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Abstract: The effects of heat treatment parameters on the microstructure, and mechanical properties and fractured morphology of 
Ti−5Al−2Sn−2Zr−4Mo−4Cr with the equiaxed, bi-modal and Widmanstätten microstructures were investigated. The heating 
temperatures for obtaining the equiaxed, bi-modal and Widmanstätten microstructures were 830, 890 and 920 °C, respectively, 
followed by furnace cooling at a holding time of 30 min. The volume fraction of primary α phase decreased with increasing the 
heating temperature, which was 45.8% at 830 °C, and decreased to 15.5% at 890 °C, and then the primary α phase disappeared at  
920 °C during furnace cooling. The variation of volume fraction of primary α phase in air cooling is similar to that in furnace cooling. 
The increase in heating temperature and furnace cooling benefited the precipitation and growth of the secondary α phase. The 
equiaxed microstructure exhibited excellent mechanical properties, in which the ultimate strength, yield strength, elongation and 
reduction in area were 1035 MPa, 1011 MPa, 20.8% and 58.7%, respectively. The yield strength and elongation for the bi-modal 
microstructure were slightly lower than those of the equiaxed microstructure. The Widmanstätten microstructure exhibited poor 
ductility and low yield strength, while the ultimate strength reached 1078 MPa. The dimple fractured mechanism for the equiaxed 
and bi-modal microstructures proved excellent ductility. The coexistence of dimple and intercrystalline fractured mechanisms for the 
Widmanstätten microstructure resulted in the poor ductility. 
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1 Introduction 
 

The mechanical properties of titanium alloys are 
sensitive to the microstructure, including volume  
fraction, grain size and distribution of α and β     
phases [1−3]. MARKOVSKYA and SEMIATIN [4] 
pointed out that the formation of substructure, martensite, 
and residual stress in CP-Ti influenced the strength and 
fatigue behavior. SIENIAWSKI et al [5] proposed that 
the stable β phase after heat treatment improved the 
mechanical properties of Ti−6Al−2Mo−2Cr. The reduced 
slip length between the secondary lamellar α phase 
significantly affected the proof stress, yield stress and 
fracture toughness of Ti−6Al−4V and Ti−6Al−2Mo−2Cr 
[6,7]. LÜTJERING [8] presented that a decrease in α 
colony size improved the yield stress and ductility of 
Ti−6Al−4V and Ti−6Al−2Sn−4Zr−2Mo. SHI et al [9] 
found that the cooling rate in β field after annealing and 
the subsequent annealing on the top of α+β field 

determined the content and morphology of coarse α 
plates. FILIP  et al [6] pointed out that the low cooling 
rate led to the diffusion-controlled growth of α phase 
lamellae in Ti−6Al−4V and Ti−6Al−2Mo−2Cr, and the 
thickness and length of the α phase decreased with the 
increase of cooling rate and β-stabilizing element 
content. 

The Ti−5Al−2Sn−2Zr−4Mo−4Cr (corresponding to 
ASTM Ti-17 alloy) was widely used to manufacture the 
aerofoil blades and discs at the servicing temperature 
below 500 °C [10]. The volume fraction and grain size of 
primary and secondary α phases were determined by the 
heat treatment parameters [11]. Up to now, the flow 
stress, apparent activation energy for deformation and 
globularization of the primary α phase during hot 
deformation of Ti−5Al−2Sn−2Zr−4Mo−4Cr have been 
investigated [12,13]. TARÍN et al [14] studied the 
transformation kinetics and micrographic evaluations of 
Ti−5Al−2Sn−2Zr−4Mo−4Cr under different solution and 
aging conditions. TEIXEIRA et al [15] presented that 
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the Ti−5Al−2Sn−2Zr−4Mo−4Cr could retain the whole β 
phase at a metastable state during quick quenching, and 
the heat treatment parameters collaboratively controlled 
the microstructure. 

Although a lot of researches have been done, the 
relationship between the typical microstructure and the 
mechanical properties of Ti−5Al−2Sn−2Zr−4Mo−4Cr 
after heat treatment has not been investigated. Therefore, 
in this work, the Ti−5Al−2Sn−2Zr−4Mo−4Cr was 
treated at different temperatures with given cooling rates, 
and the effects of the heat treatment parameters on the 
typical microstructures, including the equiaxed, bi-modal 
and Widmanstätten microstructures of Ti−5Al−2Sn− 
2Zr−4Mo−4Cr were investigated. Following choosing 
the optimal heat treatment parameters, the mechanical 
properties of Ti−5Al−2Sn− 2Zr−4Mo−4Cr with typical 
microstructures at room temperature were determined. 
 
