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Abstract: The ageing precipitation sequence and the relationship between microstructure and tensile properties of 
metastable β titanium alloy Ti−6Cr−5Mo−5V−4Al during solution and ageing were investigated. Ageing from 400 to 
450 °C, isothermal ω phase (ωiso) precipitated in the alloy, resulting in high hardening and brittle fracture. After ageing 
at 450−500 °C, ωiso phase was gradually replaced by secondary α phase (αs) with the ageing time increasing. At higher 
ageing temperature (580−600 °C), ωiso precipitation was suppressed, and αs phase precipitated directly from β phase. 
The yield strength of sample aged at 450 °C for 12 h was 1368 MPa and the elongation was 5.5% due to ωiso 
precipitation. The yield strength of sample aged at 600 °C for 12 h was 1108 MPa and the elongation was improved to 
15.4% due to the precipitation and coarsening of αs phase. 
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1 Introduction 
 

Titanium alloys are particularly competitive in 
the aerospace industry due to their low density, high 
specific strength, good corrosion resistance, and 
low thermal conductivity [1−3]. Compared with 
other titanium alloys, metastable β titanium alloys 
are superior in aeronautic applications, such as 
landing gear and wing structures, owing to their 
high yield strength, good fatigue, and crack 
propagation properties [4−6].  

The precipitation and growth of phase in β 
titanium alloy have a significant effect on the 
balance of strength and toughness [7]. When the 
solution temperature is lower than the β transus 
temperature, the formation of primary α phase (αp) 
increases the strength and ductility. The secondary α 
phase (αs), which is responsible for the high 
strength of β Ti alloys, precipitates from matrix 

ageing. The strength of β titanium alloy is closely 
related to the size, volume, morphology and 
distribution of α phase [8−10]. Various transient 
phases, including α′, α″, ω and β′ phases could 
precipitate from β phase and influence the 
precipitation of α phase, depending on the chemical 
elements and phase-transition driving forces [11−14]. 
The athermal ω phase (ωath) forms by non-diffusion 
process, such as water quenching, whereas isothermal 
ω phase (ωiso) forms during ageing [15]. Notably, 
the ωiso has been widely investigated and generally 
results in unexpected embrittlement [16−18]. WAN 
et al [19] found that the quenched Ti−19Nb− 
1.5Mo−4Zr−8Sn alloy containing small amount of 
α′ phase possesses low elastic modulus and 
sufficient fracture plasticity, but low tensile strength. 
However, during low-temperature ageing, the 
elastic modulus and strength of the alloy increase 
sharply, but the plasticity decreases. This is 
attributed to the precipitation of ω phase. With the 
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increasing ageing temperature and time, the ω 
phase gradually transformed into α phase, which 
promotes the increase of plasticity and decrease of 
tensile strength. YI et al [20] found that ωath 
precipitates from supersaturated solid solution β 
phase in Ti−7Nb−10Mo alloy after solution 
treatment. In the temperature range of 350−400 °C, 
the nano ωath phase gradually changes to ωiso phase 
during ageing. The dissolution of ωiso and 
precipitation of α phase are enhanced at higher 
ageing temperatures. 

One of the most effective methods known to 
control the microstructure of metastable β titanium 
alloys is solution and ageing treatment [21−23]. The 
solution treatment (ST) could partially or 
completely dissolve α phase into matrix, thus, the 
oversaturated β titanium alloy exhibits good 
elongation, but low strength [24]. In addition, the 
strength of metastable β titanium alloy could be 
significantly improved by the precipitation of 
secondary phase during ageing [25−27]. Decreasing 
the size of αs phase or increasing its volume fraction 
significantly increases the strength of metastable β 
titanium alloy [23]. Therefore, an insightful analysis 
of the effect of microstructure on mechanical 
properties of alloys during heat treatment is 
extremely useful for material engineers and 
designers to optimize heat-treatment strategies  
and control the microstructure [28,29]. WU and 
ZHAN [23] investigated the volume fraction of αp, 
which decreased with the increase of solution 
temperature and time, and disappeared when the 
temperature rose above β transus temperature. ZHU 
et al [26] studied the multi-scale lamellar structure 
of Ti−5Al−4Zr−8Mo−7V alloy prepared by 
BASCA (β annealing + slow cooling + ageing) 
treatment, and the combination of strength and 
toughness was improved. DU et al [9] studied   
the precipitation of αs phase in Ti−10Mo−6Zr− 
4Sn−3Nb alloy, and found that only small volume 
fraction of αs phase precipitated around β grain 
boundary during low-temperature ageing, and the 
volume fraction in the β matrix increased sharply 
with ageing time. 

