00329-2/sref29
http://refhub.elsevier.com/S2405-8440(22)00329-2/sref29
http://refhub.elsevier.com/S2405-8440(22)00329-2/sref29
http://refhub.elsevier.com/S2405-8440(22)00329-2/sref29
http://refhub.elsevier.com/S2405-8440(22)00329-2/sref30
http://refhub.elsevier.com/S2405-8440(22)00329-2/sref30
http://refhub.elsevier.com/S2405-8440(22)00329-2/sref30
http://refhub.elsevier.com/S2405-8440(22)00329-2/sref30
http://refhub.elsevier.com/S2405-8440(22)00329-2/sref31
http://refhub.elsevier.com/S2405-8440(22)00329-2/sref31
http://refhub.elsevier.com/S2405-8440(22)00329-2/sref32
http://refhub.elsevier.com/S2405-8440(22)00329-2/sref32
http://refhub.elsevier.com/S2405-8440(22)00329-2/sref32
http://refhub.elsevier.com/S2405-8440(22)00329-2/sref32
http://refhub.elsevier.com/S2405-8440(22)00329-2/sref32
http://refhub.elsevier.com/S2405-8440(22)00329-2/sref32
http://refhub.elsevier.com/S2405-8440(22)00329-2/sref32
http://refhub.elsevier.com/S2405-8440(22)00329-2/sref33
http://refhub.elsevier.com/S2405-8440(22)00329-2/sref33
http://refhub.elsevier.com/S2405-8440(22)00329-2/sref33
http://refhub.elsevier.com/S2405-8440(22)00329-2/sref33
http://refhub.elsevier.com/S2405-8440(22)00329-2/sref34
http://refhub.elsevier.com/S2405-8440(22)00329-2/sref34
http://refhub.elsevier.com/S2405-8440(22)00329-2/sref35
http://refhub.elsevier.com/S2405-8440(22)00329-2/sref35
http://refhub.elsevier.com/S2405-8440(22)00329-2/sref35
http://refhub.elsevier.com/S2405-8440(22)00329-2/sref36
http://refhub.elsevier.com/S2405-8440(22)00329-2/sref36
http://refhub.elsevier.com/S2405-8440(22)00329-2/sref36
http://refhub.elsevier.com/S2405-8440(22)00329-2/sref37
http://refhub.elsevier.com/S2405-8440(22)00329-2/sref37
http://refhub.elsevier.com/S2405-8440(22)00329-2/sref37
http://refhub.elsevier.com/S2405-8440(22)00329-2/sref37
http://refhub.elsevier.com/S2405-8440(22)00329-2/sref37
http://refhub.elsevier.com/S2405-8440(22)00329-2/sref37
http://refhub.elsevier.com/S2405-8440(22)00329-2/sref38
http://refhub.elsevier.com/S2405-8440(22)00329-2/sref38
http://refhub.elsevier.com/S2405-8440(22)00329-2/sref38
http://refhub.elsevier.com/S2405-8440(22)00329-2/sref38
http://refhub.elsevier.com/S2405-8440(22)00329-2/sref38
http://refhub.elsevier.com/S2405-8440(22)00329-2/sref39
http://refhub.elsevier.com/S2405-8440(22)00329-2/sref39
http://refhub.elsevier.com/S2405-8440(22)00329-2/sref39
http://refhub.elsevier.com/S2405-8440(22)00329-2/sref39
http://refhub.elsevier.com/S2405-8440(22)00329-2/sref39
http://refhub.elsevier.com/S2405-8440(22)00329-2/sref39
http://refhub.elsevier.com/S2405-8440(22)00329-2/sref40
http://refhub.elsevier.com/S2405-8440(22)00329-2/sref40
http://refhub.elsevier.com/S2405-8440(22)00329-2/sref40
http://refhub.elsevier.com/S2405-8440(22)00329-2/sref40
http://refhub.elsevier.com/S2405-8440(22)00329-2/sref40
http://refhub.elsevier.com/S2405-8440(22)00329-2/sref41
http://refhub.elsevier.com/S2405-8440(22)00329-2/sref41
http://refhub.elsevier.com/S2405-8440(22)00329-2/sref41
http://refhub.elsevier.com/S2405-8440(22)00329-2/sref42
http://refhub.elsevier.com/S2405-8440(22)00329-2/sref42
http://refhub.elsevier.com/S2405-8440(22)00329-2/sref42
http://refhub.elsevier.com/S2405-8440(22)00329-2/sref42
http://refhub.elsevier.com/S2405-8440(22)00329-2/sref43
http://refhub.elsevier.com/S2405-8440(22)00329-2/sref43
http://refhub.elsevier.com/S2405-8440(22)00329-2/sref43
http://refhub.elsevier.com/S2405-8440(22)00329-2/sref43
http://refhub.elsevier.com/S2405-8440(22)00329-2/sref44
http://refhub.elsevier.com/S2405-8440(22)00329-2/sref44
http://refhub.elsevier.com/S2405-8440(22)00329-2/sref44
http://refhub.elsevier.com/S2405-8440(22)00329-2/sref44
http://refhub.elsevier.com/S2405-8440(22)00329-2/sref44
http://refhub.elsevier.com/S2405-8440(22)00329-2/sref44
http://refhub.elsevier.com/S2405-8440(22)00329-2/sref44
http://refhub.elsevier.com/S2405-8440(22)00329-2/sref44
http://refhub.elsevier.com/S2405-8440(22)00329-2/sref45
http://refhub.elsevier.com/S2405-8440(22)00329-2/sref45
http://refhub.elsevier.com/S2405-8440(22)00329-2/sref45
http://refhub.elsevier.com/S2405-8440(22)00329-2/sref46
http://refhub.elsevier.com/S2405-8440(22)00329-2/sref46
http://refhub.elsevier.com/S2405-8440(22)00329-2/sref46
http://refhub.elsevier.com/S2405-8440(22)00329-2/sref46
http://refhub.elsevier.com/S2405-8440(22)00329-2/sref46
http://refhub.elsevier.com/S2405-8440(22)00329-2/sref46
http://refhub.elsevier.com/S2405-8440(22)00329-2/sref46
http://refhub.elsevier.com/S2405-8440(22)00329-2/sref47
http://refhub.elsevier.com/S2405-8440(22)00329-2/sref47
http://refhub.elsevier.com/S2405-8440(22)00329-2/sref47
http://refhub.elsevier.com/S2405-8440(22)00329-2/sref47
http://refhub.elsevier.com/S2405-8440(22)00329-2/sref48
http://refhub.elsevier.com/S2405-8440(22)00329-2/sref48
http://refhub.elsevier.com/S2405-8440(22)00329-2/sref48
http://refhub.elsevier.com/S2405-8440(22)00329-2/sref48
http://refhub.elsevier.com/S2405-8440(22)00329-2/sref48
http://refhub.elsevier.com/S2405-8440(22)00329-2/sref48
http://refhub.elsevier.com/S2405-8440(22)00329-2/sref48
http://refhub.elsevier.com/S2405-8440(22)00329-2/sref49
http://refhub.elsevier.com/S2405-8440(22)00329-2/sref49
http://refhub.elsevier.com/S2405-8440(22)00329-2/sref49
http://refhub.elsevier.com/S2405-8440(22)00329-2/sref50
http://refhub.elsevier.com/S2405-8440(22)00329-2/sref50
http://refhub.elsevier.com/S2405-8440(22)00329-2/sref50
http://refhub.elsevier.com/S2405-8440(22)00329-2/sref50
http://refhub.elsevier.com/S2405-8440(22)00329-2/sref50
http://refhub.elsevier.com/S2405-8440(22)00329-2/sref51
http://refhub.elsevier.com/S2405-8440(22)00329-2/sref51
http://refhub.elsevier.com/S2405-8440(22)00329-2/sref51
http://refhub.elsevier.com/S2405-8440(22)00329-2/sref52
