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A B S T R A C T

Titanium (Ti) alloys have emerged as one of the most sought-after metallic materials for additive manufacturing 
(AM). This originates from the unparalleled synergy of AM’s capability to produce intricate geometries and the 
superior mechanical properties and corrosion resistance inherent to Ti alloys. Despite these benefits, AM Ti alloys 
continue to face persistent challenges that hinder their in-service reliability and broader adoption. Unlike 
conventionally manufacturing, AM introduces unique microstructural features such as non-uniform residual 
stresses and inhomogeneous grain structures, which often result in pronounced variability in material properties. 
Crucially, this variability underscores an urgent need for thorough performance evaluation of AM-produced 
parts, especially for critical structural applications where safety and durability are paramount. Previous re
views have broadly addressed AM Ti alloys’ static properties and general processing challenges. In contrast, this 
review takes a comprehensive approach to examine the dynamic performance aspects—specifically, fatigue and 
damage tolerance—which remain insufficiently summarized yet vital for real-world applications. It deepens into 
the underlying mechanisms governing these properties, emphasizing the influence of key defects (e.g., porosity, 
segregation) as well as microstructural characteristics such as grain morphology and residual stresses. Addi
tionally, this work expands the discussion to assess the behavior of AM Ti alloys under extreme environmental 
conditions (high-temperature and cryogenic operations), which are increasing demand in the automotive and 
energy sectors. By providing a detailed evaluation of these critical aspects, this review aims to bridge existing 
knowledge gaps, offering actionable insights to refine AM Ti alloy processing and enhance their structural 
reliability for demanding applications.

1. Introduction

Additive Manufacturing (AM), also known as three-dimensional (3D) 
printing, has emerged as an advanced manufacturing technology 
capable of producing complex-shaped components layer-by-layer [1–4]. 
The high design freedom offered by AM has provided significant ad
vantages, especially in the fabrication of high-performance and 
customized components. As a result, AM has gained widespread interest 
across various industrial sectors, enabling the production of metallic 

components such as fuel nozzles, combustion chambers, engine turbine 
blades in aircraft, and brackets and fixtures in aircraft and satellites 
[5–7]. Materials commonly used in AM include titanium alloys, 
aluminum alloys, stainless steels, nickel alloys, and others [8–11]. 
Among these materials, titanium alloys are particularly attractive in the 
aerospace industry due to their excellent specific strength, corrosion 
resistance, and the ability to achieve a low buy-to-fly ratio through AM 
[12,13]. Several AM-produced Ti alloy components have already been 
implemented in commercial aircraft, including EASA-approved A-Links 
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for the IAE-V2500 engine anti-icing system and multiple FAA-approved 
structural components for Boeing aircraft [14,15]. Furthermore, AM Ti 
alloy components have been successfully exposed to harsh environ
ments, including engine compressor disks at temperatures up to 450 ℃ 
[16] and liquid hydrogen pump impellers working at − 253 ℃ [17].

Despite these adoptions, their use for structural applications remains 
limited compared to conventionally manufactured Ti alloy parts. This 
limitation arises from the unique microstructural features introduced by 
the AM process, such as randomly distributed pores, elemental segre
gation, non-equilibrium phases, and columnar grain structures. These 
features can negatively impact the mechanical performance of the ma
terial and create uncertainty surrounding the quality assurance of AM Ti 
alloy components [18–20]. For instance, in laser powder bed fusion 
Ti-6Al-4V, unevenly distributed pores can act as crack initiation sites, 
while the presence of fine α’ martensite can reduce fatigue crack growth 
resistance, resulting in a fatigue limit that is only 30–50 % of the ideal 
fatigue strength, with significant variability [21,22]. Therefore, a thor
ough evaluation of in-service performance is essential before AM Ti alloy 
components can be confidently deployed in applications. Among the 
in-service properties, fatigue performance is particularly important, as 
fatigue-related failures were reported to account for approximately 90 % 
of all structural failures in the aerospace industry [23,24]. Additionally, 
fracture toughness is a key design parameter for engineering compo
nents, as it, along with fatigue crack propagation resistance, defines the 
damage tolerance of materials used in load-bearing applications [25, 
26]. Damage tolerance is the most crucial mechanical property of 
structural materials for load-bearing applications since it represents the 
combination of strength and toughness, which denotes the ability of the 
material to resist failure in the presence of porosity, cracks, or other 
types of damage [27].

Although several reviews on the fatigue and damage tolerance per
formance of AM Ti alloys are already available [28–34], the discussion 
on fatigue performances is predominantly limited to Ti-6Al-4V, while in 
terms of damage tolerance, the scope is further narrowed to laser 
powder bed fusion Ti-6Al-4V. Recently, research on AM titanium alloys 
is increasingly expanding beyond Ti-6Al-4V, with significant advances 
being made in β-Ti alloys, particularly those requiring high strength for 
load-bearing applications. Corresponding investigations into their fa
tigue performance are gaining increasing industrial attention [8,20, 
35–38]. Additionally, these existing reviews have predominantly 
focused on the influence of porosity on fatigue behavior, while recent 
studies have identified additional critical factors previously attained, 
such as non-uniform residual stress [39,40] and heterogeneously 
distributed phase [20,41], which also significantly impact the dynamic 
performance of AM Ti alloys. Therefore, there is a significant gap in the 
literature regarding comprehensive reviews that evaluate more critical 
in-service performance—encompassing fatigue performance and dam
age tolerance properties—of various AM Ti alloys, as required by safe 
component design criteria.

This review aims to address the current gap by providing a state-of- 
the-art examination of the fatigue and damage tolerance properties of 
various titanium alloys produced by AM techniques. This includes the 
latest research on the diverse defects (e.g., porosity, segregation defects, 
and heterogeneous phase), unique grain and phases (such as AM Ti- 
specific nano-twinned precipitation), process-related attributes (like 
residual stress), with a particular focus on their correlation with fatigue 
and damage tolerance. Recent efforts to optimize such microstructure 
features and enhance mechanical properties are also discussed. 
Furthermore, the review emphasizes the in-service performance of AM 
Ti alloys at operational temperatures (high-temperature and cryogenic), 
offering valuable insights for researchers and practitioners involved in 
AM titanium alloy development and application. This comprehensive 
review aims to guide future research, eliminating the need for redundant 
efforts, and providing substantial benefits to the continued development 
of AM titanium alloys in both academic and industrial sectors.

2. Brief overviews of titanium alloys and relevant AM 
techniques

Over the last three decades, several types of AM technologies have 
been successfully implemented to various titanium alloys [42]. The 
intent of this section is to provide a brief overview of these alloys and 
relevant AM techniques as a prelude to discussing the mechanical per
formance, defects, and microstructure characteristics of AM titanium 
alloys. Herein, titanium alloys can be classified into three categories—α 
(α and near-α), α+ β, and β (metastable and stable)—based on their 
positions within the β isomorphous phase diagram and the phase com
positions present at room temperature [12,43]. To aid comparison, a 
concise summary of alloy classes and their salient characteristics is 
provided in Table 1.

α titanium alloys: This category of alloys normally contains a mini
mal amount of β phase at room temperature (less than 5 vol%) [12]. Their 
compositions are typically enriched in α-stabilizing elements (Al, Zr, Sn) 
with only minor additions of β-stabilizers (Mo, Ta, Nb, W, V, Cr, Ni, Mn, 
Co, Fe). Commercial α titanium alloys mainly include Τi-8Al-1Mo-1V, 
Ti-5Al-2.5Sn, Ti-6Al-2Sn-4Zr-2Mo (Ti-6242), Ti-6Al-2Zr-1Mo-1V (TA15), 
and Ti-5.8Al-4Sn-3.5Zr-0.7Nb-0.5Mo-0.35Si-0.06 C (IMI 834), etc. The β 
transus temperatures of α titanium alloys are commonly higher than the 
other two, due to the lack of β stabilizers. Therefore, the α titanium alloys 
have good creep resistance and rational high-temperature mechanical 
property stability (could be up to ~600 ℃), which makes it suitable for 
turbine engine components [44]. For instance, IMI 834 alloy has been 
successfully used in the compressor discs and rear axles of the Trent 700 
engines in Airbus A330, operating at temperatures of up to 600 ℃ [45]. 
Furthermore, owing to the low ductile-brittle transition temperature of 
α-phase (often below − 150 ℃), α titanium alloys are ideal structural 
materials for cryogenic temperature applications, and have been widely 
employed in energy cryogenic engineering, such as liquid hydrogen pump 
impellers [46,47].

αþβ titanium alloys: These alloys comprise more β-stabilizing el
ements than α titanium alloys, resulting in a higher retained equilibrium 
fraction of β phase at room temperature. Τi-6Al-4V is the most well- 
known α+ β titanium alloy, and is considered as the ‘workhorse’ 
serving more than 50 % of titanium alloy use. The α+ β titanium alloys 
offer moderate strength, excellent fatigue resistance, good ductility, and 
outstanding corrosion resistance [43]. On this basis, the α+ β titanium 
alloys are widely used for loading-bearing and low-temperature critical 
components in aircraft and aero-engines, critical parts in off-shore and 
marine systems [12]. Since the processability, microstructures, and 
mechanical behavior of α and α+ β titanium alloys are relatively similar, 
the introductions of these two types of titanium alloys processed by AM 
will not be separated intentionally in this work.

β titanium alloys: This class of alloys contains the highest propor
tion of β-stabilizing elements among titanium alloys, which disrupt the 
lattice bonding forces and reduce the elastic modulus (down to 45 GPa) 
[12]. This property makes β titanium alloys particularly attractive for 
biomedical implant applications [48]. These elements also allow 
high-temperature β phase to be fully retained upon rapid cooling (such 
as water quenching) to room temperature. Further subsequent aging 
treatment can precipitate fine α-phase (and other metastable phases) in 
the β-phase matrix, and hence provide strengthening. The ultimate 
tensile stress of the aged β titanium alloy could be significantly higher 
than both the α and α+ β titanium alloys, so they occupy a niche in the 
overall application of Ti alloys in the airplane industry, particularly in 
the critical loading-bear parts [49,50]. For instance, 
Ti-5Al-2Sn-2Zr-4Mo-4Cr (Ti-17) exhibits the yield strength of 
1000–1200 MPa, and is mainly used as fan disks at high-strength levels 
in aircraft engines. In comparison, the yield strength of cold-rolled 
+ aged Ti-3Al-8V-6Zr-4Mo-4Zr (Beta-C) can reach up to 1500 MPa and 
thereby can be used in aircraft springs, fasteners, and pressure housings.

Additive manufacturing of titanium components involves two major 
categories based on the materials feeding methods: powder bed fusion 
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(PBF) and direct energy deposition (DED). These techniques can be 
further distinguished by the type of heat source used, with the details 
listed below:

Laser powder bed fusion (L-PBF): L-PBF is a powder bed-based 
additive manufacturing process with a laser beam as the heat source 
and fine metal powders (with the size ranging from 10 to 100 μm) used 
as the feedstock materials [51]. A thin metal powder layer with a 
thickness ranging from 30 to 80 μm is spread evenly onto the substrate 
within the fabrication chamber. The controlled laser beam selectively 
melts the powder based on the section information from the digital 
design model. Once the scanning of the previous layer is completed, the 
fabrication piston is lowered in the z-axis direction for a layer thickness 
height, while the powder delivery system spreads a new layer of powder 
for the next selective melting process [52,53]. The full part could be 
formed by repeating this coating and melting process for thousands of 
cycles (Fig. 1a).

The relatively small laser beam spot (approximately 30–200 μm in 
different machines from various manufacturers) used for the L-PBF 
process leads to the fabricated parts with relatively high dimensional 
accuracy. The fabricated finish surface can reach the roughness (Ra) 
value of less than 10 μm [57]. The capability of fabricating complex 
parts in a near-net-shaped state makes the L-PBF technique very 
attractive for end users in different industry sectors. One example is the 
L-PBF fabricated Ti-6Al-4V bracket for Airbus A350, which is manu
factured by LZN Laser Zentrum Nord GmbH [54]. This part adopts a 
topology-optimized bionic design, which leads to ~ 30 % weight saving 
compared to the conventionally manufactured brackets (Fig. 1b).

Electron beam powder bed fusion (EB-PBF): EB-PBF is another 
type of powder-bed AM process similar to the L-PBF with a high-power 
electron beam as the heat source within a vacuum chamber. EB-PBF 
system consists of two main elements: the column in the upper part of 
the system and the work chamber in the lower part of the system [58]. 
The electron beam is produced by a tungsten filament or a LaB6 crystal, 
and the electrons are accelerated up to 10 – 40 % of the speed of light 
and guided from the top gun toward the working chamber. The EB-PBF 
process generally involves two steps. Firstly, each layer of powder is 
pre-heated using a low-energy electron beam to prevent electrostatic 
charging and powder particle repulsion. Then, another pass using a 
high-energy electron beam is applied to melt the area defined by the part 
model (Fig. 1c) [59,60]. Substrate heating temperatures up to 1000 ℃ 
can be achieved due to the full vacuum building chamber. These features 
enable the titanium alloy components fabricated by EB-PBF with 
reduced residual stress and lower oxygen contamination. Therefore, 
EB-PBF is very suitable for high-performance parts like blades. One 
typical example is the liquid-hydrogen pump impellers made by the 
EB-PBF process, as shown in Fig. 1d [61,62].

Laser direct energy deposition (L-DED): L-DED is a process of 
feeding alloy powders or alloy wires simultaneously into the melt path 

or melt pool created by a high-energy laser beam to deposit materials 
layer-by-layer upon a substrate plate (Fig. 1e), which is also known as 
Laser Engineered Net Shaping (LENS) [63]. The power of the laser used 
for the L-DED process (≥ 1 kW) could be significantly larger than that for 
the L-PBF process (≤ 500 W). It is one of the direct energy depositions 
(DED) techniques. Since the L-DED fabrication of titanium alloys is very 
oxygen reactive, inert gas like argon and helium is required to protect 
the molten pool and solidified parts from oxidation and exposure. 
Compared to L-PBF, L-DED is more suitable for building large-scale parts 
since its working space is not limited by the powder bed dimensions. For 
instance, a large-scale titanium alloy spar with a length of over 1 m was 
manufactured by L-DED for airplane applications (Fig. 1f) [64]. 
Furthermore, the building rate of L-DED titanium alloys is much higher 
than the L-PBF process, with more than ten kilograms of material 
deposited in one hour with optimal processing parameters.

Wire arc additive manufacturing (WAAM): WAAM is another type 
of DED technique, with the electric arc as the heat source and metallic 
wires as feeding materials [65,66]. With its capability of high deposition 
efficiency (it could deposit tens of kilograms in one hour), the WAAM 
technique is considered another feasible AM technique to fabricate 
large-scale parts (Fig. 1g) [67,68]. For instance, WAAM-3D Company 
fabricated a prototype of a large-scale Ti-6Al-4V alloy pressure vessel for 
a space exploration task, ~1 m in height and 8.5 kg in weight, as shown 
is Fig. 1h [56,65]. By using WAAM to manufacture these parts, ~65 % of 
production lead time was saved and ~80 % of raw material usage was 
reduced with the performance criteria maintained. The disadvantages of 
using WAAM to fabricate parts include suboptimal surface quality, 
insufficient dimensional accuracy, and occasional high porosity due to 
violent melt pool interactions. Post processing including surface treat
ments is essential for WAAM fabricated components. Furthermore, 
compared to other DED processes, the relatively large heat source of the 
WAAM process often lead to higher residual stress and larger distortion 
in the as-build parts [69,70].

Other emerging additively manufacturing technologies: binder 
jetting additive manufacturing, first adapted from ink‑jet 
sand‑casting tools, has now matured into a true additively‑manu
facturing route for titanium components [71,72]. In this ambi
ent‑temperature process, a thin layer of powder is spread, 
micro‑droplets of polymer binder are selectively deposited to create a 
“green” body, and the part is then de-powdered, de-bound, and vac
uum‑sintered (1250–1350 ℃) or hot‑isostatically pressed to reach 
functional density (> 97 %). Because no melting occurs, distortion is 
minimal, enabling fine heat‑exchanger lattices and porous biomedical 
scaffolds that are hard for fusion‑based AM. Commercially, Desktop 
Metal and GE Additive platforms have already produced flight‑qualified 
Ti‑6Al‑4 V brackets for satellites and e‑VTOL airframes, signaling that 
binder‑jetted titanium is moving from laboratory to industrial reality 
[73].

Table 1 
Summary of α, α+ β, and β titanium alloys: typical compositions, characteristics, and applications.

Category Common/Commercial alloys Typical compositions Typical microstructures Key characteristics Typical applications

α titanium 
alloys

Τi− 8Al− 1Mo-1V, 
Ti− 5Al− 2.5Sn, 
Ti− 6Al− 2Sn− 4Zr− 2Mo, 
Ti− 6Al− 2Zr− 1Mo-1V

Minimal β-stabilizers; 
β-phase at RT < 5 vol%

Equiaxed microstructure, 
α-lamellar, α-Colony

Good creep; very low Ductile-to- 
brittle transition temperature

Turbine engine 
compressor discs, 
cryogenic pump impellers

α+ β 
titanium 
alloys

Τi− 6Al-4V, 
Ti− 6Al− 3Mo− 2Sn− 2Zr− 2Cr, 
Ti− 6.5Al− 3.5Mo− 1.5Zr− 0.3Si, 
Ti− 6Al− 2Mo− 2Sn− 2Zr− 2Cr- 
2V

More β-stabilizers, 
significant retained β at 
RT

Bi-modal microstructure, 
Grain boundary α-phase, α- 
lamellar

Balanced strength–ductility; 
excellent fatigue; outstanding 
corrosion resistance

Fasteners, compressor 
blades, seawater pump 
shafts

β titanium 
alloys

Ti− 5Al− 2Sn− 2Zr− 4Mo− 4Cr, 
Ti− 3Al-8V− 6Cr− 4Mo− 4Zr, 
Ti− 5Al− 5Mo-5V− 3Cr, 
Ti− 5Al− 5Mo-5V− 3Cr− 1Zr, 
Ti− 5Al− 2Sn− 2Zr− 4Mo− 4Cr

Highest β-stabilizers, 
β-phase retained on 
quench

Nano-size α precipitates, Grain 
boundary α-phase, Retained 
β-phase

Very high strength after aging; low 
modulus suits implants

Fan disks, springs, 
biomedical implants
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Fig. 1. (a) Schematic diagram showing the L-PBF set-up and fabrication process; (b) L-PBF Ti-6Al-4V brackets for Airbus A350 [54]; (c) Schematic diagram of 
EB-PBF; (d) EB-PBF titanium alloy liquid hydrogen pump impellers (diameter: ~ 20 cm) [17]; (e) Schematic diagram of L-DED; (f) L-DED titanium alloy spar (length: 
1.1 m) [55]; (g) Schematic diagram of WAAM; (h) WAAM Ti-6Al-4V alloy pressure vessel for a space exploration task (height: ~1 m) [56].
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3. Mechanical performance

3.1. Tensile properties

Quasi-static tensile performances provide basic material properties 
and are often used as a reference indicator for dynamic performance 
aspects [27]. Therefore, before examining the fatigue and damage 
tolerance characteristics of AM titanium alloys, we begin by summari
zing their room-temperature tensile properties achieved so far. This 
assessment will encompass α titanium alloys, α+ β titanium alloys, and β 
titanium alloys, examining their tensile properties both in the as-built 
condition and after post-AM heat treatment.

3.1.1. α titanium alloys
The tensile performance of α titanium alloys, including grade 2 

commercially pure titanium (CP-Ti), Ti-6Al-2Zr-1Mo-1V (TA15), Ti-5Al- 
2.5Sn, Ti-6Al-2Sn-4Zr-2Mo (Ti-6242), and Ti-6Al-2Sn-4Zr-2Mo-0.1Si 
(Ti-6242S), processed by various AM technologies, is presented in 
Table 2 [74–81]. Among them, L-PBF α titanium alloys has been most 
widely investigated. In as-built state, a large variation of the tensile 
strength exists between different L-PBF α titanium alloys, with the 
lowest ultimate tensile strength (refers to UTS) of CP-Ti (~ 700 MPa) 
and the highest UTS of Ti-6242S (> 1500 MPa) [74,81]. In contrast, the 
total elongation (EL) of most L-PBF α titanium alloys in as-built state is 
relatively consistent, typically less than 10 %. One exception is CP-Ti, 
with the EL greater than 20 % [74,82]. On this basis, various post-AM 
treatments have been developed to further tune the tensile perfor
mances of L-PBF α titanium alloys. After annealing in the range of 490 – 
890 ℃, the ductility of L-PBF CP-Ti slight increase (within 3 %), while 
its strength continuously decrease with the rise in HT temperature [83]. 
In comparison, the UTS of L-PBF Ti-6242 can be improved from 
1381 MPa in the as-built state to 1438 MPa through direct aging [77]. 
This is one of the few works that enhance strength of L-PBF α titanium 
alloys through heat treatment, even though it is accompanied by a sig
nificant decrease in ductility (failure before yield in L-PBF Ti-6242). 
With more optimized heat treatments, including commonly used solu
tion and aging treatments and novel cyclic heating approach, L-PBF α 
titanium alloys could exhibit the better combination of strength and 
ductility (Table 2) [78,81,84,85]. For example, after cyclic heat treating 
between 960 and 860 ℃ for 140 min, the total elongation of L-PBF 
Ti-6242 can be significantly improved to ≥ 15 %, with the yield stress 
values of ≥ 1000 MPa [78]. Furthermore, a strong tensile property 
anisotropy in the L-PBF α titanium alloys is also evident both in the 
as-built and post-AM treatment states (Table 2). For instance, in L-PBF 
CP-Ti, there is a difference in EL over 2 % between the transverse (10.4 
± 2.6 %) and longitudinal (8.3 ± 1.6 %) directions in the as-built state 
[74]. After post-AM HIP treatment, such difference in ductility between 
the two directions is further increased to 7.8 % [74].

For α titanium alloys produced using AM approaches other than L- 
PBF, limited studies have focused on CP-Ti, Ti-6Al-2Zr-1Mo-1V, and Ti- 
6Al-2Sn-4Zr-2Mo [80,83,86,88,90], while their mechanical perfor
mances are generally unremarkable. Specifically, Ti-6Al-2Zr-1Mo-1V 
processed by L-DED exhibits a yield strength of ~ 940 MPa, lower 
than that of same alloy fabricated by L-PBF (with the YS of ~ 1000 MPa) 
[88]. Ti-6Al-2Zr-1Mo-1V fabricated by WAAM also shows moderate 
tensile strength (YS = 822 MPa) and poor ductility (EL = 3.5 %) [83]. 
EB-PBF Ti-6Al-2Sn-4Zr-2Mo possess the UTS of ~ 1100 MPa in the 
as-built state, which is also significantly lower than that of 
Ti-6Al-2Sn-4Zr-2Mo processed by L-PBF (with the UTS of >1290 MPa) 
[80,90].

3.1.2. α+β titanium alloys
Numerous efforts have been made to investigate the quasi-static 

tensile performance of AM dual-phase titanium alloys, particularly Ti- 
6Al-4V, as shown in Table 3. Among these AM technique, L-PBF Ti- 
6Al-4V exhibits relatively higher UTS (> 1100 MPa in the as-built 

state) [12,91]. In comparison, due to the lower cooling rates that lead 
to relatively coarser microstructures, Ti-6Al-4V fabricated by DED-based 
techniques (including L-DED and WAAM processes) shows relatively 
low UTS that is commonly lower than 1050 MPa in the as-built state 
(Table 3) [92]. Despite these general trends, the large number of pub
lished results show that tensile properties of AM Ti-6Al-4V in as-built 
state, even when processed using the same AM approach, can exhibit 
substantial variability. For instance, the total elongations of L-PBF 
Ti-6Al-4V varied from 4 % to 13 % with different printing parameters or 
L-PBF machine, while the tensile stress ranges from 1150 to 1250 MPa 
[22,93–95]. More specifically, with the layer thickness increases from 
30 μm to 60 μm and the scan rotation angle changes from 90◦ to 67◦, the 
ductility of L-PBF Ti-6Al-4V change from 7.8 % to 12.8 % [22]. These 
variations in the tensile performance are largely attributed to the 
inconsistent microstructures in AM α+ β titanium alloys, along with the 
unpredictability of defects, which will be further discussed in Sections 
4–5 [22,67,92–104].

Various post-AM treatment processes have been applied to AM Ti- 
6Al-4V alloy to optimize the tensile properties. Directly annealing 
treatments at a two-phase regime with a temperature ranging from 600 
to 950 ℃ are normally used, aiming for the relief of residual stress and 
microstructure homogenization. This type of HT process mostly leads to 
the increase of the tensile ductility with the cost of UTS, as shown by the 
summarized results in Table 3. For example, the total elongation of L- 
PBF Ti-6Al-4V increases to 19 % upon annealing at 800 ℃ for 6 h (the 
ductility of the as-built state is 9 %) [91,118]. In addition, solution 
treatment and aging treatment is another typical method to obtain a 
good combination of strength and ductility in L-DED or WAAM 
Ti-6Al-4V (for instance, tensile ductility of WAAM Ti-6Al-4V can be 
enhanced to 16 % with a UTS of ≥ 850 MPa with 930 ℃/1 h + 800 
℃/2 h) [67,119]. Solution treatment temperatures can be above or 
below the β-transus, whereas aging temperatures typically fall within 
the range of 400–750◦C. Furthermore, post-AM HIP treatments can be 
performed below or above the β-transus [95,107,55,120]. With appro
priate post-LPBF HIP treatments, the total elongation of AM Ti-6Al-4V 
can be improved to 15–20 %, while maintaining a YS of ≥ 850 MPa, 
as shown in Table 3.

In the meantime, anisotropic tensile properties have been identified 
in most L-DED and WAAM Ti-6Al-4V, while they have been less obvious 
in the Ti-6Al-4V processed by both L-PBF and EB-PBF. For example, the 
ductility of L-DED Ti-6Al-4V in the transverse orientation is only half of 
that in the building direction, even though the strength differences are 
insignificant [55]. However, the total elongation of the transverse 
samples is not always lower than that of the longitudinal samples [101, 
121]. This variation depends on the printing parameter (like scanning 
strategy and laser power), the built part geometry, and the location of 
the test specimens. For instance, the study that focused on the WAAM 
Ti-6Al-4V found that the parallel scanning strategy built sample show 
significant ductility between the longitudinal (EL = 24.3 %) and trans
verse (EL = 14.7 %) specimens, while specimens built with oscillation 
scanning strategy exhibit nearly consistent elongation in both directions 
[110].

Besides fusion-based AM technologies, the tensile performances of 
Ti-6Al-4V produced by novel binder jetting AM have also been studied 
recently [111]. In the as-built state, binder jetting AM Ti-6Al-4V shows 
the relatively low strength (YS = 790 MPa) and acceptable ductility 
(9.3 %). After HIP treatment, the yield stress can be increased to 
approximately 1000 MPa without compromising ductility (~ 10 %). 
These values are comparable to those reported for certain L-PBF 
Ti-6Al-4V subjected to similar HIP [95], underscoring the potential of 
binder jet AM for Ti alloys.

Along with Ti-6Al-4V, other α+ β titanium alloys processed by AM 
were also investigated, including Ti-6.5Al-3.5Mo-1.5Zr-0.3Si, Ti-6Al- 
2Mo-2Sn-2Zr-2Cr-2V, and Ti-6Al-3Mo-2Sn-2Zr-2Cr, which show com
parable tensile performance with AM Ti-6Al-4V (Table 3). For instance, 
L-PBF Ti-6.5Al-3.5Mo-1.5Zr-0.3Si exhibits a tensile strength of 
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Table 2 
Tensile properties of AM α titanium alloys.

Material Method State (i.e. treatments and testing directions) Yield Stress (SD, 
MPa)

Ultimate Tensile Stress 
(SD, MPa)

Total Elongation 
(SD, %)

Ref.

