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Abstract: Additive manufacturing, or 3D printing, is a process where a part is produced layer by layer,
and represents a promising approach for designing components close to their final shape. Titanium
alloys produced by additive manufacturing find application in various industries. This overview
examines the features of the formation of the microstructure and properties in Ti alloys synthesized
with the use of powder and wire laser additive technologies, as well as solid-phase methods of
additive manufacturing such as friction stir additive manufacturing. Their main drawbacks and
advantages are discussed, as applied to Ti alloys. The main approaches to solving the problem of
increasing the strength properties of the synthesized Ti workpieces are considered. The authors of this
overview propose a new area of research in the field of the application of additive technologies for
producing ultrafine-grained Ti semi-products and parts with enhanced performance characteristics.
Research in this area opens up prospects for designing heavily loaded complex-profile products for
the aerospace, oil and gas, and biomedical industries.

Keywords: titanium alloys; additive manufacturing; microstructure; mechanical properties;
nanostructure; ultrafine-grained structure

1. Introduction

Titanium alloys are widely used in various industries, in particular, in medicine and
aviation due to their high specific strength and corrosion resistance [1–3]. In modern con-
ditions, the production of titanium semi-products and products using traditional forging,
die forging, and casting technologies requires significant costs for production planning.
The use of additive manufacturing enables the acceleration of the solution of technological
problems and reduces the cost of producing finished products. The additive manufacturing
of titanium alloy parts can provide estimated production savings of up to 50%, effectively
reducing exorbitant processing costs and material waste [4–8].

For materials synthesized using powder and wire additive technologies, the metal
is subjected to the repeated processes of melting and solidification. They often have
problems such as residual stresses, a rough dendritic structure, anisotropy of properties,
and porosity [4–6]. Additive manufacturing methods based on friction welding have
certain advantages over conventional 3D printing methods, since the process occurs in
the solid-phase state. One can note the absence of porosity in the finished part, a good
balance of mechanical properties and a low level of residual stresses [9–12]. Friction stir
additive manufacturing (FSAM) is an innovative process for producing complex-profile
parts for the aerospace industry [11]. Technically, this involves applying pressure to a
specially designed welding tool that is rotated at high spindle speed between two joined
sheets and is then moved along the joint line. The frictional heat and plastic deformation

Metals 2024, 14, 966. https://doi.org/10.3390/met14090966 https://www.mdpi.com/journal/metals

https://doi.org/10.3390/met14090966
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/metals
https://www.mdpi.com
https://orcid.org/0000-0002-1857-9909
https://orcid.org/0000-0002-0220-2920
https://orcid.org/0000-0001-9606-2916
https://orcid.org/0000-0002-4789-4713
https://doi.org/10.3390/met14090966
https://www.mdpi.com/journal/metals
https://www.mdpi.com/article/10.3390/met14090966?type=check_update&version=1


Metals 2024, 14, 966 2 of 22

caused by the rotating tool increase the local temperature of the material being welded,
so it can be plastically deformed under relatively little stress. Thus, the material being
welded is subjected to very large degrees of deformation at high strain rates and elevated
temperatures. This process is already used for aluminum alloys and steels [13,14]. In recent
decades, a large number of studies have appeared in the field of the friction welding of
titanium alloys. However, the welding of titanium alloys using the FSAM method is a
significantly more difficult process compared to aluminum alloys due to the high reactivity
of titanium, as well as increased requirements for the tools [15].

In the second section of this overview, most attention is paid to the features of mi-
crostructure formation in titanium α, α + β, and β alloys synthesized by additive manu-
facturing. A large number of publications and overviews are devoted to the study of the
microstructure and properties of titanium alloys in the process of the laser sintering of
powder or wire. Considering the fact that the material undergoes melting and solidification
during each deposition cycle, the microstructure of the synthesized workpieces is close
to cast and is characterized by a large lamellar structure. Section 3 shows that the use of
additive technologies based on friction welding or solid-phase additive technologies due
to local heating in the contact zone in combination with deformation leads to the formation
of more complex microstructures of the weld, as reported in the publications of various
researchers. Section 4 discusses the mechanical properties achieved to date in Ti alloys
synthesized by different methods. Research over the past 10–15 years has shown that
the main efforts in the field of producing titanium alloys using additive manufacturing
are aimed at increasing their mechanical properties by refining the microstructure in the
weld during the laser sintering of powders and wires, as well as achieving an equiaxed
α-structure, up to an ultrafine-grained structure, in the additive manufacture of titanium
workpieces based on friction welding. Some results in these areas of research are discussed
in Section 5 of this overview.

One of the new areas of research in the field of additive technologies is the production
of parts and products with an ultrafine-grained (UFG) structure. It is known [16] that
reducing the grain size in metals to values in the range of 0.1–1.0 µm using severe plastic
deformation (SPD) processing leads to the significant strengthening of the material due
to an increase in the length of grain boundaries and an increase in dislocation density, i.e.,
the involvement of the grain boundary and dislocation strengthening mechanisms. The
use of initial materials with an ultrafine-grained structure in the process of the additive
manufacturing of semi-products, for example, using FSAM, can lead to a synergistic
effect of the enhancement of the material’s mechanical properties due to the preservation
of ultrafine grains and the implementation of high strain rate and/or low-temperature
superplasticity in the contact zone, which leads to an orderly flow of material. Research
in this area aimed at increasing the performance properties of titanium alloys opens up
prospects for designing highly loaded products with complex profiles for the aerospace, oil
and gas, and biomedical industries.

2. Microstructure and Properties of Titanium Alloys Synthesized Using Additive
Manufacturing by the Melting of Powder/Wire
2.1. Ti and the Ti-6Al-4V Alloy

For materials synthesized using powder and wire additive technologies, the metal
is subjected to the repeated processes of melting and solidification [6]. The most popular
technologies of additive manufacturing (AM) for the production of parts from a Ti alloy are
electron beam melting (EBM), selective laser melting (SLM), and directed energy deposition
(DED), investigated in many critical overviews [3,17–21].

In an overview, the authors of [22] analyzed the advantages of additive technologies
in relation to titanium alloys for use in biomedicine. In particular, the microstructural
features of commercially pure (CP) Ti vary from lamellar α- to needle-like martensitic
α′-phases, depending on the SLM mode. This difference in microstructure can be explained
by different laser processing parameters, especially scanning speed. Mechanical properties
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such as tension, compression, and the hardness of SLM-fabricated CP Ti samples indicate
that SLM is able to produce samples with superior properties compared to conventional
deformation processing or casting. For example, the yield strength and the ultimate tensile
strength (UTS) of SLM-produced CP Ti are 555 and 757 MPa, respectively, which are higher
than those in sheet forming. In addition, the Vickers microhardness of the CP Ti samples is
higher than that produced by traditional casting and is comparable with cold-rolled CP
Ti. This noticeable hardening may be due to grain refinement at high cooling rates during
SLM processing.