http://refhub.elsevier.com/S2405-8440(22)00329-2/sref52
http://refhub.elsevier.com/S2405-8440(22)00329-2/sref53
http://refhub.elsevier.com/S2405-8440(22)00329-2/sref53
http://refhub.elsevier.com/S2405-8440(22)00329-2/sref53
http://refhub.elsevier.com/S2405-8440(22)00329-2/sref54
http://refhub.elsevier.com/S2405-8440(22)00329-2/sref54
http://refhub.elsevier.com/S2405-8440(22)00329-2/sref54
http://refhub.elsevier.com/S2405-8440(22)00329-2/sref54
http://refhub.elsevier.com/S2405-8440(22)00329-2/sref54
http://refhub.elsevier.com/S2405-8440(22)00329-2/sref55
http://refhub.elsevier.com/S2405-8440(22)00329-2/sref55
http://refhub.elsevier.com/S2405-8440(22)00329-2/sref55
http://refhub.elsevier.com/S2405-8440(22)00329-2/sref55
http://refhub.elsevier.com/S2405-8440(22)00329-2/sref55
http://refhub.elsevier.com/S2405-8440(22)00329-2/sref56
http://refhub.elsevier.com/S2405-8440(22)00329-2/sref56
http://refhub.elsevier.com/S2405-8440(22)00329-2/sref56
http://refhub.elsevier.com/S2405-8440(22)00329-2/sref57
http://refhub.elsevier.com/S2405-8440(22)00329-2/sref57
http://refhub.elsevier.com/S2405-8440(22)00329-2/sref57
http://refhub.elsevier.com/S2405-8440(22)00329-2/sref58
http://refhub.elsevier.com/S2405-8440(22)00329-2/sref58
http://refhub.elsevier.com/S2405-8440(22)00329-2/sref59
http://refhub.elsevier.com/S2405-8440(22)00329-2/sref59
http://refhub.elsevier.com/S2405-8440(22)00329-2/sref59
http://refhub.elsevier.com/S2405-8440(22)00329-2/sref59
http://refhub.elsevier.com/S2405-8440(22)00329-2/sref60
http://refhub.elsevier.com/S2405-8440(22)00329-2/sref60
http://refhub.elsevier.com/S2405-8440(22)00329-2/sref60
http://refhub.elsevier.com/S2405-8440(22)00329-2/sref60
http://refhub.elsevier.com/S2405-8440(22)00329-2/sref60
http://refhub.elsevier.com/S2405-8440(22)00329-2/sref61
http://refhub.elsevier.com/S2405-8440(22)00329-2/sref61
http://refhub.elsevier.com/S2405-8440(22)00329-2/sref61
http://refhub.elsevier.com/S2405-8440(22)00329-2/sref61
http://refhub.elsevier.com/S2405-8440(22)00329-2/sref62
http://refhub.elsevier.com/S2405-8440(22)00329-2/sref62
http://refhub.elsevier.com/S2405-8440(22)00329-2/sref62
http://refhub.elsevier.com/S2405-8440(22)00329-2/sref63
http://refhub.elsevier.com/S2405-8440(22)00329-2/sref63
http://refhub.elsevier.com/S2405-8440(22)00329-2/sref63
http://refhub.elsevier.com/S2405-8440(22)00329-2/sref63
http://refhub.elsevier.com/S2405-8440(22)00329-2/sref63
http://refhub.elsevier.com/S2405-8440(22)00329-2/sref63
http://refhub.elsevier.com/S2405-8440(22)00329-2/sref63
http://refhub.elsevier.com/S2405-8440(22)00329-2/sref64
http://refhub.elsevier.com/S2405-8440(22)00329-2/sref64
http://refhub.elsevier.com/S2405-8440(22)00329-2/sref64
http://refhub.elsevier.com/S2405-8440(22)00329-2/sref64
http://refhub.elsevier.com/S2405-8440(22)00329-2/sref64
http://refhub.elsevier.com/S2405-8440(22)00329-2/sref64
http://refhub.elsevier.com/S2405-8440(22)00329-2/sref65
http://refhub.elsevier.com/S2405-8440(22)00329-2/sref65
http://refhub.elsevier.com/S2405-8440(22)00329-2/sref65
http://refhub.elsevier.com/S2405-8440(22)00329-2/sref65
http://refhub.elsevier.com/S2405-8440(22)00329-2/sref65
http://refhub.elsevier.com/S2405-8440(22)00329-2/sref65
http://refhub.elsevier.com/S2405-8440(22)00329-2/sref65
http://refhub.elsevier.com/S2405-8440(22)00329-2/sref66
http://refhub.elsevier.com/S2405-8440(22)00329-2/sref66
http://refhub.elsevier.com/S2405-8440(22)00329-2/sref66
http://refhub.elsevier.com/S2405-8440(22)00329-2/sref66
http://refhub.elsevier.com/S2405-8440(22)00329-2/sref66
http://refhub.elsevier.com/S2405-8440(22)00329-2/sref66
http://refhub.elsevier.com/S2405-8440(22)00329-2/sref66
http://refhub.elsevier.com/S2405-8440(22)00329-2/sref66
http://refhub.elsevier.com/S2405-8440(22)00329-2/sref67
http://refhub.elsevier.com/S2405-8440(22)00329-2/sref67
http://refhub.elsevier.com/S2405-8440(22)00329-2/sref67
http://refhub.elsevier.com/S2405-8440(22)00329-2/sref67
http://refhub.elsevier.com/S2405-8440(22)00329-2/sref67
http://refhub.elsevier.com/S2405-8440(22)00329-2/sref67
http://refhub.elsevier.com/S2405-8440(22)00329-2/sref67
http://refhub.elsevier.com/S2405-8440(22)00329-2/sref68
http://refhub.elsevier.com/S2405-8440(22)00329-2/sref68
http://refhub.elsevier.com/S2405-8440(22)00329-2/sref68
http://refhub.elsevier.com/S2405-8440(22)00329-2/sref68
http://refhub.elsevier.com/S2405-8440(22)00329-2/sref68
http://refhub.elsevier.com/S2405-8440(22)00329-2/sref69
http://refhub.elsevier.com/S2405-8440(22)00329-2/sref69
http://refhub.elsevier.com/S2405-8440(22)00329-2/sref69
http://refhub.elsevier.com/S2405-8440(22)00329-2/sref69
http://refhub.elsevier.com/S2405-8440(22)00329-2/sref69
http://refhub.elsevier.com/S2405-8440(22)00329-2/sref69
http://refhub.elsevier.com/S2405-8440(22)00329-2/sref69
http://refhub.elsevier.com/S2405-8440(22)00329-2/sref70
http://refhub.elsevier.com/S2405-8440(22)00329-2/sref70
http://refhub.elsevier.com/S2405-8440(22)00329-2/sref70
http://refhub.elsevier.com/S2405-8440(22)00329-2/sref70
http://refhub.elsevier.com/S2405-8440(22)00329-2/sref71
http://refhub.elsevier.com/S2405-8440(22)00329-2/sref71
http://refhub.elsevier.com/S2405-8440(22)00329-2/sref71
http://refhub.elsevier.com/S2405-8440(22)00329-2/sref72
http://refhub.elsevier.com/S2405-8440(22)00329-2/sref72
http://refhub.elsevier.com/S2405-8440(22)00329-2/sref72
http://refhub.elsevier.com/S2405-8440(22)00329-2/sref73
http://refhub.elsevier.com/S2405-8440(22)00329-2/sref73
http://refhub.elsevier.com/S2405-8440(22)00329-2/sref73
http://refhub.elsevier.com/S2405-8440(22)00329-2/sref74
http://refhub.elsevier.com/S2405-8440(22)00329-2/sref74
http://refhub.elsevier.com/S2405-8440(22)00329-2/sref74
http://refhub.elsevier.com/S2405-8440(22)00329-2/sref74


