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Abstract

Titanium alloys, as a lightweight metal material, have high specific strength and fracture
toughness, and is a indispensable advanced engineering material in aerospace, energy
and chemical industries. However, titanium alloys are difficult to process due to their
poor thermal conductivity and low plastic deformation coefficient. Laser additive
manufacturing (LAM) technology, as a new manufacturing method, could achieve the
net-shape manufacturing of complex parts in a short time, providing a new way for the
processing of titanium alloys. However, the directional deposition, rapid cooling rate
and thermal cycle in LAM lead to the epitaxial growth of 8 columnar grains with
solidification texture and martensitic transformation, resulting in low ductility and
severe anisotropy of titanium alloy. In order to exert the design potential of LAM,
especially for structural parts, it is necessary to optimize the microstructures and
mechanical properties of titanium alloys through processing parameter and heat
treatment optimization. This paper provides a comprehensive understanding of the
anisotropy and mechanical property optimization of laser additive manufacturing
titanium alloys. It mainly summarizes two LAM processes, laser powder bed fusion
(LPBF) and direct laser deposition (DLD), and reviews the literature on the
microstructure and mechanical property anisotropy of LAMed titanium alloys. Three
methods for eliminating mechanical anisotropy, including element addition, process
optimization, and post heat treatments, are highlighted. It can be emphasized that grain
refinement and discontinuous GB-a are key factors in eliminating mechanical anisotropy.
The advantages and disadvantages of existing methods are analyzed and compared,
which can provide some reference for future research.
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1. Introduction

1.1 The Current Development Status of Titanium Alloys

Titanium alloy is a lightweight metal material with high specific strength and fracture toughness [1].
The application fields of titanium alloys are constantly expanding and have become one of the highly

548



International Core Journal of Engineering Volume 10 Issue 5, 2024
ISSN: 2414-1895 DOI: 10.6919/ICJE.202405_10(5).0069

regarded materials in the field of engineering materials today [2]. In addition, titanium and titanium
alloys, due to excellent mechanical properties and non-cytotoxicity, are often used as metallic bone
implant materials and dental implant materials in the biomedical field [3,4]. In the meantime, titanium
alloy has been widely used in ship anti fouling due to the excellent corrosion resistance [5].
Furthermore, the high stiffness and toughness of titanium alloys also make them commonly used in
aerospace components such as aircraft landing gear, blade guides for rotorcraft, and helicopter rotor
systems [6].

Titanium alloys can be classified into a-alloys, near-a alloys, a-p alloys, and B-alloys based on the
strength and composition [1]. a-titanium alloys have excellent machinability and toughness, which
are commonly used in aerospace fields. B titanium alloy is widely used in aerospace, chemical and
energy industries because of its high specific strength, good toughness and excellent corrosion
resistance, which can be effectively improved in the strength, ductility and fatigue properties by heat
treatment [7]. a-f alloy is a titanium alloy that simultaneously contains a-phase and B-phase with
higher strength and good formability.

1.2 Additive Manufacturing of Titanium Alloy

Due to the intrinsic physical and mechanical properties, such as poor thermal conductivity and low
plastic deformation coefficient, titanium alloys are prone to adhesive and notch wear, as well as high
temperature during cutting operations causes tool failure [8,9]. Therefore, conventional
manufacturing methods face considerable challenges in producing titanium alloy components. The
laser additive manufacturing (LAM) technology, as a novel manufacturing approach, enables the net-
shape fabrication of intricate components within a short timeframe. It offers a new avenue for forming
difficult-to-machine materials like titanium alloys [10].

Laser powder bed fusion (LPBF) and direct laser deposition (DLD) are two different additive
technology processes [10—14]. LPBF is one of the most common additive manufacturing processes
for producing metals/alloys with complex geometries and fine microstructures [10]. LPBF utilizes a
laser beam to fuse metal powder particles layer-by-layer until the desired shape is achieved, based on
computer-aided design (CAD) data. The LPBF was commonly used for rapid manufacturing in small
batch production, which could fabricate parts with high density (> 99%) [15,16]. The schematic of
the LPBF process is shown in Fig. 1 [17]. However, the LPBF may generate thermal stress and
deformation during the manufacturing process. Thus, the process control of LPBF is very complex.

