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Abstract 
The room and high temperature (up to 600 °C) mechanical properties, with emphasis on the fracture 
toughness and fatigue resistance, of an α/β titanium alloy that was additively manufactured using the 
laser powder bed fusion (LPBF) technique were evaluated in the as-printed (α’ lath martensite with 
negligible β phase content) and heat-treated (α/β structure with a significant volume fraction of the β 
phase) states for critically examining the β phase's role in the fracture and fatigue behavior (given the 
significantly higher diffusion rates of various species in β compared to α). Experimental results reveal 
that the heat-treated sample exhibits superior ductility and fracture initiation toughness at elevated 
temperatures, compared to the as-printed sample, due to the presence of β ligaments in the former. 
They also prevent strain localization along the prior β grain boundaries, and their absence in the as-
printed state leads to cracking along those boundaries. While the fatigue crack growth (FCG) rates in 
both the as-printed and heat-treated samples deteriorated with increasing temperature, the threshold 
for FCG generally increased, which is attributed to creep-induced crack tip blunting. Moreover, a 
double Paris exponent phenomenon is observed for the heat-treated sample at 300 °C, attributed to 
the hydrogen-assisted crack growth, with β phase providing an accelerated diffusion pathway. Overall, 
the experimental results and their analyses illustrate the intricate relationship between creep, 
hydrogen diffusion, and the β phase in dictating the fracture behavior of LPBF α/β titanium at elevated 
temperatures. 
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1. Introduction 
Additive manufacturing (AM) of a wide range of α- to β-based Ti alloy structural components, using 
techniques such as laser Powder Bed Fusion (LPBF), has been extensively explored for aerospace and 
biomedical industrial applications, where considerations such as weight reduction and bespoke 
design are important [[1], [2], [3], [4], [5], [6], [7], [8], [9], [10], [11], [12], [13]]. While Ti-6Al-4V (α/β Ti) 
is the most widely studied LPBF Ti alloy [[14], [15], [16]], the insights gained are not limited to it alone, 
but can be extended to a broader spectrum of the α/β variants and are even applied to near-α alloys. 
The high cooling rates and directional solidification, inherent to the LPBF process, result in the 
formation of α’ martensite within the columnar prior β grains, accompanied by prevalent lattice 
defects [[17], [18], [19]]. This microstructure often offers higher strength at the cost of ductility vis-à-
vis conventionally manufactured (CM) and mill-annealed Ti-6Al-4V. The reported mode I fracture 
toughness, K IC, values in the as-printed (AP) state are also typically lower (in the range of 16 – 67 
MPa√m [2,20,21]), in comparison to those of wrought Ti-6Al-4V (30 – 100 MPa√m) [22]. Some studies 
attribute the reduced ductility of LPBF Ti-6Al-4V to the partial decomposition of α’ microstructure 
containing a limited amount of isolated thin β lamellae [7,23,24]. These observations find support in 
the in-situ X-ray diffraction results of Zhang et al. [25], where the nano-scale β phase exhibited much 
greater lattice strain than the α/α’ matrix, while the lattice strain difference between the fully 
transformed α and β phases was significantly reduced. Kumar and Ramamurty demonstrated that 
through a duplex heat treatment performed at sub-β transus temperatures, a K IC of ∼100 MPa√m for 
LPBF Ti-6Al-4V could be achieved [3]. 
Ti alloys also exhibit both high specific strength and corrosion resistance at intermediate 
temperatures, up to 600 °C, depending on their α/β stability. For instance, the α/β Ti alloys like Ti-62222, 
Ti-5524S, or Ti-17 can be utilized up to ∼400 °C [26]. In contrast, the near-α Ti alloys (also containing 
α and β, but β-stabilized to a lesser degree), such as TA15, Ti-6242S, IMI 834 and Ti-1100, can operate 
up to 600 °C [8,[27], [28], [29]]. Performance of these alloys have also been proven in the context of 
LPBF; Zhu et al., for example, demonstrated that heat-treated Ti-6242S possesses high room and 
elevated temperature (500 °C) yield strengths (YS) of 992 and 706 MPa, respectively [6]. Fleißner-
Rieger et al. found that heat-treated LPBF Ti-6242S exhibited substantially improved strength at 250 
and 500 °C, compared to its cast and annealed counterpart [30]. Furthermore, TiC/graphene-
reinforced Ti-6Al-4V composites was found to exhibit higher yield strengths than those of the Ti-6Al-
4V alloy up to 600 °C [31]. Zhang et al. reported that after heat treatment, the activation of pyramidal 
<c + a> slip systems at 500 °C in LPBF TA15 effectively reduced strain localization and the propensity 
for cracking during mechanical loading [13]. Beyond 600 °C, the mechanisms of (i) substantial brittle 
oxide scale formation, which can also rupture on its own [32,33], and (ii) excessive interstitial oxygen 
ingress/diffusion, which leads to embrittlement with less than 1 at.% oxygen concentration 
[[33], [34], [35]], result in the deterioration of the mechanical properties of Ti alloys, limiting their 
applicability. 
During the plastic deformation of the α/β Ti alloys, strain primarily accumulates in the β ligaments, as 
demonstrated in studies on Ti-6242S [6], TA15 [8], and TiB-reinforced Ti-6Al-4V [36]. In instances 
where the volume fraction of the prior β ligament is negligible, cracking along the prior β boundary has 
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been observed in LPBF TA15 that was tensile tested at 500 °C [8]. Such cracking is also influenced by 
the test temperature. Fractography on the Ti-6Al-4V samples tensile tested at 350 and 450 °C 
indicates ductile fracture characteristics (Ultimate Tensile Strength (UTS) ∼ 832 – 927 MPa), while at 
550 °C (UTS ∼ 535 – 573 MPa), the surfaces exhibit intergranular fractures along the prior β boundaries 
[37]. The addition of 2 vol% TiB to Ti-6Al-4V effectively eliminates the prior β boundary cracks after 
creep rupture [36]. This elimination is attributed to the load transfer effect facilitated by the widely 
distributed TiB whisker clusters, where strain accumulation can be delocalized [38]. 
Other high-temperature degradation modes were also studied for LPBF Ti alloys. Unnotched fatigue 
tests performed at 400 °C showed that LPBF Ti-6Al-4V exhibits higher cyclic softening compared to 
that at room temperature, leading to faster crack growth [39]. Residual stress significantly influences 
the unnotched fatigue properties at 300 °C [40]. Moreover, manufacturing defects continue to 
adversely affect these properties up to 650 °C [40,41]. Spigarelli et al. performed creep tests on LPBF 
Ti-6Al-4V at 500 – 650 °C, showing that the creep was climb controlled [42]. 
Prior studies on the high-temperature mechanical responses of LPBF Ti alloys have predominantly 
focused on examining the tensile properties using unnotched specimens. A comprehensive 
understanding of the structure-property correlations, particularly concerning the unique LPBF 
microstructure's influence on the damage tolerance attributes such as fracture toughness and fatigue 
crack growth (FCG) resistance at elevated temperatures, is yet to be developed. This is surprising, 
especially given the well-established use of conventionally manufactured counterparts of these 
alloys in high-temperature applications. With this in mind, a detailed investigation of the mechanical 
performance of a LPBF α/β alloy was performed, considering both (a) temperature and (b) 
microstructure before and after heat treatment. We evaluated uniaxial tensile properties, mode I 
fracture toughness, and FCG characteristics of these materials at room temperature, 300, 500, and 
600 °C in two distinct alloy states: as-printed (featuring α’ martensitic laths) and post-dissolution heat 
treatment (aimed at precipitating β ligaments while retaining the primary lath size). The β phase, 
known for its higher diffusivity compared to the α phase, can lead to significant differences in behavior 
at elevated temperatures where diffusion becomes a critical factor [43]. Hence, this investigation 
presents a detailed exploration of a LPBF α/β alloy (Ti-6Al-3Mo-1Zr (wt.%))’s mechanical behavior at 
high temperatures. Note that this alloy's composition varies with that of widely explored α/β Ti alloy: 
Ti-6Al-4V. The use of Mo in place of V is expected to improve the high-temperature properties, due to 
its relatively larger atomic size and slower diffusivity. However, the overall nature of fracture behavior 
and microstructural evolution with temperature are expected to be generally applicable to all α/β Ti 
alloys. 
2. Materials and experiments 
2.1. Materials 
The Ti-6Al-3Mo-1Zr (wt.%) alloy blocks examined in this study were fabricated on a Ti-6Al-4V substrate 
using a commercially available LPBF machine (EOSINT 280), equipped with a Yb:YAG fiber laser with 
the following specifications: (1) wavelength: 1060 - 1100 nm, (2) spot diameter: 80 μm, (3) maximum 
power: 400 W, and (4) Gaussian power distribution. The process took place in an argon environment 
(with the oxygen content controlled to below 1000 ppm to limit sample contamination). The pre-
alloyed powder employed for sample fabrication was produced through the electrode induction-
melting inert gas atomization (EIGA) process, resulting in a spherical morphology as illustrated in 
Figure S1 of the Supplementary Information (SI). The powder has a size distribution ranging from 15 to 
53 μm, with a median size (D50) of ∼32 μm. 