T.S. Tshephe et al. Heliyon 8 (2022) e09041
[75] J. Parthasarathy, B. Starly, S. Raman, A. Christensen, Mechanical evaluation of
porous titanium (Ti6Al4V) structures with electron beam melting (EBM), J. Mech.
Behav. Biomed. Mater. 3 (2010) 249–259.

[76] M.F. Z€ah, S. Lutzmann, Modelling and simulation of electron beam melting, J. Inst.
Eng. Prod. 4 (2010) 15–23.

[77] H. Attar, K. Prashanth, A. Chaubey, M. Calin, L.C. Zhang, S. Scudino, J. Eckert,
Comparison of wear properties of commercially pure titanium prepared by
selective laser melting and casting processes, Mater. Lett. 142 (2015) 38–41.

[78] A. Kolomiets, V.V. Popov Jr., E. Strokin, G. Muller, A. Kovalevsky, Benefits of
additive manufacturing for industrial design development. Trends, limitations and
applications, Global J. Res. Eng. (2018).

[79] Y. Zhai, D.A. Lados, J.L. LaGoy, Additive manufacturing: making imagination the
major limitation, JOM (J. Occup. Med.) 66 (2014) 808–816.

[80] V. Petrovic, J. Vicente Haro Gonzalez, O. Jord�a Ferrando, J. Delgado Gordillo,
J. Ram�on Blasco Puchades, L. Portol�es Gri~nan, Additive layered manufacturing:
sectors of industrial application shown through case studies, Int. J. Prod. Res. 49
(2011) 1061–1079.

[81] S. Biamino, A. Penna, U. Ackelid, S. Sabbadini, O. Tassa, P. Fino, M. Pavese,
P. Gennaro, C. Badini, Electron beam melting of Ti–48Al–2Cr–2Nb alloy:
microstructure and mechanical properties investigation, Intermetallics 19 (2011)
776–781.

[82] A. Rastkar, B. Shokri, Surface transformation of Ti–45Al–2Nb–2Mn–1B titanium
aluminide by electron beam melting, Surf. Coating. Technol. 204 (2010)
1817–1822.

[83] R. Xu, B. Liu, Z. Yan, F. Chen, W. Guo, Y. Liu, Low-cost and high-strength powder
metallurgy Ti–Al–Mo–Fe alloy and its application, J. Mater. Sci. 54 (2019)
12049–12060.

[84] L.C. Zhang, Y. Liu, S. Li, Y. Hao, Additive manufacturing of titanium alloys by
electron beam melting: a review, Adv. Eng. Mater. 20 (2018) 1700842.

[85] W.-W. Liu, Z.-J. Tang, X.-Y. Liu, H.-J. Wang, H.-C. Zhang, A review on in-situ
monitoring and adaptive control technology for laser cladding remanufacturing,
Proc. Cirp. 61 (2017) 235–240.

[86] K. Zhang, W. Liu, X. Shang, Research on the processing experiments of laser metal
deposition shaping, Opt Laser. Technol. 39 (2007) 549–557.

[87] P. Razvan, P. Ancuta, Applications of the selective laser melting technology in the
industrial and medical fields, in: New Trends in 3D Printing, Intech, 2016,
pp. 161–185.

[88] B. Nagarajan, Z. Hu, X. Song, W. Zhai, J. Wei, Development of micro selective laser
melting: the state of the art and future perspectives, Engineering 5 (2019)
702–720.

[89] C. Liu, H. Wang, X. Tian, H. Tang, Subtransus triplex heat treatment of laser
melting deposited Ti–5Al–5Mo–5V–1Cr–1Fe near β titanium alloy, Mater. Sci.
Eng. 590 (2014) 30–36.

[90] M. Thomas, T. Malot, P. Aubry, Laser metal deposition of the intermetallic TiAl
alloy, Metall. Mater. Trans. 48 (2017) 3143–3158.

[91] A. Razavykia, E. Brusa, C. Delprete, R. Yavari, An overview of additive
manufacturing technologies—a review to technical synthesis in numerical study of
selective laser melting, Materials 13 (2020) 3895.

[92] A. Mostafaei, J. Toman, E.L. Stevens, E.T. Hughes, Y.L. Krimer, M. Chmielus,
Microstructural evolution and mechanical properties of differently heat-treated
binder jet printed samples from gas-and water-atomized alloy 625 powders, Acta
Mater. 124 (2017) 280–289.

[93] A. Mostafaei, E.L. Stevens, E.T. Hughes, S.D. Biery, C. Hilla, M. Chmielus, Powder
bed binder jet printed alloy 625: densification, microstructure and mechanical
properties, Mater. Des. 108 (2016) 126–135.

[94] I. Polozov, V. Sufiiarov, A. Shamshurin, Synthesis of titanium orthorhombic alloy
using binder jetting additive manufacturing, Mater. Lett. 243 (2019) 88–91.

[95] B. Song, X. Zhao, S. Li, C. Han, Q. Wei, S. Wen, J. Liu, Y. Shi, Differences in
microstructure and properties between selective laser melting and traditional
manufacturing for fabrication of metal parts: a review, Front. Mech. Eng. 10
(2015) 111–125.

[96] S. Yang, Q. Han, Y. Yin, J. Gao, Z. Zhang, Y. Gu, K.W. Low, Effects of micrometer-
sized TiB2 on crack mitigation, mechanical and electrochemical performance of a
Ni-based alloy fabricated by selective laser melting, Opt Laser. Technol. 142
(2021) 107240.

[97] L.C. Zhang, H. Attar, Selective laser melting of titanium alloys and titanium matrix
composites for biomedical applications: a review, Adv. Eng. Mater. 18 (2016)
463–475.

[98] X. Cui, S. Zhang, C. Zhang, J. Chen, J. Zhang, S. Dong, Additive manufacturing of
24CrNiMo low alloy steel by selective laser melting: influence of volumetric
energy density on densification, microstructure and hardness, Mater. Sci. Eng. 809
(2021) 140957.

[99] S. Kumar, 10.05 - selective laser sintering/melting, in: S. Hashmi, G.F. Batalha,
C.J. Van Tyne, B. Yilbas (Eds.), Comprehensive Materials Processing, Elsevier,
Oxford, 2014, pp. 93–134.

[100] L.-C. Zhang, J. Wang, Y. Liu, Z. Jia, S.-X. Liang, Additive manufacturing of
titanium alloys, in: Reference Module in Materials Science and Materials
Engineering, Elsevier, 2020.

[101] T. Bhardwaj, M. Shukla, C. Paul, K. Bindra, Direct energy deposition-laser additive
manufacturing of titanium-molybdenum alloy: parametric studies, microstructure
and mechanical properties, J. Alloys Compd. 787 (2019) 1238–1248.

[102] I. Gibson, D. Rosen, B. Stucker, Directed energy deposition processes, in: Additive
Manufacturing Technologies, Springer, 2015, pp. 245–268.

[103] A. Saboori, A. Aversa, G. Marchese, S. Biamino, M. Lombardi, P. Fino, Application
of directed energy deposition-based additive manufacturing in repair, Appl. Sci. 9
(2019) 3316.
19
[104] M. Ziaee, N.B. Crane, Binder jetting: a review of process, materials, and methods,
Addit. Manuf. 28 (2019) 781–801.

[105] P.K. Gokuldoss, S. Kolla, J. Eckert, Additive manufacturing processes: selective
laser melting, electron beam melting and binder jetting—selection guidelines,
Materials 10 (2017) 672.

[106] S. Sun, M. Brandt, M. Easton, Powder Bed Fusion Processes: an Overview, Laser
additive manufacturing, 2017, pp. 55–77.

[107] S. Vock, B. Kl€oden, A. Kirchner, T. Weißg€arber, B. Kieback, Powders for powder
bed fusion: a review, Prog. Addit. Manuf. (2019) 1–15.

[108] W.L. Ng, J.M. Lee, M. Zhou, Y.-W. Chen, K.-X.A. Lee, W.Y. Yeong, Y.-F. Shen, Vat
polymerization-based bioprinting—process, materials, applications and regulatory
challenges, Biofabrication 12 (2020), 022001.

[109] W. Li, L.S. Mille, J.A. Robledo, T. Uribe, V. Huerta, Y.S. Zhang, Recent advances in
formulating and processing biomaterial inks for vat polymerization-based 3D
printing, Adv. Healthc. Mater. 9 (2020) 2000156.