Fig. 1 Schematic of LPBF mechine. Reprinted from [17], Copyright 2018, with permission from
Elsevier.

DLD technology is a commonly used additive manufacturing technique as well. It is based on a CAD
model and utilizes a high-energy-density laser beam as a heat source to melt the material [18].
Additionally, DLD can deposit metal materials through powder or wire feeding, which provides high
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manufacturing efficiency and flexibility. In comparison to other laser additive manufacturing
technologies, DLD enables functional material grading, rapid repair and cladding, as well as multi-
axis deposition. Simultaneously, it offers high material utilization, short production cycles, and lower
costs as compared to traditional manufacturing methods [19].

In general, LPBF and DLD both involve melting metal powder layer-by-layer with lasers to fabricate
parts. They are also capable of creating complex geometries and customized parts as well, which offer
high design freedom. However, DLD has a faster manufacturing rate, while LPBF exhibits higher
manufacturing flexibility. LPBF has a higher degree of manufacturing precision and surface quality
to some extent, and is capable of producing smaller-sized structures. On the contrary, DLD has a
relatively larger manufacturing size range [20].

1.3 The Mechanical Property Anisotropy of LAMed Titanium Alloys

LAMed titanium and titanium alloys are widely concerned due to their high strength, corrosion
resistance, and high-temperature resistance. However, their inherent anisotropy makes them prone to
the formation of defects, plastic deformation, and residual stress, thereby affecting the performance
of processed parts. This presents significant challenges for the application of titanium and titanium
alloys in various fields. The anisotropy of mechanical properties of additive manufactured titanium
alloy is caused by the combination of temperature gradient of molten pool, grain orientation during
solidification, thermal stress and residual stress. Therefore, it is important to eliminate the anisotropy
of titanium and titanium alloys. In this paper, we will systematically introduce and summarize the
methods for eliminating the anisotropy of LAMed titanium alloys.

2. The Microstructure in the LAMed Titanium Alloys
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Fig. 2 The optical micrographs (OM) depict a predominant columnar grain structure in (a,
c)vertically fabricated samples and (a, ¢) horizontally fabricated samples for fabricated Ti-6Al-4V
by LPBF. Reprinted from [23], Copyright 2013, with permission from Elsevier.
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During the process of additive manufacturing, metal powders are melted by a high-energy beam,
which causes localized temperature to increase instantly to the melting point and then forms a molten
pool in a short period. It also forms a high-temperature gradient between the previous deposition
layers. The grains grow in a direction perpendicular to the molten pool boundary, manifested as
columnar grains growing through the melt pool or along the building direction (Fig. 2) [21-23].

Different manufacturing processes of additive manufacturing result in different microstructures of
titanium alloys. For instance, it is reported that the Ti-6Al-4V has a non-equilibrium microstructure
caused by directional solidification, rapid cooling rate and thermal cycling during the LPBF process.
Thus, the columnar prior-f grains grow epitaxially in the opposite heat transfer direction, with strong
<100> solidification texture [24—31]. In addition, due to the extremely high cooling rate of LPBF and
the diffusion-less transformation dominates, the fine acicular o’ martensite precipitate in the prior-f3

grains, which has a weak {1 150} texture [32,33]. The o' martensite has very high strength and low
ductility. Moreover, the residual stresses are induced in the LPBF process owing to the high-
temperature gradient [16].