2 Experimental 
 
2.1 Materials 

The chemical composition of the as-received 
Ti−5Al−2Sn−2Zr−4Mo−4Cr with a diameter of 50 mm 
is shown in Table 1, and the β-transus temperature of the 
alloy is about 905 °C via metallographic method. Prior to 
heat treatment, isothermal annealing was performed at 
840 °C for 2 h, furnace cooling to 650 °C in 2 h and then 
air cooling to room temperature so as to obtain the 
equiaxed microstructure. 
 
Table 1 Chemical composition of as-received Ti−5Al−2Sn− 
2Zr−4Mo−4Cr (mass fraction, %) 

Al Sn Zr Mo Cr Fe 

5.12 2.03 2.10 4.04 3.94 0.10 

C N H O Ti 

0.12 0.007 0.007 0.12 Bal. 

 
2.2 Heat treatment 

The dimensions of Ti−5Al−2Sn−2Zr−4Mo−4Cr 
samples were 5 mm × 5 mm × 8 mm. The heat treatment 
was carried out in a box-type resistance furnace with 
furnace cooling (FC) and/or air cooling (AC) at 
temperatures of 830, 860, 870, 880, 890 and 920 °C, 
respectively, and a holding time of 30 min. After heat 
treatment, the Ti−5Al−2Sn−2Zr−4Mo−4Cr specimens 
were cross-sectioned, mechanically polished using 
silicon carbide paper, electrolytically polished and 
chemically etched in a solution of 10 mL HF, 15 mL 
HNO3 and 75 mL H2O. The microstructure examination 
was carried out on an OLYMPUS PM−T3 optical 
microscope. The grain size and volume fraction of 
primary α phase were measured by using an Image Pro 
plus 6 software. The experimental values were calculated 

from the 12 visual fields. 
 

2.3 Tension 
Tension specimens with a gauge length of 25 mm 

and a diameter of 5 mm were manufactured from the 
heat-treated Ti−5Al−2Sn−2Zr−4Mo−4Cr bar. The 
tension of Ti−5Al−2Sn−2Zr−4Mo−4Cr heat-treated at 
room temperature was carried out on a Zwick 105 
electronic universal testing machine. The ultimate 
strength (UTS), yield strength (YS), reduction in area 
(RA) and elongation (El) were the average values of 
three specimens. The fractured surfaces of Ti−5Al−2Sn− 
2Zr−4Mo−4Cr specimens after tension were observed by 
using a MIRA3 TESCAN scanning electron microscope 
at 20 kV. 
 
3 Results and discussion 
 
3.1 As-received microstructure 

As seen from Fig. 1(a), the transversal micro- 
structure of as-received Ti−5Al−2Sn−2Zr−4Mo−4Cr 
consists of the equiaxed α phase with a volume fraction 
of 34.9% and grain size of 3.29 μm and the β matrix. The 
longitudinal morphology of α phase is short rod and 
shows a certain orientation along the axial direction in 
Fig. 1(b). 
 
3.2 As-treated microstructure 
3.2.1 Effect of heating temperature 

The effect of heating temperature on the 
 

 
Fig. 1 Micrographs of as-received Ti−5Al−2Sn−2Zr−4Mo−4Cr 
specimens: (a) Transversal; (b) Longitudinal 
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microstructure of Ti−5Al−2Sn−2Zr−4Mo−4Cr is shown 
in Fig. 2. Quantitative assessment of the grain size and 
volume fraction of primary α phase is obtained and 
shown in Fig. 3. 

The volume fraction of primary α phase keeps 
steady in the temperatures ranging from 830 to 880 °C, 
decreases at 890 °C (Fig. 3(a)), and disappears at 920 °C 
(Fig. 2(f)). At 830 °C, the volume fraction of primary α 

 

 
Fig. 2 Micrographs of Ti−5Al−2Sn−2Zr−4Mo−4Cr following FC at different heating temperatures: (a) 830 °C; (b) 860 °C;        
(c) 870 °C; (d) 880 °C; (e) 890 °C; (f) 920 °C 
 

 
Fig. 3 Effect of heating temperature following FC on volume fraction (a) and grain size (b) of primary α phase 
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phase increases from 34.0% to 45.8% compared with 
that of the as-received sample. The FC promotes 
adequate transformation of β→α and the grain size of α 
phase, then the volume fraction of primary α phase keeps 
steady at temperatures ranging from 830 to 880 °C; 
however, the volume fraction of primary α phase sharply 
decreases to 15.5% as the heating temperature increases 
to 890 °C. 

