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In BTi-alloys, some advances and developments have been reached toward optimizing their mechanical
performance and their processability. However, the applications of these alloys via laser powder bed fusion
(LPBF) are still under investigation. In this work, the processing of pTi-alloys via LPBF and their prop-
erties is reviewed with a focus on six selected metallurgical systems which are expected to be top perfor-
mance materials in applications in the aeronautical and biomedical contexts. These six systems promise a
better mechanical and functional performance considering different in-service environments for medical
implants and structural applications. After literature analysis, the applicability of pTi-alloys to be processed
via LPBF is then discussed considering the relevant fields of applications.
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1. Introduction

Powder bed fusion (PBF) processes belong to the Additive
Layer Manufacturing Technologies (ALMT) category in which
an object is produced by the sequential addition of material
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Abbreviations
AER Aeronautic
AlE Aluminum equivalency
ALMT Additive Layer Manufacturing Technologies
AM Additive manufacturing
BASCA  Beta anneal slow cool age
BCC Body-centered cubic
BIO Biomedical
CcC Critical concentration
CP-Ti Commercially pure titanium
FCC Face-centered cubic
EPBF Electron powder bed fusion
HAZ Heat-affected zone
HCP Hexagonal close packed
LPBF Laser powder bed fusion
MoE Molybdenum equivalency
OTiA Orthorhombic titanium alloys
OR Orientation relationship
PBF Powder bed fusion
SE Stabilizing elements
STA Solution treatment and aging
STOA Solution-treated and overaged
TGM Temperature gradient mechanism.
Ti-alloys  Titanium alloys

List of Symbols

Sy Yield strength.
Tp  Beta transus temperature

layers following instructions based on data of a CAD file
previously conceived. In PBF processes, a laser beam or an
electron beam can be used as energy sources for thermal
processing the material layers which generate the object until
the desired shape is reached. These two energy sources
characterize two different processes: laser powder bed fusion
(LPBF) and electron powder bed fusion (EPBF) processes.
These two processes allow generating metallic objects from
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layer-by-layer thermal processing. The metal powder particles
are heated up to melt by the resultant action of the interaction
with the energy source, either photons from the laser beam or
electrons from the electron beam. After melting, the thermally
affected volume of material solidifies. The energy source/ma-
terial interaction occurs along different tracks in the same layer
which in turn is experienced sequentially in subsequent layers.
It configures thermal cycles which act on the material domain
in such a way that different metallurgical, chemical and
physical phenomena are expected to occur-in different time
scales-which affect the final microstructure and functional
properties of the produced object. The starting powdered
material is physically contained in the powder bed volume from
which the final component is generated after the layers addition
sequence is completed. The powder bed is the material domain
of the metal powder particles from which new solid material
layers are generated.

As mentioned above, a laser beam is used as a thermal
source for heating up the powdered material when processed
via LPBF. During the LPBF process, a stream of photons
impacts on a focal point on the powder bed and such collision
with the surface of particles produces enough heat to change the
physical state and the microstructural features of the particle.
Besides impacting on the powder bed surface, the laser beam
penetrates it, so repeated reflections between underlying
neighboring particles may happen (Ref 1, 2). Following a path
previously defined and setup, the laser scans the current layer
until completed. Later, a subsequent layer is deposited—after
building, the platform lowers a distance equal to the layer
thickness—by spreading with a roller a new powdered material
layer and thermally processed. The process is cyclically
repeated until completing the final geometry of the object.
LPBF is a process in which the material and part are both
created simultaneously (Ref 3, 4). As a result of the process and
the repeated thermal cycles, the being-processed material
experiences repeated solid-state and liquid—solid-phase trans-
formations. It leads to microstructural changes which affect the
mechanical properties of the material. Establishing trends and
relationships between them is difficult because there are
influences between most of those features with each other
(Ref 5). An important concern in the LPBF process is how the
material microstructure evolves. It implies that both the energy
density and heat transferred by the laser interact with the
material crystal lattice. This interaction is reflected in time-
dependent temperature profiles experienced by materials when
the feedstock to be thermally processed is subjected to the laser
beam effect (Ref 6-8). The LPBF process can be compared to a
repetitive welding process in which thousands of welds are
stacked next to and on top of each other to produce a 3D
geometric domain. The main difference is that the purpose of
welds is to join two or more separate geometries into one, while
in the LPBF process the welds themselves are the geometry. In
LPBEF, the molten pool dimensions are in the order of 0.1 mm’
that is related to the scale in which the process takes place as
compared to the welding process.

Upon processing Ti-alloys via LPBF, the final microstruc-
ture is dependent on the thermal history, processing parameters
and how they interact with each other. Besides the tailorable
microstructure that can be achieved by tuning optimal process-
ing conditions in LPBF, the inherent features and attributes of
BTi-alloys allow satisfying the requirements and specifications
from industries as diverse as biomedical, petrochemical,
aerospace and power generation. Their functional versatility
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is related to good corrosion resistance, high mechanical
strength and ease of fabrication as compared to other Ti-alloys
(Ref 9). Volume fraction variations can be performed in some
specific compositions for adjusting the elastic modulus to make
it appropriate for biomedical applications. Structural applica-
tions in aerospace are among the most promising approaches to
be used because of low weight components that can be
manufactured by keeping outstanding corrosion resistance and
mechanical performance under fatigue load regimes and load-
bearing applications.

The aim of this work is to provide a comprehensive review
of the processing, microstructure and properties of six metal-
lurgical systems of BTi-alloys processed by LPBF, selected as
potential representative materials to be used in biomedical and
aeronautical applications. Some of these compositions have
already been tested for LPBF. However, the research results
obtained until now are relatively scarce in terms of under-
standing of mechanical response and additive manufacturing
processability. The importance of these six composi-
tions—which makes them attractive for being analyzed in this
review—Ilies in their promising performance in aeronautical
and biomedical applications as compared to the most-used
composition of the Ti64 alloy. Conclusions are finally drawn,
suggesting the next challenges aimed at widening the applica-
bility of BTi-alloys in their relevant fields when processed via
LPBF.

2. Material Consolidation in LPBF

For a complete powdered material consolidation, the laser
energy—carried by photons as quantum of light—must be
absorbed in such amount that the irradiated material in the
powder bed heats up enough for reaching the melting
temperature. The absorption of the laser energy on the scanned
powder bed produces rapid heating—after the laser energy
transforms into thermal energy—that raises the local temper-
ature to above the material melting temperature. The heating up
of powder particles occurs rapidly at rates in the range of 10° to
10® K/s in very short time periods (Ref 10, 11). The relative
density and reflectivity of the powder particles determine the
thermal energy distribution inside of the powder bed under the
top powdered layer. After that, the temperature decreases
locally, and the molten material solidifies to form a solid
material domain. Material shrinkage as it solidifies induces
stresses in the surrounding material which can partially relax
when successive layers are deposited. The solidification is
carried out at high cooling rates because of thermal cycles when
the heat source transfers its energy on small-sized molten pools
and moves on.

The thermal cycles are referred to the numerous reheating
and recooling processes that happen when upcoming layers are
deposited, even in the same layer after thermal tracks are drawn
continuously based on the scanning strategy. The high heating
and cooling rates are one of the key inherent features of the
LPBF process. This sequence of thermal phenomena makes the
LPBF process to be very dynamically active and kinetically
unstable and leads to produce metastable microstructures and
non-equilibrium compositions of the resulting phases. These
microstructures and their stoichiometric compositions may vary
for each layer of the deposited material (Ref 7). The surrounded
material—as both solidified mass and loose powder—also
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plays an important role in the material consolidation phenom-
ena. Slight thermal variations may occur during the laser scans
because of surrounding cold powder particles. The presence of
solidified surrounded mass may also modify the heat flow as it
improves when the material density increases (Ref 12, 13).

In the LPBF process, the fusion of the powdered material
occurs by a raster motion of the laser heat source using
galvanometer driven mirrors, resulting in melting and solidi-
fication of overlapping molten tracks. The use of laser allows
controlled melting and solidification in the process resulting in
good dimensional accuracy and surface finish. The factors
contributing to surface quality include alloy type, powder
morphology, size and shape, laser beam focal spot size and
other process and design parameters. During LPBF, the
absorption of the thermal energy by the material affects
hierarchically the temperature profiles, molten pool geometry,
solidification process, microstructure and functional properties
of the printed part. The energy absorption depends on the heat
source characteristics such as total power, profile and distribu-
tion of the heat source, radius of the heat source and radial
distance of any point from the axis. The power density
distribution of heat sources like lasers, electron beams and
plasma arcs follow axisymmetric Gaussian profiles (Ref 14).
LPBF has more similarities with welding than casting. LPBF
and welding processes share important physical and metallur-
gical features like the moving heat source and the formation of
a fusion zone with recirculating liquid metal that travels along
with the heat source. However, scanning speeds and heat source
powers are very different. Figure 1 shows such similarities
between the two processes.

The kinetic and dynamic events inside the molten pool are
dominated by convective phenomena, among others. The liquid
metal is mixed by the convective flow coming from different
regions. It enhances the transport of heat within the molten
pool. The molten pool shape and dimensions depend on the
amount of heat supplied not only by the heat source but also by
the heat transfer and flow of the molten metal within the liquid
pool. The shape changes severely due to coalescence and the
movement induced by surface tension (Ref 4, 14). The

temperature distribution in the liquid alloy, heating and cooling
rates, solidification pattern, microstructure and final properties
of the printed part are strongly affected by the circulation
pattern. The process itself is controlled by the selected scanning
strategy (Ref 10, 14, 16). The cooling of the molten pool is
accomplished mainly by the conduction of heat through the part
and the substrate. Depending on the substrate temperature and
laser energy density, the cooling rate at the solid-liquid
interface varies from 10° to 10% K/s (Ref 4, 10). If it were
possible, changes in these heating rates would allow a wider
control of the final microstructures and properties of LPBF
printed parts, but it is not easy to achieve this in situ.

The local solidification growth rate, R (mm/s) , and the
temperature gradient, G (K/mm), at the solid—liquid interface
are the two most important thermal parameters that affect the
final solidification structure and consolidation of the powdered
material processed via LPBF. The morphology of the solidi-
fication structure is affected by the ratio (G/R). While the
cooling rate (G - R) affects the scale of the microstructure, G
and R are both affected by the shape of the fusion zone and the
temperature field (Ref 14). The interaction between R and G
and their effect on the solidification microstructure can be
schematically observed in the solidification map of Fig. 2.

Based on what is shown in Fig. 2, the dimensions of the
solidification microstructures (planar, cellular, columnar den-
dritic and equiaxed dendritic) decrease as the cooling rate
(G - R) increases. Higher cooling rates mean finer microstruc-
tures. These solidification maps can be used in some Ti-alloys
for predicting which microstructures will be formed during
solidification. Generally, the most widely observed solidifica-
tion microstructures in metal components processed via LPBF
are columnar and equiaxed structures (at high solidification
growth rates and low thermal gradients) (Ref 14). The rapid
heating and cooling of the LPBF process lead to sharp peaks in
time—temperature plots that result in steep slopes, which mean
high heating and cooling rates. The progressive increment in
the baseline of the plot is related to the thermal energy
accumulation as the heat source moves on the scanning domain
of the current material layer, as it is shown in Fig. 3.

\L_/ REAMLTED LAYERS

Fig. 1. On the left, main variables of the laser welding process. On the right, main variables of the LPBF process (Ref 15)
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Fig. 2. Effect of temperature gradient and growth rate on the
morphology and size of the solidification microstructure. Reprinted
from Ref 14, Copyright 2018, with permission from Elsevier
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Fig. 3. Schematic diagrams illustrating types of LPBF thermal
cycles. Reprinted from Ref 17, Copyright 2016, with permission
from Elsevier

For instance, using the early stage of the heat cycle in Ti64,
the primary and secondary o’-martensite laths at the microsized
level seem to nucleate and grow. After some thermal cycles,
further growing can be detected. On the other hand, tertiary and
quartic o -martensites are believed to be formed during the later
stage of the heat cycle, as shown in Fig. 4 (Ref 17).