In this study, the age hardening behavior of 
Ti−6Cr−5Mo−5V−4Al alloy was investigated 
systematically [27,30], in order to determine    
the microstructural evolution and precipitation 
sequence during ST and ageing, as well as their 
effects on the strength and ductility of the alloy. 

This work could contribute to the method for 
optimizing the microstructure for improving the 
combination of strength and ductility to satisfy 
aerospace application [31]. 
 
2 Experimental 
 

Ti−6Cr−5Mo−5V−4Al alloy used in this study 
was a hot-forged bar provided by Baoti Group. The 
metallographic method was used to identify the β 
transus temperature of the alloy as 810 °C. The STA 
(solution and ageing treatment) heat-treatment 
process is shown in Fig. 1(a). The solution was 
treated at 800 °C (below the β transus temperature) 
for 2 h and air cooled. The ageing temperature was 
set to 300, 350, 400, 450, 500, 550, 580, or 600 °C 
with ageing time from 5 min to 120 h, followed by 
air cooling. The hardness of the alloy was measured 
using an HV−10B micro Vickers hardness tester. 
During measurement, a load of 1 kg was applied for 
continuous pressure period of 15 s. Seven points 
were measured and averaged for each sample to 
obtain the average hardness value. 

Phase components of alloy at different status 
were carried out by X-ray diffraction (XRD) using a 
Rigaku D/Max 2500 X-ray diffractometer with Cu 
as radiation source and a graphite monochromator. 
The XRD measurement was taken at operating 
voltage of 40 kV, current of 250 mA, with a rotating 
target. The scanning rate was 4 (°)/min, and the 
diffraction angle range was 2θ=30°−80°. The 
microstructure of the alloy was observed by 
scanning electron microscopy (SEM) and 
transmission electron microscopy (TEM). SEM 
observations were performed using Quanta-200 
environmental scanning electron microscope. The 
volume fraction and size of α precipitates were 
statistically analyzed by using Image-J software. 
The average number of the precipitates was 
measured over 100 phases for each sample to obtain 
the average statistical value. TEM observations 
were performed using Tecnai G2 F20 and Titan 
80−300 transmission electron microscopes with 
operating voltages of 200 and 300 kV, respectively. 
The composition of the double spray electrolyte 
was perchloric acid: n-butanol: methanol = 5:35:60 
(mass ratio). The tensile specimen dimensions used 
for evaluating the mechanical properties were 
determined in accordance with standard GB/  
T228—2010, as shown in Fig. 1(b). Uniaxial tensile 
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tests were conducted by MTS Landmark with a 
strain rate of 2.5×10−3 s−1 at room temperature 
(25 °C). The arithmetic mean value of the test 
results of three samples was taken as the final result 
in each experiment. 
 

 
Fig. 1 Schematic illustration of heat treatment process (a), 
and schematic of tensile specimen (b) (unit: mm) 
 
3 Results and discussion 
 
3.1 Microstructure of ST alloy 

Figure 2 shows the microstructure and 
corresponding XRD pattern of the alloy after ST at 
800 °C for 2 h followed by air cooling. As shown in 
Fig. 2(a), the alloy solution treated at α/β phase 
region consists of β phase and spherical primary α 
phase (αp). The size of αp phase is approximately 
39 μm. The XRD pattern exhibits strong β phase 
peaks, and the peaks of α phase and weak ω phase, 
demonstrating that β + αp + ωath was maintained 
after the solution treated at 800 °C for 2 h. This 
result is consistent with other β-Ti alloys [32−35]. 
 