The heating temperature has little effect on the grain 
size of primary α phase, which fluctuates between 3 and 
5.5 μm in the temperature range of 830−890 °C, as seen 
in Fig. 3(b). The morphology of the secondary α phase 
varies with the increase of heating temperature. Small 
amounts of fine secondary α lamellae occur at 830 °C. 
Both the width and amount of the secondary α lamellae 
increase with the increase of heating temperature, as the 
amount of secondary α phase increases with prolonging 

cooling time [16,17]. 
3.2.2 Effect of cooling condition 

The microstructures of Ti−5Al−2Sn−2Zr−4Mo−4Cr 
followed by AC at a given heating temperature and/or FC 
are shown in Fig. 4. As seen from Figs. 4(a), (c) and (e), 
the volume fraction of primary α phase decreases with 
the increase of heating temperature, and the secondary α 
phase does not occur. At a heating temperature of 830 °C 
(Fig. 4(a)), the grain size is 2.65 μm and volume fraction 
is 25.03%, and those decrease to 2.06 μm and 4.58%, 
respectively, as the heating temperature increases closely 
to β-transus temperature (Fig. 4(c)). The primary α phase 
of Ti−5Al−2Sn−2Zr−4Mo−4Cr at a heating temperature 
of 920 °C totally disappears. Low cooling rate in FC 
mainly affects the growth of primary α phase and the 
precipitation of the secondary α phase, as shown in  
Figs. 4(b), (d) and (f). FC promotes the diffusion of 

 

 
Fig. 4 Micrographs of Ti−5Al−2Sn−2Zr−4Mo−4Cr at 830 °C + AC (a), 830 °C + FC (b), 890 °C + AC (c), 890 °C + FC (d),     
920 °C + AC (e) and 920 °C + FC (f) 
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atoms and the nucleation of secondary α phase. 
Comparing Figs. 4(b) and (d) with Figs. 4(a) and (c), the 
secondary α phase precipitates, and both volume fraction 
and grain size of primary α phase followed by FC 
increase, as obtained in Ref. [18]. Comparing Fig. 4(f) 
with Fig. 4(e), the interlaced arranged α colony with 
different directions precipitates in the coarse β matrix 
and α plates occur at β grain boundaries. 

Based on the above discussion, the heat treatment 
parameters for the three typical microstructures are 
obtained as follows: 1) 830 °C, 30 min and FC for 
equiaxed microstructure, 2) 890 °C, 30 min and FC for 
bi-modal microstructure, and 3) 920 °C, 30 min and FC 
for Widmanstätten microstructure. 
 
3.3 Mechanical properties 

The variations of the UTS (σb), YS (σ0.2), El (ε) and 
RA (A) with the heating temperature for three typical 
microstructures are depicted in Fig. 5. Both the equiaxed 
and bi-modal microstructures exhibit high strength and 
good ductility. The UTS values of equiaxed and bi-modal 
structures are at the same level. The YS of the   
equiaxed microstructure is slightly higher than that of the 
bi-modal microstructure. In contrast, the Widmanstätten 
 

 
Fig. 5 Variation of UTS, YS, El and RA for three typical 
microstructures with heating temperature followed by FC 

microstructure exhibits poor ductility with low El, RA 
and YS, while UTS is high. 

Three typical microstructures behave high UTS, 
especially for Widmanstätten microstructure. As to the 
equiaxed and bi-modal microstructures, the primary α 
phase with small grain size of 3−4 μm benefits to 
improve the UTS. Besides, the strengthening effect of 
the secondary α phase increases with the decrease of 
primary α phase [19]. For Widmanstätten microstructure, 
further increase in UTS is attributed to an increase in 
secondary α lamellae, which increases the total content 
of α phase. 

The decrease in YS is closely related to incoherent 
boundaries between primary α phase and β phase, and 
semi-coherent boundaries between secondary α phase 
and β phase. As seen from Figs. 2(a), (e) and (f), the 
volume fraction of the primary α phase sharply decreases 
in the bi-modal microstructure, and totally disappears in 
the Widmanstätten microstructure. The variation of the 
secondary α phase is exactly opposite. Therefore, the 
amount of incoherent boundaries decreases while that of 
semi-coherent boundaries increases, then the YS 
decreases. Besides, the coarse β grain also decreases the 
YS of the Widmanstätten microstructure according to the 
Hall−Petch relationship. The colony-type and coarse α 
plates resulting from FC also decrease the YS [8,20]. 

Both the equiaxed and bi-modal microstructures 
exhibit good ductility. As to the equiaxed microstructure, 
large amounts of small equiaxed primary α grains and 
fine secondary α phase decrease the slip length. For the 
bi-modal microstructure, an increase in the size of 
secondary α phase is advantageous to the increase of 
ductility [21]. The Widmanstätten microstructure 
behaves poor ductility, in which the coarse β grains with 
an average grain size of 236 μm and large secondary α 
colonies are the main factor, and the continuously 
distributed boundary α lamella is another factor to 
decrease the ductility of Widmanstätten microstructure. 