The microstructure of DLD Ti-6Al-4V consists mainly of columnar prior-f grains growing in the
faster cooling direction (Fig. 3a) [34]. Meanwhile, the rapid cooling after the solidification could
cause many fine Widmanstitten a to precipitate at the grain boundaries (Fig. 3b) [35,36]. Likewise,
the microstructure reported in DLD Ti-6.5A1-2Zr-1Mo-1V alloy consists of coarse columnar grains,
which grow along the building direction [34,37].

Similarly, large <001> oriented columnar prior-p grains were formed along the building direction in
the a titanium alloy TA15 (Ti-6Al-2Zr-1Mo-1V) fabricated by LPBF (Fig. 4) [38]. However, the GB-
a (grain boundary a) phase is observed along the prior-f grain after the heat treatments. The GB-a
phase follows the Burgers orientation relationship (BOR) with the matrix prior-f grains [39,40]. The
presence of continuous GB-a could facilitate crack propagation along grain boundaries, which
significantly hinders the enhancement of mechanical properties. The DLD TA15 alloy consists of an
acicular o"+o martensitic phase, which could transform into the Widmanstétten structure after heat
treatments (such as the anneal treatment with water or air cooling) [41].

The electron back scatter Diffraction (EBSD) results (Fig. 5) show the presence of the a/a’ phase in
Ti-15Mo alloys fabricated by LPBF, which is attributed to the trapped oxygen in the interstitial space
between powders [42]. Oxygen is an effective a stabilizer and titanium alloys containing 0.4 wt%
oxygen increase the B-transition temperature by 50 K, which promotes the precipitation of the o/a’
phase [43]. Furthermore, the intensity of the o’ phase is weak compared to the strong peaks of the [3-
phase in Ti-15Mo alloys [42].

It is worth mentioning that, as a research hotspot in recent years, the structural design of lattice
structures has also attracted widespread attention for the study of mechanical anisotropy. Lightweight
lattice structures have broad application prospects in biomedical scaffolds, energy absorption,
structural components, and other fields [44,45]. In addition, lattice structures often have predictable
failure mechanisms and high damage tolerance[46]. AM has solved the challenge of structural
complexity at microscopic dimensions for lattice structures due to its high precision and near-net
shape. Therefore, it is possible to solve the macroscopic mechanical anisotropy of lattice structures
through structural design. The design of horizontally distributed struts can improve the spatial
anisotropy of lattice structures and reduce the possibility of shear failure [47]. However, it should be
noted that for isotropic loaded lattice structures (such as diamond unit cell), poor-quality horizontal
struts can lead to early failure of the structure [48]. At the same time, a unique topology optimized
(TO) unit cell was proposed [49]. TO lattice exhibits high yield strength and plateau stress levels.
When loaded in different directions, this structure exhibits nearly isotropic energy absorption and low
mechanical anisotropy.
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Fig. 3 In the fabricated Ti-6Al-4V by DLD, (a) the macrostructure consists of fine columnar grains,
and (b) the microstructure exhibits a very fine Widmanstétten structure. Reprinted from [34],
Copyright 2015, with permission from Springer Nature.
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Fig.4 Manufacturing characteristics of LPBF TA1S5 alloy: (a) XRD pattern; (b) OM image depicting
columnar B grains; (¢) SEM surface view displaying parallel a-colonies along the prior  grain
boundary (GB); and (d) magnified image revealing basket-like a structure. Reprinted from [38] ,
Copyright 2021 with permission from Springer Nature.
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Fig.5 Identifying the phase of four scanning strategies through EBSD, the angle of each over-
building layer is shifted by (a) 0°, (b) 45 °, (c) 90°,and (d) chessboard (red areas indicate o/a’ phases
and green areas indicate B-phases). Reprinted from [42], Copyright 2015, with permission from

Elsevier.
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3. Mechanical Property Anisotropy Elimination by Element Additions

The generation of columnar B grains in additive-manufactured titanium alloys is due to the steep
temperature gradient from the melt pool to the substrate and the narrow solidification range
[10,26,50-52]. Columnar grains are one of the main reasons causing anisotropy in LAMed titanium
alloys [53-55]. Several recent studies have shown that the addition of specific alloying elements (La,
Cu, and B) or very small amounts of nanoparticles can play an important role in generating additional
nucleation sites in the molten pool and transforming the columnar grains into an equiaxed grains [56—
61].

