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Additive Manufacturing of Titanium Alloys: Processability,
Properties, and Applications

Mohammad Hossein Mosallanejad, Ata Abdi, Farshid Karpasand, Navid Nassiri,
Luca Iuliano, and Abdollah Saboori*

1. Introduction

Additive manufacturing (AM) is a recent
and promising manufacturing concept that
is based on slicing a solid model into a pre-
defined number of layers, defining a tool-
path for each layer, transferring this data
to the device, and developing the compo-
nent layer-by-layer from the feedstock
material—in the form of powder, wire,
and sheet—using a heat source.[1,2] AM
is featured with several promising advan-
tages over conventional manufacturing
methods like machining, forging, casting,
and finishing; AM technology permits
the design and production of complicated
geometries in a near-net shapemanner that
would be challenging or impracticable to
achieve via conventional methods.
Besides, as opposed to traditional pro-
cesses, AM significantly saves raw materi-
als and uses no tools, minimizing
production costs and energy. Last but not
least, novel geometries now possible by
AM technology can contribute to perfor-

mance and ecosystem advantages in the employment of compo-
nents, further adding to the sustainability of the method.[3–5] For
example, AM may contribute to weight reduction in aviation
industries by allowing redesigns for a vast number of parts, lead-
ing to greater aircraft fuel efficiency.[6,7] For further details, one
may refer to Section 2, where various AMmethods are explained.
With considerable industrial benefits, metal additive printing
offers a way to build optimized components. The insufficient
capacity to provide supplies on request and the restricted quantity
of materials accessible are barriers to development into other
industries, such as the automotive sector, and to facilitating
supply chain alleviation.

Titanium alloys, as revolutionary materials possessing unique
corrosion, biomedical, and mechanical properties, are usually the
first choice among the candidates for various applications such as
biomedical implants,[8,9] high-temperature creep resistance,[10]

and aerospace.[11] However, one major drawback of titanium
alloys is that the alloy is not usually cost-effective.[12,13] Despite
their popularity, the development of titanium alloys poses chal-
lenges due to the inherent difficulties associated with traditional
manufacturing methods such as casting, rolling, and forging.[14]

Titanium alloys have not been cast using the traditional method
frequently due to the strong reactivity of liquid titanium with
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The restricted number of materials available for additive manufacturing (AM)
technologies is a determining impediment to AM growing into sectors and
providing supply chain relief. AM, in particular, is regarded as a trustworthy
manufacturing technology to replace the traditional ones for Ti alloy compo-
nents. Furthermore, the AM processability of Ti alloys and their features,
such as microstructure, texture, and mechanical properties, is strongly
dependent on the chemical composition of the processed alloy. It is essential to
consider the ultimate applications as well. β Ti alloys are gaining popularity in
the biomedical industry, while αþ β Ti alloys are increasingly utilized for
producing components in the automotive and aerospace sectors. Consequently,
the topic has garnered considerable interest, and the current text reviews
the advances during the last 10 years in this area to facilitate the pathway from
the demanded Ti alloy to the best-fit AM procedure. While systematically
reviewing the works published in the literature, the current text attempts to
establish a link between the production method, feedstock type, chemical
composition, and the ultimate application. This review also features practical
applications of Ti components produced by metal AM methods and offers
prospective possibilities and industrial applications.
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mold sands.[15,16] Moreover, the low thermal conductivity of tita-
nium alloys makes their machining inherently challenging and
results in a high cutting temperature.[17] Additionally, the spring-
back characteristics of these alloys make it difficult to form them
at ambient temperature, even under annealed conditions.[18,19]

As a result, industrial companies (e.g., GE Additive) are working
on AM techniques to improve productivity and save costs while
maintaining the distinctive advantages of titanium alloys.[20–22]

Usually, titanium alloys are accessible in powder and wire form,
making the alloy a suitable feedstock candidate for all main cate-
gories of metal AM.[23,24] As the title suggests, this review article
will focus on the processability of common titanium alloys pro-
duced by different metal AM methods. Extensive research has
been conducted in this field; the processing of Ti6Al4V alloy,
the most popular titanium-based alloy, has received extensive
attention.[25–33] In terms of processability, Nguyen et al.[34]

reviewed the processability of Ti6Al4V by various AM methods,
including electron beammelting (EBM), laser powder bed fusion
(L-PBF), and directed energy deposition (DED) methods. L-PBF
and DED methods exhibit comparable strength to the conven-
tionally produced counterparts, up to 25% higher. In addition,
Hui Jun Yi et al.[35] reported that the in-process controlled cooling
rates of Ti6Al4V produced via wire arc additive manufacturing
(WAAM) resulted in higher strength and hardness but lower
elongation than the conventional sample. Additionally,
Pellizzari et al.[36] conducted a review of the L-PBF processing
of recently developed six beta titanium alloys, suggesting their
potential suitability as alternative materials for biomedical and
aerospace applications. Among them, Ti2448 (Ti–24Nb–4Zr–
8Sn), the most typical of the Ti–Nb alloy system, showed a high
relative density when a combination of high energy density and
low laser scanning speed was employed.[37] In addition, due to
the excellent weldability and heat treatability of Ti5553
(Ti–5Al–5V–5Mo–3Cr) alloy, it is possible to achieve a wide proc-
essing window and high relative density (99.95%) in L-PBF
processed bulk samples by precisely defining the energy density
parameter.[38,39] Lu et al.[40] recently processed TA15 (Ti–6.5Al–
2Zr–1Mo–1V) via hot WAAM (HWAAM) and reported that the
relatively high tensile strength of the part was due to solid solu-
tion and boundary strengthening mechanisms. Needless to men-
tion that the AM processing of other Ti-based alloys such as
Ti55511 (Ti–5Al–5Mo–5V–1Cr–1Fe),[41] Ti–6Al–2Zr–1Mo–1V
(TA15),[42] Ti–13Nb–13Zr,[43] Ti2448 (Ti–24Nb–4Zr–8Sn),[44]

TNTZ (Ti–35Nb–2Ta–3Zr),[45] TLM (Ti–25Nb–3Zr–3Mo–
2Sn),[46] Ti–42Nb,[47] Ti–6Al–7Nb,[48] and Ti–21S[49] have also
been reported in the literature which will be discussed in more
detail in the following sections. For this study, the selection of
titanium alloys was based on several key criteria. First, the alloys
chosen needed to have practical applications in sectors such as
aerospace, biomedical, and automotive industries to ensure that
the study findings would have direct real-world implications.
Second, to comprehensively evaluate the performance of tita-
nium alloys, a diverse set of alloys with a wide range of compo-
sitions, including alpha, beta, near-alpha, and metastable beta
types, were selected. This would allow for exploring different
material behaviors. Finally, the selected alloys needed to be
available in forms suitable for metal additive manufacturing
processes, such as powder or wire feedstock.

Despite the research and developments in Ti alloys processing
by the metal AM technologies over the past several years,[24,50–54]

the lack of a comprehensive review article covering all processabil-
ity elements, from commercial andmetallurgical aspects, is felt. In
pursuit of this objective, a novel approach is introduced to examine
recent research on Ti–6Al–4V and newly processed Ti-based alloys
encompassing near-α, α, near-β, α-β, β, and metastable β variants.

This research aims to provide a comprehensive overview of
recent advances in titanium processing through metal additive
manufacturing since 2014, addressing critical aspects related
to the processability, mechanical properties, and microstructural
evolution of various titanium alloys. By evaluating these factors
under different conditions, including as-received, heat-treated
(HT), and hot isostatic pressured (HIPed) states, this study seeks
to bridge existing knowledge gaps. Additionally, the article
explores the diversity of metal additive manufacturing methods
(L-PBF, EBM, DED, WAAM) by commercial equipment manu-
facturers (Arcam AB, EOS, Concept Laser GE, Renishaw, SLM
Solution, Realizer, Trumpf, Farsoon) to assess their applicability
for processing the studied titanium alloys.

The choice of AM technologies was made based on their rele-
vance to titanium alloy processing, capability to produce test speci-
mens and representation of commonly used methods in the
industry. The criteria for selecting AM technologies included their
suitability for processing titanium alloys, as the study aimed to
achieve this objective. EBM and L-PBF were selected because they
are widely used in the aerospace and biomedical industries. DED
and WAAM were chosen as emerging technologies with unique
advantages, particularly in large-scale production. In addition, the
availability of commercial-grade machines from notable manufac-
turers such as ArcamAB, EOS, Concept Laser GE, Renishaw, SLM
Solution, Realizer, Trumpf, and Farsoon ensured that the study’s
results could be applied to practical applications.

Furthermore, this study examines the potential, challenges,
and applications of titanium-based alloys across aerospace, bio-
medical, and automotive industries, offering valuable insights
into their suitability for various sectors within the realm of
additive manufacturing and future research directions.