[110] I.Q. Vu, L.B. Bass, C.B. Williams, D.A. Dillard, Characterizing the effect of print
orientation on interface integrity of multi-material jetting additive manufacturing,
Addit. Manuf. 22 (2018) 447–461.

[111] R. Udroiu, I.C. Braga, A. Nedelcu, Evaluating the quality surface performance of
additive manufacturing systems: methodology and a material jetting case study,
Materials 12 (2019) 995.

[112] I. Gibson, D.W. Rosen, B. Stucker, Sheet lamination processes, in: Additive
Manufacturing Technologies, Springer, 2010, pp. 223–252.

[113] T. Obikawa, M. Yoshino, J. Shinozuka, Sheet steel lamination for rapid
manufacturing, J. Mater. Process. Technol. 89 (1999) 171–176.

[114] D. Kovalchuk, V. Melnyk, I. Melnyk, D. Savvakin, O. Dekhtyar, O. Stasiuk,
P. Markovsky, Microstructure and properties of Ti-6Al-4V articles 3D-printed with
Co-axial electron beam and wire technology, J. Mater. Eng. Perform. (2021) 1–16.

[115] H.P. Qu, P. Li, S.Q. Zhang, A. Li, H.M. Wang, The effects of heat treatment on the
microstructure and mechanical property of laser melting deposition γ-TiAl
intermetallic alloys, Mater. Des. 31 (2010) 2201–2210.

[116] J. Wang, Y. Liu, C.D. Rabadia, S.-X. Liang, T.B. Sercombe, L.-C. Zhang,
Microstructural homogeneity and mechanical behavior of a selective laser melted
Ti-35Nb alloy produced from an elemental powder mixture, J. Mater. Sci. Technol.
61 (2021) 221–233.

[117] S. Mantri, T. Alam, D. Choudhuri, C. Yannetta, C. Mikler, P. Collins, R. Banerjee,
The effect of boron on the grain size and texture in additively manufactured β-Ti
alloys, J. Mater. Sci. 52 (2017) 12455–12466.

[118] L. L€ober, F.P. Schimansky, U. Kühn, F. Pyczak, J. Eckert, Selective laser melting of
a beta-solidifying TNM-B1 titanium aluminide alloy, J. Mater. Process. Technol.
214 (2014) 1852–1860.

[119] M.h. Boutaous, X. Liu, D.A. Siginer, S. Xin, Balling phenomenon in metallic laser
based 3D printing process, Int. J. Therm. Sci. 167 (2021) 107011.

[120] P. Oyar, Laser sintering technology and balling phenomenon, Photomed. Laser
Surg. 36 (2018) 72–77.

[121] L. L€ober, R. Petters, U. Kühn, J. Eckert, Selective laser melting of
titaniumaluminides, in: 4th InternationalWorkshop on TitaniumAluminides, 2011.

[122] H.K. Rafi, N.V. Karthik, H. Gong, T.L. Starr, B.E. Stucker, Microstructures and
mechanical properties of Ti6Al4V parts fabricated by selective laser melting and
electron beam melting, J. Mater. Eng. Perform. 22 (2013) 3872–3883.

[123] S. Mantri, T. Torgerson, E. Ivanov, T. Scharf, R. Banerjee, Effect of boron addition
on the mechanical wear resistance of additively manufactured biomedical
titanium alloy, Metall. Mater. Trans. 49 (2018) 806–810.

[124] M. Geetha, A. Singh, K. Muraleedharan, A. Gogia, R. Asokamani, Effect of
thermomechanical processing on microstructure of a Ti–13Nb–13Zr alloy,
J. Alloys Compd. 329 (2001) 264–271.

[125] J. Davidson, A. Mishra, P. Kovacs, R. Poggie, New surface-hardened, low-modulus,
corrosion-resistant Ti-13Nb-13Zr alloy for total hip arthroplasty, Bio Med. Mater.
Eng. 4 (1994) 231–243.

[126] J.-H. Kim, M.-Y. Kim, J.C. Knowles, S. Choi, H. Kang, S.-h. Park, S.-M. Park, H.-
W. Kim, J.-T. Park, J.-H. Lee, H.-H. Lee, Mechanophysical and biological
properties of a 3D-printed titanium alloy for dental applications, Dent. Mater. 36
(2020) 945–958.

[127] D. Zhang, D. Qiu, M.A. Gibson, Y. Zheng, H.L. Fraser, D.H. StJohn, M.A. Easton,
Additive manufacturing of ultrafine-grained high-strength titanium alloys, Nature
576 (2019) 91–95.

[128] S. Prasad, M. Ehrensberger, M.P. Gibson, H. Kim, E.A. Monaco Jr., Biomaterial
properties of titanium in dentistry, J. Oral Biosci. 57 (2015) 192–199.

[129] M. Masmoudi, D. Capek, R. Abdelhedi, F. El Halouani, M. Wery, Application of
surface response analysis to the optimisation of nitric passivation of cp titanium
and Ti6Al4V, Surf. Coating. Technol. 200 (2006) 6651–6658.

[130] G. Tranchida, M. Clesi, F. Di Franco, F. Di Quarto, M. Santamaria, Electronic
properties and corrosion resistance of passive films on austenitic and duplex
stainless steels, Electrochim. Acta 273 (2018) 412–423.

[131] S. Theivaprakasam, G. Girard, P. Howlett, M. Forsyth, S. Mitra, D. MacFarlane,
Passivation behaviour of aluminium current collector in ionic liquid alkyl
carbonate (hybrid) electrolytes, NPJ Mater. Degrad. 2 (2018) 1–9.

[132] S. Abd El Haleem, S. Abd El Wanees, Passivation of nickel in NaOH solutions,
Protect. Met. Phys. Chem. Surface 54 (2018) 859–865.

[133] R. Schenk, The corrosion properties of titanium and titanium alloys, in:
D.M. Brunette, P. Tengvall, M. Textor, P. Thomsen (Eds.), Titanium in Medicine:
Material Science, Surface Science, Engineering, Biological Responses and Medical
Applications, Springer Berlin Heidelberg, Berlin, Heidelberg, 2001, pp. 145–170.

[134] D. Prando, A. Brenna, M.V. Diamanti, S. Beretta, F. Bolzoni, M. Ormellese,
M. Pedeferri, Corrosion of titanium: Part 1: aggressive environments and main
forms of degradation, J. Appl. Biomater. Funct. Mater. 15 (2017) e291–e302.

