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Abstract: In order to overcome the embrittlement of metastable titanium alloys caused by the precipitation of ωiso 
phase during aging, regulation of isothermal ω precipitation was investigated in Ti−15Mo alloy. The results show that 
the sample is brittle when direct aging (A) is applied at 350 °C for 1 h after solution treatment (ST). If pre-deformation 
(D) is performed on the ST sample to induce {332} twins and secondary α′′ phase, subsequent aging at 350 °C 
(STDA350) improves the strength to 931 MPa with a good ductility of about 20% maintained. However, when aging is 
performed at 400 °C or 450 °C (STDA400/450), the strength can be further improved, but the ductility is dramatically 
reduced. Atomic-scale characterizations show that the partial collapse of ω phase in the STDA350 sample effectively 
eliminates aging-induced embrittlement, but complete collapse leads to poor ductility in the STDA400/450 sample. 
Keywords: room-temperature mechanical property; structural collapse; ω phase; aging-induced embrittlement; 
Ti−15Mo alloy 
                                                                                                             

 
 
1 Introduction 
 

Metastable β type titanium alloys have been 
used in a wide range of aerospace, biomedicine and 
energy industries due to their high specific strength, 
low elastic modulus, and excellent corrosion 
resistance [1−3]. The tensile properties of the β 
titanium alloys have been shown to be significantly 
dependent on the deformation mode as a function of 
the stability of the β phase, which is controlled by 
the content and type of alloying elements [4,5]. 
With the increase of β phase stability, the 
deformation is alternately dominated by stress- 
induced martensite and ω phase [6,7], {332}〈113〉 

twinning [8−11], {112}〈111〉 twinning [8,12], and 
dislocation gliding [8,13]. Transformation-induced 
plasticity (TRIP) and/or twinning-induced plasticity 
(TWIP) effects are introduced to achieve an 
excellent uniform elongation of above 20%, but 
usually result in a low yield strength generally 
below 600 MPa [13−15]. In order to increase the 
yield strength and maintain high work hardening 
rate for expanding the application of metastable 
titanium alloys, considerable efforts have been 
recently devoted to adjusting alloy composition for 
purposely activating one or multiple specific 
deformation modes. For example, minor alloying of 
Fe element into Ti−15Mo has successfully increased 
the yield strength to 837 MPa, but deteriorates the 
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uniform elongation seriously [16]. A novel 
Ti−7Mo−3Cr alloy is designed to couple two 
twinning systems in the early deformation, 
achieving a yield strength of 695 MPa and a 
substantial uniform elongation of 33.3% [17]. 

Solution treatment (>Tβ) followed by water 
quench is usually applied in metastable β-Ti alloys 
in order to obtain complete β-grains with the 
presence of dense athermal ω phase (ωath) formed 
via a displacive phase transformation [18]. During 
aging at a low temperature range of 150−475 °C, 
ωath can further evolve into the isothermal ω phase 
(ωiso) by a diffusion-controlled process, resulting in 
uniformly dispersed ω precipitates in β matrix 
[19,20], but the ductility is deteriorated in the 
transition from ωath precipitates to ωiso ones [21]. 
Since first discovered in Ti−8Cr (wt.%) alloy [22], 
ω phase has attracted extensive attention due to its 
significant strengthening effect in β type titanium 
alloys. To utilize the strengthening effect of ω phase 
and avoid the embrittlement transition, low 
temperature aging at 150 °C for 60 s has been 
reported to effectively increase the yield strength  
of Ti−12Mo alloy from 480 to 730 MPa with    
the initial ductility maintained (~40%) [21]. When 
aging at 475 °C for 48 h, ellipsoidal coarse ω 
particles (70−90 nm) are developed in Ti−12Mo 
alloy with a high ultimate tensile strength of 
1073 MPa (~550 MPa at solution treated (ST) state) 
achieved, but a rather limited ductility (<5%) [23]. 
When Ti−15Mo is aged at 300 °C for 1 h, a high 
yield strength of 985 MPa is obtained with a total 
elongation of 16%, but this results in fast necking 
after yielding [24]. The strengthening effect of the 
ωiso is attributed to its ability to increase the critical 
resolved shear stress (CRSS) of stress-induced 
martensite (SIM), α′′, twinning and dislocation 
gliding [25,26]. Serious embrittlement transition 
seems to result from the suppression of TRIP/TWIP 
and dislocation movement [25,27,28]. 