2. Additive Manufacturing

AM technology, also known as 3D printing, refers to the
manufacturing processes where a final component is developed
additively, i.e., layer-by-layer, based on a solid digital shape.
A computer controls the steps from the CADmodel to AM works
entirely. According to ISO-ASTM 52 900, AM is designated as the
“process of joining materials to fabricate parts from 3D prototype
data, customarily layer-by-layer, as objected to subtractive
manufacturing and formative manufacturing methodologies”.[55]

AM technologies are divided into two major categories: direct
and indirect methods. The direct AM technique integrates the
forming and densification methods and produces finished
components without needing postsintering. More specifically,
direct AM utilizes a heat source, which has high energy intensity
and can exert a large quantity of energy into a microscale-focused
area, allowing it to process a wide variety of materials.[56]

Compared to the indirect AM technique, the direct AM method
can create parts with enhanced mechanical properties, higher
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purity and density, and lower energy and time requirements. In
indirect AM, initial three-dimensional structures are created using
binder ingredients, followed by sintering the structure to remove
the binder and densify the product.[57] Direct methods are self-
divided into two distinctive groups: PBF and DED process. PBF
method can be carried out using laser and electron beams as heat
sources, introducing L-PBF and EBM methods, respectively.[58,59]

2.1. Direct AM Methods

2.1.1. L-PBF

L-PBF is one of the most significant direct AM processes, allow-
ing the fabrication of objects with novel shapes and complicated
interior structures.[60,61] As illustrated in Figure 1, from CAD
data preparation until the disassembly of the produced part from
the building platform, the L-PBF process comprises a sequence
of steps. During the L-PBF methods, a thin layer of powder is
spread on a base plate and then selectively melted according
to the CAD data using a laser beam with a high energy density.
Once the laser scanning is complete, the construction platform is
lowered, allowing the next powder bed to be deposited and
scanned by the laser beam. The procedure is repeated for conse-
cutive powder layers until all essential components have beenman-
ufactured. Laser power, scanning speed, hatch spacing, and layer

thickness are among the most determining process parameters in
this method (Figure 2).[62,63] Meanwhile, various scanning strate-
gies and process settings for different areas of the component
and supports can be employed to create complicated structures.

Furthermore, L-PBF is characterized by rapid cycles of heat-
ing, melting, solidification, and cooling due to the employment
of a highly focused laser beam with a fast-scanning speed.
Experiencing very high cooling rates of up to 106 K

s results in a
fine-grained structure and ultimately enhanced mechanical
characteristics in L-PBF samples. On the contrary, large tempera-
ture gradients and layer-by-layer manufacturing lead to
the production of L-PBF components with high anisotropic micro-
structure, residual stress, and random porosity distribution.[64]

In the L-PBF process, due to the prepositioned powders on the
substrate, finer particles and lower energy input are required to
create a fully dense part. This can be accomplished by employing
higher scan rates and lower laser power.[54] Consequently, L-PBF
is particularly notable for its exceptional precision and accuracy,
making it the preferred choice for applications requiring intricate
geometries and high surface quality. Its ability to work with a
wide range of materials further enhances its versatility.[65]

2.1.2. EBM

EBM is another primary PBF method where an electron beam is
employed as the heat source. This approach uses electric and

Figure 1. Schematic of L-PBF process.
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magnetic fields to regulate and direct free electrons to form a
focused beam under vacuum conditions. When an electron beam
with a high velocity collides with a material, the kinetic energy is
converted to heat. When concentrated, this high heat level is an
effective way of melting electrically conducting materials.
Because electrons scatter and disperse when they contact gas
atoms between the electron gun and the substance being heated,
EBM should be conducted in a vacuum chamber. The process
proceeds via vacuum (10�4–10�5 mbar), which is critical for
metals and alloys with a high susceptibility to gases like oxygen
and nitrogen.[66] Next, a slight helium pressure of 10�3 mbar is
implemented to restrict electrostatic charging and smoke
issues.[14,18] EBM offers unique capabilities and allows for pro-
ducing closely stacked pieces in one printing job, which boosts
the production rate. As depicted in Figure 3, a build file has been
optimized, sliced, and uploaded into the EBM system. A power-
ful electron beam warms the powder bed to the ideal ambient
temperature before melting the powder by contour melting
and hatch melting, respectively. The built environment remains
heated, sometimes reaching temperatures over 1000 °C, result-
ing in minimal residual stresses and permitting the processing
of materials vulnerable to cracking. Moreover, because of the
higher bed temperature in EBM, residual stresses are substan-
tially lower than in L-PBF.

Notably, EBM distinguishes itself by its ability to produce com-
ponents with exceptional material density and minimal internal
stresses, rendering it highly advantageous for applications in
aerospace and medicine. However, EBM may have limitations
in dimensional accuracy and surface finish when compared to
L-PBF. The selection between EBM and L-PBF depends on
the specific needs of the application, with L-PBF excelling in
intricate geometries and achieving high surface quality. At the
same time, EBM is preferred for superior material quality and
lower internal stresses.[67]

2.1.3. DED

DED is an AM method that relies on computer numerical
control, adding flexibility to the method, material feeding, and
welding. A laser beam, an electron beam, or an electric arc are

instances of thermal energy sources. In contrast, the metal com-
ponents used as feedstock might either be wire or powder.
Consequently, the commercially available different DED technol-
ogies include laser-based DED—also known as direct metal depo-
sition which employs laser beam and metal powder, WAAM, and
wire-feed electron beam additive manufacturing.[68,69] Instead of
melting the metal particles in the powder bed, this process depos-
its the wire or powder into the molten pool formed when the heat
source and the material interact (Figure 4). When a layer is
completed, the nozzle or substrate shifts as much as the previous
layer thickness to deposit the second layer.

As a result, a dense 3D shape with low porosity is generated.
DED can be conducted in an inert chamber, too. The DED
method is primarily utilized for the manufacture of near-net-
shape objects that may require postmachining since it leads to
a coarser surface than the PBF methods. Besides, this method

Figure 2. Schematic representation of the layer thickness, hatching dis-
tance, and melt pool characteristics. Reproduced with permission.[132]

Copyright 2018, Elsevier.

Figure 3. Principle schematic of EBM machine.
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can be employed to repair damaged industrial components with a
complicated geometry.[36,70]

Also, the powder-based DED process involves the simulta-
neous delivery of feedstock powder and laser, necessitating a
lower laser scan rate and greater laser power to guarantee that
the melt pool is sufficiently large to accommodate and melt
the metallic particles.[54] In contrast, the DED process, known
for its material efficiency and scalability, is often employed in
the production of large-scale structures and components. Its
capacity to deposit material layer by layer while simultaneously
fusing it with the existing structure makes it well-suited for appli-
cations where size, structural integrity, and material conservation
are paramount.[71]

WAAM is a notable subset of DED technologies where an elec-
tric arc is used as the primary heat source for melting continuous
wire feedstock material. This molten material is subsequently
deposited with precision onto either a substrate or a preexisting
layer, building the desired three-dimensional component layer-
by-layer.[72] This method offers distinct advantages, particularly
in its efficient use of wire feedstock, which is typically composed
of the same material as the final component. The electric arc gen-
erates the necessary heat for wire melting, and the rapid solidifi-
cation of the molten material ensures the formation of the
desired shape. This level of control makes WAAM suitable for
manufacturing large components. WAAM has garnered signifi-
cant attention across industries such as aerospace and automo-
tive due to its potential for cost-effective production of large,
nearly net-shaped parts. Its ability to produce components with
fewer defects and specific material properties adds value to the
realm of additive manufacturing.[73,74]

2.2. Indirect Methods

In contrast to direct AM procedures, indirect AMmethods utilize
techniques that produce a provisional metal/polymer component
for further manufacture. These methods often require a postsin-
tering process to achieve the desired density level.

2.2.1. Binder Jetting Technology (BJT)

Powder particles are bonded together using a liquid agent in BJT
to generate a semifinished part, i.e., a green part. A layer of pow-
der is extended for every component layer via a counter-rotating
roller. Subsequently, the liquid binding agent is ejected by an
inkjet print head to the powder bed to build the layer 2D model.
After each layer, the build stage is lowered, and the stages are
regenerated to obtain capacity for the next layer. Needless to
say, postsintering is required to obtain a high-density level.
Several parameters, like postprocessing, AM parameters, raw
material, and powder bed formation, directly affect the final prop-
erties of the desired material.[75] As an indirect AM method, BJT
allows several possible benefits. For instance, besides having a
comparatively high fabrication rate, this procedure operates
nearly any powder feedstock, with a lenient restriction over
the sphericity and size distribution, and consolidates functionally
graded materials.[75]

2.2.2. Atomic Diffusion Additive Manufacturing (ADAM)

Bound powder extrusion (BPE), also known as ADAM, is an
innovative arrival to the metal AM family. In contrast to other

Figure 4. Schematic of DED technology.
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AMmethods, ADAM devices do not solely employ metal powder
as the feedstock. Alternatively, the metal powder is bound
together in waxy polymers to create metal-embedded polymeric
filaments.[76] The outcome is a component that is significantly
more reliable and straightforward to utilize than loose powder.
For instance, BPE material can be touched by hand and does
not demand loose powder machine protection standards. After
printing, ADAM is followed by two main postprocessing stages:
1) dissolving the polymer in a washing machine and 2) sintering
the washed sample in a furnace, which results in a dense prod-
uct.[77] The ADAM approach also has the advantage of not requir-
ing a laser or electron beam as a heat source, making the
procedure significantly cheaper and easier to perform than the
direct AM methods.[78]

3. Titanium Alloys Processability

Ti alloys are frequently produced by conventional techniques,
such as powder metallurgy, forging, and casting. In addition,
Ti alloys frequently need postfabrication processes, such as
machining and heat treatments, to improve their characteristics

and achieve properties.[79] Despite its outstanding properties,
such as good corrosion/oxidation behavior at elevated or room
temperatures and high strength-to-weight proportion, the Ti alloy
fabrication involves several issues during the conventional
manufacturing techniques. Therefore, in recent years, AM
methods have been widely implemented to process various types
of Ti alloys to achieve a combination of physical and mechanical
properties.[80] Among the various metallic materials, titanium-
based alloys have been produced and developed by AM since
the first years of AM introduction. Figure 5a indicates that,
among all the investigations or studies reviewed in the literature
since 2014 that focused on AMed Ti-alloys, the majority (90%) of
them specifically investigated or examined Ti6Al4V as the tita-
nium alloy of interest approximately. In other words, Ti6Al4V
was the most frequently studied or researched alloy within the
AMed Ti-alloy family thanks to its superior corrosion resistance
and high mechanical properties.[81–96] The remaining publica-
tions (10%) illustrated by Figure 5b–d deal with different
titanium alloys produced by well-known AM methods such as
L-PBF, EBM, DED, WAAM, and BJT which received consider-
able attention for some reasons that will be discussed in the sub-
sequent sections.[36,97–110] It can be noticed that while

Figure 5. a) Wide range of Ti alloys produced by AM, b) number of publications by L-PBF method, c) EBM methods, and d) powder-based DED, WAAM,
and BJT, database: Scopus.
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Ti-2448 and commercially pure titanium (CP-Ti) have garnered the
greatest interest in the L-PBF and EBM techniques, the TC-11 alloy
has drawn the most interest in the DEDmethod. The AM technol-
ogies involved in titanium-based are shown in Figure 6. It statisti-
cally shows the different machines employed for the works
conducted via EBM and L-PBF methods. In the L-PBF method,
the most common machines for alloy development are the EOS
M270 and EOS M280, whereas the most frequent machines used
in the EBM method are the Arcam A2 and Arcam A2X. As illus-
trated in Figure 6, the (*) mark highlights the alloys prepared via
in situ alloying, with the alloys marked with (**) being developed
by both in situ alloying and prealloy powders. Finally, alloys with no
marks are all processed in prealloy condition.