3.2 Age hardening and precipitation sequence 

The quenched Ti−6Cr−5Mo−5V−4Al alloy 
samples were aged at 300, 350, 400, 450, 500, 550, 
580 and 600 °C. The age-hardening curves are 
shown in Fig. 3. From the age-hardening curve, 
with the increase of ageing time, the hardening 
hardly occurred at 300 °C. This indicates an 
insufficient nucleation for the precipitation of 
secondary phase at lower temperature. For samples 
aged at higher temperatures (350 and 450 °C), and a  

 

 
Fig. 2 SEM image (a) and XRD pattern (b) of Ti−6Cr− 
5Mo−5V−4Al alloy solution treated at 800 °C for 2 h 
 

 
Fig. 3 Age-hardening curves of Ti−6Cr−5Mo−5V−4Al 
alloy solution treated at 800 °C for 2 h 
 
prolonged ageing time of 120 h, the hardness 
increased to HV 538 (350 °C), HV 517 (400 °C), 
and HV 512 (450 °C). The alloy did not possibly 
reach peak ageing even after 120 h. For samples 
aged at 500 °C, the peak ageing occurred at 12 h 
with a hardness of HV 463. When the ageing 
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temperature reached 550 °C, the peak ageing 
occurred earlier at 3 h with hardness of HV 453. At 
higher ageing temperature, the hardness increased 
to peak value (HV 420 for 580 °C and HV 367 for 
600 °C) at 5 h, which was lower than that at 550 °C. 
With increasing the ageing temperature, the 
peak-ageing time shortened, indicating that the 
driving force for secondary phase precipitation at 
low temperature is insufficient. When these samples 
were aged at low temperatures (350−450 °C), the 
peak value was much higher than that at higher 

temperatures (500−600 °C). 
The evolution of phase components during 

ageing is revealed by XRD patterns and shown in 
Fig. 4. In Figs. 4(a) and (b), α, β and ωiso phases 
were observed for samples aged at 400 and 450 °C 
for different ageing time. The relative intensity of β 
phase was lower than that in ST sample (Fig. 2(b)), 
and the relative intensity of the α and ωiso phases 
increased with increasing ageing time. This infers 
that β phase transformed into αs and ωiso phases 
during ageing (β + αp + ωath → β + α + ωiso), which 

 

 
Fig. 4 XRD patterns of samples aged at different temperatures for different time: (a) 400 °C; (b) 450 °C; (c) 500 °C;   
(d) 550 °C; (e) 580 °C; (f) 600 °C 
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is consistent with the hardening curve in Fig. 3. 
Previous studies on Ti alloys also found the similar 
microstructure composed of ωiso phase at relatively 
low ageing temperature, considering that α is 
difficult to precipitate directly [20,36,37]. Due to 
the presence of αp phase, the precipitate of αs phase 
could not be determined. As shown in Figs. 4(c, d), 
ωiso phase gradually dissolved after 12 h at 500 °C 
and 3 h at 550 °C, accompanied by the precipitation 
of α phase. This infers a precipitation sequence,   
β + αp + ωath → β + α + ωiso → β + α. The phase 
transformation is consistent with the hardening 
curve in Fig. 3. After ageing at 500 °C for 12 h and 
550 °C for 3 h, the hardness curve gradually 
decreased because the strengthening effect of αs 
phase is weaker than that of ωiso phase. The ωiso 
phase disappeared with time, and higher ageing 
temperature increased the disappearance rate of ωiso 
phase. This is consistent with the hardness curve, 
where peak ageing at low temperature was higher 
than that at high temperature. When ageing at 580 
and 600 °C, ωiso phase does not appear, indicating 
that ωiso phase only occurs at low temperature with 
the precipitation sequence, β + α + ωath → β + α. 
The precipitation sequence is summarized as   
400−450 °C: β + αp + ωath → β + α + ωiso  
500−550 °C: β + αp + ωath → β + α + ωiso → β + α  
580−600 °C: β + αp + ωath → β + α  