CP-Ti L-PBF As-built, transverse 722 742 22.2 [83]
650 ℃/1 h/AC, transverse 667 742 25.2
750 ℃/1 h/AC, transverse 640 727 25.7
850 ℃/1 h/AC, transverse 574 659 25.4

CP-Ti L-PBF As-built, transverse 521 (13) 607 (17) 10.4 (2.6) [74]
As-built, longitudinal 630 (22) 720 (23) 8.3 (1.6)

HIP (730 ℃/101 MPa/1 h), transverse 512 (14) 587 (22) 7.3 (1.3)
HIP (730 ℃/101 MPa/1 h), longitudinal 622 (10) 716 (13) 15.1 (3.1)
HIP (950 ℃/101 MPa/1 h), transverse 482 (13) 573 (27) 6.3 (1.3)

HIP (950 ℃/101 MPa/1 h), longitudinal 573 (33) 662 (39) 7.4 (2.2)
CP-Ti L-PBF As-built, longitudinal 620 717 20.2 [82]

490 ℃/2 h/FC, longitudinal 615 685 20.9
590 ℃/2 h/FC, longitudinal 570 645 21.8
690 ℃/2 h/FC, longitudinal 575 643 21.1
790 ℃/2 h/FC, longitudinal 586 638 21.4
890 ℃/2 h/FC, longitudinal 490 603 22.5

CP-Ti EB-PBF As-built, longitudinal 616 688 18.1 [86]
Cyclic heat treating between 25 and 1000 ℃ for 1 

time, longitudinal
566 641 17.1

Cyclic heat treating between 25 and 1000 ℃ for 3 
times, longitudinal

528 631 18.2

Cyclic heat treating between 25 and 1000 ℃ for 5 
times, longitudinal

494 630 16.2

Ti− 6Al− 2Zr− 1Mo-1V L-PBF As-built, transverse 1048 1214 9.2 [75]
As-built, longitudinal 1088 1234 8.4

800 ℃/1 h/AC, transverse 980 1058 13.5
800 ℃/1 h/AC, longitudinal 1005 1064 14.4
800 ℃/4 h/AC, transverse 966 980 13.8

800 ℃/4 h/AC, longitudinal 988 1008 14.5
Ti− 6Al− 2Zr− 1Mo-1V L-PBF As-built, transverse - 1234 (53) 7.3 (0.7) [87]

650 ℃/2 h/FC, transverse - 1207 (4) 8.9 (0.1)
750 ℃/2 h/FC, transverse - 1124 (14) 11.3 (0.7)
850 ℃/2 h/FC, transverse - 1025 (20) 9.0 (0.4)
950 ℃/2 h/FC, transverse - 937 (5) 8.0 (1.0)
1000 ℃/2 h/FC, transverse - 907 (5) 5.8 (0.2)
1100 ℃/2 h/FC, transverse - 780 (7) 3.8 (0.4)

Ti− 6Al− 2Zr− 1Mo-1V L-PBF As-built, longitudinal 1123 1281 8.1 [84]
800 ℃/2 h/AC, longitudinal 993 1077 14.4

970 ℃/1.5 h/AC + 600 ℃/3 h/AC, longitudinal 917 1012 15.7
970 ℃/1.5 h/AC + 750 ℃/3 h/AC, longitudinal 868 964 16.7
970 ℃/1.5 h/AC + 850 ℃/3 h/AC, longitudinal 834 981 16.1
970 ℃/1.5 h/AC + 930 ℃/3 h/AC, longitudinal 838 1001 14.0

970 ℃/1.5 h/AC + 930 ℃/3 h/AC + 600 ℃/4 h/ 
AC, longitudinal

934 1019 16.3

Ti− 6Al− 2Zr− 1Mo-1V L-DED As-built, transverse 937 (6) 1004 (7) 8.6 (1.0) [88]
As-built, longitudinal 900 (8) 987 (9) 15.3 (1.9)

Ti− 6Al− 2Zr− 1Mo-1V WAAM As-built, transverse 822 942 3.5 [83]
Ti− 5Al− 2.5Sn L-PBF As-built, transverse 1077 1173 7.7 [76]

As-built, longitudinal 1064 1169 8.2
600 ℃/2 h/FC, transverse 1043 1142 9.4

600 ℃/2 h/FC, longitudinal 1044 1166 9.4
650 ℃/2 h/FC, transverse 987 1095 10.5

650 ℃/2 h/FC, longitudinal 1016 1104 10.6
750 ℃/2 h/FC, transverse 956 1064 11.5

750 ℃/2 h/FC, longitudinal 977 1070 12
850 ℃/2 h/FC, transverse 808 894 15.2

850 ℃/2 h/FC, longitudinal 832 926 14.4
Ti− 5Al− 2.5Sn L-PBF As-built, longitudinal 1030 (20) 1080 (25) 13.2 (0.2) [89]

850 ℃/2 h/FC, longitudinal 900 (14) 920 (30) 16.1 (0.1)
850 ℃/4 h/FC, longitudinal 895 (5) 905 (10) 17.8 (0.2)

HIP (850 ℃/120 MPa/2 h), longitudinal 895 (15) 910 (8) 15.1 (0.2)
Ti− 6Al− 2Sn− 4Zr− 2Mo L-PBF As-built, transverse 1293 (37) 1381 (79) 5.3 [77]

595 ℃/8 h/AC, transverse Failure before 
yield

1438 (103) 1.4

Ti− 6Al− 2Sn− 4Zr− 2Mo L-PBF As-built, transverse 1296 (44) 1437 (13) 5.7 (1.1) [78]
630 ℃/8 h/AC, transverse 1318 (2) 1402 (23) 4.6 (0.6)
850 ℃/3 h/AC, transverse 1110 (8) 1185 (4) 9.3 (1.2)

955 ℃/1 h/AC+ 595 ℃/8 h/AC, transverse 1068 (3) 1162 (7) 15.0 (0.9)
Cyclic heat treating between 960 and 860 ℃ for 

140 min, transverse
1019 (17) 1157 (20) 16.5 (1.3)

Ti− 6Al− 2Sn− 4Zr− 2Mo L-PBF As-built, transverse 1293 (37) 1293 (37) 5.3 [85]
650 ℃/6 h/WQ + 598 ℃/8 h/AC, transverse 1393 1405 1.8
750 ℃/2 h/WQ + 598 ℃/8 h/AC, transverse 1233 (20) 1250 (11) 1.6

(continued on next page)
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1107 MPa with ductility of 12.3 % (the UTS and elongation of L-PBF Ti- 
6Al-4V are 1202 MPa and 10.1 %, respectively) [22,112]. Post-AM heat 
treatment has also been applied to such alloys to achieve the desirable 
tensile performances. The study of L-DED Ti-6Al-2Mo-2Sn-2Zr-2Cr-2V 
alloy reveals that solution treatment and aging can simultaneously 
enhance both strength and ductility (the UTS increases from 1025 MPa 
to 1170 MPa and the elongation rises from 6.0 % to 7.8 % after 900 
℃/2 h + 540 ℃/4 h) [116]. Furthermore, in these limited works, these 
α+ β titanium alloys processed by AM also exhibit strong ductility 
anisotropy in both as-built and heat-treated states. In particular, the 
ductility of as-built Ti-6.5Al-3.5Mo-1.5Zr-0.3Si processed by L-DED is 
18.8 % in the longitudinal direction, while it is only 8.2 % in the 
transverse direction [113].

3.1.3. β titanium alloys
Compared with the most widely explored AM α+ β titanium alloy Ti- 

6Al-4V, fewer attempts have been made to explore the tensile perfor
mance of the AM β titanium alloys. Current research efforts are mainly 
focused on Ti-6Al-2Sn-4Zr-6Mo (Ti-6246), Ti-5Al-2Sn-2Zr-4Mo-4Cr (Ti- 
17), Ti-5Al-5Mo-5V-1Cr-1Fe (Ti-55511), Ti-5Al-5Mo-5V-3Cr-1Zr (Ti- 
55531) alloy, Ti-5Al-5V-5Mo-3Cr (Ti-5553), and Ti-3Al-8V-6Cr-4Mo- 
4Zr (Beta-C). As shown in Table 4, most AM β titanium alloys in the 
as-built state exhibit the UTS below 1000 MPa, while maintaining the 
superior ductile of ≥ 15 %. This is primarily related to the presence of 
soft phases in the as-built condition, which will be discussed in 5.

Post-AM heat treatments can greatly modify the tensile properties of 
AM β titanium alloys, and more specifically their tensile strength, as 
shown in Table 4. Solution treatment, whether above or below the β 
transus temperatures, along with aging, can significantly enhances the 
strength (both YS and UTS) of AM β titanium alloys, which can greatly 
exceed that of the AM Ti-6Al-4V [122,141,130,142,134,137]. The ulti
mate tensile stress of L-DED Ti-55531, treated by β solution treatment 
and aging, reached 1352 MPa with the total elongation retained as 
5.9 % [130]. Upon direct aging of L-PBF Beta-C, over 1600 MPa tensile 
strength (refers to UTS) and ~ 5 % uniform elongation can be achieved, 
which is the highest strength of all AM titanium alloys reported to date 
[138]. However, the solution + aging treatments and direct aging nor
mally lead to lower ductility of AM β titanium alloys, for instance, L-PBF 
Ti-55531 exhibits a limited ductility of less than 2 % after solution 
+ aging treatments [129]. To this end, triplex anneal treatment (β so
lution treatment, α/β solution treatment, and aging) in the L-DED 
Ti-55531 was developed to improve ductility (total elongation increased 
from 5.9 % in solution + aging sample to 8.5 %) [130]. Other research 
on L-PBF Ti-55511 [132] and L-PBF Ti-17 [136] have been shown that 
increasing the aging temperature can achieve comparatively better 
elongation (improvement from brittle failure before yielding (450 ℃ 
aging) to ~ 8 % elongation (650 ℃ aging). Furthermore, pre-heat 

treatment (prior to annealing) L-DED Ti-55511 at 900 ℃ followed by 
furnace cooling from the β phase field also achieved the ~1100 MPa 
UTS and ~12 % elongation [135]. For AM β titanium alloys with rela
tively less β-stabilizing elements, like Ti-6Al-2Sn-4Zr-6Mo, annealing in 
the ranges of 600 – 900 ℃ was normally performed to induce the α” 
martensite decomposition into α-phase and β-phase (more details can be 
seen in 5), which results in high yield strength (from ~ 450 MPa to ~ 
1050 MPa) with acceptable ductility (> 15 %) [140,143].

3.2. Fatigue properties

3.2.1. High-cycle fatigue
Since titanium alloys are mostly used for critical components like 

load-bearing components in aircraft and rotating components in aero 
engines, fatigue properties of AM titanium alloys is considered the most 
important mechanical properties to the end users [12]. Currently, most 
efforts have been made to understand the fatigue behavior of the AM 
Ti-6Al-4V, the most widely used titanium alloy. However, most of the 
published research found that the fatigue properties, especially 
high-cycle fatigue properties, of AM Ti-6Al-4V vary greatly, as shown in 
Fig. 2a [34,118,144–153]. For instance, L-PBF Ti-6Al-4V with optimal 
printing parameters and annealing process has two orders of magnitude 
differences in the fatigue life at the same stress level from different 
published works (Fig. 2a) [147,149]. Similarly, WAAM Ti-6Al-4V has 
two different fatigue limits from two different studies, one at 270 MPa 
and another one at 500 MPa, despite the fact that both Ti-6Al-4V are 
fabricated with optimal process parameters and annealed (Fig. 2a) [147, 
151]. These significant variations result in the lower bound of AM 
Ti-6Al-4V being inferior to that of conventionally cast products, while its 
best performance can match or even exceed that of conventionally 
wrought Ti-6Al-4V reported in the ASM handbook, as shown in Fig. 2a. 
Besides fusion-based AM technologies, the fatigue performances of 
Ti-6Al-4V produced by sinter-based AM (like binder jetting AM) are also 
explored [111]. However, the HCF performance of binder jetting AM 
Ti-6Al-4V remains unsatisfactory, even after HIP treatment, with the 
fatigue strength of less than 200 MPa. This is significantly lower than the 
high-cycle fatigue strength of fusion-based AM and conventionally 
manufactured Ti-6Al-4V. This may be related to the higher porosity (>
4 %) and elevated interstitials resulting from binder decomposition. 
Furthermore, compared to the significant anisotropic tensile perfor
mance, there is no obvious trend in the anisotropic HCF performance of 
AM Ti-6Al-4V alloy (Fig. 2b). Some studies found that the HCF perfor
mance of the transverse specimen was superior to that of the longitu
dinal specimen [154–157], while other studies have reported the 
opposite results [158–161]. This is considered to be related to the 
presence of printing pores and large columnar grain, which will be 
further discussed in Sections 4–5 [154,162].

Table 2 (continued )

Material Method State (i.e. treatments and testing directions) Yield Stress (SD, 
MPa) 

Ultimate Tensile Stress 
(SD, MPa) 

Total Elongation 
(SD, %) 

Ref.

800 ℃/1 h/WQ + 598 ℃/8 h/AC, transverse 1253 (17) 1259 (22) 1.8
850 ℃/0.5 h/WQ + 598 ℃/8 h/AC, transverse Failure before 

yield
1172 (4) 1.4

1025 ℃/1 h/WQ + 598 ℃/8 h/AC, transverse Failure before 
yield

697 (47) < 1

Ti− 6Al− 2Sn− 4Zr− 2Mo ЕВ-PBF As-built, longitudinal 853 (10) 914 (8) 7.9 (0.9) [80]
Ti− 6Al− 2Sn− 4Zr− 2Mo EB-PBF As-built 1018 (14) 1115 (18) 7.8 (0.1) [90]

HIP (850 ℃/103 MPa/2 h) 937 (19) 1048 (7) 16.4 (0.1)
HIP (950 ℃/103 MPa/2 h) 887 (21) 1000 (4) 16.2 (0.1)
HIP (1050 ℃/103 MPa/2 h) 836 (8) 963 (6) 12.2 (0.1)

Ti− 6Al− 2Sn− 4Zr− 2Mo− 0.1Si L-PBF As-built 1406 (17) 1526 (6) 4.3 (0.8) [81]
700 ℃/1 h/AC + 600 ℃/24 h/AC 1390 (2) 1421 (5) 0.9 (0.3)
800 ℃/1 h/AC + 600 ℃/24 h/AC 1172 1263 6.5
900 ℃/1 h/AC + 600 ℃/24 h/AC 1075 (4) 1155 (7) 16.0 (0.1)

Ti− 6Al− 2Sn− 4Zr− 2Mo− 0.1Si L-PBF As-built 1296 1420 9.0 [85]
900 ℃/10 min/WQ 883 1102 17.5

900 ℃/10 min/WQ + 300 ℃/48 h 1055 1147 14.7
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Table 3 
Tensile properties of AM α+β titanium alloys.

Material Method State (i.e. treatments and testing directions) Yield Stress 
(SD, MPa)

Ultimate Tensile Stress 
(SD, MPa)

Total Elongation 
(SD, %)

Ref.

Ti− 6Al-4V L-PBF As-built, transverse 946 (10) 1151 (9) 4.4 (0.7) [94]
Ti− 6Al-4V L-PBF As-built (30 μm layer thickness and the 90◦ scan 

rotation), transverse
1121 (42) 1186 (42) 7.8 (0.6) [22]

As-built (30 μm layer thickness and the 90◦ scan 
rotation), longitudinal

1161 (30) 1237 (30) 7.6 (1.0)

As-built (30 μm layer thickness and the 67◦ scan 
rotation), transverse

1121 (9) 1202 (11) 10.1 (0.3)

As-built (30 μm layer thickness and the 67◦ scan 
rotation), longitudinal

1121 (42) 1186 (42) 8.1 (0.6)

As-built (60 μm layer thickness and the 90◦ scan 
rotation), transverse

1115 (18) 1183 (22) 9.7 (0.3)

As-built (60 μm layer thickness and the 90◦ scan 
rotation), longitudinal

1151 (11) 1222 (25) 9.8 (1.1)

As-built (60 μm layer thickness and the 67◦ scan 
rotation), transverse

1063 (19) 1137 (23) 12.8 (0.9)

As-built (60 μm layer thickness and the 67◦ scan 
rotation), longitudinal

1102 (16) 1145 (14) 12.8 (0.9)

Ti− 6Al-4V L-PBF As-built, transverse 1080 (20) 1220 (20) 5.5 (2) [95]
As-built, longitudinal 1060 (15) 1180 (13) 7.8 (1)

Stress relieved, HIP (920 ℃/103 MPa/4 h), 
transverse

980 (22) 1040 (20) 12.0 (1)

Stress relieved, HIP (920 ℃/103 MPa/4 h), 
longitudinal

850 (2) 980 (2) 16.0 (3)

Ti− 6Al-4V L-PBF As-built, transverse 1075 (25) 1199 (49) 7.6 (0.5) [105]
As-built, longitudinal 978 (5) 1143 (6) 11.8 (0.5)
730 ℃/2 h, transverse 974 (7) 1065 (21) 7.0 (0.5)

730 ℃/2 h, longitudinal 958 (6) 1057 (8) 12.4 (0.7)
Ti− 6Al-4V L-PBF As-built, transverse 1040 1201 9.5 [91]

700 ℃/2 h/FC, transverse 1011 1109 13.4
800 ℃/2 h/FC, transverse 953 1050 14.7
800 ℃/6 h/FC, transverse 937 1040 18.8
800 ℃/12 h/FC, transverse 929 1031 18.5

Ti− 6Al-4V EB-PBF As-built, transverse 1049 (14) 1195 (17) 8.9 (0.7) [106]
As-built, longitudinal 1045 (17) 1187 (20) 11.1 (0.7)

Ti− 6Al-4V EB-PBF As-built, transverse 881 (12) 979 (12) 10.7 (1.5) [107]
HIP (900 ℃/103 MPa/4 h), transverse 876 (12) 978 (9.5) 13.5 (1.5)

Ti− 6Al-4V EB-PBF 1100 ℃/0.5 h/FC, longitudinal 774 (112) 913 (38) 13.0 (2.0) [108]
1100 ℃/0.5 h/AC, longitudinal 847 (90) 998 (52) 13.0 (7.0)
1100 ℃/0.5 h/WQ, longitudinal 932 (80) 1200 (50) 1.8 (1.5)

Ti− 6Al-4V L-DED As-built, transverse 950 (2) 1025 (2) 5.0 (1.0) [55]
As-built, longitudinal 950 (2) 1025 (10) 12.0 (1.0)

HIP (920 ℃/100 MPa/4 h), longitudinal 850 (2) 920 (1) 17.0 (2.0)
Ti− 6Al-4V L-DED As-built, transverse 945 (53) 1037 (46) 10.5 (0.3) [101]

As-built, longitudinal 950 (10) 1056 (19) 10.8 (0.5)
Ti− 6Al-4V L-DED As-built, transverse 960 (26) 1063 (20) 13.3 (1.8) [100]

As-built, longitudinal lower 970 (17) 1087 (8) 17.6 (0.7)
As-built, longitudinal upper 945 (13) 1041 (12) 18.7 (1.7)

Ti− 6Al-4V L-DED As-built, transverse 841 (0.3) 922 (2) 14.1 (0.5) [109]
As-built, longitudinal 770 (48) 824 (56) 17.7 (2.2)

Ti− 6Al-4V L-DED 700 ℃/2 h, transverse 923 (11) 975 (19) 13.2 (0.6) [99]
700 ℃/2 h, longitudinal 788 (55) 881 (50) 27.8 (1.9)

Ti− 6Al-4V WAAM As-built (bidirectional), transverse 700 (13) 820 (30) 10.4 (2.6) [92]
As-built (unidirectional), transverse 710 (8) 830 (15) 15.5 (2.0)
As-built (unidirectional), transverse 755 (3) 853 (10) 12.6 (1.8)

Ti− 6Al-4V WAAM As-built, transverse 746 (17) 847 (10) 12.2 (2.8) [67]
600 ℃/4 h, transverse 772 (12) 845 (15) 11.8 (0.9)
850 ℃/2 h, transverse 734 (25) 845 (18) 13.6 (2.8)

930 ℃/1 h (slow cooling), 550 ℃/4 h, 
transverse

783 (11) 865 (8) 9.9 (0.9)

930 ℃/1 h (fast cooling), 550 ℃/4 h, transverse 951 (25) 1034 (18) 7.5 (0.9)
930 ℃/1 h (fast cooling), 800 ℃/2 h, transverse 771 (9) 886 (8) 16.6 (1.6)

Ti− 6Al-4V WAAM As-built (parallel scanning strategy), transverse - 1131 14.7 [110]
As-built (parallel scanning strategy), longitudinal - 1013 24.3

As-built (oscillation scanning strategy), 
transverse

- 1309 11.6

As-built (oscillation scanning strategy), 
longitudinal

- 1322 12.8

Ti− 6Al-4V Binder jet 
AM

As-built 790 912 9.3 [111]
HIP (920 ℃/100 MPa/4 h) 1002 1089 10.5
HIP (920 ℃/100 MPa/4 h) 974 1043 9.2

Ti− 6.5Al− 3.5Mo− 1.5Zr− 0.3Si L-PBF As-built, transverse 1011 1107 12.3 [112]
Ti− 6.5Al− 3.5Mo− 1.5Zr− 0.3Si L-DED As-built, transverse 920 1025 8.2 [113]

As-built, longitudinal 840 925 18.8

(continued on next page)
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The hot isostatic pressing (HIP) process, which is introduced as an 
effective post-AM treatment approach for closing detrimental pores like 
lack-of-fusion (LOF) and gas porosity, is very beneficial in improving the 
high-cycle fatigue performance, [144,148,150,153]. The samples after 
the HIP process showed better high-cycle fatigue properties than those 
in wrought Ti-6Al-4V, with significantly improved consistency as 
compared with those before HIP. For instance, after HIP treatment at 
920 ℃/2 h/100 MPa, the fatigue strength of EB-PBF Ti-6Al-4V can be 
increased from ~ 350 MPa in the as-built state to ~ 550 MPa [168]. 
Very recently, HIP combined with post-AM heat treatment has been 
developed (named the Net-AM post-processing technique), which ach
ieves a fatigue limit of around 1000 MPa (the corresponding specific 
fatigue strength exceeds 200 MPa⋅g− 1⋅cm3) in L-PBF Ti-6Al-4V [39, 
169]. This is the best HCF performance in titanium alloys (Fig. 2a), and 
even the highest specific fatigue limit among all metallic materials.

Besides the well-investigated high-cycle fatigue properties of AM Ti- 
6Al-4V, other research efforts into the fatigue properties of other AM 
titanium alloys produced by various AM technologies have been pub
lished, as shown in Fig. 3. L-DED processed Ti-6.5Al-3.5Mo-1.5Zr-0.3Si 
(a α+β titanium alloy), Ti-6Al-2Zr-Mo-V (a high-temperature α titanium 
alloy), and Ti-6Al-2Mo-2Sn-2Zr-2Cr-2V (a new type of α+β titanium 
alloy with more β stabilizer) show comparable fatigue performances 
with L-DED Ti-6Al-4V in the stress ratio of 0.06 [170–176]. In recent 
studies, L-DED Ti-6.5Al-3.5Mo-1.5Zr-0.3Si has been shown to match the 
high‑cycle fatigue performance of its wrought counterpart at a stress 
ratio of 0.5 [177,178]. In comparison, L-PBF processed titanium alloys 
other than Ti-6Al-4V, including Ti-6Al-2Sn-4Zr-2Mo [179], 
Ti-5V-5Mo-5Al-3Cr [180], CP-Ti [181], Ti-6Al-2Zr-Mo-V [182], and 
Ti-6Al-7Nb [183], show the lower HCF performance (the HCF data at a 
stress ratio of − 1 are presented in Fig. 3b). In particular, even after 
stress-relief treatment, L-PBF Ti-6Al-4Nb exhibits a fatigue strength of 
less than 200 MPa [183]. In the meantime, it is found that large varia
tions of HCF data also still exist in these titanium alloys even after 
post-AM heat treatments. Moreover, very recently, β titanium alloys 
processed by EB-PBF, including Ti-5Al-5Mo-5V-1Cr-1Fe and 
Ti-5V-5Mo-5Al-3Cr, were also studied, as shown in Fig. 3c [180,184, 
185]. It is found that post-AM HIP can significantly enhance the fatigue 
performance of EB-PBF Ti-5Al-5Mo-5V-1Cr-1Fe (fatigue limit increase 
from 300 MPa to 450 MPa), while also reducing the variations of HCF 
results [185]. These findings highlight that HIP is also an effective 
post-AM processing method for AM β titanium alloys, capable of elimi
nating the printing pores and improving the HCF performance. How
ever, as compared to conventionally manufactured 
Ti-5Al-5Mo-5V-1Cr-1Fe (generally higher than 700 MPa [186]), the 

fatigue strength of AM Ti-5Al-5Mo-5V-1Cr-1Fe is still limited, even after 
post-AM HIP. Similarly, WAAM Ti-5Al-2Sn-2Zr-4Mo-4Cr (Ti-17, a 
typical β titanium alloy) exhibits HCF performance that is also markedly 
inferior to that of its conventionally forged counterpart (whose values 
exceed 600 MPa), as shown in Fig. 3d [187]. This also suggests that 
further efforts are needed to develop the fatigue performance of AM β 
titanium alloy.

It should be mentioned that all the above‑reported HCF results were 
obtained from specimens whose as‑built surfaces had been removed by 
machining, however, surface defects also influence the HCF perfor
mance of AM titanium alloys. Fig. 4a illustrates the HCF life of Ti-6Al-4V 
processed by several AM technologies before and after mechanical 
processing, revealing significant differences. For example, the fatigue 
limit of EB-PBF Ti-6Al-4V was approximately 150 MPa before 
machining, while after machining, this value increased to ~ 400 MPa 
[166]. The same trend extends beyond the work‑horse Ti‑6Al‑4 V alloy. 
As shown in Fig. 4b, LPBF Ti-5V-5Mo-5Al-3Cr gains nearly 200 MPa in 
fatigue strength after machining [192]. These results suggest that the 
rough surface of the as-built part has a significant negative effect on the 
fatigue performance of AM titanium alloys. To this end, various surface 
treatments have been applied to AM titanium alloys to improve HCF 
performance [29,193–196]. For instance, by closing surface defects and 
introducing compressive residual stresses on the sample surface, shot 
peening can further enhance the fatigue life of L-DED Ti-6Al-2Zr-Mo-V 
from 2.4 × 104 cycles after machining to 7.2 × 10⁴ cycles at a stress 
level of 720 MPa, representing a relative improvement of approximately 
200 % [193]. Another example is that electrochemical polishing can 
reduce the surface roughness (Ra) of L-PBF Ti-6Al-4V from ~ 11 μm in 
the un-machined state to less than 1 μm, and this refinement is mirrored 
by a jump in fatigue strength from about 400 MPa to nearly 750 MPa 
[194]. Taken together, these literatures underscore that surface condi
tion is a critical determinant of the high‑cycle fatigue performance of 
additively manufactured titanium alloys.

3.2.2. Fatigue crack propagation
Damage tolerance is another important design parameter for aircraft, 

which is used to represent the capacity of a material to sustain the 
fracture with the cracks initiated. Damage tolerance performance 
mainly includes fatigue crack propagation (FCG) property and fracture 
toughness. To date, most efforts have been made to investigate the 
damage tolerance performance of AM Ti-6Al-4V. In the as-built condi
tion, L-PBF Ti-6Al-4V alloy generally shows the poor FCG resistance, 
with the FCG thresholds of 1.5–1.8 MPa

̅̅̅̅̅
m

√
[198]. After post-AM heat 

treatment, the FCG resistance of L-PBF Ti-6Al-4V alloy can be improved, 

Table 3 (continued )

Material Method State (i.e. treatments and testing directions) Yield Stress 
(SD, MPa) 

Ultimate Tensile Stress 
(SD, MPa) 

Total Elongation 
(SD, %) 

Ref.

Ti− 6.5Al− 3.5Mo− 1.5Zr− 0.3Si 
1018

L-DED 530 ℃/6 h, transverse 1001 1089 9.9 [114]
530 ℃/6 h, longitudinal 932 1018 14.7

1000 ℃/1 h+530 ℃/6 h, transverse 971 1099 11.8
1000 ℃/1 h+530 ℃/6 h, longitudinal 895 1033 16.8

1000 ℃/1 h, transverse 895 1059 9.0
1000 ℃/1 h, longitudinal 915 1038 10.0

Ti− 6.5Al− 3.5Mo− 1.5Zr− 0.3Si WAAM 550 ℃/4 h/AC, transverse 970 1044 10.3 [115]
550 ℃/4 h/AC, longitudinal 905 969 18.1

970 ℃/2 h/AC + 550 ℃/4 h/AC, transverse 896 999 17.3
970 ℃/2 h/AC + 550 ℃/4 h/AC, longitudinal 861 970 21.6
990 ℃/2 h/AC + 550 ℃/4 h/AC, transverse 900 1012 16.2

990 ℃/2 h/AC + 550 ℃/4 h/AC, longitudinal 851 967 19.2
1020 ℃/2 h/AC + 550 ℃/4 h/AC, transverse 872 987 13.5

1020 ℃/2 h/AC + 550 ℃/4 h/AC, longitudinal 852 948 16.5
Ti− 6Al− 2Mo− 2Sn− 2Zr− 2Cr- 

2V
L-DED As-built, transverse 943 1025 6.0 [116]

900 ℃/2 h/AC + 540 ℃/4 h/AC, transverse 1035 1170 7.8
920 ℃/2 h/AC + 540 ℃/4 h/AC, transverse 1074 1196 7.2
940 ℃/2 h/AC + 540 ℃/4 h/AC, transverse 1083 1201 6.2

Ti− 6Al− 3Mo− 2Sn− 2Zr− 2Cr L-DED 920 ℃/2 h/AC + 540 ℃/4 h/AC, transverse 1026 (13) 1187 (12) 3.3 (1.7) [117]
920 ℃/2 h/AC + 540 ℃/4 h/AC, longitudinal 1017 (18) 1166 (16) 13.2 (4.8)
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Table 4 
Tensile properties of AM β titanium alloys.

Material Method State (i.e. treatments and testing directions) Yield Stress 
(SD, MPa)

Ultimate Tensile 
Stress (SD, MPa)

Total Elongation 
(SD, %)

Ref.