3.1. Direct Methods

3.1.1. L-PBF

Numerous research works have been dedicated to the L-PBF pro-
cess in recent years. The data on the average optimal mechanical

properties for the L-PBF as-built samples extracted from the
previous studies are compiled, and the summary is illustrated
in Figure 7a. Additionally, the properties of the HIP and HT
samples are demonstrated in Figure 7b. It is interesting to note
that Ti6Al7Nb and TC11 alloys possess the highest ultimate
stress (UTS) among alloys created using L-PBF without post-
processing, such as HIP and HT, as illustrated in Figure 7a.
However, Figure 7b demonstrates that the Ti6242 and
Ti55531 alloys have the highest UTS after the HIP and HT
processes.

In 2014, Simonelli et al.[111] explored the Ti6Al4V microstruc-
ture and mechanical anisotropy of as-built and stress-relived
samples. To assess the influence of build orientation on
tensile properties, the authors fabricated L-PBF specimens in
three distinct orientations. They showed that defects in the
microstructure, such as voids, were randomly distributed and
not significantly affected by build orientation or distance from
the build platform. They further noted that the α 0 phase had a
weak texture, while the prior-β grains possessed a strong (100)
texture in the grain growth direction.

Figure 6. A statistical representation of titanium-based alloys produced by various AM processes and machines used in the EBM and L-PBF processes.
The data are extracted from 172 AM studies on Ti6Al4V alloy since 2014, database: Scopus.
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The ductility of specimens was found to be dependent
on the build orientation, marking the impact of building
orientation on the mechanical properties of the AMed
sample by the L-PBF method (Figure 8a). In contrast, stress relief
heat treatment was shown to enhance the ductility of the
material and tensile properties with the build orientation influ-
encing the sample behavior during the test (Figure 8b).
Meanwhile, the fracture analysis indicated that all orientations
exhibited rough and dimpled fracture surfaces, consistent with
overload failures.

Kasperovich et al.[112] optimized both the process and
posttreatment parameters of L-PBF Ti6Al4V samples, aimed at
modifying the ductility and high cycle fatigue (HCF) strength
associated with wrought Ti6AlV4. The α globular phase in an
αþ β matrix is seen in Figure 9a as expected for the wrought

sample. In contrast, given its fast cooling rate, the L-PBF process
induced an acicular martensite (α 0) phase (Figure 9b). Moreover,
as shown in Figure 9c, the primary fine martensitic formation is
transformed into a combination of α and β phases by heat treat-
ment at moderate temperatures, 700 °C, well below the β transus,
in which tiny needle shapes of α were formed.

Figure 9c shows a coarsening of the microstructure, indicated
by a more substantial column width. Heat treatment at 900 °C
and HIP were employed to alter the microstructure into elon-
gated grains embedded in the prior β matrix, as shown in
Figure 9d,e. In addition, the authors reported that the tensile
strength of the L-PBF sample was superior to that of the wrought
one, even without any postheat treatments. Nevertheless, fatigue
strengths and ductility were lower for the AMed samples, which
were attributed to microcracks, unmolten particles, pores, and an

Figure 7. Average optimal tensile strength of alloys resulted by L-PBF methods, a) as-built, b) HT and HIP samples.

Figure 8. Stress–strain curves of the a) as-built and b) stress-relieved components. The differently colored curves represent the orientation in which the
tensile bars were built, specifically the edge xz-orientation, vertical zx-orientation, and flat xy-orientation. Reproduced with permission.[111] Copyright 2014,
Elsevier.
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undesirable martensitic microstructure. That being said, heat
treatment did not contribute to a notable enhancement of
HCF strength and ductility since inherent imperfections still
remained. However, the authors reported HIP as profoundly
contributing to improving fatigue strength and ductility by reduc-
ing porosity, marking the critical importance of HIP for cyclically
loaded parts and improving ductility by up to 19.4%.

Ti6Al4V alloy, often applied as implants, is known to release
aluminum and vanadium, both of which might cause biological
issues.

Furthermore, the alloy’s higher modulus compared to the
patient’s bone could potentially lead to stress shielding.
Hence, attempts are made to introduce alternatives for the com-
monly used Ti6Al4V alloy. Metastable β-type titanium alloys have
garnered significant attention as biomedical materials due to
their exceptional corrosion resistance, excellent biocompatibility,
superelasticity, shape-memory capabilities, and low elastic mod-
ulus. For instance, the Ti–13Nb–13Zr, a near β alloy, has
attracted significant attention due to its low elastic modulus
and nontoxicity, making it a desired alternative to Ti6Al4V
specifically for biomedical applications. Zhou et al.[113] investi-
gated the mechanical performance and microstructure of
Ti–13Nb–13Zr alloy fabricated by L-PBF, followed by different
postheat treatments. They reported morphological transforma-
tions of prior β grains, which occurred via strain-induced grain
boundary migration mechanism upon supertransus heat treat-
ment. It was also reported that the columnar β grains’ direction
toward the building orientation would not change while the
samples were heat treated in the subtransus temperature.
The authors reported the formation of ω structure upon the water
quenching process, citing local transformation of the original
stacking sequence from…ABCABC… to a new stacking sequence
…AB’AB’.

Ti–24Nb–4Zr–8Sn (Ti2448) is another β titanium alloy that
has attracted considerable attention, particularly for its medical

applications. Zhang et al.[114] investigated the influence of laser
point distance and laser scan rate on the microstructure of
L-PBFed low-modulus Ti2448 alloy. It was observed that
reducing the laser scan speed would increase the density and
microhardness, which can be attributed to a higher laser energy
density. Figure 10 exhibits the microstructure of specimens
fabricated using laser distances of 40 and 100 μm and different
laser scan rates. The combination of process parameters yielded
low density (82–85%) at higher scan rates—Figure 10c,d, and
near total density (>99.5%) at lower scan rates—Figure 10a,b.
The report by L.C. Zhang et al.[114] emphasizes the critical role
of scan rate in terms of modulating the laser energy density as
compared with the laser point distance.

Other low-modulus, biocompatible β-Ti alloys with nonallergic
elements like Ti–Nb–Ta–Zr (TNTZ) are also investigated and
developed as candidates for new-generation implant materials.[115]

Hafeez et al.[102] examined the superelastic behavior of porous,
low-modulus β Ti–35Nb–2Ta–3Zr scaffolds having different pore
dimensions produced using the L-PBF method. The samples are
schematically shown in Figure 11. The superelastic properties
and strain recovery through deformation were reportedly affected
by the scaffold’s pore size. Loading–unloading experiments with
a 3% strain revealed that increasing the pore size led to a higher
elastic strain and Young’s modulus. Furthermore, the residual
strain of components with different pore sizes showed that
the recovered strain was approximately zero.

Schulze et al.[103] studied the mechanical properties of
Ti–42Nb produced using the L-PBF method. As-printed bulk
parts had a relative density of above 99.5% and were featured
with microstructures having a uniform distribution of Ti and
Nb. The product had a Young modulus of 60.51� 3.92 GPa
and an ultimate tensile strength of 683.17� 16.67MPa, making
it a suitable candidate for orthopedic and dental implants.

Tantalum has been considered an attractive alloying element
in titanium for biomedical purposes thanks to its good

Figure 9. SEM micrographs of a) wrought sample, b) L-PBF as-built, c) L-PBF sample þ HT at 700 °C, d) L-PBF sample þ HT at 900 °C, and
e) L-PBFþHIP. Reproduced with permission.[112] Copyright 2015, Elsevier.
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mechanical properties, high corrosion behavior, and biocompat-
ibility. Besides, concerning the low cost and proper strength-to-
density ratio, titanium tantalum (TiTa) alloys are a decent choice
for medical purposes. Sing et al.[116] proved the ability to produce

TiTa alloy through L-PBF. They observed that the TiTa alloy
included only the beta phase due to the tantalum phase, which
is stabilized by rapid solidification. Dispersed tantalum particles
were observed in the fully melted TiTa matrix, resulting from

Figure 10. Optical microstructures of the as-built Ti–24Nb–4Zr–8Sn segments: a) d= 40 μm, v= 500mm s�1, b) d= 100 μm, v= 500mm s�1,
c) d= 40 μm, v= 2000mm s�1, and d) d= 100 μm, v= 1667mm s�1. Reproduced with permission.[114] Copyright 2012, Scientific.Net.

Figure 11. a) Layout of L-PBF-fabricated Ti–35Nb–2Ta–3Zr alloy and b) cylindrical specimens for mechanical measurement. Reproduced with
permission.[102] Copyright 2020, Elsevier.
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inadequate melting of the larger tantalum particles. TiTa compo-
nents, compared to CP-Ti and Ti6Al4V segments, exhibited a
combination of lower Young modulus (75.77� 4.04 GPa) and
high strength (924.64� 9.06MPa).

