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Abstract: Titanium alloys have been considered as unique materials for many years. Even their
microstructure and operational properties have been well known and described in details, the new
technologies introduced—e.g., 3D printing—have restored the need for further research in this area.
It is understood that martensitic transformation is usually applied in heat treatment of hardenable
alloys (e.g., Fe alloys), but in the case of titanium alloys, it also occurs during the thermomechanical
processing or advanced additive manufacturing. The paper summarizes previous knowledge on
martensite formation and decomposition processes in two-phase titanium alloys. It emphasizes
their important role in microstructure development during conventional and modern industrial
processing.
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to medicine. The classification of titanium alloys is based on the content of o and 3
phases in their microstructure—the following main groups are distinguished: «, o + 3,
and (3 alloys, with further subdivision into near-« and near-f3 alloys [1]. Microstructure,
thereby mechanical properties, of titanium alloys are usually developed in combined plastic
working and heat treatment processes—called thermomechanical processing (TMP) [2,3].
Generally, two extremely different microstructures are developed in two-phase o + (3 alloy,
concerning the morphology of « phase: lamellar and globular (equiaxed) [4-6]. Quite
unique mechanical properties can be achieved in the case of titanium alloys characterized
by a mixture of the types of mentioned microstructures, i.e., bi-modal [5,6] or even tri-
modal [6,7] microstructures, or a mixture of coarse and fine lamellae, i.e., bi-lamellar
microstructure [6].

Martensitic microstructure in « + (3 alloys is considered to be rather temporary, and
after tempering, it is transformed into fully fine lamellar microstructure [5,6]. Hence, heat-
treated—i.e., hardened and tempered—martensitic titanium alloys (e.g., Ti-6Al-4V) exhibit
high mechanical properties and are widely used for heavily loaded structural parts [8].

Semiatin’s recent review [9] on TMP of o« + 3 titanium alloys largely concerns the
fragmentation and spheroidization processes of « lamellae and martensitic & acicular
phases. It was postulated that the acicular microstructure accelerated dynamic spheroidiza-
tion, especially at low temperature. It was also mentioned that the martensitic phase
conditions of the Creative Commons  P1ays an important role in superplastic deformation (SPD), during which it is fragmented
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by other researchers [12,13]. Markovsky et al. [14] also demonstrated the benefit of initial
martensitic microstructure in developing an ultrafine « grains in Ti-6Al-4V alloy.

Even if the TMP of titanium alloys seems to be well known and industrially veri-
fied, some modern technologies, like additive manufacturing (AM), intended to produce
near-net shape structural parts, require a new approach which cannot be based on plastic
deformation. Dutta and Froes [15,16], based on ASTM standards, classified AM technolo-
gies for metals into two categories: directed energy deposition (DED) and powder bed
fusion (PBF). The DED technologies (direct metal deposition (DMD), laser engineered
net shaping (LENS), shaped metal deposition or wire and arc additive manufacturing
(WAAM)) offer larger build envelope and higher deposition rate compared with the PBF
methods, but their ability to build hollow cooling passages and finer geometry is limited.
The building of complex features and high precision parts is possible using the PBF tech-
nologies (selective laser sintering (SLS), direct metal laser sintering (DMLS), selective laser
melting (SLM), and electron beam melting (EBM)) which, however, have other limitations
related to the size of build envelope and horizontal layer building ability. In the case of
titanium alloys, the AM technologies create the conditions for martensite formation in their
microstructure. Yang et al. [17] analyzed such process in the SLM technique, where the
metal powder layer is first heated and melted rapidly by the focused laser beam. They indi-
cated that during SLM, the Ti-6Al-4V is subjected to a high temperature gradient (10° K/m)
as well as rapid solidification and cooling rates (can reach 108 K/s). Under such rapid
solidification and cooling rates, bcc B phase transforms completely into metastable hep o’
martensite. The resulted microstructure favors intergranular failure which deteriorates
alloy ductility. He J. et al. [18] noticed that the martensitic &’ phase in the microstructure of
Ti-6Al-4V alloy resulted in the improvement of tensile strength and hardness and decrease
in plasticity. Xu Y. et al. [19] considered that the fracture mechanisms of SLM-produced
Ti-6Al-4V specimens were affected by the width of martensite needles. Martensitic trans-
formation was also observed in titanium alloys produced by other AM methods, both DED
and PBF ones—LENS [20], SLS [21], and EBM [22]. It is worth adding that the effect of
martensite on mechanical properties of AM titanium alloys is not clear-cut. Zafari and
Xia reported [23] a fully martensitic o’ Ti-6Al-4V alloy, produced using SLM, exhibiting
an impressive combination of high ductility and strength. In the same alloy, a two-phase
o + o microstructure was developed by EBM process and a desirable increase in both
strength and ductility was found [24]. This shows the research potential in this area.

Innovative technologies, like AM, offer new production possibilities for metallic
materials which have been successfully processed for years by conventional methods. The
novelty of the presented overview is an attempt to correlate commonly known physical
properties of titanium and its alloys with the particular requirements of AM, especially in
terms of martensite formation.

Further in this paper, principal data on martensite formation and decomposition are
collected and presented (in Sections 2 and 3, respectively). The effect of martensite o
content in microstructure of two-phase « + 3 titanium alloys, processed by conventional
(TMP) or modern (AM) methods, on the final mechanical properties is also analyzed. In
Section 4, the role of martensitic phase in the development of microstructure of two-phase
titanium alloys using TMP routes is discussed, while Section 5 is devoted to AM processes
leading to unintentional martensite formation in titanium components.