The UTS of the Ti-6Al-4V alloy produced by SLM can reach 1300 MPa compared to
cast billets that have a strength of approximately 850 MPa. This improvement in mechanical
properties can be attributed to the martensitic microstructure that results from the SLM
treatment [22].

Laser powder bed fusion (LPBF) is a relevant and important additive manufacturing
technology that offers plenty of opportunities for the production of three-dimensional
complex components with a high resolution and short execution times. This technology is
applied when manufacturing parts for the aerospace and biomedical industries. However,
there are still many problems, including poor surface quality, porosity, and the anisotropy
of microstructure and properties, as well as the difficulty of microstructure adaptation [21].
It was demonstrated in an overview [19] that microstructure is influenced by the highest
generated temperature and cooling rate that may be adjusted using the input variable
AM processes.

Typical microstructures of the Ti-6Al-4V alloys produced by different AM processes
are shown in Figure 1.
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Figure 1. As-built microstructures of a Ti-6Al-4V parts produced by (a) SLM Reprinted with permis-
sion from ref. [23]. 2016 Springer Nature, (b) EBM [23], and (c) DED [24] processes.

In all cases, these are microstructures of the α + β type, with a prevailing martensitic
structure. The originally molten bath cools rapidly, and during crystallization a phase
transformation of the β-phase into martensite occurs. Then the temperature remains
relatively constant in a range of assembly temperatures, approximately 600–760 ◦C, until
the deposition process is complete. At this stage, the high assembly temperature of the
EBM process acts as an incomplete heat treatment leading to martensite breakdown with
the formation of an (α + β) lamellar structure. A certain amount of martensite may remain
in the microstructure (Figure 1b).

In [25], selective laser melting and electron beam melting are discussed from the
perspective of raw material production and processing–microstructure relationships. For
the control of the PBF processes, an overview is presented, covering approaches to computer
simulation for the imitation of the process parameters and defects, such as residual stresses
and porosity in different length scales. A conclusion is made that, through improving the
methods of powder production, new alloy design, and further development of the ALM
equipment, the PBF methods may reach commercial maturity.

In this section, more attention will be given to additive technologies based on layer-
by-layer wire welding deposition that have been developed in the last decade [26].
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Used as heat sources in additive manufacturing are arc electrodes (WAAM) [8,27], laser
powder based fusion (LPBF), and electron beam welding [7,8]. When using wire additive
manufacturing methods, after cooling, the microstructure of the product consists of a large
number of columnar dendrites and a coarse lamellar structure in the primary β-grains
(Figure 2). Such a heterogeneous microstructure over the cross-section of the resulting
workpiece subsequently influences the final mechanical properties of the synthesized
material [8].
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By using wire filler material compared to powder-based manufacturing processes, arc
additive manufacturing offers higher deposition productivity as well as increased metal
utilization. Moreover, the generally lower contamination of welding wire compared to
powder is also an advantage in terms of material quality. Wire-based technologies, as
opposed to powder-based ones, appear to provide a higher level of reproducibility due to
their ease of setup and process operation, as well as higher deposition rates [8].

A large number of studies in the field of additive technologies using wire are devoted
to various series of steels [27,29]. However, experience and developments in the production
of titanium alloy wire-based products are relatively limited to date. Therefore, the activity
of researchers in this area is currently growing. In particular, publications report the use of
the method of layer-by-layer Ti-6Al-4V alloy wire deposition using a high-power diode
laser [28,30,31] that makes it possible to produce synthesized workpieces with a hardness
of approximately 340 HV, which is about 15–30% lower than the hardness of the monolithic
alloy. Due to the high anisotropy of the forming dendritic coarse-grained (CG) structure,
the ultimate tensile strength (UTS) of such workpieces made of the Ti-6Al-4V alloy is
usually about 940 MPa across the wall building direction, and about 1000 MPa along the
wall building direction [30], in contrast to die-forged workpieces, the UTS of which can
reach 1100 MPa [32].

As known, the strength properties of titanium and its alloys depend on the morphology
of the α-phase and the sizes of the β-grains, which vary depending on the temperature
and heating rate of the material, as well as the cooling rate [33]. Obviously, the lower the
heat input during the deposition, the higher the heating and cooling rates; the smaller
the β-grain size, the higher the volume fraction of the “harder” α-phase, and the higher
the hardness of the synthesized alloy [31]. This is also reported in works that present the
results of studies on the selection of the parameters of laser deposition with wire feed [34].

In [35], the experimental results for the Ti-6Al-4V alloy synthesized by WAAM confirm,
when correctly selecting the WAAM process parameters, that it is possible to achieve
mechanical properties very close to those traditional for the Ti-6Al-4V alloy. In particular,
it was demonstrated that the wire feed rate had a greater effect on the weld geometry
than the welding rate. An epitaxial growth of the primary β-grains in several layers and
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graduated microstructure in the state after printing were observed. Owing to the rapid
cooling, during the compression tests the strength values of 884 MPa for 0.2% compression
and 1031 MPa for 2% compression were achieved. The STA heat treatment led to a decrease
in mechanical strength, which was attributed to the coarsened microstructural change to a
fully equiaxed microstructure.

Compared to other melting sources, WAAM provides a considerable cost saving and a
higher deposition rate. The paper [36] provides a comprehensive overview of the literature
on WAAM, including the stage-by-stage development of WAAM, the used metals and
alloys, and the effect of the process parameters. The main problems occurring during
WAAM, such as undesirable microstructures and mechanical properties and high residual
stresses and distortions, are examined in detail.

Thus, it can be stated that the additive manufacturing process using a wire arc is
a very promising method for the manufacture of high-quality Ti parts. However, addi-
tional research is still required to solve the above-mentioned problems by optimizing the
parameters of the process and heat treatment after deposition.