https://www.sciencedirect.com/science/article/pii/S1359645424005615?via%3Dihub#bib0008
https://www.sciencedirect.com/science/article/pii/S1359645424005615?via%3Dihub#bib0037
https://www.sciencedirect.com/science/article/pii/S1359645424005615?via%3Dihub#bib0036
https://www.sciencedirect.com/science/article/pii/S1359645424005615?via%3Dihub#bib0038
https://www.sciencedirect.com/science/article/pii/S1359645424005615?via%3Dihub#bib0039
https://www.sciencedirect.com/science/article/pii/S1359645424005615?via%3Dihub#bib0040
https://www.sciencedirect.com/science/article/pii/S1359645424005615?via%3Dihub#bib0040
https://www.sciencedirect.com/science/article/pii/S1359645424005615?via%3Dihub#bib0041
https://www.sciencedirect.com/science/article/pii/S1359645424005615?via%3Dihub#bib0042
https://www.sciencedirect.com/science/article/pii/S1359645424005615?via%3Dihub#bib0043


The fabrication process involved a stripe scanning strategy (stripe width of 5 mm and stripe overlap of 
120 μm), schematically illustrated in Fig. 1a, along with a 67° clockwise rotation after the completion 
of each layer. Prior optimization of the LPBF process parameters resulted in the utilization of the 
following settings: (1) laser power, P: 170 W, (2) scanning speed, v: 1050 mm/s, (3) layer thickness, t: 
30 μm, and (4) hatch spacing, d: 100 μm. These process parameters translated to a volumetric energy 
density, Ed=P/(v × d × t), of ∼54.0 J/mm3. 
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Fig. 1. Schematics of (a) stripe scanning strategy, (b) relative orientation of tensile and C(T) specimens 
to the substrate, and the dimensions of (c) tensile and (d) C(T) specimens. 
Two types of blocks were manufactured and wire-cut to achieve the required final dimensions. The 
first set are 30 mm in length, 7 mm in width, and 6 mm in height and were machined into tensile 
coupons for the purpose of conducting tensile tests. The second set are 32 mm in length, 32 mm in 
width, and 15 mm in height. These blocks were machined into compact tension C(T) specimens 
(thickness (B) 12 mm and width (W) 24 mm), for evaluating the material's FCG and fracture toughness 
properties. The schematic orientation of these specimens in relation to the substrate is illustrated 
in Fig. 1b, while the dimensions of the tensile and C(T) specimens are provided in Figs. 1c and d, 
respectively. Additionally, a subset of these specimens was vacuum heat treated at 800 °C for 2 h, 
followed by furnace cooling, so as to transform the microstructure consisting of the acicular α’ phase 
in the as-printed state to a lath α + inter-lath β phase microstructure, such that the effect of β phase 
on the overall fracture behavior can be probed. Hereafter, the as-printed and heat-treated samples 
will be referred to as AP and HT, respectively, followed by the temperature at which they were tested. 
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For example, AP-RT and HT-500 refer to the as-printed sample tested at room temperature and heat-
treated sample tested at 500 °C, respectively. Subsequent micrographical analysis confirmed that the 
AP and HT samples have a relative density exceeding 99.9 %. Representative micrographs are shown 
in Figure S2, illustrating the types of defects found in the specimens, mainly lack-of-fusion defects 
and gas pores, with negligible presence of keyhole pores. The minimal porosity content has negligible 
effects on the fracture behavior as the study does not include unnotched fatigue tests. 
Inductively Coupled Plasma Optical Emission Spectroscopy analysis, as well as Inert Gas Fusion 
experiments were performed for evaluating the oxygen and hydrogen contents in the AP and HT 
samples, for identifying the differences in chemical compositions, if any, after heat treatment, which 
were found to be negligible, as shown in Table 1. 
Table 1. Chemical composition of the Ti-6Al-3Mo-1Zr alloys (wt.%) in AP and HT states. 

Sample Al Mo Zr O H Ti 

AP 5.88 3.06 0.96 0.16 0.0045 Bal. 

HT 5.86 3.05 0.95 0.16 0.0044 Bal. 