2. Martensitic Transformation and Martensitic Phases

The possibility of martensite formation in titanium alloys results from allotropic trans-
formation Tia<+Tif3, which is considered as a primary phase transformation in titanium.
During the heating of titanium to the temperature above 882.5 °C, Tix (hcp) transforms into
Tif (bcc). In the case of cooling, the reverse transformation Ti —Ticc occurs. At low cooling
rates, allotropic transformation Tifp —Tix proceeds by nucleation and growth of new phase
crystals, whereas at ahigh cooling rate, the allotropic transformation has the features of
martensitic transformation. In pure iodide titanium, after cooling at the rate of 100 K/s
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shear processes, related to diffusionless martensitic transformation, can be observed only
on {3 phase grain boundaries. In titanium alloys, increase in alloying elements content (e.g.,
Cr, Mo, V, Nb, Sn, and Zr) reduce the martensite start temperature (Ty;), but also the critical
cooling rate, so fully martensitic microstructure in these alloys can be developed. In tita-
nium alloys containing Mo, Mn, Nb, and V, martensitic transformation can be induced by
plastic deformation caused by external load. The content of mentioned alloying elements
must be high enough to reduce the Ty, to a value close to room temperature. Moreover,
the cooling rate should also be high enough to prevent precipitation of intermediate phases
which preclude martensite formation through deformation [1,3,25].

Martensitic transformation in titanium alloys is related to atom movement and lattice
deformation. Such a shear transformation process is believed to be realized by activation of
the following shear systems: [111](11—2) and [111](—101) in (3 lattice or [2—1—13](—2112)
and [2—1—13](—1011) in « lattice, also by twin formation in {111} or {112} plains [3,25].
According to Liitjering and Williams [4], the hexagonal martensite, designated as o/,
exhibits two morphologies: massive (lath) and acicular ones. Massive martensite can
be observed in pure and low-titanium alloy and titanium alloys which exhibit high Tyys.
Acicular martensite is characteristic for the alloys with higher solute content, reducing Tss.

Two martensitic phases are considered the most important in titanium alloys—a/
and «”. The o phase is a supersaturated solid solution of elements in Tix allotropic
form, and it has the same hcp crystal structure. It is usually obtained by fast cooling
(water quenching) from the temperature range of 3 phase stability, but it can be formed by
plastic deformation or during aging in zones of 3 phase depleted in elements stabilizing
it (3-stabilizing elements). It is rather obvious that martensitic phases are compared to
martensite in steels. In the case of titanium alloys, some features differentiate «’ phase from
martensite in steel. The «’ phase is a supersaturated substitutional solid solution, whereas
in steels, martensite is a supersaturated interstitial solid solution. Martensite content in
microstructure results in lower strengthening effect compared to iron alloys and titanium
alloys with fully martensitic microstructure have quite good plasticity, which is distinct
from quenched steels [3].

As mentioned before, the martensitic & phase in titanium alloys is usually acicular
(needle-like) (Figure 1). Besides alloy composition, the needle morphology and orientation
in prior (3 grains (Figure la) are determined by heat treatment or plastic working at the
temperature of 3 phase stability and even by minor changes of cooling conditions [1,3,4].
Transmission electron microscopy examination enables to reveal twins and high dislocation
density in needles (Figure 1d).

Figure 1. Cont.
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Figure 1. Martensitic microstructure in Ti-6Al-4V alloy after water quenching from the temperature of 1050 °C (3 phase
range): fully martensitic microstructure with visible prior B grains (LM) (a), common orientation of o’ needles in prior
B grain (LM) (b), o« needles growing perpendicular to the prior B grain boundary (LM/DIC) (c), twins and dislocation
substructure in o needles (TEM) (d); LM—light microscopy, DIC—differential interference contrast, TEM—transmission
electron microscopy.

In some martensitic titanium alloys containing transient elements (e.g., Mo, V, Nb, and
Ta), another martensitic phase, «”, can be formed. It is believed that the following features
of alloying elements—atom volume, concentration of electrons, and valence (higher than
for titanium, i.e., >4)—determine o” phase formation in the alloy. The o” phase, same as
the o’ phase, is a supersaturated solid solution of elements in Tic phase, but it crystallizes
in orthorhombic system. Morphology of both martensitic phases is similar (acicular), but
they differ in needle size [3,25]. In Ti-Nb shape memory alloys, the structure of quenching-
induced «” martensite is often twinned—mainly by {111}-type twins [26]. Banerjee and
Williams [27] analyzed the effect of 3-stabilizing elements on metastable transformations
in titanium alloys. They showed that Tys decreased with increasing (3-stabilizing content
and, moreover, the Ty for «” phase is lower than that for the o phase (Figure 2).

Temperature —»

Isormorphous [3-stabilizing elements content —»

Figure 2. The effect of isomorphous (3-stabilizing elements on martensite start temperature (TMs) of
o’ and «” phases (drawn based on [27]).

Moiseev et al. [28] further noted that in Ti-Mo and Ti-V titanium alloys, the o« phase
depleted in B-stabilizing elements had the same mechanical properties as «’ phase. They
also found that the «” phase was softer than that of «’. Even if the o phase in titanium
alloys has no high hardness and strength, as martensite of steel has, formation of «’
phase can lead to their noticeable hardening [29]. In general, the hardness of such alloy
increases as the rate of cooling [30] and the temperature of quenching [31] increases (both
raise the martensite content). It is also worth adding that the grain size of prior 3 grains
(Dpriorp) determines room temperature mechanical properties of titanium alloys with fully
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martensitic microstructure. Chong et al. [32] indicated that for Ti-6Al-4V alloy, the ultimate
tensile strength (UTS) and elongation for Dyyiorp = 200 pm were 1047 MPa and 9.4%, while
for Dyyiorp = 8 pm, were 1298 MPa and 19.8%, respectively.

