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ARTICLE INFO ABSTRACT
Keywords: Additive manufacturing (AM) plays a crucial role in the manufacturing and development of advanced materials
Additive manufacturing including titanium alloys for engineering applications. During the last two decades, a great deal of effort has been

Titanium alloys

Engineered microstructure
Alpha prime

Alpha+Beta

Superior mechanical properties

devoted to print titanium parts with desired properties. However, due to presence of non-equilibrium/metastable
phases, anisotropic microstructure, and various porosities in the printed titanium alloys, achieving an excellent
combination of mechanical properties has been challenging. This review paper aims to provide a comprehensive
overview of multiple post-process and in-process approaches to achieve enhanced strength-ductility combina-
tions by microstructure engineering. Approaches such as addition of alloying elements/nucleants, multi-step post
heat treatment, in-situ heat treatment, forced inter-pass cooling, in situ peening/rolling, hybridizing micro-
structure, high-intensity acoustic vibration, thermo-hydrogen refinement of microstructure, deliberately intro-
ducing lack of fusion defects with subsequent hot isostatic pressing are discussed in detail. Finally, we conclude
by highlighting the challenges associated with each method and potential areas of improvement that can pave
the way to develop reliable components with enhanced performance.

properties and minimal material loss are some of the most significant
1. Introduction advantages of AM compared to conventional manufacturing methods [9,
21]. However, there are still some challenges that must be overcome to
exploit the full potential of AM [22,23]. For instance, due to directional
heat transfer and layer-by-layer production of printed parts, micro-
structures with columnar grains often form in printed samples after

Titanium (Ti) and its alloys are considered invaluable materials in
aerospace, military, automotive and medical applications due to their
superior properties such as high strength to weight ratio, high corrosion
resistance and excellent biocompatibility [1-5]. Generally, based on solidification. A columnar microstructure leads to anisotropic mechan-
their microstructure, Ti alloys are categorized into « (i.e., CP-Ti), a + ical properties, particularly the ductility, and could limit the application
compound (i.e., Ti-2.5% Cu), near « (ie., Ti-8%Al-1%Mo-1%V and of the manufactured part [23-26]. Besides, due to the difference be-
Ti-6%Al-2%Sn-4%Zr-2%Mo), « + p (i.e., Ti-6%Al1-4%V and Ti-6%A1-2% tween solidification conditions in X, Y, and Z directions, distribution of
Sn-4%Zr-6%Mo), metastable p (i.e., Ti-3%Al-8%V-6%Cr-4%Zr-4%Mo), the grains along the different axes is not uniform [25]. Moreover, since
and B (i.e., Ti-15%Mo-5%Zr-3%Al, Ti-15%Mo-%5Zr and Ti-15%Zr-4% the melt pool is very small and the movement of the heat source is quite
Nb-4%Ta) alloys [6-11]. Among the various Ti alloys, Ti-6Al-4V alloy fast, the typical microstructure mainly consists of non-equilibrium
with exceptional mechanical, microstructural, and corrosion properties phases which could be either detrimental for mechanical properties or

is considered one of the most widely used Ti alloys for various industrial if designed properly, improve the performance of printed parts [24,27].
[12,13] and medical applications [9,14,15]. To address the aforementioned microstructural issues, various

methods have been proposed [28,29]. One of the easiest and most
widely employed solutions is the implementation of a post processing
heat treatment [30-34] such as stress relief and annealing. This method
will be described thoroughly in the conventional approaches section.
Although the conventional heat treatment methods overcome the

Over the past few years, manufacturing Ti alloys (specifically Ti-6Al-
4V) with tailored properties for specific applications has received
considerable attention [16-18]. AM or three dimensional (3D) printing
of Ti alloys in particular has made significant progress in the last two
decades [19,20]. Achieving complex or porous geometries with unique
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Nomenclature

A annealing.

AC air cooling.

AFSD additive friction stir deposition.
AM additive manufacturing.

ASTM  American society for testing and materials.
CALPHAD CALculation of PHAse Diagrams.
CCT continuous cooling transformation.
CET columnar to equiaxed transition.
CP-Ti commercially pure titanium.

CNC computerized numerical control.
DED direct energy deposition.

DRX dynamic recrystallization.

DSC differential scanning calorimetry.
DZ dead zone.

EBM electron beam melting.

EBSD electron backscatter diffraction.

EL elongation.

FC furnace cooling.

FSP friction stir processing.

FSW friction stir welding.

GTAW  gas tungsten arc welding.

HIP hot isostatic pressing.

HSPT hydrogen sintering and phase transformation.

HYTA  HYbridizing Titanium.
IPF inverse pole figure.

1IQ image quality.

LAGB low angle grain boundary.

LOF lack of fusion.

LSP laser shock peening.

M martensite start.

Mg martensite finish.

MCS maximum compressive stress.
MHP machine hammer peening.

MSHT  multi-step heat treatment.

oM optical microscopy.

PDZ plastic deformation zone.

PM powder metallurgy.

PPDZ partial plastic deformation zone.
REE rare earth elements.

SEM scanning electron microscopy.
SLM selective laser melting.

SR stress relieved.

STA solution treatment and aging.

Ti titanium.

TEM transmission electron microscopy.
THRM  thermo-hydrogen refinement of microstructure.
Ti-5553 Ti-5 wt%Al-5 wt%V-5 wt%Mo-3 wt%Cr.
Ti-6Al-4 V Ti-6 wt%Al-4 wt%V.

UTS ultimate tensile strength.

WAAM  wire arc additive manufacturing.
ATy, freezing range.

3D three dimensional.

formation of non-equilibrium microstructure and decomposition of
martensitic phases to some extent, there are still challenges in achieving
a completely uniform and equiaxed microstructure, eliminating the
defects such as gas porosity and lack of fusion (LOF), as well as main-
taining dimensional accuracy [35-37].

In addition to post processing heat treatment, other approaches have
been recently developed to address the mentioned challenges either
during or following the manufacturing process [37,38]. This study
scrutinizes these state-of-the-art approaches including the addition of
alloying elements/nucleants, in-situ heat treatment, high-intensity
acoustic vibration, in-situ rolling, and deliberately introducing LOF
with the subsequent hot isostatic pressing (HIP) to achieve printed Ti
alloys with superior mechanical and microstructural properties.

This review paper focuses mostly on the microstructural evolution in
the introduced techniques and its effect on mainly strength and ductility,
with less emphasis on the other mechanical characteristics such as fa-
tigue performance. There are a number of published review papers that
comprehensively report the fatigue properties of the additively manu-
factured titanium alloys under various conditions such as as-built, stress-
relieved, heat treated and hot isostatically pressed [39-44].

In Section 2, the conventional approaches to achieve strength-
ductility synergy by microstructure engineering is discussed. In Sec-
tion 3, state-of-the-art approaches are highlighted. First, each approach
is presented, followed by an explanation of the machine setup or pro-
cedure and finally a description of the primary outcome. In Section 4, an
Ashby plot summarizing the ultimate tensile strength versus elongation
for different additive manufacturing approaches and the resultant
microstructure is provided. This section is concluded by a discussion
about the challenges or disadvantages that each method faces and an
outlook to overcome the challenges.

2. Conventional approaches

A columnar microstructure due to directional heat transfer in AM,
formation of voids (which are considered as a defect [45,46]) and the
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Fig. 1. (a) The schematic of different conventional thermal post-processing for
printed parts (stress relief, HIP, solution treatment and quench, aging/
tempering), (b) an example of combined post-processing treatment for a printed
part (stress relief+HIP+solution treatment and quench-+aging/tempering).
Figure reproduced from [56].

presence of non-equilibrium/metastable phases (i.e., o’, «", and ®) due
to the high cooling rates [47,48] are three major factors that control the
mechanical properties of the printed products. Although the formation
of small voids and porosities might be reduced by adjusting the pro-
cessing parameters [49-52], in some cases a post processing treatment is
required to achieve a tailored microstructure [53-55].

Fig. 1(a) depicts a schematic of conventional thermal post-processing
methods for improving the microstructure and mechanical properties of
printed parts [56] including the stress relief process [57,58], HIP process
[59,60], solution treatment and quench [61-63], and aging/tempering
[64,65]. Additionally, there are some hybrid approaches which include
two or more of the previous thermal post-processing methods. For
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Fig. 2. (a) A schematic of the a and f crystal structure, b) the effect of different alloying elements (i.e., a-stabilizer, f-stabilizer, or neutral element) on the equi-
librium phase diagram of Ti alloys [74], (c) diagram of temperature versus V wt% of Ti-6Al alloy with stable phases at different temperatures for Ti-6A1-4V alloy [77],
(d) CCT diagram for Ti-6Al-4V alloy to show the effect of cooling rate on phase transformations [78].

Figures reproduced from [74,77,78].

example, in Fig. 1(b) a four-step treatment including stress relief, HIP, 2.1. Post-heat treatment processes

solution treatment and quench, as well as aging/tempering is conducted

to relieve stresses and subsequently to modify the microstructure [56]. One of the earliest and simplest techniques to address the challenges
In the following sections, these conventional methods are presented in in microstructure and consequently in the mechanical properties of Ti
detail. alloys is to perform a heat treatment process after manufacturing
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Fig. 3. Scanning electron microscopy (SEM) images of (a) SLM without any heat treatment, (b) SLM and heat treated at 700 °C for 2 h, (c) SLM and heat treated at
800 °C for 2 h, (d) SLM and heat treated at 800 °C for 6 h, and (e) SLM and heat treated at 800 °C for 12 h, (f) yield strength, ultimate tensile strength, and elongation
of these samples.