WAN et al [19] studied the precipitation 
sequence of Ti−19Nb−1.5Mo−4Zr−8Sn alloy. 
During ageing at 400−600 °C, α″ phase precipitated 
rapidly within 10 min. Metastable ω formed with 
increasing ageing time at the low temperatures of 
400−450 °C. The precipitation sequence of the 
alloy was determined as β + α′→ ω + α + α" + β → 
α + α" + β → α + β at 400−450 °C, β + α′ → α" +

α + β → α + β at 500−600 °C. YI et al [20] found 
that the precipitation sequences of Ti−7Nb−10Mo 
during isothermal ageing at different temperatures 
were β + ωath → β + ωiso (144 h) at 350−400 °C, 
β + ωath → β + ωiso + α → β + α at 500 °C, and 
β + ωath → β + α at 600−650 °C. LIN et al [38] 
found that the precipitation sequence of 
Ti−40Ta−22Hf−11.7Zr was determined as β → 
α" + β → α + α" + β → α + β at 300 °C. The results 
show that α"iso precipitated below the martensitic 
transition initiation temperature (Ms) after ageing. 
The increase of β-stabilizing elements would 
increase the stability of β phase, and inhibit the 
β → α" transition. The alloy contained higher 
β-stabilizing elements would lead to the reduction 
of Ms, and caused the formation of ω phase directly. 
 
3.3 Precipitation of αs phase 

The SEM results in Figs. 5−7 show the 
microstructures of samples aged at 400−580 °C. 
Microstructural analysis results of the size and 
volume fraction of α phase are listed in Table 1. 
When the ageing temperature was 400 °C, the time 
of three samples was selected as 12 (without 
hardening), 48 and 120 h (with evident hardening), 
as shown in Figs. 5(a−c). There is no difference 
between the morphology of the samples aged at 
400 °C and those of solution state, as shown in 
Figs. 5(a) and (b). After ageing at 400 °C for 120 h, 
only a few needle-like αs phase appeared, as shown 
in Fig. 5(c). The volume fraction (VF) of αs phase 
was only 6.9%, the length and width of αs phase 
were about 1.27 and 0.02 μm, respectively (Table 1). 
The results in Figs. 3 and 5 illustrate that the 
hardness of the alloy aged at 400 °C for 48 and 
120 h increased significantly because of the 
precipitation of ωiso phase at low temperature. 

 

 

Fig. 5 Microstructures of alloy aged at 400 °C for 12 h (a), 48 h (b), and 120 h (c) 
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Fig. 6 Microstructures of alloy after ageing at 500 °C for 1 h (a), 12 h (b), and 48 h (c) 
 

 

Fig. 7 Microstructures of alloy after ageing at 580 °C for 1 h (a), 5 h (b), and 24 h (c) 
 
Table 1 Volume fraction and size of α phase after ageing 

Temperature/
°C Time/h 

Volume fraction of α/%  Size of α/μm 

Primary α Secondary α 
 Primary α  Secondary α 

 Width  Length Width 

400 

12 9.59 −  1.67  − − 
48 12.41 −  1.64  − − 

120 15.13 6.9  1.76  1.27 0.02 

500 

1 10.22 −  1.60  − − 
12 18.96 30.36  1.56  1.47 0.02 

48 18.13 77.06  1.64  1.76 0.04 

580 

1 9.93 25.67  1.76  1.33 0.09 

5 9.11 69.35  1.27  3.03 0.20 

24 12.89 69.72  1.19  3.01 0.34 

 
When the ageing temperature increased to 

500 °C, the ageing time has a significant influence 
on the microstructure (Fig. 6). Shorter ageing time 
(1 h) did not have obvious effect on αs phase and 
hardening. When the ageing time was 12 h, 
needle-like αs phase precipitated and the hardness 

increased to HV 464. When the ageing time 
increased to 48 h, αs phase grew to larger size [39]. 
The volume fraction of αs phase increased from 
30.36% to 77.06%, the length and width of αs phase 
increased from 1.47 and 0.02 μm to 1.76 and 
0.04 μm, respectively, while the hardness decreased 
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to HV 456. These results indicate that the hardness 
could be improved by increasing the volume 
fraction and size of αs phase at the early stage of 
ageing, but the hardness decreased with the 
coarsening of αs phase. The peak hardness of the 
alloy aged at 400 °C was higher than that at 500 °C, 
indicating that αs phase affects the hardness of the 
alloy less than ωiso phase. Therefore, controlling the 
volume fraction and size of αs phase is a strategy for 
achieving the desired properties of the alloy. 