Adding B stable elements Cr and Mo in titanium alloys could enhance the compositional supercooling,
which made the single B-phase microstructure refined and equiaxed [62]. During the process of
fabricating Ti-6Al1-4V by DLD, Co-28Cr-6Mo (CCM) powder was mixed with Ti-6Al-4V powder in
a ritio of 12:1 and 40:7. Respectively, expressed as 5Co and 10Co based on Co content. And the
compositional supercooling and B-phase stability of the specimens were enhanced after adding the
two powders in a Ti-6Al-4V: CCM ratio of 40:7. Due to the higher solubility of Co in B-alloy (~ 17.3
wt.%) compared to its solubility in a-alloy (~ 1 wt.%), the formation of intermetallic compounds can
be prevented by stabilizing the B-phase [63]. It resulted in a refined equiaxed single B-phase structure
(grain size of approximately 36 pm) with a random texture and isotropic tensile characteristics [64].
In Fig. 6, the 10Co samples with a Ti-6AI-4V to CCM ratio of 40:7 exhibit a strong combination of
properties, including a yield strength of 941 + 25 MPa and a tensile elongation of 14.2 = 2.1%. Due
to the 10Co sample, in the repeated heating cycles during the DLD process, a completely stable 3
microstructure was obtained without any o precipitation at the grain boundary (GB). The special
microstructure can avoid the brittle fracture and achieve the isotropic tensile properties[64].
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Fig. 6 Engineering stress-strain curves of Ti-6Al-4V, 5Co, and 10Co. Reprinted form [64],
Copyright 2020, with permission from Elsevier.

Recent research has indicated that during the LAM process, adding a small amounts of metallic rare
earth elements (REEs) to the alloy composition can effectively refine grains and improve the
mechanical properties of the alloys. For example, during the LAM process, the introduction of La
elements into the B matrix forms a La-rich liquid (LI) that affects the microstructural evolution of
titanium alloys. Through the LI + B — a transition, a particles nucleate in the L1 + B field and then
transition from B (B — a) [64,65]. The resulting a-phase is not always oriented in the same direction
as the parent B-phase, thus greatly reducing texture and achieving an equiaxed microstructure[66,67].
Fig. 7 (a) shows a portion of the Ti-2wt% La binary phase diagram [56]. Fig. 7 (b-g) shows that the
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addition of La transforms the typical needle-shaped o' martensitic structure in titanium alloys into
partially equiaxed a grains. This transformation is due to the L1 +pf—La-bcc peritectoc reaction that
takes place in the LPBF process. In addition, a comparison of pole figure confirms the reduction of
texture in the microstructure after the addition of La elements.
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Fig. 7 (a) Fragment of Ti-La binary equilibrium phase diagram for Ti-2 wt% La; (b, c) OM image

of microstructure of LPBF Ti-2 wt% La alloy and CP-Ti. The scale in the image is 100um. EBSD

images and polar coordinates of (d, f) LPBF CP-Ti and (e, g) LPBF Ti-2 wt%La alloy. The scale

and magnification area of EBSD images are 100um and 50um, respectively. Reprinted from [56],
Copyright 2018, with permission from Springer Nature.
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Fig. 8 (a) On the titanium-rich side of the Ti-Cu binary phase diagram, the components of Ti-3.5,
6.5, and 8.5 wt% Cu are classified as low eutectic, eutectic, and hypereutectic, respectively. (b)
Optical microscope (OM) images of DLD Ti-8.5wt% Cu at low and high magnification. (c) The

area percentage and grain size of equiaxed grainsand (d) Yield stress and elongation of Ti-3.5, 6.5