Ti–6Al–7Nb alloy, another Ti-based implant material, is an
attempt to replace the contentious vanadium with niobium.
This composition change has reportedly led to more desirable
mechanical and corrosion properties than Ti–6Al–4V. In 2011,
Chlebus et al.[117] studied the mechanical behavior and micro-
structure of the Ti–6Al–7Nb compound generated by L-PBF. It
was demonstrated that samples contained a microstructure lay-
ered with tiny plates of α 0 martensite, hardened by a uniformly
dispersed phase, likely β-AlNbTi2, giving the alloy high tensile
and compressive mechanical properties. Though the produced
sample ductility was very low, its mechanical properties signifi-
cantly surpassed those obtained by conventional methods.
However, postthermal treatment was found to be necessary to
achieve the desired mechanical properties in light of the defects.

Ti–25Nb–3Zr–3Mo–2Sn (TLM alloy) features low elastic mod-
ulus and high strength. In 2019, Liu et al.[118] developed TLM
alloy by L-PBF and compared it to the hot-rolled condition.
Despite the strong texture observed in the L-PBFed specimen,
it showed a higher ductility than the samples obtained for the
hot-roll samples induced by martensite transformation.
Actually, the martensitic transformation nucleation was impeded
in the L-PBFed specimen thanks to the strong texture, high den-
sity of refined columnar grains, and subgrain boundaries,

delaying the transformation-induced plasticity (TRIP) effects
(β!α 00), which can result in higher yield strength in the L-
PBFed TLM samples.

Ti–15Mo–2.7Nb–3Al–0.2Si is another β-type alloy frequently
compared with Ti6Al4V for use in biomedical and aerospace
applications.[119] Pellizzari et al.[36] used L-PBF in 2020 to pro-
duce the Ti-21S alloy to evaluate the possible implementation
of the Ti–15Mo–2.7Nb–3Al–0.2Si alloy for biomedical utilization.
The top and the cross-sectional illustration of the microstructure
material highlight a near-fully dense sample, as shown in
Figure 12a,b, which also presents the formation of a columnar
structure located adjacent to the building orientation. Additionally,
the planar growth at the pool boundary turned into cellular inside
themelt pool, as shown in Figure 12c, because of the constitutional
undercooling formed ahead of the solid/liquid interface during
solidification. Consequently, outstanding mechanical properties
may be achieved in the as-fabricated state. Moreover, the authors
claimed that the obtained Young’s modulus was one of the lowest
described in the report for this alloy type (52� 0.3GPa), and
mechanical strength was slightly lower than that of Ti6Al4V.

It is generally perceived that metal degradation in the human
body owing to corrosion and wear is inevitable. In contrast, it is
principally demonstrated that high amounts of dissolved metal
ions in the body can provoke diseases such as cancer and aller-
gies. Nevertheless, metals like Zn, Cu, and Ag demonstrate anti-
bacterial features when added to biomaterial alloys. In 2018, Qin
et al.[120] adopted L-PBF technology to investigate the heat

Figure 12. Cross-section of as-fabricated β-Ti21S; a) top, b) side sections, and c) transition of growth mechanism from planar, at the melt pool boundary,
to cellular, inside the melt pool. Reproduced under the terms of the CC BY license.[36] Copyright 2020, MDPI.
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treatment effect on an antimicrobial Ti–5Cu alloy and its corro-
sion behavior. It was observed that heat treatment could improve
the distribution of the Ti2Cu phase found in the as-built
Ti–5Cu alloy and that the Ti2Cu phase formation relied on the
cooling rate following heat treatment. Unmolten Ti particles were
reported in the as-built state after L-PBF of a Ti-Cu elemental mix-
ture, which would deteriorate the final corrosion behavior.[121]

The near-beta alloy Ti–5Al–5V–5Mo–3Cr (Ti-5553) is well-
suited for structural and aerospace applications due to its favorable
mechanical properties and low density. Schwab et al.[38] examined
the mechanical properties and microstructure of Ti-5553 prepared
by L-PBF using a chessboard and striped hatch strategy, where a
more than 99% density was reported. Figure 13 illustrates the
microstructure of the specimens, where nose-shaped to ball-
shaped thick white lines resemble the melt pool boundaries after
solidification. However, vertically generated grain boundaries can
be recognized as thin white lines, and grains with a size of up to
several 100 μm have grown near the melt pool boundaries. These

elongated grains with a high aspect ratio are grown in the building
orientation, as depicted in Figure 13 and 14a. Inside the melt
tracks, however, the cross-sectional view indicates clusters of
smaller grains, as shown in Figure 14b. Overall, the grains pre-
sented considerably irregular shapes. Furthermore, the authors
reported that the specimens presented a maximum elongation
of nearly 14% and an ultimate tensile strength of about 800MPa.

High-performance titanium-based alloy Ti–22Al–25Nb is a
lightweight intermetallic with numerous properties such as
high-temperature resistance despite having a density of solely
60% of Ni-based superalloys, making the alloy suitable for
high-temperature services approximately at 600–750 °C. In
2020, Zhou et al.[108] fabricated Ti–22Al–25Nb intermetallic by
L-PBF and examined hatch distances of 0.08, 0.12, 0.16, and
0.20mm. While a low hatching distance causes track overlap,
surface roughness, excess energy input, and therefore the forma-
tion of gas pores, a high hatching distance results in poor part
density due to the high viscosity of Ti–22Al–25Nb melt and
hence a lack of appropriate gap filling. The effect of this behavior
on the sample mechanical properties is demonstrated in
Figure 15a. The enhanced mechanical properties at a hatching
distance of 0.16mm were attributed to high-density dislocation,
favorable phase features, and high relative density at this param-
eter. Furthermore, the authors used the optimized parameters to
demonstrate the method’s capability for producing complex
geometries, such as those used in microturbine engines
(Figure 15b).

The Ti–5Al–5Mo–5V–1Cr–1Fe (Ti-55 511), a near-β titanium
alloy, has a wide variety of applications. Following suitable heat
treatments, its fatigue limit and strength can be enhanced up to
over 800 and 1300MPa, respectively. Therefore, this composition
has been employed for plenty of aviation purposes, such as
load-bearing parts, landing gears, and frames.[122] In 2020,
Maimaitiyili et al.[123] examined Ti-55 511 processed via the
L-PBF and EBM methods. It was demonstrated that both pro-
cesses could produce Ti55511 and attain virtually full density
with limited porosity. However, the L-PBF process was shown
to produce a slightly lower density and more desirable surface
condition. The shape of the pores in the EBM was mostly spher-
ical, while more random shapes were noted in the L-PBF speci-
men. The dominant β phase in the feedstock powder became a

Figure 13. The microstructure of the part illustrates grain boundaries and
scan track boundaries. Reproduced with permission.[38] Copyright 2016,
Elsevier.

Figure 14. a,b) Cubic part grains in the longitudinal and cross-sectional cut. Reproduced with permission.[38] Copyright 2016, Elsevier.
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minority phase after EBM processing, while no phase transfor-
mation in the L-PBF parts was observed. The EBM specimens
exhibited a lamella and Widmanstätten-like structure due to the
high build temperature and comparatively slow cooling rate. The
EBM parts showed about 10% higher microhardness than
the L-PBF samples due to the lamella microstructure.

The near-α titanium alloy Ti–6Al–2Sn–4Zr–2Mo (Ti-6242) was
fabricated a few decades ago for high-temperature applications.
For instance, Ti-6242 is suitable for the aerospace industry for its
excellent mechanical capability compared to Ti6Al4V at high
temperatures. While Sn is regularly added to Ti for solution
strengthening and is less influential as an α stabilizer, aluminum
is a practical α-stabilizing element in Ti-6242.[124] Furthermore,
to reduce the β-transus (Tβ), molybdenum acts as a primary
β-stabilizing element. Zirconium was initially intended to hinder
the transformation rate of α! β as an α stabilizer.

Consequently, it was re-evaluated as a solid solution strength-
ener with an inert effect on stabilizing phases.[125] In 2020, Fan
et al.[126] employed L-PBF to develop Ti6242 alloy for the first
time and achieved a crack-free microstructure with 99.5% den-
sity. Compared to the traditional lamellar structure, the L-PBF
parts of Ti-6242 presented a martensitic microstructure with a
weak texture. The 5% ductility of samples was principally owed
to the unparalleled nanotwinned structure built during the L-PBF
complex thermal cycles. The as-fabricated specimen was addi-
tionally strengthened by utilizing direct aging but at the cost
of ductility reduction, reaching a high strength of 1510MPa.
There are also other research works[127–129] on the L-PBF of
Ti-6242, detailing which are beyond the capacity of the current
text. Lantaffi et al.[130] evaluated the build environment effects on
the microstructural features of Ti-6242 alloy produced via DED.
The amount of oxygen absorbed from the atmosphere during
localized shielding gas processing inverted the Marangoni flow,
altering the molten pool geometry and significantly impacting
defect formation. Also, Chen et al.[131] deeply investigated defect
formation using in situ synchrotron X-ray imaging. Laser power
and traverse speed were reported to affect the building efficiency
and lack of fusion regions. The authors reported that the pores
were not engulfed at the solidification front because the interface
had a cellular solidification mode (Figure 16), as expected during
the DED of titanium alloys.

In 2017, Kreitcberg et al.[132] produced a new biomedical near-
beta Ti–Zr–Nb compound using a combination of hatching dis-
tances, scanning speeds, and laser powers. The authors observed
that the hardness and density of the Ti–18Zr–14Nb alloy
increased with the energy, reaching its peak at 10–50 cm3 h�1

build rate scales and a 25–45 Jmm�3 energy density. Higher
build rates were gained in this processing phase at the cost of
a rough surface finish. The Ti–Zr–Nb alloy built by this method
was characterized to have superelastic and shape memory effect
thanks to postprocessing heat treatment at 500 °C (30min)
followed by water quenching.

