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Abstract: In order to understand the influence of the different aging parameters on the microstructure and mechanical properties of Ti-

6Al-3Nb-2Zr-Mo (Ti6321) alloy, the microstructures and mechanical properties under different aging parameters (temperatures 

ranging from 500 ° C to 650 ° C, 3 – 24 h) were investigated by optical microscopy (OM), scanning electron microscopy (SEM), 

transmission electron microscopy (TEM), and mechanical properties tests. The results reveal that the secondary α phase (αs) is more 

sensitive to the aging parameters than the primary α phase (αp). Moreover, the thickness of αs phase is positively correlated with aging 

temperature or aging time. As the aging temperature and aging time increase, the segregation of Ti and Al elements in the β 

transformation phase (βt) becomes obvious, and the αs phase changes from fine needle-like to long rod-like. When the alloy is aged at 

600 °C for 12 h, the alloy shows good comprehensive mechanical performance. The tensile strength, yield strength, and elongation are 

907 MPa, 796 MPa, and 16%, respectively, and the impact energy is 55 J.
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Titanium alloys have a potential application in aerospace 
and marine engineering due to their high specific strength, 
excellent mechanical properties and corrosion resistance[1–3]. 
Ti-6Al-3Nb-2Zr-Mo (Ti6321) alloy is a near-α titanium alloy, 
which was developed by The Luoyang Ship Material Research 
Institute. It has unique properties and is specially designed for 
marine engineering applications[4–7]. However, the properties 
of titanium alloys depend on many factors such as composi-
tion, processing method, microstructure (such as crystal struc-
ture, grain size), and strengthening mechanism[8]. In general, 
the excellent mechanical properties of titanium alloys can be 
obtained through a series of thermomechanical processing 
(TMP) and heat treatment processes[9–11]. Moreover, heat 
treatment changes the properties of metal by changing its 
microstructure and subsequent mechanical properties[12].

However, titanium alloy has very complex microstructure 
evolution characteristics during heat treatment. Among them, 

the evolution of αp phase, αs phase, βt phase and precipitates of 
titanium alloys have different effects on the strength, 
hardness, plasticity and toughness[13–14]. Therefore, it is very 
important to clarify the relationship between heat treatment, 
microstructure and mechanical properties[15]. In recent years, 
researchers have carried out a series of studies on the 
relationship between the heat treatment process and 
mechanical properties of titanium alloys. However, most 
studies are concerned on the effects of heat treatment process 
on microstructure and mechanical properties of α+β titanium 
alloy and β titanium alloy. For example, Xavier et al[16] studied 
the effect of low temperature holding on the microhardness 
and microstructure of the dual phase titanium alloy Ti-15Zr-
xMo. The results show that with the increase in the holding 
time, the content of α' phase increases, which decreases the 
microhardness of the alloy. Wu et al[17] carried out heat 
treatment on Ti-6Al-4V in the temperature range from 300 °C 
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to 1020 °C and then the alloy was water quenched. It is found 
that there is a strong correlation between microstructure and 
hardness. The full β structure is obtained when the tempe-
rature rises over 900 ° C, which shows the highest micro-
hardness. Zhu et al[18] investigated the influence of heat treat-
ment on microstructure and mechanical properties of TC17 
titanium alloy. The results indicate that the grain boundary α 
becomes thick after two-phase region solution and aging 
treatment. Zhou et al[19] found that the annealing temperature 
mainly affects the shape and volume fraction of the αp phase, 
and the alloy shows good comprehensive tensile properties 
when annealed at 930 °C for 1 h and aged at 600 °C for 4 h. 
Moreover, the research on the heat treatment of β titanium 
alloy mainly focuses on the relationship between the width of 
αs phase and temperature, especially the relationship between 
the microstructure and mechanical properties of the alloy after 
solution and aging treatment. Shekhar et al[20] studied the near-
β titanium alloy under β solution treatment and aging 
treatment, which can only obtain high strength. However, after 
α+β solution treatment and aging treatment, the alloy shows 
the best combination of strength and plasticity. Du et al[13] 
found the relationship between the evolution of the αs phase in 
a new β titanium alloy after solution and aging treatment and 
mechanical properties. In addition, the research on heat 
treatment of α titanium alloy mainly focuses on the cooling 
process, because α titanium alloy is sensitive to cooling rate. 
For instance, it has been reported that cooling rate has a 
significant influence on the size of αs phase[21], which leads to 
the change of the strength of titanium alloys[22]. Moreover, the 
change of the volume fraction of αp phase, size and 
morphology of αp phase during cooling process has also been 
reported. For example, Shi et al[23] found that with the decrease 
in the cooling rate, the volume fraction and diameter of the 
equiaxed α and thicknesses of the lamellar α will increase. In 
summary, some scholars have carried out numbers of 
researches on the heat treatment of titanium alloy. However, 
the study on heat treatment, microstructure evolution and 
mechanical properties of Ti6321 alloy is relatively scarce. So 
far, the effect of aging parameters on microstructure evolution 
and mechanical properties of Ti6321 alloy after solution 
treatment still remain unclear.