Although the local control of the solidification microstruc-
tures is desirable in LPBF, this is difficult to be practically
achieved due to the speed at which thermal and metallurgical
phenomena happen. Thus, one possible strategy is to try to
manipulate G and R during the process in such a way that both
solid-to-solid and solid-to-liquid transformations—which often
occur during the process from track to track and layer to
layer—are conducted upon convenience for the desired
mechanical behavior. In practice, numerical simulation results
could provide approximate information on what could be
expected considering all the restrictions and idealizations that
need to be defined in the simulation context (Ref 18-20).
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3. Lattice Structures of Titanium Alloys

Lattice structures [also related to hierarchical architected
materials, trabecular structures and metamaterials (Ref 21-23)]
are obtained by using a regular pattern of struts and nodes.
Fundamentally, these kinds of structures contain material voids
which provide significant functional and structural advantages
according to the final application. The versatility of the LPBF
process allows building unconventional geometries like lattice
structures. The overall performance of a based-on-lattice-
structure component is basically governed by the microarchi-
tecture of the lattice domain (Ref 24). A relevant target in lattice
structures design is topology optimization with regard to
applications such as energy absorption, type of mechanical
response (bending-dominated, stretching-dominated, etc.),
among others (Ref 21, 22, 24). For instance, structural
lightness, strongness and stiffness are considered as key
features in biomedical and aerospace applications for which
lattice structures can provide these properties.

In the work of Ref 25, two optimized topology designs were
analyzed both experimentally and numerically. Outstanding
strength and stiffness-to-weight ratios were demonstrated to be
obtained by using topology optimization. Focused on the high
specific strength of the optimized structure, the finite element
analysis disclosed the efficiency of its design. Besides, the
results leave an open path toward strengthening the theory of
porous strength and a stronger design of topology optimized
structures. Lattice structures design must consider energy
absorption as a key consideration. Moreover, the work
performed in Ref 26 studied three porous structures for
evaluating the energy absorption mechanisms at the early stage
of deformation. The differences in local stress concentration
and the stress distribution in the structures were found to be
responsible for the different energy absorption mechanisms.
One of the evaluated structure was found to have a high energy
absorption ability which makes it an excellent candidate in the
biomedical field for implant applications (Ref 23).

Intrinsic physical features like porosity are highly influenced
by their random distribution and variation in size and
orientation. The results obtained in Ref 27 showed the effect
on super-elastic property, compressive strength, fatigue prop-
erties and Young’s modulus of the porosity variation of
structures of Ti2448 processed via EPBF. By increasing the
porosity, an improvement of the superelastic property was
found as a result of increasing the tensile/compressive stress
ratio. By comparing with Ti64 (Ref 28, 29), the processing of
Ti2448 via EPBF results in a higher normalized fatigue strength
owing to the superelastic property and the larger plastic zone
found around the crack tip (Ref 30). Similar to Ref 27, porous
structures of Ti2448 processed via EPBF were also studied by
Liu et al. (Ref 31) evaluating similar ranges of porosity values.
Stronger struts and fewer defects were found by using lower
electron beam scan speed. The optimal results found from such
processing conditions allowed to observe better mechanical
properties and at least twice the strength-to-modulus ratio of
Ti64 porous components with the same level of porosity. The
precipitation of « phase at f grain boundaries due to high-
temperature preheating is believed to be responsible of such
excellent properties. A work of functionally graded meshes
produced via EPBF was reported in Ref 32. Similar to Ref 27,
compressive and fatigue behavior of such meshes were both
studied through the analysis of fundamental mechanisms that
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Fig. 4. SEM images of o’-martensites in Ti64 processed via LPBF. Reprinted from Ref 17, Copyright 2016, with permission from Elsevier

govern both mechanical conditions. The cracks initiation and
propagation in the constituent meshes were both detected to
start upon increasing the fatigue cycles from high to low
strength until failure of the graded meshes. This was observed
to be a progressive tendency. By considering a lower strength
scenario, the propagation of cracks in meshes with higher
strength was observed to be related. A good combination of
high energy absorption, high fatigue strength and low density
was observed to happen through an appropriate design of the
constituent unit cells.

A comparison between CP-Ti and Ti64 was performed in
Ref 33 in which two different topology optimized lattice
structures were analyzed in terms of their fatigue properties.
Upon investigating the effect of the shape of the unit cell on the
fatigue properties and stress distribution, an enhancement in the
plasticity was found through a reduction of stress concentration
on the strut and twinning on the topology optimized CP-Ti
structure occurring during the cycle deformation. This structure
also showed highly normalized fatigue life which was mainly
attributed to the combination of the high ductility of the
material and a uniform stress distribution. There were also
found samples of CP-Ti that contain specific twins which
increase their ductility.

As mentioned before, the aeronautical and biomedical fields
are a target for the applications of the six metallurgical systems
discussed in the next section. Besides, lattice structures provide
structural stability and high mechanical performance in both
aeronautical and biomedical applications. Specifically, in the
aeronautical field, different kind of components have so far
been able to be manufactured via different metal additive
manufacturing technologies and put into service. GE Aviation,
Rolls-Royce, BAE Systems and Lockheed Martin are among
the main aircraft part manufacturers currently applying LPBF
for producing components and provide them to the main
aircraft producers like Airbus and Boeing. Every service
provider, component supplier and designer, and aircraft man-
ufacturer have had to properly certified their production
processes in order to fulfill the high-level quality requested
by the aircraft industry according to its stringent standards.
Some advantages, like low lead times and production costs,
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lightness in weight and easy of assembly, are among the great
achievements in the aeronautical field upon using metal AM
(Ref 34). Direct conversion of raw materials into complex 3D
geometries as from a digital CAD file generated in a previous
design and product development stage allows significant time
and cost savings where metal AM technology is suitable for
producing final use parts. Considering the inventory and supply
chain constraints, and the need for satisfying the just-in-time
manufacturing, metal AM is particularly interesting in the
aircraft industry because of its ability to make the raw material
conversion as described above, without the need of elaborating
tooling (Ref 35, 36).

In the biomedical field, important achievements like high
osseointegration and a better grip of living tissues can be
highlighted because of the use of porous and lattice structures
produced via LPBF. This kind of structures stimulate the
natural growing and time evolution of muscles and inner
biological structures covering prosthesis or biomedical implants
thank its similarity with bones topology. Weight lightness of
implants produced via LPBF is also an advantage because
patients are less prone to over stress or fatigue upon moving
their body part carrying the implant (Ref 37). An adequate
combination of high biocompatibility, low density, low Young’s
modulus, good fatigue resistance and good corrosion resistance
is required by a material for being adequate on biomedical
applications. Upon processing via LPBF, it is important to
obtain full density and defect-free parts. It is not an easy goal to
be fulfilled because the process itself does not imply a
mechanical pressure constantly acting. On the contrary, gravity
and capillary forces act during the powder consolidation
process influenced also by the thermal effects. As a general
rule, CP-Ti and its alloys exhibit low hardness and wear
properties. It is detrimental for their applications in the
biomedical field especially when the combination of high
strength and wear resistance is unavoidable needed. Therefore,
biocompatible adding compounds like TiB, can be used for
reinforcement of Ti-based compositions and for improving their
wear properties (Ref 38).

Processing of Ti-alloys via LPBF is highly influenced by
intrinsic process parameters like energy density, layer thickness
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and scanning strategy, and also by inherent powder parameters
like particles morphology and size distribution (Ref 39, 40).
Based on the laser processing parameters, the microstructural
features of CP-Ti vary from platelike o to acicular martensitic
o. At relatively low scan speed values and constant energy
density, complete allotropic transformation f to o occurs upon
solidification. As it is well known, the mechanical properties
like tensile strength and hardness of CP-Ti are positively
affected as compared to those produced by conventional
manufacturing methods. In general terms, the mechanical
properties reached upon LPBF processing of some Ti-alloys
like Ti2448 are close to those of human bones. This aspect
makes it a suitable Ti composition for applications on bone
implant and implanted prosthesis (Ref 41, 42). Stainless steels
are less commonly used in biomedical applications. However,
their excellent combined properties of low elastic modulus,
high specific strength, excellent corrosion resistance and
superior biocompatibility makes them a good option for
manufacturing biomedical implants. Similar functional and
mechanical features have Co-Cr based alloys (Ref 42). Ti-
alloys like (o + ff)-type compositions (e.g., Ti64) exhibit better
mechanical properties and have also been used for orthopedic
implants. However, their moduli are significantly higher than
those of bones and contain harmful elements like V and Al. The
mismatch between implant and bone moduli generates the
effect called stress shielding, which produces a reduction in the
density of bone close to the implant that is not desired because
it is obtained an implant-bone bond with low mechanical
properties.

The easy of functionality and life or human limbs or joints
are function of the mechanical properties that are considered as
core (Young’s modulus, tensile/compressive strength, tough-
ness) when designing biomedical implants. These have been
found to be function of age, location in the body, gender and
disease history. The influence of features like pore size and its
structure has been studied in Ref 43. A significant effect was
found in the cell culture results in terms of a recommended
interconnection for the improvement of the bone formation rate
and also for an adequate implant fixation. The roughness of the
surfaces was also analyzed in terms of osseointegration once
the implant was placed and how the surrounding biological
tissues interact with it.

4. Beta Phase Titanium Alloys

A Ti-alloy is considered as a BTi-alloy when the f-phase is
substantially retained, under equilibrium or at least upon
quenching from 100% f-phase field without transformation to
martensite or a-phase. Enough amount of f-phase stabilizing
elements causes a high strength up to 1400 MPa after a heat
treatment (Ref 44, 45). Heat treatments can be used for
improving the mechanical properties of these alloys. Solution
treatment and aging (STA) is the most common heat treatment
applied on fi-phase Ti-alloys. STA is done above T3 as a regular
process.

Some specific heat treatments were thought for specific
compositions. Beta anneal slow cool age (BASCA) is a heat
treatment applied on Ti5553 manufactured components for
improving their mechanical strength. On the other hand,
solution-treated and overaged (STOA) is a heat treatment
applied on Beta 218 alloy. This treatment is used to increase the
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strength moderately while maintaining satisfactory toughness
and dimensional stability. The Alloy C, which is one of the
compositions analyzed in this review, can be annealed to
improve the ductility, and refine the grain structure. The cooling
method will depend on the desired properties (Ref 35, 46).

Room-temperature yield strength S, of the PTi-alloys is
significantly higher than those of other Ti-alloys. Good forming
capability due to the presence of the f-phase, among other
types of Ti-alloys, leads to easier cold rolling of BTi-alloys (Ref
9). However, PTi-alloys are not weldable and their creep
resistance is lower with respect to that of «Ti-alloys (Ref 47,
48). The strength Sy of most BTi-alloys is between 1150 and
1300 MPa, which is greater than that of oTi-alloys (750-
1000 MPa) (Ref 48). The elastic modulus and strength of BTi-
alloys can be affected by the formation or the absence of the w-
phase. Therefore, it is important to understand the formation
mechanism of the w-phase in the f-phase to identify alloying
elements that can suppress or facilitate the w-phase formation
(Ref 49). This phase may form during quenching from the
single -phase field to room temperature with a hexagonal—not
closed packed—crystallographic structure at small concentra-
tions of f-phase stabilizing elements. At greater concentrations
of them, the crystallographic structure is trigonal (Ref 9).