http://refhub.elsevier.com/S2405-8440(22)00329-2/sref75
http://refhub.elsevier.com/S2405-8440(22)00329-2/sref75
http://refhub.elsevier.com/S2405-8440(22)00329-2/sref75
http://refhub.elsevier.com/S2405-8440(22)00329-2/sref75
http://refhub.elsevier.com/S2405-8440(22)00329-2/sref76
http://refhub.elsevier.com/S2405-8440(22)00329-2/sref76
http://refhub.elsevier.com/S2405-8440(22)00329-2/sref76
http://refhub.elsevier.com/S2405-8440(22)00329-2/sref76
http://refhub.elsevier.com/S2405-8440(22)00329-2/sref77
http://refhub.elsevier.com/S2405-8440(22)00329-2/sref77
http://refhub.elsevier.com/S2405-8440(22)00329-2/sref77
http://refhub.elsevier.com/S2405-8440(22)00329-2/sref77
http://refhub.elsevier.com/S2405-8440(22)00329-2/sref78
http://refhub.elsevier.com/S2405-8440(22)00329-2/sref78
http://refhub.elsevier.com/S2405-8440(22)00329-2/sref78
http://refhub.elsevier.com/S2405-8440(22)00329-2/sref79
http://refhub.elsevier.com/S2405-8440(22)00329-2/sref79
http://refhub.elsevier.com/S2405-8440(22)00329-2/sref79
http://refhub.elsevier.com/S2405-8440(22)00329-2/sref80
http://refhub.elsevier.com/S2405-8440(22)00329-2/sref80
http://refhub.elsevier.com/S2405-8440(22)00329-2/sref80
http://refhub.elsevier.com/S2405-8440(22)00329-2/sref80
http://refhub.elsevier.com/S2405-8440(22)00329-2/sref80
http://refhub.elsevier.com/S2405-8440(22)00329-2/sref80
http://refhub.elsevier.com/S2405-8440(22)00329-2/sref80
http://refhub.elsevier.com/S2405-8440(22)00329-2/sref80
http://refhub.elsevier.com/S2405-8440(22)00329-2/sref80
http://refhub.elsevier.com/S2405-8440(22)00329-2/sref81
http://refhub.elsevier.com/S2405-8440(22)00329-2/sref81
http://refhub.elsevier.com/S2405-8440(22)00329-2/sref81
http://refhub.elsevier.com/S2405-8440(22)00329-2/sref81
http://refhub.elsevier.com/S2405-8440(22)00329-2/sref81
http://refhub.elsevier.com/S2405-8440(22)00329-2/sref81
http://refhub.elsevier.com/S2405-8440(22)00329-2/sref81
http://refhub.elsevier.com/S2405-8440(22)00329-2/sref81
http://refhub.elsevier.com/S2405-8440(22)00329-2/sref82
http://refhub.elsevier.com/S2405-8440(22)00329-2/sref82
http://refhub.elsevier.com/S2405-8440(22)00329-2/sref82
http://refhub.elsevier.com/S2405-8440(22)00329-2/sref82
http://refhub.elsevier.com/S2405-8440(22)00329-2/sref82
http://refhub.elsevier.com/S2405-8440(22)00329-2/sref82
http://refhub.elsevier.com/S2405-8440(22)00329-2/sref82
http://refhub.elsevier.com/S2405-8440(22)00329-2/sref82
http://refhub.elsevier.com/S2405-8440(22)00329-2/sref83
http://refhub.elsevier.com/S2405-8440(22)00329-2/sref83
http://refhub.elsevier.com/S2405-8440(22)00329-2/sref83
http://refhub.elsevier.com/S2405-8440(22)00329-2/sref83
http://refhub.elsevier.com/S2405-8440(22)00329-2/sref83
http://refhub.elsevier.com/S2405-8440(22)00329-2/sref83
http://refhub.elsevier.com/S2405-8440(22)00329-2/sref83
http://refhub.elsevier.com/S2405-8440(22)00329-2/sref84
http://refhub.elsevier.com/S2405-8440(22)00329-2/sref84
http://refhub.elsevier.com/S2405-8440(22)00329-2/sref85
http://refhub.elsevier.com/S2405-8440(22)00329-2/sref85
http://refhub.elsevier.com/S2405-8440(22)00329-2/sref85
http://refhub.elsevier.com/S2405-8440(22)00329-2/sref85
http://refhub.elsevier.com/S2405-8440(22)00329-2/sref86
http://refhub.elsevier.com/S2405-8440(22)00329-2/sref86
http://refhub.elsevier.com/S2405-8440(22)00329-2/sref86
http://refhub.elsevier.com/S2405-8440(22)00329-2/sref87
http://refhub.elsevier.com/S2405-8440(22)00329-2/sref87
http://refhub.elsevier.com/S2405-8440(22)00329-2/sref87
http://refhub.elsevier.com/S2405-8440(22)00329-2/sref87
http://refhub.elsevier.com/S2405-8440(22)00329-2/sref88
http://refhub.elsevier.com/S2405-8440(22)00329-2/sref88
http://refhub.elsevier.com/S2405-8440(22)00329-2/sref88
http://refhub.elsevier.com/S2405-8440(22)00329-2/sref88
http://refhub.elsevier.com/S2405-8440(22)00329-2/sref89
http://refhub.elsevier.com/S2405-8440(22)00329-2/sref89
http://refhub.elsevier.com/S2405-8440(22)00329-2/sref89
http://refhub.elsevier.com/S2405-8440(22)00329-2/sref89
http://refhub.elsevier.com/S2405-8440(22)00329-2/sref89
http://refhub.elsevier.com/S2405-8440(22)00329-2/sref89
http://refhub.elsevier.com/S2405-8440(22)00329-2/sref89
http://refhub.elsevier.com/S2405-8440(22)00329-2/sref89
http://refhub.elsevier.com/S2405-8440(22)00329-2/sref89
http://refhub.elsevier.com/S2405-8440(22)00329-2/sref89
http://refhub.elsevier.com/S2405-8440(22)00329-2/sref90
http://refhub.elsevier.com/S2405-8440(22)00329-2/sref90
http://refhub.elsevier.com/S2405-8440(22)00329-2/sref90
http://refhub.elsevier.com/S2405-8440(22)00329-2/sref91
http://refhub.elsevier.com/S2405-8440(22)00329-2/sref91
http://refhub.elsevier.com/S2405-8440(22)00329-2/sref91
http://refhub.elsevier.com/S2405-8440(22)00329-2/sref91
http://refhub.elsevier.com/S2405-8440(22)00329-2/sref92
http://refhub.elsevier.com/S2405-8440(22)00329-2/sref92
http://refhub.elsevier.com/S2405-8440(22)00329-2/sref92
http://refhub.elsevier.com/S2405-8440(22)00329-2/sref92
http://refhub.elsevier.com/S2405-8440(22)00329-2/sref92
http://refhub.elsevier.com/S2405-8440(22)00329-2/sref93
http://refhub.elsevier.com/S2405-8440(22)00329-2/sref93
http://refhub.elsevier.com/S2405-8440(22)00329-2/sref93
http://refhub.elsevier.com/S2405-8440(22)00329-2/sref93
http://refhub.elsevier.com/S2405-8440(22)00329-2/sref94
http://refhub.elsevier.com/S2405-8440(22)00329-2/sref94
http://refhub.elsevier.com/S2405-8440(22)00329-2/sref94
http://refhub.elsevier.com/S2405-8440(22)00329-2/sref95
http://refhub.elsevier.com/S2405-8440(22)00329-2/sref95
http://refhub.elsevier.com/S2405-8440(22)00329-2/sref95
http://refhub.elsevier.com/S2405-8440(22)00329-2/sref95
http://refhub.elsevier.com/S2405-8440(22)00329-2/sref95
http://refhub.elsevier.com/S2405-8440(22)00329-2/sref96
http://refhub.elsevier.com/S2405-8440(22)00329-2/sref96
http://refhub.elsevier.com/S2405-8440(22)00329-2/sref96
http://refhub.elsevier.com/S2405-8440(22)00329-2/sref96
http://refhub.elsevier.com/S2405-8440(22)00329-2/sref97
http://refhub.elsevier.com/S2405-8440(22)00329-2/sref97
http://refhub.elsevier.com/S2405-8440(22)00329-2/sref97
http://refhub.elsevier.com/S2405-8440(22)00329-2/sref97
http://refhub.elsevier.com/S2405-8440(22)00329-2/sref98
http://refhub.elsevier.com/S2405-8440(22)00329-2/sref98
http://refhub.elsevier.com/S2405-8440(22)00329-2/sref98
http://refhub.elsevier.com/S2405-8440(22)00329-2/sref98
http://refhub.elsevier.com/S2405-8440(22)00329-2/sref99
http://refhub.elsevier.com/S2405-8440(22)00329-2/sref99
http://refhub.elsevier.com/S2405-8440(22)00329-2/sref99
http://refhub.elsevier.com/S2405-8440(22)00329-2/sref99
http://refhub.elsevier.com/S2405-8440(22)00329-2/sref100
http://refhub.elsevier.com/S2405-8440(22)00329-2/sref100
http://refhub.elsevier.com/S2405-8440(22)00329-2/sref100
http://refhub.elsevier.com/S2405-8440(22)00329-2/sref101
http://refhub.elsevier.com/S2405-8440(22)00329-2/sref101
http://refhub.elsevier.com/S2405-8440(22)00329-2/sref101
http://refhub.elsevier.com/S2405-8440(22)00329-2/sref101
http://refhub.elsevier.com/S2405-8440(22)00329-2/sref102
http://refhub.elsevier.com/S2405-8440(22)00329-2/sref102
http://refhub.elsevier.com/S2405-8440(22)00329-2/sref102