2.2. Experiments 
The surfaces intended for microstructural analysis were mirror-polished using successively finer SiC 
papers, followed by 3 μm diamond and 0.04 μm SiO2 + H2O2 suspensions. Subsequent observations 
were conducted on these surfaces using optical microscopy (OM) and scanning electron microscopy 
(SEM). Additionally, electron backscatter diffraction (EBSD) scanning was performed to investigate 
the microstructural characteristics. This process utilized an Aztec HKL Oxford detector integrated with 
SEM, employing a maximum step size of 0.5 μm. X-ray diffraction (XRD) was performed on the 
prepared surface using the Cu-Kα radiation (λ = 1.54056 Å). Some samples were further processed 
using a twin-jet electropolisher for transmission electron microscopy (TEM) studies for characterizing 
the nanoscale features, with imaging modes including high-resolution TEM (HR-TEM), selected area 
electron diffraction (SAED), High-angle annular dark-field scanning transmission electron microscopy 
(HAADF-STEM), and STEM-energy-dispersive X-ray spectrometry (EDX). 
Uniaxial tensile, fracture toughness, and FCG tests were conducted at room temperature (RT, ∼25 °C), 
300, 500, and 600 °C. Tensile tests were performed with a crosshead velocity of 0.72 mm/min on a 
universal testing machine (UTM) equipped with a furnace and video extensometer, following the ASTM 
standard E8/E8M-22 [44]. The samples were held for 15 min at the intended test temperature before 
testing, and a minimum of three tensile samples were examined for each condition. The K IC and FCG 
measurements were performed on at least two C(T) specimens. Prior to K IC measurements, the 
samples were subjected to fatigue pre-cracking in accordance with the ASTM standards E399–23 [45] 
and E647–23a [46]. This involved using a servo-hydraulic UTM to achieve an a/W ratio of approximately 
0.45 – 0.55, where a is the crack length and W is the width of the specimen. A tensile load with a 
sinusoidal waveform at a frequency of 10 Hz and a load ratio (R) of 0.1 was applied to the samples. 
Both the surfaces of the C(T) specimens were mirror polished prior to testing, which enabled the 
monitoring of crack growth through a camera, affixed to a long-distance optical microscope, capable 
of 60X magnification. Following the pre-cracking process, the specimens were quasi-statically pulled 
until fracture at a displacement rate of 0.002 mm/s. A soaking time of 1.5 h was utilized before 
conducting K IC and FCG measurements for each specific temperature condition. A significantly 
longer soaking time (compared to that used in the tensile tests) was employed for the following two 
reasons: 1) The C(T) specimens are thicker, 2) To ensure that the FCG tests, which are prolonged in 
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nature, are minimally affected by any in-operando phase transformations, such that the data points 
within a particular test condition are cross-comparable, and 3) in cognizance of the fact that FCG in 
actual service situations happens over a prolonged service time. 
The load shedding method, in accordance with the ASTM E647–23a standard [46], was employed to 
determine the threshold stress intensity factor range for fatigue crack initiation (ΔKo). For 
ΔKo measurements, the applied stress intensity factor range (ΔK) was incrementally reduced by ∼5 % 
after every 0.2 mm of crack growth until the crack growth rate per cycle, da/dN, is below ∼2 × 
10−10 m/cycle. The specific ΔK value at which this criterion was met was designated as ΔKo. In this 
procedure, the data obtained from da/dN vs. ΔK during the steady-state crack growth regime were 
fitted with the Paris equation: da/dN = C(ΔK)m, where C and m represent material properties and are 
respectively referred to as the Paris constant and Paris exponent. 
Postmortem analyses were carried out on the fractured tensile, fatigue pre-cracked C(T), and mode-I 
fractured C(T) samples using SEM and TEM. In cases where necessary, the side surfaces of the 
samples were carefully polished to eliminate the oxide layer for enhancing the backscatter electron 
(BE) image contrast in SEM. 
3. Results 
3.1. Phase constituent and micro-structure 
XRD patterns obtained on the AP and HT Ti-6Al-3Mo-1Zr alloy are shown in Figs. 2a and b, respectively. 
The XRD patterns following exposure at 300, 500, and 600 °C for over 60 h are also presented. The 
elevated temperature exposures were carried out after the completion of the FCG tests, specifically 
in areas considerably away from the maximum plastic zone size. The duration of this exposure is 
indicated as a range due to the variable durations of the elevated temperature FCG tests. 
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Fig. 2. Postmortem XRD analysis of (a) AP and (b) HT in the stress-free region (only exposed to the 
corresponding test temperature). 
The absence of a β phase peak in the XRD suggests a predominant α’ phase in AP-RT. Analogous to 
the response observed in Ti-6Al-4V, heat treatment above 400 °C results in the decomposition of α’ 
phase into α+β [47], as evidenced by the appearance of β peaks after AP's exposure to 600 °C and in 
the HT condition. Partial decomposition of the α’ phase in the AP sample after exposure at 500 °C is 
insufficient to result in the β phase detection by XRD. (However, this phenomenon can be observed 
via TEM; results presented in a later section.) It is noteworthy that this alloy shares the same Al 
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concentration and similar β stabilizer content as Ti-6Al-4V (where the Molybdenum equivalent for the 
4 wt.% Vanadium content is calculated to be 2.7 wt.% [4,48]). 
In Fig. 3, the representative microstructures and textures of the lath α/α’ phases and the prior β grains 
in both the AP and HT samples are displayed. Additionally, Fig. 4 provides higher magnification views 
of the same, revealing changes due to the thermal processing. A summary of the microstructural 
characteristics and length scales is provided in Table 2. The AP sample's microstructure, illustrated 
in Figs. 3a-c and Figs. 4a and b, showcases typical α’ acicular lath martensite, commonly observed in 
the α/β titanium alloys such as Ti-6Al-4V [2,47,49]. The volume fraction of the inter-lath β, estimated 
using the SEM images that are obtained under BE mode, is approximately 21.3 %. For reference, when 
heat-treated at temperatures below the β-transus temperature, it was reported that LPBF Ti-6Al-4V 
contains ∼14 to 22.5 % inter-lath β phase [3]. Upon heat treatment, discernible changes in 
microstructure become evident, characterized by the α’ phase's decomposition into lamellar α + β 
ligaments, as shown in Figs. 4c and d. This supports the inferences made from the XRD results. The 
heat treatment is specifically employed such that the general morphology of the microstructure 
remains, but with the decomposition of α’. This way, the microstructure of α/β titanium alloys unique 
to LPBF can be probed, which is without the β phase, and be compared to one that has the β phase at 
the inter-lath region. 
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Fig. 3. Representative microstructure and texture of (a-c) AP and (d-f) HT: (a, d) microstructure under 
BSE imaging mode, (b, e) grain orientation maps, and (c, f) reconstructed prior β grain orientation maps 
corresponding to (b) and (e). The inverse pole figure coloring in (b, c, e, f) corresponds to the build 
direction. 
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Fig. 4. Representative microstructure for (a, b) AP and (c, d) HT at higher magnification. 
Table 2. Summary of the microstructural statistics for AP and HT. 

Sample Constituent 
phase 

Morphology Volume fraction of 
β (vol.%) 

Average prior β 
size, λβ (μm) 

Average lath 
size, λα (μm) 

AP α’ Acicular N.A. 145.6 ± 19.7 1.7 ± 0.4 

HT α+β Lamellar 21.3 ± 0.7 156.3 ± 30.9 1.8 ± 0.4 

The grain orientation maps displayed in Fig. 3b and Fig. 3e show that the AP and HT samples have the 
Widmanstätten lath microstructure. After heat treatment, a marginal widening of the lath α/α’ 
structure can be observed, increasing from ∼ 1.7 to ∼ 1.8 μm. No recrystallization resulted from the 
heat treatment, and a similar observation is evident from the reconstructed prior β orientation map. 
Both the AP and HT samples predominantly exhibit a fiber β texture, wherein the 〈001〉 easy growth 
axis of the bcc phase aligns with the build direction (BD), as illustrated in Fig. 3c and Fig. 3f (with pole 
figure shown in Figure S3). This phenomenon, frequently encountered in LPBF, arises from the overall 
thermal gradient that runs anti-parallel to BD, and is associated with the epitaxial growth of grains in 
alloys with a low growth restriction factor [50]. The average width of the prior β grains in the AP and HT 
samples is comparable, ∼ 145.6 and ∼ 156.3 μm respectively. The fiber texture along BD corresponds 
to the presence of primary α/α’ laths oriented at around 45° to BD. This orientation relationship reflects 

https://ars.els-cdn.com/content/image/1-s2.0-S1359645424005615-gr4_lrg.jpg
https://ars.els-cdn.com/content/image/1-s2.0-S1359645424005615-gr4.jpg
https://www.sciencedirect.com/science/article/pii/S1359645424005615?via%3Dihub#fig0003
https://www.sciencedirect.com/science/article/pii/S1359645424005615?via%3Dihub#fig0003
https://www.sciencedirect.com/science/article/pii/S1359645424005615?via%3Dihub#fig0003
https://www.sciencedirect.com/science/article/pii/S1359645424005615?via%3Dihub#fig0003
https://www.sciencedirect.com/science/article/pii/S1359645424005615?via%3Dihub#bib0050


the allotropic transformation from bcc-β to hcp-α’ via a diffusionless shear mechanism and dilatation, 
adhering to the Burgers orientation relationship of {0001}α//{110}β. This transformation is driven by the 
rapid cooling rates of 103 – 105 K·s−1 during the LPBF process [16,49,51,52]. Consequently, high-
density of stacking faults, twins, and dislocations are observed in the α’ phase, arising from the 
considerable residual stresses inherent to the AP LPBF components, as evidenced by TEM images 
displayed in Figure S4. LPBF-typical α/β Ti hierarchical structures [19,53], including primary, 
secondary, ternary, and quaternary α’ martensites, can also be observed. 
3.2. Tensile properties 
Fig. 5a shows the representative tensile stress-strain responses of the AP and HT samples at various 
temperatures. From these, mechanical properties such as YS, UTS, uniform elongation (eu), and 
strain-to-failure (e f), were extracted and are summarized in Table 3. The variations in UTS, YS, 
and K IC with temperature are displayed in Fig. 5b, while Fig. 5c shows the variations in eu and e f. The 
AP sample exhibits high strength at RT (YS of ∼ 1167.7 MPa and UTS of ∼ 1281.3 MPa), similar to that 
reported on LPBF Ti-6Al-4V [2], which can be attributed to the presence of the fine α’ martensites in 
the microstructure. The enhanced strength comes at the cost of ductility (e f  ∼ 5.8 %). At 300 °C, a 
marked reduction in strength (YS ∼ 881.0 MPa, UTS ∼ 1037.6 MPa) coupled with a modest 
improvement in ductility (ef ∼ 6.9 %) were noted. Further increase of the testing temperature to 500 oC 
led to a smaller reduction (from that at 300 °C) in strength (YS ∼ 827.5 MPa, UTS ∼ 934.3 MPa), but 
without a complementary enhancement in ductility. Rather, a marginal reduction in ductility (e f ∼ 
6.3 %) was noted. At 600 °C, significant declines in both strength (YS ∼ 487.0 MPa, UTS ∼ 587.2 MPa) 
and e f  (∼ 3.8 %) were noted. 
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Fig. 5. (a) Representative engineering stress-strain curves, (b) temperature dependence of UTS, YS, 
and K IC, and (c) temperature dependence of eu and e f for AP and HT. 
Table 3. Summary of quasi-static mechanical properties for AP and HT. 