Figure reproduced from [79].
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Table 1
A summary on the successful A and STA heat treatment of additively manufactured Ti-6Al-4V to achieve excellent mechanical properties.
Manufacturing Method A or STA Temperature A or STA Time & Cooling Condition Final Microstructure Mechanical Properties Ref.
SLM A (800 °C) A (6 h+FC) o+ p UTS: 1041 MPa [79]
EL: 18.9%
DED STA (950 °C+540 °C) STA (1 h+AC+4 h+AC) o+ p UTS: 1206 MPa [81]
EL: 13.42%
DED A (760 °C) A (1 h+AQ) o+ p UTS: 1044 MPa [82]
EL: 10%
SLM A (850 °C) A (2 h+FC) o+ p UTS: 1004 MPa [83]
ElL: 12.84%
SLM A (1020 °QC) A (1 h+FC) o+ p UTS: 833 MPa [84]
EL: 14.5%
SLM A (730 °C) A (2 h+FC) o+ p UTS: 1057 MPa [50]
EL: 12.4%
EBM STA (925 °C+450 °C) STA (1 h+AC+4 h+AC) o+ p UTS: 1090 MPa [80]
EL: 15.5%
EBM STA (1050 °C+500 °C) STA (2 h+AC+10 h+AC) o+ p UTS: 978 MPa [85]
EL: 16.5%

[66-68]. Several studies have shown that applying a heat treatment
above the beta transus temperature (approximately 1000 °C) can
transform the microstructure of printed Ti-6Al-4V from columnar to
equiaxed grains [63,69]. Hence, annealing (A) and solution treatment
and aging (STA) are considered as the conventional heat treatment
processes [70-72]. Recently, new heat treatment approaches, such as
multi-step heat treatment (MSHT) and innovatively designed globula-
rization heat treatment, have been developed to produce Ti alloys with
improved mechanical properties [71-73]. To eliminate the need for
plastic deformation before the heat treatment in gloularization, repeated
thermal cycling close but below the p transus temperature is performed
to form globular o grains [71].

Fig. 2(a, b) depicts a schematic of the « and p crystal structures and
the effect of different alloying elements on Ti phase diagrams. Alloying
elements such as Al, C, N, and O are a-stabilizers while Mo, Nb, Ta, and V
are isomorphous p-stabilizers. In addition, some other alloying elements
such as Co, Cr, Cu, Fr, Ni, Mn, Si, and H are eutectoid p-stabilizers. On
the other hand, having elements such as Zr and Sn does not change the
microstructure and they are considered as neutral alloying elements [12,
74]. Fig. 2(c) shows a schematic of the pseudo-binary phase diagram of
the Ti-6Al-4V alloy as the most well-known Ti alloy. As illustrated in
Fig. 2(c), by increasing the temperature, the alloy with 4 wt% V enters
the a+p dual phase region. Between 780 °C and 980 °C, it is expected
that the o’ phase (which is formed due to the high cooling rates)
transforms into the dual phase a + p microstructure after annealing with
subsequent aging heat treatment. However, the martensitic decompo-
sition temperature is not always constant; it depends on the
manufacturing method and primary microstructure of Ti-6Al-4V alloy.
In a study conducted by Sallica-Leva et al. [67] o’ decomposition tem-
perature was measured for SLMed porous Ti-6Al-4V through differential
scanning calorimetry (DSC) method. Their results indicated that o’
decomposition occurs between 760 °C and 850 °C, which differs from
the range mentioned earlier. In general, experimental results revealed
superb elongation for heat treated Ti-6Al-4V alloy with a + p dual phase
microstructure ~ compared to  as-printed  Ti-6Al-4V  with
non-equilibrium/metastable phases [74,75]. The final microstructure is
controlled by the temperature of the heat treatment as well as the
cooling rates [76]. As indicated by the micrographs in Fig. 2(d), if the
cooling rate is faster than 410 °C/s, the final microstructure will be
mostly an o’ phase. However, if the cooling rate is kept below 20 °C/s,
the o’ phase will no longer form and the microstructure will include the
o phase.

In a study conducted by Cao et al. [79], the microstructure and
mechanical properties of Ti-6Al-4V alloy manufactured by the SLM
method were investigated. Printed specimens were subjected to
annealing heat treatment at different temperatures and the results were
compared to non-heat treatment (as-built) specimens.

Fig. 3(a-f) shows Ti-6Al-4V microstructures before and after
annealing heat treatment as well as their tensile results, respectively.
The results of this study revealed that by applying annealing heat
treatment at minimum 800 °C for 6 h and 12 h with subsequent furnace
cooling, the o’ phase, which was created due to rapid solidification,
transformed into a dual phase o + p and caused relatively high ultimate
tensile strength (UTS) of 1041 MPa and excellent elongation of 18.9%.
This study showed that at temperatures lower than 800 °C, the
martensite could not fully transform to other phases and resulted in
smaller strain to failure.

Several studies have explored the effect of cooling rate after heat
treatment near beta transus temperature on the resulting microstructure
of printed Ti-6Al-4V [61,80]. Muhammad et al. [61] investigated the
effect of heat treatment at 950 °C for 1 h followed by separate cooling in
water (water-quenched), air (air-cooled), or furnace (furnace-cooled),
respectively. For the highest cooling rate, which is water quenching, the
martensitic o’ is formed in prior p grains with needle-like microstruc-
ture. However, after intermediate cooling rates, i.e., when the samples
were air-cooled, a modified p structure formed by secondary o laths
precipitating in the matrix. Due to a low to moderate rate of cooling in
furnace-cooled, a-lamellae are formed by diffusion-controlled nucle-
ation and growth of a platelets into f grains.

Table 1 summarizes other available literature on A and STA post
processing heat treatments of printed Ti alloys to achieve improved
mechanical properties.

MSHT is one of the recent techniques that was proposed based on a
series of heat treatments at different temperatures below the transus
temperature (~ 990°C) to decompose and globalize the o martensitic
microstructure and generate nearly equiaxed microstructure [71].

Fig. 4(a) shows the sequence of the different times and temperatures
applied to the SLM Ti-6Al-4V samples. The samples were subjected to
consecutive 950, 850, 750, 650 °C temperatures and remained at those
temperatures for 2h and then cooled inside the furnace to room
temperature.

Fig. 4(c-f) illustrate the microstructural evolution at each step of the
heat treatment respectively. The authors showed that the martensitic o
phase is transformed to o +p microstructure, and equiaxed « grains are
found at three different positions which are the original columnar
boundary, plate o, and fine o grains. As can be observed, lowering the
temperature from 950° to 650°C reduces the p volume fraction from
26.5% to 6.4%. This can result in a small number of low angle grain
boundaries (LAGBs) emerging in the a lamellae which can facilitate
globularization during subsequent thermal activation.

Fig. 4(b) illustrates the tensile properties of MSHTed samples and
other conventional heat treatment methods for Ti-6Al-4V alloy. The
MSHTed Ti-6Al-4V sample exhibited an excellent ductility of 21.8%
with a moderate UTS of 953 MPa which proves that a wide range of
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Fig. 4. (a) MSHT cycles of SLM Ti-6Al1-4V alloy showing subsequent heat treatments at 950, 850, 750, and 650 °C for 2 h with furnace cooling, (b) tensile properties
of MSHTed Ti-6Al-4V compared to other heat treatment processes. Electron backscatter diffraction (EBSD) images of MSHTed Ti-6Al-4V after heat treatment at (c)
950 °C for 2 h and cooled inside the furnace to room temperature, (d) 950 °C for 2 h, cooled to 850 °C, remained at 850 °C for 2 h, and cooled inside the furnace to

room temperature, (e) 950 °C for 2 h, cooled to 850 °C, remained at 850 °C for 2 h,

cooled to 750 °C, remained at 750 °C for 2 h and cooled inside the furnace to

room temperature, (f) 950 °C for 2 h, cooled to 850 °C, remained at 850 °C for 2 h, cooled to 750 °C, remained at 750 °C for 2 h, cooled to 650 °C, remained at

650 °C for 2 h, and cooled inside the furnace to room temperature.
Figure reproduced from [71].

strength-ductility combinations can be achievable by designing the heat
treatment.

Sabban et al. [72] developed an innovatively designed globulariza-
tion heat treatment cycle for SLM Ti-6A1-4V alloy based on a series of
heating and cooling cycles between 975 and 875 °C with different
heating (1 °C/min) and cooling (2.5 °C/min) rates in order to
decompose the o' martensitic phase and attain a bimodal globularized
microstructure, as shown in Fig. 5(a,c). Generally, the globularized
microstructure in Ti-6Al-4V alloy can be obtained only after plastic
deformation. However, the multiple heating/cooling cycles was also

(a) Coolingrate

ISR UTS: 1017MPa  Elongation: 18%

able to decompose the o martensitic phase into a globular o phase, as
shown in Fig. 5(b). This microstructural evolution was attributed to
thermal grooving, boundary splitting, as well as oscillating volume
fractions of the o and f§ phases during thermal cycling in synergy with a
phase epitaxial growth during the slow cooling rate. This globularization
approach enhanced the ductility (18%) while maintaining high ultimate
strength (1017 MPa). Fig. 5(d) shows the microstructure of conventional
annealed sample which has only a small fraction of globularization at
the grain boundary highlighted by the ellipsoid.