In this review, six metallurgical systems of BTi-alloys are
analyzed in terms of processing, phase transformation,
microstructure and mechanical behavior. Four of those systems
are among the small selected group of aerospace alloys in
current production. The two other are -phase Ti-alloys highly
attractive for biomedical applications because of their features
related to Young’s modulus, mechanical strength and biocom-
patibility.

The advantages of PTi-alloys include their high strength,
good corrosion resistance, excellent biocompatibility and ease
of fabrication compared to other high-performance alloys (Ref
9). In some specific cases, partial or total superelasticity can
also be part of their features, which becomes attractive for
biomedical applications (Ref 50, 51). Some other reference
compositions of PTi-alloys that feature the advantages and
disadvantages of Table 1 are Ti-11.5Mo-6Zr-4.5Sn, Ti-29Nb-
13Ta-4.6Zr, Ti-13V-11Cr-3Al, Ti-30Mo, Ti-40Mo.

New low modulus PTi-alloys are being developed for
biomedical applications. One of the challenges to be overcome
is the inhomogeneity in the stress transfer between the medical
implant and bone. The inhibition of bone atrophy is the main
goal of the new compositions for this kind of application (Ref
52, 53). Reduction of Young’s modulus is of considerable
importance in biomedical applications to prevent stress shield-
ing that induces bone resorption (i.e., the reabsorption of the
bone tissue, which affects the mechanical response of the bone)
and bone loosening (Ref 31, 54). By generation of different
textures and controlling the growth behavior of columnar cells,
suppressing stress shielding can potentially be achieved (Ref
55). Despite the high potential of BTi-alloys, these alloys have
not been extensively investigated to be processed via LPBF due
to the lack of availability of these compositions as powders.
This fact reveals the opportunity for delving into their
processability via LPBF.

The phase transformation of f-phase in Ti-alloys depends on
the f-phase SE, such as Nb, V, Mo, Ta, Mn and Fe. The phase
transformations from f to «”, o’ and @ phases upon quenching
can be adjusted by controlling the content of the SE in the
parent f-phase. The multifunctional properties of these alloys

Journal of Materials Engineering and Performance



Table 1 Advantages and disadvantages of fi-phase Ti-alloys (Ref 44)

Advantages

Disadvantages

High strength-to-density ratio

Low modulus (biomedical applications)
High strength/high toughness

High fatigue strength

Good deep hardenability

Low forging temperature

Strip producible—low-cost thermomechanical processing (some alloys)

Cold formable (some alloys)

Excellent corrosion resistance (some alloys)
Easy to heat treat

Excellent combustion resistance (some alloys)

High density

Low modulus (structural applications)
Poor low- and high-temperature properties
Small processing window (some alloys)
High formulation cost

Segregation problems

High springback

Microstructural instabilities

Poor corrosion resistance (some alloys)
Interstitial elements pick up

can also be enhanced by the presence of oxygen by promoting
the structural stability of the f-phase (Ref 56). Recent
theoretical and experimental studies suggest that interstitial
oxygen atoms could significantly strengthen the oTi or promote
the structural stability of the f-phase (Ref 57). For these types
of alloys, the BCC f3 phases possess good ductility, while the
precipitated o phases enhance their strength after aging
treatment under defined conditions (Ref 58).

Strong orientation dependence of Young’s modulus for a
LPBF processed Ti-15Mo-5Zr-3Al alloy was demonstrated by
Ba et al. (Ref 59). The Young’s modulus of -phase Ti-alloys
strongly depends on the electron—atom ratio, which can be
controlled by manipulating the chemical composition and
crystallographic orientation. This study is focused on compo-
nents fabrication from a mixture of pure elemental powders by
consolidating them via LPBF. The results of this study showed
the formation of a single f-phase without non-molten powders.
The texture formation mechanism was also investigated based
on the analysis of the solidification of the microstructure. A
preferential crystallographic orientation and formation of
elongated grains were observed. From the formation of these
elongated grains, the epitaxial growth of the previously
solidified layer, the cell growth at the solid-liquid interface
and the heat transfer and the solidification processes, the
mechanisms of formation of texture and texture evolution were
also discussed. The kinetic of solidification could not be
associated with the change in the crystallographic orientation of
the f-phase.

The addition of an insufficient amount of the f-phase SE to
some f-phase Ti-alloys or the thermal effects caused by LPBF
process induces the transformation of the disordered f-phase to
the metastable orthorhombic o”-martensite phase, that is
primarily accommodated by internal twinning. This transfor-
mation affects the tensile and Sy, making them decrease
according to findings from Ref 60.

Traditional BTi-alloys have specific properties. These prop-
erties result from the f-phase (BCC) and w-phase (hexagonal
or trigonal). A study of the mechanical properties through
cyclic tensile tests and microstructure on f-type Ti-35Nb-2Ta-
3Zr alloy fabricated by 3D-Printing was carried out by Chen
et al. (Ref 61). Deformational features of specimens were
described via TEM observation and crystallographic analysis.
The tests allowed to characterize superelastic properties and
evaluating the effect of the AM process on the PTi-alloy
specimen. This study found an influence of the high oxygen
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content of the produced specimens on decreasing the super-
elastic recovery of the alloy. Despite that, the specimens
showed efficient tensile properties. Microstructurally, several
transformational mechanisms such as twin martensite, zigzag
formation, V-shaped formation, stress-induced and twinning-
induced w-structure were evidenced. The PBTi-alloys are also
considered as alternatives to substitute high strength steels for
automotive and energy applications. Components for aerospace
applications are always involved in multiple hot workings or
thermal treatments to achieve an optimal range of values of
strength and toughness.

One characteristic of these alloys is that the f-phase
stability, which is a function of its composition, influences
the deformation mechanisms during loading. The deformation
occurs by conventional viscous slip where the stress induces
transformations to include the HCP o -martensite, the
orthorhombic «”’-martensite, the HCP w-phase and twinning.
The mechanical response is influenced by the formation of a
specific stress-induced mechanism or other mechanisms. These
mechanisms depend on the ff-phase stability (Ref 62, 63). The
mechanism associated with the versatility of -phase Ti-alloys
is related to the fact that their functional and mechanical
properties can be custom-made by phase transformations, such
as precipitation and martensitic transformation, as described in
the followed sections for some of the alloys.

The six metallurgical systems that are the object of study of
this review are summarized in Table 2. The subsections
presented for each system deal with processing, phase trans-
formation, microstructure and mechanical behavior. The system
Ti-Nb is discussed considering different nominal compositions
upon adding Zr, Sn and Ta.

4.1 Ti2448 [Ti-24Nb-4Zr-8Sn]

Ti2448 is a near PBTi-alloy. The development of this alloy
was focused on its use for biomedical applications owing to its
low Young’s modulus (42-50 GPa)—as compared to other
similar titanium alloys (100-120 GPa) and lack of elements
with known toxicity for human body (Ref 9, 64-67). It also
possesses an improved balance of low modulus and high
strength (Ref 68). This alloy can be considered as the most
representative of the Ti-Nb metallurgical system. Its general
mechanical properties are referred to in Table 3.

This alloy was developed considering the removal of -
phase by the addition of appropriate alloying elements,
depression of martensite start point to below the ambient
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Table 2 f-phase Ti-alloys

Metallurgical system/alloy ID Nominal composition, wt.% MoE, % Classification Application sector
Ti2448 Ti-24Nb-4Zr-8Sn 6.7 Near BIO
Til023 Ti-10V-2Fe-3Al 9.6 Near /Metastable 3 AER
Ti5553 Ti-5A1-5V-5Mo-3Cr-0.5Fe 9.5 Near B AER
Beta C Ti-3Al-8V-6Cr-4Mo-4Zr 16.0 Metastable 3 AER
Alloy C Ti-35V-15Cr 475 Stable B AER
System Ti-Nb Ti-13Nb-13Zr 3.6 Near 3
Ti-35Nb-7Zr-5Ta 10.9 Metastable 3
Ti-33Nb-4Sn 9.2 Near BIO
Ti-35Zr-28Nb 7.8 Near

temperature so that the transformation can be stress-induced,
complete control of the intrinsic elastic modulus of i phase
and, finally, no affectation of strength as a result of alloying.
The action of Zr and Sn is focused on suppressing the o”’-
martensitic transformation. By first-principles calculations (i.e.,
a method to calculate physical properties directly from basic
physical quantities) (Ref 69), it was estimated that the addition
of Nb to Ti increases significantly both the elastic and phase
stability of the S-phase. In addition, the presence of both Zr and
Sn makes this alloy completely stable and functional in terms of
low elastic modulus and stability of the phase.

Because Ti-Nb is a f-isomorphous system, it is necessary to
keep the Nb content to a minimum to minimize the elastic
modulus. In this way, this alloy is of great interest for
biomedical applications. A significant difference between
human bone’s elastic modulus and biomedical implant’s elastic
modulus produces stress shielding after the implant is placed
(Ref 66, 68). One common method to reduce the modulus of a
material is to introduce porosity into the structure. In bone
tissue engineering applications, porous materials are important
due to their low modulus, coupled with the possibility of
enhancing the biological fixation through bone cell in-growth
(Ref 67).

Besides low elastic modulus and high strength, it is also
required high yield strength and fatigue resistance for this alloy
to be adequate on implant applications. Ti2448 has been found
to experience superelasticity that involves new mechanisms of
significant lattice distortion and homogeneous nucleation of
dislocation loops. Stress-induced martensitic transformation is
also present in addition to superelasticity phenomena (Ref 68,
69).

4.1.1 Processability via LPBF. During processing of
Ti2448 via LPBF, a tendency of density increase when
scanning speed is around 600 mm/s has been reported by Liu
et al. (Ref 68). Beyond this value of scanning speed, the density
tends to a plateau at values higher than 99%. A high incident
energy density results in a large amount of melting and,
consequently, a higher final density. A similar tendency was
reported by Froes and Qian and Yang et al. (Ref 67, 70) at
comparable processing parameters and conditions.

According to Ref 67, at laser scanning speeds between 500
and 750 mm/s, the amount of the volume of porosity decreases.
The average pore size was characterized as a sphere that has the
same volume as the measured pore. At large pore sizes
(> 50 pm), the pore distribution was not uniform, except for
scanning speed 500 mm/s. At this scanning speed, an increase
in the pore distribution homogeneity was observed. The amount
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Table 3 Ti2448 general properties

Density, gr/ice Ty, °C  UTS,MPa S, MPa ¢, % E, GPa

5.34 830-910 790-900  7-9 42-50

of large pores affects both the average pore size and the relative
density.

The presence of porosity was studied in Ref 60, 70 with two
similar compositions focused on fully dense structures and
porous structures. Although compositions were not the same,
the opposite happens with the constituents. Differences lied on
stoichiometry mainly. On the one hand, the recoil pressure
observed in the results of Ref 60, caused by metal vaporization,
provides to liquid the ease of being away from the melt area,
thereby promoting the porous generation. Since Sn has the
lowest boiling point—around 2690 °C—among the alloy
components, it vaporizes in preference to other constituents.
The porous presence affected the mass density and alloy
composition. Besides these two affected features, columnar
structure and grain size led to different mechanical properties.
The high energy density was also detected to play an important
influence on the decreasing of strength, ductility and porosity
increasing. At the same time, low energy density was detected
to promote the presence of unmelted Nb particles which
negatively affected the ductility facilitating the propagation of
cracks.