The fractured mechanisms of equiaxed, bi-modal 
and Widmanstätten microstructures in the room 
temperature tension were checked by the fractured 
morphologies shown in Figs. 6 and 7. As seen from  
Figs. 6(a) and (c), large shrinkages in both equiaxed and 
bi-modal microstructures occur. As seen from Figs. 6(b) 
and (d), deep and homogenous dimples on the fractured 
surfaces occur. Large shrinkage, plenty of deep and big 
ductile dimples on the fractured surfaces of the equiaxed 
and bi-modal microstructures prove good tensile 
properties. As seen from Fig. 7(a), little contraction in 
the tension of Widmanstätten microstructure occurs. As 
seen from Figs. 7(b) and (c), the dimple and 
intercrystalline fracture occur, in which the dimples are 
much smaller and shallower than those of the equiaxed 
and bi-modal microstructures so as to decrease the  
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Fig. 6 Fractured morphology of heat-treated Ti−5Al−2Sn−2Zr−4Mo−4Cr specimens with equiaxed microstructure (a) and 
corresponding magnification image (b), and bi-modal microstructure (c) and corresponding magnification image (d) 
 

 

Fig. 7 Fractured morphology of heat-treated Ti−5Al−2Sn−2Zr−4Mo−4Cr specimens with Widmanstätten microstructure (a) and 
corresponding magnification image (b) and cleavage plane and shallow dimples (c) 
 
ductility. The appearance of cleavage plane is 
unnegligible, and the intercrystalline fractured 
mechanism also causes a decrease in ductility. Thus, 

small shrinkage, large and deep cracks, small and 
shallow dimples on the fractured surfaces prove low 
ductility of Widmanstätten microstructure [22]. 
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4 Conclusions 
 

1) For obtaining the equiaxed, bi-modal and 
Widmanstätten microstructures, the heat treatment 
temperatures of Ti−5Al−2Sn−2Zr−4Mo−4Cr followed 
by FC at a holding time of 30 min are 830, 890 and   
920 °C, respectively. 

2) As the heating temperature increases from 830 to 
890 °C followed by FC, the volume fraction of primary α 
phase of Ti−5Al−2Sn−2Zr−4Mo−4Cr decreases from 
45.8% to 15.5%, and disappears at 920 °C. The amount 
and width of the secondary α phase increase with the 
increase of heating temperature. Compared with AC, FC 
promotes the precipitation of secondary α phase and the 
growth of α phase. 

3) Both equiaxed and bi-modal microstructures of 
Ti−5Al−2Sn−2Zr−4Mo−4Cr exhibit high strength and 
ductility, and the YS, RA and El for Widmanstätten 
microstructure are low. However, the UTS for 
Widmanstätten microstructure is higher than that for 
other microstructures. 

4) The fractured surface morphologies for the 
equiaxed and bi-modal microstructures of Ti−5Al−2Sn− 
2Zr−4Mo−4Cr in room temperature tension show the 
dimple fractured mechanism with good ductility, and that 
for the Widmanstätten microstructure shows the 
intercrystalline and dimple fractured mechanism 
contemporarily with poor ductility. 
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热处理 Ti−5Al−2Sn−2Zr−4Mo−4Cr 合金的 
显微组织与力学性能 

 
李慧敏，李淼泉，罗 皎，王 柯 

 
西北工业大学 材料学院，西安 710072 

 
摘  要：研究热处理参数对 Ti−5Al−2Sn−2Zr−4Mo−4Cr 合金显微组织的影响及其等轴组织、双态组织和魏氏组织

的室温拉伸力学性能和拉伸断口形貌。获得 3 种典型显微组织的热处理温度分别为 830、890 和 920 °C，并保温

30 min 后炉冷。炉冷时，初生 α相体积分数随热处理温度的升高而减小，在热处理温度为 830、890 和 920 °C 时，

初生 α相的体积分数分别为 45.8%、15.5%和 0；空冷时，初生 α相体积分数的变化规律类似。升高热处理温度和

炉冷均有利于次生 α相的析出和长大。等轴组织具有良好的综合拉伸性能，其抗拉强度、屈服强度、伸长率及断

面收缩率分别为 1035 MPa、1011 MPa、20.8%和 58.7%；双态组织的屈服强度和伸长率略低于等轴组织的屈服强

度和伸长率；魏氏组织的韧性差、屈服强度低，但抗拉强度高达 1078 MPa。等轴组织和双态组织的室温拉伸断

口呈韧窝断裂，塑性较好；魏氏组织的室温拉伸断口中韧窝断裂和晶间断裂共存，塑性较差。 

关键词：钛合金；热处理；显微组织；力学性能；断口形貌 

 (Edited by Wei-ping CHEN) 

 
 

 

 

 