http://refhub.elsevier.com/S2405-8440(22)00329-2/sref103
http://refhub.elsevier.com/S2405-8440(22)00329-2/sref103
http://refhub.elsevier.com/S2405-8440(22)00329-2/sref103
http://refhub.elsevier.com/S2405-8440(22)00329-2/sref104
http://refhub.elsevier.com/S2405-8440(22)00329-2/sref104
http://refhub.elsevier.com/S2405-8440(22)00329-2/sref104
http://refhub.elsevier.com/S2405-8440(22)00329-2/sref105
http://refhub.elsevier.com/S2405-8440(22)00329-2/sref105
http://refhub.elsevier.com/S2405-8440(22)00329-2/sref105
http://refhub.elsevier.com/S2405-8440(22)00329-2/sref105
http://refhub.elsevier.com/S2405-8440(22)00329-2/sref106
http://refhub.elsevier.com/S2405-8440(22)00329-2/sref106
http://refhub.elsevier.com/S2405-8440(22)00329-2/sref106
http://refhub.elsevier.com/S2405-8440(22)00329-2/sref107
http://refhub.elsevier.com/S2405-8440(22)00329-2/sref107
http://refhub.elsevier.com/S2405-8440(22)00329-2/sref107
http://refhub.elsevier.com/S2405-8440(22)00329-2/sref107
http://refhub.elsevier.com/S2405-8440(22)00329-2/sref107
http://refhub.elsevier.com/S2405-8440(22)00329-2/sref108
http://refhub.elsevier.com/S2405-8440(22)00329-2/sref108
http://refhub.elsevier.com/S2405-8440(22)00329-2/sref108
http://refhub.elsevier.com/S2405-8440(22)00329-2/sref108
http://refhub.elsevier.com/S2405-8440(22)00329-2/sref109
http://refhub.elsevier.com/S2405-8440(22)00329-2/sref109
http://refhub.elsevier.com/S2405-8440(22)00329-2/sref109
http://refhub.elsevier.com/S2405-8440(22)00329-2/sref110
http://refhub.elsevier.com/S2405-8440(22)00329-2/sref110
http://refhub.elsevier.com/S2405-8440(22)00329-2/sref110
http://refhub.elsevier.com/S2405-8440(22)00329-2/sref110
http://refhub.elsevier.com/S2405-8440(22)00329-2/sref111
http://refhub.elsevier.com/S2405-8440(22)00329-2/sref111
http://refhub.elsevier.com/S2405-8440(22)00329-2/sref111
http://refhub.elsevier.com/S2405-8440(22)00329-2/sref112
http://refhub.elsevier.com/S2405-8440(22)00329-2/sref112
http://refhub.elsevier.com/S2405-8440(22)00329-2/sref112
http://refhub.elsevier.com/S2405-8440(22)00329-2/sref113
http://refhub.elsevier.com/S2405-8440(22)00329-2/sref113
http://refhub.elsevier.com/S2405-8440(22)00329-2/sref113
http://refhub.elsevier.com/S2405-8440(22)00329-2/sref114
http://refhub.elsevier.com/S2405-8440(22)00329-2/sref114
http://refhub.elsevier.com/S2405-8440(22)00329-2/sref114
http://refhub.elsevier.com/S2405-8440(22)00329-2/sref114
http://refhub.elsevier.com/S2405-8440(22)00329-2/sref115
http://refhub.elsevier.com/S2405-8440(22)00329-2/sref115
http://refhub.elsevier.com/S2405-8440(22)00329-2/sref115
http://refhub.elsevier.com/S2405-8440(22)00329-2/sref115
http://refhub.elsevier.com/S2405-8440(22)00329-2/sref115
http://refhub.elsevier.com/S2405-8440(22)00329-2/sref116
http://refhub.elsevier.com/S2405-8440(22)00329-2/sref116
http://refhub.elsevier.com/S2405-8440(22)00329-2/sref116
http://refhub.elsevier.com/S2405-8440(22)00329-2/sref116
http://refhub.elsevier.com/S2405-8440(22)00329-2/sref116
http://refhub.elsevier.com/S2405-8440(22)00329-2/sref117
http://refhub.elsevier.com/S2405-8440(22)00329-2/sref117
http://refhub.elsevier.com/S2405-8440(22)00329-2/sref117
http://refhub.elsevier.com/S2405-8440(22)00329-2/sref117
http://refhub.elsevier.com/S2405-8440(22)00329-2/sref117
http://refhub.elsevier.com/S2405-8440(22)00329-2/sref118
http://refhub.elsevier.com/S2405-8440(22)00329-2/sref118
http://refhub.elsevier.com/S2405-8440(22)00329-2/sref118
http://refhub.elsevier.com/S2405-8440(22)00329-2/sref118
http://refhub.elsevier.com/S2405-8440(22)00329-2/sref118
http://refhub.elsevier.com/S2405-8440(22)00329-2/sref119
http://refhub.elsevier.com/S2405-8440(22)00329-2/sref119
http://refhub.elsevier.com/S2405-8440(22)00329-2/sref120
http://refhub.elsevier.com/S2405-8440(22)00329-2/sref120
http://refhub.elsevier.com/S2405-8440(22)00329-2/sref120
http://refhub.elsevier.com/S2405-8440(22)00329-2/sref121
http://refhub.elsevier.com/S2405-8440(22)00329-2/sref121
http://refhub.elsevier.com/S2405-8440(22)00329-2/sref121
http://refhub.elsevier.com/S2405-8440(22)00329-2/sref122
http://refhub.elsevier.com/S2405-8440(22)00329-2/sref122
http://refhub.elsevier.com/S2405-8440(22)00329-2/sref122
http://refhub.elsevier.com/S2405-8440(22)00329-2/sref122
http://refhub.elsevier.com/S2405-8440(22)00329-2/sref123
http://refhub.elsevier.com/S2405-8440(22)00329-2/sref123
http://refhub.elsevier.com/S2405-8440(22)00329-2/sref123
http://refhub.elsevier.com/S2405-8440(22)00329-2/sref123
http://refhub.elsevier.com/S2405-8440(22)00329-2/sref124
http://refhub.elsevier.com/S2405-8440(22)00329-2/sref124
http://refhub.elsevier.com/S2405-8440(22)00329-2/sref124
http://refhub.elsevier.com/S2405-8440(22)00329-2/sref124
http://refhub.elsevier.com/S2405-8440(22)00329-2/sref124
http://refhub.elsevier.com/S2405-8440(22)00329-2/sref124
http://refhub.elsevier.com/S2405-8440(22)00329-2/sref125
http://refhub.elsevier.com/S2405-8440(22)00329-2/sref125
http://refhub.elsevier.com/S2405-8440(22)00329-2/sref125
http://refhub.elsevier.com/S2405-8440(22)00329-2/sref125
http://refhub.elsevier.com/S2405-8440(22)00329-2/sref126
http://refhub.elsevier.com/S2405-8440(22)00329-2/sref126
http://refhub.elsevier.com/S2405-8440(22)00329-2/sref126
http://refhub.elsevier.com/S2405-8440(22)00329-2/sref126
http://refhub.elsevier.com/S2405-8440(22)00329-2/sref126
http://refhub.elsevier.com/S2405-8440(22)00329-2/sref127
http://refhub.elsevier.com/S2405-8440(22)00329-2/sref127
http://refhub.elsevier.com/S2405-8440(22)00329-2/sref127
http://refhub.elsevier.com/S2405-8440(22)00329-2/sref127
http://refhub.elsevier.com/S2405-8440(22)00329-2/sref128
http://refhub.elsevier.com/S2405-8440(22)00329-2/sref128
http://refhub.elsevier.com/S2405-8440(22)00329-2/sref128
http://refhub.elsevier.com/S2405-8440(22)00329-2/sref129
http://refhub.elsevier.com/S2405-8440(22)00329-2/sref129
http://refhub.elsevier.com/S2405-8440(22)00329-2/sref129
http://refhub.elsevier.com/S2405-8440(22)00329-2/sref129
http://refhub.elsevier.com/S2405-8440(22)00329-2/sref130
http://refhub.elsevier.com/S2405-8440(22)00329-2/sref130
http://refhub.elsevier.com/S2405-8440(22)00329-2/sref130
http://refhub.elsevier.com/S2405-8440(22)00329-2/sref130
http://refhub.elsevier.com/S2405-8440(22)00329-2/sref131
http://refhub.elsevier.com/S2405-8440(22)00329-2/sref131
http://refhub.elsevier.com/S2405-8440(22)00329-2/sref131
http://refhub.elsevier.com/S2405-8440(22)00329-2/sref131
http://refhub.elsevier.com/S2405-8440(22)00329-2/sref132
http://refhub.elsevier.com/S2405-8440(22)00329-2/sref132
http://refhub.elsevier.com/S2405-8440(22)00329-2/sref132
http://refhub.elsevier.com/S2405-8440(22)00329-2/sref133
http://refhub.elsevier.com/S2405-8440(22)00329-2/sref133
http://refhub.elsevier.com/S2405-8440(22)00329-2/sref133
http://refhub.elsevier.com/S2405-8440(22)00329-2/sref133
http://refhub.elsevier.com/S2405-8440(22)00329-2/sref133
http://refhub.elsevier.com/S2405-8440(22)00329-2/sref134
http://refhub.elsevier.com/S2405-8440(22)00329-2/sref134
http://refhub.elsevier.com/S2405-8440(22)00329-2/sref134
http://refhub.elsevier.com/S2405-8440(22)00329-2/sref134