Ti− 12Mo− 6Zr− 2Fe L-PBF As-built (single scanned), transverse Failure before 
yield

1291 (25) 1.3 (0.1) [122]

As-built (chess scanned), transverse 1025 (5) 1026 (5) 12.7 (1.0)
Chess-scanned, solution treated at 1000 ℃, transverse 943 (8) 587 (21.6) 7.3 (1.3)

Ti− 5Al-5V− 5Mo− 3Cr L-PBF 300 ℃/1 h/FC, longitudinal 801 (14) 824 (13) 17.2 (1.5) [123]
400 ℃/1 h/FC, longitudinal 1178 1190 (90) 1.9 (0.1)
500 ℃/1 h/FC, longitudinal 1397 1397 (36) 1.4 (0.1)
600 ℃/1 h/FC, longitudinal 1332 (32) 1371 (21) 3.5 (0.6)
700 ℃/1 h/FC, longitudinal 996 (17) 1088 (11) 14.2 (4.0)
800 ℃/1 h/FC, longitudinal 895 (39) 951 (23) 15.6 (4.5)

Ti− 5Al-5V− 5Mo− 3Cr L-PBF As-built, transverse 831 (7) 856 (6) 18.9 (0.9) [124]
Ti− 5Al-5V− 5Mo− 3Cr L-DED 600 ℃/0.5 h/WQ (with faster heating), longitudinal 1060 (5) 1345 (5) 11.6 (0.5) [125]

600 ℃/0.5 h/WQ (with slower heating), longitudinal 1200 (6) 1380 (8) 4.2 (0.2)
300 ℃/8 h + 600 ℃/0.5 h/WQ, longitudinal 1200 (4) 1365 (4) 4.0 (0.3)

900 ℃/0.5 h/WQ + 600 ℃/0.5 h/WQ, longitudinal 925 (4) 1150 (3) 8.2 (0.4)
Ti− 5Al-5V− 5Mo− 3Cr L-DED As-built - 800 14.0 [126]
Ti− 5Al-5V− 5Mo− 3Cr WAAM As-built, longitudinal 1048 (11) 1065 (10) 21.0 (1.4) [127]

As-built, transverse 1036 (14) 1094 (1) 8.3 (3.2)
Ti− 5Al− 5Mo-5V− 3Cr− 1Zr L-PBF As-built (200 ℃ substrate heating), transverse 801 816 16.9 [128]

As-built (700 ℃ substrate heating), transverse 1200 1440 1.6
Ti− 5Al− 5Mo-5V− 3Cr− 1Zr L-PBF As-built, longitudinal 804 (5) 819 (7) 16.5 (0.6) [129]

As-built, transverse 794 (6) 806 (3) 19.2 (1.5)
880 ℃/1.5 h/AC + 600 ℃/6 h/AC, longitudinal Failure before 

yield
1412 (9) -

880 ℃/1.5 h/AC + 600 ℃/6 h/AC, transverse Failure before 
yield

1430 (13) -

880 ℃/1.5 h cooling to 750 ℃/1.5 h/AC+ 600 ℃/6 h/ 
AC, longitudinal

1267 (3) 1329 (6) 8.0 (0.1)

880 ℃/1.5 h cooling to 750 ℃/1.5 h/AC+ 600 ℃/6 h/ 
AC, transverse

1278 (6) 1338 (11) 7.2 (0.5)

790 ℃/1.5 h/AC + 600 ℃/6 h/AC, longitudinal 1180 (9) 1234 (5) 25.0 (0.2)
790 ℃/1.5 h/AC + 600 ℃/6 h/AC, transverse 1255 (10) 1274 (6) 18.0 (0.1)

Ti− 5Al− 5Mo-5V− 3Cr− 1Zr L-DED As-built, transverse upper 825 (8) 861 (12) 19.8 (0.1) [130]
As-built, transverse lower 865 (12) 912 (20) 16.4 (0.5)

As-built, longitudinal 822 (14) 866 (9) 17.2 (0.9)
880 ℃/1 h/AC + 600 ℃/4 h/AC, transverse upper 1186 (7) 1225 (11) 8.9 (0.4)
880 ℃/1 h/AC + 600 ℃/4 h/AC, transverse lower 1354 (7) 1365 (10) 5.9 (0.4)

880 ℃/1 h/AC + 600 ℃/4 h/AC, longitudinal 1347 (7) 1352 (9) 5.4 (0.9)
880 ℃/1 h, furnace cooling to 790 ℃/1.5 h/AC, 600 

℃/4 h/AC, transverse upper
1192 (19) 1219 (17) 8.5 (0.3)

880 ℃/1 h, furnace cooling to 790 ℃/1.5 h/AC, 600 
℃/4 h/AC, longitudinal

1172 (16) 1210 (10) 7.8 (0.4)

Ti− 5Al− 5Mo-5V− 3Cr− 1Zr EB-PBF As-built, transverse 1070 1135 11.2 [131]
Ti− 5Al− 5Mo-5V− 1Cr− 1Fe L-PBF As-built, transverse 853 (16) 889 (19) 19.4 (1.8) [132]

450 ℃/2 h/WQ, transverse Failure before 
yield

892 (25) -

550 ℃/2 h/WQ, transverse Failure before 
yield

1325 (24) -

600 ℃/2 h/WQ, transverse Failure before 
yield

1495 (22) -

650 ℃/2 h/WQ, transverse 1334 (18) 1410 (20) 4.3 (0.6)
750 ℃/2 h/WQ, transverse 1121 (11) 1143 (12) 8.2(0.7)

750 ℃/2 h/WQ + 600 ℃/2 h/WQ, transverse 1235 (9) 1264 (19) 9.3 (0.7)
Ti− 5Al− 5Mo-5V− 1Cr− 1Fe L-PBF As-built, transverse 833 (8) 883 (4) 23.7 (1.7) [133]

As-built, longitudinal 868 (7) 875 (13) 17.3 (1.6)
As-built, 45◦ off the longitudinal 797 (10) 848 (12) 22.3 (1.7)

750 ℃/2 h/WQ + 600 ℃/2 h/WQ, transverse 1110 (10) 1146 (14) 13.3 (2.0)
750 ℃/2 h/WQ + 600 ℃/2 h/WQ, longitudinal 1101 (27) 1145 (26) 15.9 (1.7)

750 ℃/2 h/WQ + 600 ℃/2 h/WQ, offset 45◦ along the 
longitudinal

1123 (6) 1166 (13) 15.6 (0.9)

Ti− 5Al− 5Mo-5V− 1Cr− 1Fe L-DED As-built, longitudinal 1147 (15) 1178 (20) 5.0 (0.8) [134]
750 ℃/2 h/FC, longitudinal 935 (5) 940 (5) 9.3 (1.2)

830 ℃/2 h, FC to 750 ℃/2 h/AC, longitudinal 898 (5) 906 (3) 16.5 (0.5)
830 ℃/2 h, FC to 750 ℃/2 h/AC, 600 ℃/4 h/AC, 

longitudinal
1069 (25) 1120 (25) 7.8 (0.6)

870 ℃/2 h, FC to 750 ℃/2 h, 600 ℃/4 h/AC, longitudinal 1036 (15) 1135 (7) 10.7 (1.2)
Ti− 5Al− 5Mo-5V− 1Cr− 1Fe L-DED 900 ℃/0.5 h/FC + 830 ℃/2 h/WQ, 830 ℃/2 h, FC + 750 

℃/2 h/AC + 600 ℃/4 h/AC, longitudinal
1065 (5) 1107 (5) 11.5 (1.2) [135]

900 ℃/0.5 h/FC + 840 ℃/2 h/WQ, 830 ℃/2 h, FC + 750 
℃/2 h/AC + 600 ℃/4 h/AC, longitudinal

1067 (6) 1111 (7) 12.3 (0.6)

900 ℃/0.5 h/FC + 850 ℃/2 h/WQ, 
830 ℃/2 h, FC + 750 ℃/2 h/AC + 600 ℃/4 h/AC, 

longitudinal

1037 (17) 1104 (20) 9.5 (1.1)

(continued on next page)
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and is comparable with that of wrought titanium alloys [74,199–204], 
as shown in Fig. 5. In the meanwhile, L-PBF Ti-6Al-4V in the heat-treated 
state exhibits reasonably consistent FCG resistance in both transverse 
and longitudinal directions (Fig. 5) [205,206]. For instance, the FCG 
thresholds of L-PBF Ti-6Al-4V after a full stress annealing, 650 ℃ for 3 h, 
are approximately in the range of 5.3–5.8 MPa

̅̅̅̅̅
m

√
in both transverse 

and longitudinal directions, similar to that of conventionally manufac
tured Ti-6Al-4V (approximately 5.4 MPa

̅̅̅̅̅
m

√
) [22]. With more opti

mized heat treatments, the FCG thresholds of L-PBF Ti-6Al-4V can be 

further enhanced, reaching the range of 7.1–8.4 MPa
̅̅̅̅̅
m

√
after 920 

℃/0.5 h+ 700 ℃/2 h/AC [205]. Furthermore, the FCG steady regime, 
which is commonly characterized by Paris equation da/dN = C(ΔK)m, 
is also reported as isotropic in L-PBF Ti-6Al-4V after the heat treatments, 
with the exponent m of this equation ranged from 3.2 to 4.0 in both 
transverse and longitudinal directions, which is also comparable with 
those in wrought Ti-6Al-4V (m value commonly between 3.0 and 4.8) 
[205,207,208].

In L-DED Ti-6Al-4V, the FCG thresholds (2.6–2.9 MPa
̅̅̅̅̅
m

√
) are 

Table 4 (continued )

Material Method State (i.e. treatments and testing directions) Yield Stress 
(SD, MPa) 

Ultimate Tensile 
Stress (SD, MPa) 

Total Elongation 
(SD, %) 

Ref.

Ti− 5Al− 5Mo-5V− 1Cr− 1Fe EB-PBF As-built (substrate heating 650 ℃), transverse 987 1042 19.0 [122]
As-built (substrate heating 650 ℃), transverse 1053 1150 11.0
As-built (substrate heating 750 ℃), transverse 1137 1178 7.0
As-built (substrate heating 750 ℃), transverse 1172 1230 6.0

Ti− 5Al− 2Sn− 2Zr− 4Mo− 4Cr L-PBF As-built, transverse - 1495 1.9 [136]
600 ℃/1 h/AC, transverse - 1500 3.6
650 ℃/1 h/AC, transverse - 1478 3.8
660 ℃/1 h/AC, transverse - 1318 5.0
670 ℃/1 h/AC, transverse - 1305 6.2
680 ℃/1 h/AC, transverse - 1259 8.2
690 ℃/1 h/AC, transverse - 1218 10.2
700 ℃/1 h/AC, transverse - 1200 10.3
750 ℃/1 h/AC, transverse - 1115 11.0

Ti− 5Al− 2Sn− 2Zr− 4Mo− 4Cr EB- 
DED

750 ℃/2 h/WQ + 630 ℃/4 h/AC, longitudinal 820 896 12.6 [137]
850 ℃/2 h/WQ + 630 ℃/4 h/AC, longitudinal 986 1072 5.4
800 ℃/2 h/WQ + 550 ℃/4 h/AC, longitudinal 980 1137 4.2
800 ℃/2 h/WQ + 630 ℃/4 h/AC, longitudinal 888 989 10
800 ℃/2 h/WQ + 710 ℃/4 h/AC, longitudinal 783 846 17.9

Ti− 3Al-8V− 6Cr− 4Mo− 4Zr L-PBF As-built, transverse - 930 26.8 [138]
520 ℃/3 h/WQ, transverse - 1425 7.8
480 ℃/6 h/WQ, transverse - 1611 5.4

Ti− 3Al-8V− 6Cr− 4Mo− 4Zr L-DED As-built, transverse 880 915 23.0 [139]
480 ℃/6 h/AC, transverse 1415 1506 6.8

Ti− 6Al− 2Sn− 4Zr− 6Mo L-PBF As-built, transverse 483 1183 25.0 [140]
600 ℃/2 h/FC, transverse 1383 1457 6.1
750 ℃/2 h/FC, transverse 1060 1130 15.0
875 ℃/2 h/FC, transverse 1055 1105 20.0
900 ℃/2 h/FC, transverse 1005 1145 17.2

Fig. 2. (a) High-cycle fatigue properties of AM Ti-6Al-4V with consistent R as 0.1, including L-PBF, L-DED, EB-PBF, WAAM, and novel binder jetting AM Ti-6Al-4V by 
using optimal processing parameters with full annealing and post-AM HIP process, and compared with cast and wrought Ti-6Al-4V from ASM handbook [39,111,144, 
145,147,148–151,153,163,164]. The loading directions are all along the building direction. (b) The anisotropy of high-cycle fatigue properties of AM titanium alloys 
with consistent R as 0.1, including L-PBF [160], L-DED [165], EB-PBF [166], and WAAM Ti-6Al-4V [167] by using optimal processing parameters, all in 
as-built states.
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Fig. 3. High-cycle fatigue properties of additively manufactured titanium alloys other than Ti‑6Al‑4 V: (a) L-DED processed Ti-6.5Al-3.5Mo-1.5Zr-0.3Si [178], 
Ti-6Al-2Zr-Mo-V [171,172], and Ti-6Al-2Mo-2Sn-2Zr-2Cr-2V [173] (R = 0.06). The yellow area highlights the fatigue life of the L-DED Ti-64 for comparison [188, 
189]. (b) L-PBF Ti-6Al-2Sn-4Zr-2Mo [179], CP-Ti [181], and Ti-6Al-7Nb [183] (R = − 1). (c) EB-PBF Ti-5Al-5Mo-5V-1Cr-1Fe [185], Ti-5V-5Mo-5Al-3Cr [184], and 
Ti-6Al-2Zr-Mo-V [190] (R = 0.1) (d) WAAM Ti-5Al-2Sn-2Zr-4Mo-4Cr [187] and Ti-6Al-2Sn-4Zr-2Mo-0.1Si [191] (R = − 1).

Fig. 4. Stress-life curves showing the HCF performances of (a) AM Ti-6Al-4V alloys in as-built and machined states [166,197] (R = 0.1), and (b) L-PBF 
Ti-5Al-5V-5Mo-3Cr in as-built and machined conditions [192] (R = 0.1).
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considered slightly smaller than those in wrought products, while the 
propagation rates during the steady regime are relatively comparable (m 
value ranged from 3.2 to 4.0), as shown in Fig. 6 [199,209]. Further
more, the same study shows that the FCG propagation rates after the 
steady regime become slower as compared with those in wrought 
products [199]. The FCG resistance in EB-PBF Ti-6Al-4V is slightly 
better than that in wrought material, with similar fatigue thresholds and 
slightly better Paris law parameter (the exponent m value) (Fig. 7a) 
[210]. Further investigation into the effects of HIP on the FCG resistance 
in EB-PBF Ti-6Al-4V is carried out, and confirms that the reduction in 

porosity may not be as beneficial as in HCF properties: the FCG 
thresholds might be improved after the HIP process, while the propa
gation resistance in Paris regime and that after Paris regime can be 
reduced [210]. Although the change of the microstructure after the HIP 
process is suspected to overwhelm the positive effects of porosity 
reduction on the FCG resistance, it also indicates the negligible effect of 
printing pores (under a reasonable level) on FCG resistance in AM tita
nium alloys.

Compared with other AM Ti-6Al-4V alloy, WAAM Ti-6Al-4V shows 
relatively high crack propagation resistances, with the m value ranged 

Fig. 5. (a) Fatigue crack propagation rates of L-PBF Ti-64 with different treatments (HIP and heat treatments), and compared with the conventionally manufactured 
Ti-64 [202–204]. The grey-colored area represents the conventionally manufactured Ti-64. (b) All FCG results combined. The red-colored means the Z-X crack 
direction, and the blue-colored means the X-Y crack direction.

Fig. 6. FCG rates of L-DED Ti-6Al-4V with different processing parameters (LP, lower power; HP, high power) in both as-built and heat-treated (HT) states at (a) 
transverse and (b) longitudinal directions, and compared with those in taken from the substrate [199].
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from 2.8 to 3.5 (Fig. 7b) [211–214]. However, several works have 
indicated that the FCG rates of WAAM Ti-6Al-4V alloys are marginally 
greater in the longitudinal than the transverse direction after post-AM 
heat treatment, since the directional solidification with relatively 
small cooling rates (as compared with L-PBF, EB-PBF, and L-DED) dur
ing the WAAM process causes the presence of large columnar grains 
(even larger than 1 mm) and coarsening of continuous grain boundary 
α-phase [201]. These microstructure characteristics could serve as the 
favored fatigue crack propagation pathway, and lead to rapid crack 
propagation.

More investigations into the other AM titanium alloys have been also 
made in the published studies [74,170,215–218]. For instance, the FCG 
properties of commercially pure titanium (CP-Ti) fabricated by using 
L-PBF in different states (as-built and post-AM HIP state) are evaluated 
and compared with wrought CP-Ti (Fig. 8). The FCG properties of the 
L-PBF CP-Ti in the as-built state are better than the wrought CP-Ti, with 
improved consistency. The HIP process below the β transus temperature 
(post-AM HIP at 730 ℃ for 1 h) and above the β transus (950 ℃ for 1 h) 

can further improve the FCG resistance, with consistency in both di
rections [74]. The anisotropy of FCG performances was further inves
tigated in α titanium alloy, Ti-6.5Al-2Zr-1Mo-1V processed by WAAM 
[218]. No statistical difference can be found in samples with different 
directions, which is contrary to the conclusion drawn from WAAM 
Ti-6Al-4V (Fig. 8). This discrepancy is primarily attributed to differences 
in phases and grains between the two alloys (will be discussed in 5). In 
comparison, the high-temperature α+ β titanium alloy, 
Ti-6.5Al-3.5Mo-1.5Zr-0.3Si, fabricated by L-DED, shows similar FCG 
rates in both directions, which is consistent with the conclusion for 
L-DED Ti-6Al-4V [170,219] (as shown in Fig. 8c).

More recent works on AM β-titanium alloys, including Ti-5Al-5Mo- 
5V-1Cr-1Fe [216,220] and Ti-5Al-3Mo-3V-2Zr-2Cr-1Nb-1Fe [219, 
221], were also published. L-DED Ti-5Al-5Mo-5V-1Cr-1Fe alloy shows a 
classic three-stage response with an m value of around 3 in the Paris 
region. This value is comparable to L-DED Ti-6Al-4V [199,209]. How
ever, significant fluctuations can be identified in the steady-state growth 
region. This could be related to the crack branching caused by coarse 

Fig. 7. (a) Fatigue crack propagation rates of EB-PBF Ti-6Al-4V at three different directions in the as-fabricated state [210], (b) fatigue crack propagation rates of 
WAAM Ti-6Al-4V after various heat treatments at both transverse (H) and vertical (V) directions [200].

Fig. 8. (a) Fatigue crack propagation rates of L-PBF and wrought commercially pure titanium, with L-T and T-L representing the longitudinally and transversely 
oriented samples from wrought products, ASB represents L-PBF products in the as-built state, HIP represents L-PBF products after HIP at different temperatures [74]. 
(b) Fatigue crack propagation rates of WAAM Ti-6.5Al-2Zr-Mo-V in diagonal, longitudinal, and transverse directions [218]. (c) Fatigue crack propagation rates of 
L-DED (displayed as LAM) Ti-6.5Al-3.5Mo-1.5Zr-0.3Si in both longitudinal and transverse directions, and compared with L-DED Ti-6Al-4V ELI (labeled as 
TC4-DT) [170].
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primary α lath. For L-DED Ti-5Al-3Mo-3V-2Zr-2Cr-1Nb-1Fe, the influ
ence of four distinct post-build heat treatments on FCG performance was 
explored [221], and significant differences were observed, as shown in 
Fig. 9a. After undergoing stress-relieving treatment, L-DED 
Ti-5Al-3Mo-3V-2Zr-2Cr-1Nb-1Fe exhibits the highest FCG threshold 
value of 7.50 MPa

̅̅̅̅̅
m

√
as compared to other HT strategies. At the same 

time, a wider Paris region is also observed under this condition (zone II 
in Fig. 9b), indicating that the microstructure in this state has better 
fatigue crack resistance. Collectively, these results demonstrate 
that—much like in α and α+ β systems—the FCG resistance of AM 
β-titanium alloys can be tailored through targeted microstructural 
engineering.

3.3. Fracture toughness

Fracture toughness defines the resistance to cracking of a material, 
which is a critical performance for ensuring structural integrity and 
reliability. For additive manufacturing of metallic materials, both plain- 
strain fracture toughness (KIc) and conditional fracture toughness (Kq) 
are used in the literature for the indication of the fracture toughness 
properties. It should be noted, however, conditional fracture toughness 
(Kq) is insufficient to satisfy the strain conditions specified by ASTM 
E399–12. Nevertheless, since the sample size for achieving a plain-strain 
state is much larger and difficult to obtain by using some AM methods 
like L-PBF, Kq values in the published works are considered valid [205]. 
For reference, conventionally wrought Ti-6Al-4V typically exhibits KIc 
≈ 30–100 MPa

̅̅̅̅̅
m

√
and Kq ≈ 88–110 MPa

̅̅̅̅̅
m

√
(Table 5) according to the 

ASM handbook [222,223], which can be used here as the baseline.
Several studies have reported that the fracture toughness of AM Ti- 

6Al-4V alloys is comparable to that of conventionally manufactured 
Ti-6Al-4V, even though this often requires post-AM processing, as shown 
in Table 5 [28]. L-PBF Ti-6Al-4V in as-built state is very brittle with low 
fracture toughness properties (KIc commonly less than 30 MPa

̅̅̅̅̅
m

√
) due 

to the high residual stress and non-equilibrium microstructures. With 
post-AM heat treatments used, the fracture toughness properties of 
L-PBF Ti-6Al-4V can be significantly improved, achieving KIc value 
above 55 MPa

̅̅̅̅̅
m

√
and the Kq values exceeding 80 MPa

̅̅̅̅̅
m

√
[205,227]. 

Further optimization, like duplex heat treatment, can enhance Kq values 
to exceed 105 MPa

̅̅̅̅̅
m

√
[205]. This value exceeds that of most conven

tionally wrought titanium alloys [222,223].
In contrast, Ti-6Al-4V fabricated by other AM approaches like EB- 

PBF and WAAM can achieve much higher fracture toughness proper
ties without heat treatment (KIc values exceeding 50 MPa

̅̅̅̅̅
m

√
and Kq 

values above 110 MPa
̅̅̅̅̅
m

√
), potentially due to the lower residual stress 

and coarse microstructure caused by relatively slow cooling rates [210, 
225,226]. Furthermore, the same studies found that post-AM HIP has 
minimal impact on these values [210]. This strongly indicates that the 
presence of pores, as long as the total porosity level is maintained below 
a reasonable and attainable value, is not influential on the fracture 
toughness properties.

In addition to Ti-6Al-4V, other conventionally high-toughness β ti
tanium alloys processed by AM are also published, including Ti-5Al- 
3Mo-3V-2Zr-2Cr-1Nb-1Fe, Ti-6.5Al-3.5Mo-1.5Zr-0.3Si, Ti-5Al-5Mo-5V- 
1Cr-1Zr, and Ti-5Al-5Mo-5V-3Cr-1Zr (Table 5), which can also ach
ieve competitive fracture toughness after appropriate post-AM heat 
treatment (KIc above 70 MPa

̅̅̅̅̅
m

√
) [233,234,230,232]. In particular, 

L-DED Ti-6.5Al-3.5Mo-1.5Zr-0.3Si can achieve a superior KIc value 
above 100 MPa

̅̅̅̅̅
m

√
after solution and aging treatment [230]. In addi

tion, other AM α+ β titanium alloys also show comparable fracture 
toughness to the conventionally manufactured counterpart. For 
instance, L-PBF Ti-5.6Al-3.8 V exhibits KIc values exceeding 75 MPa

̅̅̅̅̅
m

√

after stress relief treatment, which surpasses the basic forged 
Ti-5.6Al-3.8 V (KIc is around 70 MPa

̅̅̅̅̅
m

√
) [229]. These data show that 

the fracture toughness of AM titanium alloys could be comparable to 
that of wrought products and, can even surpass those of wrought 
products with more optimized heat treatments. This provided a new 
perspective for the AM titanium alloys to penetrate the application 
markets.

3.4. Fatigue and damage tolerance at extreme temperatures

3.4.1. Elevated temperatures
AM titanium alloys can also be employed for structural parts oper

ating in the 200–600 ℃ temperature range such as gas turbine com
pressors and the blades of aero-engines [235]. In this case, evaluating 
their mechanical properties at the service temperatures is more valuable 
for the application than at room temperature. Due to the higher thermal 
stability, most high-temperature titanium alloys are α or α+ β type ti
tanium alloys. Fig. 10 shows the ultimate tensile strength and elonga
tions for published AM titanium alloys as a function of testing 
temperature. As a general trend, tensile strength (refers to UTS) de
creases while ductility improves with increasing temperature, which 

Fig. 9. Fatigue crack propagation rates of (a) L-DED Ti-5Al-5Mo-5V-1Cr-1Fe in transverse direction [216], and (b) L-DED Ti-5Al-3Mo-3V-2Zr-2Cr-1Nb-1Fe in 
transverse direction, with A, B, C, and D representing after 650 ℃/4 h/AC, 880 ℃/1 h cooling to 800 ℃/AC + 580 ℃/6 h/AC, 880 ℃/1 h/AC + 580 ℃/6 h/AC, and 
800 ℃/1 h/AC+ 580 ℃/6 h/AC, respectively [221].
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could be attributed to the increased dislocation mobility and potential 
grain boundary sliding [236–238]. Table 6 further summarizes the 
specific high-temperature tensile properties for various AM titanium 
alloys. Below 500 ℃, most AM α or α+ β titanium alloys could provide 
superior tensile strength compared to conventionally manufactured Ti 
alloys. For instance, L-PBF Ti-6Al-2Zr-1Mo-1V has a UTS of 907 MPa at 
500 ℃ (the UTS of wrought Ti-6Al-2Zr-1Mo-1V is only 650 MPa at 500 
℃ [239]) [87]. However, once the temperature exceeds 500 ℃, the 
tensile strength of AM α or α+ β titanium alloys is significantly reduced 

(e.g., the UTS of L-PBF Ti-6Al-4V drastically decreased from 834 MPa to 
562 MPa as the testing temperature increased from 500 ℃ to 550 ℃ 
[240]). This could be related to the decomposition of martensites, which 
will be discussed in 5.3.1.

Furthermore, it is found that most conventionally high-temperature 
titanium alloys (like Ti-6Al-2.7Sn-4Zr-0.4Mo-0.45Si [259] and 
Ti-6Al-4Sn-4Zr-0.5Mo-0.65 Nb (IMI834) [260]) are not suitable for 
additive manufacturing technologies [248]. This is attributed to the 
wide range of solidification temperatures of these alloys, which can 

Table 5 
Fracture toughness values of AM Ti alloys, and compared with those of conventionally manufactured Ti alloys.

Material Method State and sample orientation* Fracture toughness (KIc or Kq, MPa
̅̅̅̅
m

√
), 

with SD
Ref.