As shown in Fig. 7, the ageing temperature 
significantly affects the phase morphology when 
ageing temperature increases to 580 °C. When aged 
at 500 °C for 1 h, αs phase only precipitated locally, 
and the volume fraction was only 25.67%. When 
the ageing time was extended to 5 h, αp phase 
distributed uniformly. In addition, when the ageing 
time increased to 24 h, the volume fraction of αs 
phase increased to 69.72%, and the length and 
width increased to 3.01 and 0.34 μm, respectively. 
Compared with ageing at 400 and 500 °C, αs phase 
precipitated at shorter ageing time and coarsened at 
580 °C. This infers that higher ageing temperature 
increased the driving force for αs precipitation and 
accelerated its precipitation [8,40]. As shown in 
Figs. 5−7 and Table 1, the volume fraction, size, 
and morphology of αp phase did not change 
significantly, which indicates that ageing 
temperature and time did not affect αp. 
 
3.4 Precipitation of ω phase 

TEM results of the samples aged at 450 °C  
for 12 h and the corresponding bright-field 
micrographs are shown in Fig. 8. The acicular 
phases are observed in Fig. 8(a). The selected-area 
electron diffraction results are shown in Fig. 8(b), 
which confirmed the presence of ω and α phases. 
The reciprocal lattice of ω phase appears at the 1/3 
and 2/3[1 10] β positions, and ω phase is observed 
in the corresponding dark-field phase in Fig. 8(c). 
The reciprocal lattice of α phase appears at the      
1/2[1 10] β position, and the needle-like αs phase is 
observed in the corresponding dark-field phase in 
Fig. 8(d), which is consistent with the XRD results. 
The orientation relationship among ω phase, α 
phase, and β matrix can be inferred from       
the speckled crystal plane index of demarcated 
phase (Fig. 8(e)): (0001) //(1120) //(11 1) ,α βω
(0 110) //(1 100) //(112) ,ω α β  and [1120] //ω  
[0001] //[1 10]α β  [41]. 

Figure 9 shows TEM microstructure of the 
alloy aged at 580 °C for 12 h and the second phase 
is more densely distributed. The corresponding 
SAD pattern obtained along the [1 11]  axis only 
appears near the 1/2{110}β position, only with the 
reciprocal lattice point of α phase in Fig. 9(b). This 
indicates that during high-temperature ageing only 
α phase precipitated. Due to the symmetry between 
hexagonal close-packed (hcp) αs phase and body- 
centered cubic β, there are three αs variants, with  
60° to each other. This is consistent with the 
orientation relationship between αs and β phases 
reported previously [32,33]. Dark field (DF) images 
of three αs variants are shown in Figs. 9(d, e, f). The 
orientation relationship among ω, α and β phases 
can be inferred from the speckled crystal plane 
index of the demarcated phase in Fig. 9(e) as 
(0001)α//(110)β, (0 111) //(110)α β , and 
[2110] //α  [1 11]β  [42,43]. 