Therefore, in this work, the influence of aging process 
parameters on the microstructure evolution and mechanical 
properties of the Ti6321 alloy was investigated. Furthermore, 
the tensile and impact fracture mechanisms of the alloy after 
different aging treatments were analyzed. These findings may 
have theoretical guiding significance for industrial production.

11  Experiment  Experiment

1.1  Materials and heat treatment process

The materials used in this study consisted of a Φ39 mm×80 
mm Ti6321 forged bar, where the chemical composition 
(wt% ) of Ti6321 was 3.01 Nb, 1.00 Mo, 1.95 Zr, 6.02 Al, 
0.020 Si, 0.024 Fe, and balanced Ti. The β transus temperature 
was 990 °C. The solution treatment was carried out at 840 °C 

for 1.5 h in an electricity-resistant furnace. The microstructure 
after solution treatment was composed of equiaxed and 
elongated αp phase and βt phase, which was a typical bimodal 
structure (as seen in Fig.1a). The αs phase can be clearly seen 
by the SEM observation, as shown in Fig.1b. The mechanical 
properties of Ti6321 alloy after solution treatment are shown 
in Table 1.

After solution treatment, the cylindrical samples with Φ39 
mm×80 mm were aged for 3, 6, 12 and 24 h in an electricity-
resistant furnace at 500, 550, 600 and 650 ° C. The heat 
treatment process is shown in Fig.2.
1.2  Mechanical testing and characterization methods 

The heat-treated cylindrical samples were processed for 
tensile and impact tests according to the sampling diagram 
shown in Fig. 3a, and the number of parallel samples was 3. 
The tested sample size is displayed in Fig.3b‒3c. All the tests 
were performed strictly according to the national standards, 
GB/T 228.1-2010 and GB/T 229-2007.

The microstructure of Ti6321 alloy, aged under different 
parameters followed by grinding, polishing, and etching (47 
mL H2O+2 mL HNO3+1 mL HF) treatment, was observed 
through OM and a field-emission SEM. Moreover, the 
detailed microstructure information was obtained using a 
FESEM equipped with an energy dispersive spectroscope 
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Fig.1　OM (a) and SEM (b) microstructures of Ti6321 alloy after 

solution treatment

Table 1　Mechanical properties of Ti6321 alloy after solution 

treatment
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(EDS). Furthermore, the fracture surface morphologies of the 

mechanically tested samples were investigated by SEM.

22  Results and Discussion  Results and Discussion

2.1  Effect of the aging parameters on microstructure of 

Ti6321 alloy 

Fig.4 shows the microstructures of Ti6321 alloy after aging 

at 500‒650 °C for 6 h. The microstructure of Ti6321 alloy still 

presents the typical bimodal microstructure after aging at 

different temperatures for 6 h. As the aging temperature 

increases, the content of αp phase does not change 

significantly. However, αs is more sensitive to the aging 
temperature than αp phase. During the aging process, the αs 
phase is precipitated from the βt phase. When aged at 500 °C 
for 6 h, the morphology of αs phases is fine needle-like,         
as shown in Fig. 4a1. As the aging temperature increases to 
600 °C, the boundary of αs phase becomes clear and thick, and 
the morphology of αs phases changes into short rod-like, as 
shown in Fig. 4b1 and Fig. 4c1. When the aging temperature 
reaches to 650 °C, the coarsening degree of αs phase reaches 
the maximum, and its morphology is long rod-like, as shown 
in Fig.4d1.