and 8.5wt% Cu alloys and other Ti alloys manufactured by different methods. Reprinted from [57] ,
Copyright 2019, with permission from Springer Nature.
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In the DLD process, adding Cu (as an available low-cost element) to pure titanium can also eliminate
the anisotropy of LAMed parts. Fig. 8a depicts the Ti-rich side of the Ti-Cu binary phase diagram,
showing that adding 3.5, 6.5, and 8.5 wt% of Cu to Ti leads to Cu partitioning during the LAM process.
This occurs due to a large supercooling capacity, which changes the microstructure from columnar to
equiaxed [57]. In Fig. 8b, an SEM image of Ti-8.5 wt% Cu reveals an equiaxed microstructure with
ultrafine grains. Fig. 8c shows the correlation between grain size and the percentage of equiaxed
grains in different titanium alloys produced by different fabrication methods. As shown in Fig. 8d,
the addition of copper to titanium alloys increases the proportion of equiaxed grains with smaller
grain sizes, which synergistically increases strength and conductivity. It is clear that in the titanium
binary alloy system, the addition of copper not only refines the B-phase titanium grain, but also
promotes the formation of eutectic microstructures. The extremely fine eutectic microstructure
improves the strength and ductility of the LAMed specimens [68].

Recent studies have explored adding non-metallic elements/nucleating agents like ceramic B4C and
Y203 to titanium alloys treated with AM [69,70]. The effect of the addition of trace amounts of B4C
(0.2 wt%) under as-fabricated and heat-treated conditions on the microstructure and the mechanical
properties of LPBF Ti-6Al-4V have been studied. Adding B4C particles in Ti-6Al-4V could dissolve
B and create TiB precipitated phases. The needle-like TiB organization restricts primitive  grain
growth. It could also prevent the nucleation and growth of the a-phase from the § — a phase transition.
After heat treatment at 1050°C, the microstructure is fully equiaxed prior-f grains and the tensile
strength is enhanced to 1400 MPa with 40% elongation, eliminating the effect of the harmful GB-a
phase.

4. Mechanical Property Anisotropy Elimination by LAM Process Optimization

The titanium alloy formed by additive manufacturing exhibits significant anisotropy due to the
formation of f columnar grains, especially DLD titanium alloy, is likely to fail to meet the minimum
mechanical performance requirements of the Aerospace Materials Specification (AMS) standards
[71]. In order to eliminate the anisotropy in titanium alloys formed by additive manufacturing, in
addition to element addition, researchers also attempted process optimization to transform the original
columnar grains into equiaxed grains with weaker textures.

The laser processing mode has a direct impact on the microstructure of the fabricated titanium alloy.
Research has found that in the continuous wave (CW) laser processing mode, the microstructure of
Ti-6Al-4V is large columnar grains, while the pulse wave (PW) laser mode tends to form fine
equiaxed grains (Fig. 9) [66]. This is attributed to the instability of the molten pool under PW mode
based on thermal flow, which suppresses the growth of grains across the molten pool [67]. However,
the potential to adjusting laser parameters is very limited. In addition, higher laser power will form a
coarser microstructure, which is not conducive to the improvement of mechanical properties of
titanium alloy. In LPBF Ti-6Al-4V lattice structure, the PW mode makes the microstructure more
homogenous and finer, while also exhibiting mechanical isotropy [72]. The strut thickness of PW
specimens are more uniform, so compared to CW, this scanning mode can be recommended for
smaller components that require dimensional accuracy, such as lattice structures. However, it should
be pointed out that due to high porosity and a large number of partially melted particles, the process
parameters of PW need further optimization.