Ti− 6Al-4V Wrought - KIc = 30–100 [223]
Kq = 88–110

Ti− 6Al-4V L-PBF As-built, Z-Y direction KIc = 28 (2) [208]
As-built, Y-Zup direction KIc = 23 (1)
As-built, Y-X direction KIc = 16 (1)

650 ℃/4 h, Z-Y direction KIc = 28 (2)
650 ℃/4 h, Y-Zup direction KIc = 30 (1)
650 ℃/4 h, Y-X direction KIc = 31 (1)
890 ℃/2 h, Z-Y direction KIc = 41 (2)

890 ℃/2 h, Y-Zup direction KIc = 49 (2)
890 ℃/2 h, Y-X direction KIc = 49 (1)

Ti− 6Al-4V L-PBF 950 ℃/1 h + 700 ℃/1 h, X-Y direction KIc = 80 (4) [224]
950 ℃/1 h + 700 ℃/1 h, X-Z direction KIc = 84 (4)

Ti− 6Al-4V L-PBF Varied process parameters, 650 ℃/3 h, X-Y direction KIc = 48–58 (52, 48, 51, 58) [22]
Varied process parameters, X-Z direction KIc = 52–58 (55, 54, 52, 58)

Ti− 6Al-4V L-PBF Varied process parameters, 920 ℃/3 h, cooling to 700 ℃/2 h, X-Z 
direction

Kq = 96–106 (106, 96, 97, 101) [205]

Varied process parameters, 920 ℃/3 h, cooling to 700 ℃/2 h, X-Y 
direction

Kq = 77–95 (77, 93, 83, 95)

Ti− 6Al-4V L-PBF 710 ℃/2 h, X-Y direction KIc = 49.5 (1.5) [150]
HIP (920 ℃/100 MPa/2 h), X-Z direction Kq = 93.5 (0.5)

Ti− 6Al-4V EB-PBF As-built, Z-X direction Kq = 68, 80 [225]
As-built, X-Zup direction Kq = 76
As-built, Z-Y direction Kq = 67
As-built, Y-X direction Kq = 65

Ti− 6Al-4V EB-PBF As-built, Z-X direction Kq = 82 [210]
As-built, X-Y direction Kq = 91
As-built, Y-X direction Kq = 105
As-built, X-Z direction Kq = 95

HIP (950 ℃/100 MPa/3 h), Z-X direction Kq = 84
HIP (950 ℃/100 MPa/3 h), Y-X direction Kq = 84
HIP (950 ℃/100 MPa/3 h), X-Y direction Kq = 96
HIP (950 ℃/100 MPa/3 h), X-Z direction Kq = 94

Ti− 6Al-4V EB-PBF As-built, X-Y direction Kq = 110 (8.9) [226]
As-built, X-Z direction Kq = 102 (7.4)

Ti− 6Al-4V EB-PBF 710 ℃/2 h, X-Y direction Kq = 106.5 (3.5) [150]
HIP (920 ℃/100 MPa/2 h), X-Z direction Kq = 119

Ti− 6Al-4V L-DED 1000 ℃/1 h, X-Y direction KIc = 83.6 (31.3) [223]
Ti− 6Al-4V WAAM As-built, Y-X direction KIc = 74.3 (2.6) [227]

As-built, Y-Zup direction KIc = 82.1 (1.5)
Ti− 6Al− 3Mo− 1Zr L-PBF As-built, Y-X direction KIc = 33.9 [228]

800 ℃/2 h/FC, Y-X direction KIc = 43.9
Ti− 5.6Al− 3.8 V L-PBF 580 ℃/6 h/AC, X-Y direction KIc = 77.1 [229]
Ti− 6.5Al− 3.5Mo− 1.5Zr− 0.3Si L-DED 1000 ℃/2 h/AC + 530 ℃/4 h, Y-X direction KIc = 116.1 [230]

1000 ℃/2 h/AC + 530 ℃/4 h, Y-Zup direction KIc = 115.1
Ti− 5Al− 3Mo- 

3V− 2Zr− 2Cr− 1Nb− 1Fe
L-DED 530 ℃/6 h/AC, X-Y direction KIc = 68.0 [219]

880 ℃/1 h cooling to 800 ℃/6 h/AC + 580 ℃/6 h/AC, X-Y 
direction

KIc = 46.0

Ti− 5Al− 5Mo-5V− 1Cr− 1Fe -
Ti− 5Al− 5Mo-5V− 1Cr− 1Fe L-PBF 830 ℃/1.5 h/AC + 620 ℃/6 h/AC, X-Z direction KIc = 64.0 (2.1) [231]

900 ℃/1.5 h cooling to 600 ℃/6 h/FC, X-Z direction KIc = 70.0 (2.2)
Ti− 5Al− 5Mo-5V− 1Cr− 1Fe L-PBF 920 ℃/2 h/WQ + 600 ℃/2 h/WQ, X-Y direction KIc = 62.3 (1.1) [232]

770 ℃/2 h/WQ + 500 ℃/6 h/WQ, X-Y direction KIc = 44.1 (2.4)
840 ℃/1 h cooling to 750 ℃/2 h/AC + 580 ℃/4 h/AC, X-Y 

direction
KIc = 72.9 (3.9)

Ti− 5Al− 5Mo-5V− 3Cr− 1Zr EB-PBF As-built, Y-Zup direction KIc = 81.6 [233]
As-built, Y-X direction KIc = 86.2

As-built, Y-Zdown direction KIc = 75.1
Ti− 5Al− 5Mo-5V− 3Cr− 1Zr L-DED 865 ℃/0.5 h cooling to 715 ℃/2 h/AC + 620 ℃/4 h/AC, X-Z 

direction
Kq = 81.7 (1.1) [234]

830 ℃/1.5 h/WQ + 620 ℃/10 h/AC, X-Z direction Kq = 51.6 (6.8)
*: The first and last letters in sample orientation denote the crack opening and crack growth direction, respectively. Up or down represent cracks growth from the top or bottom.
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cause microstructural inhomogeneities and printing pores formation 
[261]. To this end, high-temperature titanium alloys tailored for AM 
were designed based on the ‘cluster formula method’ [248,250]. This 
strategy takes Ti-6Al-4V as the compositional prototype, which can be 
represented by the 17-unit dual-cluster formula, α-{[Al–Ti12](AlTi2)}12 
+ β-{[Al–Ti14](V2Ti)}5. On this basis, the composition is modified to 
enhance β-phase stability and narrow the liquidus–solids interval, which 
benefits additive manufacturing. For instance, Ti-6.8Al-6.8Zr-2.3V-2.1
Mo-0.7 Nb was designed by retaining the 12:5 α:β unit ratio of Ti-6Al-4V 
and co-alloying the β unit to [Al–Ti12Zr2](AlV1.2Mo0.6Nb0.2) while 
keeping the liquidus–solids interval (~27 ℃) compatible with AM 
[248]. L-DED Ti-6.8Al-6.8Zr-2.3V-2.1Mo-0.7 Nb exhibits impressive 
ductility over 45 % and tensile strength of > 400 MPa at 650 ℃ (for 
comparison, the elongation of L-DED Ti-64 is only 7.4 % at 700 ℃ 
[243]) [248]. Another example is Ti-7Al-3Zr-2V, derived by increasing 
the α-unit fraction from the Ti-6Al-4V parent to 15/17 and converting 
the β-unit to {[Al-Ti12Zr2](V3)}2, achieving a narrow liquidus-solidus 
interval (~ 7 ℃) suitable for AM [250]. L-DED Ti-7Al-3Zr-2V also 
shows the high-temperature strength-ductility trade-off compared to 
L-DED Ti-64 (L-DED Ti-7Al-3Zr-2V has a tensile strength and ductility of 
545 MPa and 39.7 % at 600 ℃ [250], while L-DED Ti-64 has a tensile 
strength and ductility of 645 MPa and 6.8 % [243]).

In addition to tensile performance, high-temperature fatigue per
formance is also a critical factor in determining the serviceability of AM 
titanium alloys in elevated environments. Very high cycle fatigue 
(VHCF) tests performed at various temperatures [262–264] show that 
the fatigue properties of L-PBF Ti-6Al-4V tested at 350 ℃ and 400 ℃ 
decrease significantly under high-stress levels as compared to the room 
temperature (Fig. 11a). Specifically, fatigue samples tested at 350 ℃ 
failed at 105 cycles under 300 MPa stress level, while those of specimens 
tested at 25 ℃ at the same stress level reached 107 cycles. In contrast, 
the fatigue life under relatively low-stress levels becomes similar (both 
> 107 cycles at 250 MPa). Furthermore, under the evaluated stress 
conditions, the fatigue performance of L-PBF Ti-6Al-4V at 350 ℃ is 
much better than that of conventionally manufactured Ti-6Al-4V [265, 
266]. On this basis, post-AM HIP, which could eliminate pores like LOF, 
can further enhance the high-temperature fatigue performance of L-PBF 
Ti-6Al-4V (improve fatigue strength at 350 ℃ from ~250 MPa (as-built) 
to ~350 MPa (after HIP), Fig. 11a. The beneficial effects that printing 
pore are also detrimental to high-temperature fatigue performance, 
which is consistent with conclusions drawn from room-temperature HCF 
performance.

Apart from commonly used Ti-6Al-4V, the elevated-temperature 
HCF performance of L-PBF Ti-6.5Al-3.5Mo-1.5Zr-0.3Si (high-tempera
ture α+β titanium alloy) has been investigated recently, as shown in 
Fig. 11b [267]. It was found that L-PBF Ti-6.5Al-3.5Mo-1.5Zr-0.3Si still 
maintains an acceptable fatigue performance at testing temperatures up 

to 500◦C (while Ti-64 could only operate up to 300◦C), with a fatigue life 
of 106 cycles at 230 MPa. In addition, L-DED 
Ti-5.8Al-3.5Zr-3.5Sn-0.5Mo-2.0Ta-0.3Nb-0.4Si-0.8 W (Ti-65, which 
belongs to the same Al-cluster formula family as aforementioned 
Ti-6.8Al-6.8Zr-2.3V-2.1Mo-0.7 Nb) exhibits superior high-temperature 
HCF performance up to 650 ◦C, achieving the fatigue strength of 
~375 MPa (Fig. 11c) [246]. These results further indicate that AM ti
tanium alloy has the potential for service at temperatures up to 650◦C.

The damage tolerance performance of AM titanium alloy, including 
fracture toughness and fatigue crack growth (FCG) resistance, at 
elevated temperatures has also been investigated [228]. L-PBF 
Ti-6Al-3Mo-1Zr (a high-temperature α+β titanium alloy) shows a rela
tively low fracture toughness of 33.9 MPa

̅̅̅̅̅
m

√
at room temperature, 

while this value significantly improves to 87.6 MPa
̅̅̅̅̅
m

√
at 300 ℃. But 

with the testing temperature increase to 500 ℃, the fracture toughness 
of L-PBF Ti-6Al-3Mo-1Zr decreases to 51.6 MPa

̅̅̅̅̅
m

√
, and further drops to 

29.1 MPa
̅̅̅̅̅
m

√
at 600 ℃, which is even lower than that at RT. The sig

nificant deterioration of fracture toughness from 300 ℃ to 500 ◦C could 
be attributed to more intense oxidation at higher temperatures, leading 
to the embrittlement of the titanium alloy. Regarding fatigue crack 
growth (FCG) rates, irrespective of whether it is as-built or post-AM heat 
treatment states, an increase in temperature leads to a decline in FCG 
resistance within the Paris regime, which is illustrated by the upward 
shift of the FCG curves with temperature rises (Fig. 12). However, due to 
the creep-related blunting of the crack tip at high temperatures, the m 
values for both as-built and heat-treated samples decrease with the in
crease of test temperature, indicating a slower acceleration in crack 
propagation rate with increasing ΔK. At the testing temperature over 
500 ◦C, the m values are even below 2 (for instance, the m value of the 
as-built sample is 1.5 at 600 ◦C), which is much lower than the typical 
range of 2 ~ 4 for common metals at room temperature [28].

3.4.2. Cryogenic temperatures
Owing to the highest specific strength and extremely low thermal 

expansion coefficient (at low temperature) among commonly cryogenic 
metallic materials (including Al alloys, austenitic stainless steels, tita
nium alloys, and nickel alloys, etc.), coupled with high design freedom 
offered by AM, AM titanium alloys are increasingly utilized in structural 
components intended for cryogenic environments [268]. Table 7 sum
marizes the cryogenic-temperature tensile properties of various titanium 
alloys processed by AM. For most commonly L-PBF Ti-6Al-4V, the UTS 
significantly increases (from 1027 MPa to 1332 MPa) with the testing 
temperature decreasing from RT to − 150 ℃, while the ductility expe
riences a slight reduction (from 16 % to 13 %) [269]. This trend is 
similar to that observed in conventionally manufactured Ti-6Al-4V, 
while cast Ti-6Al-4V becomes more brittle (with a limited ductility of 
2.9 %) when subjected to − 196 ℃ testing [270]. L-PBF Ti-5Al-2.5Sn 

Fig. 10. (a) Ultimate tensile stress and (b) elongation as a function of temperature for AM titanium alloys [87,240,248,250,243,251,249,245,247,242]. Table 6 gives 
more detail for all the data shown.
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Table 6 
High-temperature tensile properties of AM Ti alloys, and compared with those of conventionally manufactured Ti alloys.

Material Method State (i.e. treatments 
and testing 
directions)

Testing 
temperature 

(℃)

Yield 
Stress 

(SD, MPa)

Ultimate 
Tensile Stress 

(SD, MPa)

Total 
Elongation 

(SD, %)

Ref.

Ti− 6Al-4V L-PBF HIP (945 
℃/103 MPa/2 h), 

longitudinal

25 - 945 7.8 [241]
250 - 715 24.5
450 - 587 21.5

Ti− 6Al-4V L-PBF As-built, transverse 25 1025 1210 7.8 [242]
250 1000 1203 9.7
300 923 1102 9.6
350 873 1107 9.8
400 839 1016 7.8

Ti− 6Al-4V L-PBF As-built, transverse 25 - 1265 10.0 [240]
400 - 974 15.0
450 - 927 18.0
500 - 834 20.0
550 - 562 25.0

Ti− 6Al-4V L-DED As-built, transverse 25 - 1095 5.8 [243]
200 - 1005 6.1
400 - 895 6.3
500 - 830 6.6
600 - 645 6.8
700 - 395 7.4

Ti− 6Al-4V EB-PBF As-built, longitudinal 25 953 1013 8.4 [244]
200 708 802 16.6
400 575 691 12.1

As-built, transverse 25 927 1007 12.6
400 506 658 14.5

Ti− 6Al− 2Zr− 1Mo-1V L-PBF As-built, transverse 25 - 1234 (53) 7.3 (0.7) [87]
500 - 907 (5) 11.8 (0.4)

650 ℃/4 h/AC, 
transverse

25 - 1207 (4) 8.9 (0.1)
500 - 853 (11) 12.5 (1.1)

750 ℃/4 h/AC, 
transverse

25 - 1123 (14) 11.3 (0.7)
500 - 757 (7) 13.4 (1.1)

850 ℃/4 h/AC, 
transverse

25 - 1025 (20) 9.0 (0.4)
500 - 715 (4) 13.0 (0.9)

950 ℃/4 h/AC, 
transverse

25 - 936 (5) 8.0 (1.0)
500 - 640 (7) 14.3 (0.9)

1000 ℃/4 h/AC, 
transverse

25 - 907 (5) 5.8 (0.2)
500 - 602 (5) 15.9 (5.0)

1100 ℃/4 h/AC, 
transverse

25 - 780 (7) 3.8 (0.4)
500 - 596 (6) 15.6 (2.5)

Ti− 6Al− 2Zr− 1Mo-1V EB-PBF As-built, transverse 500 498 636 18.8 [245]
550 474 580 19.7
600 453 513 23.8
650 378 409 32.5
700 272 296 34.5
750 209 238 47.3
500 515 640 19.3

Ti− 5.8Al− 3.5Zr− 3.5Sn− 0.5Mo− 2.0Ta− 0.3Nb− 0.4Si− 0.8 W L-DED As-built, longitudinal 25 967 1058 9.1 [246]
650 525 690 23.6

Ti− 5.8Al− 4Sn− 4Zr− 0.7Nb− 1.5Ta− 0.4Si EB-DED As-built, longitudinal 25 850 924 8.2 [247]
600 441 558 12.7

As-built, transverse 25 863 932 7.1
600 452 569 11.4

1030 ℃/2 h/AC 
+ 750 ℃/2 h/AC, 

longitudinal

25 823 897 11.4
600 422 543 16.0

1030 ℃/2 h/AC 
+ 750 ℃/2 h/AC, 

transverse

25 832 911 11.0
600 433 554 15.1

Ti− 6Al− 3Mo− 1Zr L-PBF As-built, transverse 25 1167 (12) 1281 (5) 5.8 (0.6) [228]
As-built, transverse 300 881 (38) 1037 (28) 6.9 (0.6)
As-built, transverse 500 827 (60) 934 (49) 6.3 (0.9)
As-built, transverse 600 487 (50) 587 (41) 3.8 (0.9)

800 ℃/2 h/FC, 
transverse

25 1022 (11) 1093 (12) 8.8 (1.0)

800 ℃/2 h/FC, 
transverse

300 697 (10) 828 (8) 15.0 (0.4)

800 ℃/2 h/FC, 
transverse

500 606 (17) 692 (18) 16.2 (1.8)

800 ℃/2 h/FC, 
transverse

600 563 (20) 637 (2) 16.9 (2.8)

Ti− 6.8Al− 6.8Zr-2.3V− 2.1Mo− 0.7 Nb L-DED As-built, transverse 25 1253 (11) 1348 (15) 4.4 (0.5) [248]
550 829 (36) 883 (59) 14.1 (6.8)
600 578 (24) 657 (46) 44.6 (4.9)

(continued on next page)
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exhibits almost consistent cryogenic-temperature tensile performance 
after post-AM heat treatment and HIP under the same temperature and 
dwell time conditions [89]. Specifically, after post-AM heat treatment at 
850 ℃/2 h/FC, L-PBF Ti-5Al-2.5Sn shows a UTS of ~1455 MPa and an 
elongation of ~13.1 % at − 196 ℃. Similarly, after post-AM HIP at 850 
℃/120 MPa for 2 h, it demonstrates a comparable UTS of 1498 MPa and 
ductility of 12.5 %. This suggests that the impact of printing pores on 
cryogenic-temperature tensile performance is relatively minor. In 
addition, due to the requirement of high strength under load-bearing 
conditions, L-PBF Ti-6.5Al-2Zr-Mo-V was reported to achieve an 
ultra-high UTS exceeding 1700 MPa and an acceptable ductility of 5.2 % 
at − 196 ℃ [271]. For applications at lower temperatures (liquid-
hydrogen temperature, − 253 ℃), Ti-3Al-3Mo-3Zr-0.2Y was developed 
and successfully fabricated by EB-PBF, which exhibits a UTS of 
1410 MPa and excellent ductility over 20.0 % at − 253 ℃ [272]. 

However, due to the localized strain hardening and discontinuous 
plastic flow (with detailed discussion in 5.3.2), EB-PBF Ti-3Al-3
Mo-3Zr-0.2Y show the serrated tensile curves with stress fluctuating 
periodically at − 253 ℃. During the tensile process, the stress amplitude 
(Δσ) gradually increases during the tensile process as the strain incre
ment (Δε) between adjacent valley values of flow stress increases. This 
behavior is different the continuous strain-stress curve typically 
observed in most titanium alloys at room temperature (Fig. 13a). 
Correspondingly, multiple necking phenomena can be observed on the 
tensile sample fracture at − 253 ℃ (Fig. 13b), which is also different 
from the single necking seen at room temperature.

Furthermore, compared to the extensively investigated tensile 
properties, only a few studies in L-PBF Ti-6Al-4V focused on fracture 
toughness at cryogenic temperature. L-PBF Ti-6Al-4V shows the fracture 
toughness of 64.8 MPa

̅̅̅̅̅
m

√
at room temperature, while at − 50 ℃ and 

Table 6 (continued )

Material Method State (i.e. treatments 
and testing 
directions) 

Testing 
temperature 

(℃) 

Yield 
Stress 

(SD, MPa) 

Ultimate 
Tensile Stress 

(SD, MPa) 

Total 
Elongation 

(SD, %) 

Ref.

650 337 (23) 424 (42) 46.3 (8.5)
Ti− 5.5Al− 3.4Sn− 3.3Zr− 0.4Mo− 0.5Si L-DED 650 ℃/4 h/AC, 

transverse
25 965 (12) 1048 (6) 7.5 (1.0) [249]
600 513 (2) 655 (10) 14.0 (1.5)

1020 ℃/1 h/AC 
+ 700 ℃/2 h/AC, 

transverse

25 936 (13) 1033 (11) 7.5 (2.0)
600 468 (25) 605 (40) 17.0 (6.0)

1040 ℃/1 h/AC 
+ 700 ℃/2 h/AC, 

transverse

25 944 (2) 1039 (4) 11.0 (1.0)
600 495 (5) 630 (5) 19.5 (1.5)

Ti− 7Al− 3Zr-2V L-DED As-built, transverse 25 976 (2) 1060 (17) 14.9 (0.9) [250]
600 497 (12) 545 (11) 39.7 (15.6)

Ti− 6Al− 2Sn− 4Zr− 2Mo− 0.1Si L-PBF 940 ℃/1 h/AC 
+ 595 ℃/8 h/AC, 

longitudinal

25 1045 (4) 1130 (0) 16.2 (0.3) [251]
300 751 (1) 902 (2) 21.0 (0.5)
550 572 (9) 697 (8) 18.0 (1.0)
750 141 (16) 156 (12) 79.2 (4.9)

980 ℃/1 h/AC 
+ 595 ℃/8 h/AC, 

longitudinal

25 985 (5) 1064 (4) 12.2 (0.3)
300 700 (6) 860 (3) 22.2 (1.0)
550 585 (0) 703 (7) 30.3 (2.1)
750 147 (2) 163 (2) 71.2 (3.8)

1050 ℃/1 h/AC 
+ 595 ℃/8 h/AC, 

longitudinal

25 988 (4) 1090 (0) 12.5 (2.1)
300 720 (7) 880 (3) 21.0 (3.5)
550 617 (1) 750 (8) 25.0 (0.7)
750 192 (0) 202 (2) 36.1 (3.8)

Ti− 6Al− 2Sn− 4Zr− 2Mo− 0.1Si L-PBF As-built 25 1296 (44) 1437 (13) 5.7 (1.1) [252]
500 886 (16) 1045 (6) 6.3 (1.8)

955 ℃/0.5 h/AC 
+ 595 ℃/8 h/AC

25 1068 (3) 1162 (7) 14.9 (0.9)
500 658 (20) 829 (16) 14.8 (0.8)

1050 ℃/2 h/FC 25 963 (12) 1034 (15) 8.0 (2.1)
500 505 (5) 647 (4) 12.9 (2.2)

925 ℃/2 h/WQ 25 992 (35) 1243 (16) 14.5 (1.5)
500 706 (9) 900 (8) 11.0 (0.8)

Ti− 6Al− 2Sn− 4Zr− 2Mo− 0.1Si L-DED 960 ℃/1 h/AC 
+ 595 ℃/6 h/AC, 

transverse

25 543 722 18.3 [253]
480 883 997 15.5

960 ℃/1 h/AC 
+ 595 ℃/6 h/AC, 

longitudinal

25 519 698 20.1
480 840 978 16.0

Ti− 6Al-4V Wrought As-received 25 840 920 10.0 [254]
125 710 810 15.0
225 600 730 16.5
350 515 650 18.0

Ti− 6Al− 2Zr− 1Mo-1V Rolled As-received 25 946 955 13.5 [255]
500 553 640 16.8

Ti− 6Al− 2Zr− 1Mo-1V Wrought 850 ℃/1.5 h/AC 25 905 965 16.0 [239]
500 515 640 19.3

Ti− 6Al− 2Sn− 4Zr− 2Mo− 0.1Si Cast HIP (900 
℃/100 MPa/2 h)

455 542 569 8.2 [256]

Ti− 6Al− 2Sn− 4Zr− 2Mo− 0.1Si Cast Annealed 25 867 968 10.2 [257]
500 430 594 11.1

Ti− 6Al− 4Sn− 4Zr− 0.5Mo− 0.65 Nb (IMI834) Cast 1025 ℃/2 h/oil 
cooling + 700 

℃/2 h/AC

25 1047 1170 12.2 [258]
300 795 957 11.7
400 681 851 12.0
500 657 812 11.0
600 612 730 12.0
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− 150 ℃, this value drops to 57.8 MPa
̅̅̅̅̅
m

√
and 54.4 MPa

̅̅̅̅̅
m

√
, respec

tively [269]. It can be evident that fracture toughness decreases with the 
lowering of testing temperature, which is related to lower dislocation 
mobility at cryogenic temperatures (more discussion can be found in 
5.3.2).

4. Defects and their influence on mechanical performances

4.1. Types of defects in AM titanium alloys

4.1.1. Internal pores
It is widely accepted that printing pores in AM titanium alloys are 

inevitable without any additional methods like micro-rolling. The 
common printing pores seen in laser-based AM of titanium alloys 
include lack-of-fusion (LOF) defects, keyhole porosity, and entrapped 
gas pores [276,277]. The process parameters, within which the most 
important ones are laser power, scan speed, layer thickness, and hatch 
distance, are considered the most substantial to the pores formation (as 
shown in Fig. 14a) [278]. Improper energy inputs, which could be either 
too high or too low, result in the formation of keyhole and LOF defects 
[279]. Process parameter optimization is commonly acknowledged as an 
important step for the elimination of these two kinds of pores. In 
contrast, the entrapped inert gas in the feedstock powders, mostly 
manufactured by gas atomization, is considered the main cause of gas 
pore formation in AM products, which is relatively more difficult to 

eliminate using AM process control [280,281].
LOF defects, which are sometimes defined as incomplete fusion 

holes, are commonly characterized by large-size and irregular 
morphology that cause severe issues in mechanical performance 
(Fig. 14c) [282,284,283]. LOF defects are usually distributed between 
the scan tracks and the deposited layers [285]. Numerous research 
works have been published regarding the formation mechanism of LOF 
defects, which could be mostly attributed to the incorrect processing 
parameters that lead to insufficient energy inputs [2,286,287]. For 
instance, a process parameter combination of low laser power and high 
scan speed leads to a small melt pool width, potentially resulting in 
insufficient melting between the laser tracks [2]. The presence of large 
particles, which could be spatters or coarse powders, are hardly melted 
by using the optimized process parameters. This also leads to the for
mation of LOF defects. Titanium alloys, particularly Ti-6Al-4V, are 
considered more susceptible to the thermal strain generated during the 
AM process, and are more vulnerable to the LOF defect formation, as 
compared with other metals like Ni-based and Fe-based alloys [288].

Keyhole defects are also commonly found in AM titanium alloys 
[280]. They are spherical pores trapped at the bottom of the melt pools 
with relatively large diameters (Fig. 14b) [282,289]. Similar to the LOF 
defects, the formation of the keyhole could be related to the inappro
priate processing parameters that cause excessive energy inputs into the 
melt pool. The keyhole depth-to-length aspect ratio can be used to 
indicate the keyhole defect formation [289]. It is clear that keyhole 

Fig. 11. High-cycle fatigue properties of AM titanium alloys at different testing temperatures: (a) L-PBF Ti-6Al-4V [262–264] with consistent R as − 1, and compared 
with rolled Ti-6Al-4V [266]. (b) L-PBF Ti-6.5Al-3.5Mo-1.5Zr-0.3Si with the R of 0.1 [267]. (c) L-DED Ti-5.8Al-3.5Zr-3.5Sn-0.5Mo-2.0Ta-0.3Nb-0.4Si-0.8 W (Ti-65) 
with the R of − 1 [246].

Fig. 12. Fatigue crack growth rates of L-PBF Ti-6Al-3Mo-1Zr test at 25 ℃ (room temperature, RT), 300 ℃, 500 ℃, 600 ℃ for (a) as-built state (displayed as AP), and 
(b) 800 ℃/2 h/FC post-AM heat treatment state (displayed as HT) [228]. The numbers in the figure indicate the corresponding test temperature.
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walls have fluctuations due to the collapse of the vapor cavity in high 
aspect ratio vapor depression, which leads to pinched-off bubbles con
taining the gas in the vapor chamber [280,289]. The formed bubble is 
ejected towards the front of solidification [290]. With the heating source 
moving away from the melting pool, the spherical keyhole pores are 
formed due to the keyhole instability, indicated by the high 
depth-to-length aspect ratios [291,292]. Meanwhile, the keyhole front 
wall angle (θ) could also be used to indicate the formation mechanism of 
keyhole defects in the manufacturing process [282,293]. With (θ) values 
exceeding 77◦, large keyhole defects are formed in AM titanium alloys 
[278,290].

Gas pores, which mostly are small spherical holes with relatively 
small diameters, are currently considered inevitable defects in the AM 
products [280,281]. It is a bit tricky to distinguish the gas pores and 
keyhole pores, as both of which are spherical defects with gas entrapped. 
However, the gas pores have relatively small diameters and are mostly 

randomly distributed. As mentioned before, the main source for gas 
pores in AM Ti alloys is the release of gas trapped in the powder during 
the gas atomization process [52,294,295]. During the printing process, 
due to the rapid cooling rate, the gas bubbles are unable to escape from 
the melting pool before solidification, and thus lead to the formation of 
gas pores.

Hot isostatic pressing (HIP) process is a widely acknowledged 
effective post-AM processing method to reduce the porosities in AM ti
tanium alloys. The HIP processing temperatures used for AM Ti-6Al-4V 
are mostly below β transus in the range of 895–955 ℃ with the stress 
higher than 100 MPa according to ASTM standard F3301 [296–298], 
and effectively eliminate the LOF defects (Fig. 15a). However, the HIP 
process cannot close open pores that are exposed to the outer surface 
(Fig. 15b). Furthermore, some published works show that the HIP pro
cess (above β transus for L-PBF Ti-6Al-4V) could eliminate most of the 
pores, while some might still be retained (Fig. 15c) [299].

Table 7 
Cryogenic tensile properties of AM Ti alloys, and compared with those of conventionally manufactured Ti alloys.

Material AM 
Method

State (i.e. treatments and testing 
directions)

Testing 
temperature (℃)

Yield Stress 
(SD, MPa)

Ultimate Tensile 
Stress (SD, MPa)

Total Elongation 
(SD, %)

Ref.

Ti− 6Al-4V L-PBF As-built, longitudinal 25 973 (9) 1027 (2) 16.0 (0.1) [269]
− 50 1092 (5) 1133 (3) 15.6 (0.5)
− 100 973 (20) 1222 (15) 13.6 (0.2)
− 150 1314 (4) 1332 (3) 13.0 (3.3)

Ti− 6Al-4V L-PBF 650 ℃/3 h, longitudinal 25 1192 1252 11.5 [273]
− 183 1680 1724 6.4
− 196 1730 1797 4.6
− 253 - 1968 -

Ti− 6.5Al− 2Zr-Mo-V L-PBF As-built, transverse 25 1103 (7) 1281 (17) 6.3 (0.4) [271]
− 196 1548 (25) 1750 (8) 5.2 (0.1)

Ti− 5Al− 2.5Sn L-PBF As-built, longitudinal 25 1041 1078 13.4 [89]
As-built, longitudinal − 196 1401 1477 12.6

850 ℃/2 h/FC, longitudinal 25 903 945 15.9
850 ℃/2 h/FC, longitudinal − 196 1374 1455 13.1
850 ℃/4 h/FC, longitudinal 25 877 918 17.9
850 ℃/4 h/FC, longitudinal − 196 1311 1390 17.2
HIP (850 ℃/120 MPa/2 h), 

longitudinal
25 883 927 15.1

HIP (850 ℃/120 MPa/2 h), 
longitudinal

− 196 1420 1498 12.5

Ti− 3Al− 3Mo− 3Zr− 0.2Y EB-PBF HIP (925 ℃/170 MPa/3 h), 
longitudinal

25 - 693 20.5 [17]

HIP (925 ℃/170 MPa/3 h), 
longitudinal

− 196 - 1127 19.5

HIP (925 ℃/170 MPa/3 h), 
longitudinal

− 253 - 1500 10.9

HIP (925 ℃/170 MPa/3 h) + 910 
℃/1 h/FC, longitudinal

25 - 654 21.9

HIP (925 ℃/170 MPa/3 h) + 910 
℃/1 h/FC, longitudinal

− 196 - 1099 29.5

HIP (925 ℃/170 MPa/3 h) + 910 
℃/1 h/FC, longitudinal

− 253 - 1580 20.0

HIP (925 ℃/170 MPa/3 h) + 950 
℃/1 h/FC, longitudinal

25 - 648 19.5

HIP (925 ℃/170 MPa/3 h) + 950 
℃/1 h/FC, longitudinal

− 196 - 1090 29.0

HIP (925 ℃/170 MPa/3 h) + 950 
℃/1 h/FC, longitudinal

− 253 - 1410 20.0

Ti− 3Al− 3Mo− 3Zr− 0.2Y EB-PBF HIP (850 ℃/120 MPa/2 h) + 950 
℃/1 h/FC, longitudinal

− 196 945 (5) 1090 (8) 29.0 (1.5) [272]
− 253 1160 (8) 1410 (12) 20.0 (0.7)

CP-Ti Rolled As-received 25 - 519 28.7 [274]
− 80 - 679 35.4
− 180 - 852 42.5

Ti− 6Al-4V Cast HIP (900 ℃/100 MPa/2 h) 25 784 (13) 830 (23) 13.2 (2.4) [270]
− 196 1237 (8) 1353 (5) 2.9 (1.2)
− 253 1386 (27) 1544 (2) 5.9 (1.4)

Ti− 6Al-4V Wrought As-received 25 859 908 13.6 [275]
− 196 1344 1392 12.1

Ti− 5Al− 2.5Sn Rolled As-received 25 906 958 16.0 [46]
− 196 1266 1331 13.8

Ti− 3Al− 3Mo− 3Zr Wrought 910 ℃/1 h/FC 25 - 740 20.0 [47]
− 196 - 1290 12.5
− 253 - 1530 4.0
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4.1.2. Surface defects
In addition to internal defects, surface defects or surface roughness 

also play a critical role in the in-service performance of AM titanium 
alloys. These defects can result from variations in printing parameters, 
beam source/material interactions, and component geometry. Common 
surface defects in AM titanium alloys include balling and adhered 
particles.