2.2. β-Ti Alloys

β-Ti alloys have excellent specific strength and fracture toughness. Among them, the
Ti–5Al–5Mo–5V–3Cr alloy is most often studied for AM. This overview examines different
Ti alloys produced by AM. In particular, like Ti–6Al–4V, Ti–5Al–5Mo–5V–3Cr also forms
elongated grains at the boundaries of the melt bath (Figure 3a) [37]. The grains grow into a
rather irregular shape with a weak <001>β-texture (Figure 3b). Unlike in Ti–6Al–4V, the
Mo and Cr elements in the Ti–5Al–5Mo–5V–3Cr alloy are more prone to segregation before
the solidification boundaries, which leads to the formation of a cellular–dendritic structure
in the alloy after printing (Figure 3a). In addition, due to the high cooling rates during AM,
a large portion of the printed Ti–5Al–5Mo–5V–3Cr alloy mainly consists of the β-phase [37].
The structure consisting of only the β-phase exhibits a good elongation at a failure of >10%,
but a rather low strength of <800 MPa with an insignificant strengthening capacity [37].
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It is commonly believed that (β)-Ti based materials have a Young’s modulus close
to that of human bone. The SLM processing of the low-modulus β-Ti alloys containing
non-toxic and non-allergic elements is important for the next generation of biomedical
implants. An example is the alloy Ti-24Nb-4Zr-8Sn (Ti 2448), which exhibits an improved
balance of a low modulus and a high strength. In their overview, the authors of [22]
showed, similarly to CP Ti, that laser processing parameters must be optimized in order to
produce parts with a sufficiently high density. The Vickers microhardness of the samples
reached 220 HV for the almost completely dense parts (99.3%) (UTS = 665 MPa). The elastic
modulus and elongation of the samples produced by SLM and conventional rolling were
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closely comparable. In contrast, the tensile strength of the produced by SLM was slightly
lower than for those processed by rolling or forging (830 and 755 MPa, respectively).

The overview [38] is devoted to Ti alloys of the β-type for biomedical applications.
Porous Ti alloys of the β-type with a reduced elastic modulus were developed using some
preparation methods, such as powder metallurgy, additive manufacturing, etc. As it was
examined, Ti alloys of the β-type have comparable or even superior mechanical properties,
corrosion behavior, and biocompatibility as compared to other types of Ti alloy. However,
some problems with the β-type Ti alloys are noted, such as biological inertness.

Biocompatible β-Ti alloys with a high strength and low modulus are of interest for the
additive manufacturing of biomedical implants. In [39], a metastable β Ti-12Mo-6Zr-2Fe
(TMZF) alloy with a highly dense structure was successfully fabricated by laser powder
bed fusion (LPBF) from low-cost elemental powders. The as-fabricated TMZF alloy via
simple scanning strategy shows considerably high strength due to α′′-, ω-phases, and
sessile dislocations, but it is brittle owing to the presence of the ω-phase. The TMZF alloy,
manufactured using the chess scanning strategy, possessed a high yield strength of 1026
MPa, low modulus of 85.7 GPa, and good ductility of 12.7%. This results from its unique
hierarchical microstructure containing α′′-phases and heterogeneous grains.

The paper [40] investigated the microstructure and mechanical properties of the SLM-
produced Ti-35Nb composite (in wt%) using elemental powder. Nanoindentation revealed
the presence of relatively soft undissolved Nb particles and weak interface bonding around
Nb-rich regions in SLM-produced samples.

Subsequent solid solution treatment can not only improve chemical homogeneity,
but also enhance bonding through grain boundary strengthening, resulting in a ∼43%
increase in tensile elongation for the heat-treated Ti-35Nb compared to the SLM-produced
counterpart. The SLM-produced Ti-35Nb exhibits relatively high tensile yield strength
(648 ± 13 MPa) due to the formation of dendritic β grains. However, the ductility is
relatively low (3.9 ± 1.1%) as a result of the weak bonding of undissolved Nb particles
within the matrix. The heat-treated counterpart shows a slightly lower yield strength
(602 ± 14 MPa) but a larger ductility due to the improved homogeneous Ti-Nb β phase.
This provides an understanding of the homogenization of the microstructure and phases of
SLM-produced alloys from an elemental powder mixture.

In [41], the addition of a small amount of boron to a β titanium alloy of the Ti-Mo
system in the process of SLM led to significant changes in the microstructure. Depending
on the percentage of Mo, the grain size decreased by a factor of 50–100. The change in
grain size is explained by the combined action of the supercooling effect caused by the
rejection of boron from growing beta grains and the grain growth limiting factor caused by
dissolved alloying elements. The addition of boron also changed the grain morphology
from columnar to more equiaxed. And, in the Ti-Mo system, it changes from lath to
more equiaxed, while maintaining the Burgers orientation relationship between the α and
β phases.

In [42], the Ti-10Mo alloys belonging to the class of beta-titanium alloys, produced
by the laser deposition of powders, were studied. It was shown that the introduction of
nitrogen gas during the deposition process led to the formation of the α (Ti, N) solid phase
with a dendritic morphology, which was distributed in the β (TiMo) matrix. Interestingly,
the addition of nitrogen, which stabilizes the α-phase in Ti, changes the solidification
path and subsequent phase evolution in these alloys. Ti-Mo-N alloys have a significantly
increased microhardness due to the formation of the α (Ti,N) phase, combining it with the
desirable properties of the β Ti matrix, such as superior ductility, strength, and deformabil-
ity. In particular, with increasing nitrogen content, the Vickers microhardness values of the
Ti-Mo-N alloy increase to 800 HV compared to 500 HV for the Ti-Mo alloy deposited in
pure argon.

The paper [43] reports on the production of the low-modulus β-Ti alloy, Ti–35Nb–7Zr–
5Ta (TNZT), by SLM with optimized laser parameters. The final SLM-produced TNZT
exhibits a high UTS (~630 MPa), excellent ductility (~15%), and a lower elastic modulus
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(~81 GPa) as compared to the modern CP Ti and Ti-based alloys. The alloy’s microstructure
consisted of fine, equiaxed, and narrow elongated grains along the laser tracks with a mean
size of 3–80 µm. The excellent mechanical strength exhibited by the SLM-produced TNZT
alloy is attributed by the authors to a large quantity of local deformations as a result of
rapid cooling and the high density of the dislocation network. The alloy demonstrated a
low modulus perfect for biomedical applications owing to the {200} preferred orientation
of the bcc crystalline structure and a large area of grain boundaries.

Thus, the method of the laser sintering of the powders of β-Ti alloys is capable of
producing three-dimensional titanium alloy parts with superior mechanical properties com-
pared to conventional methods, especially casting. However, further research is required
to reduce the number of adverse factors caused by laser sintering, such as temperature
gradients, residual stresses, and surface roughness.