975

o 87
%"-. Heatingrate
5 25° C/min
2]
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Fig. 5. Innovatively designed globularization (a) heat treatment cycle and, (b) SEM image for SLM Ti-6Al-4 V, (c,d) annealing heat treatment cycle and SEM image

for SLM Ti-6Al-4 V. The mechanical properties are inserted in (a) and (c).
Figure reproduced from [72].
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Table 2

Mechanical properties of the successful post-fabrication thermomechanical processes on printed Ti-6Al-4V with resultant microstructure.
Manufacturing Method Thermomechanical Process Final Microstructure Mechanical Properties Ref.
DED Hot Compression (o Lath/Platelet) + p “N.A. [95]
WAAM Forging (Spheroidal o) + p Lamellar (x + f) MCS: 300 MPa*Strain: 85% [96]
SLM Hot Compression o+ p UTS: 1037 MPa EL: 10.60% [97]
SLM Hot Compression Duplex [o + (a + B)] MCS: 380 MPa Strain: 90% [98]
EBM Hot Compression o+ p MCS: 28.5 MPa Strain: 75% [105]
WAAM Forging Globularized (a + p) UTS: 980 MPa El.: 14.5% [106]
DED Forging Globularized (a + B) MCS: 360 MPa Strain: 90% [107]
DED Forging Globularized (a + p) UTS: 920 MPa EL: 12% [108]
WAAM Single-Step Hot Forging Lamellar (o + p) UTS: 1020 MPa EL: 18% [109]

“ N.A.: Not Available, Strain: the amount of strain at failure.

2.2. Post-fabrication thermomechanical processes

In addition to the heat treatment post processes, thermomechanical
post processes have gained growing attention in recent years to improve
properties of printed parts [86-94]. During the post thermomechanical
treatment process, the printed sample is subjected to metal working at
high temperatures. Generally, metal working at high temperatures can
relieve the residual stresses, eliminate some LOF defects and porosities,
and in some cases may also cause recrystallization [95-99]. However,
due to the dimensional changes that sometimes occur during thermo-
mechanical methods, achieving a high level of dimensional accuracy in
printed specimens is challenging, and hence the parts may require
additional post processing procedures such as machining and milling
[100-104]. Table 2 summarizes the mechanical properties of some of
the post-fabrication thermomechanical processes applied to printed
Ti-6A1-4V with their resultant microstructure.

The heat treatment process is able to eliminate the thermal stresses
created during AM and decompose the martensite phase (caused by
rapid solidification) into a and § phases. However, one of the main
challenges in AM methods is the existence of defects such as gas
porosity, LOF, and defects in atomized powders that are transferred into
the printed part [42,110-114]. Although adjusting the process param-
eters and finding an optimum parameter range is a possible way to
reduce these defects, their complete elimination may not be possible
[22,51]. HIP is an efficient method to eliminate these defects by
simultaneous application of pressure and temperature [115,116]. As
HIP is a thermomechanical process, the recrystallization phenomenon
could happen [117-119], which can result in more variety of micro-
structures and mechanical properties [105,120,121]. Fig. 6(a-f) shows
the Ti-6Al-4V microstructures and tensile behaviors made with a con-
ventional manufacturing technique, SLM methods with and without
heat treatment and HIP processes [122]. Wrought Ti-6Al-4V has glob-
ular a + B microstructure. However, in SLM process, needle-shaped and
martensite structures are observed even after heat treatment at 700 °C.
The microstructure is decomposed and partially converted to o and f
microstructure by applying a heat treatment at 900 °C. As indicated by
the micrographs in Fig. 6(e), the final microstructure after HIP process is
a combination of elongated primary a grains with p phase along grain
boundaries. Implementing the HIP process decreased the amount of
strength from 1120 to 973 MPa (Fig. 6(f)). However, the amount of
elongation is increased to 19%, which can produce high quality samples
with properties comparable to conventional wrought Ti-6Al-4V samples.

In Table 3, the mechanical properties and microstructures of HIP Ti-
6Al-4V with different AM processes as well as process parameters such
as temperature, pressure, duration of the HIP process, and the cooling
rate are presented. As clearly shown, by implementing the HIP, the
samples exhibited excellent tensile ductility with mostly o + § micro-
structures, which can produce samples with properties comparable to
conventional manufacturing routes (i.e., cast, and wrought Ti-6Al-4V).
Besides, experimental findings have shown that applying HIP can
improve the fatigue properties of printed Ti-6Al-4V dramatically [40,
123-127]. This can be attributed to elimination of the stress

concentration locations such as gas porosities and LOFs as well as
modification of the microstructure [128,129].

Another post-fabrication thermomechanical process is single-step
hot forging which is conducted by Maurya et al.[109] on printed
Ti-6Al-4V. They showed that Widmanstatten microstructures in wire arc
additive manufacturing (WAAM) process could become o + f§ and f
phase regions after applying a hybrid AM+hot forging process. The
macro image and the FEM simulation of the deformed WAAM Ti-6Al-4V
at 900 °C and strain rate of 0.1 s~! are demonstrated in Fig. 7(a,b),
respectively. Their results show that the amount of deformation varies in
different regions of the hot deformed Ti-6Al-4V sample making three
different deformation zone including plastic deformation zone (PDZ),
partial plastic deformation zone (PPDZ), and dead zone (DZ). Fig. 7(A-F)
shows the SEM images of microstructure of hot deformed WAAM
Ti-6Al-4V specimen from center to the surface as designated in Fig. 7(b).
Comparing the microstructures reveals a transition from equiaxed o
microstructure for inner regions to lamellar o + f microstructure in
outer regions. This indicates that the amount of strain is high in PDZ
regions resulting the lamellar a laths transform to equiaxed o phase.
Fig. 7(c) demonstrates the tensile properties of as-received, heat treated
and hot forged Ti-6Al-4V under different conditions. The results show
that by increasing the strain, the amount of elongation decreases. Since
strain rate and temperature are considered major parameters in the hot
forging process, the authors also studied the effect of strain rates at
different temperatures on the microstructure. In Fig. 7(d-i) the inverse
pole figure (IPF) with image quality (IQ) maps of the hot deformed
WAAM Ti-6Al-4V microstructures at 800 °C, 900 °C and 1000 °C and
strain rates of 0.01, 0.1, and 10 s~ ! are shown. Comparing the micro-
structures shows that hot forging at 900 °C and strain rate of 1 s~! leads
to dynamic recrystallization (DRX). In this condition, almost all the o
phases are converted to an equiaxed microstructure. Further increase in
temperature (i.e., 1000 °C) beyond the p transus temperature (Tp) re-
sults in elongated grain and grain coarsening.

Optimizing process parameters during hot forging can result in
mostly equiaxed grains that can exhibit good mechanical properties.
However, the components produced with this method will consume
more energy which can result in higher production costs. Moreover, due
to thermomechanical processes that are applied at high temperatures on
parts, maintaining dimensional accuracy is a serious challenge for this
approach. Particularly, in this method, hot forging operations are
applied only in a single step on the specimens, and the specimen
deformation is not uniform in all directions.

2.3. Addition of alloying elements/nucleants

The high cooling rates in AM methods decrease the probability of
nucleant formation and equiaxed growth in the melt pool. Therefore, a
microstructure with elongated and columnar grains often forms during
solidification. Several studies in recent years show that adding specific
alloying elements (i.e., La, Cu, Ni, B and Fe) or nanoparticles in very
small amounts can play a vital role in creating additional nucleation
sites in the melt pool and changing the columnar microstructure to an
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Figure reproduced from [122].

Table 3

A summary of different HIP schedules applied to printed Ti-6A1-4V to improve mechanical properties.
Manufacturing Method HIP Temperature HIP Pressure HIP Duration Cooling Rate Final Microstructure Mechanical Properties Ref.
SLM 900 °C 100 MPa 2h 10 k/min o+ B, a UTS: 973 MPa EL: 19% [122]
EBM 920 °C 100 MPa 2h - o+ p UTS: 934 MPa El.: 15.6% [130]
SLM 930°C 100 MPa 4h 10 k/min o+ p UTS: 938 MPa EL: 14.1% [131]
EBM 920°C 120 MPa 2h - o+ B, a UTS: 986 MPa ElL: 11.1% [132]
SLM 920 °C 100 MPa 2h 0.02°C/s o+ p UTS: 1003 MPa EL: 16.1% [133]
EBM 920 °C 120 MPa 2h 4°C/s o+ p UTS: 1090 MPa El.: 20.1% [134]
EBM 900 °C 103 MPa 2h - o+ p UTS: 978 MPa El.: 13.5% [135]

equiaxed one [136-141]. The added alloying element/nucleant can be
classified into two general categories: metallic and non-metallic alloying
elements/nucleants. The next two sections will review the efforts in this
area.