T.S. Tshephe et al. Heliyon 8 (2022) e09041
[135] N. El-Bagoury, S.I. Ahmed, O. Ahmed Abu Ali, S. El-Hadad, A.M. Fallatah,
G. Mersal, M.M. Ibrahim, J. Wysocka, J. Ryl, R. Boukherroub, The influence of
microstructure on the passive layer chemistry and corrosion resistance for some
titanium-based alloys, Materials 12 (2019) 1233.

[136] D. Prando, D. Nicolis, M. Pedeferri, M. Ormellese, Pitting corrosion on anodized
titanium: effect of halides, Mater. Corros. 69 (2018) 1441–1446.

[137] S. Cao, C.V.S. Lim, B. Hinton, X. Wu, Effects of microtexture and Ti3Al (α2)
precipitates on stress-corrosion cracking properties of a Ti-8Al-1Mo-1V alloy,
Corrosion Sci. 116 (2017) 22–33.

[138] E.J. Kelly, Electrochemical behavior of titanium, Mod. Aspect. Electrochem.
(1982) 319–424.

[139] A.H. Ettefagh, C. Zeng, S. Guo, J. Raush, Corrosion behavior of additively
manufactured Ti-6Al-4V parts and the effect of post annealing, Addit. Manuf. 28
(2019) 252–258.

[140] N. Dai, L.-C. Zhang, J. Zhang, Q. Chen, M. Wu, Corrosion behavior of selective
laser melted Ti-6Al-4 V alloy in NaCl solution, Corrosion Sci. 102 (2016) 484–489.

[141] A. Leon, G.K. Levy, T. Ron, A. Shirizly, E. Aghion, The effect of hot isostatic
pressure on the corrosion performance of Ti-6Al-4 V produced by an electron-
beam melting additive manufacturing process, Addit. Manuf. 33 (2020) 101039.

[142] G.A. Longhitano, M.A. Arenas, A. Conde, M.A. Larosa, A.L. Jardini, C.A. de
Carvalho Zavaglia, J.J. Damborenea, Heat treatments effects on functionalization
and corrosion behavior of Ti-6Al-4V ELI alloy made by additive manufacturing,
J. Alloys Compd. 765 (2018) 961–968.

[143] P. Qin, Y. Liu, T.B. Sercombe, Y. Li, C. Zhang, C. Cao, H. Sun, L.-C. Zhang,
Improved corrosion resistance on selective laser melting produced Ti-5Cu alloy
after heat treatment, ACS Biomater. Sci. Eng. 4 (2018) 2633–2642.

[144] J. Yang, H. Yang, H. Yu, Z. Wang, X. Zeng, Corrosion behavior of additive
manufactured Ti-6Al-4V alloy in NaCl solution, Metall. Mater. Trans. 48 (2017)
3583–3593.

[145] L.-Y. Chen, H.-Y. Zhang, C. Zheng, H.-Y. Yang, P. Qin, C. Zhao, S. Lu, S.-X. Liang,
L. Chai, L.-C. Zhang, Corrosion behavior and characteristics of passive films of
laser powder bed fusion produced Ti–6Al–4V in dynamic Hank’s solution, Mater.
Des. 208 (2021) 109907.

[146] L. Zhou, H. Deng, L. Chen, W. Qiu, Y. Wei, H. Peng, Z. Hu, D. Lu, X. Cui, J. Tang,
Morphological effects on the electrochemical dissolution behavior of forged and
additive manufactured Ti-6Al-4V alloys in runway deicing fluid, Surf. Coating.
Technol. 414 (2021) 127096.
20
[147] P. Qin, L.Y. Chen, C.H. Zhao, Y.J. Liu, C.D. Cao, H. Sun, L.C. Zhang, Corrosion
behavior and mechanism of selective laser melted Ti35Nb alloy produced using
pre-alloyed and mixed powder in Hank’s solution, Corrosion Sci. 189 (2021)
109609.

[148] Y. Luo, Z. Zhang, Y. Xie, J. Liang, D. Zhang, The Role of Nanoscale Heterogeneous
Structure in Simultaneously Enhancing Strength and Ductility of High-Oxygen
Ti–6Al–4V alloy, Powder Metallurgy, 2020, pp. 1–7.

[149] I. Kartika, F. Rokhmanto, Y.N. Thaha, I. Purawiardi, I.N.G.P. Astawa, A. Erryani,
T. Asmaria, Influence of thermo-mechanical processing on microstructure,
mechanical properties and corrosion behavior of Ti-6Al-6Mo implant alloy, in:
Proceedings of the 1st International Conference on Electronics, Biomedical
Engineering, and Health Informatics, Springer, 2021, pp. 397–405.

[150] V.A. Kumar, R. Gupta, M. Prasad, S.N. Murty, Recent advances in processing of
titanium alloys and titanium aluminides for space applications: a review, J. Mater.
Res. (2021) 1–28.

[151] L.-E. R€annar, A. Glad, C.-G. Gustafson, Efficient cooling with tool inserts
manufactured by electron beam melting, Rapid Prototyp. J. 13 (2007) 128–135.

[152] A. Bagalkot, D. Pons, D. Symons, D. Clucas, Analysis of raised feature failures on
3D printed injection moulds, Polymers 13 (2021) 1541.

[153] B. Vandenbroucke, J.P. Kruth, Selective Laser Melting of Biocompatible Metals for
Rapid Manufacturing of Medical Parts, Rapid Prototyping Journal, 2007.

[154] C.L. Ventola, Medical applications for 3D printing: current and projected uses,
Pharm. Therapeut. 39 (2014) 704.

[155] D. Garcia-Gonzalez, S. Garzon-Hernandez, A. Arias, A new constitutive model for
polymeric matrices: application to biomedical materials, Compos. B Eng. 139
(2018) 117–129.

[156] T.D. Ngo, A. Kashani, G. Imbalzano, K.T. Nguyen, D. Hui, Additive manufacturing
(3D printing): a review of materials, methods, applications and challenges,
Compos. B Eng. 143 (2018) 172–196.

[157] T.J. Horn, O.L. Harrysson, Overview of current additive manufacturing
technologies and selected applications, Sci. Prog. 95 (2012) 255–282.

[158] P. one, Introducing the World’s First 3D-Printed Titanium Wheel from HRE
Performance Wheels, 2021.