On the other hand, the performance of porous structures of
Ti2448 processed via LPBF was investigated in Ref 70 under
the presence of porosity. As for preferential crack initiation sites
where porous are present, the number of cycles to failure at
those zones was correlated to the size of the pores. Below the
critical value of fracture toughness, fatigue cracks may initiate
at the porosity zones but do not propagate until failure.
According to the results of this study, the stress intensity around
pores did not reach the critical value of fracture toughness. The
size of the optimal molten pool was about 146 £+ 17 um. The
process parameters to reach such molten pool size were defined
as follows: power of 150 W, scanning speed of 750 mm/s, laser
spot size of 40 um and hatch spacing of 100 pm.

High scanning speeds produce balling and dross formation
in the molten pool and in its vicinity because of instabilities in
the molten pool, according to Ref 14. Those high enough
scanning speeds lead to poor surface finishes but near fully
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density when Ti2448 is processed via LPBF. For speeds higher
than 300 mm/s, the experimental results showed a strong
correlation between Vickers hardness and density. At lower
speeds than 300 mm/s, the hardness remains high, despite the
decrease of the density. Based on this study, to successfully
manufacture near full density parts of Ti2448 with an
acceptable surface finish, an optimum laser scanning speed
must lie between 300 and 600 mm/s. However, since the speed
and the processing cost of manufacturing via LPBF are directly
related to the scanning speed, there is a considerable benefit
upon using values near to the upper limit of the range.

Based on literature and features about material response and
mechanical behavior of this composition, a process parameters
window for processing this composition via LPBF can be
considered from the ranges of parameters in Table 4.

4.1.2 Phase Transformation and Microstructure. The
potential phase transformation and f-phase stability can be
improved by interstitial oxygen in the f-phase. In compositions
where the oxygen content is high enough, the amount of
nonlinear recoverable strain is reduced, and the double yielding
phenomenon can also be covered. At oxygen levels between
0.08 and 0.40 wt.%, the nonlinear recoverable strain of Ti2448
decreases from 1.2% to near 0% (Ref 68). During the LPBF
process, the oxygen enrichment is small (about 0.04 wt.%),
which means that the use of low oxygen content powder may
produce a recovery of pronounced superelastic behavior.

The electron/atom ratio determines the stability of the f8
phase of this alloy. Despite this, Young’s modulus increases
with the solute content. As shown in Fig. 5 (Ref 73), at a low
electron/atom ratio with decreasing solute concentration, the f3-
phase becomes less stable and the formation of the o-phase or
o/-martensite causes the elastic modulus to increase. The peak
in the middle (red circle) is caused because of the formation of
metastable w-phase, which has a higher elastic modulus than
the f-phase. The effect of the o”’-martensite is superimposed on
the curve and its formation helps to shape the valley left of the
peak.

The constituent phases of this alloy are based on f-phase
mainly, but it could be accompanied by metastable phases ®
and o’. However, there exists a composition range in which the
p-phase is sufficiently stabilized to be alone. This composition
range corresponds to the dotted curve of Fig. 6.

An effective way to decrease the elastic modulus of this
alloy is by promoting the formation of a microstructure with a
monolithic ff phase. A two-phase microstructure with acicular o
precipitation distributed along the grain boundaries of the f
matrix was observed in sintered samples (Ref 74). It was also
observed that the sintered density increased with increasing
temperature and the measured relative density in samples was
around 97.6%. The microstructure with monolithic f-phase was
achieved by solution treatment at 1000 °C and subsequent

Table 4 LPBF process parameters for processing Ti2448.

B+a"+o

Young's modulus

41 42 43 44 45
electron/atom (e/a) ratio

>
)

Fig. 5. Variation of the Young’s modulus with the electron/atom
ratio in Ti2448. Reprinted from Ref 73, Copyright 2007, with
permission from Elsevier

water quenching. This post-thermal treatment also suppressed
the formation of o-phase.

By spark plasma sintering (which is a novel sintering
technique that uses pressure-driven powder consolidation in
which a pulsed direct electric current passes through a sample
compressed in a graphite matrix), samples of Ti2448 were
produced. A metastable f§ phase, a primary o phase and o”-
martensite were identified after a solution treatment at 850 °C
(Ref 75). Variation in aging times showed an increment in the
content and grain size of the secondary o phase, which was
observed to be precipitated directionally from the f-matrix.
Compressive strength and elastic modulus were observed to
increase after a solution and aging heat treatment. On the other
hand, the ductility increased at first but decreased at the end.
The presence of such heterogeneity of phases as a result of
solution and aging heat treatment showed a relative non-
homogeneous mechanical response of the alloy.

4.1.3 Properties. Zr acts as a very efficient strengthener
in this alloy whose tensile strength after hot work ranges
between 700 and 930 MPa depending on the interstitial
content. However, the processing conditions of the alloy will
determine the final mechanical properties, as well as its
performance. Regular values of Young’s modulus, S, and
UTS of this alloy processed by LF are about 53 GPa, 570 and
670 MPa, respectively (Ref 68). Moreover, some pronounced
superelastic deformation behaviors were observed in some
samples of this study. Such behaviors were reported influencing
the general tensile properties.

Taking advantage of the versatility of LPBF for manufac-
turing lattices and scaffold structures, a simultaneous improve-
ment in strength and plasticity has been achieved by Liu et al.
(Ref 71). This improvement is related to the unique structure
formed during LPBF process, i.e., “hard-wraps-soft” structure
of the microscale molten pools. Fine and hard grains distributed

Refs. Preheating, °C Power, W Laser spot, pm Layer thickness, pm Hatch spacing, pm Scanning speed, mm/seg
Ref 68 Not rep. 200 80 100 Not rep. 550-800

Ref 67 Not rep. 175 40 50 100 500-1500

Ref 70 200 175 40 50 100 750

Ref 71 200 200 Not rep. 50 100 1000

Ref 72 Not rep. 200 40 50 100 750
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Fig. 6. Left: light optical in the STA condition showing globular primary o (light) and dark etching aged beta matrix. Right: light optical in the
BASCA condition showing coarse « platelets and minor amounts of retained f (light). Reprinted by permission from Springer Nature Customer
Service Centre GmbH: Springer Nature, JOM, State of the Art in Beta Titanium Alloys for Airframe Applications, James D. Cotton et al. (Ref

35), Copyright 2015

along the edge of the molten pool were observed and associated
with the high strength in the samples fabricated with Ti2448.

Scaffold structures processed by LPBF were analyzed under
compression tests and variation of laser scan speed and constant
laser power (Ref 67). Rotation between layers was considered
part of the scanning strategy to homogenize heat distribution
and control the evolution of microstructure. Some porosity was
detected and associated with the evaporation of Sn. This
porosity is related to the relatively low density in some samples
and was found to occur at lower scan speeds. Compression tests
showed excellent mechanical performance on samples pro-
duced at 750 mm/s scanning speed with low solid section
density.

4.2 Ti1023 [Ti-10V-2Fe-3Al]

It is classified as a near PTi-alloy (Ref 76-78) and
metastable f Ti-alloy (Ref 50, 57, 79-84). An improved
combination of good strength, deep hardenability, fracture
toughness and good ductility were the main properties taken as
objective to look for by developing this composition. This
composition was developed as a forging alloy for applications
in the aerospace industry. This alloy became the most visible
and important in the aerospace industry (airframes, landing gear
components, etc.) for applications up to 315 °C after regular
applications in the same industry were performed with Ti-13V-
11Cr-3Al1 (Ref 35, 85). Its general mechanical properties are
referred to in Table 5. Hot die and conventional forgings are
also some sporadic applications of Til023. Structurally, this
alloy offers weight savings by using it instead of components
made of maraging steels.

In this alloy, the BCC f-phase is stabilized by Fe and V
additions. Al acts as a solid solution strengthener for the low-
temperature precipitating «-phase. Regardless of whether the
microstructure is composed by homogeneous i or a mixed
(o + ) microstructure, the stability of the f[-phase can be
manipulated in such a way that a martensitic transformation
takes place when enough compressive or tensile stresses are
applied. The bimodal microstructure consisting of « grains in /-
phase globular matrix gives birth to a superior combination of
strength and ductility (Ref 78). As a result of the good
properties that are a consequence of the deep hardenability, this
alloy can develop a wide variety of strength levels depending
on the selection of heat treatment (Ref 76, 84). A relative
tendency of microsegregation in the form of f fleck defects is
known by producers of ingots of this composition (Ref 35).
There have been developed practices of melt and thermal
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Table 5 Til023 general properties

Density, gr/icc T, °C  UTS, MPa Sy, MPa ¢ % E, GPa

4.56 790-805  965-1240  1150-1170 9-11 106-110

treatment to minimize the potential of the evolution of that
microsegregation. This issue is more related to property
variability than for mechanical responses associated with
fatigue cracks evolution.

In general, Ti1023 may undergo deformation via deforma-
tion of stress-induced martensite. The control of this mecha-
nism provides a new route to optimizing the load-bearing
capabilities of the alloy. The stress-induced martensite forma-
tion starting from the metastable f-phase can lead to an
improved balance of strength and ductility (Ref 77).

4.2.1 Processability via LPBF. Relatively scarce infor-
mation is available about investigations of Til023 processed
via LPBF. Two recent research works (Ref 86, 87) evaluated
samples of this composition under different processing condi-
tions via LPBF. The first work used a range of characterization
techniques and properties to evaluate material performance
through tensile testing. The development of fine f columnar
grains and widespread cell structures was observed upon
printing with a small powder layer thickness, a low laser power
and a short exposure time. These process conditions config-
ure the scenario for a low energy density. By setting a high
value of laser power and exposure time (high energy density),
an increase in grain growth and texture was observed together
with a decrease in cell structures. Also, athermal @ (w,q)
precipitates were observed in all printed samples. .y, is often
observed in f-phase Ti-alloys and affecting the elastic modulus
and strength. Some samples showed to have a hybrid grain
structure. This microstructure has a highly limited ductility
because of intergranular fracture. The fine columnar grain
obtained was beneficial to both ductility and strength, while the
hybrid grain structure reported on some samples also promoted
weakened grain boundaries. It was observed as non-uniform
grain morphologies and inhomogeneous grain size distribution.

The second work studied samples fabricated horizontally
and vertically with two different energy densities. The as-
fabricated horizontally printed samples with lower energy
density showed f and athermal  phases, while the vertically
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printed samples showed the same two phases and nanosized o
laths. Anisotropic behavior of plasticity was observed in the
samples made with the lower energy density. The presence of
both phases in the first work was confirmed in the second work.
The different energy values allowed the development of those
two phases adding nanosized o laths on vertically built samples.
The presence of a-phase established the difference in ductility
while maintained Sy and UTS.

A different stoichiometrically composition with the same
constituent elements processed via LPBF was studied in Ref
88. The alloy composition used was Ti-1Al-8V-5Fe. Elemental
powder of Ti and Fe, and an Al-V master alloy powder with
irregular shape were used to produce the components through
LPBF. Ultra-high strength and relatively good ductility values
were achieved as a result of a very fine grain microstructure
with nanoscale precipitates after microstructure analysis. Fe
segregation was detected without detrimental consequences on
the mechanical behavior of the alloy.

Although this alloy does not have the same composition as
Ti1023, LPBF process parameters like laser power 370 W,
scanning speed 1035 mm/s, hatch spacing 0.12 mm and layer
thickness 60 pum, could be considered a good starting point for
defining the optimal window parameters. The base plate was
preheating at 80 °C and a stripe laser pattern was set up in the
system for the sample printing. On the current layer, the stripes
were rotated counterclockwise by 67° with respect to the
previously deposited layer.

The LPBF processed material showed a very high com-
pression strength, reaching values around 1.7 GPa when the
plastic strain before the failure point was 0.1. The hardness
measured value was around 470 HV. Thermal-treated samples
produced an increase in compressive strength and strain to
failure reaching 1.8 GPa and 0.3, respectively.