3. Microstructure and Properties of the Ti Alloys Produced by Solid-Phase Additive
Manufacturing Methods

Additive manufacturing methods based on friction welding have certain advantages
over melting and solidification technologies, since the process occurs in the solid-phase
state. Based on this technology, friction stir additive manufacturing, linear friction surfacing
(FS), additive friction stir deposition (AFSD), and friction rolling additive manufacturing
(FRAM) have been developed in recent years [9,44–49].

The schematic diagram of the layered panel formation with FSAM is shown in Figure 4.
Examples of materials processed by FSAM/AFSD are Al alloys, Mg alloys, steels, and Ni-
based superalloys. While the AFSD method is now easily applied to materials with a lower
melting temperature, its application to high-temperature materials requires substantial
research and development [44].
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Figure 4. Schematic diagram of friction stir additive manufacturing of a stiffened panel. Four layers
of build are used for this illustration, and note that the post-build machining would remove the
unbonded side regions [44].

It should be noted that, over the past 5 years, the microstructure and properties of
Ti-based alloys obtained by the additive FSAM method have been studied in isolated
studies. In many works, researchers have studied the patterns of the formation of the
macro- and microstructure of the welded joint at FSW including severe shear deforma-
tion of the material. Similar mechanisms are implemented during assembly in additive
manufacturing [44].

An overview of a typical slightly enlarged cross-sectional view of a weld produced by
friction stir is shown in Figure 5 [15]. Three separate zones can be easily distinguished: the
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stir zone (SZ), the base material (BM), and a narrow transition region—the thermomechan-
ically affected zone (TMAZ). The stir zone has a cup-like shape, expanding significantly
towards the top. SZ is not symmetrical relative to the weld line (“kissing bond” in Figure 5),
which is significantly displaced towards AS (advancing side).
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It should be noted that titanium and its alloys belong to hexagonal close-packed
(hcp) metals that usually have a limited number of independent slip systems, which has a
significant impact on the evolution of the grain structure during plastic deformation.

In the first works [15], the evolution of the microstructure during the friction stir
welding of CP pure titanium was studied. It was found that the material flow is close to
simple shear deformation and occurs mainly due to the prismatic glide of dislocations.
In this work, it was shown that the evolution of grain structure is a complex process
that includes several stages. Away from the welding tool, the microstructure evolution
was found to be governed by geometric deformation effects and limited intermittent
recrystallization. And, in the mixing zone, the resulting texture leads to the convergence of
grains, i.e., the development of grain structure is closely related to the evolution of texture.

The Ti-6Al-4V alloy is one of the most popular titanium alloys and is used in many
studies. They showed that the friction stir welding (FSW) method can produce defect-free
welds in the Ti-6Al-4V alloy [50–55].

The study [50] examines in detail the microstructural aspects of the formation of a
weld in the titanium alloy after FSW. A typical microstructure of the Ti-6Al-4V alloy in the
thickness direction of the stir zone is shown in Figure 6 [50].
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In the SEM images of Figure 6, in all the three zones under study, a relatively small
globular α-phase predominated, indicating that the processing temperature was below the



Metals 2024, 14, 966 9 of 22

polymorphic transformation (α → β) temperature. In the upper and middle sections along
the thickness of the stir zone, a significant number of secondary α-particles (αs) were also
found (Figure 6a,b). Apparently, the temperature in these areas exceeded ~900 ◦C and the
material underwent a partial sequence of α → β → αs phase transformations. The finest
microstructure was observed at the root of the stir zone (Figure 6b). The authors explain
this fact by the relatively low conductivity temperature of titanium alloys, as well as by
the fact that, during the FSW process, heating occurs as a result of friction between the
workpiece surface and the tool. The coarsest microstructure was observed in the middle
thickness of the stir zone (Figure 6b). Using the advanced capabilities of the EBSD method,
it was shown that the microstructure formed in the stir zone is close to the microstructure
after solid solution treatment at the β-transus temperature. In this case, several processes
occur. In addition to the stresses causing grain refinement (common to FSW), the structure
is also noticeably influenced by the partial α → β → αs phase transformation (caused by
the thermal cycle of FSW) and interalloying due to the FSW tool wear. The non-uniform
distribution of the microstructure in the stir zone indicates a significant difference in
thermomechanical conditions. For example, in the microstructure formed in the central
part of the stir zone, a completely globular structure of the α-phase with an average grain
size of ~1 µm, the high angle boundaries fraction of 86%, and the absence of microtexture
are predominant. The substructure inside individual relatively large α-grains results from
the implementation of the mechanism of continuous dynamic recrystallization (CDRX) and
refinement of the α-phase.

The first studies of the FSW of the Ti-6Al-4V alloy revealed a relatively narrow pro-
cessing window for this method [54–57]. Many researchers believe that this is due to
the relatively low ductility of Ti-6Al-4V even at elevated temperatures, as well as its low
thermal conductivity, which leads to significant temperature gradients during the FSW
process. Moreover, processing often lies above the polymorphic transformation (β-transus)
temperature. FSW in such modes does not provide a globular microstructure, and is there-
fore impractical for processing two-phase materials. Another important problem is the
severe wear of the processing tool [58,59]. This effect reduces tool life (thereby increasing
processing costs) and leads to significant contamination of the processed material with
tool impurities. Despite these disadvantages, careful control of the process parameters
can achieve the desired, fully globular microstructure consisting of a fine-grained (or even
ultrafine-grained) α-phase [58–64]. Regarding the microstructure of the FSW-produced
alloy Ti-6Al-4V, most research has studied the influence of the welding parameters on
the mechanical properties of joints. Microstructural observations have shown that the
transformed β-microstructure as a result of the β → α′ → α transformation plays a key
role in determining the final properties of this material [55,65,66].

In [52], welds after FSW on the Ti-6Al-4V plates were produced at different rotation
speeds, and the microstructure, hardness profile, and tensile properties of the welds were
studied. After FSW, a thin lamellar microstructure in the weld and a bimodal microstructure
in the heat-affected zone (HAZ) were formed as a result of the solid-phase transformation
and the annealing effect of the microstructure. In this case, the non-uniform distribution of
the microstructure led to the anisotropy of the mechanical properties. The weld material
showed much higher mechanical properties than the base material and the HAZ, which
was the weakest in the weld. The UTS of the SZ was 1050 MPa compared to 920 MPa in the
HAZ and base material (BM). It is obvious that the formation of a lamellar structure in the
weld of titanium alloys produced by friction welding leads to a high strength compared to
the base material, but also to a decrease in ductile properties (elongation 25 and 10% in the
BM and SZ, respectively); therefore, during mechanical tests, the fracture of samples occurs
in the base material [52].