3. Martensite Decomposition

Both o’ and «” martensitic phases in two-phase structural titanium alloys are con-
sidered as intermediate phases, which during annealing (tempering), are transformed to
lamellar o + 3 microstructure, giving them high mechanical properties [5]. Decomposition
of martensitic phases is, therefore, a desirable process during heat treatment of titanium
alloys applied for heavy load structural parts.

Martensite transformation in titanium alloys is most often associated with its decompo-
sition into a mixture of thermodynamically stable & and 3 phases [4,5,33-36]. As reported
by Bylica and Sieniawski [36], the o’ and «” martensite decomposition in titanium alloys
takes place according to the following schemes:

« = o gepl + B = x + B, 1)

o = o enr oM — X+ By = x+ B, 2)

wheres o’ depl—oc’ phase depleted of the 3-stabilizing elements, &”enr—a” phase enriched
in the p-stabilizing elements, o and 3)—metastable « and (3 phases, respectively. The
mechanism of the mentioned processes depends mainly on the decomposition tempera-
ture and chemical composition of martensite. Decomposition of the o’ phase (1) can be
considered as a precipitation of 3 phase together with gradual depletion of «’ phase until
its chemical composition corresponds to an equilibrium « phase or as a precipitation of
depleted o’ phase and subsequent transition of enriched zones of « phase into 3 phase.
Concerning decomposition of o” phase (2), various mechanisms are also considered [36]:

e  precipitation of metastable M phase from martensitic ” phase, and then «”gep|
phase depleted in the B-stabilizing elements transforms into o’ phase and, next, into

o phase:
o’ — Cx”depl + Bm — o + By — x+ B (3)

e  precipitation of «, causing gradual enrichment of «”¢nr phase (in the -stabilizing
elements) and then its transition into metastable AM and, finally, 3 phase:

o = o+ & enr = X+ Pyv— X+ B; (4)

e formation of zones with different concentration of alloying elements (oc”depl and «”enr)
which transform into metastable «”4ep; and BM and, finally, stable o and § phases:

o — ‘X”depl + &’ enr — (X”depl +Pm — x+ B. 5)

It is believed that the efficiency of tempering titanium alloys having a specific chemical
composition depends on the process temperature and time [37,38]. It should be noted that
the effect of tempering—expected high strength—results from the formation of metastable
phases, their decomposition, and precipitation of highly dispersed phases [37,39]. There-
fore, the decomposition of martensitic phases (o, «”) can also be accompanied by the
creation of intermetallic phases (e.g., Ti3Al, TiFe).

Based on recent results concerning the continuous heating of hardened Ti-6Al-6V—
25n alloy [40], it was found that the «” martensite decomposition is diffusion-driven
transformation of the supersaturated phase (at the temperature range of 400-600 °C).
Moreover, precipitations of fine 3 particles (with diameter of ~5nm) were formed mainly
along the boundaries of « laths, formed with the participation of nano-twinning process.
Yu et al. [41] claimed that the o <& + {3 decomposition in Ti-6Al-4V was an elemental
diffusion transformation, and the shape and position of its products changed with time.
They described a relationship between the shape and distribution of precipitates and the
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temperature of tempering. The precipitations were randomly distributed in the crystals
and the grain boundaries or formed local aggregations at the grain boundaries.

Lee et al. [42] mentioned the spinodal decomposition of «” martensite in Ti-Mo alloys,
whose mechanism can be considered as a formation of zones varying in saturation of Mo
(0" Mo-depl and &”po-enr—depleted and enriched in Mo, respectively) according to formula
(5). However, their work concerned the o” martensite decomposition mechanism in Ti-
Al-Fe-Si alloy. It was found that at low tempering temperature (<450 °C), Fe-rich « phase
was transformed in the twins of o” martensite, while at higher tempering temperature
(>450 °C) the Fe-depleted o” martensite (due to Fe atoms diffusion to the «”/ & interface)
transforms into o phase.

As was mentioned before, martensite decomposition during the tempering process is
considered as a conventional way for developing specific mechanical properties through
heat treatment. Other aspects, like the effect of factors other than tempering temper-
ature on the martensite decomposition process, are not too often investigated. Some
papers indicate the possibility of plastic deformation of titanium alloys in a hardened
state [43—45]. Li et al. [43] analyzed the deformation mechanisms of martensite and found
that deformation of « phase in Ti-3A1-4.5V-5Mo (VT16) alloy is accompanied by «” —«/
transformation [43]. In one study [44], the decomposition process of deformed martensite
in the mentioned alloy was briefly analyzed during continuous heating up to 800 °C.
Matsumoto et al. [45] investigated Ti-V-Al and Ti-V-Sn alloys, quenched and, next, cold
groove rolled. They found that the microstructure of acicular martensite o’ in as-quenched
titanium alloy evolved into refined equiaxed cell structure with size less than 200 nm
after cold groove rolling. Moreover, after the low temperature heat treatment at 300 °C
of quenched and cold-deformed Ti-12V-2Al alloy, the «” phase formed finally in the «'
martensite matrix.

It should be also pointed that the hot deformation of martensite has also been analyzed
as a mechanism for development of ultrafine-grained microstructure in two-phase titanium
alloys [13,46] (discussed in more detail in Section 4).