A combination of {332} twins and ωiso phase 
provides a possible method to achieve the balance 
of strength and ductility [29]. Increasing the direct 
aging temperature after solution treatment (STA) 
promotes the formation of ωiso phase and improves 
the strength, but results in the loss of ductility [30], 
which is attributed to the precipitation-induced 
transformation of deformation mechanisms from 
twinning to slip [31,32]. To overcome the sacrifice 

of ductility, pre-deformation is applied before aging 
(STDA). The STDA sample shows improved 
strength while maintaining good ductility. 
Compared to the STA sample, the enhanced 
uniform elongation of the STDA sample results 
from the extra nucleation sources for further 
twinning mechanism provided by the pre- 
deformation introduced mechanical twins [30], 
which help to retard the occurrence of early necking 
[31]. However, increasing the aging temperature 
after pre-deformation results in the dramatic loss of 
ductility, indicating the brittle-to-ductile-to-brittle 
transitions that are achieved by deformation- 
regulated precipitation. In particular, few reports 
have been found on the underlying mechanism. The 
primary factors governing the brittle-to-ductile- 
to-brittle transformation still remain inadequately 
understood. In this work, atomic-scale observations 
show that the partial collapse of deformation- 
regulated precipitation of ωiso phase at lower aging 
temperature effectively eliminates the aging- 
induced embrittlement, but aging at higher 
temperatures results in complete collapse of ωiso 
phase. Therefore, this work provides useful insights 
of regulating the precipitation of isothermal ω 
phase to achieve the balance of mechanical 
properties in metastable titanium alloys. 
 
2 Experimental 
 

Ti−15Mo (wt.%) alloy ingots with a purity of 
99.99% were prepared by arc melting of pure Ti 
and Mo metals in Ar atmosphere. The ingot was 
melted several times to ensure compositional 
homogeneity and then cooled in an electric arc 
furnace. After rolling, the Ti−15Mo alloy with a 
size of 100 mm × 100 mm × 50 mm was ST at 
900 °C for 1 h and then quenched in water to room 
temperature. Flat dog-bone-shaped specimens for 
tension with a thickness of 1 mm and a gauge 
section of 5 mm × 1.5 mm were machined from the 
ST block by using electrical discharge machining. 
Then, two different treatment regimes, including 
direct aging and post-deformation aging, were 
applied. More specifically, STA350 and STA400 
indicate direct aging at 350 and 400 °C for 1 h, 
respectively. STD denotes deformation with an 
engineering strain of 5%. STDA350, STDA400  
and STDA450 indicate post-deformation aging at 
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350, 400 and 450 °C for 1 h, respectively. All heat 
treatments were carried out with the samples sealed 
in quartz tube. Finally, the designed samples were 
subjected to tensile tests on a Zwick Z2.5 TH 
system with a laser extensometer at a quasi-static 
strain rate of 1×10−3 s−1. Each test was repeated for 
three times. 

To characterize the microstructure evolution, 
specimens for electron backscatter diffraction 
(EBSD) mapping were ground using SiC paper 
from 600# to 3000# grit, followed by electrolytic 
polishing treatment in a solution of 10% perchloric 
acid, 30% 2-butoryethanol and 60% methanol. 
EBSD was performed on a field emission gun 
scanning electron microscope (Thermo Fisher 
Apreo apparatus), which was operated at 20 kV 
with a step size of 2 µm for detection of grain size 
and deformation twins. EBSD data were analyzed 
using HKL’s CHANNEL5 software. The thin foils 
from the samples were twin-jet electropolished  
for the transmission electron microscopy (TEM) 
characterization, which was performed on a 
transmission electron microscope (Talos F200X G2) 
to obtain the dark field (DF) images, selected area 
diffraction (SAED) patterns, high resolution (HR) 
TEM images and high-angle annular dark field 
(HAADF) images. TEM data were analyzed by 
using Digital Micrograph software. 
 