 
3.5 Tensile properties 

The tensile properties of the alloy solution 
treated at 800 °C for 2 h and different ageing 
temperatures for 12 h are given in Fig. 10 and 
Table 2. The ageing temperature had a significant 
effect on the tensile properties. With increasing 
ageing temperature, the ultimate tensile strength 
(UTS) of the alloy decreased with the increase of 
elongation. The alloy aged at 450 and 500 °C had 
high UTS of 1424 and 1368 MPa, but relatively low 
elongation of 5.7% and 5.5%, respectively. It has 
been shown that other metastable β titanium alloys 
produced similar brittle fracture after ageing at low 
temperatures [44−46]. The precipitation of ω phase 
during low temperature ageing led to the 
embrittlement of the alloy. The brittleness of ω 
phase prevents dislocation slip, which causes 
dislocation to accumulate near ω phase during 
deformation. When the ageing temperature 
increased to 550 °C, the alloy had high ductility due 
to the absence of ωiso phase. When the ageing 
temperature increased to 580 and 600 °C, the  
yield strength decreased to 1181 and 1108 MPa, 
respectively, and the elongation increased to 13.2% 
and 15.4%, respectively. Compared to the 
properties of sample aged at 550 °C, the reduced 
yield strength and increased ductility of the alloy 
aged at 580 and 600 °C are attributed to the 
coarsening of αs phase, which is consistent with 
SEM results mentioned above. 
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Fig. 8 TEM microstructures of alloy aged at 450 °C for 12 h: (a) Bright-field image; (b) SAD pattern along [1 10] β 
obtained from (a) (Spots I and II correspond to ω and α phases, respectively); (c) Dark-field image of Spot I in (b);   
(d) Dark-field image of Spot II in (b); (e) Diffraction pattern of (b) 
 

LAI et al [44] found that after solution 
treatment at 900 °C, Ti−12.0Mo−0.01Fe−0.012C− 
0.11O alloy has excellent ductility, with an average 
elongation over 50% and yield strength below 
526 MPa, while after ageing at 400 °C for 10 to 
30 min, the yield strength increased over 900 MPa 
and the elongation decreased below 2% due to   

the precipitation of ω phase, showing the obvious 
embrittlement. The rejection of Mo from ω particles 
remarkably increases the shear modulus of the ω 
particles, promotes intense plastic flow localization, 
and facilitates crack nucleation prior to macroscopic 
yielding. CHEN et al [18] found that the yield 
strengths of Ti−19Nb−1.5Mo−4Zr−8Sn alloy after  
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Fig. 9 TEM microstructures of sample aged at 580 °C for 12 h: (a) Bright-field image of αs phase; (b) Corresponding 
SAD pattern with electron beam parallel to [111] β; (c) Diffraction pattern calibration of (b); (d) DF image from Spot Ⅰ 
in (b); (e) DF image from Spot II in (b); (f) DF image from Spot Ⅲ in (b) 
 

 
Fig. 10 Tensile stress−strain curves of samples solution 
treated at 800 °C followed by ageing at different 
temperatures for 12 h 
 
ageing at 400 °C for 1, 10, and 30 min are 607, 725, 
and 786 MPa, respectively, and the corresponding 
elongations are 7.9%, 6.9%, and 3.9%. This was 
proven to be a large amount of ω phase precipitation 
which induced the sharp decrease of elongation 
lower than 4%. DONG et al [47] found that the 
yield strength of Ti−7Mo−3Nb−3Cr−3Al alloy aged 
at 600 °C was 900 MPa and the elongation was 
13%. The yield strength of the alloy continuously 

Table 2 Tensile properties of samples solution treated  
at 800 °C followed by ageing for 12 h at different 
temperatures 
Temperature/°C YS/MPa TS/MPa EL/% 

450 1424 1451 5.7 

500 1368 1433 5.5 

550 1241 1288 7.6 

580 1181 1205 13.2 

600 1108 1155 15.4 

 
heated to 600 °C was more than 1200 MPa and the 
elongation was below 5% due to ω precipitation. 
MELLO et al [48] found that when Ti−13Mo−6Sn 
alloy was heated slowly to the ageing temperature, 
the yield strength increased from 741 to 995 MPa 
and elongation decreased from 12% to 2.2%. This 
behavior was attributed to the presence of 
isothermal ω in the microstructure. In metastable β 
titanium alloys, the β phase with body-centered 
cubic structure contributes to the ductility of the 
alloy. This is due to the difficulty in activating the 
stress-induced martensitic phase in the α phases. 
The more deformation modes, the better the 
ductility. When αs phase precipitates in β matrix 
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under ageing condition, β phase hardly undergos 
stress-induced martensite transformation except 
dislocation slip. This results in a significant increase 
in strength and a significant decrease in ductility 
due to the dispersion strengthening of the α 
precipitates. 