Motyka et al. [47] analyzed the decomposition process of deformed martensitic phase
in Ti-6Al-4V. The alloy was water-quenched from the temperature within stable 3 phase
range (1050 °C) and, next, cold compressed up to about 20% strain. Deformed and unde-
formed specimens were tempered at 600, 750, and 900 °C for 1 and 2 h. It was found that
the decomposition of martensitic phase at the temperature of 600 and 750 °C led to slight
thickening of its laths—no meaningful differences between the morphology of tempered
deformed and undeformed martensite were found. Significant microstructural changes
were observed after tempering at the temperature of 900 °C (Figure 3a,b)—deformed
martensite laths exhibit tendency towards fragmentation and spheroidization. Because
the tempering temperature is in the lower range of « + 3—f phase transformation, the
observed results could be caused by both martensite decomposition and phase transforma-
tion processes. Regardless of the tempering temperature, the product of martensite o/ ()
decomposition was a mixture of o and 3 phases—both in the case of undeformed and
deformed martensite. Motyka et al. [43] analyzed martensite decomposition in Ti-6Al-4V
alloy during hot deformation process. They found that the microstructure is globular after
compression at 900 °C (Figure 3c), similar to that obtained after tempering at the same
temperature (Figure 3b). Martensite decomposition during hot deformation process seems
to favor o + 3 — 3 phase transformation—a higher volume fraction of 3 phase compared
with “static” tempering at 900 °C (Figure 3b).
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Figure 3. Morphology of « and (3 phases (SEM) in Ti-6Al-4V alloy having initial fully martensitic microstructure: after

tempering at 900 °C without (a) and with preceding cold deformation (b) and after hot deformation at 900 °C (c).

4. The Role of o/ («”) Martensitic Phase in the Development of Microstructure of
Two-Phase Titanium Alloys

As mentioned before, the development of the demanded microstructure of two-phase
titanium alloys is usually realized in TMP, which is generally composed of three stages: I—
initial heat treatment, II—hot deformation, and III—final heat treatment. Due to the limited
possibilities of microstructure development by heat treatment methods only (resulting
from unique features of Tif <+ Tix transition), hot working operation (at the temperature in
the range of & + 3—f3 transformation or in the range of stable 3 phase) is crucial in TMP.
The initial heat treatment is applied for increasing plastic deformation effects (mainly grain
refinement), whereas the final heat treatment operations are usually used for stabilization
of microstructure (they restrict grain growth) [2-6,49,50].

Titanium alloys belong to the group of metallic materials for which superplastic
forming (SPF) is applied, especially when forming parts can be simultaneously diffusion-
bonded (SPF/DB). SPF is based on the fine-structured superplasticity, which demands
fine-grained and equiaxed microstructure of deformed material [51,52]. Obviously, such
material conditions may be met when severe plastic deformation (SPD) methods are
used [53]. However, in the past, when SPD methods were not widespread, some attempts
for development of fine-grained and equiaxed microstructure in TMP were made. Even
though conditions for TMP developing a globular microstructure in two-phase « + 3
alloys were commonly known [4—6], the grain size of « phase was not satisfactorily small.
Inagaki [10,54] investigated the Ti-6Al-4V alloy prepared by various routes of TMP. He
found that the superplasticity of examined material can be enhanced by solution treat-
ment 1050 °C/water and then severe hot rolling at temperatures below 750 °C. Inagaki
observed that «’ martensite needles were broken up during hot rolling into stringers of
tiny grains. This allowed obtaining a total elongation of 2100% in tensile test at 850 °C
and strain rate of 1072 s~ ! (also in Ti-6Al-2Sn-4Zr-6Mo and Ti-6Al-2Sn-4Zr-2Mo alloys).
Such behavior was further analyzed in detail using TEM methods. It was found that the
initial microstructure of Ti-6Al-4V alloy, before the high-temperature tensile tests, consisted
of fine, fragmented o + o martensite grains which, at earlier stages of the superplastic
deformation, had decomposed into small, well-defined equiaxed « subgrains surrounded
by thin 3 phase films.

Motyka et al. [12], based on above results, investigated superplasticity of Ti-6Al-
4V alloy TM processed by water quenching (from the temperature of 3 stable region
(1050 °C) and « +  range (950 °C)), hot forging at about 900 °C and recrystallization
annealing (800 °C). Recrystallization annealing, the final heat treatment in TMP, caused
spheroidization of « grains, though also their growth. Thus, the highest superplastic
strain (a total elongation higher than 1600%) was found for the alloy water-quenched
from the temperature of 1050 °C and hot forged—even the initial microstructure was not
equiaxed. High elongation was achieved because highly deformed and elongated « grains
transformed into globular ones (by fragmentation and spheroidization processes) during
the heating to the deformation temperature and initial stage of superplastic deformation.
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In summarizing, it can be assumed that spheroidization of elongated thin laths (formed
from « martensite needles) at the initial stage of superplastic deformation retards the
growth of « grains during the process, while initial equiaxed grains grow more, which
limits superplastic elongation to a greater extent.