2.3.1. Metallic alloying elements/nucleants

Recent studies revealed that the addition of specific metallic ele-
ments to the alloy composition during AM process can significantly
improve the microstructure and thus the mechanical properties of the
alloy. Barriobero-Vila et al. [136] showed that adding small amounts of
rare earth metal elements (REE) to Ti can alter the microstructure during

SLM. Fig. 8(a) displays part of the Ti-2 wt%La binary phase diagram.
Fig. 8(b-g) shows that the addition of La converts the Ti microstructure,
which often has needle shape o’ martensite structure, into partially
equiaxed a grains. Such microstructure transformation is attributed to
the L; +p—La —bcc peritectic reaction that occurs during the SLM pro-
cess [136]. Moreover, comparing the pole figures confirms the reduction
of texture in the microstructures after adding La element.

In another study, Zhang et al. [137] investigated the effect of adding
Cu, as one of the available and low-cost elements, to pure Ti through
direct energy deposited (DED). In addition, this alloy has antibacterial
properties due to addition of Cu and making it more attractive for
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biomedical applications among different Ti alloys. Fig. 9(a) displays
Ti-rich side of the Ti-Cu binary phase diagram. Their results show that
by adding 3.5, 6.5, and 8.5 wt% of Cu to Ti, Cu partitioning takes place
during the AM process due to a high constitutional supercooling ca-
pacity which transforms the columnar microstructure to a more

equiaxed microstructure. Fig. 9(b) shows SEM image of the Ti-8.5 wt%
Cu with an equiaxed microstructure and ultrafine grains which is a
unique microstructure produced for printed Ti alloy. In Fig. 9(c), the
grain size is plotted versus the percentage of equiaxed grains for
different Ti alloys with different manufacturing routes. As shown,
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Figure reproduced from [137].

adding Cu to Ti alloys [137] resulted in a high percentage of equiaxed
grains with small grain size, which can lead to a superior
strength-ductility synergy as shown in Fig. 9(d).

Recently, Welk et al. [138] studied the effect of different elements on
columnar to equiaxed transition (CET) in DED Ti-6Al-4V microstruc-
tures. Essentially, by adding these elements, they were trying to increase
freezing ranges (ATy) to create significant solutal undercooling during
the cooling process. To this end, they first studied the effect of adding
various elements on phase diagrams using the Thermo-Calc software. As
shown in Fig. 10(a,b), by adding Ni and Fe to Ti-6Al-4V, a significant
ATg region is created in the pseudo-binary diagrams. For better com-
parison of the effect of adding selected elements on the microstructure,
Ti samples were produced with and without Ni and Fe addition, and the
SEM and EBSD images of microstructures are presented in Fig. 10(c-h).
As it is observed, columnar grains and non-equilibrium structures were
formed after the DED. However, addition of 3.5% Ni and 6% Fe to the Ti
samples, can increase the freezing range and induce a CET during so-
lidification. The results of this study show that the solidification range
can be examined in pseudo binary diagrams of Ti alloys utilizing
calculation of phase diagrams (CALPHAD) and by choosing the appro-
priate element, an engineered microstructure can be obtained in the
printed Ti. Meanwhile, one of the challenges is that increasing the ATg
can cause solidification cracking, so adjusting the amount of the alloying
element to reduce the risk of solidification cracking should be taken into
consideration.

2.3.2. Non-metallic alloying elements/nucleants

The second class of elements added to Ti alloys to alter the micro-
structure in AM are non-metallic elements/nucleants. To this end, Ber-
mingham et al. [142] investigated the effect of adding Boron (B) to the

Ti-6Al-4V alloy during WAAM. Fig. 11(a) and (b) schematically illus-
trate the solidification diagrams and microstructure patterns for the two
Ti-6Al-4V and Ti-6Al-4V-B alloys, respectively. Due to the high reac-
tivity of Ti, B elements react with Ti to form TiB particles. Similarly,
Chen et al. [143] reported that by adding the B in WAAM process of
Ti-6Al-4V, precipitated TiB particles act as a potent nucleant for the
heterogeneous nucleation of the o phase due to the identified specific
orientation relationships of (001)1i//(0001),, (001)1ip//{1120} and
(100)Tip//{1010}, and excellent lattice matches between them. As it is
shown in Fig. 11(a) and (b), secondary dendrite arms can form due to the
high cooling rate in the AM process. Because of their higher AT, TiB
particles prolong the solidification period, and lateral growth is slowed
due to the lateral rejection of boron-rich solute from the base and sides
of columnar dendrites. In addition, TiB needle-shaped particles in the
molten pool act as nucleation site for the formation of « grains and result
in a refined microstructure with respect to pure Ti-6Al-4V. In Fig. 11(c,
d), the average width and length size of the a laths for Ti-6Al-4V,
Ti-6A1-4V-0.05B, and Ti-6Al-4V-0.13B samples are plotted, respec-
tively. Although the width of the a-laths did not change significantly in
the as-deposited condition with the addition of boron, the lath lengths
were dramatically reduced by more than four times. This reduction can
be attributed to the presence of TiB particles that promoted equiaxed-o
formation.

Recent studies investigated the addition of other non-metallic ele-
ments/nucleants such as ceramic B4C and Y503 into AMed Ti alloys
[144,145]. Fereiduni et al. [144] investigated the effect of a trace B4C
addition (0.2 wt%) on the mechanical properties and microstructure of
SLM Ti-6Al-4V under as-built and heat-treated conditions. Using B4C
particles during the printing process led to the dissolution of B and the
formation of TiB precipitates in Ti-6Al-4V alloy. TiB needles limited the
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Figure reproduced from [138].

growth of prior f§ grains and the nucleation/growth of « phase generated
by p—a transformation. Therefore, the presence of TiB leads to a fully
isotropic microstructure with a 1400 MPa ultimate tensile strength and
a 40% elongation after heat-treatment at 1050 °C without concerns
about the deleterious GB-a phase.

10

Wang et al. [145] studied the precipitation of nano-sized dispersed
yttria (Y203) particles during WAAM of Ti-6Al-4V alloy and analyzed
their influence on the shape of the deposited bead, microstructure
evolution, and mechanical properties. Fig. 12(a,b) demonstrate the
schematic of the microstructural development for WAAM- Ti-6Al-4V
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Figure reproduced from [142].

without Y,03 addition. As seen, during solidification process, the prior
can grow freely, resulting in larger prior f grains. In addition, because of
the wider p grains, the growth of the a phase will be promoted. Fig. 12(c,
d) show the bright-field TEM and EBSD images of the deposited
Ti-6Al-4V, respectively which confirm the coarse o phase formation.
Conversely, the addition of a small quantity of Y503 (0.22 wt%) to
Ti-6Al-4V can modify the microstructure and associated mechanical
properties. The Y503 particles during the solidification process gather at
the prior p grain boundaries and can prevent the grain growth. More-
over, narrow f grains can limit the growth of the a phases and the Y03
particles may additionally serve as nucleation points during solidifica-
tion. Fig. 12(g,h) show the bright-field TEM and EBSD images of the
deposited Ti-6Al-4V with 0.22 wt% Y203. In WAAM- Ti-6Al-4V/0.22 wt
% Y203 samples, a fine phase was observed, which resulted in grain
refinement. Fig. 12(i) illustrates the schematic of the Y;Os-restricted
grain growth during in-situ thermal cycling during deposition. Typi-
cally, the printed layer undergoes multiple temperature cycles
throughout the deposition procedure. In situations where the deposited
layer encounters temperatures over the fp-transus, the primary Y2Os
particles impede the movement of grain boundaries. Then, as the
printing process continues, the deposited layer experiences tempera-
tures over the recrystallization temperature. In this scenario, the sec-
ondary Y20j3 particles impede the movement of the a phase migration.
Therefore, the resulted microstructure of WAAM- Ti-6Al-4V/0.22 wt%
Y203 will be lamellar o + p. The stress-stain curves of WAAM- Ti-6Al-4V
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samples without and with Y503 additions in transverse and longitudinal
directions is plotted in Fig. 12(j). Tensile properties of the WAAM-
Ti-6A1-4V showed that by increasing the amount of the Y503 particles
from 0.12 wt% to 0.22 wt%, the ultimate tensile strength and elongation
of the samples in both of the transverse and longitudinal directions
increased. The printed Ti-6Al-4V/0.22% Y,03 sample exhibited the
greatest combination of ultimate tensile strength (1180 MPa) and
elongation (16%) among the samples.

3. State-of-the-art approaches

The idea of conventional post processing heat treatment methods in
AM as a solution to improve the microstructural and mechanical prop-
erties is derived from conventional manufacturing routes [29,75,83,
107]. In fact, Ti alloys that are produced by casting or metal working
methods are inevitably subjected to post-heat treatment or
post-thermomechanical processes to eliminate or minimize o’ phase,
defects, and porosities in their microstructures. With the increasing
trend of using 3D printed parts in different industries, novel techniques
are emerging to enhance mechanical properties and tailor microstruc-
ture of printed Ti alloys which are discussed below.