3 Results 
 
3.1 Mechanical response 

Figure 1 shows the tensile engineering stress− 
strain curves of samples. The yield strength (YS), 
ultimate tensile strength (UTS) and fracture 
elongation (FE) acquired from the curves are 
summarized in Table 1. The initial ST sample has 
YS and UTS of 414 and 708 MPa, respectively, 
with a high FE of 41.2%. After pre-deformation, the 
YS of the STD sample increases to 534 MPa, the 
FE slightly decreases to 37.1%, while the UTS 
keeps almost unchanged. It can be identified that 
both ST and STD samples exhibit remarkable 
work-hardening behavior during tensile test, 
indicating TWIP and/or TRIP effects. In contrast,  
a direct aging (350 °C, 1 h) after solution treatment 
increases the YS and UTS of STA350 sample to 
1039 MPa and 1052 MPa, respectively, but a 
decreased FE of 9.9% is obtained with a strain- 
softening phenomenon after the yielding point. 

Besides, increasing direct aging temperature     
to 400 °C further deteriorates the ductility to 0% 
and causes the early fracture of STA400 sample. 
Therefore, direct aging improves the strength but 
causes serious damage to the plasticity of the 
material. 
 

 
Fig. 1 Tensile engineering stress−strain curves of 
Ti−15Mo alloy after different processes 
 
Table 1 Mechanical properties of Ti−15Mo alloy after 
different processes 

Sample 
Regime  Tensile  

property 
Deformation 

strain/% Aging  YS/ 
MPa 

UTS/ 
MPa 

FE/ 
% 

ST − −  414 708 41.2 

STD 5 −  534 712 37.1 

STA350 − 350 °C, 1 h  1039 1052 9.9 

STDA350 5 350 °C, 1 h  931 1039 21.0 

STA400 − 400 °C, 1 h  1188 1188 0 

STDA400 5 400 °C, 1 h  1072 1080 0.3 

STDA450 5 450 °C, 1 h  1207 1207 0 

 
Interestingly, the STDA350 sample, exhibits 

significantly high YS and UTS values of 931 MPa 
and 1039 MPa, respectively. Moreover, this sample 
achieves an excellent tensile plasticity of 21%, 
which is double that of the STA350 sample, 
indicating that deformation-assisted aging can 
overcome the typical strength−ductility tradeoff. As 
the aging temperature further increases, detrimental 
embrittlement occurs. In Fig. 1, the YS of 
STDA400 and STDA450 falls in the range above 
1000 MPa, whereas the FE becomes almost 
undetectable. Therefore, weakening the aging- 
induced embrittlement via deformation-assisted 
regulation of precipitation shows temperature- 
dependence. 
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3.2 Microstructural evolution 
Figure 2 shows the microstructure of solution- 

treated Ti−15Mo sample. A complete equiaxed 
β-grain structure can be identified in the EBSD 
inverse pole figure (IPF) map (Fig. 2(a)). The size 
distribution with an average diameter of 140 μm 
can be determined in Fig. 2(b). In addition, TEM 
dark-field (DF) image in Fig. 2(c) shows the 
presence of dense hexagonal ωath in the β-matrix, 
and the corresponding SAED pattern taken along 
[113]β  zone axis in Fig. 2(d) confirms the 113 β〈 〉 // 
1123 ω〈 〉 and 〈110〉β// 1011 ω〈 〉 orientation relationship. 