The commonly used methods for microstructure control of formed titanium alloys are
thermomechanical processes (such as rolling). In this method, room-temperature or low-temperature
rollings are usually used to achieve better grain refinement. However, the rolling process requires
significant stress, which greatly reduces the lifespan of the machine.
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Fig. 9 OM images of the top (left) and bottom (right) microstructures of DLD Ti-6Al-4V under
different laser modes and paramenters (CWP refers to CW+PW mode). Reprinted from [73],
Copyright 2016, with permission from Elsevier.
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Fig. 10 (a) The actual DLD in-situ rolling image, and (b) DLD in-situ rolling demonstration
diagram. Reprinted from [71], Copyright 2021, with permission from Elsevier.
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To solve this problem, research has designed a high-temperature in-situ rolling process to achieve
simultaneous forming and heat treatment, thereby refining the microstructure of titanium alloys (Fig.
10a) [71]. As show in Fig. 10b, the principle of this technology is to accurately control the
deformation by selecting the appropriate rolling process parameters, for instance rolling temperature,
rolling speed and reduction levels [74,75]. The goal is to optimize the microstructure, eliminate
anisotropy in the material's mechanical properties, and achieve more uniform mechanical properties.
This uniform performance can enhance the reliability and stability of engineering applications and
improve the material mechanical properties, particularly ductility and fatigue resistance.

The yield strength (YS) and ultimate tensile strength (UTS) in the Ti-6Al-4V sample increased by
about 20% along the building direction after in-situ rolling, and in the test sample perpendicular to
the building direction, the YS and UTS increased by about 12% (Fig. ) [71]. More importantly, the
mechanical properties of DLD Ti-6Al-4V in the horizontal and building directions are extremely

close. The improvement of mechanical properties and elimination of anisotropy are mainly due to
grain refinement (Fig. ).
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Fig. 11 Stress-strain curves of Ti-6Al-4V formed by different forming processes: (a) DLD Ti-6Al-
4V; In situ rolling DLD Ti-6Al-4V under (b) 37.5% and (c) 50% nominal reduction. Reprinted from
[71], Copyright 2016, with permission from Elsevier.
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Fig. 12 OM images of Ti-6Al-4V formed by different forming processes: (a) DLD Ti-6Al-4V, (b)
in situ rolling DLD Ti-6Al1-4V. Reprinted from [71], Copyright 2021, with permission from
Elsevier.
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Similar to the principle of changing the PW laser mode, using high-intensity ultrasound to stir the
solution can also achieve grain refinement. High-intensity ultrasound activates the nucleation centers
in the alloy, thereby suppressing the formation of columnar grains and forming new fine grains. In
order to achieve a fine microstructure, it is necessary to optimize process parameters, including offset,
loading angle, and ultrasonic input amplitude. [76]. It is reported that a study introduces ultrasonic
vibration technology, using high-intensity ultrasound to synchronously load and influence the laser
and wire additive manufacturing (LWAM) Ti-6Al-4V alloy layer [77]. The incorporation of high-
intensity ultrasound effectively disrupts the epitaxial growth pattern of the dendrites, refining the
microstructure of the titanium alloy to a certain extent, and producing a large number of equiaxed
grains in the final deposition layer. Moreover, the simultaneous ultrasonic energy-assisted method is
versatile and can accommodate complex component shapes.

This high-intensity ultrasonic treatment for enhancing microstructures applies to various alloy
systems produced via LAM. As show in Fig. 13, employing high-intensity ultrasound in DLD Ti-
6Al-4V led to the columnar-to-equiaxed transition and improved the mechanical properties [76].
Ultrasonic cavitation proves effective in suppressing the formation of columnar grains and improving
the microstructure of metallic materials [78]. This green, environmentally friendly, and pollution-free
method has opened up a new research direction for incorporating materials in the manufacturing of
titanium alloys, showing potential for practical engineering applications.
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Fig. 13 The demonstration diagram of the forming process of DLD Ti-6Al-4V based on ultrasonic
assistance and local magnification demonstrates the working principle of ultrasonic waves.
Reprinted from [76], Copyright 2020, with permission from Springer Nature.
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Fig. 14 SEM images of microstructure under different thermal and magnetic field environments:
energy density of (a) 30.74 J/mm3 and (b) 50.62 J/mm3. Reprinted from [79], Copyright 2015, with
permission from Springer Nature.
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Current research suggests that the application of a magnetic field has the potential to alter the
thermodynamic state of material phase transitions and affect the process of phase transformation.
This indicates a significant relationship between magnetic fields and phase transitions. Therefore, the
application of magnetic fields provides a method to improve the microstructure and mechanical
properties of LPBF Ti-6Al-4V alloy. As show in Fig. 14, this coupling effect promotes the phase
transition from a'—a+f, and the width of a'/a phases can be changed [79].