Balling refers to a surface defect where the molten metal fails to form 
a continuous track and instead breaks up into spheroidal beads due to 
fluid instabilities during the melting and solidification process, as shown 
in Fig. 16a [300]. The severe balling even jams the powder coating 
process and causes the failure of the L-PBF process. The formation 

mechanism of balling is mainly attributed to insufficient wetting of the 
layer and the surface tension [301]. Specifically, when the molten line’s 
length-to-diameter ratio exceeds π, Plateau–Rayleigh instability induces 
the necking and fluctuation of the melt track, leading to discrete droplets 
that solidify as beads. In addition, in materials enriched with highly 
surface-activity elements (like S and O), the surface tension of the 
molten liquid could be significantly reduced, thus changing the direction 
of the gradient of surface tension with temperature [302]. As a result, 
the Marangoni flow that usually flows from the center to the edge of the 
molten pool is reversed and flows from the edge to the center of the 
molten pool. This phenomenon causes a large amount of molten liquid to 
gather at the top of the melt track to form agglomerates, which could 
lead to the formation of balling after solidification.

The formation of adhered particles is typically related to spatter 
during the AM process [280,289]. Spatter denotes the phenomenon in 
laser- or electron-beam additive manufacturing whereby molten or solid 
metal particles are ejected from the melt pool onto the surrounding 
powder bed or part surface under the action of gas recoil, melt-flow 
dynamics, or shock waves, as shown in Fig. 16b [302,304]. Spatter 
phenomenon arises from two underlying mechanisms. Firstly, the for
mation of spatter is related to gas-dynamic forces. Specifically, metal 
vaporization creates a strong recoil jet and accompanying blast wave 
that shoot molten or solid particles upward and forward along the beam 
path. On the other hand, molten liquid flowing force could also result in 
the formation of spatter. Marangoni convection drives liquid from the 
melt pool center toward its boundary, entraining larger droplets that are 
flung backward from the melt pool. Both mechanisms cause the spatter 
to fall onto the surface of the powder bed, roughening the surface. In 
addition, spatters with larger sizes are hard to melt by the subsequent 
printing process, which can result in adhered particles in the surface of 
final part.

The improvement of surface quality can be divided into two types: 
in-process treatment and post-processing treatment. For in-process 
treatment, printing parameter optimization is a common method to 
reduce balling formation. For instance, increasing the energy input can 
improve the wettability of the melt pool and thus suppress the formation 
of balling [301]. However, only optimizing laser-related (or electron 
beam-related) printing parameters is not enough to reduce spatter 
generation, due to the inherent and violent melt pool flow characteris
tics of AM processes. An effective way is to change the fabrication at
mosphere [304,305]. For example, changing the commonly used argon 
atmospheres to helium can significantly reduce the formation of spatter 
in LPBF Ti-6Al-4V [304]. This is because high thermal conductivity and 
low density of helium could cool the melt pool faster and softens the 
vapor/plume forces, which prevent fling droplets. Recently, hybrid 
additively-manufacturing technology has also been considered as a 
promising way to enhance the surface quality of printed parts 
[306–309]. Its effectiveness has already been demonstrated in steel and 
nickel alloys and is expected to extend to titanium alloys. For instance, a 
hybrid AM process comprising L-PBF and three-axis milling could 
reduce the surface roughness for top surfaces toRa = 9.0 μm in maraging 
steel, which corresponds to a reduction of 40 % as compared to pure 
L-PBF part [308].

For post-AM treatment, machining is still the most widespread 
method [302,310]. However, due to the high strength and low thermal 
conductivity of AM titanium alloy, conventional machining processes 
may not always be effective. To this end, some novel machining tech
niques applied to AM Ti have been developed. For instance, a hybrid 
dry‑cutting strategy—combining minimum‑quantity lubrication with 
CO₂ cryogenic cooling—can curb tool wear and reduce the Ra of L-DED 
Ti‑6Al‑4 V less than 10 μm [311]. In addition, laser polishing is also an 
effective post-processing method. Laser polishing uses continuous or 
ultra-fast pulse lasers to form instantaneous molten pools on the surface 
layer. Surface peaks flow back under the action of surface tension and 
gravity to fill in depressions, thereby eliminating surface defects and 
reducing surface roughness. The latest multi-step or asynchronous laser 

Fig. 13. (a) Tensile curves of EB-PBF Ti-3Al-3Mo-3Zr-0.2Y at − 253 ℃. (b) The 
corresponding tensile fractured sample shows the multiple necking [17].

Fig. 14. (a) The correlation of laser processing parameters (laser power and 
scan velocity) and the defect formation in L-PBF Ti-6Al-4V [278]; (b) Optical 
micrograph of a keyhole in L-PBF Ti-6Al-4V-3Cu [282]; (c) Optical micrograph 
showing the typical LOF pores in L-PBF Ti-6Al-4V along with un-melted powder 
particles distributed around such pores [283].
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polishing strategy has reduced the Ra of L-PBF Ti-6Al-4V from approx
imately 30 µm to < 5 µm [312]. For geometrically complex components 
containing internal channels, constrained abrasive‑flow machining and 
plasma‑electrolytic polishing can reduce surface roughness by more 
than 60 % [313–315]. Their material‑removal mechanisms are, 
respectively, abrasive shear‑rolling and pulsed stripping of a charged 
passive film. Similarly, electrochemical jet machining also relies on a 
localized anodic reaction [316]. A controlled electrolyte jet dissolves 
only the protrusions of the surface, achieving micro‑scale flatness 

without thermal damage, which makes the process well‑suited to 
thin‑walled or weakly supported AM sheets. Additionally, shot peening 
is a surface quality improvement process that is widely used in industry 
[148,317]. This method is a mechanical surface‑treatment process in 
which high‑velocity metallic or ceramic media bombard a component, 
plastically deforming the surface layer to reduce the surface defect. It is 
clear that such plastically deformation process can also introduce sig
nificant compressive residual stresses in the near-surface of the sample. 
As pointed out by 3.2, this could lead to the improvement of fatigue 

Fig. 15. The effects of the HIP process on the reduction of the pore in AM titanium alloys. (a) LOF defects fully eliminated (below micro CT detection limit) after HIP 
process in EB-PBF Ti-6Al-4V [296]; (b) Open defects (exposed to the outer surfaces) retained after the HIP process in EB-PBF Ti-6Al-4V [298]; (c) Retained defects 
identified in L-PBF Ti-6Al-4V after HIP treatment [299].

Fig. 16. Typical surface defects in AM Ti alloys: (a) SEM image shows the balling and adhered particles in L-PBF Ti-6Al-4V [303], and (b) high-speed camera images 
reveal the spatter formation in L-PBF Ti-6Al-4V ELI [304].
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performance in AM titanium alloys.

4.1.3. Heterogeneously distributed phases and elemental segregation
In addition to printing pores, AM titanium alloys are also susceptible 

to heterogeneously distributed phases and element segregation, which is 
associated with the unique thermal history during the AM process 
(Fig. 17) [20,41,318]. The formation of heterogeneously distributed 
phases is mainly because the localized reheating/remelting of the AM 
process leads to in-situ heat treatments, which encourages the decom
position of initially non-equilibrium martensite structure or the phase 
transformations of metastable β phase into α phase [319–321]. On this 
basis, the different thermal cycles experienced at varying printing 
heights influence the reheating/remelting process, causing the forma
tion of heterogeneously distributed phases along the build direction. 
Specifically, the bottom part close to the substrate undergoes sufficient 
thermal cycling, leading to most initial phases decomposition or trans
formation, while the thermal cycling near the top surface becomes 
limited and even absent, resulting in most initial phases being retained 
(also schematically illustrated in Fig. 17a). For instance, after the first 
layer solidifies, L-PBF Ti-6Al-4V undergoes a solid-state phase trans
formation from BCC-β to HCP-α’ martensite owing to the rapid cooling 
rate [41]. As additional layers are deposited, the initially formed α’ 
martensite decomposes into α + β phases during extensive thermal cy
cles (in-situ heat treatment process), Fig. 17a. L-PBF Ti-6Al-4V eventu
ally exhibits acicular α’ martensite on the top surface (without enough 
new layers, therefore fewer thermal cycles) whereas partially or fully 
stabilized α + β phases in the lower regions (sufficient thermal cycling) 
[41]. Furthermore, such heterogeneously distributed phases are not only 
observed in most commonly Ti-6Al-4V. L-PBF Ti-5Al-5Mo-5V-3Cr also 
exhibits significant heterogeneously distributed phases along the 
building direction: α phase, which transforms from initial β phases, 
could be examined in the bottom region, while it almost disappears at 
the top surface [20].

For β-Ti alloys, a significant concern is the tendency to produce 
segregation defects, which are commonly called β-flecks (or freckles), as 
shown in Fig. 17b [323,324,322]. β-flecks can lead to localized varia
tions in phase stability or create regions where α phase is lacking or 
absent during the heat treatment [325]. When present in high volume 

fractions or large sizes, β-flecks dramatically reduce low-cycle fatigue 
life, tensile ductility, and fracture toughness of titanium alloys (more 
quantitative data will be given in 4.4) [325–327]. For this reason, 
β-flecks are regarded as critical defects that must be controlled. The 
formation of β flecks can be explained by the density-driven down
ward-forming channel mechanism [328]. More specifically, due to the 
higher density of β-phase stabilizers (such as Fe, Mo, or Nb), the con
centration of the β-phase stabilizers liquid continues to flow downward 
between the dendritic trunks during the solidification process. Once 
solidification is complete, β-flecks appear as stripes along the boundaries 
of the dendrites [329,330]. Although the inherent advantages of the AM 
process, like rapid cooling rate and thermal cycle, limit the formation of 
β-flecks, recent publications still reported the β-flecks in AM β-Ti alloys 
[325,331,332]. For instance, β-flecks are found in the top layer of 
WAAM Ti-3Al-8V-6Cr-4Mo-4Zr owing to a lack of sufficient thermal 
cycling [323]. In comparison, due to the extremely rapid cooling rate, 
β-flecks with small size (around 10 μm) can be examined in L-PBF 
Ti-1Al-8V-5Fe and Ti-Fe-Co-Mo alloys [333]. During the subsequent 
heat treatment, such micro-scale β-flecks could still result in the lack of α 
phase in these areas.

Successful attempts have been made to eliminate unfavorable het
erogeneously distributed phases in AM titanium alloys, like in-situ 
alloying and printing process optimization (Fig. 18). For instance, Ti- 
6Al-4V with additions of pure titanium powders and Fe2O3 nano
particles [41], and Ti-5Al-5Mo-5V-3Cr (a β titanium alloy) with addi
tions of Mo nanoparticles [20] can suppress the decomposition of α’ 
martensite in L-PBF Ti-6Al-4V, and the transformation of initial β phases 
in L-PBF Ti-5Al-5Mo-5V-3Cr during the thermal cycling of AM process 
(Fig. 18a). This is because trace element additions (including Mo and Fe) 
tend to stabilize the β phase and inhibit solid-state phase trans
formations. Another efficient approach is to introduce the interlayer 
pause during the AM process, that is, printing pauses for some time after 
each layer is completed before proceeding to the next layer (Fig. 18b) 
[124]. This allows for more heat dissipation from the finished layer, 
thereby reducing the in-situ heat treatment and heat accumulation 
during the AM process (beneficial for retaining the initial phase) and 
eliminating heterogeneously distributed phases throughout the build.

There are also two ways that can eliminate segregation defects of AM 

Fig. 17. (a) Heterogeneously distributed phases distribution along the building direction in L-PBF Ti-6Al-4V [41]; The β-flecks in (b)WAAM 
Ti-3Al-8V-6Cr-4Mo-4Zr [322].
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titanium alloys (Fig. 19). The first is to introduce trace grain refiner 
(such as La2O3) to β titanium alloys since nucleation events tend to occur 
on grain refiner sooner during the solidification (Fig. 19a) [322]. This 
prevents the solute from accumulating locally to the critical level 
required for β-flecks to form, thereby suppressing the formation of 
segregation defects. Another approach is that the thermal cycling of the 
printing process can be enhanced by optimizing the printing parameters 
(e.g. reduced layer thickness). This allows previously deposited layers to 
be reheated, promoting solid-state diffusion and the re-distribution of 
solute elements (Fig. 19b) [323,324]. It should be noted that this 
approach only results in a partial reduction in solute variation (i.e., 
element changes between each layer are minimized) [323,334]. How
ever, this reduction is sufficient to facilitate the healing of β-flecks and to 

ensure that the alloy’s microstructure remains consistent during subse
quent aging treatments.

4.1.4. Residual stress and distortion
In most cases, including the AM process, residual stresses are 

generated from three sources, that is mechanical stress (caused by 
shrinkage of material), thermal stress (due to thermal gradient), and 
structural stress (because of solid-state phase transformation) [335, 
336]. Specifically, during the AM process, the large temperature 
gradient and the rapid cooling within the melt pools, coupled with the 
‘bottom-up’ characteristics (point-by-point, line-by-line, and 
layer-by-layer) and the phase transformation during the complex ther
mal cycles process, contribute to the non-uniform thermal expansion 

Fig. 18. (a) Back-scattered electron images show heterogeneously distributed phases (near-fully β-phase at the top area and α + β at the lower region) along the build 
direction (BD) in L-PBF Ti-5Al-5Mo-5V-3Cr, in contrast to the homogeneous fully β-phase microstructure of the L-PBF newly developed Ti-5553 + 5Mo alloy [20]; (b) 
EBSD IPF maps show that gradient interlayer deposition time strategies achieve uniform microstructure in L-PBF Ti-5Al-5Mo-5V-3Cr [124].

Fig. 19. (a) Adding grain refiner (La2O3) to the WAAM Ti-3Al-8V-6Cr-4Mo-4Zr alloy can prevent the formation of segregation defects [322]. (b) Enhanced in-situ 
heat treatment of AM process by parameter optimization to partially suppress the appearance of segregation defects [324].
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and contraction of solidified material [337–339]. Therefore, AM 
metallic components (not limited to titanium alloys) mostly have sig
nificant residual stress in the as-built state. Such high residual stresses 
often lead to ‘build failure’ (distortion/delamination/cracking) in the 
parts (Fig. 20a-b) and unexpected mechanical performance like low 
ductility and poor fatigue performance [340–342]. In particular, high 
residual stresses generated during the L-PBF process can lead to the 
distortion of the part, which may be sufficiently severe to prevent the 
recoater from depositing a new layer of powder across the powder bed 
(Fig. 20a). This directly leads to build failures and even safety issues that 
damage the L-PBF system. For these reasons, residual stress is among the 
most crucial concerns in the field of AM, and needs to be properly 
controlled in most cases.

It is commonly acknowledged that the tuning of processing param
eters, like energy input, scan speed, and layer thickness, influences the 
thermal history of the AM process and therefore affects the residual 
stress formation [345,346]. Excessive energy inputs, which is achieved 
by increased heat source power and slower scan speed, are commonly 
considered a pathway to reduce residual stress in AM fabricated com
ponents [317,347]. This is because the higher heat inputs can induce a 
larger melt pool, and therefore reduce the cooling rate of the AM pro
cess. For instance, increasing laser power from 100 W to 300 W (other 
parameters consistent) can decrease the residual stress from 600 MPa to 
350 MPa in L-PBF Ti-6Al-4V [348]. Moreover, further studies also show 
that introducing a remelting strategy (laser scanning twice with the 
same slice data) effectively reduces residual stress, which is achieved by 
lowering the temperature gradient [349].

The substrate temperature used during the AM process is another 
critical process parameter that affects the residual stress formation, as 
higher substrate temperature certainly reduces the thermal gradient 
between the deposited layer and lower the cooling rates [153,317]. This 
results in the residual stress in components processed by EB-PBF—a 
process capable of maintaining substrate and ambient temperatures at 
approximately 1100◦C—being significantly lower than that in parts 
produced using other AM techniques. [153]. However, substrate heat 
temperatures of most commercial L-PBF systems are limited to 300 ◦C, 
since high temperatures pose a challenge to powder oxidation and the 
machine component, and even lead to safety issues [350]. It is clear that 
a 300 ℃ substrate can only relieve the residual stresses of L-PBF metallic 
with low melting points (like Al alloys), while little success with high 
melting points alloys, such as Ti alloys and nickel alloys. For instance, 
platform temperatures of 200 ℃ effectively prevent distortions in L-PBF 
AlSi10Mg [351]. In comparison, by increasing the substrate temperature 
from 100 ℃ to 300 ℃, the residual stresses in L-PBF Ti-6Al-4V remain 
almost constant [352].

Even though the residual stress formed during the AM process could 
be detrimental to the mechanical integrity of fabricated components, 
there are now numerous approaches like adding support structures that 
properly overcome this issue [353,354]. The purpose of the support is to 
mitigate distortion caused by residual stresses and to enhance the stiff
ness of components, thereby ensuring stability throughout the AM. 
Nevertheless, reliance on support structures is only a temporary solu
tion, which results in longer production and post-processing times, as 
well as materials waste with their removal [355]. Meanwhile, for parts 
with internal structures, the support cannot be physically accessed 
during post-AM processing. Such support structure may therefore 
remain within the part, adversely affecting its performance in service.

Proper post-AM heat treatment is also an effective post-processing 
method that can eliminate the residual stress of the L-PBF part [356, 
357]. For instance, after post-heat treatment at 650◦C for 4 h, the re
sidual stress in L-PBF Ti-6Al-4V can be decreased from 143.6 MPa to 
21.5 MPa [352]. Yet, heat treatments are useless for cracking or dis
tortions that have already happened during the L-PBF process. In the 
meanwhile, the relief of residual stress during the heat treatments may 
lead to deformation of the part and thus reduce accuracy.

4.2. Effects of porosities

As mentioned in Section 3, the presence of printing pores, especially 
the lack-of-fusion (LOF) pore and keyhole pore, could be detrimental to 
both room and elevated temperature mechanical performance, 
including the tensile ductility and high-cycle fatigue performance that 
are critical for load-bearing component design [2,153,262,358]. In 
contrast, for damage tolerance performance, it is generally accepted that 
the presence of printing pores does not have a significant effect unless 
porosity is large enough to interrupt fatigue crack propagation (pores 
size is larger than the plastic zone) [210,359].

The pore physical characteristic parameters, including porosity, size, 
distribution, orientation, and location, all have influences on the tensile 
behavior [360,361]. High porosity levels (exceeding 1.0 %) are partic
ularly detrimental, since they can promote brittle-type fractures 
(Fig. 21), significantly reducing tensile ductility [96,97,55]. Similarly, 
the pores size is also crucial, as the large pores in AM Ti alloys are the 
crack initiation sites and also lead to very low ductility [362–364]. The 
alignment of the pore elongation direction (i.e. the longest axis) 
regarding the loading axis is another important porosity characteristic 
parameter, which introduces tensile property anisotropy [158,365]. To 
be specific, porosity with the elongation direction perpendicular to the 
loading axis is the most detrimental due to the opening loading mode, 
which refers to the stress pulling of the pores and causing the easy 

Fig. 20. ‘Build failure’ caused by residual stress: (a) delamination of L-PBF Ti-6Al-4V part [343], (b) cracking in the L-PBF Ti-6Al-4V thin-structure [344], and (c) 
warping of parts prevents even spreading of powder during the L-PBF process, the image was captured at the EOS M290 located at Monash Centre for Additive 
Manufacturing.
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Fig. 21. Detailed μ-CT characterization of the tensile failed L-PBF Ti-6Al-4V [93]. The samples are arranged from left to right in order of increasing porosity. The 
number below the figure represents the corresponding porosity.

Fig. 22. Fatigue properties and fracture surface characterization of L-DED Ti-6.5Al-2Zr-Mo-V showing that the presence of random defects in different samples cause 
the inconsistent fatigue performance with the stress ratio 0.06 [172]. (a) Failed fatigue samples of L-DED Ti-6.5Al-2Zr-Mo-V tested at three stress levels (720 MPa, 
760 MPa, and 800 MPa). (b) Stress versus cycles plotting of L-DED Ti-6.5Al-2Zr-Mo-V. (c) Fracture surface characterization shows the varied pore sizes and locations 
in different fatigue-failed samples. (d) Inconsistent pore sizes cause different fatigue properties of L-DED Ti-6.5Al-2Zr-Mo-V with the same processing parameters.
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delamination [93,365]. Furthermore, short interspacing between the 
neighbored pores makes it easier to coalesce during the tensile necking 
process, which leads to rapid failure.

Compared to the tensile performance, the high-cycle fatigue property 
of AM titanium alloys is considered very sensitive to the presence of 
pores (as summarized in Section 3) [22,172,277,366,367]. The random 
and unpredictable occurrence of the pores in the testing samples, even in 
the AM titanium alloys from the same build batch with optimal pro
cessing parameters, contributes to the large scatters in high-cycle fatigue 
properties, which easily reach an order of magnitude difference 
(Fig. 22a) [145,147,149,151,172,174]. Since fatigue performance is one 
of the most critical mechanical properties of titanium alloys, numerous 
attempts to fully quantify the effects of pores on the fatigue performance 
of AM titanium alloys are made. The effects of porosity on the fatigue life 
of AM titanium alloys largely depend on the different pore characteristic 
parameters (like pore size, location, morphology, and distribution), 
which are complex and still difficult to make a property clarification 
based on the up-to-date published works [21].

Effective pore defect size is one of the primary parameters commonly 
used to attempt quantifying the effects of pore defects on the high-cycle 
fatigue performance and is commonly calculated from the square root of 
the pore defect projected area on the plane perpendicular to the loading 
axis [172,368,369]. Methods of quantifying the effective size on defects 
with different characteristics, i.e. pores with different morphologies and 
neighbored pores with different distances, are proposed in the literature 
and could be used for different types of pores in AM titanium alloys 
(Fig. 23a and b) [370].

However, correlating effective defect size with the fatigue life of AM 
titanium alloys is difficult with great uncertainties [172,368]. The pore 
location, especially the distance between the defect and the free surface, 
affect the high-cycle fatigue performance as well [172,283]. The surface 

pores are found more detrimental to the mechanical behavior since they 
generate higher stress intensity [368,371]. The correlation of the pore 
depth (defined as the average distance of the pore top and bottom ends 
to the sample surface) and high-cycle fatigue performance further shows 
that the surface and sub-surface (with the distance to the surface ≤
300 mm) pores are more detrimental to the fatigue performance 
comparing with the internal pores (Fig. 23c) [372]. These findings 
indicate that the random pore location cause larger fatigue property 
scatter, along with the varied pore sizes and morphologies.

Furthermore, the pore type (or shape as more commonly used in the 
published literature) is another important factor that influences the fa
tigue performance [369,372]. The fatigue performance of samples with 
elongated pores is obviously lower than that with equiaxed pores [372]. 
LOF defects, which normally have sharp edges with large aspect ratios, 
are considered as the most detrimental defects in AM titanium alloys, as 
strain tends to accumulate on the sharp edges and accelerates the crack 
initiation process [61,372]. On this basis, through the assumption of 
considering the pore defects as existing cracks, a modified Murakami’s 
equation (Eq. 1), which could be used to calculate the stress intensity 
factor of a defect, has been proposed to quantify the effects of pore sizes 
and locations on the high-cycle fatigue performance [371,372]: 

ΔK = C × Δσ(π
̅̅̅̅̅̅̅̅̅
area

√
) (1) 

where ΔK is the effective stress intensity, Δσ is the stress amplitude, 
̅̅̅̅̅̅̅̅̅
area

√
is the effective defect area, and C is a constant related to the defect 

location [372]. Since the pore defects in AM metallic materials are 
mostly irregular-shaped, the effective defect area is corrected as 
approximately 1.137 times of the actual pore area, while the pore 
location related constant C is 0.5 for internal defects and 0.65 for surface 
defects [370–372]. Effective stress intensity value, ΔK, has been shown 
to correlate fatigue life well in AM Ti-6Al-4V, for both as-built and 

Fig. 23. The detailed characterization of various effective defect area and defect depth. (a) Dashed line marking the effective areas of different pores identified on the 
fracture surfaces of fatigue failed samples [370]. (b) Proposed effective area calculation methods for the defects with different characteristics [370,371]. (c) The 
relationship between the defect depth and the fatigue performance of L-PBF Ti-6Al-4V [372].
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heat-treated states: as the ΔK value increases, the fatigue life gradually 
decreases [373].

However, many pores—especially lack-of-fusion (LOF) defects—are 
elongated with sharp edges and often occur near free surfaces. For such 
non-spherical and near-surface defects, 

̅̅̅̅̅̅̅̅̅
area

√
alone may underestimate 

severity, and the empirical constants (location-related constant C, 
1.137) may require recalibration [374]. To this end, more attempts to 
correlate more pore parameters, including the pore shape factor and 
location, with fatigue properties are made. For instance, a new param
eter, D value, is proposed to further quantify the interaction between the 
pore features and the external stress (Eq. 2) [372]. 

D = Sσa(areaeff )
1/12Lβ (2) 

In this equation, S is the factor defined from the pore volume and 
area, σa is the stress amplitude during the high-cycle fatigue process, 
areaeff is an EI-Haddad constant that represent the effective crack lengths 
of different pores with different locations, L is the location parameter 
(value between 0 and 1, with surface pore higher than 0.9), β is the index 
indicating the high-cycle fatigue life of the material itself [372]. The 
correlation between the D value and fatigue life of L-PBF Ti-6Al-4V is 
attempted by using this equation in the same study (Fig. 24). A 
reasonably good fit between the D value and the fatigue life can be 
identified: for both internal and subsurface porosity, with the increase of 
D value, the fatigue performance of AM Ti alloys decreases significantly. 
In the meantime, the introduction of D value enhances the accuracy of 
assessing the influence of defects on fatigue performance [372,374]. For 
example, for two defects with comparable 

̅̅̅̅̅̅̅̅̅
area

√
≈ 45 μm, applying Eq. 

(1) with C= 0.5 for an internal equiaxed pore and C= 0.65 for a 
near-surface elongated LOF defect gives ΔK ≈ 22.3 vs 29.2 (ratio ≈1.3), 
implying only a modest severity difference [372]. In comparison, when 
morphology and location are introduced via Eq. (2) with representative 
values S= 1.0, L= 0.20 (internal) and S= 2.5, L= 0.95 (LOF), the cor
responding severity ratio becomes ~5.5, matching the markedly shorter 
life of elongated, near-surface defects.

In addition, a stress state sensitive parameter (Σ), formulated by 
using location factors, projected area along the load direction, circu
larity of pores, and peak stress, was introduced to enhance the precision 
of the fatigue performance prediction model [374]: 

Σ = σ́ max ×
̅̅̅
δ

√
(3) 

Where σ́ max is the nominal peak stress on the section containing the 
pore, and δ is geometry-sensitive parameter that can be described by: 

δ =
̅̅̅̅̅̅̅̅̅
area

√
× f b × ω− c (4) 

In this equation, 
̅̅̅̅̅̅̅̅̅
area

√
is the effective defect area, f is a location 

factor that scales with the normalized distance to the sample surface and 

rises sharply as the distance close to 0 [374], and ω is a shape descriptor, 
circularity. The exponents b and c are constant. In L-DED Ti-6Al-4V 
alloy, using Σ in a log–log regression of fatigue life versus Σ, all data 
fall within a factor-of-three error band with a correlation coefficient of 
0.912, clearly outperforming a Murakami-type ΔK formulation (corre
lation coefficient of 0.614) [374]. This indicates that this criterion can 
accurately establish the relationship between pores and fatigue life of 
AM titanium alloys, addressing the limitations of Murakami equation for 
irregular defects.

4.3. Effects of surface defects

Similar to internal pores, surface defects also have an extremely 
adverse effect on the fatigue performance of AM titanium alloys, yet do 
not have a significant impact on damage tolerance performance of AM 
titanium alloys. For instance, whether in the as-built state, heat-treated 
state, or after HIP state, LPBF Ti-6Al-4V exhibits similar plane-stress 
fracture toughness and FCG rate before and after machining [375]. In 
contrast, at the same stress amplitude, the high-cycle fatigue strength of 
L-PBF and EB-PBF Ti-6Al-4V with rough surfaces could only reach 40 % 
of that of machined samples with smooth surfaces [156,375,376]. This is 
because surface defects could act as micro‑notches that locally amplify 
cyclic loading, causing crack initiation, as shown in Fig. 25a. On this 
basis, if the surface roughness is used as the radius of a semi-circle (r) to 
determine the effective defect area (

̅̅̅̅̅̅̅̅̅
area

√
), the effective stress intensity 

(as described in Eq. 1) can also be developed to correlate surface 
roughness with HCF performance [377]. The fitting results in L-PBF 
Ti-6Al-4V indicate that using the total roughness profile height to 
calculate the effective defect area (

̅̅̅̅̅̅̅̅̅
area

√
) can correlate ΔK with 

high-cycle fatigue results: lower ΔK value corresponds to better HCF 
performance.