Sample Test 
Temperature 

YS 
(MPa) 

UTS 
(MPa) 

Uniform 
elongation eu (%) 

Strain to 
failure ef (%) 

Area 
under 
the 
tensile 
curve 
(MPa) 

Fracture 
Toughness, K IC/KQ (MPa√m) 

AP RT 1167.7 
± 12.9 

1281.3 
± 5.7 

3.0 ± 0.1 5.8 ± 0.6 80.9 ± 
7.1 

33.9 (32.6, 35.1) 

300 ℃ 881.0 
± 38.6 

1037.6 
± 28.3 

2.6 ± 0.2 6.9 ± 0.6 72.2 ± 
5.0 

87.6* (83.9*, 91.3*) 

500 ℃ 827.5 
± 60.0 

934.3 
± 49.3 

2.2 ± 0.1 6.3 ± 0.9 80.9 ± 
7.1 

51.6 (49.3, 53.9) 

600 ℃ 487.0 
± 50.8 

587.2 
± 41.5 

1.7 ± 0.1 3.8 ± 0.9 24.4 ± 
4.6 

29.1 (28.9, 29.3) 

HT RT 1022.3 
± 11.6 

1093.7 
± 12.2 

4.0 ± 0.3 8.8 ± 1.0 96.7 ± 
13.7 

43.9 (43.3, 44.5) 

300 ℃ 697.7 
± 10.3 

828.0 
± 7.9 

5.4 ± 0.3 15.0 ± 0.4 118.4 ± 
2.7 

90.3* (85.1*, 95.4*) 

500 ℃ 606.0 
± 17.7 

692.3 
± 17.5 

3.5 ± 0.3 16.2 ± 1.8 102.6 ± 
8.4 

74.2* (71.9*, 76.5*) 

600 ℃ 563.7 
± 20.7 

637.7 
± 1.5 

2.2 ± 0.1 16.9 ± 2.8 94.8 ± 
15.7 

47.1# 

*Plane strain conditions, as per ASTM E399, were not satisfied. 
#Single replicate test due to insufficient samples, caused by the limited build plate size and hence, 
the batch size. 
As expected, heat treatment led a decrease in strength (YS ∼ 1022.3 MPa, UTS ∼ 1093.7 MPa) at RT, 
accompanied by a significant improvement in e f  (to ∼ 8.8 %). Similar to that observed in the AP state, 
HT samples exhibit a decrease in strength at elevated temperatures, with YS ∼ 697.7 MPa and UTS ∼ 
828.0 MPa at 300 °C. Furthermore, at 500 °C, the values are YS ∼ 606.0 MPa and UTS ∼ 692.3 MPa, 
while at 600 °C, they further decrease to YS ∼ 563.7 MPa and UTS ∼ 637.7 MPa. What distinguishes 
HT from AP at elevated temperatures is the superior ef responses, along with the absence of ef dip up 
to 600 oC. For instance, there is a noteworthy 97.5 % increase (19 % in the case of AP) in e f from RT to 
300 oC, resulting in an e f of ∼ 15.0 % at 300 oC. This is followed by a marginal increment in e f  to ∼ 16.2 % 
at 500 oC, and further to ∼16.9 % at 600 oC. 
Postmortem analyses of the polished side surfaces of the tensile specimens near the fracture surface, 
as shown in Fig. 6, revealed distinct fracture behaviors of the AP and HT samples. In the AP samples, 
void nucleation along prior β boundaries that becomes more prominent with increasing test 
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temperature is noted. The formation of voids is accompanied by the appearance of β phase 
precipitation along the prior β boundaries in AP-600. Postmortem TEM analyses of AP-300, AP-500, 
and AP-600 tensile fractured specimens (taken from the uniformly elongated locations, far away from 
the fracture surface) further confirmed the occurrence of α’ decomposition and β phase precipitation 
along the grain boundaries in samples tested at both 500 and 600 °C, as illustrated in Figs. 7d-f and g-
i, respectively. The nano-sized β phase, with dimensions of approximately 3 nm in AP-500, are too 
small to be observed with SEM. The presence of the β stabilizer element, Mo, in these nano-β 
ligaments after deformation at 500 °C, was detected through STEM-EDX analysis (Fig. 7f). The 
presence of the nano-sized β ligaments after deformation at 600 °C was confirmed via SAED (Fig. 7i), 
with larger width of ∼30 nm, and additionally ∼70 nm sized β phase along the high-angle prior-β grain 
boundaries (Fig. 6d). Note that similar nano-β ligament formation was also observed in Figs. 7j-l and 
Figure S5, after exposure to 600 °C in the undeformed regions. However, there was no size disparity 
between those within the prior β grains and on the grain boundaries. This indicates that strain at high 
temperatures facilitates the diffusion of Mo and hence, growth of that β ligaments that are located at 
the prior β boundaries. In contrast, decomposition of α’ is minimal in AP-300, as indicated by the 
negligible Mo segregation (Fig. 7c). This finding suggests that the diffusion kinetics at 500 °C and above 
are sufficiently high, especially along high-angle prior-β grain boundaries, which facilitate stress-
induced void nucleation that is enhanced by diffusion. By corollary, the absence of void nucleation at 
300 °C is attributed to the slower diffusion kinetics at that temperature. This transition temperature 
aligns with prior literature that indicates the occurrence of α’ decomposition in Ti-6Al-4V above 400 °C 
[47]. 

https://www.sciencedirect.com/science/article/pii/S1359645424005615?via%3Dihub#fig0007
https://www.sciencedirect.com/science/article/pii/S1359645424005615?via%3Dihub#fig0007
https://www.sciencedirect.com/science/article/pii/S1359645424005615?via%3Dihub#fig0007
https://www.sciencedirect.com/science/article/pii/S1359645424005615?via%3Dihub#fig0006
https://www.sciencedirect.com/science/article/pii/S1359645424005615?via%3Dihub#fig0007
https://www.sciencedirect.com/science/article/pii/S1359645424005615?via%3Dihub#fig0007
https://www.sciencedirect.com/science/article/pii/S1359645424005615?via%3Dihub#bib0047