3.1. Forced inter-pass cooling

Using reactive atmospheres (i.e., Ny and CO3) or Ny +Ar to change
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Figure reproduced from [154].

the microstructure during or after depositing a layer has attracted
increasing attention in the AM of high-performance Ti-6Al-4V alloy
[146-153]. In the forced inter-pass cooling method, the simultaneous
combination of an AM process along with the application of CO2 cooling
gas in each layer is proposed by Wu et al.[154]. By implementing this
idea, they have tried to decrease the oxidation of layers during the
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printing process and adjust the inter-pass temperature between each
layer to control the microstructure and achieve the desired mechanical
properties. Fig. 13(a) depicts the schematic of their setup consisting of
gas tungsten arc welding (GTAW) based WAAM combined with a
commercially available CO5 cooling spray nozzle. Considering that the
CO-, gas flow during the GTAW process causes arc disruption, the cooling
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Fig. 14. (a) SEM image of the in-situ heat
treated Ti-6Al1-4V manufactured by SLM that
represents a fully lamellar o +p microstructure,
(b) TEM image with higher magnifications to
specify the a and p layers. As it can be seen, the
darker phase is a and the lighter layer next to it,
is the B phase. (c) The stress-strain curve of the
in-situ heat treated Ti-6Al-4V sample manufac-
tured by SLM at different inter-layer times of
t=1s,t=>5s, and t = 8 s along with conven-
tional mill-annealed and SLM Ti-6Al-4V.
Figure reproduced from [156].
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process with CO, gas is applied after the printing process until the
temperature of the deposited layer reaches room temperature. Fig. 13(b)
shows the UTS and elongation of the WAAM and forced inter-pass CO;
cooling processes after cooling down to room temperature, 100 °C,
200 °C, 300 °C with CO, gas. Comparing the results show that by
decreasing the inter-pass temperature, the UTS increases from 847 MPa
to 913 MPa. This is attributed to the refined microstructure of Ti-6Al-4V.
By increasing the inter-pass temperature, the elongation slightly de-
creases potentially due to more oxidation of layers at higher tempera-
tures. Moreover, after forced inter-pass CO; cooling to room
temperature, the elongation slightly decreased and reached 13.5%,
which can be related to the brittle microstructure of a’ at higher cooling
rates. However, the UTS and elongation of GT-WAAM-+ forced
inter-pass cooling are still comparable to the conventional
manufacturing routes.

3.2. In-situ heat treatment

As previously discussed, in the conventional methods section,
regardless of the manufacturing method of Ti alloys, post-heat treatment
is still considered as one of the economical and accessible methods to
overcome the microstructural challenges in AM [155,156]. One of the
capabilities of the AM method (specifically beam-based AM techniques)
is use of the deposition beam or an auxiliary beam to reheat the printed
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layer and conduct an in-situ heat treatment [155,157-159]. More spe-
cifically, each powder layer will be melted at a high beam power to
create a fully consolidated layer, which will then be promptly reheated
by the same or another beam with a low or medium power. In this
process one of the crucial factors is the inter-layer time, which is the
total heat treatment duration for each layer (t;). In a recent study, Xu
et al. [156] performed in-situ heat treatment with different inter-layer
times during SLM of the Ti-6Al-4V alloy. Fig. 14(a,b) show the SEM
and TEM images of the lamellar microstructure of a + p in Ti-6Al-4V
alloy at high magnification after in-situ heat treatment. These findings
show that by implementing in-situ heat treatment, o’ martensite could
be decomposed into a lamellar a + § microstructure. Fig. 14(c) also
shows the engineering strain-stress curve of conventional mill-annealed
and SLM Ti-6Al-4V alloys as well as in-situ heat treated samples for 1, 5,
and 8s. In the as-built sample, the high strength and inadequate
ductility (total elongation less than 10%) is caused by unfavored o’
martensite microstructure. In-situ heat treatment for 1, 5 and 8s
resulted in o + p lamellar structures and the elongation value for each of
the three samples was greater than 11% which is the ductility of the
conventional Ti alloy. However, by increasing the interlayer time from 1
to 5, then 8 s, the width of the o laths decreased from 0.52 to 0.29, then
0.25 pm. Due to the larger « laths in the in-situ heat treated sample with
1 s interlayer time, the elongation rate increased to its highest level of
12.7 + 2.1%. Comparing the results reveals that the strength-ductility
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Figure reproduced from [160].

can be tuned by applying the in-situ heat treatment.

In another recent study, Lu et al. [160] examined the effect of laser
shock peening (LSP) on microstructural and mechanical properties. LSP
is a surface treatment that induces plastic deformation and compressive
residual stress in the material. A schematic of the process is illustrated in
Fig. 15(a). In this study, LSP is applied as a post-processing step on SLM
printed samples. The results show that by performing the LSP process,
the residual tensile stresses, that are often formed after fabrication, are
converted into compressive stresses. In addition, as depicted in Fig. 15
(c-h), the LSP process results in a high density of dislocations and a large
number of parallel nano mechanical twins in o’ microstructure that
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leads to grain refinement. The results of the tensile test on these samples
are plotted in Fig. 15(b). As can be seen, due to the LSP process, the final
tensile strength has increased to almost 1200 MPa with the elongation of
about 11.5%.

LSP could also be applied during the printing process after single/
multiple layer prints. Such approach has been adopted by combining
LSP and SLM [161,162]. Applying LSP during SLM process reduced the
tensile residual stresses and made a significant improvement in
geometrical accuracy of printed parts [163].



S. Alipour et al. Additive Manufacturing 60 (2022) 103245

PV e—ECOPeenC  ECOPeen.C
P Tool WMHP Tool —» |

600

= m

[ m

= S

£ 400 '§_-

5 . :

@ 200 = AL i

<0001> <1210>
As dep. V As dep. H MHP V
OYield Strength 8Ultimate Tensile Strength BElongation <0110>

Fig. 16. The Schematic of (a) WAAM, and (b) MHP set-up, MHP tool during [164], (c1) vertical inter-pass peening, and (c2) inter-pass side peening [165], (d)
ultimate tensile strength, yield strength, and elongation of as-deposited and MHPed Ti-6Al-4V samples at vertical and horizontal directions [164], (e) EBSD map of
the WAAM+MHPed Ti-6A14 V sample after re-melting its upper left surface, (f) EBSD-local average misorientation (LAM) of the WAAM-+MHPed Ti-6Al-4V sample
after re-melting the upper left surface, (g1) the reconstructed-p phase of the recrystallized region and (g2) a higher resolution reconstructed-p map of the region
highlighted in (g1).

Figures reproduced from [164,165].
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Figure reproduced from [166].
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Figure reproduced from [167].
3.3. Machine hammer peening

In general, the microstructures of WAAM Ti-6Al-4V samples often
have coarse f-grains, which causes strong texture and anisotropy. In
recent years, a new technique was introduced by Honnige et al. [164,
165] entitled machine hammer peening (MHP) to overcome the
microstructure anisotropy in WAAM. Fig. 16(a,b) show the schematic of
WAAM and MHP tool, respectively. Both the WAAM set-up and MHP
tool are connected to a robotic arm, which are ready to work with 90-de-
gree rotation after finishing each WAAM or MHP step. Fig. 16(c1,c2)
show the MHP tool while applying the vertical inter-pass peening and
inter-pass side peening, respectively. The essential parameters for this
method are impact distance and line path distances which was chosen as
0.1 mm and 0.5 mm, respectively [165]. The microstructure and me-
chanical properties of WAAM Ti-6Al-4V samples with and without
applying MHP was investigated. The resultant mechanical properties of
printed samples in both vertical (V) and horizontal (H) directions are
plotted in Fig. 16(d). The results show that in the WAAM Ti-6Al-4V
samples, without applying the MHP process, the elongation is aniso-
tropic which can be attributed to columnar prior f-grains formed during
the printing process. In contrast, the UTS and yield strength of MHP
samples increased to around 1000 and 900 MPa, and the elongation is
uniform in both vertical (10.5%) and horizontal (11%) directions and is
higher than that of the recommended value of 10% in AMS 4928 stan-
dard for wrought samples [164]. They attributed this uniform
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elongation to grain refinement induced by inter-pass MHP. For micro-
structural investigations, they printed a wall sample and applied MHP
on the left side of the sample. Then, they re-melted the upper left surface
of the WAAM+MHP sample with one additional heat source pass. Fig. 16
(e) depict the EBSD map of the WAAM-+MHPed Ti-6A1-4V sample after
re-melting its upper left surface. Fig. 16(f) demonstrates the EBSD-local
average misorientation (LAM) of the same region to show the depth of
the deformation induced by MHP. LAM was correlated to local strain
values using Finite Element simulation and is what is shown on the scale
bar in this map. Fig. 16(g1) and (g2) also show the reconstructed-p phase
of the recrystallized region and a higher resolution reconstructed-f§ map
of the region highlighted in (g1), respectively. These characterizations
show that after applying re-melting process on the inter-pass side peened
regions, refinement of f§ grain happens in the heavily strained region of
the peened layer close to the surface due to recrystallization.

3.4. Hybridizing microstructures

Hybridizing microstructure is another method of manufacturing Ti-
6Al-4V samples with tailored microstructure and significant mechani-
cal properties [166]. Fig. 17(a) illustrates a schematic of the hybridizing
titanium (HYTA) process. As shown, the a/p Ti-6Al-4V and P
Ti-5Al-5V-5Mo-3Cr powders are mixed together and then poured into
the powder chamber of the SLM machine. By performing the SLM pro-
cess, the hybrid microstructure will arise from the initial constituents.
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Figure reproduced from [172].