For the STA400 sample, the average size of 
β-grains increases to ~151 μm (Figs. 3(a, b)). This 
variation could be ascribed to the insufficient 
statistical counts by EBSD, since the size of β 
grains mainly depends on the treatment regimes 
above the β-transus temperature [33]. It is also 
suggested that most of the ω precipitates have 
experienced a transition from athermal to 
isothermal ones during direct aging at 400 °C. 
Figure 3(c) shows the distribution of elliptical ωiso 

phase in the β matrix after aging at 400 °C, as 
observed in STA400 sample. Generally, the ω phase 
is composed of four variants, namely ω1, ω2, ω3 and 
ω4. Since the precipitation is thermally activated, 
they equivalently distribute along four close-packed 
〈111〉β orientations [34−36]. Along the specific 
[011]β zone axis, the spots of ω1 and ω2 variants are 
visible, while the spots of ω3 and ω4 variants are 
overlapped with β-reflections and thus cannot be 
identified [37]. TEM DF images of the ω1 and ω2 
variants are shown in Figs. 3(d, e), respectively. The 
ω precipitates are visualized as elliptical particles 
and the direction of the elliptic major axis is the 
same, as illustrated in Fig. 3(f). 

The EBSD IPF map in Fig. 4(a) reveals the 
presence of band structures induced by an 
engineering strain of 5%, which are identified as 
{332} twins by misorientation profile in Fig. 4(b). 
TEM characterizations are performed on the   
STD sample to explore the microstructure after 
deformation, as displayed in Figs. 4(c−i). The TEM 
DF image and the corresponding SAED pattern in  

 

 
Fig. 2 EBSD and TEM micrographs of ST sample: (a) IPF map; (b) Statistical histogram for β grain sizes; (c) TEM DF 
micrograph of ω phase; (d) Corresponding SAED pattern 
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Fig. 3 EBSD and TEM micrographs of STA400 sample: (a) IPF map; (b) Statistical histogram for β grain sizes;      
(c) SAED pattern; (d, e) TEM DF images of ω phase; (f) Distribution schematic diagram of ω1 and ω2 

 
Fig. 4(c) show that the ωath phase still remains in 
the β matrix after deformation. The band structure 
with a width of ~1.5 μm in Fig. 4(d) is further 
identified as the {332} twin by the SAED pattern  
in Fig. 4(e) and HRTEM analysis in Fig. 4(f). In 
addition, extra secondary bands are observed within 
{332} twin, and are parallel to each other, as seen in 
Fig. 4(d). These bands can be identified to be α" 
martensite as evidenced by the diffraction pattern 
collected from blue circle region. It is indicated  
that there is no ω precipitation in these α" 
martensitic bands, as shown in Figs. 4(h, i). These 
results are in good agreement with the findings   
in metastable β-Ti alloys that the relatively low 
β-stability results in the stress-induced β→α′′ 
martensitic transformation [38,39], which is 
preferred to nucleate at β-twin boundaries [38].  
The transformation is known to be beneficial for 
maintaining high strain-hardening and an excellent 
uniform tensile ductility as reported in Ti−10V− 
2Fe−3Al alloy [40]. 

Figure 5 displays EBSD and TEM results of 
the STDA350, STDA400 and STDA450 samples. 
The misorientation angle of 50° reveals that the 
aging does not change the structure of {332} 

deformation twins. The corresponding TEM DF 
images and diffraction patterns indicate the ω phase 
in all three samples. Compared with STD sample, 
the number density of ω phase particles increases 
after aging, as shown in the Figs. 5(c−i). It is also 
shown that the size of ωiso particles gradually 
increases as the aging temperature increases from 
350 to 450 °C. It should be noted that the growth of 
ω phase particles can develop to tens of nanometers 
in size and is irreversible [41]. 
 
3.3 Fracture morphology 

Representative SEM images of the fractured 
surfaces are shown in Fig. 6 for the fracture 
mechanisms of the STA350, STDA350 and 
STDA400 samples. Figures 6(a, b) show that the 
fractography of the STA350 sample is composed of 
dimples and a few cleavage facets, indicating the 
nature of transcrystalline fracture. Comparatively, 
the STDA350 sample is featured as a high   
density of dimples homogeneously distributed   
on the fracture surface, as seen in Figs. 6(c, d).  
This observation implies that the introduction    
of pre-deformation before aging can effectively 
improve the ductility of the sample. However, the 



Fei ZHANG, et al/Trans. Nonferrous Met. Soc. China 36(2026) 144−155 149 

 