5. Mechanical Property Anisotropy Elimination by Post-heat Treatment

As mentioned above, one of the main reasons for the significant anisotropy in the mechanical
properties of LAMed titanium alloys is the prior-f3 columnar grains [79-82]. Post-heat treatment is a
commonly used method for regulating the microstructural morphology in titanium alloys[83—85].
Some reports also indicate that after post-heat treatment, columnar grains transform into equiaxed
grains, significantly weakening the texture, and the microstructure and mechanical properties achieve
isotropy [86]. At the same time, under water quenching conditions, the continuity of GB-a in LAMed
Ti—6Al1-4V decreases, further eliminating the anisotropy of the microstructure [87].

Fig. 15 shows the microstructure of the XOY (vertical to buiding direction) and XOZ (parallel to
building direction) surfaces of the Ti-6Al-4V[88]. As can be seen from Fig. 15b,d, the a-phase
microstructure of heat-treated Ti—6A 1-4V is basket-like, while o laths are coarsening. During
annealing, the prior-f GB is destroyed, and the B columnar grains transforms into equiaxed ones.
Therefore, there is no significant anisotropy in the microstructure.

Fig. 15 Microstructure of annealed titanium samples: (a, b) small substrate; (c, d) large substrate.
Reprinted from [88], Copyright 2015, with permission from Springer Nature.

Fig. 16 shows the hardness of XOY, YOZ, and XOZ cross sections [89]. It can be found that the
Vickers hardness (HV) of the XOY cross-section of the as-fabricated LPBF Ti-6Al-5V is higher than
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the YOZ and XOZ cross-section There are a large number of fine equiaxed crystals distributed in
the XOY section, and a large number of grain boundaries provide sufficient resistance to dislocation
slip deformation. After annealing, the hardness of all sections increased, and the hardness of the XOY
section was similar to that of the YOZ and XOZ sections, which were both about 400 HV. It is because
a large number of fine secondary a-phases precipitated during the annealing process and attached to
the primary a lath or GBa phases, which caused the o lath and GB-a phases to constantly coarsening,
and dislocation density increases. Then, the coarsening o laths leads to a more inhomogeneous
distribution between B-phases, and the resistance to the dislocation slip motion between each other
increases, resulting in an overall increasing in the hardness. The microstructure of all cross-sections
shows the basket-like microstructure, with the discontinuous distribution of GB-a and relatively
strong coordinated deformation of the coarsening a-phase, resulting in similar hardness and weakened
anisotropy in all sections.
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Fig. 16 Hardness of different cross-sections of Ti-6Al-4V samples.