Based on literature and features about material response and
mechanical behavior of this composition, a process parameters
window for processing this composition via LPBF can be
considered from the ranges of parameters in Table 6.

4.2.2 Phase Transformation and Microstructure. Phase
transformations such as f — o martensitic transformation,
athermal or isothermal f — ® and f — o transformation
can be present in Ti1023. As mentioned in the previous section,
the phase transformation § — «” could be induced by stress,
including internal stresses arising from quenching and external
stresses such as tensile loading or mechanical polishing (Ref
57). By heating the alloy to a temperature above 7 followed by
cooling below the temperature of ff-phase stability, the a-phase
brings the appearance in the form of needles and its amount
depends on temperature and time of annealing. The control of
temperature and time of thermal treatments enables the
evolution of the o-phase morphology and it also allows to
obtain the required properties in a wider range of possibilities
(Ref 79, 89).

The sequence of the phase transformation upon quenching
evolves with the heating rate by analyzing the continuous

Table 6 LPBF process parameters for processing Ti-1023

evolution of crystallographic relationships between phases. At
low temperature values, the reverse transformation of o’ into f§
occurs. This reversion happens to a larger extent considering an
increasing heating rate (Ref 50). Under quenching conditions,
the stable a-phase can be generated from three different
sources: the w-phase, the o”-martensite and the f-phase.

In the case of thermal treatments of Til023 performed in
atmospheric environments, the influence of oxygen in the
system is inevitable. This influence in microstructural evolu-
tions in the processes of hot working or thermal treatments has
not been studied deeply (Ref 57).

4.2.3 Properties. The mechanical properties of this alloy
depend strongly on the structural stability and phase transfor-
mations, such as martensitic transformation and precipitation
(Ref 57, 83). Volume fraction, grain orientation, grain size and
phase morphology of f-phase, o’ and o’ phases have also been
largely associated as strong features that influence the mechan-
ical properties in Til023. Based on Ref 81, these factors also
affect the deformation behavior in different deformation
patterns. Microindentation and nanoindentation tests with
higher sensitivity and precision, micromechanical behavior of
microphase or nanophase can be obtained.

Similar alloys as Ti1023 with low stacking fault energies are
prone to experience discontinuous recrystallization upon defin-
ing or knowing the preferable flow localization, which
produces inhomogeneity of grains (Ref 78).

According to Ref 79, the a-phase content does not
significantly influence on the mechanical properties of Ti1023
after heat treatment. Results reported an increase in the yield
point due to the rise amount of the f-phase of higher strength.
Correspondingly, a decrease of impact strain was detected
because of a decrease in the amount of the a-phase. The
morphology evolution of phases was also observed and
associated with the behavior of yield point and impact strain.

Different deformation mechanisms of Ti1023 were studied
from the effect of microstructures on them (Ref 80). In (o + f)-
phase field solution treatment conditions, the fraction of
globular a-phase was observed to decrease, while the com-
pression strength increased. Under conditions of heating time
increasing, the fraction of the acicular a-phase increased as well
as the compression strength. Under aging conditions, the
microstructure and mechanical properties did not change with
the aging time as expected concerning similar previous results.

The indentation deformation behavior of f-phase in Til023
was investigated in Ref 81. The alloy was modified by the f
solution treatment that involved water quenching. The treat-
ment temperature, loading rate and indenter load were taken as
objective parameters to analyze their influence on microme-
chanics properties. Decreasing behaviors in the microhardness
and Young’s modulus were detected until a certain load was
assessed. Both properties were observed to remain at the same
level when the indenter load was above such critical value. On
the other hand, the dissipation of the plastic energy was
observed to be significantly influenced by the [ solution

Refs. Preheating, °C Power, W Laser spot, pm Layer thickness, pm Hatch spacing, pm Scanning speed, mm/seg
Ref 88 80 370 Not rep. 60 120 1035

Ref 86 Not rep. 200-400 Not rep. 30-60 60-75 5000

Ref 87 Not rep. 200-400 70 30 60 750-1200
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treatment temperature and loading rate. The load value was also
observed to influence the plastic energy dissipation, which
increased with the growth of the indenter load exerted on the
specimens.

4.3 Ti5553 [Ti-5A1-5V-5Mo-3Cr])

It is a near PTi-alloy. This composition was developed to
provide processability, a lesser propensity to segregation, a
lower cost and a better performance—among others—over the
already established composition Ti1023 used in similar appli-
cations (Ref 85). Its general mechanical properties are referred
to in Table 7. In aeronautical applications, it is widely used in
landing gear modulus, helicopter rotors, wings and load-
bearing fuselage components on civil (B787 Dreamliner,
Airbus A350) and military aircrafts (Airbus A400M). This
alloy is characterized by the versatility of its mechanical
properties (high strength, highly hardenable, ductility, low
density) based on the post-processing thermal treatment, which
makes it attractive as a structural titanium alloy (Ref 35, 90,
91).

Due to o precipitates formed during aging, the strength is
significantly higher, and the processing temperature of this
alloy is lower than that of dual (« + f) phase alloys. High
ductility and high strength are reached by the application of
heat treatments (Ref 92). Commonly, the production of parts
manufactured with this alloy includes a complex sequence of
different thermomechanical steps until obtaining the desired
microstructure. Large-sized components are commonly manu-
factured by the forging process (Ref 93).

A slightly different composition than Ti5553 that is recently
being study is Ti55511 (Ti-5A1-5V-5Mo-1Cr-1Fe). It is also a
near f Ti-alloy with an application niche in the aeronautical
industry (Ref 94). Compared to Ti64 (Ref 95), Ti55511 has
superior structural properties as it provides higher strength with
15-20% less weight. As compared to Ti5553, the addition of Fe
and reduction in Cr makes the alloy less prone to segregation. It
allows ingots to be produced at a higher amperage and melt
rates, which result in a significant reduction in the process cycle
time.

4.3.1 Processability via LPBF. Comparatively, this alloy
indicates a larger processing window and a higher working
strength than Ti1023. Furthermore, Ti5553 is characterized by a
demonstrated weldability (Ref 93).

The energy density must be carefully tuned to have the
optimal grain size distribution to achieve high material density.
During the mechanical behavior analysis of Ti5553 performed
by Schwab et al. (Ref 93), a UTS of about 800 MPa and a strain
up to 14% were obtained by evaluating cubic samples
processed with different scanning strategies. The processability
of this material was confirmed based on relatively good values
obtained from different processing conditions. Results from
UTS and strain were added to the obtained density near
99.95%.

Ti55511 was investigated by Schwab et al. (Ref 94) through
processing and manufacturing blocks via LPBF recently. As
mentioned in Sect. 4.2, this composition slightly differs from
Ti5553 by having less Cr content and adding Fe, which
diminishing the possibility of segregation and favoring the
production process of ingots (Ref 94).

As to LPBF process of Ti55511, results from the mentioned
study showed that the process optimal parameters for obtaining
density values higher than 99% are as follows: power at 200 W,
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Table 7 Ti5553 general properties

Density, gr/cc Ty, °C  UTS,MPa S, MPa ¢, % E, GPa

4.58 820-880 1175-1300 1000-1100  6-8

scanning speed of 300 mm/s, hatch spacing of about 0.21 mm
and layer thickness of 50 pm. Preheating was also tuned for
diminishing the probability of segregation and reducing the
residual stresses. Microhardness values obtained were around
320 HV with small statistical deviation on data. The relatively
small variation was related to a uniform microstructure, as
stated in section 5.2.1. Relatively high surface quality was also
obtained. Although this feature is not inherent to the alloy
composition itself, it is worth mentioning that the identified
optimal process parameters can provide such good condition.
The dominant f phase in the original powder was not almost
transformed after processing. It could have been expected to
happen as occur with some Ti-alloys.

Based on literature and features about material response and
mechanical behavior of this composition, a process parameters
window for processing this composition via LPBF can be
considered from the ranges of parameters in Table 8.

4.3.2 Phase Transformation and Microstructure. The
microstructure of this alloy consists of HCP a-phase (P6s/mmc)
embedded in the BCC pf-phase (Im/3m) (Ref 92). When
processing via LPBF, precipitation of the «-phase can occur in
the vicinity of the heat-affected zone (HAZ), which typically
reaches temperatures close to 7. The dissolution of preexisting
base metal a-phase precipitates can occur near HAZ when 7§ is
exceeded. The extent of these phase transformations depends
on the cooling rates and thermal history of the part being
processed (Ref 96). These two factors are inherent to process
conditions.

In the microstructural analysis performed in Ref 92 on cubic
samples with densities near to 99% under preheating condi-
tions, there were no indications of a third phase. Due to the
presence of a high amount of f-phase SE, the possibility of the
existence of martensitic o’-phase is low. ff-phase SE suppresses
the martensite formation. The micrographs showed typically
elongated grains growing across the layers, while cellular
solidification or segregation, in general, was not obtained like
in other Ti-alloys. The microstructures of all samples were
composed of large f grains elongated in the building direction
and dispersed a-phase precipitates. The a-phase morphology
was detected in the shape of small plates sizing around 1 pm.
The mechanical properties of samples were enhanced by the
presence of a-phase, which strengthens the ff matrix acting as a
reinforcement. Based on this study, it could be demonstrated
that the phase formation during the process can be influenced
by substrate heating.

The heat treatability of Ti5553 processed via LPBD was
analyzed through the investigation of Ref 96. As in Ref 92
where the presence of a large amount of f-phase SE influenced
martensitic o’-phase, the microstructure of this study retained f-
phase upon high cooling rates inherent to LPBF by the presence
of such stabilizers. This microstructure allows the possibility
for post-build heat treating to enhance or modify the properties
of Ti5553 upon LPBF processed. It can be possible, differently
than other Ti-alloys, to produce a range of microstructures with
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Table 8 LPBF process parameters for processing Ti5553

Refs. Preheating, °C Power, W Laser spot, pm Layer thickness, pm Hatch spacing, pm Scanning speed, mm/seg
Ref 92, 93 Not rep. 60-140 80 45 Not rep. 100-180

Ref 90 200 400 80 30 80-120 Not rep.

Ref 96 Not rep. 100 50 30 Not rep. 600

Ref 94 250 200 Not rep. 50 210 330

different morphologies and ratios of both o and f§ phases.
Different heat treatment groups were defined during the
experimentation campaign. For all these groups, the SEM
analysis revealed a primarily equiaxed f-grain microstructure.
All groups had densities around 0.8% less than full density
value (4.65 g/cm3). A significant amount of o-phase in the
microstructures at high temperatures was present. However,
high strength and high ductility in the o/f microstructure
resulted in subjected of morphology and volume fractions of
phases. Under low temperatures for aging, w-phase could be
present, which significantly affects subsequent secondary o
distributions and the balance between strength and ductility.
Typical microstructures of TiS553 processed via STA and
BASCA are shown in Fig. 6 (Ref 35).

4.3.3 Properties. High ductility with low as-built hard-
ness is typical on Ti5553 as compared to Ti64. It helps
minimize distortion, residual stresses and cracking when
producing thick parts via LPBF (Ref 90, 96). This alloy
composition can strengthen via both solid solution mechanisms
in the single phase and precipitation strengthening of a-phase at
temperatures below the 7 around 850 °C (Ref 97). Material
densities of about 99.93% can be achieved by selecting an
optimized value of energy density. However, it finally depends
on the geometry of the component to be printed and the
inherent features of powdered material like the atomization
process, particle size distribution, morphology and initial
porosity if it applies.