 
1. Download: Download high-res image (2MB) 
2. Download: Download full-size image 

Fig. 6. Postmortem analysis on the polished side surface of tensile fractured (a-d) AP and (e-h) HT, 
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tested at (a, e) RT, (b, f) 300 °C, (c, g) 500 °C, and (d, h) 600 °C. 
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Fig. 7. Postmortem TEM analysis of (a-c) AP-300, (d-f) AP-500, and (g-i) AP-600 samples at regions with 
uniform elongation, and (j-l) AP-600 samples from the grip section (without deformation): (a-b, d-e, g-
h, j-l) HAADF images at different magnifications. (c) and (f) correspond to the STEM-EDX of (b) and (e). 
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(i) HR-TEM of the highlighted region in (h), with inset showing the SAED pattern of β phase. 
Observations made on the side surfaces of the tensile tested HT samples indicated minimal voids. 
Moreover, there appears to be no specific preference for the nucleation of the few that were observed 
(Figs. 6e-h). This stark contrast in the preferential sites of void nucleation between the AP and HT 
samples offers a rationale for the early failure observed in the AP samples at elevated temperatures. 
This phenomenon further substantiates HT samples’ improvement in e f upon the increase in the test 
temperature from 300 to 600 oC, which is in contrast to the deterioration observed in the AP state. In 
particular, void nucleation along prior β boundaries is ubiquitous in AP-600, whereas it could be hardly 
observed in HT-600. 
Results of the postmortem TEM analyses of HT-300, HT-500, and HT-600, as well as untested HT, are 
shown in Fig. 8. The microstructure of the samples remains unchanged, even after high-temperature 
tests. This is because the testing temperatures are well below the aging temperature of 800 °C. The 
observation of β-ligament evolution in AP and HT samples at different test temperatures provides a 
rationale for the observed trend in YS. The high-temperature strength of β Ti is known to be inferior to 
that of α Ti [54]. Hence, YS of AP samples sharply drops (by ∼41 %) between 500 and 600 °C, due to 
the significant in-situ precipitation of the β phase at 600 °C. In contrast, the HT samples exhibit a more 
gradual reduction in strength due to the stable microstructure within the test temperature range. 
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Fig. 8. TEM-HAADF analysis of (a) HT (before deformation), (b) HT-300, (c) HT-500, and (d) HT-600 
samples at regions with uniform elongation. 
3.3. Fracture toughness 
To investigate the influence of temperature and heat treatment on fracture toughness, K IC was 
experimentally assessed for both AP and HT samples under different temperature conditions, and the 
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results are provided in Table 3. Representative load versus crack mouth opening displacement 
(CMOD) data is given in Figure S6, illustrating predominantly linear loading characteristics until 
fracture. Note that the AP samples tested at 300 oC as well as the HT ones tested at 300 and 500 oC 
do not satisfy the plane strain conditions, as specified by the ASTM standard E399–23 [45]. 
Nevertheless, the largest estimated plane strain plastic zone size (1.78 mm in HT-300) is only about 
one-seventh of the specimen thickness (B). This aligns with findings in a prior study on Ti-6Al-4V (see 
Footnote 1 in the paper) [3], where the conditional fracture toughness (KQ) values were deemed close 
to the K IC values for samples exhibiting linear loading characteristics. As a result, the comparison of 
fracture toughness will be conducted across all material testing conditions using KQ/K IC values. 
The AP sample exhibited a low fracture toughness of 33.9 MPa√m at RT, which is consistent with the 
material's limited ductility. This value significantly improves to around 87.6 MPa√m at 300 °C, but then 
declines by 41.1 % to 51.6 MPa√m at 500 °C and drops further by 43.6 % to 29.1 MPa√m at 600 °C, 
which is even below that at RT. A similar trend is observed for the HT samples, with an increase from 
43.9 MPa√m at RT to 90.3 MPa√m at 300 oC, followed by a 17.8 % decrease to 74.2 MPa√m at 500 °C 
and a further 36.5 % decline to 47.1 MPa√m at 600 °C. Overall, the deterioration of fracture toughness 
from 300 to 600 °C is far less pronounced for the HT samples. Given the similar tensile responses of 
HT-500 and HT-600, external factors such as oxygen and moisture are the most probable sources that 
induce embrittlement at 600 °C. By increasing the temperature from 500 to 600 °C, it was shown that 
the oxygen uptake due to the formation of oxide and diffusion into the material can be an order of 
magnitude higher for Ti-6Al-4V [33], thereby causing significant embrittlement of an α/β Ti alloy. 
Representative fractographs corresponding to each sample, obtained from the fractured region 
immediately ahead of the fatigue pre-crack tip, are displayed in Fig. 9, with a higher magnification 
image shown in Figure S7. These images reflect the fracture toughness characteristics. For instance, 
the AP-RT sample (having poor fracture toughness ∼33.9 MPa√m) exhibits a relatively flat fracture 
morphology (Fig. 9a). While AP-600, HT-RT and HT-600 exhibit corrugated fracture morphologies, 
shown respectively in Figs. 9d, e and h, their fracture surfaces resemble either cleavage fracture 
patterns (Figures S7 d and e, for AP-600 and HT-RT, respectively) or quasi-cleavage fractures with 
shallow dimples (Figure S7 h for HT-600), corresponding to their lower fracture toughness (<47.1 
MPa√m). In contrast, all the samples with fracture toughness values exceeding 51.6 MPa√m (AP-300, 
HT-300, AP-500, and HT-500) display both corrugated fracture morphology (Figs. 9b, f, c, and g, 
respectively) and deep dimpled surfaces (Figures S7 b, f, c, and g, respectively), indicative of a ductile 
failure mode. The corrugation features on the surfaces align well with the length scale of the prior β 
grains. 
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Fig. 9. Representative fractographs of (a-d) AP and (e-h) HT, tested at (a, e) RT, (b, f) 300 °C, (c, g) 500 °C, 
and (d, h) 600 °C. 
The side surfaces of the C(T) specimens were polished postmortem and observed at locations 
immediately ahead of the fatigue crack tip and below the fracture surface, as illustrated in Fig. 10. The 
observed features closely resemble those made on the side surfaces of the tensile tested specimens 
(Figs. 6a-d for AP and Figs. 6e-h for HT). Significant void nucleation is apparent in both AP-500 and AP-
600 along the prior β grain boundaries (More SEM observations of prior β boundary void nucleation in 
AP-600 can be made from Figures S8). In contrast, HT-300, HT-500, and HT-600 exhibit fine and 
spherical void formation away from the fractured surface. While multiple voids are present, they are 
relatively small (∼0.7 µm) and rounded, and do not appear to occur only along the prior β boundaries. 
Thus, the distributed void formation in these cases does not appear to facilitate crack propagation 
along the prior β grain boundaries. 
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Fig. 10. Observation of overload fractures in (a-d) AP and (e-h) HT, taken from the polished side surface 
at the middle section (plane-strain region) of C(T) specimens. Tests were performed at different 
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temperatures: (a, e) RT, (b, f) 300 °C, (c, g) 500 °C, and (d, h) 600 °C. 
3.4. Fatigue crack growth 
The FCG rates as a function of ΔK, measured at different temperatures, are presented in Figs. 11a and 
b for AP and HT samples, respectively. Additionally, the FCG curves for AP and HT at RT, 300, 500, and 
600 °C are plotted respectively in Fig. 11c-f, to facilitate easy comparison. The values of m and ΔΚo, 
estimated from such plots, are summarized in Table 4. Irrespective of whether it is AP or HT, an 
increase in temperature resulted in a deterioration of FCG resistance within the Paris regime. This is 
evident in the upward shift of the curves with increasing temperature. Meanwhile, the m values of both 
the AP and HT samples decrease with increasing temperature, to the degree that they fall outside the 
typical range of 2–4 (common for most metals at room temperature [55]) at 500 and 600 °C, which is 
a desirable characteristic as it indicates a slower acceleration in crack growth rate with increasing ΔK. 
Additionally, at elevated temperatures, the m value of the AP sample consistently remains lower than 
that of the HT sample. 
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Fig. 11. Representative FCG behaviors for (a) AP and (b) HT. (c-f) are sub-figures for the comparison of 
FCG characteristics at a single test temperature: (c) RT, (d) 300 °C, (e) 500 °C, and (f) 600 °C. 
Table 4. Summary of FCG properties for AP and HT. 

Sample Temperature m ΔKo (MPa√m) rc at 
ΔKo (um) 

ΔKTβ (MPa√m) ΔKTα (MPa√m) 

AP RT 3.4 (3.3, 3.4) 2.7 (2.5, 2.9) 0.1 86.5 9.3 

300 ℃ 2.3 (2.3, 2.3) 3.0 (3.1, 2.8) 0.3 65.3 7.1 
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Sample Temperature m ΔKo (MPa√m) rc at 
ΔKo (um) 

ΔKTβ (MPa√m) ΔKTα (MPa√m) 

500 ℃ 1.6 (1.5, 1.6) 3.1 (3.0, 3.1) 0.4 61.3 6.6 

600 ℃ 1.5 (1.5, 1.5) 3.2 (3.1, 3.3) 1.1 36.1 3.9 

HT RT 3.8 (3.6, 3.9) 3.4 (3.2, 3.5) 0.3 78.5 8.4 

300 ℃ 3.1 (3.0, 3.1), 2.2 
(2.1, 2.3) 