Due to the obvious impact of surface defects on HCF performance, 
surface quality improvement methods, like chemical polishing [194], 
shot peening [379], laser polishing [380], and abrasive fluidized Bed 
[381], can also lead to corresponding HCF performance enhancement by 
suppressing fatigue crack initiation from notch‑like surface defects. For 
instance, HF-HNO3 chemical polishing can optimize surface roughness 
of LPBF Ti-6Al-4V to 2–3 µm, thereby increasing the HCF fatigue 
strength by roughly 30 % [194]. Another example is that laser peening 
and shot peening can increase the fatigue strength of LPBF Ti-6Al-4V 
from less than 250 MPa in as-built state to 450 MPa and 550 MPa, 
respectively [379]. In addition to reducing the impact of surface defects, 
shot peening can also introduce compressive residual stress and 
increased hardness close to the surface by plastic deformation, which 
further reduces fatigue initiation from sample surface.

4.4. Effects of heterogeneously distributed phases and elemental 
segregation

It is clear that heterogeneously distributed phases lead to nonuni
form (building height-dependent) mechanical performance. However, 
as mentioned in 4.2, non-uniformly distributed porosity also leads to the 
highly scattered mechanical performance of AM Ti alloys, and hence the 
influence of porosity should be excluded before considering the effect of 
heterogeneously distributed phases. On this basis, limited studies only 
focus on the impact of heterogeneously distributed phases on hardness 
and tensile performance in AM Ti-alloys (these studies employed micro- 
CT to ensure that the built samples were dense) [20,41,382]. For 
instance, the hardness distribution map of L-PBF 
Ti− 5Al− 5Mo− 5 V− 3Cr shows that the hardness in the middle region (>
285 HV) is higher compared to the top surface and bottom areas (< 280 
HV), Fig. 26(a) [124]. Such a hardness variation is in line with the 
microstructure examination, that is, a higher volume fraction of the hard 
ω phase and/or α phase in the middle region. Furthermore, in the 
common L-PBF Ti-6Al-4V, the elongation in the horizontal direction 

Fig. 24. The correlation between pore defect parameter D value and the high- 
cycle fatigue life cycles [372].
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exhibits a significant variation, ranging from 9.4 % to 17.6 %, with the 
lowest value recorded at the top surface, Fig. 26(b). This trend is also 
consistent with the non-uniform phase distribution along the building 
direction (brittle α’ martensite at the bottom, and lamellar α + β phase at 
the top region) [41].

In contrast to the well-documented effects of heterogeneously 
distributed phases, there are currently no published reports on the effect 
of β-flecks on the in-service performance of AM β-Ti alloys. This gap is 
mainly because the inherent thermal cycling during the printing process 
causes β-flecks in AM Ti alloys to occur only near the top layer, thereby 
limiting both their detectability and their statistical sampling needed for 
mechanical testing. However, this absence of reports does not mean that 
the volume/size fraction of β-fleck in AM titanium alloys is negligible for 
in-service performances. Outside the AM context, a classic study on 
conventionally manufactured Ti-10V-2Fe-3Al shows that even a volume 
fraction of β-fleck as low as 0.7 % can cause a pronounced reduction in 
low-cycle fatigue performance [327,383]. At a stress level of 800 MPa, 
the fatigue life of conventionally manufactured Ti-10V-2Fe-3Al de
creases from 6.3 × 106 cycles (no β-fleck) to 8.1 × 105 cycles (0.7 % 

β-fleck) [327]. By comparison, in the top region of the WAAM 
Ti-3Al-8V-6Cr-4Mo-4Zr alloy, the volume fraction of β-flecks was 
measured to be ~ 7 % [328,384], exceeding 0.7 %. Thus, the presence of 
β-fleck in AM titanium alloys could potentially affect the mechanical 
performance of AM β-Ti alloys.

4.5. Effects of residual stress and distortion

High residual stresses can pose significant challenges both during 
printing and in service. Cracking, distortion, and delamination (as 
mentioned in 4.1.3) are formed during the printing process due to the 
build-up of high residual stress, which directly affects the structural 
integrity of the part. In most cases, residual stress can be further divided 
into two types, i.e., compressive and tensile, which exert different in
fluences on in-service properties [385,386]. Tensile residual stress 
provides an additional crack driving force, and therefore leads to lower 
crack growth resistance [335,346]. In contrast, compressive residual 
stress reduces the likelihood of crack initiation (close the crack opening) 
and inhibit the propagation of fatigue cracks. However, due to the 

Fig. 25. (a) SEM images reveal fracture surface of EB-PBF Ti-6Al-4V at as-built state [378]. (b) SEM images of fatigue cracks initiating from surface defect, and the 
corresponding FE analysis results showing high stress concentration at the surface defect [377].
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localized nature of thermal cycle (heating and cooling) during the AM 
process, the residual stress of AM built part exhibits a highly 
non-uniform, which makes it difficult to evaluate the effect of individual 
tensile or compressive residual stress on the mechanical performance of 
AM Ti alloys. Thus, in this section, only the influence of the overall re
sidual stress state has been considered.

The study of AM Ti-6Al-4V alloy shows that residual stresses play a 
minimal role in determining the tensile and high-cycle fatigue, while 
significantly influencing the damage tolerance performance (i.e., fatigue 
crack growth and fracture toughness). For instance, in L-PBF Ti-6Al-4V, 
there is no noticeable improvement in the HCF strength after stress-relief 

(SR) heat treatment (the fatigue limit before and after SR heat treatment 
both falls within the range of 450–500 MPa) [149,197]. In contrast, high 
and nonuniform residual stresses in L-PBF Ti-6Al-4V cause a shift in the 
mean applied load during FCG testing, and lead to a highly variable FCG 
behavior at a low stress ratio (R < 0.3) (Fig. 27) [198]. This suggests 
that, at the low stress ratio, residual stress is sufficient to affect the 
driving force for crack propagation, thereby impacting the FCG 
behavior. Meanwhile, it is observed that the fatigue crack growth rate 
for both edge and vertical directions becomes largely consistent after SR 
heat treatment, contrasting with the significant differences present in 
the as-built state (Fig. 27). This reveals that residual stress is also a key 

Fig. 26. (a) Hardness distribution across the xz-plane of the L-PBF Ti− 5Al− 5Mo− 5 V− 3Cr (Ti-5553) part [382], and (b) Tensile curves of L-PBF Ti-6Al-4V. The inset 
exhibits how the tensile samples were machined from the built part [41].

Fig. 27. Fatigue crack propagation rates of L-PBF Ti-6Al-4V in as-built and stress-relief states, tested at edge, vertical, and flat directions [198].
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factor influencing the anisotropic mechanical behavior of AM Ti alloys. 
Similarly, another study focused on the fracture toughness of L-PBF 
Ti-6Al-4V found that an inverse relationship exists between residual 
stress and anisotropy in KIC [208]. Specifically, in the as-built state with 
substantial residual stress, there are significant differences in KIC among 
samples oriented in different directions (KIC is 16 MPa

̅̅̅̅̅
m

√
in vertical 

sample and 28 MPa
̅̅̅̅̅
m

√
in flat sample; the definition of sample direction 

can be seen in Fig. 27); however, after undergoing SR heat treatment, 
the KIC values become nearly uniform and increase substantially (KIC is 
41 MPa

̅̅̅̅̅
m

√
in vertical sample and 49 MPa

̅̅̅̅̅
m

√
in flat sample). This 

highlights the detrimental effect of residual stress on fracture toughness 
and further confirms its impact on the anisotropic behavior of AM Ti 
alloys.

5. Microstructure characteristics and their influence on 
mechanical performances

5.1. Microstructure features in AM titanium alloys

5.1.1. Grains and phases
Due to the unique thermal history during the AM process, the 

resulting microstructures are significantly different from those in 
conventionally manufactured titanium alloys, which require further 
investigations [2,93,387]. One typical example is columnar prior-β 
grains with the lengths along the building direction varying from 
approximately 50 μm to more than 1 cm, as shown in Fig. 28a-d [99,100, 
388]. Their formation is primarily attributed to the extremely high 
thermal gradient aligned with the build direction during the AM process 
[152,281]. It is commonly accepted that the presence of large columnar 
prior-β grains causes severe issues in nearly full-dense AM titanium al
loys like strong mechanical property anisotropy and poor high-cycle 
fatigue performance [99,100,144], which lead to numerous researches 
into the microstructure refinement studies.

The additions of potential grain nucleating agents like La2O3 that 
forms ahead of titanium alloy solidification can refine the grains and 

facilitate the columnar to equiaxed transition (CET). This has been 
confirmed in a metastable titanium alloy Ti-3Al-8V-6Cr-4Mo-4Zr pro
cessed by WAAM (Fig. 28b and c). The additions of other trace elements, 
like boron and silicon, have proved very effective for the prior-β grain 
size refinement [99,339,388]. A very small amount of boron, like 
0.05 wt%, achieves CET and a very significant microstructure refine
ment by reducing the prior-β grain size from more than 500 μm to less 
than 90 μm in length by providing both sufficient constitutional super
cooling and small-sized grain nucleation sites TiB particles [99].

However, end users working in fields that require extensive certifi
cation, like energy industries, hardly use the chemical composition 
manipulation approach for microstructure refinement in AM titanium 
alloys since it brings up some new issues in obtaining certifications. 
Thus, other approaches like high-intensity ultrasound have been 
developed to achieve effective microstructure refinement in titanium 
alloys processed by using DED (Fig. 28) [68,109,342,390,389]. 
High-intensity ultrasound stimulates sufficient cavitation as the grain 
nucleation sites due to the relatively small melt pool (compared with the 
ones in conventionally manufacturing), which easily achieves CET along 
with the refinement in the grain sizes [342]. Co-axial EB-DED, with the 
electron beam source and the feeding wire properly aligned with the 
same axis, is another newly developed AM approach that can fabricate 
titanium components with equiaxed prior-β grains by reducing the 
thermal gradient [391].

Running a roller through the top of a deposited layer (interpass 
rolling) by using large forces up to 75 kN, which is originally developed 
for reducing the residual stress during the WAAM process [68], has been 
shown to effectively refine prior-β grain. This is achieved by introducing 
plastic strains to the formed α+ β microstructure below the β transus 
temperature, promoting recrystallization during the fabrication process 
[68,389]. Additionally, an in-situ rolling process, where a roller deforms 
the deposited laser track by following the laser nozzle, has been devel
oped to achieve prior-β grain refinement by introducing plastic strain 
above the β transus temperature [109]. Both kinds of rolling processes 
(interpass or in-situ) effectively interrupt the epitaxial grain growth by 

Fig. 28. Micrographs revealing the prior-β morphologies in AM titanium alloys by using different grain refinement approaches. (a)-(c) Prior-β microstructure 
refinement achieved through chemical composition manipulation with the optical micrographs showing the prior-β grain morphologies in (a) WAAM Ti-6Al-4V, (b) 
WAAM Ti-3Al-8V-6Cr-4Mo-4Zr and (c) WAAM Ti-3Al-8V-6Cr-4Mo-4Zr + La2O3 [388]. (d)-(f) Interpass rolling for microstructure refinement in WAAM Ti-6Al-4V as 
revealed from reconstructed β inverse pole figure orientation maps by using (d) no rolling, (e) 50 kN rolling force and (f) 75 kN rolling force [68,389]. (g) and (h) 
Microstructure refinement achieved by using high-intensity ultrasounds with the optical micrographs showing the prior-β grain morphologies (g) without and (h) 
with high-intensity ultrasounds [342].
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introducing new orientations for new β grain growth through additional 
deformation [68].

The manipulation of processing parameters, including the laser 
power and scanning strategy, is another proposed feasible approach to 
achieve the columnar to equiaxed transition in L-PBF titanium alloys 
[22,338,392]. Alternating the laser scan directions between each 
deposited layer with 67◦ interrupt the melt pool overlap and prior-β 
grain boundary alignment through the mismatch of laser tracks with 
successive deposited layers, leading to the formation of equiaxed prior-β 
grains [22].

In addition to prior β grain, α laths/precipitation within prior-β 
grains and grain boundary α-phases along the prior-β grain boundary are 
also crucial microstructural characteristics that can significantly influ
ence the mechanical properties of AM titanium alloys. Due to the rapid 
cooling rates (typically 105-106 ℃/s for the L-PBF process) that lead to 
the non-equilibrium solidification [2], the formed microstructures in 
AM α and α+ β titanium alloys are mostly non-equilibrium, which are 
different from those in conventionally manufactured titanium alloys. 
Acicular hierarchical HCP-α’ martensite with high dislocation densities 
and internal twins are the most commonly reported microstructures in 
both L-PBF α and α+ β titanium alloys in the as-built state (Fig. 29a) 
[105,281], while α-phase and β-phase can be identified in some L-DED, 
WAAM and EB-PBF α and α+ β titanium alloys (Fig. 29 b-d) [62,151, 
393–397]. Similarly, grain boundary α-phase (GB-α) is normally absent 
on the prior β grain boundaries in as-built L-PBF α and α+ β titanium 
alloys, however, continuous GB-α could be examined in L-DED/WAAM α 
and α+ β titanium alloys [67,99,398,399]. This is mainly because, for 
the AM process that has lower cooling rates (like L-DED and WAAM), the 
excessive energy inputs with thermal fluctuations introduced by the 
repeated heating and deposition process provide an equivalent anneal
ing heat treatment with a short dwell time, which decomposite the 
martensitic microstructure and lead to the formation of GB-α [400].

The presence of α phase along with the α’ martensite in as-built L-PBF 
Ti-6Al-4V is also reported in some studies, which indicates that α’ 
martensite could be decomposed into α phase during the L-PBF process 
with different thermal histories [22,402]. Detailed studies show that 
proper control of the L-PBF processing parameters including increasing 
the substrate temperature, changing the laser focal offset distance, and 
tuning other commonly adjustable L-PBF process parameters (like 
scanning speed, laser power, and layer thickness) leads to the in-situ α’ 

martensite decomposition and the formation of α + β microstructure 
[320,395]. Post-AM annealing process, which is essential for the 
manipulation of microstructure and commonly used at 800 ℃ (or even 
higher) for more than 2 h [55,91], effectively decomposes the 
martensite into the equilibrium α-phase and β-phase [320,395]. The 
thickness of transformed α lath, which can be directly related to tensile 
strength through the Hall-Petch relationship, is determined by the 
applied heat treatment temperature and dwell time (Fig. 30). Specif
ically, high heat treatment temperature with long dwell time promotes 
the growth of α lath [55,91]. Theoretically, the static coarsening 
behavior of α lath in AM Ti alloys follows the classical Lifshitz, Slyozov, 
and Wagner (LSW) model [403], which provides insights into micro
structure predictions in AM Ti alloys. Furthermore, since α laths with 
low aspect ratio enhance the tensile ductility and high-cycle fatigue 
performance of AM titanium alloys, numerous studies have been un
dertaken to achieve equiaxed α lath through post-AM heat treatment 
[404–406]. Generally, equiaxed α lath can be achieved by using HT with 
a temperature close to the β-transus and a long dwell time [67,407]. In 
this case, the break-up of α lath is attributed to the boundary splitting 
and termination migration [408–410]. Both mechanisms are based on 
elemental diffusion, with the former occurring rapidly at sub-boundary 
or shear bands within α lath and the latter happening slowly at the 
groove and termination tips of α lath interface. Although heat treatment 
close to the β-transus can effectively facilitate the break-up of α lath and 
thus lead to the formation of equiaxed α lath, HT at high temperatures 
inevitably results in rapid coarsening of the microstructure, which 
compromises mechanical properties (especially yield strength). To this 
end, cyclic heat treatment has been proposed [405,411,412]. Cyclic heat 
treatment schedule consists of repeated thermal cycling (generally more 
than ten cycles) close to, but below, the β-transus. In this process, the 
globalization of α is achieved through epitaxial growth, which is a more 
rapid break-up mechanism of α lath compared to boundary splitting and 
termination migration [412]. A recent study shows that cyclic heat 
treatment results in the reduction in the aspect ratio of α lath to 
approximately 2 within 10 min [405].

Grain boundary α-phase, which could be hardly noticed in an as- 
fabricated state, could also be easily observed in L-PBF Ti alloys after 
post-AM heat treatments (even if the heat treatment temperature is 
below the β-transus temperature). Due to the lower nucleation barrier at 
the prior-β grain boundaries, GB-α is considered to form before the α lath 

Fig. 29. SEM images of as-built Ti-6Al-4V showing (a) α’ martensitic or α lath microstructure manufactured by L-PBF, α+ β microstructures manufactured by (b) EB- 
PBF, (c) L-DED and (d) WAAM [149,394–396]. Optical micrographs show the columnar prior-β grain morphologies in Ti-6Al-4V processed by (e) EB-PBF and (f) 
L-PBF [396,401].
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precipitation [413,414]. To be specific, GB-α firstly precipitates at the 
triple junction locations of the high angle grain boundaries due to the 
high interfacial energy and deformation energy at these sites, and dec
orates the β grain boundaries progressively [414,415]. In the view of 
crystallography, GB-α commonly follows the Burgers Orientation Rela
tionship (BOR) with one of the prior-β grains nearby. This result in more 
strain incompatibility between GB-α with the surrounding grains during 
the loading process and thus determine the mechanical performance of 
AM Ti alloys [416,417]. Moreover, similar to α lath, the coarsening 
behavior of GB-α in L-PBF Ti alloys is also influenced by the post-AM 
heat treatment temperature. The study on L-PBF Ti-6Al-4V shows that 
the coarsening behavior of GB-α is governed by bulk diffusion at the HT 
temperature of 750 ◦C, while the GB-α growth behavior transitions to 
the interface reaction coarsening as the HT temperature increased to 850 
℃ and 950 ℃ [416]. Meanwhile, post-AM heat treatment temperature 
also influences the morphology of GB-α, which is a critical parameter 
affecting the tensile anisotropy of the AM Ti alloys [399,418]. Contin
uous GB-α is normally observed in L-PBF Ti-6Al-4V after post-AM HT at 
the temperate between 700◦C to 850◦C [105,419]. In comparison, 
discontinuous GB-α potentially forms after HT at the temperature close 
to the β-transus (like 950◦C for L-PBF Ti-6Al-4V), which is attributed to 
the fact that more transformed β phase at higher annealing temperature 
results in more GB-α nucleation sites [91,418].

As compared to AM α or α+ β Ti alloys, due to the sufficient β sta
bilizers in the Ti matrix, the rapid cooling during the AM process leads to 
the β phase being retained as the only phase in most AM metastable-β 
titanium alloys like Ti-3Al-8V-6Cr-4Mo-4Zr processed by both WAAM 
and L-PBF, Ti-5Al-5Mo-5V-3Cr and Ti-5Al-5Mo-5V-3Cr-1Zr processed 
by L-PBF (Fig. 31a) [126,128,420,421]. The exception is AM near-β ti
tanium alloys with a Mo equivalent of more than 4 wt% and less than 
10 wt% (such as Ti-Nb, Ti-25Nb-3Zr-3Mo-2Sn, and 
Ti–6Al–2Sn–4Zr–6Mo), showing α” martensite phases in the as-built 
states (Fig. 31b) [422,423]. Furthermore, varying the printing param
eters also affects the microstructure of AM metastable β titanium alloys 
in the as-built state. For instance, with the increase of the substrate 
temperature (like 700 ℃ used in the reported study) that reduces the 
cooling rate, the formation of α precipitations could be identified in 
as-built L-PBF Ti-5Al-5Mo-5V-3Cr-1Zr (Fig. 31c-d) [128]. Precipitation 
of the isothermal ω phase, which was suspected to form during 
low-temperature heating (i.e. AM thermal cycles), could be examined in 
as-fabricated Ti-10V-2Fe-3Al processed by L-PBF equipped with a 

modulated pulsed laser mode [338]. Moreover, GB-α can not be 
observed in prior β-grain boundaries of as-built L-PBF β titanium alloys, 
but can be observed in as-built WAAM and L-DED β titanium alloys 
(Fig. 31e-f). This is mainly because the faster cooling of L-PBF favors the 
retention of the parent β phase and thus inhibits the GB-α formation, 
while slower cooling rates and prolonged heat accumulation of WAAM 
and L-DED promote the transformation of α-phase at the prior-β grain 
boundaries [130,416,424].

Post-AM heat treatments are essential for the microstructure and 
mechanical property manipulation of β titanium alloys since the 
precipitated α phase, which is formed in the aging process, determines 
the mechanical performance [12]. Given that the single-phase β state 
can be retained after the rapid cooling process, efforts have been made 
to manipulate the microstructure of AM β titanium alloys through direct 
aging. Direct aging ranged from 400 to 800 ℃ in L-PBF 
Ti-5Al-5Mo-5V-3Cr shows that ω phase is suspected to form during the 
low-temperature aging of 400 ℃ with only 1 h dwell time (Fig. 32a-b) 
[123]. Such ω phase, which is normally formed during low-temperature 
heat treatments of conventionally manufactured β titanium alloys, could 
be used as the potential nucleation sites for the subsequent α precipi
tation [426,427]. With the increase of the aging temperature, the 
presence of α precipitation could be identified. The increase of aging 
dwell time leads to the coarsening of precipitated α laths and GB-α 
(Fig. 32a-b). Moreover, the unique thermal history and rapid cooling 
rate of L-PBF can impart high-density dislocations with a dominant 
screw character in the microstructure of as-built Ti-3Al-8V-6Cr-4Mo-4Zr 
alloy (Fig. 32c), which also acts as the nucleation sites for α pre
cipitations [138]. This is attributed to the fact the local strain around the 
dislocation cores can significantly reduce the energy barrier for the 
nucleation of α precipitation [428]. For this reason, direct aging can 
directly introduce the dense, stable, and internally twinned α 
nano-precipitates into L-PBF Ti-3Al-8V-6Cr-4Mo-4Zr alloy (Fig. 32d-e). 
Meanwhile, because the formation of dense α-precipitates has consumed 
most of the α-phase stabilizer (Al and O in this alloy) in the β matrix 
during aging, GB-α (often formed in other AM titanium after heat 
treatment) is absent [138].

Similar to the conventionally manufactured high-strength β titanium 
alloys, the post-AM heat treatment process with multi-steps including 
the solution treatment (defined as recrystallization in some studies), and 
aging (including pre-aging) is more commonly used for the α precipi
tation manipulation and inhomogeneity elimination in AM β titanium 

Fig. 30. SEM images of L-PBF Ti-6Al-4V after heat treated at (a) 700 ℃ for 4 h, (b) 800 ℃ for 4 h, (c) 900 ℃ for 4 h, and (d) 950 ℃ for 4 h [403]. (e) Measured 
thickness of α lath of various heat treated L-PBF Ti-6Al-4V [403].
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alloys [12,130,134,429]. The inhomogeneous microstructure (such as 
α-phase or ω-phase in the as-built state) could be re-solutionized and 
homogenized into the matrix, preparing it for subsequent aging pro
cesses [12,429]. The solution treatment above the β transus temperature 
fully dissolves the metastable phases formed during the AM process, 
while the dwell time should be carefully controlled for the prior-β grain 
morphology control (Fig. 33a-c) [429,430]. A short solution treatment 
above β transus temperature (like 10 mins reported in [431]) leads to 
morphology transformation of β grains from columnar to equiaxed 
driven by the low-angle grain boundaries. However, the β grain growth 
is very rapid, so a long dwell time should be avoided to prevent excessive 
β grain growth. In contrast, solution treatment below the β transus 
temperature retains the prior-β grain morphology [430].

Triplet heat treatment (first step above the β transus temperature 
with short dwell time, second step below β transus temperature with 
slow cooling, and third step aging process) is found effective in breaking 
the continuous GB-α that is detrimental to the ductility, high cycle 

fatigue performance, and fracture resistance [134,142]. However, the 
coarsening of the precipitated α laths occurs simultaneously and reduces 
the strength [142]. Pre-aging for the purpose of homogenizing α pre
cipitation is also used for AM β titanium alloys, like pre-aging at 300◦C 
for WAAM Ti-3Al-8V-6Cr-4Mo-4Zr for solute redistribution and the 
homogenously distributed refined α precipitation (Fig. 33d-f) [427, 
429]. In this case, the precipitated α lath thickness is mostly controlled 
by the temperature used for the aging process [137].

5.1.2. Textures
Besides the optical microstructure parameters that include the prior- 

β grains, α laths/precipitation, and grain boundary α-phases in AM ti
tanium alloys, the texture is another well-concerned microstructure 
parameter (Fig. 34), which is considered as another potential cause for 
the mechanical property anisotropy [432,433]. However, fewer 
research efforts have been made into the texture and microtexture in AM 
titanium alloys.

Fig. 31. SEM images showing (a) the fully β phase in L-PBF Ti-35Nb-7Zr-5Ta alloy [36] and (b) α” martensite in L-PBF Ti-25Nb-3Zr-3Mo-2Sn [423]. XRD char
acterization of L-PBF Ti-5Al-5Mo-5V-3Cr-1Zr showing (c) the single β phase with 200 ℃ substrate preheating, and (d) the presence of both α and β phases with 700 ℃ 
substrate preheating [128]. SEM micrographs showing (e) the absence of GB-α e along the prior β-grain boundary in L-PBF Ti-5Al-5Mo-5V-3Cr-1Zr [129] and (f) 
continuous GB-α in L-DED Ti-5Al-5Mo-5V-1Cr-1Fe alloy [425].
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Through the optical microstructure and inverse pole figure (IPF) 
characterization of the reconstructed β phase, it could be confirmed in 
the titanium alloys fabricated by EB-PBF, L-DED, and WAAM that the β 
phases have columnar morphologies with strong < 001 >β/NΖ texture 
(Fig. 34 and Fig. 35) [431]. As another outcome of the epitaxial grain 
growth, the strong solidification < 001 >β/NΖ figure texture commonly 

forms during the cooling process with the (001) crystallographic planes 
of the solidified β grains aligned with the thermal direction, which is the 
building direction for most of the AM titanium alloys [99,431]. How
ever, the solidification texture in L-PBF titanium alloys is weaker, which 
can be attributed to the faster cooling during the L-PBF process leading 
to less variant selection during the solidification and smaller prior-β 

Fig. 32. (a) BSE images showing the different α precipitations in L-PBF Ti-5Al-5Mo-5V-3Cr alloy after different heat treatments of 1 h at 600 ℃, 700 ℃ and 800 ℃, 
respectively [123]. (b) XRD characterization of L-PBF Ti-5Al-5Mo-5V-3Cr alloy after different heat treatments shows the formation of ω phase after 300 ℃ and 400 ℃ 
heat treatment. (c) Two-beam bright-field (BF) TEM image of L-PBF Ti-3Al-8V-6Cr-4Mo-4Zr alloy showing the high-density dislocation. (d) High-angle annular 
dark-field scanning transmission electron microscopy (HAADF-STEM) image shows the nanosized α-precipitates in L-PBF Ti-3Al-8V-6Cr-4Mo-4Zr alloy after 480 
℃/6 h. (e) Atomic-scale HAADF-STEM image reveals internally twinned nanoprecipitates in L-PBF Ti-3Al-8V-6Cr-4Mo-4Zr alloy after 480 ℃/6 h.

Fig. 33. SEM images showing the microstructure of L-DED Ti-5Al-5Mo-5V-3Cr in the condition of (a) as-built state, (b) solution treatment (900 ℃/0.5 h), and (c) 
solution treatment + aging treatment (900 ℃/0.5 h + 600 ℃/0.5 h) [334]. (d-f) SEM images displaying characteristic microstructures of WAAM 
Ti-3Al-8V-6Cr-4Mo-4Zr after solution treatment of 850 ℃, pre-aging of 300 ℃, and aging of (d) 450 ℃, (e) 500 ℃, and (f) 525 ℃ (GB-α is marked by red 
arrow) [429].
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grains leading to shorter α laths [417]. Furthermore, restricted epitaxial 
growth due to less remelting of the previously deposited layer from 
smaller energy inputs leads to smaller prior-β grains, which also leads to 
a weaker texture in L-PBF titanium alloys [435,436].

Process parameter manipulation, like scanning strategy optimiza
tion, influences the texture evolution and reduces the texture intensity of 
the AM titanium alloys [2,435]. For instance, a weak cubic texture along 
the scanning and build directions replaces the strong fiber 
< 100 > texture by using the chessboard scanning strategy [438,439]. 
This is achieved by disrupting consistent thermal gradients and the 

epitaxial growth of columnar prior-β grains along the building direction. 
Furthermore, the microstructure refinement approaches, which mainly 
reduce the prior-β grain sizes and achieve the columnar to equiaxed 
transitions, also reduce the strong solidification texture [99,109,342].

5.2. Impacts on mechanical properties

5.2.1. Tensile performances
Fatigue and damage tolerance performances are determined by the 

damage accumulated in each load cycle, and therefore, their deforma

Fig. 34. Detailed microstructure and texture characterization through the EBSD examinations on (a-c) L-PBF and (d-e) EB-PBF Ti-6Al-4V [419,434]. (a) and (d) IPF 
orientation map of α phase, (b) and (e) IPF orientation map of reconstructed β phase, (c) pole figures of reconstructed β phase in L-PBF Ti-6Al-4V, and (f) pole figures 
of α phase in EB-PBF Ti-6Al-4V.