Fig. 17(b) show SEM image of the HYTA sample with a mixed micro-
structure consisting of the of o’ and $-Ti5553 which are marked by blue
and red ellipsoids, respectively. EBSD phase-map of Ti5553 (red) and
Ti-6Al-4V (blue) after SLM process are also shown in Fig. 17(c) signi-
fying the good mixture of these phases after printing. Fig. 17(d) shows
the stress-strain curve of the printed Ti-6Al-4V and Ti5553 alloys as well
as HYTA sample after SLM process. Three distinct regions can be
observed in the stress-strain curve for HYTA sample which are low work
hardening (Stage I), high work hardening (Stage II) and decreasing work
hardening followed by necking and fracture (Stage III), respectively.
Fig. 17(e) shows that the tensile properties of HYTA samples could be
tuned by applying different heat treatments. Heat treatment at 920 °C
for 20 min reduced the yield strength, enhanced the work hardening
capability, and extended the ductility. However, heat treatment at
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920 °C for 20 min followed by subsequent heat treatment at 600 °C for
3 min enhanced the yield strength but eliminated the three stages of
deformation.

3.5. High-intensity ultrasonic vibration

High-intensity ultrasonic vibration was recently proposed by Todaro
et al. [167] to control the microstructure and produce equiaxed grains
during DED. A schematic of how the process is performed is provided in
Fig. 18(a). By applying high intensity acoustic vibration during the
process, the solidified clusters are broken and scattered in the molten
pool as nucleants to form equiaxed grains with much smaller sizes. One
of the most significant phenomena which occurs during ultrasonic
irradiation of liquids is acoustic cavitation. Acoustic cavitation agitates
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Figure reproduced from [173].

the melt to activate nuclei naturally present in the alloy and has already
been implemented in welding [168,169] and traditional casting pro-
cesses [170,171]. The OM images as well as the measured prior-p grain
size and prior-p aspect ratio for Ti-6Al-4V printed samples with and
without applying high-intensity acoustic vibration are shown in Fig. 18
(c-h), respectively. Comparing the average prior-p grain size show a
considerable reduction from 500 + 354-117 + 61 um after applying the
acoustic vibration as shown in Fig. 18(e). Additionally, comparing the
prior-f aspect ratio reveal a great reduction from 4.0 + 2.2-2.1 + 0.9 as
well as shown in Fig. 18 (h). Fig. 18(i,j) and Fig. 18(m,n), respectively
demonstrate the EBSD images of a-laths and reconstructed-p phase with
and without applying the acoustic vibration. Similarly, a great reduction
in the size of prior-p grains and transition from columnar to equiaxed
grains can be observed. Moreover, comparing the pole figures in Fig. 18
(k,1) and Fig. 18(o,p) confirms the reduction of texture after employing
this approach. The tensile test results in Fig. 18(b) showed that the
strength (yield strength, ultimate tensile strength, and fracture strength)
has increased without a significant reduction in ductility, which can be
attributed to the resultant fine equiaxed microstructure after applying
high-intensity acoustic vibration.
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3.6. Thermo-hydrogen refinement of microstructure

Thermo-hydrogen refinement of microstructure (THRM) is another
idea that has recently been presented to achieve SLM Ti-6Al-4V with
engineered microstructure and improved mechanical performance
[172]. The main idea of THRM is derived from a powder metallurgy
process called hydrogen sintering and phase transformation (HSPT). The
HSPT method is a three-step method using dynamically controlled Hy
partial pressures. The first step is $-Ti hydrogen sintering, in which the
presence of hydrogen reduces p transus temperature and increases the
number of dislocations in Ti-6Al-4V. This step increases the substitu-
tional diffusion of Ti and alloying elements, resulting in high levels of
densification (>99%) at moderate temperatures and times. In the second
step, hydrogen-enabled phase transformation is used to refine the
microstructure, which results in lamellar o colonies and very fine
dispersed retained p phase. Finally, the dehydrogenation process under a
vacuum or neutral gas environment continues until the amount of
remaining hydrogen reaches less than 10 ppm. After doing these steps,
samples can be subjected to post-heat treatment cycles to achieve
different microstructures such as lamellar, wrought-like globularized, or
bi-modal. In Fig. 19(a), a schematic of THRM process in
temperature-time diagram shows the sequence of THRM as well as
subsequent heat treatment cycles through step I to step V. EBSD images
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Figure reproduced from [175].

of microstructure of Ti-6Al-4V with and without THRM process are
shown in Fig. 19(b1,c1), respectively. After applying the THRM process,
globularized a within prior p are obtained. Fig. 19(d) shows the
compression and tensile properties of as-built, stress relieved (SR) and
THRMed Ti-6Al-4V samples at different conditions. The samples pro-
duced by the THRM technique exhibit a reduction in strength but a
considerable amount of elongation. For example, the UTS and elonga-
tion of THRMed Ti-6Al-4V samples are 950 MPa and 16%, respectively.
They also investigated the fatigue properties of samples as one of the
essential properties in engineering applications. Fig. 19(b2-c3) show the
fatigue fracture surface of as-built and THRMed Ti-6Al-4V samples at
different magnifications. By comparing the fracture surfaces, the
THRMed surface shows ductile features, and the fatigue strength of this
samples is 400 MPa at 107 cycles which is higher than that of as-built
Ti-6Al-4V samples with fatigue strength of 285 MPa (Fig. 19(e,f)).

3.7. In-Situ Diode Heating

In-situ diode heating is one of the other state-of-the-art techniques
which was recently developed by Smith et. al. [173,174]. In this method,
a small-scale custom SLM system was built that uses fiber light for
printing and diode light for pre-heating or annealing processes. Fig. 20
(a,b) illustrate a schematic of the developed system where the first en-
ergy source is an nLight scanning fiber laser (1078 nm, 1 kW) and sec-
ond is a set of four Trumpf laser diodes (1000 nm, 1.25 kW each, 5 kW
total). As it can be seen from Fig. 20 (c), the diode light provides the
energy needeFigd for pre-heating and controlling the cooling rate after
the printing process. Then, the fiber light prints the specific areas that
should be melted in a layer. The existing setup in this method has the
ability to change the order of applying fiber light and diode light; for
example, the printing process could be performed with fiber light, and
then the annealing process follows with diode light. Fig. 20 (d-g) show
the sequence of different steps of applying diode heat and fiber light for
pre-heating, printing, and control of cooling rate at each layer, respec-
tively. One of the pivotal factors in the formation of
non-equilibrium/metastable phases (i.e., a’, a', and ®) and other
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microstructure defects (i.e., LOF) in the printed samples are the high
cooling rates in the AM process. The continuous cooling transformation
(CCT) diagram of Ti-6Al-4V alloys is depicted in Fig. 20 (h). The red
curve in this diagram is the printed Ti-6Al-4V after applying in-situ
diode heating. The cooling rate of this sample reaches approximately
to 16 °C/s, which results in the o + § microstructure. Fig. 20 (i,j) show
the resultant Ti-6Al-4V microstructure of printed samples with and
without in-situ diode heating, respectively. Results show that using
in-situ diode heating process can cause formation of « + f microstruc-
ture, which demonstrated the ability of this approach in the production
of printed Ti-6A1-4V alloys with tailored microstructure and mechanical
properties.

3.8. In-situ rolling

In-situ rolling is one of the techniques which has recently been
implemented by Tian et al. [175] to enhance mechanical and micro-
structural properties of printed alloys. As depicted in Fig. 21(a), in this
method, each layer is rolled immediately after the DED method. The
distance between the printing beam and the roller (D) as well as the
height of the printed layer (H) are of great importance; if these two
parameters are not optimized, the microstructure will not transform to
the equiaxed grains, and it may damage the layers or may result in defect
formations. Fig. 21(b) displays the stress-strain diagram in vertical and
horizontal directions for the printed Ti-6Al-4V with in-situ rolling. As it
can be seen, the tensile behavior in both directions is almost the same
signifying the capability of this approach to reduce anisotropy in printed
parts. The achieved UTS and elongation are 1000 MPa and 18%,
respectively. Fig. 21(c-j) show the OM, EBSD, and pole figures of the
printed Ti-6Al-4V with and without in-situ rolling. Comparing the
average prior-p grain size show a considerable reduction from 532
+ 260-132 + 64 pm after applying the in-situ rolling as shown in Fig. 21
(e,f). Since the printed layer is still at high temperature, the rolling step
acts as a thermomechanical process, and, as a result, recrystallization
phenomenon induces equiaxed grains. Moreover, comparing the pole
figures confirms the reduction of texture after employing the in-situ
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Fig. 22. (a) Schematic of the hybrid plasma-arc deposition and microrolling process, (b) formation of grains in microstructure of WAAM Ti-6Al1-4V, (c) formation of
grains in microstructure of WAAM Ti-6Al1-4V after applying the microrolling process, (d) engineering stress-strain curves of WAAM Ti-6Al-4V after microrolling at
different rolling loads, (e1-g2) SEM images of the microstructure of WAAM Ti-6Al-4V after Microrolling at different rolling loads in different magnification, and (e3-
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g3) schematic illustrations of changes around ogp after microrolling at different rolling loads.

Figure reproduced from [176].

rolling process.