3.0 (3.0, 2.9) 0.5 53.6 5.7 

500 ℃ 2.0 (1.9, 2.0) 3.6 (3.6, 3.5) 0.9 46.5 5.0 

600 ℃ 1.7 (1.6, 1.8) 3.7 (3.6, 3.7) 1.1 43.3 4.6 

Fig. 12 shows representative FCG paths obtained with a relatively high ΔK of ∼15.5 MPa√m (all in the 
Paris regime) from samples tested at different temperatures. An overall crack tortuosity is evident in 
all samples, with crack deflection that correlates with the α/α’ lath microstructure. Additionally, 
secondary cracks appear to form along the α/α’ lath boundaries, with their amount and length 
increasing with temperature. This often led to crack deflection or even bifurcation. Notably, the 
phenomena of secondary crack formation and bifurcation are more prominent for HT samples tested 
at 300, 500, and 600 °C. This indicates that the inter-lath region with β phase has a higher tendency to 
crack, which contrasts with what is observed under the quasi-static loading conditions. 
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Fig. 12. Representative FCG characteristics at high ΔK (∼15.5 MPa√m) for (a-d) AP and (e-h) HT, tested 
at (a, e) RT, (b, f) 300 °C, (c, g) 500 °C, and (d, h) 600 °C. 
Despite the deteriorating FCG behavior in the Paris regime with increasing temperature, ΔKo either 
remained invariant or marginally improved with temperature. For the AP samples, ΔKo remain within 
the same range for all temperatures, and gradually—but marginally—improve from 2.7 MPa√m at RT 
to 3.2 MPa√m at 600 °C. However, for HT, ΔKo first decreased (from 3.4 MPa√m at RT to 3.0 MPa√m at 
300 °C) and then increased again (to 3.6 MPa√m at 500 °C and 3.7 MPa√m at 600 °C). Its value at HT-
300 stands out, in addition to being the only case where a distinct change in crack growth rates within 
the Paris regime, with a “kink” at a ΔK of ∼7.0 MPa√m, occurs. This anomaly is discussed in a later 
section. 
Subsequent crack observations were performed at the near-threshold regime (corresponding to ΔKo), 
as shown in Fig. 13, to gain a better understanding of the trends observed in ΔKo – temperature data. 
In both the AP and HT conditions, higher temperatures resulted in less serrated crack growth, yet 
yielded improved resistance to FCG within the threshold regime in all the specimens (except HT-300). 
This trend might initially seem counterintuitive, as FCG in the threshold regime is commonly 
associated with the interaction of the crack tip with the local microstructure, leading to serrated crack 
growth and a slowing of FCG [55]. Nevertheless, elevated temperatures also led to crack tip blunting 
(except HT-300). The blunting condition of crack tips correlates well with the changes in ΔKo. Since 
the experiments were performed in an open environment, oxidation at elevated temperatures cannot 
be disregarded. One cannot solely attribute the counterintuitive improvement in threshold crack 
growth behavior to just blunting, but also consider oxidation, which will be further investigated in the 
subsequent discussion. Another noteworthy observation is that HT samples at 300, 500, and 600 °C 
exhibit more serrated growth and bifurcation compared to their AP counterparts at the same 
temperatures. Together with the observation of FCG at high ΔK values, shown previously in Fig. 12, 
where HT samples show a higher occurrence of secondary cracks, it appears that the inter-lath β 
phase plays a key role in facilitating fatigue crack behavior near-threshold as well as in the Paris regime 
at elevated temperatures. 
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Fig. 13. Representative near-threshold FCG characteristics for (a-d) AP and (e-h) HT, tested at (a, e) RT, 
(b, f) 300 °C, (c, g) 500 °C, and (d, h) 600 °C. 
4. Discussion 
The postmortem investigations show the damage mechanisms in the AP and HT conditions to be 
distinct, with the β ligament absent in the former and present in the latter due to α’ decomposition. In 
this section, we will delve further into how β phase can play a key role in influencing the fracture and 
fatigue behavior at elevated temperatures in an α/β Ti alloy. 
4.1. The role of β phase on void nucleation and growth 
At elevated temperatures, the quasi-static fracture behavior of the alloys under investigation is 
influenced by the stress-induced void formation, which, in turn, is affected by the microstructural 
differences in AP and HT conditions. As previously mentioned, exposure of the alloy to temperatures 
above 400 °C results in the transformation of the α’ phase into α+β phases, which is diffusion-driven 
[47]. To verify this transformation's applicability to the alloy of the present study, TEM was performed 
on samples obtained from the fracture-tested samples of AP-300, AP-500, and AP-600. As shown 
in Fig. 7, β ligaments are observed in those tested above 400 °C. They are notably absent in AP-300, 
even in the presence of high strain, which should facilitate diffusion. It is worth noting that the 
diffusion kinetics are likely to be significant at temperature ≥ 500 °C, as indicated by the distinct β 
ligament formation, even though these tests commence after only ∼15 min of soak time. 
With sufficiently fast diffusion kinetics, stress-induced creep cavitation and growth can occur at 
elevated temperatures [56]. Both prior β grains and α boundaries act as dislocation barriers, 
potentially facilitating void nucleation through the grain boundary sliding, vacancy condensation, or 
the Zener-Stroh mechanism [56]. In the work reported hitherto, prior β grains were consistently 
identified as the primary sites for such cavitation during the creep tests, especially in Ti alloys with 
lamellar or Widmanstätten microstructures (with β ligaments), eventually leading to crack formation. 
This phenomenon has been observed across different titanium alloys and temperatures in creep tests. 
For example, in Ti-6Al-4V at 455 °C [57] and 600 °C [58], as well as Ti-1100 at 600 °C [59]. Meanwhile, 
in the case of Ti-5Zr-0.5Si tested at 538 °C, grain boundary sliding was prominent and primarily 
occurred along the prior β grain boundaries [60]. These observations of prior β grain boundaries being 
preferential sites for damage nucleation and propagation is in agreement with the observations made 
on the AP samples (despite the fact that the tests conducted in the present study are not creep 
experiments), suggesting that creep-related mechanisms dominate the cavitation process. In the AP 
samples, cavitation is primarily observed along prior β grain boundaries when loaded above the 
aforementioned threshold temperature of 400 °C, as shown in Figs. 6c and d. 
However, in the HT samples where β ligaments are uniformly distributed throughout the material, 
cavities were hardly observed near the fracture surface of the tensile specimens tested at 500 and 
600 °C, as shown in Figs. 6g and h, respectively. Meanwhile, in the C(T) specimens, cavity formation 
was distributed and not limited solely to the prior β boundaries, as shown in Figs. 10g and h for 500 
and 600 °C testing condition, respectively. It is important to mention here that the observations on the 
fracture toughness tested specimens were made at the mid-thickness of the C(T) specimens. Hence, 
a triaxial stress state that promotes cavity formation should be predominant in those regions [61]. We 
infer that the observed characteristic of distributed cavity formation (in the case of C(T) specimens) is 
beneficial for toughening the alloy because of the following reason. When voids nucleate 
preferentially along the prior β boundaries, the spacing between neighboring cavities becomes closer 
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compared to the cases where cavities are well distributed. The reduced cavity spacing (that eventually 
develops into crack like morphology) results in a significantly lowered resistance for crack 
propagation [38,[62], [63], [64]], and hence, lower toughness. 
In the above context, the role of β phase, which is recognized as "soft" (in comparison to the α phase) 
[65,66], requires some closer examination. Prior investigations using in-situ synchrotron X-ray 
diffraction on the α/β Ti-Al-V-Fe-Si-O alloy tensile tested at RT have highlighted the significant role 
played by the β phase (predominant β lattice expansion beyond yield) in accommodating higher levels 
of strain [67]. The presence of β ligaments in the microstructure facilitates strain accommodation and 
distribution. (The thin morphology of the β phase observed in this study makes it difficult to be indexed 
via EBSD.) It is also important to note that the β phase, in which the self-diffusion rate is two orders of 
magnitude higher than that in α [43], can effectively promote creep and relaxation through dislocation 
climb at elevated temperatures, even during the relatively short duration of tensile and fracture 
toughness tests. This action significantly delays the formation of creep cavities in HT-500 and HT-600, 
in contrast to AP-500 and AP-600, as demonstrated by the lack of observable cavities in the tensile 
tested samples. Otherwise, the presence of cavities would have exerted a detrimental influence on 
the uniaxial tensile ductility and the fracture toughness, as evident from Table 3. In this regard, it would 
be valuable to investigate the fracture behavior anisotropy at elevated temperatures, considering the 
formation of columnar prior β grains in the LPBF α/β Ti alloy and the preferential void nucleation at 
their grain boundaries observed in the AP-500 and AP-600 samples. 