 
Fig. 4 EBSD and TEM micrographs of STD sample: (a) IPF map; (b) Misorientation profile; (c) TEM DF micrograph 
of ω phase and corresponding SAED pattern; (d) TEM bright-field micrograph of α" phase; (e) SAED pattern recorded 
from golden circle area in (d); (f) HRTEM micrograph and corresponding FFT patterns; (g) SAED pattern recorded 
from blue circle area in (d); (h) TEM DF micrograph of α" phase; (i) TEM DF micrograph of ω phase 
 
dominant feature of STDA400 sample as shown in 
Figs. 6(e, f), is the presence of cleavage facets with 
a few dimples. This proves the typical cleavage 
fracture mode, resulting from severe dislocation 
accumulation along grain boundaries and leading to 
early micro-cracks [42−44]. This is consistent with 
the tensile testing that the STDA400 sample has a 
limited fracture elongation of 0.3%. The results 
show that deformation-assisted regulation of    
ωiso precipitation is effective to overcome the 
embrittlement, but the selection of appropriate 
temperatures for the subsequent aging is essentially 

required. 
Based on the experimental results, pre-strain 

prior aging can effectively help to overcome the 
strength and ductility tradeoff in metastable β 
Ti−15Mo alloy, whereas the effect is highly 
temperature-dependent. More specifically, the 
introduction of 5% pre-strain before undergoing 
350 °C artificial aging induces a ductile fracture 
and thus achieves high strengths (YS of 931 MPa, 
UTS of 1039 MPa) and good ductility (EL of 21%) 
during tensile testing. In contrast, a simple direct 
aging at the same temperature usually leads to a  
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Fig. 5 EBSD and TEM micrographs of (a−c) STDA350 sample, (d−f) STDA400 sample and (g−i) STDA450 sample:       
(a, d, g) IPF maps; (b, e, h) Misorientation profiles; (c, f, i) TEM DF images of ω phase and corresponding SAED 
patterns 
 
hybrid fracture with a much lower ductility of   
9.9% (Fig. 1). Comparatively, the higher aging 
temperature of 350 °C achieved in this work 
effectively broadens the service temperature range 
of Ti−15Mo alloy with a good balance of strength 
and plasticity, especially when compared to 
directly-aged alloys. Nevertheless, an obvious 
ductile−brittle transition occurs as the aging 
temperature increases from 350 to 400 °C. For   
the STDA400 and STDA450 samples, severe 
embrittlement with negligible elongations occurs  
at higher aging temperatures following pre- 
deformation. 

3.4 Evolution of ω phase 
The experimental results demonstrate that the 

mechanical properties and fracture characteristics  
of the samples are significantly influenced by the 
deformation-regulated precipitation of ω phase. The 
high-resolution TEM investigations were conducted 
to examine the microstructural features. In Fig. 7(a), 
a typical example of the ω phase with a largely 
collapsed structure can be observed in the STA350 
sample, which exhibits high strength but low 
ductility (as shown in Fig. 1). When the deformation 
twins are introduced into the STDA350 sample, 
most of the ω phase is identified to be partially 
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Fig. 6 SEM images showing fractography of samples: (a, b) STA350; (c, d) STDA350; (e, f) STDA400  
 
collapsed, with the shear distance between 0 and 
1/12[111], as shown in Fig. 7(b). As a result, a 
considerable ductility of 21% is maintained (Fig. 1). 
However, as the aging temperature further increases 
to 400 °C, the complete structural collapse of ω 
phase is widely observed in the STDA400, with a 
dramatic decrease in ductility (Fig. 7(c)). This 
structural collapse of the ω phase is also 
accompanied by the diffusion of Mo elements from 
the ω phase to the surrounding β-matrix. The 
distribution of Mo element in these three samples 
shown in Figs. 7(d−i) indicates the diffusion 
behavior of Mo from the ω to β phase. In particular, 
the line-scanning results in Fig. 7(d) reveal an 
obvious fluctuation of the Mo element in the 
STA350 sample, even though the size of the ω 
particles is still small at this stage. In contrast, a 
significant number of dislocations appear in the 
STDA350 sample, and the spheroidization of the ω 
particles is noticeably reduced. Correspondingly, 
the distribution of Mo element in the β matrix 
becomes more uniform. However, in the STDA400 
sample, the dimensions of ω particles continue to 
increase, and more Mo element diffuse from the ω 
to β phase. 