The paper [67] is devoted to the study of the crystallographic aspects of the β-
transformed structure developed in a Ti-6Al-4V alloy weld produced by friction welding.
A direct comparison of the local crystallographic orientations of the α- and β-phases, as
well as an analysis of the misorientation distribution of the α-phase, showed that the β →
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α phase transformation is determined by the Burgers vector. It was shown that a significant
fraction of low-angle grain boundaries and the angular scatter around peak misorientation
in the α-phase were attributed to the existence of a substructure in the primary β-phase
before the phase transition from β to α.

The friction stir processing parameters also have a significant impact on the mor-
phology of the weld structure. Pilchak et al. [68] investigated the effect of the friction stir
processing (FSP) parameters on the microstructure of Ti-6Al-4V produced by investment
casting. The authors showed that the microstructure of the SZ depends on the heat input
during FSP, i.e., during FSP with a low heat input, equiaxed α-and β-grains are formed,
and during FSP with a high heat input, α-/β-plates are formed. In [65], Ti-6Al-4V in the
cast state was processed by FSP, after which a significant refinement of the rough, com-
pletely lamellar α-structure and, as a consequence, an increase in strength and an improved
resistance to fatigue cracks were observed.

The two-phase TC4 alloy was subjected to friction stir welding using a W-Re pin
tool [69]. The welded joint zone consisted of a stir zone, a heat-affected zone, and a base ma-
terial. The stir zone was characterized by an equiaxed, dynamically recrystallized α-phase
and a β-transformed thin lamellar α + β structure. The microstructure of the heat-affected
zone is similar to the microstructure of the base material, but an increase in the volume
fraction of the β-phase was observed. According to the results of tensile mechanical tests,
the tensile strength of the welded joint amounted to 92% (953 and 1000 MPa, respectively)
of the base material’s strength. In this case, the fracture of the samples occurred in the stir
zone, and the fracture surface was characterized by typical signs of plastic fracture, i.e., the
stir zone is the weakest part of the joint, owing to which the tensile characteristics of the
weld are preserved.

The forming microstructure in a welded joint of titanium alloys, and its anisotropy
and residual stresses, has a significant impact on the mechanical behavior and propagation
of fatigue cracks. This aspect was studied in [62]. The fatigue behavior of the Ti-6Al-4V
alloy welded joint produced by friction stir was investigated. The authors found that,
in the heat-affected zones of the weld, there was a significant evolution of the structure
associated with the refinement of the α-grains, the development of a bimodal structure, and
an increase in the volume fraction of the β-phase. At the same time, the residual stresses
obtained using the XRD method were low, about 5% of the yield strength, in all the areas
of the weld. The authors showed that, in the fine-grained zones of the welded joint (the
stir zone and the interphase zone), the rate of the propagation of fatigue cracks was higher
than that in the base metal and the HAZ.

In [44], the authors conducted a comprehensive study into the Ti-6Al-4V alloy pro-
duced by AFSD. The material after deposition is shown in Figure 7a. Microstructural
analysis was performed on a band extracted from the plane parallel to the build direction.
The sample’s microstructure consisted of the α- and β-phases with a change in the β grain
size from top downward, as shown in Figure 7b.

The FSAM/AFSD methods lead to the formation of a microstructure of titanium alloys
similar to the structure of a welded joint during friction welding with mixing, since this
can be attributed to thermomechanical processes at temperatures below the β-transus
temperature. In the mixing zone using the SPO (Figure 6b) and in the friction stirrer with
Ti-6Al-4V additive (Figure 7b), a typical two-phase deformed α+β structure is formed. The
grain size of the β-phase and, accordingly, the length and width of the lamellae can be
different depending on the type of initial structure (lamellar, equiaxed, or duplex), size,
and phases, which do not greatly enlarge compared to the base material, unlike laser
technologies.

As an additive manufacturing process for solids, they have the potential to eliminate
several key problems associated with laser technology, in particular, undesirable poros-
ity and residual stresses, columnar granular structure with anisotropic properties, and
powder production.
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4. Mechanical Properties of Titanium Alloys Obtained by Various Additive Methods

The mechanical properties of the titanium billets produced by various additive manu-
facturing methods are summarized for the Ti-6Al-4V alloy in Figure 8. As shown by the
studies discussed above, the SLM method enables the production of bulk parts from Ti with
strength properties superior to those produced, for example, by casting. This is confirmed
by the data of the review [22], which reports comparative mechanical properties achieved
for Ti alloys of different classes with α-, α+β, and β-structure. In this case, there is a slight
decrease in ductility [68].
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The overview [70] examines in detail the mechanical properties of the Ti-6Al-4V
alloy produced by the DED and SLM processes. Peak temperatures of about 2000–2500 K
and high cooling rates of about 104 K/s during the fabrication of Ti-6Al-4V result in
an acicular α′-martensitic microstructure and high tensile stresses, which significantly
increases the UTS and yield strength by 100–200 MPa, but reduces the ductility of the
finished components. The EBM process produces a similar peak temperature range, but
the high assembly temperature of 600–750 ◦C reduces the cooling rate locally, resulting in a
residual stress-free α + β lamellar microstructure that has a similar strength and moderate
ductility to the conventionally fabricated and subsequently heat-treated Ti-6Al-4V. The
authors note that the α′-martensitic in the DED and SLM-produced Ti-6Al-4V structure
is also responsible for lower crack thresholds but higher fatigue limits compared to the
EBM-produced, deformed, forged, and heat-treated Ti-6Al-4V.

It is also reported in [19] that SLM and DED provide superior strength, which can
be 25% higher than that of traditionally manufactured parts (casting, forging, rolling).
However, due to the presence of higher tensile residual stress, surface roughness, and
porosity, AM-produced parts have lower fatigue life and fracture toughness compared to
parts produced by traditional methods.

The WAAM method for the Ti-6Al-4V alloy provides strength at a level of 1000 MPa,
which is due to the large grain size of the primary β-phase with a lamellar internal structure.
At the same time, the strength and ductility of the alloy depend on the process parameters.
For example, in [35], it is reported that the strength can be increased to 1118 MPa by
increasing the welding speed. The authors attribute this to accelerated cooling caused by
narrower welds and the formation of a thinner plate structure. Increasing the wire feed
speed causes the coarsening of the plates and, thus, leads to a decrease in strength.