However, the research has also pointed out that even if the prior § columnar grains transform into
equiaxed grains, there still exists anisotropy in the tensile properties and texture [90]. Typical o+
titanium alloy Ti—6.5A1-3.5Mo—1.5Zr-0.3Si (TC11) samples were fabricated using the DLD method,
and subjected to a+B-HT (1000°C/ 1h + 530°C/6h) and B-HT (1030°C/ 1h) heat treatments. The
microstructural characterization results show that the as-fabricated sample has obvious molten pool
and columnar grains, and the grains of the sample after B-HT transformation are transformed into
equiaxed grains (Fig.17b-d, f). After a + B-HT, DLD TCI11 still exhibits columnar grains growing
across the molten pool (Fig.17¢). Further XRD and EBSD characterization results show that although
B-HT TCI11 exhibits equiaxed grains, its microstructure still exhibits strong <001>direction texture
(Fig. 18d). This is attributed to the presence of prior columnar microstructures within equiaxed grains,
leading to the formation of strong textures. And these strong textures cannot be eliminated by B-HT,
resulting in the anisotropy of mechanical properties as shown in Table 1. Therefore, it is extremely
important to conduct research on the post-heat treatment process for different LAM titanium alloys.
More in-depth research is also needed on the mechanism of eliminating mechanical anisotropy
through post-heat treatment.
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Fig. 17 (a) Stretch sample model; Optical mirror (OM) image representation: (b) as build LAM
TC11 3D image, (c) HT LAM TC11 3D image; Microstructure of (d) as build LAM TC11, (e) a +
B-HT LAM TC11, and (f) B-HT LAM TC11 at high magnification. Reprinted from [90], Copyright

2015, with permission from Elsevier.
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Reprinted from [90], Copyright 2015, with permission from Elsevier.
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Table 1. Room temperature tensile test results. Reprinted from [90], Copyright 2015, with

permission from Elsevier.

Samples Directions UTS (MPa) YS (MPa) EL (%) RA (%)
As-fabricated Vertical 1018.00 932.00 14.70 28.40
Horizontal 1089.00 1001.00 9.90 15.80

o+ B-HT Vertical 1033.00 895.00 16.80 40.00
Horizontal 1099.0 971.00 11.80 22.30

B-HT Vertical 1038.0 895.0 10.00 16.30
Horizontal 1059.0 915.0 9.00 13.70

Specification - >950.0 >6.00 >14.00

6. Summary

1) Titanium alloy is widely used in the aerospace, biomedical, shipbuilding and automotive fields
because of its light weight, corrosion resistance and outstanding strength-to-weight ratio. Additive
manufacturing processes, such as LPBF and DLD, have emerged as innovative approaches aimed at
overcoming barriers to efficient production of titanium components. The anisotropy of titanium alloys
is affected by the grain orientation, which challenges the uniformity of its properties. The anisotropy
of LPBF and DLD processes in additive manufacturing is characterized by the formation of columnar
and dendrite grains due to local temperature increase and excessive cooling rate. The anisotropy of
mechanical properties of additive manufactured titanium alloy is caused by the combination of
temperature gradient of molten pool, grain orientation during solidification, thermal stress and
residual stress. LPBF produces non-equilibrium delamination and articulated o 'martensite, while
DLD exhibits fine wiedemannstaten and basket-like. Therefore, understanding and mitigating this
anisotropy is critical to optimizing the potential of titanium alloys in a variety of applications.

2) Recent studies have shown that the addition of specific alloying elements or nanoparticles can
transform columnar structures into equiaxial structures, eliminating anisotropy. Adding Cr, Mo, La,
Cu, B and other elements can refine the structure and improve the mechanical properties. For example,
the addition of Cu results in a higher proportion of equiaxed grains with small grain sizes, resulting
in a better strength-plasticity synergy. In addition, the addition of a small amount of B4C can form a
completely isotropic structure with high ultimate tensile strength and elongation

3) The current effective mechanical methods could improve the microstructure of DLD titanium
alloys include pulsed wave (PW) laser scanning, in situ rolling, high-intensity ultrasound and
magnetic field action. The influence mechanism of PW and high intensity ultrasound is similar, both
of which control the growth of columnar grains by controlling the molten pool and providing new
grain shaped nuclear energy.

4) Directional solidification in the LPBF process leads to the formation of B columnar grains.
However, the microstructure of the alloy is transformed into equiaxed grains after heat treatment, the
braided microstructure is obviously weakened, and the microstructure and mechanical properties of
the alloy achieve isotropy. Citation isometric B and discontinuous GB-a which lead to an increase in
dislocation density within the alloy and resistance to dislocation slip. The closer hardness makes the
anisotropy weaker.
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