Fig. 35. EBSD characterizations revealing the microstructures and textures of (a)-(d) L-DED Ti-6Al-4V and (e)-(h) WAAM Ti-6Al-4V [109,437]. (a) and (e) IPF 
orientation map of α phase, (b) and (f) IPF orientation map of reconstructed β phase, (c) and (g) pole figures of α phase, (d) and (h) pole figures of reconstructed 
β phase.
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tion mechanisms are closely related to the tensile behavior under 
monotonic loading. Here, how specific microstructural features affect 
tensile behavior is discussed first, which could provide the knowledge to 
better understand the subsequent dynamic-loading behavior of AM ti
tanium alloys. Both prior-β grain size and α lath thickness are the two 
microstructural parameters in numerous studies showing dominant in
fluences on the tensile properties, specifically tensile strength, of AM 
titanium alloys [105,408,424,440,441]. Liner correlations between the 
inverse of squre root of prior-β grain sizes against the yield stress 
(Fig. 36a), and between the inverse of squre root of α lath thicknesses 
against the yield stress (Fig. 36b) are reported in AM Ti-6Al-4V, 
respectively [95,105,158,320,408,424,440–442]. Both these correla
tions were established based on the well-known Hall-Petch relationship: 

σy = σ0 + kd− 1/2 (5) 

where, σy is the yield stress, σ0 is a material-specific constant, k is the 
Hall-Petch strengthening coefficient, d is the grain size. It is reasonable 
to conclude that both prior-β grain size and α lath thickness determine 
the yield stress of AM Ti-6Al-4V, while the relationship that considers 
how much contribution from each of the prior-β grain and α lath to the 
yield stress remains unknown (to the authors’ knowledge).

As mentioned in the previous section, large columnar β-grains with 
the growth direction along the building direction are very common in 
AM Ti-6Al-4V [99,100,388], which leads to the strong anisotropic me
chanical properties in AM titanium alloys (as seen by the large difference 
between the engineering stress-strain curves of L-DED Ti-6Al-4V in 

Fig. 36c) [99,100,109,424,443]. This is mainly because, with the tensile 
loading perpendicular to the building direction, the long axis of prior-β 
grain boundaries is subject to the Mode I opening tension (Fig. 36d), 
which easily cause the delamination of the prior-β grains and lead to the 
lower ductility. In comparison, the ductility could be reasonably higher 
with the tensile loading axis parallel to the building direction (the ten
sion is applied parallel to the long axis of prior-β grain boundaries, and 
thus the prior-β grain boundaries are not subjected to Mode I opening 
failure).

The spatial orientations and the crystallographic orientations of the α 
laths should be considered as another factor that affects the tensile 
properties [109,176,212]. During the tensile loading process, the slip 
lines preferentially emerge along the α lath with certain crystallographic 
orientations that have higher Schmid factor for easy deformation modes 
like prismatic and basal slips [444,445]. In the meantime, a large shear 
stress that leads to relatively easy crack initiation and propagation could 
be generated in the α laths with their interfaces approximately 45◦ off 
the loading axis [445]. In AM titanium alloys, the accumulations of both 
spatial orientations and the crystallographic orientations of the α laths 
are common, which could further contribute to the tensile property 
anisotropy [444,445].

Compared with the AM α and α+ β titanium alloys, β titanium alloys 
have much higher tensile strength after the aging process, which can be 
attributed to the presence of fine α precipitation [141]. According to the 
Orowan strengthening mechanism, fine α precipitation could increase 
the Orowan stress required for dislocations to bypass the precipitate, and 
thereby enhancing tensile strength [446]. In addition, interparticle 

Fig. 36. Effects of microstructures on the tensile performance of AM Ti-6Al-4V: (a) the correlation between the inverse of the square root of prior-β grain sizes and 
the yield stress of AM Ti-6Al-4V from the literature [105,158,408,424,440,441]. (b) The correlation between the inverse of the square root of α lath thicknesses and 
the yield stress of AM Ti-6Al-4V [105,408,424,440,442]. The literature values used for both (a) and (b) are derived from those of heat-treated samples to ensure the 
removal of residual stress. (c) Engineering stress-strain curves of L-DED Ti-6Al-4V at both transverse and longitudinal directions show strong tensile property 
anisotropy. (d) Schematic drawings show how the presence of columnar grains affects the tensile properties, especially the ductility [100].
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spacing of the α phases, which is defined as the distances between the 
two neighboring α precipitates, is also reported as a microstructural 
parameter that correlate with the strength of AM β titanium alloys: the 
strength (including hardness and yield stress) is in the linear relationship 
with the inverse square root of interparticle spacing (Fig. 37) [125,447].

Grain boundary α-phase (GB-α) is a commonly seen microstructure 
feature in titanium alloys, which delineates the columnar prior β-grains 
boundaries [12]. Numerous studies have found that the presence of GB-α 
is the origin of the low ductility of AM β titanium alloys (even α+β ti
tanium alloys), because GB-α could be the dislocation motion barrier, 
resulting in the strain/stress concentration during the deformation 
process, which further lead to the intergranular fracture (Fig. 38a-b) 
[12,134,448,449]. Furthermore, in β-titanium alloys, the GB-α 

formation consumes most of the α stabilizers, which might result in the 
formation of precipitate-free zones (PFZs) [450]. The strength difference 
between the PFZs and GB-α at β-grain boundaries also lead to the 
intercrystalline fracture, and thereby causes poor ductility. For instance, 
the total elongation in L-DED Ti-5Al-5Mo-5V-1Cr-1Fe with continuous 
GB-α is even below 2 % [358,451]. With the morphology of GB-α 
becoming discontinuous by heat treatment manipulation, the fracture 
resistance of AM titanium alloys could be enhanced (the ductility in 
L-DED Ti-5Al-5Mo-5V-1Cr-1Fe with discontinuous GB-α is above 11 %) 
[135]. This is mainly because the discontinuous GB-α inhibits the crack 
propagation along the prior β grain boundaries, leading to transgranular 
ductile fracture (Fig. 38c-d) [135,418]. Moreover, it was found that the 
elimination of continuous segments of GB-α eliminate the ductility 

Fig. 37. The summarized linear correlation between (a) the hardness values and (b) the yield strength (σ0.2) and the interparticle spacing between α precipitates in L- 
DED Ti-5Al-5Mo-5V-3Cr [334].

Fig. 38. (a-b) Continuous GB-α in L-DED Ti-5Al-5Mo-5V-1Cr-1Fe and the resulting intercrystalline fracture surface, (c-d) discontinuous GB-α in L-DED Ti-5Al-5Mo- 
5V-1Cr-1Fe and the resulting transgranular ductile fractography [135].
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anisotropy of AM titanium alloys. For instance, the studies on AM 
Ti-6Al-4V show that the anisotropic ductility reduces significantly with 
the discontinuous ratio (defined by the total length of discontinuous 
GB-α segments within a certain prior-β grain boundary length) larger 
than 0.6 [418,452,453]. This can be attributed to the fact that discon
tinuous GB-α can uniformly accommodate the deformation with the 
surrounding grains, as evidenced by in-situ EBSD and corresponding 
TEM characterization (Fig. 39). Discontinuous GB-α sample shows uni
formly distributed dislocations during the loading (while, in the sample 
with continuous GB-α, higher dislocation density can be found within 
the continuous GB-α). This disparity shifts the failure mechanism in 
transverse samples from a brittle opening mode to a more accommo
dating sliding mode, which increases their ductility significantly and 
reduces the anisotropy [418].

Texture in AM is another important microstructural parameter 
(mostly considered a secondary parameter), besides the prior-β grain 
size and α lath thickness, affecting the mechanical performance of AM 
titanium alloys [454]. Due to the fact that the room-temperature α 
phase, which has the hexagonal close-packed (HCP) crystallographic 
structure, has limited deformation modes of basal, prismatic, and pyr
amid slip systems with different critical resolved shear stress (CRSS) 
values, the deformation behavior of a strong textured titanium alloy 
could be varied at different loading axis (the activation of slip systems 
varies depending on the loading direction) [455]. Meanwhile, the CRSS 
values of basal and prismatic slip systems are considered the lowest in 
the published works, while those of pyramid <a> and <c+a> are 
considered higher [456]. Thus, the formation of strong texture in most 
AM titanium alloys, which certainly transform into a strong α texture by 
following the variant selection mechanisms during the cooling process 
[436], can contribute to the mechanical property anisotropy. For 
instance, L-DED Ti-6Al-4V with strong < 001 >β/NΖ β solidification 

texture could lead to ~ 14 % total elongation difference between 
transverse and longitudinal samples [99]. In comparison, with trace 
boron addition (0.05 wt%), the texture can be weakened, which 
significantly improves the ductility anisotropy (only ~ 4 % difference 
between transverse and longitudinal samples). Furthermore, the easy 
slip transmission between grains with similar orientations (corresponds 
to strong texture), which provides a longer effective slip length, could 
reduce both the strength and the fracture resistance [456–458].

In addition, other AM-specific microstructure features in titanium 
alloys have also been reported to influence tensile behavior, which are 
expected to affect fatigue performance as well. For instance, in L-DED Ti- 
O-Fe alloy, a unique nano-heteromicrostructure with high Oxygen 
content can be observed near the interface of α-lath (Fig. 40a) [459]. 
This feature can impede dislocation motion and blunt crack tips during 
the loading (Fig. 40b), which could further enhance the tensile ductility. 
In addition, L-PBF CP-Ti printed in an Ar–3 %N2 atmosphere exhibits 
nano-scale dislocation tangles and cells within the interior of the 
α-grains (Fig. 40c-d) [460]. During the deformation, such dislocation 
cells are stretched and glide past one another, ultimately coalescing into 
dislocation walls that further impede dislocation motion and, in turn, 
lead to exceptional elongation (Fig. 40e-f). Furthermore, through the 
concept of in-situ design, L-PBF Ti-6Al-4V with the addition of a small 
amount of 316 L stainless steel produces a β + α’ dual-phase modulated 
microstructure that shows a progressive transformation-induced plas
ticity effect (TRIP), which results in excellent work-hardening capacity 
(Fig. 40g-h) [51].

5.2.2. Fatigue and damage tolerance
The published research up to this time is mostly about the dominant 

effects of defects on the fatigue and damage mechanisms of AM titanium 
alloys [28,118,367,461,462], while a limited number of publications 

Fig. 39. In-situ SEM-EBSD characterization combined with TEM demonstrated the deformation behavior of GB-α in LPBF Ti-6Al-4V with (a-b) continuous and (c-d) 
discontinuous morphologies [418].
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discussed how the microstructures affect the fatigue crack initiation and 
growth behavior. These limited published works show strong evidence 
that the microstructure could affect the fatigue and fracture properties 
as well. In the meantime, a very recent study successfully predicted the 
fatigue performance of AM Ti-6Al-4V based on atomistic bonding en
ergetics, further demonstrating that the microstructure (even for 
atomic-scale features) is closely related to fatigue and damage tolerance 
performance [463]. Therefore, evaluating meso- and microstructure 
characteristics such as prior β grain size, grain orientation (texture), α 
grain morphology, and colony size is crucial for optimizing the fatigue 
resistance and overall mechanical reliability of titanium components 
produced through additive manufacturing.

Prior-β grain morphologies in AM Ti alloys are considered as influ
ential for fatigue and damage tolerance performances in most cases. In L- 
PBF Ti-6Al-4V, it is found that the size of prior-β grains affected the 
macroscopic fracture morphology (the larger prior-β grains lead to a 
rougher macroscopic fracture surface) [464]. Some detailed character
ization of the fracture surfaces and crack side profiles in different studies 

indicate that only long fatigue cracks could easily propagate into the 
prior-β grains across their boundaries, while short fatigue cracks (with 
its lengths similar or smaller than the effective microstructural unit) 
might be arrested in the prior-β grain boundaries [199,461,465]. 
Meanwhile, since prior-β grain in AM Ti alloys exhibit a columnar 
morphology aligned along the building direction, there are differences 
in the fatigue behavior of samples under different loading directions, 
which eventually leads to fatigue performance anisotropy [165,199, 
201]. In detail, sample along the building direction (longitudinal sam
ple) contained more columnar prior-β grains in the plane perpendicular 
to the loading direction (same as building direction) [466]. In this case, 
the fatigue crack propagation encounters greater resistance, because the 
crack needs to interact with several grains. In contrast, in the transverse 
sample (loading perpendicular to the building direction), the fatigue 
crack propagated within fewer columnar grains, therefore resulting in a 
higher crack growth rate. For instance, the study of WAAM Ti-6Al-4V 
shows more tortuous crack profiles of longitudinal FCG testing failed 
samples, which indicate the higher fatigue crack propagation resistance 

Fig. 40. (a) APT characterizations from L-DED Ti-0.34O-3.25Fe show the tendency of O atoms to segregate near the α/β interfaces, and (b) Atomic-scale STEM- 
HAADF images indicate a dislocation inhibited by an O interstitial array [459]. (c-d) STEM-BF images of dislocation cells and tangles in L-PBF CP-Ti, and (e-f) 
Two-beam BF-TEM images illustrate the dislocation distribution of a 5 % strained samples [460]. (g-h) XRD and EBSD characterizations of the L-PBF Ti64-(4.5 %) 
316 L alloy exhibiting the β to α’ phase transformation process during tensile test [51].
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and further support the above viewpoint (smooth crack geometries for 
transverse sample) [201].

Along with the morphology, the crystallographic texture of the 
parent β-phase also plays a crucial role in determining the fatigue crack 
propagation behavior of AM Ti alloys [145,467,468]. The similarly 
oriented prior-β grains, indicative of the strong β-phase texture, increase 
the effective slip lengths across adjacent prior-β grains. The larger 
effective slip lengths facilitate deformation during cyclic loading, 
potentially leading to more strain accumulation around porosity, 
thereby reducing fatigue crack initiation resistance. In the meantime, 
the lower misorientation between neighboring prior-β grains can lead to 
smooth crack propagation across different grains, resulting in minimal 
fatigue crack growth resistance [469]. In contrast, the weak β-phase 
texture (corresponding to a large misorientation between neighboring 
prior-β grains) increases the difficulties of slip transfer between adjacent 
prior-β grains, which causes more crack deviation and leads to high 
fracture crack growth resistance [470,471]. Furthermore, since the 
crystallographic texture of the parent β-phase could be directly linked to 
α-phase texture (according to the variant selection mechanisms), strong 
β-phase texture also corresponds to strong α-phase texture [99,342]. 
Strong α-phase texture could also lead to easier slip transmission within 
the prior-β grain, and eventually induce the occurrence of intensive slip 
bands. This is directly related to the low fatigue crack initiation 
resistance.

Furthermore, GB-α that decorates the prior-β grain boundaries also 
has strong implications for the fatigue performance of AM Ti alloys [218, 
472,473]. Similar to the effects on tensile properties, continuous GB-α is 
also the vulnerable site for fatigue crack initiation and leads to low fa
tigue performance of AM Ti alloys. For instance, L-DED 
Ti-5Al-5Mo-5V-3Cr-1Zr with continuous GB-α shows relatively poor 
fracture toughness (Kq values is 51.6 MPa

̅̅̅̅̅
m

√
), which is significantly 

lower than that of the state containing discontinuous GB-α (Kq values is 
81.7 MPa

̅̅̅̅̅
m

√
) [234]. This is mainly because the difference in the crys

tallographic orientation and geometry of adjacent prior β-grains could 
inevitably lead to strain incompatibility, causing the stress concentra
tion at the GB-α [399]. Meanwhile, continuous GB-α with almost iden
tical crystallography orientation can serve as a preferred pathway for 
fatigue crack growth, particularly in the GB-α layers oriented perpen
dicular to the loading axis (Fig. 41) [474]. In comparison, discontinuous 
GB-α accommodates the deformation with prior β-grains during the 
loading, making it not a potential site for fatigue crack initiation [399]. 
In addition, adjacent discontinuous GB-α grains on the same prior-β 
grain boundary normally exhibit relatively larger crystallography 
orientation differences, which can inhibit the fatigue crack propagation 
along it [473]. Therefore, the prior-β grain boundary with discontinuous 
GB-α is regarded as not detrimental to the fatigue performance in AM Ti 
alloys.

α colonies could be another meso-scale factor influencing the fatigue 
crack propagation behavior in Ti alloys processed by AM (particularly 
for L-DED and WAAM, in which the cooling rate is comparatively 
slower) [475]. Most α laths within the same colony share similar crys
tallographic orientations, which leads to easy slip transmission across 
the lath interface and forms continuous slip bands across the whole α 
colony. The continuous slip bands and aligned close-packed crystallo
graphic planes due to the similar orientations are the favorite fatigue 
crack pathways [457]. For these reasons, some studies suggest that the 
increased colony size results in a reduction in the fatigue life due to an 
increase in slip length [474,476]. However, due to the high misorien
tation angle between adjacent α colonies, crack transmission between 
colonies is significantly difficult, eventually resulting in complicated 
and multi-branched fatigue crack pathways [205,475]. As revealed in 
Fig. 42, the fatigue crack path in L-DED Ti-6Al-2Sn-4Zr-2Mo-0.1Si alloy 
is deflected at the α colony boundaries [477]. This results in a tortuous 
crack path and improves fatigue crack propagation resistance (Paris 
constant m = 1.2 in this case, which is significantly lower than that of 
the as-bult state with a martensitic structure (m = 2.1) and the annealed 
state with a basket-wave structure (m = 2.5)). Meanwhile, since dislo
cations move more easily within the colony, the large α colony leads to 
an increase in the plastic zone at the crack tip. Thus, another under
standing is that increasing the α colony size improves the fatigue crack 
propagation resistance.

Furthermore, the studies on the L-PBF Ti-6Al-4V showed that the 
morphology of the α phase within the prior β grain affected the crack 
growth path and the FCG rate [61,464,478]. Fine α’ martensite in the 
as-built state leads to smooth crack propagation geometries, resulting in 
a fast fatigue crack growth rate, low HCF performance, and poor fracture 
toughness (can also be evidenced by the brittle facet fracture in Fig. 43a) 

Fig. 41. SEM image shows the cross profile of KIC fractured L-PBF Ti-5Al-5Mo-5V-3Cr-1Zr, exhibiting cracks propagation along continuous GB-α [233].

Fig. 42. SEM image of the fatigue crack path in L-DED Ti-6Al-2Sn-4Zr-2Mo- 
0.1Si after solution treated at 1030 ◦C for 1 h + aged at 595 ◦C for 8 h [477].
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[464]. Microstructure optimization and residual stress elimination by 
using post-AM heat treatments significantly improve the fatigue crack 
propagation resistance (including the small fatigue crack propagation 
resistance) and fracture toughness properties [74,202,205]. During the 
post-AM heat treatments, very fine martensite could be decomposed into 
coarser α laths, which can lead to a tortuous crack path and improve 
fatigue crack propagation resistance (Fig. 43b) [198,475]. A detailed 
investigation into the in-situ fatigue testing characterization shows that 
the α lath is the favorable path for the short fatigue crack propagation 
along their boundaries and forms the intergranular fracture features on 
the fracture surface [461]. This further indicates that coarse micro
structure in AM titanium alloys could be favorable for the fatigue crack 
propagation resistance, which is consistent with that in conventionally 
manufactured titanium alloys.

The α grain sizes in both L-PBF Ti-6Al-4V and CP-Ti after different 
post-AM treatments, including the HIP process, could be fully correlated 
with the fatigue crack propagation (Fig. 44) [74,206]. In detail, it is 
found that fatigue crack propagation thresholds (ΔKth) could be pro
portional to the yield stress (σYS) and the measured grain sizes (or α lath 
thickness, d), Fig. 44a: 

ΔKth = k • σYS
̅̅̅
d

√
(6) 

where k is a constant. The further correction of converting ΔKth into the 
effective fatigue crack propagation thresholds (ΔKeff ,th) with the fatigue 
crack closure effects removed shows an even better linear proportion
ality, as shown in Fig. 44b [74,206]. This indicates that the α grains in 
AM titanium alloys could be the effective microstructural unit that re
stricts the dislocation motion to the grain boundaries in a very low-stress 
intensity range during the cyclic loading. Τhe α lath elongation di
rections are another factor that determines the crack propagation di
rection deviation and deflection for both transgranular and 
intergranular crack propagations [198]. Specifically, the α laths with 
elongation directions approximately perpendicular to the crack propa
gation direction are more likely to deflect the cracks from the maximum 
driving force direction, which results in more tortuous cracks [198,479]. 
Furthermore, the aspect ratio of α lath is linked to the fatigue crack 
initiation threshold, thereby affecting the fatigue-related performance of 
AM Ti alloys [67,441,473]. Based on crystal plasticity finite element 
model analysis [480], with the aspect ratio of grain decreases to 1 
(equiaxial shape), the effect of interface on fracture resistance di
minishes, resulting in a reduction of dislocations accumulation on the 
lath boundaries during deformation. Therefore, α lath with a small 
thickness and large aspect ratio leads to increased strain accumulation at 
the interfaces between adjacent α laths. This high strain accumulation 

Fig. 43. (a) Fatigue crack growth path and fracture surface of L-PBF Ti-6Al-4V in the as-built state, showing the flat facet caused by martensites [464]. (b) Fatigue 
crack growth path and fracture surface of L-PBF Ti-6Al-4V after solution at 900◦C for 1 h + aging at 500◦C for 4 h, exhibiting the jagged crack pathway and dimples 
indicative of ductile failure [464].

Fig. 44. The correlations between (a) the fatigue crack propagation thresholds (ΔKth) and (b) the effective fatigue thresholds (ΔKeff ,th) with crack closure effects 
removed, against the α grain sizes and yield stresses in L-PBF Ti-6Al-4V and CP-Ti with the trend lines labeled [74,206].
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may initiate fatigue crack from the lath interface, contributing to fast 
FCG rates and poor HCF properties.

As compared to α or α+ β Ti alloys, AM β-titanium alloys typically 
exhibit distinct α-phase morphologies, as described in 5.1.1. These mi
crostructures, in turn, influence the fatigue and damage mechanisms of 
alloys. L-DED Ti-5Al-5Mo-5V-1Cr-1Fe exhibits a hierarchical α-phase 
structure composed of coarse primary α-laths and fine secondary 
α-precipitates [220]. Microstructure examination along the fatigue 
crack path shows that cracks preferentially nucleate and propagate 
along the primary α-laths, as shown in Fig. 45a-b. This is caused by the 
strain incompatibility between the coarse primary α-laths (relatively 
soft) and fine secondary α-precipitates (relatively hard) [481]. To this 
end, by controlling the size, volume fraction, and spatial distribution of 
the hierarchical structure, the fatigue crack growth behavior of AM 
β-titanium alloys could be changed [220,481,482]. When the angle 
between the crack and coarse primary α-laths is not too large, the fatigue 
crack path can globally deflect along the primary α-laths, as shown in 
Fig. 45c. As the angle increases further, the fatigue crack could directly 
pass through the primary α-laths (Fig. 45d). Fatigue model based on 
peridynamic framework confirm that the fatigue crack propagation rate 
of AM β-titanium alloys slows down significantly in this case [481]. In 
addition, recent studies on EB-PBF Ti-5Al-5Mo-5V-3Cr-1Zr [483], 
L-DED Ti-5Al-3Mo-3V-2Zr-2Cr-1Nb-1Fe [221], and L-PBF 
Ti-5Al-5Mo-5V-1Cr-1Fe [232] found that increasing the volume and size 
of the primary α-laths can also significantly hinder crack growth. This is 
because coarser α-laths act as barriers that repeatedly deflect or branch 
the crack growth, increase path tortuosity, and thereby raise the 
energy-release rate required for further propagation.

5.3. Effects of microstructures on tensile, fatigue and damage tolerance 
performances at extreme temperatures

5.3.1. Elevated temperatures
Mechanical performance at elevated temperatures is highly sensitive 

to the microstructure of the AM Ti alloy. Due to the activation of grain 
boundary sliding as a deformation mode at elevated temperatures 
(Fig. 46a), the prior-β grain boundary is consistently identified as a 

preferential site for damage nucleation [237,484]. In this case, clean 
prior-β grain boundaries (i.e., in the as-built state) or those decorated 
with continuous GB-α serve as pathways for crack growth, and thus lead 
to low ductility (Fig. 46b) [228,485]. In contrast, discontinuous GB-α 
can accommodate the deformation and inhibit crack propagation along 
the prior-β grain boundaries, thereby enhancing the fracture resistance 
of AM Ti alloys [485].

Within the prior-β grain, α’ martensite in as-built state L-PBF near-α 
or α+ β Ti alloys exhibit relatively high strength but poor ductility at 
elevated temperatures. For instance, L-PBF Ti-6.5Al-2Zr-1Mo-1V alloy 
shows 950 MPa UTS with a limited elongation of 10 % at 500 ℃ [228]. 
This is mainly because the formation of α’ martensite is commonly 
accompanied by prevalent lattice defects, which increases the difficulty 
of further activating the slip at elevated temperatures. In this case, the 
deformation of α’ martensites is dominated by the microscale shear 
bands (MSBs) at the interfaces [484], as shown in Fig. 47a-c. In addition, 
due to the poor thermal stability of α’ martensite, excessively high 
testing temperatures can cause α’ martensites to decompose into α + β 
phases (and even lead to brittle γ(TiAl) or α2(Ti3Al) phase formation in 
high-Al content titanium alloys, as shown in Fig. 47g-h) during the 
deformation process [240]. This causes most of the dislocations stored in 
the α’ martensites to recover, resulting in a significant decrease in 
strength, as mentioned in 3.4.1. In comparison, after the decomposition 
of α’ martensite into α+ β phase through heat treatment at 800 ◦C for 
4 h, the ductility of L-PBF Ti-6.5Al-2Zr-1Mo-1V alloy increases to 16 % 
at 500 ℃ [485], which can be attributed to the activation of multiple slip 
systems during elevated temperature deformation [484]. This is evi
denced by the high density of dislocations found in the TEM charac
terization of L-PBF Ti-6.5Al-2Zr-1Mo-1V after high-temperature tensile 
deformation [484], as shown in Fig. 47d. In the case of the negligible 
volume fraction of the prior β ligament (fine β phase located within α 
lath or between adjacent α laths), strain primarily concentrates in the 
interface between α phase and β ligament, and eventually leads to the 
formation of voids. However, a recent study in L-PBF Ti-6Al-3Mo-1Zr 
found that nano-scale and uniformly distributed β ligaments accom
modate the strain and prevent strain localization along the prior-β grain 
boundaries, which provides superior elongation and fracture toughness 

Fig. 45. SEM images of the fatigue crack path of L-DED Ti-5Al-5Mo-5V-1Cr-1Fe [220]: (a-b) crack growth along the primary α-laths, (c) crack path deflects along 
primary α-lath boundaries, and (d) crack directly passes through primary α-laths.
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at elevated temperatures [228]. Thus, achieving a uniform distribution 
of nanoscale β ligament while ensuring discontinuous GB-α is a pathway 
to enhance the in-service properties of AM Ti alloys at extreme 
temperatures.

5.3.2. Cryogenic temperatures
With the testing temperature dropping into cryogenic, the critical 

resolved shear stresses (CRSS) for most slips increase, while CRSS for 
twining decreases [486]. As a result, the plastic deformation of AM Ti 
mainly depends on twining, which is distinct from the room tempera
ture. Consequently, AM Ti alloy deformed at cryogenic temperatures 
shows the serrated tensile curve and multiple necking at the failed 
tensile sample (as described in 3.4.2). This phenomenon is mainly due to 
the highly localized characteristics of the twining. In detail, during the 
deformation process, the activation of twinning could instantly relieve 
the local high stress, leading to localized strain softening and decreased 
flow stress [17]. Meanwhile, the local temperature rise caused by 
localized plastic deformation also promotes the dislocation motion, 

which further contributes to strain softening [487,488]. However, since 
the formation of twining is limited within one microstructure unit, the 
expansion of plastic deformation zones is restricted as deformation 
progresses, resulting in localized work hardening and increased flow 
stress [272]. This periodic interplay between softening and hardening 
ultimately results in serrated flow stress.

For the above reasons, it is evident that the effect of microstructural 
characteristics on mechanical performance at cryogenic temperatures 
differs from that at room temperature. It is well documented that α 
colony is a more favorable microstructure feature that achieves the 
desirable mechanical performance of AM Ti alloys, compared to equi
axed microstructures [271] or basketweave structures [47,488]. For 
instance, EB-PBF Ti-3Al-3Mo-3Zr-0.2Y alloy with α colony structures 
can achieve a superior elongation being up to 20 % with acceptable UTS 
exceeding 1450 MPa at 20 K [17]. In contrast, EB-PBF Ti-3Al-3
Mo-3Zr-0.2Y alloy with a basketweave microstructure only lead to 
ductility of around 11 % at 20 K [17]. This difference is primarily 
attributed to the activation of long-distance slip bands and α-Ti twinning 

Fig. 46. (a) In-situ tensile test of L-DED Ti-6.5Al-2Zr-1Mo-1V at 500 ℃, showing the grain boundary sliding along the prior-β grain boundary [237]. (b) The 
cross-sectional characterization of the tensile failed sample of L-PBF Ti-6Al-3Mo-1Zr at 600 ℃ reveals the crack growth along the prior-β grain boundary [228].

Fig. 47. (a-d) TEM images of L-PBF Ti-6.5Al-2Zr-1Mo-1V in (a-b) the as-built and (c-d) heat-treated states after 500 ℃ tensile testing [484]. (e-g) TEM images of 
L-PBF Ti-6Al-4V after 550 ℃ tensile testing, showing the formations of (e) β, (f) γ(TiAl) and (g) α2(Ti3Al) during the deformation process [240].