Alabort et al.[133] reported in 2020 the development of
Ti–27.5Nb–8.5Ta–3.5Mo–2.5Zr–4.5Sn, a near-β titanium alloy
optimum for AM with reduced stiffness and enhanced biocom-
patibility via the L-PBF method. Under an optimal manufactur-
ing regime, this unique alloy presented a yield strength of
900MPa, a strain-to-failure of 13%, and an elastic modulus
of 65 GPa. While the elastic modulus of Ti–27.5Nb–8.5Ta–
3.5Mo–2.5Zr–4.5Sn alloy was considerably lower (50%) than that
of Ti6Al4V, its strength was solely 10% lower than Ti6Al4V; mak-
ing the alloy a proper candidate for biomedical utilization.

Ti–1Al–8 V–5Fe (Ti-185) and other β -Ti compositions contain-
ing Fe are prevalent due to their low cost and suitable strength.
However, when conventional processing methods are applied,
the alloy may develop unwanted phases. This behavior is

Figure 15. a) Variation of Ti–22Al–25Nb mechanical properties with hatch distance and b) capability of L-PBF for fabricating complex-shape parts out of
Ti–22Al–25Nb intermetallic. Reproduced with permission.[108] Copyright 2020, Elsevier.

Figure 16. Schematic representation of pore pushing mechanism during
the DED process of Ti-6242. Reproduced with permission.[131] Copyright
2021, Elsevier.
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attributed to solid microsegregation of Fe, which occurs during
casting, producing significant compositional variations and lead-
ing to the precipitation of brittle phases. Hence, to achieve a
nanoscale distribution of α precipitates inside the β grains
and a matrix with initial α phases at the grain boundaries, it
is necessary to perform heat treatment.[134] In 2018, Azizi
et al.[135] successfully produced Ti–Al–V–Fe samples using the
L-PBF process. An exceptional combination of plasticity and
strength was reportedly obtained due to a nanoscale alpha phase
dispersed inside the β matrix, high dislocation density, and high
oxygen content, which created solid solution strengthening and
the formation of fine grains.

Titanium α alloys often display, more excellent resistance to
high-temperature creep than α/β or β alloys, while α alloys show
negligible heat treatment strengthening. Typically, these alloys
undergo recrystallization or annealing to alleviate the stresses
introduced during cold working. Compared to α/β or β alloys,
they have often less forgeability but have high weldability.
Near-α titanium alloy Ti–6Al–2Zr–1Mo–1V (TA15) is broadly uti-
lized to create entire parts with asymmetrical geometries for
aerospace applications.[136] Furthermore, the average strength
of this composition at both high and room temperatures indi-
cates it is suitable for creating nacelle center beam frames
and bulkheads.[137] Cai et al.[138] developed TA15 components
with a good combination of ductility and tensile strength by opti-
mizing AM parameters and subsequent heat treatments. They
observed that the specimen with 230W laser power and 675mm
s�1 laser scan rate had the greatest tensile strength and elonga-
tion combination than other optimized parameter samples,
which resulted from the joint influence of metallurgical quality,
martensitic structure, and relative density. Moreover, a trivial
reduction in the room and high-temperature tensile strength
states was noticed when the layer thickness was increased from
30 to 60 μm, while the other processing parameters were kept
constant. Additionally, under three indicative temperature scales,
the authors observed transformations upon performing heat
treatment:

Fine lath-like (αþ β) with needle-like α 0 martensitic phase!
full lath-like (αþ β)! coarse lamellar (αþ β) with lath-like (αþ β).

The Ti–5Al–2.5Sn, an α titanium alloy, demonstrates a high
service temperature of 480 °C, outstanding weldability, average
producibility, and strength. In addition, it has good oxidation
resistance and microstructure stability.[139] In 2018, Wei
et al.[140] examined the impact of heat treatment on the mechan-
ical properties and microstructure of the L-PBF-developed
Ti–5Al–2.5Sn. As a consequence of the high cooling rate during
the L-PBF process, the resultant microstructure included colum-
nar prior-β grains with needles of martensitic α 0 phase inside and
a small portion of grain-boundary α stripes at the boundaries of
the prior-β grains. More interestingly, the authors reported a
superior combination of elongations and tensile strengths com-
pared with a conventionally fabricated Ti–5Al–2.5Sn after the AM
sample was heat treated at 650–850 °C for 2 h.

Ti–Al–Sn–Zr–Mo–Si is another near α alloy representing
a pivotal choice among the high-temperature Ti-alloys.
However, Nb and Ta can be added to further elevate the antiox-
idation efficiency at high temperatures by increasing the melting
point. Zhou et al.[141] developed Ti–5.5Al–3.4Sn–3.0Zr–0.7Mo–
0.3Si–0.4Nb–0.35Ta alloy in 2018 via the L-PBF method and

compared it to the as-cast sample with identical chemical com-
position. The optimum process parameters were found to be
140W laser power, a scanning speed of 400mm s�1, and a layer
thickness of 0.08mm. While the as-cast specimen exhibited a
plate-like α phase, the as-built sample comprised acicular mar-
tensitic α 0 phases. The oxidation behavior of both specimens
was examined at 700 °C for 96 h. The AM sample, with a finer
microstructure, exhibited a better high-temperature oxidation
resistance; the mass gain of the as-built AM specimen was
approximately 2.36mg cm�2 for 96 h, which was less than that
of the as-cast sample with 5.347mg cm�2. Moreover, the AM
sample surface oxides were principally compact titanium oxide
nanoparticles with a structure similar to a rod. In contrast, the
surface oxides for the as-cast sample were titanium oxide nano-
particles with a rod-like structure and Al2O3 with a needle-like
structure.

The high biocompatibility, low density, and superior corrosion
behavior of CP-Ti have enabled the metal to be extensively
applied in the aerospace, biomedical, and automotive
industries.[142] However, the hexagonal close-packed structure
of α-titanium contributes to anisotropic mechanical performance
and poor deformability, leading to costly production and rugged
product design in traditional fabrication methods.[143] In 2020,
Pehlivan et al.[144] examined the influence of sample geometry
and build direction on the mechanical properties of CP-Ti
grade 2. Figure 17 depicts the 3D microstructures for both
deposition orientations (vertical and horizontal), with
Figure 18 showing a higher magnification of the sample micro-
structures. While the vertical and horizontal samples showed dif-
ferent microstructures, both contained columnar grains, as seen
in Figure 18. However, the microstructure of the horizontal spec-
imen exhibits thinner grains having widths below 200 μm and
lengths surpassing 600 μm. In contrast, the vertical specimen
contained relatively coarse columnar grains with widths of up
to 200 μm and lengths up to 300 μm. The authors noticed that
the samples with a cross-sectional area smaller than 1.5mm2 rely
significantly on the build orientation, while the effect was con-
siderably less noticeable in specimens with areas >1.5 mm2.
Moreover, mechanical properties and surface roughness were
found to depend on the build orientation. Also, Mosallanejad
et al.[51] investigated the influence of laser power and scan rate
under constant energy densities on the microstructure and
corrosion properties and reported laser power as being a more
effective parameter; the sample produced with a lower laser
power had a higher level of porosity and thinner alpha laths.
According to the simulation results, this behavior was attributed
to a larger melt pool formed at higher laser powers.

3.1.2. EBM

The average optimal mechanical properties of the as-built sam-
ples produced by the EBMmethod are summarized in Figure 19a
using the literature data. The HIP and HT specimen properties
are also included in Figure 19b for comparison. The figure illus-
trates that among the EBM alloys in their as-built state, the
Ti55511 and Ti6242 alloys exhibit the highest UTS values.
(Figure 19a), while the Ti6Al4V and Ti6242 alloys have the high-
est UTS values among the HT and HIPed samples (Figure 19b).
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Figure 17. The 3D layout of microstructures displaying distinct: a) vertical build orientation and b) horizontal build orientation. Reproduced with per-
mission.[144] Copyright 2020, Elsevier.

Figure 18. Specimens microstructure in two different directions: a) vertical and b) horizontal. Reproduced with permission.[144] Copyright 2020, Elsevier.

Figure 19. Average optimal tensile strength of alloy generated by EBM methods, a) as-built, b) HT, and HIP samples.
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In 2019, Yang et al.[145] developed a Ti–24Nb–4Zr–8Sn rhom-
bic dodecahedron and topology-optimized cell structure via EBM.
They reported that at a specific strain cycle, the rhombic dodeca-
hedron structure showed a higher recoverable strain than the
optimized topology structure, citing the influence of stress dis-
tribution on struts. In addition, compared to the Ti–6Al–4V cel-
lular structure, the cellular structure of the Ti–24Nb–4Zr–8Sn
alloy with rhombic dodecahedron unit cell had a higher
recovered strain. This behavior can be attributed to the supere-
lasticity and superior strength-to-modulus ratio (σ/E) of the
Ti–24Nb–4Zr–8Sn alloy. Furthermore, the recoverable strain
of reticulated mesh was affected by cell shape, material proper-
ties of struts, and applied strain.

In 2020, Lopez et al.[146] investigated the effect of the HIP pro-
cess on themechanical properties of Ti–6Al–2Sn–4Zr–2Mo EBM
fabricated via two different machines. The microstructure for the
EBM-developed Ti6242 included equiaxed grains and consisted
of acicular alpha-prime martensite having a width of �0.6 μm.
These results were nearly identical for specimens generated

by two different EBM machines, indicating similar thermal con-
ditions for both machines. The as-built samples of Ti6242-
experienced HIP postprocessing at 850, 950, and 1050 °C
generated a mixture of acicular martensite and alpha at
850 °C, including blocky, refined grains. The optimized postpro-
cess HIP temperature was 850 °C because it allowed the best
mechanical properties with a yield strength of 0.9 GPa, a UTS
of �1 GPa, and 15–16% elongation. In another work, Galati
et al.[52] deeply investigated the processability of Ti6242 alloy.
The authors utilized X-ray computed tomography (CT) analysis
to evaluate the specimen density and defects and demonstrated
that fully dense products could be manufactured by selecting a
proper combination of process parameters for hatch and contour
melting (Figure 20). The mechanical properties of the samples
were reported to be comparable to as-cast Ti6242 alloy.