Experimental data show that the oxygen content of this alloy
is relatively low as compared to many Ti-alloys. It enhances its
ductility and toughness of the system. On the other hand,
increasing the cooling rate from the solution temperature and
lowering the aging temperature relative to a baseline heat
treatment (either STA or BASCA) would provide high
strengths while ductility is maintained at adequate values.
The castability of this composition was evaluated in Ref 98.
Among the obtained findings, it was confirmed that under the
mentioned process conditions, the UTS could be reach values
near to 1100 MPS, ¢, near to 1035 MPa and elongation in the
range of 6.0-8.0%. To the extent that more precise thermal
treatment parameters can be tuned to work with, Widmanstdtten
structures can be given to birth, which becomes a key factor for
obtaining superior tensile strength properties in this alloy.

Bulk parts with improved mechanical properties by precip-
itation hardening may be manufactured with this alloy by
processing via LPBF when additional substrate heating during
the printing process is applied. Besides, thermal distribution in
this scenario must be considered for taking advantages of
distortion control and residual stresses minimization.

Microhardness and mechanical behavior under compression
of cubic samples processed via LPBF and subjected to thermal
conditions were evaluated by Zhao et al. (Ref 92). The
existence of a-phase precipitates was associated with the
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Table 9 Beta C general properties

Density, gricc Ty, °C UTS,MPa S,, MPa ¢ % E, GPa

4.77 715- 1276-1413 1160- 6-8 103-
740 1180 107

enhancement of microhardness on about 60% on two different
thermal conditions. The influence of residual stresses inherent
to LPBF on the microhardness was just mentioned as possible
to happen but not formally concluded.

This alloy generally shows that f-phase is more ductile than
a-phase due to its higher number of slip systems. In this study,
the microhardness measurements and the compression tests
showed the same behavior for the two thermal conditions.

At ¢ > 700 MPa and ¢ > 0.02, stress-induced f — o
transformation was observed during uniaxial compression
performed on cubic samples obtained directly from as-fabri-
cated ingot of Ti5553 and quenched from the f field (Ref 99).
In this work, deformation mechanisms of this alloy were
determined. At the specified mechanical condition, the yield
stress of the alloy has already been reached. This specific
transformation is not commonly observed in BTi-alloys. Some
internal strain distributions were observed within o colonies,
indicating that plastic deformation can be related to the
existence of this phase (Table 9).

4.4 Beta C [Ti-3AI-8V-6Cr-4Mo-4Zr]

It is a metastable PTi-alloy (Ref 35, 44, 100, 101). Its
development was also for substituting Ti-13V-11Cr-3Al for
aerospace applications as well as focused on the manufacturing
of springs and fasteners. Cold and hot workability, optimum
density, easy ingot manufacturing and mechanical properties
were highly considering for the alloy formulation.
Metastable PTi-alloys do not develop as high a strength as
the near BTi-alloys (Ti2448, Ti5553).

This alloy also features because of being easy to melt and
less prone to segregation due to the low Cr content by adjusting
the amount of other f-phase SE. It can also be hardened by the
solution plus aging treatment (STA) reaching UTS values near
to 1400 MPa (Ref 58, 97). It is one of the Ti-alloys that can be
solution-treated at 7. Typically, the range of temperature for
solution treatment is between 790 and 925 °C, time between
0.5 and 1.0 h, followed by either water quenching, air cooling
or forced air cooling depending on the section size (Ref 9, 58).

In the STA condition, this alloy can contain HCP o, BCC f8
(solute rich), p’ (solute-lean f), w, TiCr, and (Ti, Zr)sSi;
particles. Both the @ phase and TiCr, are embrittling (Ref 64).
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The presence of secondary phases such as @ and TiCr, is
detrimental for the mechanical performance of components.

The application of this alloy was expanded to the oil and gas
industries after certification of the composition on superior
corrosion resistance in reducing acids and hot chloride
environments. When very high strength, low modulus, light-
weight and corrosion resistance are key factors for satisfying
the functional and application requirements, the Beta C alloy is
adequate.

As it happens with other BTi-alloys, there are restrictions for
Beta C to be continuously used because of the limited recycled
material availability, which results in high alloy cost, special
care requirements upon melting and processing (Ref 35).

4.4.1 Processability via LPBF. Information about the
processability of Beta C via LPBF is scarce by now. A few
related works appear reported in the literature (Ref 102-104).
The second and third works are based on WAAM (this process
is based on the combination of an electric arc as a heat source
and wire as feedstock) (wire + arc additive manufacturing)
process. In Ref 102, cubic samples of Beta C and Ti64 were
processed with the same process parameters: power 1.3 kW and
laser scanning speed 4000 mm/s. The values of density reached
were around 98%. The particle size for Beta C was in the range
between 20 and 80 pm. Tensile tests were performed according
to ASTM ES8/E8M standard with “dog-bone” specimens
machined from LPBF processed samples.

The work reported in Ref 103 was focused on analyzing the
grain refinement and the columnar to the equiaxed transition of
some Ti-alloys. On the one hand, the mechanical and
microstructural responses to thermal treatments after WAAM
processing were evaluated in Ref 104.

The WAAM process differs from LPBF process on features
like delivered power upon melting and the yield of the process.
The two works based on WAAM are mentioned since this
process belongs to additive manufacturing processes. However,
the metallurgy of materials processed through WAAM as well
as the mechanical behavior after testing and analysis cannot be
compared either taken as a reference because of the nature itself
of the two processes. These two works evaluated Beta C
compared with referencing alloys. Based on the microstructural
analysis from Ref 102, Beta C shows good potential for making
large volume parts in high power and high scanning speed
processed via LPBF.

Based on literature and features about material response and
mechanical behavior of this composition, a process parameters
window for processing this composition via LPBF can be
considered from the ranges of parameters shown in Table 10.

4.4.2 Phase Transformation and Microstructure. The
typical aging cycle of Beta C is 470-620 °C for 4-12 h based
on the final geometry of the component and the desired
mechanical properties. As stated in the previous section, several
phases are possible to be formed due to the complexity of the
chemistry and ability to form metastable phases (Ref 35, 49).

Table 10 LPBF process parameters for processing beta C

The enriched f phase has been suggested to decompose by a
phase separation reaction into solute-rich and solute-lean f3:
fss — P+ B’ and by more complex reactions.

In the solution annealed condition, Beta C shows a
microstructure that consists of a metastable § phase, which is
readily retained at common section sizes by air cooling or water
quenching. Based on the thermomechanical processing history
and the section size, the [ grain size varies. In the STA
condition, increases in the strength in the order of 40% can be
obtained by precipitation strengthening.

The phase separation reaction fiss — [ + f was reported
to be unexpectedly observed upon short times aging at 350 and
550 °C by Barriobero-Vila et al. (Ref 100). This final
observation was supported by the fact that w-phase had been
reported to occur at 310 °C in this alloy. Consequently, with
this microstructural behavior, the ” precipitate formation was
observed to produce little or no increase in strength.

The effect of addition of Si (around 0.05%) on this
composition in terms of the microstructure was studied by Qi
et al. (Ref 58). The presence of Si produced finer grain size in
the composition which stated a difference in tensile properties.
According to the Hall-Petch relationship, the grain refinement
enhances S, and the formation of fine silicides dispersed in the
system affects precipitation strengthening. These two facts
explained the difference in the tensile properties, as was
mentioned above.

Upon LPBF processing this alloy, a fully f microstructure
with grains elongated in the building direction was obtained
according to results from Ref 102. The presence of this
microstructure resulted in low strength, but relatively high
ductility and fracture toughness as compared to Ti64 also
processed via LPBF.

4.4.3 Properties. Through a precipitation strengthening
mechanism, increases in strength in the order of 40% can be
possible to obtain as mentioned in the previous section. This
alloy can be stress relieved in the range of 705-760 °C for 10-
60 min. On the other hand, cold work increases the strength of
the alloy in the solution-treated condition and accelerates the
aging response. Depending on the product geometry, orienta-
tion and final strength level after STA, the fracture toughness
value can be reached in the range of 49-88 MPa /m (Ref 35,
85).

Water quenching before aging at different temperatures was
performed on hot-rolled samples in Ref 100. Specifically, a
brittle behavior at 350 °C after an exposure time enough to give
birth to o-phase was observed in this alloy. The formation of
shallow dimples because of microvoid coalescence promoted
the failure in ductile samples. Many cracks were also observed.
The best combination of ductility and strength was observed
with large type 2a precipitates formed in the f matrix upon
aging above 500 °C. These precipitates do not obey the Burgers
OR of the system (shown in Sect. 3). On the other hand, fatigue
crack propagation was also observed to be faster in this alloy

Refs. Preheating, °C Power, W Laser spot, pm

Layer thickness, pm

Hatch spacing, pm Scanning speed, mm/seg

Ref 102 Not rep. 1300 Not rep.

50 Not rep. 4000
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compared to Ti64 with the main effect of Beta C microstructure
prone to change the fracture surface morphology.

Variations on this composition by adding Si also showed
improvements in creep resistance and inhibition of f grain
growth of the alloy. However, the addition of high amounts of
Si negatively affects the ductility of Ti-alloys at room
temperature (Ref 35).

4.5 Alloy C

It is a stable BTi-alloy. This alloy was developed to be a non-
combustible material for aeronautical applications. A ternary
system Ti-V-Cr like this satisfies the non-susceptibility to
sustained combustion and resistance to excessive temperatures
and stresses. This alloy also provides a significant weight-save
as compared to nickel-based superalloys (Ref 35, 105), when
fabricating components of reaction engines. Its general
mechanical properties are referred to in Table 11. This alloy
is essentially a stable f-type Ti-alloy. It implies that quenching
is not required to retain the predominant 5 phase. Significant «
precipitation neither occurs upon aging (Ref 9, 64). The
presence of Cr improves the oxidation resistance and depresses
the melting point, which in turn assists in retarding sustained
combustion by absorbing energy to the heat of fusion. The
effect of Cr on the burnability of this alloy is shown in Table 12
(Ref 100).

The content of V does not significantly affect the burning
resistance behavior. Other alloying elements will change the
position of the a/ff phase boundary, the melting point through
and the exact amount of Cr necessary for nonflammability.

4.5.1 Processability via LPBF. Related works of Alloy C
processed via LPBF are not reported in the literature. The
potential applications of this alloy composition as non-burning
material make it very attractive for aeronautical and aerospace
applications where components are subjected to high-temper-
ature regimes or could be exposed to conditions in which self-
ignition could happen.

4.5.2 Phase Transformation and Microstructure. The
evolution of the microstructure of this alloy has not been
studied deeply. The microstructure after cast processing
basically consists of recrystallized equiaxed f-phase, some
small volume fractions of titanium carbides and a-phase. Based
on the equilibrium of ternary systems, titanium carbides are
expected to precipitate within the o phase (Ref 35). A
micrograph showing the microstructure of this alloy is shown
in Fig. 7.