It has been extensively reported that the 

volume fraction and size of the ω particles improve 
as the aging temperature increases [19,22,45]. 
Besides, the self-hardening behavior of the ω 
precipitates causes the mechanism transition from 
deformation twinning to dislocation slip [46]. 
Figure 8 presents a schematic diagram illustrating 
the degree of structural collapse of the ω phase. 
Delaying the structural collapse of ω phase 
effectively leads to an improvement in the ductility 
of STDA350 sample. However, when the aging 
temperature after pre-deformation is increased to 
400 °C, the ω phase collapses completely, leading 
to poor ductility. As ω particle size increases,    
the degree of structural collapse and element 
partitioning become more pronounced. The 
accumulation of Mo atoms in β phase significantly 
enhances phase stability, which in turn inhibits the 
occurrence of twinning and stress-induced phase 
transformation [47,48]. This inhibition reduces the 
ductility of the alloy. Furthermore, a high density of 
dislocations is homogeneously distributed in the   
β matrix (Fig. 7(e)). During the aging process at 
350 °C, these dislocations serve as the diffusion 
channels that can quickly “absorb” most of the 
supersaturated Mo solute atoms, causing Mo 
segregation at dislocations. As a result, the later 
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Fig. 7 HRTEM images of (a) STA350, (b) STDA350 and (c) STDA400 samples; HAADF TEM images and 
corresponding Mo element distributions of (d, g) STA350 sample, (e, h) STDA350 sample and (f, i) STDA400 sample 
 

 

Fig. 8 Schematic diagram of structural collapse and Mo 
distribution of ω phase in different samples: (a) ST;    
(b) STA350; (c) STDA350; (d) STDA400 

rejection of Mo atoms from ω to the surrounding 
matrix could be inhibited due to the reduced 
chemical driving force compared to the STA350 
sample. This inhibition results in the suppressed 
growth of ωiso phases observed in the present study. 
 
4 Conclusions 
 

(1) The strength of Ti−15Mo alloy increases 
while its plasticity diminishes with an increase in 
aging temperature during direct aging, which is 
attributed to the precipitation of the ω phase. The 
fracture morphology of the sample aged at 350 °C 
exhibits both ductile and brittle features. 
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(2) The embrittlement of Ti−15Mo alloy 
during direct aging at 350 °C can be overcome   
by pre-deformation before aging, and the sample 
exhibits significantly high yield strength and 
ultimate tensile strength of 931 MPa and 1039 MPa, 
with an excellent tensile plasticity of 21% achieved. 

(3) The ability to weaken the aging-induced 
embrittlement via deformation-assisted regulation 
of precipitation is temperature-dependent. This 
phenomenon is related to the structural collapse 
behavior and Mo element diffusion behavior of the 
ω precipitates. 
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摘  要：为了克服亚稳钛合金时效过程中 ωiso 相析出引起的脆化，研究了 Ti−15Mo 合金等温 ω 相的析出规律。

结果表明，固溶处理试样在 350 ℃直接时效 1 h 后表现出脆性断裂特征。对固溶试样进行预变形以诱导{332}孪晶

和次生 α′′相形成，并随后在 350 ℃下时效(STDA350)可将强度提高到 931 MPa，并保持约 20 %的良好延展性。预

变形试样在 400 ℃或 450 ℃进行时效时(STDA400/450)，强度可以进一步提高，但延展性会显著降低。原子尺度

表征表明，STDA350 试样中 ω相结构部分坍塌，有效消除了时效引起的脆化；但 STDA400/450 试样中 ω相结构

完全坍塌，导致延展性较差。 

关键词：室温力学性能；结构坍塌；ω相；时效脆化；Ti−15Mo 合金 
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