J. Liu et al.                                                                                                                                                                                                                                       Materials Science & Engineering R 167 (2026) 101135 

45 



within α colonies during the cryogenic deformation, which are suffi
ciently extended to traverse the colony (as shown in Fig. 48). In com
parison, in AM Ti alloy with basketweave structures, the active α-Ti 
twins and slip bands are challenging to expand over long distances, in 
particular, the motion of the twin is consistently confined within indi
vidual α-Ti grains [47]. Furthermore, α’ martensite, commonly found in 
as-built L-PBF near-α Ti alloys, has been reported to provide excep
tionally high tensile strength at cryogenic temperature (> 1750 MPa 
UTS in as-built L-PBF Ti-6.5Al-2Zr-Mo-V at 77 K), which could be 
attributed to the activation of pyramidal <c+a> slip and nano-twins 
(including triple twins) [271]. This meets the demands of 
high-strength applications at cryogenic temperatures. However, with 
the development of next-generation liquid hydrogen-powered vehicles, 
more study is required to understand the role of the microstructure 
generated by AM on the in-service properties of Ti alloys, especially for 
more concerned fatigue and damage tolerance performance.

6. Conclusions and outlook

6.1. Conclusions

The present review provides an overview of the fatigue and damage 
tolerance properties of various Ti alloys produced by AM techniques, 
with a focus on their correlation with diverse defects, unique grains and 
phases, and process-related attributes. The main conclusions are pro
vided below:

Currently, optimized AM processing parameters can achieve high 
relative density for various titanium alloys, with static mechanical 
properties, such as tensile strength, comparable to—or sometimes even 
exceeding—those of wrought products, even under extreme environ
mental conditions. However, retained defects, including printing pores, 
heterogeneously distributed phases, and residual stress can lead to 
premature fracture, and degrade dynamic performances, such as fatigue 
and damage tolerance. One of the outstanding features of fatigue per
formance in AM Ti alloys is the significant variability, which results from 
the printing pores. Even in the AM titanium alloys from the same build 
batch with optimal processing parameters, the random and unpredict
able occurrence of the pores contributes to an order of magnitude dif
ference in high-cycle fatigue properties. Numerous models—like stress 
intensity factor—have been proposed to evaluate the effects of pores, 

but predictive fidelity remains limited because fatigue life depends on 
coupled pore characteristics (size, morphology, distribution, and prox
imity to surfaces).

In terms of damage tolerance performance, printing pores do not 
have a significant effect unless their scale approaches or exceeds plastic 
zones and interrupts fatigue crack propagation. In contrast, residual 
stress is considered as the primary factor that deteriorates the damage 
tolerance performance of AM Ti alloys. High and non-uniform residual 
stresses in AM Ti alloys influence fatigue crack opening and closure 
during cyclic loading, causing a shift in the mean applied load during 
FCG testing. This results in highly variable FCG behavior and contributes 
to anisotropy in the fracture toughness of AM Ti alloys.

The unique thermal history of AM process produces microstructure 
characteristics unlike those of wrought Ti, with competing consequences 
on fatigue and damage tolerance performances. Owing to the strong 
directional solidification, epitaxial grain growth is favored in most AM 
Ti alloys, with the grain elongation directions along the thermal gradient 
direction, which could reduce high-cycle fatigue and damage tolerance 
performance. In contrast, rapid cooling of AM process can lead to weak 
α′/α variant selection and clean prior-β-grain boundaries in AM Ti alloys, 
which enhance the FCG resistance. Therefore, it is necessary to consider 
all the above-mentioned microstructure features for the improvement of 
the mechanical properties of AM Ti alloys.

The fatigue and damage tolerance performances of AM Ti alloys can 
be enhanced through defect reduction and microstructure optimization. 
Hot isostatic pressing (HIP) is currently considered the most effective in 
reducing pore defects, enhancing high-cycle fatigue properties (beyond 
wrought Ti in some cases), while stress-relief treatments can reduce 
residual stress and markedly improve fracture toughness and FCG 
behavior toward conventional benchmarks. Meanwhile, proper post-AM 
heat treatments, such as solution treatment and cyclic thermal cycling, 
are also critical for decomposing martensitic phases, promoting the 
precipitation of fine α-phase, and disrupting continuous grain boundary 
α-phases, which could further enhance tensile, fatigue, and damage 
tolerance performances. However, most post-AM heat treatment 
schedules could also lead to undesirable grain coarsening, potentially 
degrading tensile and fatigue properties. To mitigate this, strategies such 
as scan-path optimization (e.g., ~67◦ rotations/interrupts), grain- 
refiner additions (La₂O₃, B, Si), and field-assisted methods (like ultra
sound field and mechanical deformation field) promote columnar-to- 

Fig. 48. Longitudinal sectional characterization of the EB-PBF Ti-3Al-3Mo-3Zr-0.2Y tensile samples strained to 10.0 % at 20 K: (a) EBSD-Euler maps with the 
highlighted twin boundary, (b) SEM-BSE image with the identified slip traces, and (c) band contrast map [272].
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equiaxed transition and texture weakening, thereby improving the 
overall mechanical performances of AM titanium alloys.

6.2. Opportunities, challenges, and outlook

Despite sustained progress that brings the tensile—and in some cases 
fatigue—properties of AM titanium alloys to parity with, or beyond, 
conventionally manufactured products, the inherent performance po
tential of AM Ti alloys, particularly in damage tolerance, has not yet 
been fully realized. There have been several scientific challenges in 
achieving target performances. First, defects are not yet controlled at 
source with the reliability and cost efficiency required for certification. 
Post-processing (like HIP) can reduce variability but cannot remove 
lack-of-fusion porosity, keyhole cavities, and surface-connected notches. 
In addition, the interactions among non-equilibrium phase, α/β phase 
and texture, residual stresses, surface condition, and defect statistics 
remain only partially resolved across scales, so that process windows 
optimized for porosity may simultaneously alter martensite, α/β phase, 
texture, and residual stress, which could sometimes deteriorate the fa
tigue and damage tolerance performances. Finally, the evaluations of 
damage tolerance performances predominantly focused on α+ β tita
nium alloys to date, while research on high-strength and high-toughness 
β titanium alloys, which have already been validated for applications, 
remains relatively scarce. Moreover, AM has been largely limited to 
high-cost fusion-based technologies, the fatigue and damage-tolerance 
performance of titanium alloys produced via emerging low-cost AM 
approaches (like binder jet printing) has yet to be systematically 
assessed. To this end, several topics for future research that could further 
enhance the fatigue and damage tolerance of AM Ti alloys, thereby 
facilitating broader adoption in critical applications.

One of the key points is to improve the internal build quality by 
moving from post-AM defect cure to in-process prevention. Although 
defect elimination with additional post-processing step like HIP shows 
great potential for improving quality control, these methods signifi
cantly increase the cost of AM Ti parts. Thus, the ideal solution is to 
eliminate defects during the printing process. The recent developed 
Hybrid AM technology has shown great potential in alleviating the 
printed defects and undesired columnar grains of AM products [109, 
342], achieving by external aids (like rolling). Furthermore, in-situ 
monitoring combined with closed-loop printing parameter optimiza
tion is also a promising approach. This method can reduce the likelihood 
of pore defect formation by continuously tracking the AM process to 
detect defects and dynamically adjust parameters like laser power and 
speed. Recently, in-situ monitoring has already been included in the 
strategic guidelines for AM and is expected to achieve pore-free AM in 
the future [489].

Another closely ranked priority is to further understand and predict 
how across-scaled AM-specific microstructures influence fatigue and 
damage tolerance performances. Micromechanics have long served as 
the standard approaches. For instances, crystal-plasticity finite-element 
modeling (CPFEM) connects α/β morphologies, α’ martensites, and 
crystallographic textures to fatigue life by resolving slip activation, 
mean-stress relaxation, and residual-stress fields [490]. However, there 
are several major challenges for micromechanics, that is microstructural 
parameter identification, computational cost and transfer from 
representative-volume elements to components. Currently, machine 
learning presents a promising solution [491,492]. For instance, Bayesian 
calibration, that can regularize illposed inverse problems with priors 
and allows sequential updating, is expected to cut the number of 
high-fidelity solves while stabilizing parameter posteriors for CPFEM 
and cohesive models. In addition, physics-informed surrogates (graph 
neural networks or Gaussian-process models) can be directly coupled to 
CPFEM and phase-simulation, which is expected to further enhance 
model reliability and thereby deepen the understanding of fatigue 
behavior in AM titanium alloys.

On this basis, machine learning can also assist in tailoring 

microstructures by deploying physics-informed surrogates—trained on 
compact datasets that link process vectors and in-situ signals to thermal 
descriptors—to predict, with calibrated uncertainty, prior-β grain size, 
α-lath thickness, texture, and defect risk while embedding mechanistic 
features such as G/R and transformation kinetics. Embedded within 
multi-objective Bayesian-optimization/digital-twin loops, these surro
gates can prescribe printing parameters (e.g., scan-path rotation, inter
layer dwell/preheat) and targeted post-AM heat treatments that deliver 
balanced, damage-tolerant AM Ti microstructures.

An additional priority is to develop additional AM titanium alloys 
that exhibit high fatigue resistance and damage tolerance to enable 
broader industrial adoption. On one hand, it is important to evaluate the 
in-service performance of conventionally high-toughness β titanium al
loys already qualified for load-bearing use (e.g., Ti-10V-2Fe-3Al, Ti-8Al- 
1Mo-1V) when fabricated by AM, and demonstrate compliance with 
safety-critical component design standards to enable broader industrial 
adoption. On the other hand, alloys development will extend beyond 
just commercial alloys. Alloy design should explicitly leverage AM’s 
unique thermal history-steep solidification gradient, rapid cooling, and 
cyclic reheating/remelting-to tune phase stability and kinetics. Through 
composition design, the target alloys should exhibit robust AM print
ability (low volatility/segregation and low hot-cracking/porosity sus
ceptibility), optimized lattice parameters (near-ideal lattice constants 
that reduce the Peierls barrier and facilitate dislocation activation), 
microstructural stability under cyclic reheating (suppressed ω/α₂, equi
axed β-grain with controllable α-lath thickness), which thereby achieve 
high damage tolerance performances. CALPHAD/DICTRA calculations 
combined with the multiphase flow models that covering molten pool 
dynamics, phase field and cellular automaton models, and crystal plas
ticity models are expected to achieve this goal. In addition, multi-laser 
and multi-materials AM technologies [493–495], might be possible 
hardware tools at present, which can unlock new possibilities for 
creating advanced Ti alloys with heterostructure at the mesoscopic 
(melt-pool) scale. Microstructures engineered at this scale can be 
designed to enhance complementary properties (such as strain hard
ening and fracture toughness) and to lower the FCG rate, all of which 
increase the damage tolerance of AM titanium alloys [496].

In addition to alloy development, other emerging AM technologies 
also warrant further exploration. Lower-cost AM technologies—binder 
jet printing, area-printing (e.g., pixelated/multibeam exposure)— 
promise step changes in throughput and part cost, yet their readiness for 
fatigue- and damage-tolerance-critical Ti components remains limited. 
Key pending challenges include defect and raw material impurity (like 
C/N/O) control, post-AM heat treatment design, sintering-shrinkage/ 
warpage management, and pixel-level energy-distribution control (for 
area printing). To address these concerns, several research directions 
merit priority. For instance, for binder jetting AM, it is pivotal to develop 
powder/binder qualification, coupled with mechanistic–statistical 
models that relate impurity uptake during debinding and sintering to 
densification and mechanical performances in titanium alloys. In addi
tion, for area printing, establishing how areal energy distribution and 
pulse structure manipulate microstructure (like prior-β morphology, 
α-lath thickness, and crystallographic texture) is recommended. Since 
the exposure paradigm differs from conventional point/line-scanned 
fusion AM processes, such understanding would enable pixel-/region- 
level microstructure control and, in turn, could lead to development of 
AM titanium alloys with high fatigue and damage tolerance 
performances.
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Materials 16 (2023).
[186] X. Shi, W. Zeng, S. Xue, Z. Jia, J. Alloy. Compd. 631 (2015) 340–349.

J. Liu et al.                                                                                                                                                                                                                                       Materials Science & Engineering R 167 (2026) 101135 

49 

http://refhub.elsevier.com/S0927-796X(25)00213-X/sbref82
http://refhub.elsevier.com/S0927-796X(25)00213-X/sbref82
http://refhub.elsevier.com/S0927-796X(25)00213-X/sbref83
http://refhub.elsevier.com/S0927-796X(25)00213-X/sbref83
http://refhub.elsevier.com/S0927-796X(25)00213-X/sbref84
http://refhub.elsevier.com/S0927-796X(25)00213-X/sbref85
http://refhub.elsevier.com/S0927-796X(25)00213-X/sbref86
http://refhub.elsevier.com/S0927-796X(25)00213-X/sbref86
http://refhub.elsevier.com/S0927-796X(25)00213-X/sbref87
http://refhub.elsevier.com/S0927-796X(25)00213-X/sbref87
http://refhub.elsevier.com/S0927-796X(25)00213-X/sbref88
http://refhub.elsevier.com/S0927-796X(25)00213-X/sbref88
http://refhub.elsevier.com/S0927-796X(25)00213-X/sbref89
http://refhub.elsevier.com/S0927-796X(25)00213-X/sbref89
http://refhub.elsevier.com/S0927-796X(25)00213-X/sbref90
http://refhub.elsevier.com/S0927-796X(25)00213-X/sbref90
http://refhub.elsevier.com/S0927-796X(25)00213-X/sbref91
http://refhub.elsevier.com/S0927-796X(25)00213-X/sbref91
http://refhub.elsevier.com/S0927-796X(25)00213-X/sbref92
http://refhub.elsevier.com/S0927-796X(25)00213-X/sbref92
http://refhub.elsevier.com/S0927-796X(25)00213-X/sbref93
http://refhub.elsevier.com/S0927-796X(25)00213-X/sbref93
http://refhub.elsevier.com/S0927-796X(25)00213-X/sbref94
http://refhub.elsevier.com/S0927-796X(25)00213-X/sbref94
http://refhub.elsevier.com/S0927-796X(25)00213-X/sbref95
http://refhub.elsevier.com/S0927-796X(25)00213-X/sbref96
http://refhub.elsevier.com/S0927-796X(25)00213-X/sbref96
http://refhub.elsevier.com/S0927-796X(25)00213-X/sbref97
http://refhub.elsevier.com/S0927-796X(25)00213-X/sbref97
http://refhub.elsevier.com/S0927-796X(25)00213-X/sbref98
http://refhub.elsevier.com/S0927-796X(25)00213-X/sbref98
http://refhub.elsevier.com/S0927-796X(25)00213-X/sbref99
http://refhub.elsevier.com/S0927-796X(25)00213-X/sbref99
http://refhub.elsevier.com/S0927-796X(25)00213-X/sbref100
http://refhub.elsevier.com/S0927-796X(25)00213-X/sbref101
http://refhub.elsevier.com/S0927-796X(25)00213-X/sbref102
http://refhub.elsevier.com/S0927-796X(25)00213-X/sbref102
http://refhub.elsevier.com/S0927-796X(25)00213-X/sbref103
http://refhub.elsevier.com/S0927-796X(25)00213-X/sbref103
http://refhub.elsevier.com/S0927-796X(25)00213-X/sbref104
http://refhub.elsevier.com/S0927-796X(25)00213-X/sbref104
http://refhub.elsevier.com/S0927-796X(25)00213-X/sbref105
http://refhub.elsevier.com/S0927-796X(25)00213-X/sbref106
http://refhub.elsevier.com/S0927-796X(25)00213-X/sbref106
http://refhub.elsevier.com/S0927-796X(25)00213-X/sbref107
http://refhub.elsevier.com/S0927-796X(25)00213-X/sbref107
http://refhub.elsevier.com/S0927-796X(25)00213-X/sbref108
http://refhub.elsevier.com/S0927-796X(25)00213-X/sbref108
http://refhub.elsevier.com/S0927-796X(25)00213-X/sbref109
http://refhub.elsevier.com/S0927-796X(25)00213-X/sbref109
http://refhub.elsevier.com/S0927-796X(25)00213-X/sbref110
http://refhub.elsevier.com/S0927-796X(25)00213-X/sbref111
http://refhub.elsevier.com/S0927-796X(25)00213-X/sbref111
http://refhub.elsevier.com/S0927-796X(25)00213-X/sbref112
http://refhub.elsevier.com/S0927-796X(25)00213-X/sbref113
http://refhub.elsevier.com/S0927-796X(25)00213-X/sbref114
http://refhub.elsevier.com/S0927-796X(25)00213-X/sbref115
http://refhub.elsevier.com/S0927-796X(25)00213-X/sbref115
http://refhub.elsevier.com/S0927-796X(25)00213-X/sbref116
http://refhub.elsevier.com/S0927-796X(25)00213-X/sbref116
http://refhub.elsevier.com/S0927-796X(25)00213-X/sbref117
http://refhub.elsevier.com/S0927-796X(25)00213-X/sbref118
http://refhub.elsevier.com/S0927-796X(25)00213-X/sbref119
http://refhub.elsevier.com/S0927-796X(25)00213-X/sbref119
http://refhub.elsevier.com/S0927-796X(25)00213-X/sbref120
http://refhub.elsevier.com/S0927-796X(25)00213-X/sbref121
http://refhub.elsevier.com/S0927-796X(25)00213-X/sbref122
http://refhub.elsevier.com/S0927-796X(25)00213-X/sbref122
http://refhub.elsevier.com/S0927-796X(25)00213-X/sbref123
http://refhub.elsevier.com/S0927-796X(25)00213-X/sbref123
http://refhub.elsevier.com/S0927-796X(25)00213-X/sbref124
http://refhub.elsevier.com/S0927-796X(25)00213-X/sbref125
http://refhub.elsevier.com/S0927-796X(25)00213-X/sbref125
http://refhub.elsevier.com/S0927-796X(25)00213-X/sbref126
http://refhub.elsevier.com/S0927-796X(25)00213-X/sbref127
http://refhub.elsevier.com/S0927-796X(25)00213-X/sbref127
http://refhub.elsevier.com/S0927-796X(25)00213-X/sbref128
http://refhub.elsevier.com/S0927-796X(25)00213-X/sbref128
http://refhub.elsevier.com/S0927-796X(25)00213-X/sbref129
http://refhub.elsevier.com/S0927-796X(25)00213-X/sbref129
http://refhub.elsevier.com/S0927-796X(25)00213-X/sbref130
http://refhub.elsevier.com/S0927-796X(25)00213-X/sbref130
http://refhub.elsevier.com/S0927-796X(25)00213-X/sbref131
http://refhub.elsevier.com/S0927-796X(25)00213-X/sbref131
http://refhub.elsevier.com/S0927-796X(25)00213-X/sbref132
http://refhub.elsevier.com/S0927-796X(25)00213-X/sbref132
http://refhub.elsevier.com/S0927-796X(25)00213-X/sbref133
http://refhub.elsevier.com/S0927-796X(25)00213-X/sbref133
http://refhub.elsevier.com/S0927-796X(25)00213-X/sbref134
http://refhub.elsevier.com/S0927-796X(25)00213-X/sbref135
http://refhub.elsevier.com/S0927-796X(25)00213-X/sbref136
http://refhub.elsevier.com/S0927-796X(25)00213-X/sbref137
http://refhub.elsevier.com/S0927-796X(25)00213-X/sbref137
http://refhub.elsevier.com/S0927-796X(25)00213-X/sbref138
http://refhub.elsevier.com/S0927-796X(25)00213-X/sbref138
http://refhub.elsevier.com/S0927-796X(25)00213-X/sbref139
http://refhub.elsevier.com/S0927-796X(25)00213-X/sbref139
http://refhub.elsevier.com/S0927-796X(25)00213-X/sbref140
http://refhub.elsevier.com/S0927-796X(25)00213-X/sbref141
http://refhub.elsevier.com/S0927-796X(25)00213-X/sbref141
http://refhub.elsevier.com/S0927-796X(25)00213-X/sbref142
http://refhub.elsevier.com/S0927-796X(25)00213-X/sbref142
http://refhub.elsevier.com/S0927-796X(25)00213-X/sbref143
http://refhub.elsevier.com/S0927-796X(25)00213-X/sbref143
http://refhub.elsevier.com/S0927-796X(25)00213-X/sbref144
http://refhub.elsevier.com/S0927-796X(25)00213-X/sbref145
http://refhub.elsevier.com/S0927-796X(25)00213-X/sbref145
http://refhub.elsevier.com/S0927-796X(25)00213-X/sbref146
http://refhub.elsevier.com/S0927-796X(25)00213-X/sbref147
http://refhub.elsevier.com/S0927-796X(25)00213-X/sbref147
http://refhub.elsevier.com/S0927-796X(25)00213-X/sbref148
http://refhub.elsevier.com/S0927-796X(25)00213-X/sbref148
http://refhub.elsevier.com/S0927-796X(25)00213-X/sbref149
http://refhub.elsevier.com/S0927-796X(25)00213-X/sbref149
http://refhub.elsevier.com/S0927-796X(25)00213-X/sbref150
http://refhub.elsevier.com/S0927-796X(25)00213-X/sbref151
http://refhub.elsevier.com/S0927-796X(25)00213-X/sbref151
http://refhub.elsevier.com/S0927-796X(25)00213-X/sbref152
http://refhub.elsevier.com/S0927-796X(25)00213-X/sbref152
http://refhub.elsevier.com/S0927-796X(25)00213-X/sbref153
http://refhub.elsevier.com/S0927-796X(25)00213-X/sbref154
http://refhub.elsevier.com/S0927-796X(25)00213-X/sbref155
http://refhub.elsevier.com/S0927-796X(25)00213-X/sbref156
http://refhub.elsevier.com/S0927-796X(25)00213-X/sbref157
http://refhub.elsevier.com/S0927-796X(25)00213-X/sbref157
http://refhub.elsevier.com/S0927-796X(25)00213-X/sbref158
http://refhub.elsevier.com/S0927-796X(25)00213-X/sbref158
http://refhub.elsevier.com/S0927-796X(25)00213-X/sbref159
http://refhub.elsevier.com/S0927-796X(25)00213-X/sbref160
http://refhub.elsevier.com/S0927-796X(25)00213-X/sbref160
http://refhub.elsevier.com/S0927-796X(25)00213-X/sbref161
http://refhub.elsevier.com/S0927-796X(25)00213-X/sbref161
http://refhub.elsevier.com/S0927-796X(25)00213-X/sbref162
http://refhub.elsevier.com/S0927-796X(25)00213-X/sbref163
http://refhub.elsevier.com/S0927-796X(25)00213-X/sbref164
http://refhub.elsevier.com/S0927-796X(25)00213-X/sbref165
http://refhub.elsevier.com/S0927-796X(25)00213-X/sbref165
http://refhub.elsevier.com/S0927-796X(25)00213-X/sbref166
http://refhub.elsevier.com/S0927-796X(25)00213-X/sbref166
http://refhub.elsevier.com/S0927-796X(25)00213-X/sbref167
http://refhub.elsevier.com/S0927-796X(25)00213-X/sbref167
http://refhub.elsevier.com/S0927-796X(25)00213-X/sbref168
http://refhub.elsevier.com/S0927-796X(25)00213-X/sbref168
http://refhub.elsevier.com/S0927-796X(25)00213-X/sbref169
http://refhub.elsevier.com/S0927-796X(25)00213-X/sbref170
http://refhub.elsevier.com/S0927-796X(25)00213-X/sbref170
http://refhub.elsevier.com/S0927-796X(25)00213-X/sbref171
http://refhub.elsevier.com/S0927-796X(25)00213-X/sbref172
http://refhub.elsevier.com/S0927-796X(25)00213-X/sbref173
http://refhub.elsevier.com/S0927-796X(25)00213-X/sbref173
http://refhub.elsevier.com/S0927-796X(25)00213-X/sbref174
http://refhub.elsevier.com/S0927-796X(25)00213-X/sbref174
http://refhub.elsevier.com/S0927-796X(25)00213-X/sbref175
http://refhub.elsevier.com/S0927-796X(25)00213-X/sbref175
http://refhub.elsevier.com/S0927-796X(25)00213-X/sbref176
http://refhub.elsevier.com/S0927-796X(25)00213-X/sbref177
http://refhub.elsevier.com/S0927-796X(25)00213-X/sbref178
http://refhub.elsevier.com/S0927-796X(25)00213-X/sbref178
http://refhub.elsevier.com/S0927-796X(25)00213-X/sbref179
http://refhub.elsevier.com/S0927-796X(25)00213-X/sbref179
http://refhub.elsevier.com/S0927-796X(25)00213-X/sbref180
http://refhub.elsevier.com/S0927-796X(25)00213-X/sbref180
http://refhub.elsevier.com/S0927-796X(25)00213-X/sbref181
http://refhub.elsevier.com/S0927-796X(25)00213-X/sbref181
http://refhub.elsevier.com/S0927-796X(25)00213-X/sbref182
http://refhub.elsevier.com/S0927-796X(25)00213-X/sbref182
http://refhub.elsevier.com/S0927-796X(25)00213-X/sbref183
http://refhub.elsevier.com/S0927-796X(25)00213-X/sbref184
http://refhub.elsevier.com/S0927-796X(25)00213-X/sbref184
http://refhub.elsevier.com/S0927-796X(25)00213-X/sbref185
http://refhub.elsevier.com/S0927-796X(25)00213-X/sbref185
http://refhub.elsevier.com/S0927-796X(25)00213-X/sbref186


[187] B. Yu, P. Wang, P. Zhao, X. Song, M.J. SaGong, H.S. Kim, Eng. Fail. Anal. 174 
(2025) 109480.

[188] D. Tang, X. He, B. Wu, L. Dang, H. Xin, Y. Li, Mater. Sci. Eng. A 876 (2023) 
145112.

[189] D. Tang, X. He, B. Wu, X. Wang, T. Wang, Y. Li, Theor. Appl. Fract. Mech. 119 
(2022) 103322.

[190] V. Nesterenkov, S. Akhonin, I. Klochkov, V. Matviichuk, V. Berezos, S. Motrunich, 
Weld. World 69 (2025) 717–725.

[191] F. Zakir, A.K. Syed, X. Zhang, A.E. Davis, V.K. Sahu, A.E. Caballero, R. Biswal, P. 
B. Prangnell, S. Williams, Addit. Manuf. 105 (2025) 104785.

[192] M.S. Yasin, A. Jam, M. Habibnejad-Korayem, M. Haghshenas, S. Shao, 
N. Shamsaei, Int. J. Fatigue 187 (2024) 108426.

[193] B. Wu, J. Huang, G. Yang, Y. Ren, S. Zhou, D. An, Surf. Coat. Technol. 446 (2022).
[194] M. Bezuidenhout, G. Ter Haar, T. Becker, S. Rudolph, O. Damm, N. Sacks, Mater. 

Today Commun. 25 (2020) 101396.
[195] S. Aguado-Montero, C. Navarro, J. Vázquez, F. Lasagni, S. Slawik, J. Domínguez, 

Int. J. Fatigue 154 (2022).
[196] H. Soyama, C. Kuji, Surf. Coat. Technol. 451 (2022) 129047.
[197] W. Eric, E. Claus, S. Shafaqat, W. Frank, Adv. Mater. Res. 816–817 (2013) 

134–139.
[198] T.H. Becker, N.M. Dhansay, G.M.Ter Haar, K. Vanmeensel, Acta Mater. 197 

(2020) 269–282.
[199] Y. Zhai, D.A. Lados, E.J. Brown, G.N. Vigilante, Int. J. Fatigue 93 (2016) 51–63.
[200] Y. Xie, M. Gong, Q. Zhou, Q. Li, F. Wang, X. Zeng, M. Gao, Mater. Sci. Eng. A 826 

(2021) 141942.
[201] Y. Xie, M. Gao, F. Wang, C. Zhang, K. Hao, H. Wang, X. Zeng, Mater. Sci. Eng. A 

709 (2018) 265–269.
[202] M. Kahlin, H. Ansell, J. Moverare, Int. J. Fatigue 155 (2022) 106608.
[203] B.L. Boyce, R.O. Ritchie, Eng. Fract. Mech. 68 (2001) 129–147.
[204] Z.H. Jiao, R.D. Xu, H.C. Yu, X.R. Wu, Procedia Struct. Integr. 7 (2017) 124–132.
[205] P. Kumar, U. Ramamurty, Acta Mater. 169 (2019) 45–59.
[206] M. Tarik Hasib, H.E. Ostergaard, X. Li, J.J. Kruzic, Int. J. Fatigue 142 (2021) 

105955.
[207] T.H. Becker, P. Kumar, U. Ramamurty, Acta Mater. 219 (2021) 117240.
[208] V. Cain, L. Thijs, J. Van Humbeeck, B. Van Hooreweder, R. Knutsen, Addit. 

Manuf. 5 (2015) 68–76.
[209] H.R. Sandgren, Y. Zhai, D.A. Lados, P.A. Shade, J.C. Schuren, M.A. Groeber, 

P. Kenesei, A.G. Gavras, Addit. Manuf. 12 (2016) 132–141.
[210] M. Seifi, A. Salem, D. Satko, J. Shaffer, J.J. Lewandowski, Int. J. Fatigue 94 

(2017) 263–287.
[211] E. Lorant, Effect of Microstructure on Mechanical Properties of Ti-6Al-4V 

Structures Made by Additive Layer Manufacturing, Cranfield University, 2010.
[212] Y. Xie, M. Gong, Z. Luo, Q. Li, M. Gao, F. Wang, X. Zeng, G. Wang, Mater. Charact. 

177 (2021) 111183.
[213] R. VanSickle, D. Foehring, H.B. Chew, J. Lambros, Mater. Sci. Eng. A 795 (2020) 

139993.
[214] J. Zhang, X. Zhang, X. Wang, J. Ding, Y. Traoré, S. Paddea, S. Williams, Mater. 
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