A reference work (Ref 107) reported a microstructure of this
alloy based on titanium carbides in a BTi matrix, as shown in
Fig. 8. The average grain size reported is in the range of 3-
5 mm by checking on a macroscopic section of the ingot of
material which was produced by three-time vacuum arc
remelting (VAR):

It is also observed that the § matrix seems stable in domains
far from those particles. The addition of C in this composition
also showed an increase in creep resistance. This was attributed

Table 11 Alloy C general properties

Density, gr/icc  Tp, °C  UTS,MPa S, MPa ¢ % E, GPa

5.28 N/A 930-1025  865-980 21-24
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Table 12 Burn test results of Ti-V-Cr ternary system
(Ref 106)

Ti-alloy V  Cr Other Result
Bal. 13 11 3Al Burns

Bal. 35 15 Non-burning
Bal. 25 15 Non-burning
Bal. 30 15 Non-burning
Bal. 25 35 .. Non-burning
Bal. 35 15 0.5 Hf Non-burning

Bal. 3515 2Si Non-burning
Bal. 30 15 5Nb  Non-burning
Bal. 35 15 4Zr Non-burning
Bal. 35 15 2Mo Non-burning
Bal. 35 15 3 Fe Non-burning
Bal. 35 15 2Co  Non-burning
Bal. 35 15 4Co Non-burning
Bal. 35 15 6Co  Non-burning
Bal. 35 15 1Ru Non-burning
Bal. 35 15 3Ru  Non-burning

Commercial Alloys Ti64, Ti6242 All burn

Fig. 7. Micrograph showing the microstructure in which dark
zones may be o phase or carbides. Reprinted by permission from
Springer Nature Customer Service Centre GmbH: Springer Nature,
JOM, State of the Art in Beta Titanium Alloys for Airframe
Applications, James D. Cotton et al. (Ref 35), Copyright 2015

Fig. 8. Micrograph taking from a triple grain boundary junction
with different morphology of titanium carbides. Reprinted from Ref
107, Copyright 2016, with permission from Elsevier

to the second phase strengthening provided by carbide

particles, which inhibit the dislocation motion in the matrix.
A comparison work between this alloy and the same compo-
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sition plus 0.2%C content was performed showing a coarse f3-
phase equiaxed structure with a grain size of around 110 pm
and some o phase in the matrix and the grain boundaries (Ref
108).

These two previous micrographs showed Ti carbides
embedded in two different Ti matrixes. By LPBF processing
this material, it hypothetically might be experienced a combi-
nation of these two matrixes or one of the two can be the
preferable matrix to be dominant in the final microstructure.
There is not enough background in the literature on this
statement. Thermal or mechanical post-processing may also
induce a specific microstructural development.

4.5.3 Properties. V and Cr both act as solid solution
strengthener. However, V serves as the major f§ stabilizer. The
presence of C in some compositions of this alloy may cause the
formation of carbonitrides due to its low solubility. The
improvement of mechanical performance is commonly based
on the addition of Si and C, according to Ref 109. The
properties of the alloy are declared to be exceptional, according
to the developer. However, they can also be improved by
adding relatively small amounts of alloying elements (Ref 106).
Burn resistance is one of the most important properties of this
alloy. It is important to declare how to define the burn resistance
definition because it is a function of the type of test and test
parameters (Ref 35, 110). Some prospective alloying elements
for improving the alloy performance (burning resistance,
oxidation resistance, creep resistance, mechanical strength)
and their proposed range of use are shown in Table 13 (Ref
106).

Particularly, the existence of C has been demonstrated to
improve the post-creep ductility of Alloy C without affecting its
tensile ductility at room temperature. However, an excess of C
(more than 0.05%) may results in the formation of carbides, as
suggested by Sun and Lavernia (Ref 109). These phases are
normally quite hard and strong but have little ductility (Ref
106). Temperature increasing also influences the behavior of
elastic modulus, shear modulus and some thermal properties.

Table 13 Prospective quaternary alloying elements for
Alloy C enhancement (Ref 106)

Broad Preferred
B 0-0.6 0.1-0.5
Be 0-0.4 0.1-3.0
C 0-2.5 0.01-2.0
Co 0-7.0 0.5-6.0
Cr 0-7.0 0.5-6.0
Fe 0-4.0 0.5-3.0
Mn 0-7.0 0.5-5.0
Mo 0-12 0.5-10.0
Nb 0-12 0.5-10.0
Ni 0-12 0.5-10.0
(0] 0-0.3 0.08-0.2
Re 0-1.5 0.01-1.0
Si 0-2.5 0.01-2.0
Sn 0-2.5 0.1-2.0
Ta 0-1.5 0.1-1.0
w 0-2.5 0.5-2.0
Zr 0-5.0 0.5-4.0
Bi 0-1.5 0.1-1.0
Ga 0-2.5 0.1-2.0
Hf 0-1.5 0.1-1.0
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Elastic and shear moduli slightly decrease as temperature
increases, whereas specific heat, thermal expansion, thermal
conductivity and thermal diffusivity increase as temperature
increase as well (Ref 111). Unambiguously, the specific heat of
this alloy increases linearly from 565 to 677 J/(kg K). It has
also been reported that this specific heat is higher than that of
Ti64 and pure Ti.

In the biomedical field, Ti-Nb alloys are promising. It may
make them as potential materials to be used for medical devices
fabrication. Different constituent elements make it suitable for
specific applications, but their processability via LPBF is under
investigation, considering the microstructural evolution and its
impact on the mechanical performance of scaffold structures
mainly. Different recent results of this metallurgical sys-
tem—considering the differences upon adding other constituent
elements—are discussed in the section below.

4.6 Ti-Nb System

Ti-Nb alloys are also considered as PTi-alloys. They have
high strength but low Young’s modulus. This is also combined
with excellent biocompatibility, shape memory property,
superelasticity and outstanding corrosion resistance. This Ti
composition is considered as promising material for biomedical
applications (Ref 112-115). Nevertheless, Ti2448 takes the lead
for manufacturing medical implants because of its lower
Young’s modulus—as compared to Ti-Nb alloys—and good
balance with high strength. In the last years, Ti-Nb system has
been systematically studied considering minor additions of Zr,
Sn and Ta.

The work reported in Ref 116 was focused on analyzing the
anisotropic microstructure and mechanical properties of Ti-
13Nb-13Zr processed via LPBF. Among the obtained results,
there were found long and thin prior-f§ columnar grains which
were developed along the building direction. It was observed
higher microhardness in the horizontal direction than in the
vertical direction on specific specimens under certain process-
ing conditions. The preferentially oriented prior-f grains in
longitudinal direction resulted in the anisotropic tensile elon-
gation properties. Also, with Ref 116, the work in Ref 117
studied the same composition but focused on texture evolution,
phase transformation and mechanical performance. They were
able to control the crystallographic texture orientation and
phase transformation for the first time by LPBF implementing
different scanning strategies. They were defined according to
variations on the track angles inside layers (0°, 45° and 90°)
and chessboard scanning. Preferential growth directions of the
columnar cells along building directions were detected for 0°
and 90°. The content of the constituent phases (" and f§) was
also detected to be dependent on the scanning strategy.
Between these two phases, the o’-phase has a higher elastic
modulus than the ff-phase. The results of nanoindentation tests
revealed (in indentation load versus penetration depth plot)
higher hardness and better wear resistance than the commer-
cially used Ti.

Upon adding Zr and Ta to the Ti-Nb metallurgical system,
Zhou et al. (Ref 118) investigated the processing of Ti-35Nb-
7Zr-5Ta via LPBF looking for an optimized set of parameters
for obtaining densified bulk samples. The single-track routine
was used to study the combination between the laser power and
the scanning speed. Continuous and uniforms tracks were
achieved with a power about of 130 W and scanning speed
about 0.6 m/s. It was observed that the microstructure obtained

Journal of Materials Engineering and Performance



with such optimized parameters presented melt pool boundaries
related to microsegregation. Also, a coarse columnar grain
structure was detected in perfect alignment with the building
direction. It was expected to result in considerably better
mechanical properties anisotropy. The mechanical performance
of the samples was evaluated through Vickers microhardness
and compression tests. It was also considered the effect of
porosity on mechanical properties.

In the study (Ref 119), Ti-33Nb-4Sn was evaluated upon
studying its microstructure and mechanical properties. The
analysis was performed through additive manufactured porous
scaffolds for orthopedic applications. Two porous scaffolds
(diamond and rhombic dodecahedron) fabricated by LPBF
were used. Microstructure, defects characteristics and phase
were investigated and correlated considering the effect of pore
structure, processing parameters and unit cell. Both porous
scaffolds showed good formability without apparent deforma-
tion and collapse of the struts. Some discontinuities and holes
were observed at the intersection of the struts of rhombic
dodecahedron structures. Fine f-phase dendrites were observed
as a result of the rapid solidification, which is consequence of
the high cooling rates of the LPBF process. The marked
difference in the melting point of Nb and Sn lead to segregation
of Sn and the formation of unmelted Nb particles during
solidification. There were also observed some small holes
generated by evaporation of Sn. The compressive and bending
strength of the samples decrease with the decrease of strut sizes.
It was associated with the presence of defects such as
segregation of Sn, balling and presence of unmelted Nb.
Between both scaffolds structures, it was evidenced that the
diamond structure samples always showed better mechanical
performance than those of the dodecahedron structure samples
upon considering the same unit cell size.

Another composition of this metallurgical system was
analyzed by Cheng et al. (Ref 120). This time, it was studied
the Ti-35Zr-28Nb alloy and its mechanical performance.
Different porosity values were also analyzed in two different
scaffold configurations (FCCZ and FBCCZ) upon printing
scaffold structures via LPBF. It was determined elastic modulus
values and compressive yield strength values. The porosity of
the FBCCZ was significantly lower than that of the designed
porosity. It was attributed to more partially melted metal
particles deposited on the surfaces of the struts inside the
porous structure.

Conventional specimens of Ti-35Nb-7Zr-5Ta were fabri-
cated through LPBF and analyzed by Li et al. (Ref 121).
Similarly with Ref 118, it was found that the single f-phase
leads to excellent mechanical properties which favor this
composition for biomedical applications. A high density value
was found at 150 J/mm® with a tensile strength of about
630 MPa and a low elastic modulus of about 80 GPa. The
observed microstructure was found to be composed of fine,
equiaxed, as well as narrow elongated grains along the laser
tracks. A high amount of local strains were concluded to be
responsible for the excellent mechanical strength found after
the tests. These local strains were the result of rapid cooling and
a high density of dislocation network. In general terms, the
good ductility, low modulus and remarkable strength of Ti-
35Nb-7Zr-5Ta processed via LPBF make it an ideal material for
load-bearing biomedical applications.

The work of Ref 122 studied the Ti-Nb system with a
similar-in-constituents powder as the composition of Ref 116
but different stoichiometrically. A unique microstructure in
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terms of strong texture and strain-induced martensitic transfor-
mation was observed. A hard-wraps-soft texture was also
observed, which makes the LPBF produced parts more ductile
than conventional hot-rolled counterpart. This texture was also
observed in the work of Ref 71 with similar results. The
formation of sub-grain boundaries, sub-grains and columnar
grains were found to be responsible for an increasing of yield
strength and ultimate tensile strength. The comparison work
reported thin prior-ff columnar grains along the building
direction. However, the processing conditions are quite differ-
ent and, therefore, such structures are far from being compa-
rable. In the work of Ref 123, the superelastic response of Ti-
35Nb-2Ta-3Zr was studied with scaffolds produced via LPBF.
It was found an influence of the scaffold pores size in the
superelastic properties and the strain recovery during deforma-
tion. The Young’s modulus of the scaffolds with different pore
sizes was found to be favorable for biomedical bone implants
due to its closeness with the one of human bone. Microstruc-
turally, similar results comparing to Ref 61 (in which the same
composition was investigated) were found. Several transfor-
mation mechanisms like stress-induced and twinning-induced,
and martensitic transformation were also reported.

By elemental powder mixing, Ti-35Nb was investigated in
the work of Ref 124. Starting from the uncertainty about the
chemical homogeneity and the resultant microstructures of the
printed parts via LPBF, the mechanical properties and final
microstructure were studied. Some microstructural inhomo-
geneity was observed because of undissolved Nb particles. It
was revealed that such particles deteriorated the macroscopic
plastic deformability of the as-built samples. Heat treatment
was also found to be beneficial for homogeneity improvement
in both chemical composition and microstructure. As a
consequence of the mechanical stability of Ti-Nb /5 phase, the
mechanical response was found to be enhanced. Dendritic f
grains were also observed. Because of it, the as-built Ti-35Nb
showed relatively high tensile strength, but ductility was
evidenced to be low. A work performed with premixed powders
(Ti-Cr based alloy) (Ref 125) reported also promising results
between density and energy density.