Given the possibility of nanoscale β phase precipitation during the tensile testing of AP-500 and AP-
600, its possible role on the preferential void nucleation at the prior β grain boundaries should also be 
probed, as strain incompatibility and stress concentration have been reported at the α/nano-β phase 
boundaries [23,68]. As mentioned earlier, TEM analysis of the AP sample before testing (Figure S4) and 
AP-500/AP-600 after testing (Fig. 7) demonstrates that the nano-β ligaments at α lath and prior β 
boundaries can form after only a brief (∼15–30 min, 15 min preheat and less than 15 min test time) 
exposure to 500/600 °C. This prompted us to conduct a tensile test at RT on an AP sample that was 
heat treated a priori at 600 °C for 15 min. (TEM analysis on it, prior to testing, showed the formation of 
nano-β formation, Figure S9.) This test was performed to critically examine the roles of high 
temperature diffusion and creep. The representative tensile curve is shown in Fig. 14a, elucidating a 
severely embrittled sample, with e f ∼2.8 %, due to the nano-β precipitation. It was also observed that 
void nucleation occurred within prior β grain boundaries rather than on them, as shown in Figs. 14b 
and c. This provides further support that preferential void nucleation at the prior β boundaries is aided 
by creep cavitation in AP-500 and AP-600, and not by the strain localization within the nano-β 
ligaments alone. 
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Fig. 14. (a) Tensile response and (b) void nucleation characteristics of AP sample exposed to 600 °C 
for 15 min and tested at RT. 
Another hypothesis for void nucleation at the prior β grain boundaries in AP-500 and AP-600 is related 
to grain boundary α precipitation and growth (along the prior β grain boundaries) after brief exposure 
to 500 and 600 °C, as observed in Fig. 7d and g, respectively. Grain boundary α could lead to strain 
localization and cracking along its boundary in the Ti alloys [69], which is particularly problematic in 
the β Ti alloys as they would lead to the formation of a precipitate-free zone and hence a softer phase 
[70], with continuous grain boundary α being more detrimental than discontinuous grain boundary α 
[71]. To address this aspect, a comparison of the grain boundary α formation at prior β boundaries of 
AP-500, AP-600, HT-500, and HT-600 is made in Fig. 15. The grain boundary α in AP-500 and AP-600 is 
thin (∼50–200 nm) with discontinuous morphology in AP-500. In contrast, it is much thicker (∼1–2 μm) 
in HT-500 and HT-600. Despite the substantial formation of continuous grain boundary α in HT-500 
and HT-600, void nucleation along prior β grain boundaries was not observed. This rules out the 
possibility of in-situ grain boundary α formation being dominant in the prior β boundary void 
nucleation in HT-500 and HT-600. 
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Fig. 15. SEM images showing the grain boundary morphology for AP (a, b) and HT (c, d) after tensile 
testing at 500 °C and 600 °C. The inset in (a) and (b) presents TEM-HAADF images. 
Furthermore, pre-existing dislocations can significantly affect the high-temperature mechanical 
behavior of Ti alloys, by promoting diffusion and enhancing creep [72]. As mentioned previously, a high 
density of dislocations is observed in the AP samples throughout the microstructure. They could 
enhance the precipitation and diffusion kinetics and thus influence void formation at high 
temperatures. Despite this, the prior β grain boundary remains a critical site for diffusion when 
strained, as evidenced by the larger β precipitates observed along these boundaries (Fig. 6d and Fig. 
15b), in contrast to those within, after brief exposure to 600 °C, as shown in Figs. 7j-l and Figure S5. 
This underscores the role of prior β grain boundaries in promoting diffusion and hence creep cavitation. 
4.2. The role of β phase on fatigue crack growth behavior 
A worsening of the FCG behavior at high temperatures in Ti alloy has been reported in prior studies; it 
has been largely attributed to oxygen effects [73,74]. Beyond 300 °C, titanium experiences a 
significant enhancement in the dissolution of oxygen into it, leading to a transition from a logarithmic 
(at temperatures below 300 °C) to parabolic (between 300 – 600 °C) oxidation [73]. Such an 
enhancement in the oxygen uptake can embrittle it, and, in turn, lead to the deteriorated fatigue 
resistance. 
While the FCG behavior in the Paris regime deteriorated as the temperature increased, ΔKo appears 
to remain invariant with an increasing temperature (and even slightly improved), which seems 
counterintuitive (Table 4). Based on the oxide-induced surface discoloration that was observed after 
elevated temperature tests (shown in Fig. 16), it is hypothesized that this phenomenon occurs due to 
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the oxide-induced crack closure [55]. To probe the effect of oxide thickness on crack closure, we 
interrupted the high temperature FCG tests near the threshold regime and made CMOD 
measurements at room temperature. (While techniques to perform such measurements at high 
temperatures are available, they are challenging from the accuracy point of view. We assume that the 
oxide layer does not grow during the cooling process.) Surprisingly, as the FCG testing temperature is 
increased, we did not detect any closure, except at RT, as shown in Fig. 17. This crack closure at RT is 
roughness-induced, as shown by the serrated crack growth in Figs. 13a and e for the AP and HT 
samples, respectively. 
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Fig. 16. Representative fracture surface after FCG and fracture toughness test for (a-d) AP and (e-h) 
HT, tested at (a, e) RT, (b, f) 300 °C, (c, g) 500 °C, and (d, h) 600 °C, showing the oxide color variation 
under different temperature conditions. 
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Fig. 17. Fatigue crack closure analysis: representative stress intensity factor K versus CMOD curves 
for the (a) AP and (b) HT samples at room temperature, associated with C(T) samples with fatigue 
cracks grown to the near-threshold regime at different temperatures. Kcl is the stress intensity factor 
at crack closure. 
We propose that specific intrinsic material behavior at high temperatures play a role in the progressive 
crack blunting, observed in Fig. 13, as test temperatures rise, potentially leading to an enhancement 
in ΔKo. This phenomenon occurs in tandem with the gradual straightening of fatigue cracks, as 
illustrated again in Fig. 13. These characteristics near the fatigue crack tip near the threshold 
consistently suggest the formation of a significantly larger deformation zone relative to the local 
microstructure, especially at elevated temperatures. This naturally prompts us to consider the 
reduced yield strength at elevated temperatures as a potential and primary factor, which may result 
in a plastic zone size that is extensive enough to induce straight crack growth through multi-slip 
mechanisms. 
To understand the crack-tip blunting in the near-threshold FCG, it is necessary to consider the cyclic 
plastic zone, rc, ahead of the crack tip under plane strain conditions, which is given by 
[3,55]: rc=13π(ΔK02σy)2. Generally, the FCG behavior changes from being microstructure-insensitive 
to -sensitive when the cyclic plastic zone size, rc=13π(ΔKT2σy)2, is equivalent to the characteristic 
size, l*, of the material under investigation [3,55]. In this context, the average prior β size (λβ) and 
average lath width (λα) are both considered for l*. Then, the transition stress intensity factor 
range, ΔKTβ=2σy3πλβ, and ΔKTα=2σy3πλα for the AP and HT samples tested at different temperatures 
are calculated and listed in Table 4, to probe the role of YS induced plastic zone size in facilitating 
straight crack growth. These values represent ΔK at which the plastic zone size is comparable to the 
microstructural length scale (especially the α/α’ lath width). If ΔKo were greater than ΔKT it would 
signify that the plastic zone size within the sample is sufficiently large to evade crack interaction with 
the local microstructure at the fatigue threshold region. However, it was observed that for all 
specimens, ΔKo was lower than ΔKTα, and would typically lead to serrated FCG due to interactions 
with the local microstructure [3,55]. Surprisingly, this phenomenon did not occur, prompting us to 
consider the possibility of creep-induced crack tip blunting instead. 
As opposed to plasticity-induced crack blunting at room temperature, creep-induced crack blunting 
takes place at high temperatures and can lead to the crack tip deformation, without needing to 
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overcome the local YS. As creep is involved, the blunting process is time-sensitive and can be 
substantial when the loading frequency (Hz) is low, or when the da/dN is slow, i.e., near the ΔKo region. 
More importantly, with time, the blunting can become significant, even when the plastic zone size is 
small. In a sharp crack that experiences high temperature, the stress concentrates at the crack tip, 
leading to the highest creep rate within it, changing the shape of the crack tip towards a blunter form. 
A schematic illustrating the extent of crack blunting as a result of deformation zone size with and 
without creep is given in Fig. 18. 