In-situ rolling has been applied to other AM techniques such as
WAAM [176-184]. One of the most recent studies in this field was
conducted by Cheng et al. [176]. Fig. 22(a) shows a schematic of hybrid
plasma-arc deposition and microrolling method. As can be seen from
Fig. 22(b,c), after applying the microrolling process on each layer, the
applied force by the roller causes hot deformation, which results in
equiaxed grains in the microstructure that are completely different from
the columnar grains caused by directional heat dissipation in conven-
tionally printed samples. One of the parameters that is essential in this
process is the force (F) applied by the roller. In this research, the effect of
different applied forces (i.e., 0, 10, 15 kN) by roller on the microstruc-
ture and mechanical behavior of WAAM samples were examined. Fig. 22
(d) shows that by applying the roller force of 15 kN, maximum UTS and
elongation can be obtained which are 934 MPa and 13.2%, respectively.
The microstructure of samples with different applied rolling loads is
shown in Fig. 22(e1-g2) which demonstrates a basketweave of o and f.
However, comparing the microstructure in Fig. 22(el-gl) shows dif-
ferences in o grain boundaries (agp); by increasing the applied force, the
agp grain boundaries changed from continuous to discontinuous and the
colonies of piled-up dislocations at agp grain boundaries converted to
recrystallized o and coarse recrystallized a as shown schematically in
Fig. 22(e3-g3).

3.9. Additive friction stir deposition of recycled metal

Additive friction stir deposition (AFSD) is one of the most recent AM
methods [185,186]. In this technique, unlike many AM methods, there
are no melting and solidification processes, and therefore it is considered
as a non-beam-based metal AM process [187-191]. In fact, the main idea
of this AM method originated from friction stir welding (FSW) and
friction stir processing (FSP) [192-194]. In the FSW or FSP, the work
piece is often placed on the table and fixed by the clamps. A rotating tool
typically made of tungsten carbide or steel is connected to the CNC or
milling machine, which can move in a transverse direction with respect
to the workpiece while rotating around its axis [195-197]. This rotating
tool is inserted into the workpiece and due to severe plastic deformation,
causes grain refinement in the workpiece [198,199]. The AFSD and
FSW/FSP processes have similar concepts, but in AFSD process the
rotating tool is made of the material to be deposited on to the substrate
or previous layer. In this method, the friction force and severe plastic
deformation leads to the material flow, and the final piece is produced
by repeating this process layer by layer. The filler material or raw ma-
terial plays a crucial role in FSWD. One of the ideas that has recently
been used in developing this method is the use of metal chips as raw
material [200] as shown schematically in Fig. 23(a). As it can be seen in
Fig. 23(b,c), a defect-free Ti-6Al-4V sample is produced by the AFSD
technique. SEM, EBSD, and pole figures of cross section of AFSDed
Ti-6Al-4V samples are demonstrated in Fig. 23(e1-g3). The microstruc-
ture of samples shows gradual prior f§ grain refinement by moving to the
bottom of the AFSD Ti-6Al-4V samples. The main grain refinement
mechanism in this method is DRX, often dominant phenomenon of grain
refinement in severe plastic deformation processes like FSP. The fine
grains at the bottom of the sample can be attributed to a) the higher
cooling rates at lower part of the samples; In other words, by depositing
the new layers in the AFSD process, the temperature of the AFSD can
increase due to the friction and severe plastic deformation which re-
duces the cooling rate and b) higher accumulative plastic strain at bot-
tom layers. Fig. 23(d) shows the stress-strain curve of the AFSD
Ti-6Al-4V samples in different sections of the build. The results show
that by moving along the build direction, the tensile strength decreased
while the elongation increased, which is consistent with the
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microstructural changes.

3.10. Deliberately introducing LOF defects to drive recrystallization
during subsequent HIP

Due to the wide range of machine parameters, design parameters and
raw materials in 3D printing methods, there is often the possibility of
defect formation such as LOF in the printed parts [201-203]. So far, in
almost all manufacturing processes, the LOF has been supposed as a
defect, and efforts have been made to prevent the formation of these
defects as much as possible by optimizing manufacturing parameters
[204-208]. However, in the most recent study, Bustillos et al. [209]
exploited LOF defects to obtain SLM Ti-6Al-4V alloy with superior
strength-ductility synergy while applying subsequent HIP. Fig. 24(a)
illustrates the laser power and scanning speed parameter ranges along
with the OM images of samples showing the possibility of LOF defect
formation during SLM. As demonstrated, decreasing the laser power and
increasing its speed (which essentially corresponds to lower energy
density) results in higher density of LOF, and decreasing the laser speed
and increasing its power (essentially corresponds to higher energy
density), results in keyhole defect. The process parameters and the dis-
tribution of LOF in the selected sample for LOF-HIP post processing is
shown in Fig. 24(a) with a red box. Moreover, the green box in this
figure refers to optimum power and scanning speed to get a fully dense
(FD) specimen. Fig. 24(b,c) show the tensile behavior of the LOF-HIP
and FD-HIP samples and the comparison with the results available in
the open literature. As can be seen, the idea adopted in this research has
resulted in a combination of excellent tensile strength and elongation,
which matches or exceeds the results obtained from conventional
manufacturing methods. The improvement in properties is associated
with formation of duplex microstructure. Fig. 24(d-j) illustrate the
mechanism for achieving duplex microstructure, along with OM images
of the final microstructure for the fully dense (FD) samples, FD with
subsequent sub-transus (HIP 1) and super-transus (HIP 2) at 900 and
1000 °C, as well as the LOF with subsequent sub-transus (HIP 1) and
super-transus (HIP 2) at 900 and 1000 °C, respectively. They showed
during HIP, LOF defects play the main role in creating duplex micro-
structure based on two phenomena: 1. reduction of high energy surfaces
will result in the release of excess free energy lowering the energy bar-
rier for heterogenous nucleation of stress-free a grains and 2. local
dislocation-driven recrystallization resulting from the closure of LOF
defects. The resultant duplex microstructure results in mechanical
properties that surpasses the properties of wrought, cast, solution
treated and aged Ti-6Al-4V samples and unveils the capability of this
approach in AM Ti alloys for engineering applications.

As it is shown, defects are not necessarily harmful, and they can be
exploited for a variety of purposes. To this end, Moridi et al. [210]
intentionally introduced pores during printing of Ti-6Al-4V to make
porous structures for biomedical applications. Such porous structures
can be designed to reduce the elastic modulus of the implant to reduce
stress shielding effect while providing space for bone ingrowth. They
used a solid-state AM process called cold spray [211] to overcome the
challenges associated with the high temperature processing of metals.
Their findings show that by implementing the supersonic particle
deposition in cold spray process and controlling the processing param-
eters to be just blow the typical window of deposition, mechanically
robust and porous Ti-6Al-4V prints with apparent modulus of 51.7
+ 3.2 GPa, apparent compressive yield strength of 535 + 35 MPa and
porosity of 30 + 2% can be obtained.
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samples in build direction (from top to bottom) showing fine and equiaxed prior p grains with fine o/ laths in it.

Figure reproduced from [200].
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Figure reproduced from [209].

3.11. Alternating current assisted wire arc additive manufacturing

Using an alternating current (AC) during WAAM has been proposed
by Huang et al. to modify the microstructure of printed Ti-6Al-4V [212].
They altered the columnar microstructure of WAAM- Ti-6Al1-4V through
modifying the flow behavior of the molten pool during solidification by
generating a magnetic field. Fig. 25(a,b) illustrates the experimental set
up for WAAM process, the AC current added on the filling wire, and the
schematic of the liquid phase flow during AC-assisted WAAM. As shown
in Fig. 25(b), when alternating current was applied, a coupling AC arc is
developed, which resulted in periodic magnetic arc oscillations of the
Tungsten Inert Gas (TIG) arc. The periodic oscillation of the TIG arc
subsequently affected the heat distribution, pressure, and molten flow,
resulting in several forces in the molten pool, including buoyancy effects
owing to temperature differences, surface tension owing to temperature
differences (Marangoni effect), and shear forces due to the flow of the
arc plasma. In addition, the insertion of alternating current produces an
alternating magnetic field in the molten pool which has a substantial
effect on solidification. In fact, magnetic fields may significantly lower
crystallization temperature. The schematics of the grain growth of
WAAM- Ti-6Al-4V with and without the application of AC are repre-
sented in Fig. 25(c). The magnetic field led to grain refinement as a
consequence of an increase in grain nucleation caused by vigorous
stirring in the molten pool. Changing the value of AC and its effect on
resulted microstructure and tensile properties were investigated. Fig. 25
(d) shows that the highest AC value of 30 A resulted in the greatest
elongation of 10.22%, with a strength of 650.2 MPa. This was attributed
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to the efficiency of the applied AC at higher levels (30 A), to effectively
change the microstructure of the deposited layers from basketweave
microstructure to refined equiaxed grains as shown in EBSD maps pre-
sented in Fig. 25(e-h).