Fig. 5 shows the high-angle annular dark-field scanning 
transmission electron microscope (HAADF – STEM) images 
and corresponding EDS mappings of the Ti6321 alloy aged at 
different temperatures for 6 h. Al is an element stabilizing the 
α phase, which is enriched in the α phase. In addition, Nb and 
Mo are elements that stabilize the β phase, so Nb and Mo are 
enriched in the βt phase. Zr is a neutral element. HAADF-
STEM results show that Ti and Al are mainly distributed in 
the αp phase. As the aging temperature increases, the element 
distribution in βt phase changes obviously compared to αp 
phase. Under the condition of aging at 500 °C for 6 h, Nb and 
Mo elements are mainly enriched in βt phase, as shown in 
Fig. 5a. However, as the aging temperature increases, the αs 
phase begins to precipitate from the βt phase. Therefore, the 
segregation of Ti and Al elements appears in the βt phase. 
Since the αs is a fine needle-shape, the segregation of elements 
is not obvious, as shown in Fig.5b. Furthermore, as the aging 
temperature increases to 600 °C, the segregation of Ti and Al 
elements in βt phase becomes obvious, as shown in Fig. 5c. 
When the aging temperature reaches to 650 ° C, the 
segregation of Ti and Al elements appears obviously in βt 
phase. At this time, the αs phase appears as long rod-like, as 
shown in Fig.5d.

Fig.6 show the microstructures of Ti6321 alloy after aging 
at 600 °C for 3, 12, and 24 h. As the aging time increases, the 
content of αp phase presents little change. After aging for 3 h, 
the αs phase is randomly distributed in βt, and its morphology 
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Fig.2　Heat treatment process of Ti6321 alloy

Fig.3　Schematics of the sampling for mechanical property test (a): 

(b) tensile test sample and (c) impact property test sample

Fig.4　Microstructures of Ti6321 alloy aged at different temperatures for 6 h: (a, a1) 500 °C, (b, b1) 550 °C, (c, c1) 600 °C, and (d, d1) 650 °C
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is fine needle-like. Moreover, the αs phase boundary cannot be 
clearly identified, as shown in Fig. 6a1. When the aging time 
increases to 6 h, the αs phase begins to grow, and its shape 
changes from fine needle-like to short rod-like. In addition, 
the αs phase boundary becomes distinct, as shown in Fig.4b1. 
When the aging time reaches to 12 h, the αs phase coarsens 
obviously. The shape of the αs phase changes into long rod-
like, as shown in Fig. 6b1. When the aging time is 24 h, the 
coarsening degree of αs phase reaches to the maximum. 
Meanwhile, the width of the αs phase becomes wider, and the 
boundary of βt phase becomes fuzzy, as shown in Fig.6c1.

Fig.7 shows the HAADF-STEM images and corresponding 
EDS mappings of the Ti6321 alloy aged at 600 ° C for 

different time. HAADF-STEM results show that as the aging 
time increases, the element distribution in βt phase changes 
obviously, and the distribution of elements in αp phase does 
not change significantly. After aging for 3 h, the segregation 
of Ti and Al elements appears in βt phase, as shown in Fig.7a. 
However, when the aging time increases to 6 h, the 
segregation of Ti and Al elements in βt phase becomes 
obvious, as shown in Fig.7b. When the aging time increases to 
24 h, the segregation of Ti and Al elements appears in the βt 
phase. Moreover, the αs phase grows and penetrates the βt 
phase, and the morphology of αs shows a long rod-like, as 
shown in Fig.5d.

In conclusion, the coarsening of αs phase occurs with the 

Fig.5　HAADF-STEM images and corresponding EDS mappings of Ti6321 alloy aged at different temperatures for 6 h: (a) 500 °C, (b) 550 °C, 