Additive manufacturing technologies based on friction welding or friction stir welding
enable the production of higher strength properties and resistance to the development of
fatigue cracks [44,54,62,65,69]. For example, the UTS of some Ti-6Al-4V alloy workpieces
can reach 1050 MPa, which is comparable to the UTS level of die-forged workpieces.
However, the UTS of the base material and the heat-affected zone is often lower and does
not exceed 920 MPa.

Thus, the considered additive manufacturing methods enable the achievement of
UTS in titanium alloys comparable to forged and cast workpieces. However, due to
the presence of residual stresses and porosity in laser additive technologies, the alloys
have lower ductility, fatigue strength, and fracture toughness compared to traditional
processing methods. FSAM methods enable the formation of a fine-grained deformed-type
microstructure in titanium alloys, which contributes to a good combination of strength
and ductility and, consequently, increased resistance to the development of fatigue cracks.
However, systematic studies of the fatigue properties of the FSAM-produced alloy Ti-6Al-
4V are currently absent.

Research over the past two decades shows that the most effective way to improve the
physical and mechanical properties of commercial metals and alloys is to form ultrafine-
grained structures (grain size less than 1 micron) in them using severe plastic deformation.
In particular, such a “breakthrough” in achieving high physical and mechanical properties
was demonstrated for light structural UFG alloys based on titanium, as indicated by
many publications. For example, in the Ti-6Al-4V alloy using multiple forging, strength
and endurance limits of up to 1300 and 690 MPa, respectively, were achieved, while the
formation of a UFG structure with a grain size of up to 0.4 µm in the Ti-6Al-4V alloy by
ECAP in combination with extrusion produced a UTS of 1450 MPa and the endurance
limit reaching 700 MPa based on 107 cycles [71]. Such a level of mechanical properties is
not yet achievable by traditional additive technologies (Figure 8). The following section
presents some areas of research on ways to improve the mechanical properties of titanium
alloys in additive manufacturing, including new approaches to additive manufacturing for
producing ultrafine-grained titanium alloys.
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5. Ways to Improve the Mechanical Properties of Titanium Alloys Produced by
Additive Manufacturing

Publications over the last 10–15 years have shown that the main efforts of researchers in
the field of producing titanium alloys using additive manufacturing are aimed at increasing
their mechanical properties by refining the microstructure in the weld during the laser
sintering of powders and wires, as well as achieving equiaxed α-structures, up to ultrafine-
grained, in the additive manufacturing of titanium workpieces based on friction welding.
The research directions and the achieved results are discussed in this section.

5.1. Hydrogenation of the Synthesized Material

Thermal hydrogen treatment is based on the modifying effect of hydrogen as an
alloying element on the development of metastable phases and the kinetics of phase
transformations in titanium alloys. In this approach, hydrogen is first added to the alloy by
controlled diffusion from a hydrogen environment and then removed after the treatment.

The papers [72–74] report the use of hydrogenation to refine grains during the laser
sintering of powder or wire. During the laser sintering of powder, β-columnar crystals will
form in the direction of building layers in the workpiece, which leads to a decrease in the
reliability of the material, causing stress concentration and the accelerated fracture of the
material. In [72], the titanium alloy Ti-6Al-4V produced by the selective laser melting of
powder was subjected to hydrogenation, then solid solution treatment, aging, and finally
heat treatment for dehydrogenation. The research results showed that the β-grains of
hydrogenated samples are refined after heat treatment. After the solid solution treatment,
α′-and α′′-martensites coexist in the microstructure. At the same time, since hydrogen
is a β-stabilizing element, with increasing hydrogen content the β-phase becomes more
stable and stabilizes at room temperature. At the same time, the amount and size of α′-and
α′′-martensites decrease. After aging, the original microstructure is retained, but due to the
decomposition of large needle-like α′′-martensite during aging, the original morphology
is destroyed and a fine-grained microstructure is formed. After dehydrogenation, the
fine-grained structure is retained, and the crystalline grains become equiaxed. Moreover,
such a microstructure has a significant impact on the mechanical properties of the material.
In particular, at room temperature, the ultimate compressive strength of hydrogenated
samples after heat treatment increases and can reach 2018 MPa compared to the initial SLM
state (1720 MPa).

A similar effect in the Ti-6Al-4V alloy produced by the laser sintering of powder was
achieved in [73]. It was found that, with increasing hydrogen concentration, the size of
large β-grains becomes smaller and finally transforms into equiaxed grains in the lower and
middle parts of the samples when the hydrogen content increases to 1.0 wt%. In addition,
the β → α phase transformation temperature of the post-deposition sample decreases with
increasing hydrogen content and tends to remain stable at 900 ◦C when the hydrogen
content exceeds 0.65 wt%.

In [74], the effect of the hydrogen contents of 0.48 wt% and 1.38 wt% on the microstruc-
ture refinement of the Ti-6Al-4V alloy produced by the wire arc additive manufacturing
method was investigated. In this work, the Ti-6Al-4V alloy was studied after hydrogena-
tion, heat treatment, and dehydrogenation. It was shown that the Ti-6Al-4V alloy produced
using the arc wire deposition technology consists of large columnar β-grains with a lamellar
α-structure inside. After hydrogenation, the α-clusters inside the β-grains become smaller
and hydrides are formed. After quenching at a temperature of Trecr + 10 ◦C, α′, α′′, and
the metastable phase βM were present in the microstructure. With subsequent aging and
dehydrogenation, the metastable phase and hydride decomposed, which significantly
refined the size of α-grains in columnar β-grains (from 5.78 µm to 0.84 µm), forming a large
area of a fine-grained microstructure. It was found that, when the hydrogen content is 0.48
wt%, the morphology of α-grains after hydrogen removal is fine-needle-like, and with the
hydrogen content increasing to 1.38 wt% the morphology of α-grains becomes equiaxed.
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The final properties of a welded joint produced in the solid-phase state are also influ-
enced by the initial microstructure of the material being welded. In [75], the microstructural
features of the joint of Ti-6Al-4V produced by FSW at a temperature below the β-transus
temperature were studied. The plates had different initial microstructures which were
produced using preliminary heat treatments. Three types of initial microstructure had
different densities of high-angle boundaries: an equiaxed α-structure, a coarse lamellar
structure with less high-angle boundaries, and a fine α′-martensitic structure. After fric-
tion stir welding, all three states had similar characteristics: the upper surface of the SZ
(Figure 9a) had a mixture of a lamellar structure with equiaxed α-grains, and the fraction
of the area of equiaxed α-grains gradually increased with increasing distance from the
top surface due to the temperature gradient. In this case, the average size of α-grains in a
completely equiaxed region of the α-structure (Figure 9b) decreased with the increasing
initial density of high-angle boundaries. The authors suggested that recrystallization is a
key phenomenon in the evolution of the microstructure in the lower half where completely
equiaxed grains formed, and the initial grain boundary provides a preferential location for
the formation of recrystallized grains.
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In [76], the Ti-6Al-4V alloy was subjected to thermal hydrogen treatment and friction
stir welding using a W-Re pin tool. In this case, thermal hydrogen treatment improves the
hot workability of titanium alloys due to increased hydrogen ductility at high temperatures.
As a result of subsequent FSW and dehydrogenation treatment, a thin bimodal structure is
formed, which, as known, has a higher ductility compared to lamellar structures [33].