As explained earlier, martensite decomposition during hot deformation process can
lead to grain refinement in titanium alloys, enhancing their superplasticity. However, grain
refinement methods are usually used for material strengthening. Warm or hot deformation
of martensite was also analyzed in aspects of development of ultrafine-grained (UFG)
microstructure in two-phase titanium alloys. Semiatin et al. [55,56] have postulated that the
level of grain refinement in titanium alloys strongly depends on the initial microstructure
and TMP route. They have shown that the final grain size can be significantly reduced
through lowering of the deformation temperature and utilizing a finer initial microstruc-
ture, particularly by reducing the « platelet thickness. Zherebtsov et al. [11] observed that
in Ti-6Al-4V billets processed by warm severe plastic deformation, the formation of a
homogeneous UFG microstructure is promoted by initial microstructure which is either
fully martensitic or globular. Park et al. [57,58] analyzed high-temperature deformation
behavior and microstructural evolution process of ELI Ti-6Al-4V alloy having marten-
site microstructure. Hot compression tests were carried out at the temperature range of
700-950 °C. Fully dynamically globularized material exhibited high hardness due to the
fine grain size and high dislocation density. Matsumoto et al. [59] also noticed that for
Ti-6Al-4V alloy with an initial o martensite microstructure, after compressing at 700 °C
(strain rate of 10 s~ 1), was characterized by UFG microstructure with an average grain
size of 200 nm and a high fraction of high-angle grain boundaries. The behavior of the «’
martensite microstructure was attributed to the considerable number of nucleation sites
such as dislocations, interfaces of martensite variants and {101-1} twins, and the high-speed
grain fragmentation along with subgrain formation in the «’ starting microstructure during
the initial stage of deformation. Chao et al. [13] obtained an even smaller grain size in
Ti-6Al-4V alloy—150 nm—through TMP of a martensitic starting microstructure. They
explained a mechanism of grain refinement which involves the development of substruc-
ture in the lath interiors at an early stage of deformation, which progressed into small
high-angle segments with increasing strain. Observed grain refinement was caused by
continuous dynamic recrystallization and decomposition of the supersaturated martensite.
Similar effects were observed by Motyka et al. [48]. They found that martensite decompo-
sition during compression at 600 °C enhanced grain refinement in Ti-6Al-4V alloy. The
obtained UFG microstructure contained o grains having size even smaller than 200 nm.
Gu et al. [46] investigated UFG « + {3 titanium alloy (Ti-6.5A1-3.3Mo-1.8Zr-0.265i) produced
by deformation at relatively low temperature or high strain rate. They noticed that during
the compression of a martensite microstructure at 890 °C, both the « and (3 phases were
dynamically recrystallized and the lamellae were broken up by means of grain bound-
ary sliding and phase penetration along the subgrain boundaries. At lower temperature
(650 °C),  phase was dynamically recrystallized, whereas (3 phase precipitated and grew
in the « matrix. It was clearly suggested that the initial martensite microstructure should
be preferred for the manufacturing of UFG titanium alloys by TMP routes.

Considering the role of martensitic phase in the development of microstructure of two-
phase titanium alloys, thermohydrogen processing (THP) should be mentioned [60]. It is
based on the modifying effect of hydrogen during heat treatment and forming processes,
leading to refined microstructure and enhanced mechanical properties. It was known
already in 1994 that THP combined with hot working enabled development of UFG
microstructure in titanium alloys, although without participation of martensitic phase but
needle-like metastable x); phase [61]. According to Murzinova and co-authors [62], such
processing enables the formation of nanocrystalline structure in two-phase titanium alloy.
In order to control the effects of THDP, it is important to know and understand the effect of
hydrogen content on phase transformation in titanium alloys. Qazi et al. [63] investigated
hot isostatically pressed Ti-6Al-4V-H alloy and observed, in its microstructure, the «’ and o’
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martensite laths for hydrogen content of 10 at.%. Zong et al. [64] found that the {3 transus,
martensite start Tpss, and finish Ty temperature decreased with increasing hydrogen
content. In another paper, Qazi and co-workers [38] analyzed martensite decomposition in
hydrogenated Ti-6Al-4V alloy. They found that tempering at a temperature below the 3
transus and above the Ms resulted in the transformation of the martensite to equilibrium
o and {3 phases. In the case of tempering at a temperature below the Ms, martensite first
partially transformed into metastable 3 phase, and then into « and 3 phases.

Martensite formation seems to play a crucial role in the microstructure development
of titanium alloys during AM, so it will be described separately in Section 5.

5. Martensite Formation during Additive Manufacturing Processes

AM processes are considered as quite modern technologies opening up new possi-
bilities for production of near-net shape structural parts. Even though they are used for
well-known structural metallic materials, the obtained microstructure significantly differs
from this, which is developed by conventional methods (i.e., cold or hot working). A charac-
teristic feature of AM technologies is usually high cooling rate accompanying the building
process, which favors martensite formation in the microstructure of titanium alloys.

It is generally accepted that depending on material and process, non-equilibrium
phases evolve in the as-fabricated state, e.g., ’ phase in titanium alloys. As heat conduc-
tivity is usually anisotropic during AM processes, with a significantly higher conductivity
in the build direction through previously built layers, anisotropic microstructures with
elongated grains are found that consequently lead to anisotropic properties. Obviously,
the final operational properties can be achieved by using additional heat treatment. The
thermal cycle in AM involves a reheating of already solidified layers, so in situ heat treat-
ment is possible. If it is not sufficient, the final part microstructure may be adjusted within
a wide range by subsequent ex situ heat treatment [65,66].

5.1. PBF Methods

Unique physical and thermal properties of titanium and its alloys, in combination with
the high temperature gradients and complex thermal cycle usually involved in AM, make
them one of the most interesting materials for investigation of the relationships between
process conditions, microstructure, and mechanical properties. Among the titanium-based
materials, mainly commercially pure titanium (CP Ti) and two-phase o + 3 Ti-6Al-4V alloy
have been investigated by many research groups [65]. Qian et al. [67] analyzed the macro-
and microstructural characteristics, defects, and tensile and fatigue properties of Ti-6Al-
4V manufactured by SLM, laser metal deposition (both powder and wire), and selective
EBM compared to conventionally produced bars (in mill-annealed condition). Authors
also indicated the necessity for post-AM surface or/and heat treatments in most cases.
They claimed that post-AM heat treatment, in general, was not needed for EBM-produced
parts, but it was necessary for SLM-produced Ti-6Al-4V alloy for improving ductility and
reducing anisotropy in mechanical properties. Regardless, the necessity for in situ or ex
situ heat treatment of Ti-6Al-4V alloy after SLM, EBM, and laser metal deposition processes
resulted from microstructure heterogeneity and «’ martensite presence.