The Ti–6.5Al–3.5Mo–1.5Zr–0.3Si composition is a common
αþ β titanium alloy broadly utilized in the blades of aero-engines
and compressor disks because of its excellent overall mechanical
properties, including thermal stability at room and high

Figure 20. a) Cross-section, b) total volume porosity analysis, c) porosity distribution of the as-built Ti6242 samples obtained by X-Ray CT analysis, and
d) light optical micrograph from the cross-section of the as-built samples. Reproduced with permission.[52] Copyright 2022, Elsevier.
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temperatures, ductility, creep resistance, and strength.[147]

Stepanova et al.[148] investigated the hydrogen impact on Ti–
6.5Al–3.5Mo–1.5Zr–0.3Si specimens made via EBM by subject-
ing the samples to gas-phase hydrogenation at 650 °C. The
results showed that hydrogenation could lead to the refinement
of the alloy microstructure. Concurrently, due to δ-TiH hydride
precipitation and redistribution of alloying elements, hydrogena-
tion provoked the hardness enhancement in the alloy.

As a β stabilizing element, Nb is often added to Ti alloys to
reduce the alloy elastic modulus. Several studies have shown that
an Nb concentration of about 26% (at) is adequate for β-phase
stabilization, achieving a low-modulus alloy. In contrast, con-
cerning biocompatibility, Nb is recognized to be nontoxic.[149]

In 2019, Khrapov et al.[150] manufactured Ti-26Nb via EBM.
The fabricated alloy consisted of the Ti β phase. The increase
in the energy input reduced the β-phase crystallite size and
increased the lattice parameter. Also, the efficiency of Nb particle
dissolution and alloy homogeneity was found to rely on the beam
energy primarily. Despite this trend, crack-like voids were
observed that were attributed to the poor flowability of the pow-
der mixture, and insufficient local heating caused a weak bond
between Ti α-phase and Nb particles.

Ti–36Nb–2Ta–3Zr–0.35O, commonly known as “gum metal”
or TNTZO, is a beta-type titanium alloy renowned for its
exceptional superelasticity, low elastic modulus, and excellent
strength containing nontoxic elements. Accordingly, gum
metal is a proper choice for biomedical purposes.[151] In 2015,
Chen et al.[152] employed EBM to surface treatment
Ti–36Nb–2Ta–3Zr–0.35O samples. The authors stated that the
EBM technique was an efficient way to modify the surface, which
remarkably modified the wear resistance and surface hardness of
the TNTZO alloy. Low linear energy density and high scanning
speed were identified as the two main reasons for decreasing the
depth of the melting zone on the surface.

An outstanding combination of fracture toughness, creep
resistance, and strength is offered by Ti–6Al–2.7Sn–4Zr–
0.4Mo–0.45Si (TIMETAL 1100). The alloy’s main commercial
application is vehicle engine pipes. Adding 0.1%Y leads to the
refinement of the TIMETAL 1100 microstructure and enhances
its high-temperature features, stability, and ductility.
Additionally, it changes the precipitation position of the titanium
silicide from the α matrix to being constantly associated with the
β phase. In 2015, Sheng-Lu et al.[153] investigated Ti–6Al–2.7Sn–
4Zr–0.4Mo–0.45Si–0.1Y developed via EBM and compared the

results with those of a forged-and-rolled sample. A fair and
homogeneous dispersion of fine Y2O3 particles in a 50–250 nm
size range was reported in the AMed sample matrix. In contrast,
coarse and inhomogeneously distributed Y2O3 precipitates were
noticed in the forged-and-rolled Ti600 sample, which also had
cracked or debonded Y2O3 particles.

In 2017, Choi et al.[154] examined the mechanical features of
CP-Ti and Ti6Al4V fabricated via EBM and compared them with
those of the conventional CP-Ti and Ti6Al4V samples. Both CP-
Ti and Ti6Al4V were built with the same parameters. However,
the mechanical properties of the as-cast CP-Ti and the AMed CP-
Ti developed by EBM were similar. In contrast, the mechanical
properties of Ti6Al4V manufactured by EBM showed good
mechanical properties but had lower fatigue limits, which could
be linked to internal links.

In 2021, Del Guercio et al.[87] studied a novel strategy to assess
the mechanical performance of Ti6Al4V lattice structures pro-
duced by the EBM. As shown in Figure 21, the authors produced
three different unit cells and suggested that, apart from the cell
size and typology, the structure’s relative density is one of the
principal factors that affect the lattice structure’s mechanical
behavior. Moreover, they observed that cell size and type had
a negligible impact on the lattice microstructure. Also, the
authors showed the absorbed energy up to failure to be closely
correlated to the relative density.

3.1.3. DED

Laser-based DED technologies will be discussed first in this sec-
tion, followed by works using WAAM. The average mechanical
properties of the as-built samples by laser-based DED extracted
from the literature are shown in Figure 22a. In addition, proper-
ties associated with the HT specimen are illustrated in
Figure 22b. It should also be noted that in Figure 22a, the alloys
developed by the laser-based DED technology without undergo-
ing postprocessing steps had the highest UTS value.
Furthermore, as shown in Figure 22b, the TA15 and TC11 alloys
had the highest amount of UTS after heat treatment.

Molybdenum is observed to be nontoxic, allergy-free, and
proper for controlling the body’s pH. Furthermore, the addition
of Mo to Ti improves corrosion resistance and biocompatibility.
In 2019, Bhardwaj[110] investigated the corrosion and bioactivity
of Ti–15Mo alloy. A schematic of the formation of partially
unmelted Mo particles and the morphology of prior β grains

Figure 21. Three distinct structures: a) dode thin structure, b) G-structure, and c) rhombic dodecahedron structure. Reproduced with permission.[87]

Copyright 2020, Springer Nature.
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is presented in Figure 23.[155] Compared to vertical surfaces, the
double oxide layer passivation created higher corrosion resis-
tance on horizontal surfaces. Additionally, due to the low thermal
gradients, the vertical specimens exhibited homogenous and
more significant apatite formation due to higher surface topo-
graphic features and the type of surface morphology formed.

In 2018, Liu et al.[156] assessed the fatigue properties of the
Ti–6.5Al–3.5Mo–l.5Zr–0.3Si alloy produced by laser-based
DED. They reported that for the samples parallel to the deposi-
tion orientation, the fatigue limit was 365MPa. In comparison,
the value for the component perpendicular to the deposition ori-
entation was 337MPa, at a fatigue limit of 107 cycles and a stress
ratio of 0.1 on a stress frequency of 20 and 40Hz, respectively.
Furthermore, the porosities were between 0.014% and 0.028%,
with an average value of 0.02%. Thus, the column grain bound-
ary formed throughout solidification was the proper place for
initiating the fatigue cracks at the pores near the surface.
The fatigue life of the specimen depended on the pore size
and its distance from the surface.

In 2018, Wei et al.[157] evaluated the impact of heat treatment
on the microstructure and mechanical properties of Ti–26Nb.

The authors observed that heat treatment improved the ductility
of the alloy but reduced its strength. In contrast, by raising the
annealing temperature moderately, the strength of the alloy was
seen to improve. The solution strengthening, owing to the unmelted
Nb particles dissolution and the β grains coarsening, was identified
as the possible factor creating variation trend of the mechanical fea-
tures with annealing temperature. Hence, the authors reported that
a suitable equilibrium of ductility and strength could be achieved via
an annealing process at 850 °C for 30min.

In 2016, Li et al.[158] developed Ti–6Al–2V–1.5Mo–0.5Zr–0.3Si,
a low-cost modern αþ β titanium composition, by adding various
alloying elements to Ti6Al4V using the laser-based DED method.
They reported that the as-built specimen consisted of a basket-
weave microstructure with a more delicate lamellar α phase than
the Ti6Al4V alloy. The microstructure feature was linked to the
typical thermal cycles during the AM process. Compared to the
Ti6Al4V, microhardness was improved by adding Zr, Mo, and Si
due to solid-solution hardening effects. The microhardness could
be enhanced further by a finer basket-weave structure.
Additionally, the Ti–6Al–2V–1.5Mo–0.5Zr–0.3Si alloy exhibited
a better tensile strength than Ti6Al4V.

Figure 22. Average optimal tensile strength of alloy produced by laser-based DED methods: a) as-built, b) HT samples.

Figure 23. Schematic showing the formation of unmelted Mo particles and the morphology of prior β grains. Reproduced with permission.[155] Copyright
2019, John Wiley and Sons Inc.

www.advancedsciencenews.com www.aem-journal.com

Adv. Eng. Mater. 2023, 25, 2301122 2301122 (18 of 29) © 2023 The Authors. Advanced Engineering Materials published by Wiley-VCH GmbH

 15272648, 2023, 24, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/adem

.202301122 by Politecnico D
i T

orino Sist. B
ibl D

el Polit D
i T

orino, W
iley O

nline L
ibrary on [19/12/2024]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense

http://www.advancedsciencenews.com
http://www.aem-journal.com


In 2020, Mantri et al.[159] investigated the laser engineering
Net Shaping (LENS) of Ti–4Cu and Ti–4Cu–4Al, which is con-
ventionally challenging to cast due to the impact of β-flaking. The
results showed that homogeneous, segregation-free composi-
tions could be obtained due to the LENS’s high cooling rates.
Heat treatments were conducted, and there was no retained β
even with the highest cooling rate in the water-quenched speci-
men. Furthermore, the presence of the α and Ti2Cu phases at the
appropriate length scale led to a suitable compound of ductility
and strength in all heat treatment situations. Moreover, high
strengths were noted in the water-quenched specimens for both
the binary and ternary alloys.