5.2. Additional Strengthening of Synthesized Workpieces

A solution to the problem of the structure refinement of a workpiece synthesized by
layer-by-layer wire deposition is proposed by combining several processes when each
layer of deposited material, after cooling, is subjected to strain hardening. For example,
it is shown in the papers [77–79] that the use of layer-by-layer forging in the additive
manufacturing of a workpiece leads to a decrease in technological stresses, a decrease in
grain size, and, as a consequence, an increase in mechanical characteristics to the level of
the base metal and a decrease in the porosity and anisotropy of the metal. This approach
was used during the wire plasma deposition of workpieces made of an austenitic steel of
the 308LSi type in [80]. The paper [81] reports the results of a study of the additive shape
forming of products made of a heat-resistant Ti-Al-V alloy using a hybrid technology of
multilayer deposition CMT (Cold Metal Transfer) with layer-by-layer strain hardening
(CMT Advanced), which made it possible to reduce the size of β-grains and, respectively,
increase the hardness of the deposited material by about 5–7%.

In [79], a new method of laser melting deposition was used for the Ti-6Al-4V alloy to
stimulate the transition from a columnar to an equiaxed structure by adding 1–5 wt% of
nano-sized B4C particles. The authors showed that the grain size decreases significantly
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from 600 µm to 11 µm with increasing B4C content. The TiB and TiC reinforcement
was produced by an in situ reaction between Ti-6Al-4V and the B4C particles, which not
only precipitated at grain boundaries, limiting grain growth, but also acted as nucleation
centers, accelerating the non-spontaneous nucleation of β-grains, which made it possible
to achieve a fine-grained structure. Tensile tests have shown that the addition of 3 wt%
of B4C particles leads to a significant increase in yield strength (1235 MPa) and tensile
strength (1310 MPa) and the retention of a certain ductility (elongation 2.4%). A similar
reinforcement effect in titanium composites using a laser additive technology was observed
in [82]. Thin-walled components from a titanium matrix composite reinforced with TiC
+ TiB were manufactured in situ by mixing the Ti-6Al-4V alloy powder and B4C particles
using the laser melting deposition technology. In [83], selective laser melting was also used
to produce samples of the TiC/(TiAl3 + Ti3AlC2) composite. Despite the partial growth of
grains during the preparation process, the microstructure was refined, and the size of the
reinforced phases did not exceed 1 µm.

In [84], an in situ design approach to create spatially modulated alloys using laser
powder melting is demonstrated. It is shown that the partial homogenization of two dissim-
ilar alloys, Ti-6Al-4V and a small amount of the 316L stainless steel, enables the production
of the micrometer-scale concentration modulations of the elements contained in 316L in the
Ti-6Al-4V matrix. The corresponding modulation of phase stability creates a small-scale
modulated β + α′ two-phase microstructure that exhibits a positive transformation-induced
plasticity effect, resulting in a high tensile strength of ~1.3 GPa with a uniform elongation of
~9% and an excellent strengthening capacity of >300 MPa. This approach paves the way for
concentration-modulated dissimilar alloy design for structural and functional applications.

Thus, the increased properties of titanium workpieces produced by the additive
technologies of the selective laser melting of powder or wire can be achieved by refining the
microstructure through thermal hydrogen treatment after the synthesis of the workpiece
by using strain hardening between layers, by introducing the reinforcing additives of nano-
sized particles of a high hardness, and by the in situ design of a material from dissimilar
alloys. The effectiveness of thermal hydrogen treatment for the formation of equiaxed
grains in the microstructure of workpieces produced by an additive technology based on
friction welding has been confirmed.

5.3. Prospects for Producing Nanostructured Titanium Alloys: New Challenges

As is known, the strength properties of titanium alloys depend on the morphology of
the α-phase and the sizes of β-grains, which are varied by the temperature and heating rate
of the material, as well as the cooling rate [33]. At the same time, it has been proven [16] that
reducing the grain size in metals to values in the range of 0.1–1.0 µm using SPD processing
leads to the significant strengthening of the material due to an increase in the length of
grain boundaries and an increase in dislocation density, i.e., the involvement of the grain
boundary and dislocation strengthening mechanisms. The formation of nanostructured
and UFG states by SPD processing in the α, α + β, and β class titanium alloys made it
possible to achieve a high strength and endurance limit, almost 20–50% higher than for
alloys produced by commercial methods (forging, die forging, rolling, etc.). In particular,
using the methods of equal channel angular pressing (ECAP) and ECAP-Conform (ECAP-
C), a unique combination of strength and ductility was produced in the CP Ti Grade 4 alloy,
Ti-6Al-4V [71], and Ti-15Mo [85–88]. It can be assumed that the use of nanostructured
rods and wires in the synthesis of workpieces using additive manufacturing will make it
possible to produce parts with an even smaller grain size and higher strength properties.

In the study [89], a solution to the problem of increasing the strength properties of
the Ti-6Al-4V alloy synthesized by additive wire deposition welding is proposed through
the use of a wire with an initial UFG structure produced by ECAP in combination with
drawing. This work shows that, in the microstructure of the sample produced using a UFG
wire, the fraction of the α-phase reaches 93%, as compared to the equilibrium composition
where its fraction is approximately 85% [32]. The average microhardness values of the
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metal deposited using a wire with a UFG structure are approximately 20% higher than the
microhardness of the sample grown using a conventional welding wire. Both factors, such
as the smaller thickness of the lamellae and a higher proportion of the “solid” α-phase, led
to the increased microhardness of the material grown with a UFG wire compared to the
sample produced with a standard wire (410 ± 15 and 360 ± 20 HV, respectively) (Figure 10).
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Figure 10. Microhardness in the section of the Ti-6Al-4V alloy samples produced using standard CG
and UFG wires [89].