Figure 11 shows the fracture morphology of 
tensile sample solution treated at 800 °C for 2 h 
followed by ageing. In Fig. 11(a), the typical mixed 
failure mode is shown, but the brittle failure mode 
was dominant, which is consistent with the higher 

brittleness and lower ductility compared to other 
samples. After low temperature ageing (450 °C), 
there is a large number of smooth cleavage surface, 
and a small number of dimples and cracks can be 
found. The cleavage facets and the corresponding 
expanded image are shown in Fig. 11(a1). The micro- 
crack and dimples, and the corresponding high 
magnification image are shown in Fig. 11(a2). The 
area fraction of the planar regions was estimated to 
be above 60%, and the dimples are shallow with 
variable size. In Fig. 11(b), when ageing at 550 °C, 

 

 
Fig. 11 Fracture surface morphologies of samples solution treated at 800 °C for 2 h, followed by ageing at different 
temperature for 12 h: (a) 450 °C; (b) 550 °C; (c) 580 °C; (a1, a2, b1, c1) Enlarged views of (a, b, c), respectively 
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the cleavage surface decreased and dimples 
increased. In Fig. 11(c), when ageing at 580 °C, 
both of plastic and brittle fractures were still 
observed, although the cleavage surface and 
microcrack were barely visible. When the number 
of dimple regions increased, the dimples were 
shallow with variable size shown in Fig. 11(c1). As 
known from Fig. 8, ductility increased with 
increasing ageing temperature, although the 
strength decreased, which was related to the 
thickness of αs. With the increase of αs, the 
difficulty of crack propagation along the path 
increased. As a result, the propagation path became 
more tortuous as zigzag pattern, thus, the crack 
required more energy to bypass the αs phase. This 
improves crack propagation resistance and ductility. 
 
4 Conclusions 
 

(1) The solution-treated alloy exhibits a 
circular α phase and a small amount of ωath phase in 
the β matrix. After ageing at 400−450 °C, ωiso phase 
precipitates in matrix. With the increase of ageing 
temperature, ωiso phase gradually transformed to αs 
phase. At higher ageing temperature (580−600 °C), 
ωiso precipitation is suppressed, and αs phase 
precipitated directly from β phase. At 400 °C, αs 
precipitated after ageing for 120 h, while at higher 
ageing temperature αs precipitated during the early 
ageing stage. 

(2) The increase of ageing time accelerates the 
precipitation and coarsening of αs phase. Ageing at 
low temperature should be avoided in order to 
mitigate brittleness by the precipitation of a large 
amount of ω phase, although very high strength 
could be achieved.  

(3) The orientation relation among ω, α, and β 
phases could be inferred as //(11(0001 /) 20) /ω α  
(11 1) ,β (0 110) //(1 100) //(112) ,ω α β and
[1120] //[0001] //[1 10]ω α β.  The precipitation 
sequences during ageing are as: (400−450 °C) β + 
αp + ωath → β + αp + αs + ωiso; (500−550 °C) β + αp + 
ωath → β + αp + αs + ωiso → β + αp + αs; (580−600 °C) 
β + αp + ωath → β + αp + αs. 
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摘  要：研究亚稳 β 型钛合金 Ti−6Cr−5Mo−5V−4Al 固溶和时效过程中的析出序列及显微组织和拉伸性能之间的

关系。在 400~450 ℃时效时，合金析出等温 ω 相(ωiso)，引起高硬化行为和脆性断裂。在 450~500 ℃时效时，随

时效时间增加，ωiso 相逐渐演化为次生 α 相(αs)。在更高温度(580~600 ℃)时效时，ωiso 相析出受到抑制，αs 相直接

从 β 相析出。由于 ωiso 相析出，合金在 450 ℃时效 12 h 时的屈服强度为 1368 MPa，伸长率为 5.5%。随 αs 相析出

和粗化，合金在 600 ℃时效 12 h 时的屈服强度为 1108 MPa，伸长率提高到 15.4%。 

关键词：亚稳态 β-Ti 合金；时效序列；ω 相；αs 相；强度；塑性 
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