(c) 600 °C, and (d) 650 °C
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Fig.6　Microstructures of Ti6321 alloy aged at 600 °C for different time: (a, a1) 3 h, (b, b1) 12 h, and (c, c1) 24 h
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increase in aging temperature and aging time. From the 
perspective of thermodynamics, the coarsening behavior of αs 
phase is a thermal activation process. Since the βt phase is a 
metastable phase, the growth driving force of αs phase is 
provided with the increase in aging temperature, which 
promotes the coarsening of αs phase[24]. In addition, the 
coarsening rate of αs phase is controlled by the diffusion rate 
of solute atoms. The diffusion degree of solute atom is related 
to time. The longer the aging time, the more sufficient the 
diffusion of solute atoms, which will also promote the 
coarsening of the αs phase[25]. The schematic of the 
microstructure transformation is presented in Fig. 8. The 
yellow areas represent the αp phase, and the blue blocky 
regions represent the βt phase, where the βt phase consists of 
the αs phase. It can be clearly seen that with the increase in the 
aging temperature and aging time, the αs phase gradually grow 
and the width of the αs phases also increases, because β phase 
is transformed to the α phase in aging process. In addition, 
after high temperature aging and longtime aging, the αs phase 
presents a complex change from fine needle-like to long rod-
like.
2.2  Effect of aging parameters on mechanical properties 

of Ti6321 alloy
Fig. 9 shows the mechanical properties of Ti6321 alloy 

under different aging parameters. The red dotted line in Fig.9 
shows the mechanical properties of Ti6321 alloy after solution 
treatment. It can be seen that the ultimate tensile strength and 
yield strength after aging are significantly improved when the 
aging temperature is in the range of 500‒600 ° C. Once the 
aging temperature is increased to 650 ° C, the strength 
decreases. In addition, when aging temperature increases up to 
550 ° C, the impact energy is higher than that of solution 
treated samples. Therefore, it is particularly important to find 
the suitable aging parameters to achieve the best combination 
between strength and toughness.

There are two factors that affect the tensile strength. On the 

one hand, with the increase in aging temperature, the 
morphology of αs phase changes from fine needle-like to long 
rod-like, resulting in the decrease in interface area of αs phase 
boundary [26], and finally decreasing the strength of the alloy, 
as shown in Fig.9a and 9b. On the other hand, the spacing of 
the αs phase has an important influence on the strength of 
titanium alloy [24]. With the increase in aging temperature, the 
spacing of αs phase increases, resulting in decrease in the 
strength of alloy. As shown in Fig.9a and 9b, with the increase 
in aging time, the strength basically shows a small trend. It 
indicates that the mechanical properties of the alloy are more 
sensitive to the aging temperature than that to aging time.

The impact toughness of titanium alloys has a significant 
influence on the distribution of αp phase, and size or 
morphology of αp phase. Generally speaking, αp phase is the 
channel of crack initiation and propagation[27]. Moreover, the 
thickness of αs phase has a great influence on the impact 
toughness of titanium alloys[24]. Appropriate thickness of αs 

Fig.7　HAADF-STEM images and corresponding EDS mappings of Ti6321 alloy aged at 600 °C for different time: (a) 3 h, (b) 12 h, and (c) 24 h

Fig.8　Schematic diagrams of microstructure transformation under 

different aging parameters
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phase can provide the best crack propagation resistance and 
high impact toughness. With the increase in aging 
temperature, the thickness of αs phase increases gradually, 
resulting in the increase in impact toughness. When the aging 
time is 6 h, the impact toughness reaches to the maximum 
value. The impact toughness begins to decrease after aging 
over 6 h, as shown in Fig.9d. It indicates that the thickness of 
αs phase at 6 h is the most conducive to hinder crack 
propagation, thereby improving the impact toughness of the 
material.

In summary, the alloy has the best comprehensive 
mechanical properties when aged at 600 ° C for 12 h. The 
tensile strength, yield strength, and elongation are 907 MPa, 
796 MPa, and 16%, respectively. Meanwhile, the impact 
energy is 55 J.
2.3  Impact and tensile fracture morphology analysis and 

fracture mechanism

Fig.10 shows the impact and tensile fracture morphologies 
of Ti6321 alloy after aging at different temperatures for 6 h. 
According to Fig. 10a and Fig. 10d, it can be seen from the 
macro fracture of the impact sample that the material shows 
ductile fracture. As can be seen from Fig. 10a, the macro 
fracture gradually becomes uneven with the increase in aging 
temperature. Fig.10a1 and Fig.10d1 show the enlarged views of 
the position of the white dotted line frame. When the aging 
temperature is 500 ° C, there are a large number of micro-
voids in the microscopic fracture. With the increase in aging 
temperature, the micro-voids in the fracture are gradually 
reduced, and the dimple size is also reduced. Moreover, the 

crack growth is affected by the lamellar structure. Meanwhile, 

the αs phase coarsens as the aging temperature increases. 