In the case of titanium alloys (especially Ti-6Al-4V alloy), SLM technology seems to be
the most often described in the technical publications among AM methods [17-19,23,68-73].
According to their authors, the martensite formation and decomposition belong to the main
factors determining mechanical properties of SLM-produced Ti-6Al-4V alloy. Yang and co-
authors [17] observed that in the microstructure of SLM-produced samples, martensite laths
seems to have a characteristic orientation related to heat history, material characteristics,
and substructure features. Such martensitic structure was considered as a hierarchical one,
where primary, secondary, tertiary, and quartic «’ martensite laths were formed within
columnar prior p grains. The primary « martensite extended across the entire parent
B phase. Fine secondary « laths (with thickness of hundreds of nm) were parallel or
perpendicular to the primary o’ martensite. Tertiary and quartic o martensite laths were
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even finer. It was found that the size of martensitic laths increases with hatch spacing,
so it can be controlled by adjusting the SLM processing parameters (hatch spacing and
scanning velocity). Hierarchical microstructure in SLM-produced Ti-6Al-4V alloy was also
mentioned by Moridi et al. [68]. They distinguished a primary, secondary, and tertiary
martensite as a result of cyclic heat treatment during the layer-wise SLM process which
was partially tempered. Primary martensite in the prior  grains was more tempered
(softer) compared with late (i.e., secondary and tertiary) martensite laths, which were
finer because their growth was stopped by the boundaries of early martensite laths, and
less tempered (harder). Even if we agree that the martensite decomposition is a clue for
achieving high mechanical properties of produced parts, and it can take place during SLM
process (called “autotempering” in [67]), the complete martensite decomposition requires
in situ or ex situ heat treatment. He et al. [18] confirmed that at the beginning of the
SLM process, the two-phase microstructure of Ti-6Al-4V transforms rapidly into a fully
martensitic one. They noticed that the size of prior 3 columnar grains, filled by acicular
martensite phase, was related to the width of laser scan track. Because the presence of
martensitic o’ phase in the microstructure resulted in the improvement of tensile strength
and hardness and decrease in plasticity of the examined alloy, the authors proposed using a
relieving heat treatment—annealing at 730 °C for 2 h in nitrogen gas conditions. It reduced
o phase content via its decomposition and enabled developing a fully « + 3 phase mixture
in the alloy microstructure. Other researchers [19] also confirmed that the presence of
acicular ' martensite and columnar prior § grains in the microstructure of SLM-processed
Ti-6Al-4V alloy decreased its ductility. In this paper, it was mentioned that ductility could
be improved by high-temperature preheating or heat treatment, but in the expense of the
alloy strength and efficiency of the SLM process. The authors claimed that satisfactory
mechanical properties of SLM-produced Ti-6Al-4V alloy could be achieved by some special
temperature evolution conditions, controlled by processing parameters such as layer
thickness, hatch spacing, energy density, and area ratios between the support structure and
the component being manufactured. They demonstrated that a proper overall temperature
and long cumulative residence time within the temperature window was favorable for in
situ ' martensite decomposition. From the point of view of reducing the overall cost of
AM produced parts, in situ heat treatment seems to be the appropriate operation enabling
martensite decomposition in titanium alloy. In the work of [69], such treatment was
applied during the SLM of Ti-6Al-4V alloy through the proper selection of processing
parameters to minimize porosity with a tight hatch distance associated with long exposure
periods at high temperature. Extensive martensite decomposition (&’ —a + ) along the
building direction was found, resulting in the formation of a uniform, fine lamellar o +
3 microstructure. Because the temperature of the performed heat treatment was higher
than Ty, a relatively thin martensitic layer (150-250 pm) was formed. The transition from
o plates to stable o lamellae proceeded along the building direction. The formation of
the intermetallic op-TizAl phase was also found along this direction using high-energy
synchrotron XRD and TEM methods. Ali et al. [70] proposed high-temperature preheating
during SLM, reducing thermal gradients and giving the possibility to control/tailor as-built
mechanical properties. A high-temperature SLM powder bed capable of preheating to
800 °C was used during processing of Ti-6Al-4V feedstock. It was found that increasing the
bed temperature to 570 °C significantly reduced residual stresses within components and
enhanced yield strength and ductility. Preheating enabled the decomposition of martensite
into an equilibrium « + 3 microstructure.

It should be mentioned that in the case of porous parts (e.g., for orthopedic purposes),
thermal conditions during AM processing favor martensitic formation to a greater extent
than in bulk elements. A route for o’ decomposition in sub-B-transus ex situ heat treatment
of SLM-fabricated parts made of Ti-6Al-4V alloy was proposed in [71]. The authors of this
paper did not find any microstructural changes after annealing at 650 °C for 1 h, whereas
after 2 h, fine precipitates of  phase along the o’ needle boundaries were observed. The
heat treatment performed at a higher temperature of 800 °C for either 1 or 2 h led to
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development of fine & + 3 microstructure, in which 3 phase was present as particles fewer
in number and larger in size (compared with the parts annealed at 650 °C for 2 h). Ex situ
heat treatment at 800 °C/2 h improved the ductility of SLM-processed Ti-6Al-4V alloy and
slightly reduced its strength.

Ex situ, post-SLM, heat treatment of Ti-6Al-4V alloy was also analyzed by Caoa
et al. [72] in terms of static coarsening mechanism of lamellar microstructure at the temper-
ature range of 700-950 °C. It was found that high-temperature heat treatment facilitated
martensite decomposition and promoted lamellae growth. Observed static coarsening
behavior in SLM-produced Ti-6Al-4V alloy was interpreted by LSW (Lifshitz, Slyozov, and
Wagner) theory. It was indicated that the coarsening mechanisms were bulk diffusion at
700-800 °C, and a combination of bulk diffusion and interface reaction at 900 and 950 °C.