3.12. Alloy design by surface engineered feedstocks

Zhang et al. [213] have recently introduced a surface engineering
strategy to modify the feedstock for SLM. In contrast to other studies,
which has mostly focused on grain refinement (via alloy design) and/or
defect prevention (through processing optimization), their study reveals
that tackling phase heterogeneity is crucial for achieving spatially uni-
form microstructure and mechanical properties. Fig. 26(a-c) illustrate
the feedstock preparation procedure for Ti-6Al-4V, CP-Ti, and Fe,O3
using the surface engineering methodology. In this approach, a
layer-by-layer assembly method is employed to generate doped titanium
feedstock with FeyO3. Their design concept is inspired by decreasing the
V content with a low tracer diffusivity in Ti-6Al-4V through introducing
a much stronger partitioning element, such as Fe, Ni, or Co, the diffu-
sivities of which are almost two orders of magnitude higher than V. It is
then reasonable to expect that significant elemental partitioning can
occur during the cooling process, resulting in the in-situ formation of the
desired lamellar (« + B) microstructures instead of o martensite, which
is produced by diffusionless transformation. By using Fe,O3, Fe with a
greater diffusivity was substituted by V with a lower diffusivity, and the
O induced the solid solution strengthening. Fig. 26(d) shows a schematic
of the SLM process along with accumulation of thermal cycles in each
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layer. Fig. 26(el-e3) depict the SEM images of the microstructure of the
SLM Ti-6Al-4V samples at different build heights. As shown, the top
layer (region A) consists of primarily o’ martensitic phase, which is a
result of the rapid cooling rate during the SLM process. In the layer
corresponding to region B, some of the o’ martensitic phase transforms
to a and p lamellar structures due to repeated heat cycles as subsequent
layers are being printed. Due to the thermal cycles induced by the
continuation of the printing process, the microstructure of region C is
completely altered to lamellar o + p. Fig. 26(e4) represents the
stress-strain curves of horizontal and vertical SLM Ti-6Al-4V samples. As
can be observed in Fig. 26(el-e3), due to the non-uniformity of the
microstructure in different regions of the printed samples, the me-
chanical properties of the printed sample will be anisotropic and
different in different directions. Fig. 26(f1-f3) shows the SEM images of
the microstructure of the SLM 25Ti-0.25 O alloy, which consists of 25 wt
% CP-Ti and 0.25 wt% Fe;03 additions (henceforth referred to as 25Ti
0.25 O, and other newly produced alloys are designated in the same
way). Comparing the microstructures of 25Ti-0.25 O and SLM Ti-6A1-4V
samples reveals lamellar o + p features in each of the A, B, and C
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regions. This homogeneity in the microstructure demonstrates the great
independence of the designed alloy from the temperature cycles
generated during the printing process. Fig. 26(f4) also exhibits the
horizontal and vertical stress-strain curves of SLM 25Ti-0.25 O samples.
The stress-strain curves of this sample reveal that the tensile behavior of
25Ti-0.25 O is isotropic, with a significant amount of elongation in the
range of 16-18.2% and an ultimate tensile strength of around
1170-1200 MPa. The authors also investigated addition of various
amounts of CP-Ti and Fe;O3 and its impact on mechanical performance.
Their results showed that by increasing the value of CP-Ti to the 25, 50,
and 75 wt%, the ultimate tensile strength decreases from around
1230-900 MPa and the elongation increases from around 15-28%. In
addition, similar to 25Ti— 0.25 O sample in Fig. 26(f4), the tensile
behavior of all the four alloys was isotropic. Among the designed alloys,
50Ti— 0.250 exhibited one of the best combinations of
ductility-strength, with the 1050 MPa ultimate tensile strength and 22%
elongation.
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Figure reproduced from [213].

4. Summary and perspectives
Fig. 27 illustrates the tensile properties of titanium alloy with

different manufacturing methods. As shown in Fig. 27, UTS and elon-
gation of the state-of-the-art AM such as in-situ heat treatment, high-

intensity acoustic vibration, in-situ rolling, metallic and non-metallic
alloying elements/nucleants, and deliberately introducing of LOF with
subsequent HIP are comparable and in some cases even better than that
of ASTM-approved cast and wrought Ti-6Al-4V alloy.

Generally, most of the introduced approaches in this paper add
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Fig. 27. Tensile strength and elongation of the introduced approaches vs. conventional ASTM cast and wrought methods [214] for titanium production.

additional processing steps that may increase manufacturing cost and
time. Also, some cause changes in the chemical composition of the alloy
which may be useful for mechanical performance, but detrimental for
other properties such as corrosion and oxidation. Approaches that rely
on mechanical deformation to drive recrystallization can preserve
chemical composition, but they suffer from poor geometrical accuracy.
Furthermore, the commercially available AM machines do not have
most of the aforementioned capabilities introduced in this review paper
to achieve the desired microstructures and mechanical properties. The
following is a description of the challenges facing each new approach
along with potential gaps that needs to be addressed:

Despite recent progress in adding metallic, non-metallic, or ceramic
nucleants/alloying elements to make printed Ti alloys with equiaxed
grain structures, there are still many challenges that remain unre-
solved. One of these challenges is to find an effective nucleant
element for each of the Ti alloys. Another challenge is to understand
how the added nucleant will change the chemical composition of the
respective Ti alloy and its properties. While most studies have
focused on mechanical performance of these alloys, other properties
such as corrosion and oxidation may be important for the intended
use of the alloy.

Applying a forced inter-pass cooling process can induce residual
stress in the manufactured samples, which requires further post-
processing treatments. Additionally, a systematic investigation of
the different cooling gas flow rates and various cooling times and
their effect on microstructure and properties should be considered.

Using in-situ heat treatment, printed samples with engineered mi-
crostructures in each layer are attainable, which ultimately leads to
the production of printed alloys with unique properties. However, if
a single laser is used for both processing and heat treatment, it can
result in longer manufacturing time. Use of multiple lasers or other
heat sources is on the rise which can maintain the manufacturing
time albeit the printers equipped with multiple lasers are going to be
more expensive.

In the MHP, due to small dimensions of the circular tracks created by
the MHP, scaling up will be difficult as the processing time will
become longer which impacts the manufacturing cost.

One of the major issues in the development of hybridized micro-
structures is the alteration of the chemical composition of the Ti-6Al-
4Vsamples. In addition, the microstructural heterogeneity may not
be suitable for applications of these alloys under various loading and
environmental conditions.

For acoustic vibration, the effectiveness of this approach can be
dropped for printing tall samples since the intensity of the acoustic
vibration drops with distance from the source. In addition, this
approach cannot be applied to all AM methods. For example, in the
SLM methods, as the sample is made in a bed of powders, acoustic
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vibration cannot be used because vibration causes disturbance in the
powder bed.

For THRM, the existence of several initial heat treatment steps for
inducing Hy and then dehydrogenation for removing the induced
hydrogen can increase energy, time, and final cost of printed parts.
Additionally, one of the sensitive steps is adding and then removing
hydrogen from the Ti-6Al-4V alloy. Based on the ASTM/ISO rec-
ommendations, the amount of maximum hydrogen in the Ti-6Al-4V
samples should be lower than 0.01 wt%. Since controlling the
amount of hydrogen and keeping it lower than the recommended
value in ASTM/ISO standard is of great importance, the inducing
hydrogen and then dehydrogenation steps would be challenging and
requires tight control of the environment.

For in-situ diode heating, use of additional heating source can
enhance energy consumption and cost of manufactured products. In
addition, as already mentioned, the machine that has been used in
this method is a laboratory scale custom SLM machine and the
effectiveness of this approach as well as its scalability needs further
research.

One of the strengths of in-situ rolling method is that it does not
change the composition of the alloy to control the solidification
process and microstructure. However, while in-situ rolling is a good
fit for DED, it may not be a great option for PBF; if we use a small
roller, it takes a long time to roll the whole powder bed and if we use
a bigger roller, we will need much larger forces that will result in
bulkier stages for PBF. Additionally, same as the many other state-of-
the-art methods, the production time, energy consumption, and cost
of the final products could increase.

Samples produced with AFSD of recycled metals do not have
melting/solidification-related problems such as defects, porosities,
or columnar grains in the microstructures. However, some chal-
lenges are still present when using recycled metals from lath or
milling machines. The remained metal chips can contain different
kind of contaminations such as carbon, impurities, and oxides that
could have a detrimental effect on mechanical properties of AFSDed
samples.

As mentioned earlier, deliberately introducing LOF with subsequent
HIP is the latest proposed method for producing 3D printed Ti alloys
with excellent mechanical performance. Given that the possibility of
defects such as LOF in the microstructure of many printed parts
seems inevitable, this method can be considered as an effective
method to modify microstructure. Deliberately introducing LOF de-
fects uses the defects in the microstructure as a strength and on the
other hand, it does not change the chemical composition of the alloy.
However, one challenge with this method is the possibility of
geometrical changes during HIP process which affects the dimen-
sional accuracy of printed parts.
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e For alloy design by surface engineered feedstocks, the chemical
coating and dissolution procedure can result in trapping of chemical
residuals in the build which may have detrimental effect on me-
chanical properties or corrosion resistance. In addition, applying the
surface engineering approach to prepare feedstock can be a disad-
vantage both from economical and time perspectives.

Like many manufacturing and post treatment processes, new
methods that have been introduced in recent years to improve the
microstructural and mechanical properties of 3D printed Ti alloys have
their own advantages and challenges. However, the techniques pre-
sented here opened new avenues to control microstructure and prop-
erties of printed Ti alloys to achieve similar or even better properties
than conventional manufacturing methods. By highlighting the existing
challenges in this review paper and given the upward trend in the
research for printing Ti alloys with excellent mechanical and micro-
structural performance, it is reasonable to expect that these challenges
will be resolved in the near future.
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