In 2019, Wang et al.[160] investigated the production of
Ti–55 511 alloy by the DED method. The authors reported that
factors such as αp laths, continuous αGB, lack of fusion, and voids
might affect crack propagation in the DED Ti–55 511 alloy under
periodic loads. Under these circumstances, the impact of primary
αp laths was the most significant because it provided the coales-
cence of microcracks and the propagation of secondary cracks.

In 2019, Chen et al.[161] investigated the effect of deformation
on a DED-fabricated Ti–6.5Al–1Mo–1V–2Zr alloy microstructure
and α texture after a high strain rate. Increasing the temperature
from 930 to 970 °C declined the component flow stress through-
out deformation to 2% at a strain rate of 3000� 100 s�1.
Subsequent annealing at 970 °C improved uniform ductility by
14.3% more than that obtained at 950 °C. In 2018, the spatial dis-
tribution of the α phase in the DED Ti–10V–2Fe–3Al alloy was
studied by Jiao et al.[162] They observed that the α phase precip-
itates uniformly in grain, with three types of morphologies.
Eventually, the model of α phase spatial distribution described
the formation of various microstructure morphologies, reducing
the crystallographic grain orientation.

In 2019, Saboori et al.[163] examined the influence of nozzle
position on the melt pool geometry during the laser-based
DED of Ti6Al4V. The authors stated that the lateral nozzle loca-
tion was a highly influential factor, besides other parameters like
laser and feeding parameters, in determining the final melt pool

shape and the number of defects. Moreover, it was noted that the
heat input and powder capture efficiency could change by adjust-
ing the distance between the powder nozzle and substrate.
The optimal length between the substrate and the nozzle should
be investigated to achieve defect-free deposition. Finally, it was
suggested that even when employing an uneven powder, the for-
mation of a melt pool with a proper shape was still feasible at the
ideal nozzle distance.

The optimal mechanical characteristics of the WAAMmethod
for as-built samples are shown in Figure 24a. Furthermore, the
resultant properties of the HT specimen are also illustrated in
Figure 24b. It can be noticed that the highest UTS in as-built
samples belongs to the TC11 and Ti6Al4V alloys, whereas
the highest UTS after HT treatment belongs to the
Ti8V3Al6Cr4Mo4Zr alloy among the analyzed data.

In 2019, Lu et al.[40] employed HWAAM to produce
Ti–6.5Al–2Zr–1Mo–1 V alloy and employed X-ray CT to study
the samples. The porosity in the melt pool overlap zone was
1.56 to 1.63 times lower than that in the pool body zone. The
fusion border had the most pores, with the melt pool overlap
containing less porosity than the pool body. Pore equivalent
diameters were mainly in a narrow range. Hydrogen rejection
caused spherical gas pores. Wire warpage, arc length variation,
and high heat generated irregular fusion pores.

In 2020, Bermingham et al.[164] used WAAM to produce
Ti–3Al–8V–6Cr–4Mo–4Zr samples and examined the influence
of postbuild heat treatments. Primarily, β-phase led to high
ductility and average strength in solution-treated Ti–3Al–8V–
6Cr–4Mo–4Zr (reported to excel Ti6Al4V). Furthermore, α
precipitates made from duplex aging increased the strength
and hardness of the sample depending on aging time and
temperature. Compared with additively manufactured αþ β
Ti6Al4V, Ti–3Al–8V–6Cr–4Mo–4Zr was shown to offer excellent
ductility or strength thanks to its ability to be intensely hardened
by aging and postbuild solution heat treatment.

In 2020, Zhang et al.[165] manufactured Ti–5Al–2Sn–2Zr–
4Mo–4Cr via wire feed electron beam AM. They observed rough

Figure 24. Average optimal tensile strength of alloy generated by WAAM methods: a) as-built and b) HT samples.
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columnar grains that grow epitaxially from the substrate in the
as-built microstructure. The mechanical properties and micro-
structure of the EBAMed near β Ti–5Al–2Sn–2Zr–4Mo–4Cr
correlated quantitatively (Figure 25). Continuous cracks also pro-
moted intergranular cracks in specimens aging at low or high
temperatures.

In 2018, Li et al.[166] implemented the TC11 to create four thin-
walled specimens via HWAAM, and the mechanical features and
microstructure were analyzed. The work included reducing the
thermal gradient (G) by increasing the layer thickness and tailor-
ing the entire columnar morphology into equiaxed and short
columnar grains.

TA15, a near-α Ti alloy, has been extensively employed in air-
craft and engines as an applicable structural titanium alloy with
good damage endurance. According to the service conditions,
evaluating the deformed manner and mechanical attributes of
the TA15 alloy under high strain rates is vital. In 2021, Xue
et al.[167] developed a thin-walled structure using the WAAM
method using TA15 wires, where 0.1 wt% boron element was
added to tailor the resultant microstructure along with the stable
phases. The addition of trace B element, besides the thermal sit-
uation governing the WAAM process, led to the formation of
equiaxed prior-β grains in the as-built specimens, as noticed
in Figure 26.

Another work added a trace amount of B to Ti6Al4V[168] dur-
ing the WAAM process. The effect of boron on the solidification
behavior of the resultant liquid is schematically illustrated in

Figure 27, where it can be observed that the higher freezing
range of the boron solute raises the mushy zone and contributes
to curved columnar grains. The lateral growth is limited by the
lateral rejection of boron-rich solute from the sides and base of
columnar dendrites, which presents an occasion for neighboring
dendrites to grow. Ultimately, the authors reported that adding
trace boron did not remarkably affect strength while enhancing
ductility in the as-built condition. However, boron was found to
promote strength and ductility by 10% and 40%, respectively, fol-
lowing heat treatment compared to the unmodified Ti6Al4V
alloy.

3.2. Indirect Methods

In 2020, Tang et al.[169] developed Ti6Al4V via BJT. The capillary
infiltration of the polymer binder is schematically shown in
Figure 28. First, according to Figure 28a, the binder droplets
are selectively deposited on the powder bed when discharged
from the nozzle. Then, the droplet is forced to keep flowing
on the powder surface by the initial kinetic energy, as shown
in Figure 28b. Next, the binder solution is actively inserted into
the powder because of the capillary force in the porous bed, as
depicted in Figure 28c. Finally, following the heating of the pow-
der bed, the polymer binder is cross-linked when the water in the
solution is evaporated. The self-crosslinking polymer binder
serves as a connecting bridge between the particles, facilitating
the bonding of powder particles, as illustrated in Figure 28d.

Figure 25. The change in the tensile strength with microstructural features αS ( fαS), volume fraction, and inverse of the αS thickness square root (TαS�1/2)
at room temperature a) and 400 °C b). Reproduced with permission.[165] Copyright 2020, Elsevier.

Figure 26. The reconstructed electron backscatter diffraction (EBSD)map of prior-β phase a–c) of the as-deposited sample in YOZ (a), XOZ (b), and XOY
(c) planes. Reproduced with permission.[167] Copyright 2021, Elsevier.
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Tang et al.[169] investigated the influence of fine powders. As a
result, capillary force improved from 8.35 to 16.27 kPa, increasing
compression strength from 1.5 to 3.21MPa. BJT was also utilized
by Polozov et al.[170] to study the AM feasibility of Ti2AlNb alloy
using Nb, Ti, and Al, accompanied by reactive sintering and
annealing. The results demonstrated that Ti–22Al–25Nb porous
components with the microstructure of (B2þ Ti2AlNb) could
be fabricated by employing the proposed procedure.

Yadav et al.[171] conducted a feasibility study on the fabrication
of TiAl samples via the BJT method. The method included BTJ of

Ti–6Al–4V followed by Al being introduced via pressureless ex
situ infiltration. The authors reported dense parts exhibiting a
Young modulus of 145 GPa, a compressive strength of
1.4 GPa, and a bending strength of 483MPa.

4. Future Perspective

AM offers an array of advantages in terms of cost-effective
approaches for a broad range of direct and indirect procedures,

Figure 27. Side view schematic explaining how the boron solute induces an extensive freezing range; a) boron-free Ti6Al4V and b) Ti6Al4V modified with
trace boron additions. Reproduced with permission.[168] Copyright 2015, Elsevier.

Figure 28. Capillary infiltration principle based on polymer binder, a) droplets deposited selectively, b) spread of binder solution, c) solution
penetrates the powder layer, and d) after heating, the curing film and bridge are developed. Reproduced under the terms of the CC BY license.[169]

Copyright 2020, MDPI.
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such as quick production, the ability to manufacture a wide vari-
ety of components with complicated geometry, increased profi-
ciency, fine grain size and phase composition, and decreased
energy consumption. The distinct thermal and processing char-
acteristics of additive manufacturing methods offer opportuni-
ties for developing novel titanium alloys with microstructures
and characteristics unattainable by traditional methods.
Advancements in AM methods have yielded substantial benefits
in several critical sectors, including aerospace, aviation, and bio-
medical applications, as illustrated in Figure 29. AM has pro-
vided the aerospace industry with the capability to prototype
new products featuring lightweight designs and toolless produc-
tion rapidly.

Furthermore, complicated organs can be produced by AM
techniques. The ability of AM to allow for product customization
and timely dispatch is an emerging trend in AM. Direct and indi-
rect AMmethods propose an encouraging perspective for produc-
ing novel Ti alloys of unique compositions, microstructures, and
characteristics. Nonetheless, similar to welding, AM of titanium
is considered a significant challenge due to the nonequilibrium
features of AM processes and the complicated influence of pro-
cess parameters on microstructure and subsequent mechanical
properties. The metallurgical properties accountable for micro-
structural and mechanical characteristics should provide a robust
analytical foundation for future AM studies.

Direct and indirect processes contribute to a novel procedure
for manufacturing designed materials with distinctive character-
istics. As a result, AM has grown to compete with conventional
production methods regarding expense, production rate, safety,
and precision, making it a next-generation technology, as consid-
ered by many specialists.