Therefore, the path of crack growth becomes tortuous and the 

resistance of crack growth increases, and finally the toughness 

of the material increases [28].

Fig.10e and Fig.10h show the macroscopic fractures of the 

tensile sample, and the material shows ductile fracture. 

Fig.10e1 and Fig.10h1 show the enlarged view of the position 

of the white dotted line frame. When the aging temperature is 

500 °C, the dimple size in the microscopic fracture is uniform 

and dense. Moreover, as the aging temperature increases, the 

dimple size becomes larger. When the aging temperature 

increases to 650 °C, the macro fracture is deformed and cracks 

appear. In addition, the strength is decreased, which is closely 

related to the thickness of the αs phase.

Fig.11 shows the impact and tensile fracture morphologies 

of Ti6321 alloy after aging at 600 ° C for different time. 

According to Fig. 11a and Fig. 11d, it can be seen from the 

macro fracture of the impact sample that the material shows 

ductile fracture. Fig. 11a1 and Fig. 11d1 show the enlarged 

images of the position of the white dotted line frame. With the 

increase in aging temperature, micropores in the impact 

fracture gradually increase and cracks gradually appear, as 

shown in Fig.11c1. When the aging temperature is 600 °C and 

the aging time is 12 h, the impact and tensile samples have the 

least micro-voids, and the number of dimples is large and the 

size is uniform, so they show good impact toughness and 

strength.
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Fig.10　Impact and tensile fracture morphologies of Ti6321 alloy after aging at different temperatures for 6 h

Fig.11　Impact and tensile fracture morphologies of Ti6321 alloy after aging at 600 °C for different time

2008
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33  Conclusions  Conclusions

1) In the Ti6321 alloy, the αs phase is more sensitive to 
aging parameters. The thickness of αs phase is positively 
correlated with aging temperature or time. As the aging 
temperature and aging time increase, the segregation of Ti and 
Al elements in βt phase is obvious, and the αs phase in βt phase 
changes from fine needle-like to long rod-like.

2) Mechanical properties are more sensitive to aging 
temperature than to aging time. As the aging temperature 
increases, the yield and tensile strength decrease and the 
impact energy increases. When the alloy is aged at 600 °C for 
12 h, the comprehensive performance reaches to the best. The 
tensile strength, yield strength, and elongation are 907 MPa, 
796 MPa, and 16%, respectively. Meanwhile, the impact 
energy is 55 J.

3) The tensile and impact toughness fracture of Ti6321 
alloy are ductile after aging treatment. The coarsened αs 
phases increase the crack propagation resistance during the 
impact process and make the expansion path tortuous, but the 
coarsened αs phase is not conducive to the tensile properties of 
the alloy.
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时效处理对Ti-6Al-3Nb-2Zr-Mo合金组织演变和力学性能的影响

江海洋 1，2，3，江福清 2，3，王 冰 1，2，3，徐 斌 1，3，孙明月 1，3

(1. 中国科学院金属研究所  核材料与安全评估重点实验室，辽宁  沈阳  110016)

(2. 中国科学技术大学  材料科学与工程学院，辽宁  沈阳  110016)

(3. 中国科学院金属研究所  沈阳材料科学国家实验室，辽宁  沈阳  110016)

摘 要：为了解不同时效参数对Ti-6Al-3Nb-2Zr-Mo （Ti6321）合金组织和力学性能影响的根本原因，通过光学显微镜（OM）、扫描电

镜（SEM）、透射电镜（TEM）和力学性能测试，研究了不同时效条件（500~650 ℃，3~24 h）下的显微组织和力学性能。结果表明，

次生相α（αs）比初生相α（αp）对时效参数更为敏感。此外，αs相的厚度与时效温度和时效时间呈正相关。随着时效温度和时效时间的

增加，Ti和Al元素在βt相中的偏析明显，αs相由细针状转变为长棒状。当合金在600 ℃时效12 h时，合金表现出较好的综合力学性能。

抗拉伸强度、屈服强度和伸长率分别为907 MPa、796 MPa和16%，冲击功为55 J。
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