[159] D.m. network, Treating Racehorses with 3D Printed Titanium Implants, 2021.
[160] Sculpteo, 3D Printing in the Medical Industry: the 3D Printed Knee Replacement,

2021.

http://refhub.elsevier.com/S2405-8440(22)00329-2/sref135
http://refhub.elsevier.com/S2405-8440(22)00329-2/sref135
http://refhub.elsevier.com/S2405-8440(22)00329-2/sref135
http://refhub.elsevier.com/S2405-8440(22)00329-2/sref135
http://refhub.elsevier.com/S2405-8440(22)00329-2/sref136
http://refhub.elsevier.com/S2405-8440(22)00329-2/sref136
http://refhub.elsevier.com/S2405-8440(22)00329-2/sref136
http://refhub.elsevier.com/S2405-8440(22)00329-2/sref137
http://refhub.elsevier.com/S2405-8440(22)00329-2/sref137
http://refhub.elsevier.com/S2405-8440(22)00329-2/sref137
http://refhub.elsevier.com/S2405-8440(22)00329-2/sref137
http://refhub.elsevier.com/S2405-8440(22)00329-2/sref137
http://refhub.elsevier.com/S2405-8440(22)00329-2/sref138
http://refhub.elsevier.com/S2405-8440(22)00329-2/sref138
http://refhub.elsevier.com/S2405-8440(22)00329-2/sref138
http://refhub.elsevier.com/S2405-8440(22)00329-2/sref139
http://refhub.elsevier.com/S2405-8440(22)00329-2/sref139
http://refhub.elsevier.com/S2405-8440(22)00329-2/sref139
http://refhub.elsevier.com/S2405-8440(22)00329-2/sref139
http://refhub.elsevier.com/S2405-8440(22)00329-2/sref140
http://refhub.elsevier.com/S2405-8440(22)00329-2/sref140
http://refhub.elsevier.com/S2405-8440(22)00329-2/sref140
http://refhub.elsevier.com/S2405-8440(22)00329-2/sref141
http://refhub.elsevier.com/S2405-8440(22)00329-2/sref141
http://refhub.elsevier.com/S2405-8440(22)00329-2/sref141
http://refhub.elsevier.com/S2405-8440(22)00329-2/sref142
http://refhub.elsevier.com/S2405-8440(22)00329-2/sref142
http://refhub.elsevier.com/S2405-8440(22)00329-2/sref142
http://refhub.elsevier.com/S2405-8440(22)00329-2/sref142
http://refhub.elsevier.com/S2405-8440(22)00329-2/sref142
http://refhub.elsevier.com/S2405-8440(22)00329-2/sref143
http://refhub.elsevier.com/S2405-8440(22)00329-2/sref143
http://refhub.elsevier.com/S2405-8440(22)00329-2/sref143
http://refhub.elsevier.com/S2405-8440(22)00329-2/sref143
http://refhub.elsevier.com/S2405-8440(22)00329-2/sref144
http://refhub.elsevier.com/S2405-8440(22)00329-2/sref144
http://refhub.elsevier.com/S2405-8440(22)00329-2/sref144
http://refhub.elsevier.com/S2405-8440(22)00329-2/sref144
http://refhub.elsevier.com/S2405-8440(22)00329-2/sref145
http://refhub.elsevier.com/S2405-8440(22)00329-2/sref145
http://refhub.elsevier.com/S2405-8440(22)00329-2/sref145
http://refhub.elsevier.com/S2405-8440(22)00329-2/sref145
http://refhub.elsevier.com/S2405-8440(22)00329-2/sref145
http://refhub.elsevier.com/S2405-8440(22)00329-2/sref145
http://refhub.elsevier.com/S2405-8440(22)00329-2/sref146
http://refhub.elsevier.com/S2405-8440(22)00329-2/sref146
http://refhub.elsevier.com/S2405-8440(22)00329-2/sref146
http://refhub.elsevier.com/S2405-8440(22)00329-2/sref146
http://refhub.elsevier.com/S2405-8440(22)00329-2/sref147
http://refhub.elsevier.com/S2405-8440(22)00329-2/sref147
http://refhub.elsevier.com/S2405-8440(22)00329-2/sref147
http://refhub.elsevier.com/S2405-8440(22)00329-2/sref147
http://refhub.elsevier.com/S2405-8440(22)00329-2/sref148
http://refhub.elsevier.com/S2405-8440(22)00329-2/sref148
http://refhub.elsevier.com/S2405-8440(22)00329-2/sref148
http://refhub.elsevier.com/S2405-8440(22)00329-2/sref148
http://refhub.elsevier.com/S2405-8440(22)00329-2/sref148
http://refhub.elsevier.com/S2405-8440(22)00329-2/sref148
http://refhub.elsevier.com/S2405-8440(22)00329-2/sref149
http://refhub.elsevier.com/S2405-8440(22)00329-2/sref149
http://refhub.elsevier.com/S2405-8440(22)00329-2/sref149
http://refhub.elsevier.com/S2405-8440(22)00329-2/sref149
http://refhub.elsevier.com/S2405-8440(22)00329-2/sref149
http://refhub.elsevier.com/S2405-8440(22)00329-2/sref149
http://refhub.elsevier.com/S2405-8440(22)00329-2/sref150
http://refhub.elsevier.com/S2405-8440(22)00329-2/sref150
http://refhub.elsevier.com/S2405-8440(22)00329-2/sref150
http://refhub.elsevier.com/S2405-8440(22)00329-2/sref150
http://refhub.elsevier.com/S2405-8440(22)00329-2/sref151
http://refhub.elsevier.com/S2405-8440(22)00329-2/sref151
http://refhub.elsevier.com/S2405-8440(22)00329-2/sref151
http://refhub.elsevier.com/S2405-8440(22)00329-2/sref151
http://refhub.elsevier.com/S2405-8440(22)00329-2/sref152
http://refhub.elsevier.com/S2405-8440(22)00329-2/sref152
http://refhub.elsevier.com/S2405-8440(22)00329-2/sref153
http://refhub.elsevier.com/S2405-8440(22)00329-2/sref153
http://refhub.elsevier.com/S2405-8440(22)00329-2/sref154
http://refhub.elsevier.com/S2405-8440(22)00329-2/sref154
http://refhub.elsevier.com/S2405-8440(22)00329-2/sref155
http://refhub.elsevier.com/S2405-8440(22)00329-2/sref155
http://refhub.elsevier.com/S2405-8440(22)00329-2/sref155
http://refhub.elsevier.com/S2405-8440(22)00329-2/sref155
http://refhub.elsevier.com/S2405-8440(22)00329-2/sref156
http://refhub.elsevier.com/S2405-8440(22)00329-2/sref156
http://refhub.elsevier.com/S2405-8440(22)00329-2/sref156
http://refhub.elsevier.com/S2405-8440(22)00329-2/sref156
http://refhub.elsevier.com/S2405-8440(22)00329-2/sref157
http://refhub.elsevier.com/S2405-8440(22)00329-2/sref157
http://refhub.elsevier.com/S2405-8440(22)00329-2/sref157
http://refhub.elsevier.com/S2405-8440(22)00329-2/sref158
http://refhub.elsevier.com/S2405-8440(22)00329-2/sref158
http://refhub.elsevier.com/S2405-8440(22)00329-2/sref159
http://refhub.elsevier.com/S2405-8440(22)00329-2/sref160
http://refhub.elsevier.com/S2405-8440(22)00329-2/sref160

	Additive manufacturing of titanium-based alloys- A review of methods, properties, challenges, and prospects
	1. Introduction
	2. Reported AM processes utilized for fabrication of titanium-based alloys
	2.1. Electron beam melting (EBM) process
	2.2. Directed energy deposition (DED) process
	2.3. Binder jetting printer (BJP) process
	2.4. Selective laser melting (SLM)

	3. Microstructural properties of 3D printed Ti-based alloys
	4. Mechanical properties of 3D printed Ti-based alloys
	5. Corrosion of titanium and titanium alloys
	6. Challenges and prospects for titanium-based alloys
	7. Applications of 3D printed titanium-based alloys
	8. Conclusion
	Declarations
	Author contribution statement
	Funding statement
	Data availability statement
	Declaration of interests statement
	Additional information

	References