Table 14 summarizes the main findings of the reviewed
metallographic systems:

5. Time Evolution of Related Works
of the Selected Beta Phase Titanium Alloys

BTi-alloys have been investigated from different processing
conditions, but most of the results are focused on these alloys
processed conventionally. The number of research works that
have been published, which are available in the literature, is
shown in Fig. 9. On the one hand, Fig. 10 shows the number of
works—per country worldwide—of the BTi-alloys processed
via LPBF. Research works of Alloy C processed via LPBF are
not reported yet, as was stated in subsection 4.5.1.

6. Future Outlook

e Further research about LBPF parameters tuning must be
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Table 14 Summary of findings of processability, phase transformation and microstructure, and properties of the

reviewed metallurgical systems

Processability

Phase transformation and
microstructure

Ti2448 A combination of high energy density and low scanning speed values lead to high
density values, decreasing strength and low relative porosity. Low scanning speeds (only) make
density decrease keeping the hardness at high values. Low energy density promotes presence of
Nb unmelted particles, which affects ductility, facilitating crack propagation. High scanning
speeds promote molten pool instability, balling, poor surface finishes and dross formation
Ti1023 Scarce information is available of Ti1023 processed via LPBF. The development of fine
p columnar grains and widespread cell structures can be observed upon printing with a small
powder layer thickness, a low laser power and a short exposure time (low energy density). Low
energy density can also promote an anisotropic behavior of plasticity. On the contrary, at high
energy density, grain growth and texture increasing can be observed with a decrease in cell
structures

Ti5553 This alloy indicates a larger LPBF processing window and a higher working strength
than Ti1023. Ti5553 is characterized by a demonstrated weldability. The energy density must be
carefully tuned to have the optimal grain size distribution to achieve high material density. The
processability of this material was confirmed based on relatively good values obtained from
different processing conditions

Beta C This is one of the Ti-alloys that can be solution-treated at 7. Typically, the range of
temperature for solution treatment is between 790 and 925 °C, time between 0.5 and 1.0 h,
followed by either water quenching, air cooling or forced air cooling depending on the section
size. Few related works appear reported in the literature of this composition processed via metal
AM

Alloy C Related works of Alloy C processed via LPBF are not reported in the literature. This
alloy was developed to be a non-combustible material for aeronautical applications. A ternary
system Ti-V-Cr like this satisfies the non-susceptibility to sustained combustion and resistance to
excessive temperatures and stresses. This alloy also provides a significant weight-save as
compared to nickel-based superalloys

Ti-Nb System A high density value was found at 150 J/mm® with a tensile strength of about
630 MPa and a low elastic modulus of about 80 GPa when Ti-35Nb-7Zr-5Ta was processed via
LPBF. However, a more general concept on this regard cannot be given because of the influence
of constituents of different compositions that can be acceptable in this metallurgical system
Ti2448 Interstitial oxygen can improve the stabilization of § phase. The constituent phases of
this alloy are based on f-phase mainly, but it could be accompanied by metastable phases « and
o”. The formation of a microstructure with a monolithic f§ phase allows decreasing the
elastic modulus of this alloy. Compressive strength and elastic modulus can increase after a
solution and aging heat treatment

Ti1023 Phase transformations such as § — o martensitic transformation, athermal or
isothermal f —  and f — « transformation can be present. The phase transformation
p — o could be induced by stress, including internal stresses arising from quenching
and external stresses such as tensile loading or mechanical polishing

TiS553 Precipitation of the a-phase can occur in the vicinity of the heat-affected zone (HAZ),
which typically reaches temperatures close to 7p. The dissolution of preexisting base metal o-
phase precipitates can occur near to HAZ when Tp is exceeded. The extent of these phase
transformations depends on the cooling rates and thermal history of the part being processed. It
can be possible, differently than other Ti-alloys, to produce a range of microstructures with
different morphologies and ratios of both o and f§ phases

Beta C In the solution annealed condition, Beta C shows a microstructure that consists of a
metastable f§ phase, which is readily retained at common section sizes by air cooling or water
quenching. Based on the thermomechanical processing history and the section size, the  grain
size varies. In the STA condition, increases in the strength in the order of 40% can be obtained
by precipitation strengthening. Upon LPBF processing this alloy, a fully f# microstructure with
grains elongated in the building direction can be obtained. This microstructure resulted in low
strength, but relatively high ductility and fracture toughness compared to Ti64 also processed via
LPBF

Alloy C The evolution of the microstructure of this alloy has not been studied deeply. The
microstructure after cast processing basically consists of recrystallized equiaxed f-phase, some
small volume fractions of titanium carbides and o-phase. Based on the equilibrium of ternary
systems, titanium carbides are expected to precipitate within the o phase. The addition of carbon
in this composition also showed increasing in creep resistance. This was attributed to the second
particle strengthening of carbide particles, which inhibit the dislocation motion in the matrix
Ti-Nb System Long and thin prior-f columnar grains along building direction can be found. It
can result in anisotropic tensile elongation properties. Constituent phases (¢ and f) can be
detected to be dependent on the scanning strategy. Between these two phases, the o’-phase has
higher elastic modulus than that of the f-phase. Fine f-phase dendrites can be obtained as a
result of the rapid solidification which is a consequence of the high cooling rates of the LPBF
process.

6382—Volume 30(9) September 2021

Journal of Materials Engineering and Performance



Table 14 continued

Properties

Ti2448 Good balance of low modulus/high strength ratio, superelasticity properties and non-presence of
toxic elements for human body. Regular values of Young’s modulus, S, and UTS of this alloy processed
by LPBF are about 53 GPa, 570 and 670 MPa, respectively

Ti1023 Volume fraction, grain orientation, grain size and phase morphology of fi-phase, o” and o” phases
have also been largely associated as strong features that influence the mechanical properties in
Ti1023. The a-phase content does not significantly influence on the mechanical properties of Til023 after
heat treatment. The morphology evolution of phases can be associated with the behavior of yield point
and impact strain

Ti5553 High ductility with low as-built hardness is typical on Ti5553 as compared to Ti64. This alloy
composition can strengthen via both solid solution mechanisms in the single phase and precipitation
strengthening of a-phase at temperatures below the 73 around 850 °C. Material densities of about 99.93%
can be achieved by selecting an optimized value of energy density. However, it finally depends on the
geometry of the component to be printed, and the inherent features of powdered material like the
atomization process, particle size distribution, morphology and initial porosity if it applies

Beta C Through a precipitation strengthening mechanism, increases in strength in the order of 40% can
be possible to obtain as mentioned in the previous section. This alloy can be stress relieved in the range of
(705-760 °C) for (10-60 min). The best combination of ductility and strength was observed with large
type 2o precipitates formed in the f matrix upon aging above 500 °C. Variations on this composition by
adding silicon also showed improvements in creep resistance and inhibition of f§ grain growth of the alloy.
However, the addition of high amounts of silicon negatively affects the ductility of Ti-alloys at room
temperature

Alloy C The presence of carbon in some compositions of this alloy may cause the formation of
carbonitrides due to its low solubility. The properties of the alloy are declared to be exceptional, according
to the developer. However, they can also be improved by adding relatively small alloying elements. Burn
resistance is one of the most important properties of this alloy. It is important to declare how to define the
burn resistance definition because it is a function of the type of test and test parameters

Ti-Nb System Coarse columnar grain structure can influence on considerable better mechanical
properties anisotropy. Heat treatment was also found to be beneficial in this system for homogeneity
improvement in both chemical composition and microstructure. As a consequence of the mechanical
stability of Ti-Nb f phase, the mechanical response was found to be enhanced. Dendritic f§ grains were
also observed. Because of it, the as-built Ti-35Nb showed relatively high tensile strength but ductility was
evidenced to be low.

N

performed in order to adjust the allowable range of sur-
face roughness that characterizes a good surface quality
towards a better fatigue performance of lattice structures.
Better control of homogeneity in microstructure at lattice
struts level must be tailored in order to have a better
mechanical response individually when a lattice structure
behaves as a whole under loading conditions.
Processability via LPBF of Alloy C must be investigated
at all. This composition has not been studied before and
its applicability in aeronautical application encompasses a
wide range.

Conclusions

The processability of BTi-alloys via LPBF has not been
investigated deeply until now despite the wide application
of this family of alloys in many fields of industry like
aeronautical and biomedical. Because of the lack of
knowledge and understanding of the LPBF processing of
these alloys, reliable sets of optimal processing parameters
are not known. These two fields of applications are the
ones with more applicability of f-phase Ti-alloys pro-
cessed via LPBF. The applications through LPBF devel-
oped in these fields industry are still being performed with
different alloy compositions like Ti64.

Journal of Materials Engineering and Performance

Ti2448 has the potential to be used in biomedical applica-
tions because of its low toxicity and low Young’s modu-
lus. Based on these two critical features (for the
biomedical context), this composition tends to be prefer-
able in the biomedical industry than the Ti64. However,
there have been few research works—around 7% of the
total reported works—of microstructure and mechanical
behavior of this composition through LPBF processing.
This fact does not allow us to understand its adequate pro-
cessability for a tailored mechanical behavior as a function
of the corresponding microstructure by now. Moreover,
this lack of knowledge does not allow a complete imple-
mentation of Ti2448 in the biofield.

Based on the literature review, Alloy C has not been used
for processing via LPBF. This composition has excellent
mechanical performance in terms of high oxidation and
creep resistance and outstanding mechanical strength. Its
features also provide weight savings as compared to nick-
el superalloys. Its LPBF processability must be addressed
to place the composition at hand on high-performance
applications in the aerospace field where its non-burning
features are required.

The LPBF processability of Ti5553, Til023 and Beta C
and their associated microstructures and mechanical
behaviors have been scarcely investigated. Around 12% of
the total reported works of fS-phase Ti-alloys—without
considering Ti2448—are focused on these three composi-
tions. They are characterized by being attractive materials
for structural applications in the aeronautical field. The
versatility given by LPBF process for producing topologi-
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cally optimized structures makes imperative the need to
expand the use of these three compositions for processing
via LPBF. Metallurgy of them based on conventional pro-
cessability is well known and its consideration as a start-
ing point is valuable.

Most-known Ti-alloys, such as Ti64, are still taken as a
starting point for understanding how the inherent metallur-
gical features (like grain size and orientation, phase distri-
bution, their morphology and volume fractions), have a
direct influence on the final microstructure and the desired
mechanical properties. The relationship between these last
two material entities is tightly linked to the mechanical
behavior of the material and the functional performance of
the component manufactured via LPBF when in service.
The Ti-Nb metallurgical system is highly promising for
biomedical applications considering its low Young’s mod-
ulus. However, the role of the other constituents—Ilike Sn,
Zr and Ta—in the final mechanical performance must be
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Fig. 10. Number of works performed on each material processed via LPBF by countries focused on microstructure and mechanical behavior

carefully understood for tailoring the appropriate mechani-
cal response based on the final application in the biomedi-
cal field. Even, the amount of Nb should not be
underestimated considering that this constituent is prone
to segregation which negatively affects the kinetic equilib-
rium of the grain boundaries.

The interest in researching on BTi-alloys has been increas-
ing, starting at the beginning of the last decade because of
the new developments in the aeronautical and biomedical
industry. More efficient combustion engine components,
lighter-weight structural elements and consolidated subsys-
tems—to be topologically optimized and produced via
metal AM—that replace conventionally assembled multi-
parts in the aeronautical industry demand the implementa-
tion of alloy compositions with the optimized material re-
sponse, which is evidenced in the enhanced mechanical
performance. Besides that, the processability of such com-
positions via LPBF—which allows building the optimized
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topologically components—must be known and fully
understood.
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