The authors explain this phenomenon by the presence in the melt of non-equilibrium
groups characterized by a “short-range order” inherited from the source material. Appar-
ently, such clusters and non-equilibrium atomic groups can serve as nucleation centers for
the α-phase during the subsequent cooling of the deposited layer. In this case, an increase
in such centers leads to the formation of thinner and shorter α-phase lamellae (Figure 11).
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The initial microstructure of the material will have a significant impact on the prop-
erties of the welded joint produced by an additive technology based on friction welding.
When friction welding occurs in the contact zone of rubbing surfaces, heating occurs at a
rate of thousands of degrees per second. Therefore, in combination with a high rate and
intensity of shear deformation against the background of a compressive load, a decrease in
grain size and the formation of a UFG or nanocrystalline structure in the weld itself occur.
This creates the prerequisites for the occurrence of the effect of low-temperature superplas-
ticity, which has been discovered in many nanostructured materials [16,90]. According to
modern concepts, superplasticity is realized by the action of cooperative shear bands, with
the predominant participation of grain boundary sliding [16].
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For example, the work [91] shows the role of high-strain-rate superplasticity in the
formation of a welded joint during the linear friction welding of two-phase titanium
alloys, including those with a previously prepared UFG structure. The main differences in
the mechanisms of the formation of a welded joint of titanium alloys in the fine-grained
(FG–about 5 µm) and UFG (0.6 µm) states were demonstrated. In the case of the VT8-1/VT6
pair in the FG states, the microstructure of the weld zone consisted of micro-needle-like
martensite, characteristic of the rapid cooling of the alloy from the β-region. In the UFG
version of the initial workpiece, the microstructure of the central layer of the weld was
characterized by martensitic plates in the nanoscale range (thickness 30. . .75 nm), almost
indistinguishable at the same magnification as the FG joint.

During the friction welding of alloys in the UFG state, apparently, the same mechanism
of microstructure transformation is realized as in the case of the FG state; but, due to the
higher deformability of the UFG material, the zone of intense deformation becomes wider
compared to the FG version. As a result, the hot zone becomes less localized and the
maximum temperature is lower. The alloy retains the two-phase state which is most
favorable for the implementation of high-strain-rate superplasticity. The structure of the
welded joint, in this case, is distinguished by the presence of a residual α-phase in the
weld, a smaller and more uniform structure, a blurred boundary between the weld and
the TMAZ, and a smooth change in microhardness along the cross-section of the welded
joint (Figure 12). All this has a positive effect on the properties of the joint: the strength
corresponds to the base material, both under static and cyclic loading.
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The mechanisms described above determine the structural features of the welded joints
of titanium alloys produced by additive manufacturing in the solid-phase state. Moreover,
in the case of transition to materials in a submicroscopic or UFG state, the role of high-
strain-rate superplasticity will increase. On the one hand, high-strain-rate superplasticity
ensures the extrusion of contaminants present on the surfaces being welded into a burr, the
absence of overheating in the welding zone, and a high degree of deformation necessary to
create physical contact and form a welded joint.

Thus, the application of additive manufacturing for the production of parts and
products from Ti alloys with an ultrafine-grained structure is a new direction of research.
This opens up the possibility of producing structural elements of complex configurations
from titanium alloys with ultrafine grain sizes and, therefore, with high performance
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properties, in demand in such high-tech industries as aircraft building, ship building,
chemical engineering, and power engineering.

One of the promising approaches proposed by the authors of this overview is the use
of the friction stir welding method and rods and bars made of titanium alloys with a UFG
structure produced by SPD processing. In this case, the result of microstructure refinement
in the synthesized workpieces can be achieved not only through the use of the FSW method
itself (due to friction with stirring implemented with the achievement of large degrees of
deformation), but also through a preliminary microstructure refinement of the material
using SPD processing. In addition, in the process of the FSW of rods with a UFG structure,
the role of the superplasticity of the material increases, which is realized under conditions
of elevated temperatures in the contact zone, which will enable an increase in the rate of
layer-by-layer deposition and the quality of the microstructure and properties. The use
of thermal hydrogen treatment will improve the deformability of titanium alloys, both at
the stage of the nanostructuring of workpieces using the SPD method and at the stage of
producing bulk workpieces using the FSW method. In this case, the implementation of the
synergistic effect from the nanostructuring of initial materials in combination with additive
technologies and finishing thermal hydrogen treatment opens up new opportunities for
producing high-strength products from nanostructured titanium materials.

6. Summary

1. Research in the area of additive manufacturing, as applied to Ti alloys with α,
α + β, and β structures, is developing at a great pace, and the obtained results open up
prospects for their application in the manufacturing of products and semi-products that are
in demand in the aerospace, biomedical, and oil and gas industries.

2. The use of laser technologies with powder or wire, when the successive melting
and solidification of the alloy occurs, forms a coarse-grained dendritic structure, which
often does not provide the strength and fatigue properties of alloys achieved by traditional
methods, such as rolling, forging, die-forging, etc. The main efforts of researchers are aimed
at reducing such unfavorable factors as increased porosity, residual stresses, and surface
roughness.

3. To achieve a fine-grained structure in titanium workpieces synthesized by laser
methods, various methods and approaches are used, such as thermal hydrogen treatment,
additional hardening between processing cycles, the introduction of hardening particles,
the in situ fusion of dissimilar metal powders, etc.

4. Additional technologies in the solid-phase state of titanium alloys are attracting
ever increasing attention, since the temperature of local heating in the contact zone of the
material with the tool can be lower than the temperature of the polymorphic transformation.
On the one hand, this contributes to the formation of a fine grain in the stir zone; on the
other hand, this allows you to keep the grain size of the base material, thereby increasing
the strength of the synthesized material.

5. The use of friction stir additive manufacturing technologies to form an ultrafine-
grained structure in complex-shaped parts requires an integrated approach to processing
which includes the preliminary preparation of the ultrafine structure in the initial rods/bars
using thermal hydrogen treatment and severe plastic deformation. The use of such an
integrated approach for titanium alloys of α, α + β, and β class requires solving both
material science and technological problems, which will be the focus of the efforts of the
team of authors of this overview in the near future.
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