Neikter et al. [73] focused attention on the binary nature of the microstructure de-
veloped in a SLM-produced Ti-6Al-4V alloy. The binary microstructure was found in the
horizontal plane and was formed with various laser scan angles between adjacent layers.
According to the authors, the fine microstructure zone separated the coarse microstructure
zones. It was also found that after the post-SLM heat treatment, the binary microstructure
was retained unless the heat treatment temperature reached the 3 transus, but when this
temperature was exceeded, the binary microstructure disappeared.

Based on the published results mentioned above, martensite phase decomposition
seems to be the main purpose of using ex or in situ heat treatment for SLM-produced
two-phase « + {3 titanium alloys. However, some researchers argue that the presence of
martensitic phase in the microstructure does not preclude high mechanical properties of
SLM-produced parts. It was mentioned earlier that Zafari and Xia [23] achieved high yield
strength (1150 MPa) and excellent tensile elongation (14-15%) in SLM-produced Ti-6Al-4V
alloy with fully o’ martensitic microstructure. According to them, it was critical to produce
pure intersecting ultrafine o’ plates free of  phase by optimizing SLM parameters in order
to avoid stress concentration at the o /3 interface and easy crack propagation along this
interface. It was also explained that plastic deformation would then proceed by dislocation
slip, which cuts and reorients « into randomly oriented nanograins until final ductile
fracture with necking and dimple formation. The authors claimed that the usually observed
poor ductility of SLM-produced parts was related to difficulty in preventing the formation
of B phase and producing ultrafine o laths, rather than to the brittleness of «’ phase.
Zafari et al., in their later work [74], confirmed that the energy density in SLM influenced
the steady-state temperature in a deposited layer reached by balancing between heat input
from the subsequent layers and heat loss in the previous ones. They determined a critical
energy density necessary to reach for in situ &’ decomposition in the produced parts.

Grain refinement, as a way for improving the mechanical properties of SLM-produced
Ti-6Al-4V alloy, was also indicated by Xu et al. [75]. The lamellar microstructure composed
of ultrafine (~200-300 nm) « laths and retained 3 phases was developed during SLM. The
authors claimed that the heat treatment time accumulated from the thermal cycling effect
during the process was sufficient for a near-complete transformation of &’ martensite into
ultrafine lamellar & + 3 mixture. As a consequence, the yield strength and total tensile
elongation of the alloy were above 1100 MPa and 11.4%, respectively. It was noted that
outstanding properties achieved were comparable with or better than in forged Ti-6A1-4V.

In the case of other PBF AM methods, SLS technology also promotes martensite
formation in produced parts made of titanium alloys. In Kazantseva et al. [21], two
martensitic phases, &’ and o'/, were found and distinguished in the microstructure of Ti-
6Al1-4V. The formation of the ' martensite was associated with high cooling rates, whereas
the mechanisms of orthorhombic o'’ phase formation with manufacturing conditions.
It was explained that during PBF processes, including SLS, the temperature of the heating
cycle can increase locally to o + 3—f3 range for a short time and repeatedly, which can
lead to the activation of diffusional processes and result in the formation of areas enriched
with vanadium. The authors concluded that the formation of martensitic phases in SLS-
fabricated Ti-6Al-4V alloy strongly depend on the parameters of laser sintering and, thus,
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through the selection of SLS parameters, various microstructures and properties could be
developed in the same material.

EBM is considered as an important metal 3D printing technology due to its high
potential applications in aerospace and biomedical fields. Similarly to previously described
PBF AM methods, the final mechanical properties of produced parts are also developed via
martensite decomposition process [22,24,76]. Tan et al. [22] claimed that EBM processing of
Ti-6Al-4V is related to o martensitic transformation and «/ 3 interface evolution. The au-
thors noticed that o’ martensite was formed regardless of printing geometries. It was found
that by increasing in-fill hatched thickness, the elemental partitioning ratios were raised
and the 3 volume fraction increased. Moreover, vanadium segregation and aluminum
depletion at the interface front causing ot/ interface widening were observed, which could
weaken them and reduce the strength of fabricated parts as the printing thickness increased.
The authors suggested that in this work, it was possible to modify the microstructure and
optimize compressive mechanical properties for EBM-printed Ti-6Al-4V parts by varying
printing temperature. Through the reduction of the average beam current of the EBM
process, it was possible to achieve a lower printing temperature and then a mixed mi-
crostructure of (&’ + «/ ) developed. It was also confirmed that martensitic formation and
decomposition took place during EBM thermal cycling. Similarly to SLM, post-process heat
treatment for improving the tensile properties of EBM-manufactured parts is also consid-
ered. Significant increase in strength and ductility in EBM-manufactured Ti-6Al-4V alloy
was revealed after sub-transus annealing at 920 °C followed by water quenching, leading
to the development of two-phase & + ' microstructure [24]. According to the authors, the
partial decomposition of the martensite during annealing induced a substantial hardening
of the o phase, which was attributed to fine-scale precipitation and solution strengthening.
It was found that annealing at lower temperature—i.e., 500 °C—led to strengthening of
o phase by the dispersion of fine 3 precipitates, and plastic deformation was initiated in
the o phase. At higher annealing temperature, the martensite fully decomposed, resulting
in mechanical properties similar to conventionally TM-treated Ti-6Al-4V alloy. What is
worth adding is that post-EBM heat treatment enabled development of a large variety of
microstructures and to achieve a broad range of mechanical properties of produced parts.