Furthermore, the use of prealloyed powders as powder feed-
stock has some limitations, including a narrow range of

composition, high costs, and limited availability. To address
the issue of inflexibility in powder-based additive manufacturing,
an elemental powder mixture can be used.[54] This approach
shows promise in developing new titanium alloy compositions
for powder-based AM, which could offer advantages in terms
of cost and speed. However, it is important to note that this
method presents challenges related to inhomogeneity and segre-
gation during the in situ alloying process in AM.

5. Industrial Applications

AM is a collection of manufacturing technologies deemed essen-
tial to fulfill the distinctive demands of the industry. Being a criti-
cal technology that has become the principal product innovation
and advancement element in this imminent industrial revolution,
the force within advancements of AM metal science, made by
accelerated prototyping for engineering goals, is swiftly evolving
and shifting, approaching the generation of parts with great value
composed of superior materials. In addition, utilization cases tend
to include critical products such as aviation and biomedical tools.

From a metallurgical perspective, alloy compositions with
minor deviations from the eutectic composition have traditionally
been favored for alloy design. This results in hierarchical struc-
tures that display distinctive length scales, including primary den-
drites embedded within a finely layered eutectic matrix. The
configuration of these characteristics depends on the solidifica-
tion conditions during growth. As the growth velocity or cooling
rate increases, their particle sizes generally decrease. This allows
for substantial size-hardening effects and paves the way for mate-
rial design through rapid solidification technique. Although this
particular category of Ti-based eutectic alloys has been studied for
years, there is no economically and technically feasible processing
method for producing large samples or actual components; con-
sequently, the proposed alloys are rarely suitable for use in indus-
try. Laser-based AM, specifically L-PBF, offers intrinsically rapid
solidification and cooling rates; therefore, it could serve as a viable
strategy for addressing the issue mentioned above.[172]

The possibility of modifying the traditional designs and saving
considerable expense and energy is manifested by using
complicated cooling channels in heat exchangers with high-
performance applications and coatings with wear-resistant
behavior in refinery and petrochemical industries.[173,174]

5.1. Biomedical

The biomedical business has been influenced mainly by AM
since it can efficiently offer the customizations required in the
industry. Personalized patient models are in three-dimensional
sections acquired through customized software. One example is
the use of dental implants and custom-fit crowns, which have
disrupted traditional fabrication methods for dental tools,
bridges, and partial frames. The advantages of AM are the accel-
erated production of customizing gadgets to generate 3D pat-
terns of implants for use in the human body.

While the porous components benefit bone build-up, imple-
menting flat and pore-free parts with reasonable accuracy is also
obligatory for medical purposes.[175] Most metal implants were
previously manufactured via traditional routes; however, using

Figure 29. Typical breakdown of AM titanium alloys application, A denotes
aerospace and aviation application and B stands for biomedical
application.
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those traditional methods, lattice structure-based implants
are challenging to make. Lattice structures, like orthopedic
implants, are crucial because their porous design allows adjacent
bone tissue to adhere and proliferate. Triply periodic minimum
surface lattice structures with larger surface area to volume
ratios have linked design that facilitates nutrition and waste
transportation.[22] As mentioned earlier, AM has been a promis-
ing approach to meeting these demands.

Also, materials contributing to adequate durability and
biocompatibility are now utilized in medical tools, such as Co,
Cr, and Ti compositions, which AM already manufactures.[175]

Titanium alloys have a strong presence in the biomedical field,
particularly for implants. The study highlights newly developed
titanium alloys like Ti2448 and Ti5553, showcasing their poten-
tial for biomedical applications. Biomedical companies can con-
sider these alloys for manufacturing implants with improved
biocompatibility. Figure 30 represents some AM-built Ti6Al4V
biomedical implants manufactured by the EBM method.[176]

5.2. Aerospace

In aerospace, the AM parts are often meant to perform at severe
temperatures and pressures. The possible reduction in
manufacturing times and costs presents an excellent motive
for assessing AM technology. Aerospace purposes dictate strin-
gent policies and standards for methods and segments. Notable
savings may be obtained by decreasing the number of

authenticated components and methods, like joints, creating a
segment. Reducing the final weight leads to meaningful savings
in different areas, like diminishing fuel consumption conserva-
tion throughout regular commercial flights. At the same time,
the reduction of waste by producing valuable materials such
as Ti or Ni-based compositions is crucial in attesting AM appli-
cability. A comprehensive lifespan analysis, which compares the
expenses of each approach and the entire production chain from
beginning to end, has revealed significant cost savings, primarily
due to reduced weight like titanium versus steel in lightweight
design.[177] Other hypothetical applications can also be consid-
ered for the aerospace sector. AM capability to create complex
geometries enables the production of aerospace components
with optimized designs. This is particularly valuable for compo-
nents like brackets, airfoils, and engine parts, where specific
designs are intended to enhance aerodynamics and fuel effi-
ciency. Figure 31 comparatively shows an aerospace Ti-bracket
produced by conventional and AM methods, and Figure 32
shows a potential aerospace application. The research delves into
the mechanical properties of titanium alloys processed through
AM methods. This knowledge allows aerospace engineers to
understand the material characteristics better and tailor designs
for optimal performance and safety.

5.3. Automotive

The apparent tendency of the automotive sector toward using
AMmetal processing parts resides in the accelerated prototyping

Figure 30. EBM developed Ti6Al4V implants: a) cranial plate, b) mandibular prosthesis, c) cervical vertebral fusion cage, d) pelvic implant, e) hip stems,
and f ) ankle prosthetics human skeleton. Reproduced with permission.[176] Copyright 2021, Elsevier.
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of practical components and reduced energy consumption from
utilizing AM-built components. The production of one-of-a-kind
and rare parts, like the ones used in classic automotive mending,
is sought occasionally. Although mass production of automobile
parts is beyond the capabilities of current metal AM technolo-
gies, AM procedures based on a CAD model of a metal compo-
nent to produce a sand mold or plastic pattern are gaining
traction. Cost is a secondary consideration in racing car design,
while reducing weight and creative design freedom take prece-
dence. The implementation of AMed titanium components in
the automotive industry with the aim of lightweight holds
immense potential for fuel economy. It has been estimated that
fuel economy can be improved by approximately 6% to 8% per
10 kg reduction in weight. This can lead to improved fuel effi-
ciency and reduced emissions, which aligns with the industry
sustainability goals. The above goals provide a proving ground
for AM technologies in the automobile sector.[178] The flexibility
of AM in producing customized parts enables automotive man-
ufacturers to craft unique designs and features that align with
consumer preferences. In terms of large-scale production, this
study suggests that DED is an appropriate method for

Figure 31. Ti cabin bracket Airbus A350 XWB produced by a) conventional
and b) additive manufacturing methods. Reproduced with permission.[178]

Copyright 2023, Elsevier.

Figure 32. An aerospace component with the potential for additive manufacturing production The main frame structure can be a carbon nanotube (CNT)
reinforced Ti-based composite. Reproduced with permission.[179] Copyright 2021, The American Association for the Advancement of Science.

Figure 33. a) An eight-piston monobloc brake caliper, b) an active spoiler bracket, and c) tailpipe trim covers. Reproduced with permission.[180] Copyright
2023, Elsevier.
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automotive companies to manufacture large structural and
engine components. Figure 33 shows multiple examples of
Bugatti AMed titanium parts in different car applications.

6. Conclusion

AM is emerging into a formidable future production process.
The flexibility and resilience of printing technologies are signifi-
cant and positive benefits of 3D printing over traditional produc-
tion processes. The inter-relationship between the Ti alloy
composition and the AM technique was discussed in this review.
While AM technologies present significant difficulties in produc-
ing flawless, isotropic, and homogenous metallic components,
their nonequilibrium nature makes it possible to develop unique
microstructures, phase constituents, and composition designs.
Despite current constraints, including slow printing rates and
topological concerns with printed components, the ability of
AM to produce complex structures is a distinct advantage.

Furthermore, notable development has been established in
the AM of titanium alloys. It allows the fabrication of Ti
components despite the challenges encountered by conventional
processes. This review assesses a wide range of emerging fabri-
cation methods proper for producing titanium alloy parts. The
review examines direct and indirect approaches like L-PBF,
EBM, and DED for direct methods and BJT and ADAM for indi-
rect techniques. This research exhibits more promise for
manufacturing larger-scale components via DED, which can
become more widely adopted to manufacture aerospace
structures.

In contrast, other methods are more suitable for generating
complex geometries and delicate parts for biomedical and avia-
tion purposes. A large anisotropy is usually observed among
titanium alloys regarding mechanical properties. Besides, post-
processing techniques have a fundamental and decisive role
in improving tensile strength. The stress relief heat treatment,
especially for L-PBF, modifies the specimen phase composition
and influences the bar’s tensile properties. The principal merit of
EBM is the electron beam energy, which can scan the surface at a
remarkably tremendous rate and allows for preheating. This
results in a novel melting procedure, which not only leads to
the reduction of the anisotropy but can produce parts with lower
levels of defects. Also, due to the stress-relief annealing, the
residual stresses of EBM components are significantly lower
compared to L-PBF parts. Hence, EBM is principally accommo-
dated for alloys that are challenging or impracticable to produce.
Numerous Ti-based alloys were investigated and provided to
researchers throughout this text to maximize the benefits of addi-
tive manufacturing. This research not only provides a compre-
hensive understanding of titanium alloy processing through
AM methods but also offers actionable insights for industries.
These insights can guide decision-making in material selection,
component design, and production processes, ultimately leading
to more sustainable, efficient, and innovative solutions in the
aerospace, biomedical, and automotive sectors. The findings
bridge the gap between traditional manufacturing methods
and the transformative potential of AM, empowering industries
to harness the benefits of this cutting-edge technology.
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