 
1. Download: Download high-res image (376KB) 
2. Download: Download full-size image 

Fig. 18. Schematic diagrams illustrating the extent of fatigue crack blunting, influenced by the size of 
the permanent deformation zone, both with and without creep. 
Creep in titanium can occur even at room temperature [75]. Additionally, the decomposition of the α’ 
phase in α/β alloys above 400 °C, as observed in this study as well as published literature [[47], [76]], 
underscores the significance of diffusion-driven creep at the temperatures examined in our study. 
While previous studies have linked creep-fatigue behavior to a declining FCG rate at higher ΔK values 
[77,78], its specific impact on ΔKo has received limited attention. Our hypothesis, suggesting the 
advantageous effects of creep-induced crack blunting, gains support from prior research on Ti-1100, 
a near- α/β -processed alloy [74]. In that study, environmental factors were isolated by conducting 
tests in a vacuum environment. Tests were performed at various frequencies (0.05, 0.5, and 10 Hz) 
while maintaining a constant stress intensity factor ratio (R = 0.1) at 593 °C. Lower loading frequencies 
provide more time for creep during each cycle. At high ΔK values (around 30 MPa√m), the FCG rate 
increased with lower cyclic frequencies. However, as it approached ΔKo, a more pronounced 
deceleration in the FCG rate was observed at lower frequencies, resulting in a crossover in the FCG 
curves. Similar trends were noted for Ti-6242, an α/β alloy [79,80]. It is important to note that due to 
the low-frequency cycling used, achieving FCG rates below 10−9 was challenging in these studies. 
The deterioration of FCG at high ΔK values due to creep can be attributed to changes in slip length, 
resulting from the temperature-induced relaxation of the back stress at the colony boundaries [77]. 
This process eventually leads to the slip length extending to the prior β grain boundaries, creating 
intense dislocation pileups. However, when considering ΔKo, the benefit of creep-fatigue induced 
blunting outweighs the slip length modification, leading to the pronounced deceleration of FCG rate 
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at low ΔK values. In contrast to our study, a prior investigation on Ti-6Al-4V, employing a significantly 
higher loading frequency (100 Hz) and R = 0.35, showed a decline in ΔKo with increasing temperature, 
indicating the influence of temperature on ΔKo when creep effect is less pronounced [73]. 
However, the creep-induced blunting explanation falls short in elucidating the ΔKo dip observed in HT-
300. This aspect is particularly intriguing considering that the presence of the β phase should have 
amplified the creep rate. As already mentioned, the self-diffusion rate within β phase is higher, by 
about two orders of magnitude, than that in α [43], facilitating dislocation climb and creep. 
Consequently, this should have led to blunting and an enhanced ΔKo, especially when compared to 
the HT-RT and AP-300 samples. Surprisingly, our observations revealed that the crack tip in HT-300 
(shown in Fig. 13f) was sharper compared to that in the AP-300 sample (shown in Fig. 13b). 
The most plausible explanation for this phenomenon is hydrogen-assisted crack growth, with the β 
phase acting as a lower resistant pathway for hydrogen diffusion compared to the densely packed α 
phase [81,82]. This hypothesis is substantiated by the concurrent appearance of the double Paris 
exponent phenomenon, illustrated in Fig. 11b, similarly observed during the FCG studies on Ti-6Al-4V 
conducted under a hydrogen atmosphere [83]. The slower crack growth rate allows sufficient time for 
hydrogen to reach the crack tip and attain a critical concentration that embrittles the alloy. However, 
the specific concentration required remains undocumented in the literature. In addition, prior studies 
on Ti-6Al-4V with a bimodal microstructure that is similar to that of the present study have shown this 
phenomenon through FCG tests at 300 – 350 °C under ambient air condition [84,85]. In one of these 
studies, the testing of Ti-6Al-4V at 300 °C encompassed various atmospheres, including air, argon, 
and argon + water. These experiments highlighted that water primarily contributes to the observed 
double Paris exponent phenomenon at elevated temperatures. It is worth noting that when a fresh 
crack surface is exposed, oxide formation on the surface can release hydrogen from the dissociated 
water molecules [86], which are then absorbed into the crack tip region. (The measured relative 
humidity in the lab where the mechanical tests reported in this paper is 63±1 %. Such relatively high 
humidity, for a lab setting, is due to the fact that Singapore is a tropical country where relative humidity 
levels in excess of 80 % are common.) Note that the consideration of differences in oxygen pickup at 
a specific temperature due to microstructural differences is omitted, as it was shown in a prior work 
on Ti-6Al-4V that there are negligible differences in oxide scale and oxygen diffusion zone thickness 
for 500–600 °C with different microstructures (including α' martensite vs. lamellar α with β ligaments) 
[[33], [34], [35]]. 
In the case of AP-300, the absence of the β phase eliminates the faster diffusion pathway for hydrogen, 
hence the absence of double Paris exponent phenomenon. This is further reinforced by FCG 
observations at high and low ΔK values, where fewer secondary cracks are detected in AP-300 (see Fig. 
12b and Fig. 13b) compared to HT-300 (see Fig. 12f and Fig. 13f). Meanwhile, at temperatures of 500 °C 
or higher, the influence of hydrogen embrittlement-induced crack growth is outweighed by creep-
induced blunting. The quantification of such localized hydrogen increase with thermal desorption 
spectroscopy is challenging, as it is difficult to retain the temporary increase in hydrogen 
concentration near the fracture surface at high temperature, which would spread to the entire volume 
of the CT specimen. For future prospects, the use of miniaturized samples to perform FCG, 
specifically to allow for the measurement of minute increases in hydrogen content postmortem, is a 
sound direction to further this area of research. 
In summary, the interplay between hydrogen-assisted FCG, creep-fatigue, and their connection with 
the presence of the β phase adds intricacy to the interesting fracture behavior of the LPBF α/β titanium 

https://www.sciencedirect.com/science/article/pii/S1359645424005615?via%3Dihub#bib0073
https://www.sciencedirect.com/science/article/pii/S1359645424005615?via%3Dihub#bib0043
https://www.sciencedirect.com/science/article/pii/S1359645424005615?via%3Dihub#fig0013
https://www.sciencedirect.com/science/article/pii/S1359645424005615?via%3Dihub#fig0013
https://www.sciencedirect.com/science/article/pii/S1359645424005615?via%3Dihub#bib0080
https://www.sciencedirect.com/science/article/pii/S1359645424005615?via%3Dihub#bib0081
https://www.sciencedirect.com/science/article/pii/S1359645424005615?via%3Dihub#fig0011
https://www.sciencedirect.com/science/article/pii/S1359645424005615?via%3Dihub#bib0082
https://www.sciencedirect.com/science/article/pii/S1359645424005615?via%3Dihub#bib0083
https://www.sciencedirect.com/science/article/pii/S1359645424005615?via%3Dihub#bib0084
https://www.sciencedirect.com/science/article/pii/S1359645424005615?via%3Dihub#bib0085
https://www.sciencedirect.com/science/article/pii/S1359645424005615?via%3Dihub#bib0033
https://www.sciencedirect.com/science/article/pii/S1359645424005615?via%3Dihub#bib0034
https://www.sciencedirect.com/science/article/pii/S1359645424005615?via%3Dihub#bib0035
https://www.sciencedirect.com/science/article/pii/S1359645424005615?via%3Dihub#fig0012
https://www.sciencedirect.com/science/article/pii/S1359645424005615?via%3Dihub#fig0012
https://www.sciencedirect.com/science/article/pii/S1359645424005615?via%3Dihub#fig0013
https://www.sciencedirect.com/science/article/pii/S1359645424005615?via%3Dihub#fig0012
https://www.sciencedirect.com/science/article/pii/S1359645424005615?via%3Dihub#fig0013


alloy at elevated temperatures. 
5. Summary 
The fracture behaviors of an α/β titanium alloy, manufactured using LPBF, were investigated over the 
temperature range of RT to 600 °C, in both the AP and HT states. The heat treatment was designed to 
decompose the α’ martensitic lath structure prevalent in the AP state of the LPBF alloy into α laths of 
uniform size while introducing β ligaments. The alloy, in both the AP and HT states, exhibited a 
common trend of decreasing strength as the temperature increased. However, a significant 
divergence in terms of ductility emerges beyond 300 °C, where the AP state exhibited a substantial 
drop in ductility due to void nucleation and propagation along prior β boundaries, while the HT state 
exhibited a continuous improvement in ductility with rising temperature, attributed to the presence of 
β ligaments. The fracture initiation toughness peaked at 300 °C for both states (with the HT state 
consistently outperforming the AP state), highlighting that the trends in ductility and fracture initiation 
toughness do not go in tandem. Within the Paris regime of fatigue crack growth, resistance to FCG 
generally decreased with increasing temperatures, while ΔKo values remained relatively invariant, 
exhibiting improvement in most cases. This phenomenon was primarily associated with the influence 
of creep-induced crack tip blunting. Notably, the HT state tested at 300 °C displayed unique 
characteristics, including a dip in ΔKo with temperature and the emergence of a double Paris exponent, 
indicative of hydrogen-assisted fatigue crack growth – facilitated by β phase's role as a conduit for 
hydrogen diffusion. 
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