High isostatic pressing (HIP) was also proposed as a post-EBM treatment [77]. Accord-
ing to the authors, HIP of the as-built parts, having o’ martensitic microstructure, caused
coarsening of martensite decomposition products. They claimed that the standard HIP at
920 °C, recommended by ASTM, might not be the optimal treatment. The HIP at 780 °C
was instead recommended, which enabled to retain the fine microstructure of the as-built
parts with their high strength, adequate elongation, good fatigue resistance, and narrow
scatter of all the mentioned properties.

Some published data concern other AM techniques than those mentioned above, e.g.,
powder bed laser beam melting (PB-LBM) of the Ti-6Al-4V alloy in terms of its elastic
behavior [78]. The elasticity of the &’ martensitic phase was investigated by experimental
and simulation methods. It was shown that the Young’s modulus of the martensitic phase
is lower than that of the pure Ti-o phase. Moreover, the effect of heat treatment, resulting
in martensite decomposition into « + 3 mixture, on the elastic properties of PB-LBM-
processed Ti-6Al-4V alloy was analyzed. It was found the elastic behavior of o/ martensitic
phase was more anisotropic than that of the « phase.

5.2. DED Methods

The nature of the DED processes significantly differs from PBF techniques. The DED
methods allow simultaneously feeding different kinds of powders through multiple hop-
pers and, therefore, produced parts can be made of composite materials or compositionally
graded materials. Liu and Shin [79] noticed that the thermal behavior of DED process
resulted in an acicular o’ martensitic formation in the microstructure of Ti-6Al-4V alloy,
similarly to the SLM technique mentioned earlier. The presence of &’ martensite signifi-
cantly increased the ultimate tensile and yield strength but decreased the ductility of the
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as-built components. They claimed that the &' martensite laths in DED-processed alloy
were also responsible for the lower crack propagation thresholds but higher fatigue limits as
compared to EBM, wrought, forged, and heat-treated Ti-6Al-4V. Obviously, heat treatment
for DED manufactured parts is considered. In [20], as-built and heat-treated specimens of
LENS-processed Ti-6Al-4V alloy were compared. In both conditions, prior 3 grains aligned
with the manufacturing direction were found, filled with acicular o martensite in the case
of as-built parts. During heat treatment, a two-phase « + 3 microstructure was developed,
which increased material plasticity and reduced anisotropy of mechanical properties (with
a decrease in yield stress and ultimate tensile stress). Generally, post-processing heat
treatment leading to the creation of o« + 3 microstructure is recommended to increase
the mechanical properties of LENS-produced Ti-6Al-4V alloy [80]. For the components
produced by direct laser deposition (DLD), like in the case of LENS, HIP was used [81]
as a post-processing treatment, which effectively closed pores and fully transformed the
martensite microstructure into lamellar « + (3 phase, resulting in ductility improvement
and slight strength reduction.

The role of martensitic phase in achieving high-strength AM components made of
titanium alloys seems to be not fully understood. Dependent on the AM method and
post-processing heat treatment used, the presence of martensite fine laths or martensite de-
composition determines the high mechanical properties of Ti-6Al-4V alloy, which seems to
be the most often studied AM-processed titanium alloy. It is interesting that the martensite
formation process is more sensitive to the AM method applied in the case of pure titanium.
Attar et al. [82] noted that the microstructure of LENS-processed CP Ti was composed of
plate-like (Widmanstadtten) « phase, whereas the SLM samples showed only martensitic
o/ phase.

Martensitic phase can also be formed in titanium alloys during joining processes—like
gas tungsten arc welding [83] or electron beam welding [84,85]—or surface engineering
operations [86]. This kind of localized microstructure change is worth considering but
needs to be studied separately.

6. Summary

Two-phase titanium alloys, due to their unique properties, are still attractive metallic
materials processed by traditional and novel techniques. The « + B+, B—o/(«”) and
o/ ()= o + B phase transformations enable their microstructure and mechanical properties
to be controlled quite freely. Martensite formation and decomposition have long been
used in hardening and tempering operations, respectively, during thermomechanical
processing of titanium alloys (Figure 4). In the case of additive manufacturing methods
characterized by high temperature gradient and cooling rates, martensite formation is
unintentional. Moreover, unintentional martensite formation already occurs during powder
preparation [87,88]. Generally, the o (””) martensite content in the microstructure of AM
components is considered harmful and, therefore, its decomposition is induced during AM
processing (in situ heat treatment) and/or afterwards (post-AM or ex situ heat treatment—
Figure 4).

Martensitic microstructure in thermomechanically processed « + 3 alloys is consid-
ered to be rather temporary, and after tempering, is transformed into fine-grained o + 3
microstructure giving high mechanical properties. Martensitic microstructure, mainly in Ti-
6Al-4V alloy, is also developed for further plastic deformation. Dependent on deformation
conditions, significant grain refinement is achieved—improving the mechanical properties
or increasing superplastic deformability.

AM methods seems to effectively extend the application range of structural titanium
alloys, even though some production problems still need to be overcome. However, recent
findings are promising, and the mechanical properties of the most popular Ti-6Al-4V alloy
processed by SLM (yield strength > 1100 MPa, elongation > 10%) are comparable with
those obtained using conventional methods.
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Figure 4. Martensite formation and decomposition at different stages of traditional and additive manufacturing processes.

The role of martensite content in AM components made of titanium alloys is not
fully understood. Even in situ or ex situ heat treatment is used for strength increase by
martensite decomposition, and high yield strength and excellent tensile elongation can be
achieved in Ti-6Al-4V alloy with fully martensitic microstructure composed of ultrafine
o laths. This aspect is particularly important because AM is used for the manufacture
of reliable structural elements—e.g., in the aerospace industry [89] or in medicine [90].
It should be added that ex situ (e.g., post-SLM) heat treatment causes phase transformation
and beneficial microstructural changes, but the developed microstructure is still far from
what is recommended for surgery implants according to ISO standards [91].
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