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This paper aims to analyze the effect of annealing temperature on the 

microstructural changes and the following deformation behavior of 

Ti-5Al-4.2V-0.8Mo-2Fe α/β titanium alloy at high temperatures. For 

this purpose, the hot rolled specimens were mill annealed at 700, 

750, and 800 °C for 1 hour. The deformation behavior of the milled 

annealed alloy was assessed using the hot tensile test at the 

temperature of 750 °C and the strain rate of 0.005 sec-1. It was found 

that, by increasing the mill annealing temperature, the layered 

microstructure changed to the equiaxed one due to static 

globularization. After the tensile test, the stress-strain curves showed 

that by decreasing the annealing temperature from 800 to 700 °C, the 

peak stress decreased and the elongation increased from 362% to 

474%. Moreover, the apparent feature of flow curves suggested yield 

point phenomena as a result of dynamic strain aging. The maximum 

elongation of 474% was obtained after mill annealing at 700 °C a 

finding which is correlated with the promoted fine globular α phase 

with the grain size of 4.5 µm and the 44.5% content of the β phase 

due to the dynamic globularization.   
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1. Introduction 
Ti-4.5Al-3V-2Mo-2Fe is an α+β titanium alloy that 

is rich in β phase known as the SP700 alloy. It is 

attracted for its excellent superplastic properties at a 

temperature of 700 °C [1]. In addition to the 

superplastic formability, the fatigue strength and the 

fracture toughness of SP700 alloy are better than 

those of other α+β titanium alloys, especially the Ti-

6Al-4V alloy [2]. Regarding further β stabilizer 

solute elements, the β-transus of the SP700 alloy is 

about 900 °C and its superplastic deformation 

temperature of it is lower than that of the Ti-6Al-4V 

alloy [3-5]. The mentioned properties raise the 

demand for the SP700 alloy in different units of 

industrial fields such as aerospace [6], medicine, and 

sports [7-9]. As reported earlier [10, 11], the 

microstructure of the SP700 alloy is governed 

significantly by thermomechanical and heat 

treatment parameters. For instance, regarding the 

high-temperature deformation of the SP700 alloy, 

roughing is usually done in the single phase β region, 

as the β phase has a predominant role in the flow 

behavior of the alloy and the workability in this 

region is high. Annealing within the range of 800-840 

°C leads to the equiaxed α and the transformed β 

phases in the dual phase α/β region [9]. The β phase 

is also transformed to the Martensite (α' or α") as a 

result of being quenched from the α+β region [10]. 

According to the research [11], the Martensite finish 

temperature (Mf) of the SP700 alloy is lower than the 

ambient temperature. Therefore, some retained β 

phases (βr) remain in the microstructure of the alloy. 

Nieh et al. [12] reported that the βr phase in the 

SP700 alloy is converted to the martensite phase 

through the stress-induced martensitic 

transformation resulting in higher strength and 

excellent formability. In general, the α phase is harder 

than the β phase; therefore, the room temperature 

strength of the SP700 alloy is correlated significantly 

with the α phase characteristic [13]. Furthermore, 

Wang et al. [2] demonstrated that the β grains are 

oriented through the loading direction during the 

creep test of the SP700 alloy at 500 °C, a finding 

which is attributed to the excellent creep behavior of 

the alloy. The superplastic behavior of the SP700 

alloy was observed at the fine grain structure (d< 10 

µm) and the elevated temperature (T> 0.5 Tm) [14]. 

It has been reported [2] that the alloy deforms mainly 

by the grain sliding mechanism. Tan [15] analyzed 

the effect of the strain rate on the superplastic 

behavior of the SP700 alloy. The results revealed that 

the sharp declination occurs as the strain rate 

increases at 700 °C. Moreover, the optimal strain rate 

at which the alloy shows the superplasticity was 

approximately achieved at a strain rate of 10-3 sec-1.  

Shen et al. [16] studied the effect of the competitive 

dynamic recrystallization (DRX) between α and β 

phases on the superplastic behavior of the SP-700 

alloy. The results show that the superplasticity of the 

alloy can be explained by grain boundary sliding 

(GBS). It has been demonstrated that the rearranged 

dislocations are converted into high-angle sub-

boundaries in α grains by continuous dynamic 

recrystallization (CDRX). However, the 

recrystallized β grains are dominantly induced by 

discontinuous dynamic recrystallization (DDRX), 

aided by CDRX. Alabort et al. [17] demonstrated that 

when the subgrain size is greater than the average 

grain size, GBS is the dominant deformation 

mechanism of superplasticity, and the 

accommodation process is dislocation glide. 

Sheikhali et al. [18, 19] studied the hot compression 

and hot torsion of the SP-700 alloy, previously. The 

authors studied the room-temperature mechanical 

properties of the SP700 alloy by changing heat 

treatment cycles. Despite comprehensive studies on 

the mechanical properties of α+β titanium alloys [14-

20], the high-temperature deformation properties of 

the SP700 alloy have not been studied by controlling 

heat treatment parameters. Therefore, the present 

work has been undertaken to study the effect of 

annealing temperature on the hot tensile properties 

and the microstructure of the Ti-5Al-4.2V-0.8Mo-

2Fe alloy It should be mentioned that changing the 

annealing temperature resulted in achieving different 

initial microstructure before deformation.  

 

2. Experimental 
The chemical composition of the studied alloy 

characterized in accordance with the optical emission 

spectroscopy (OES) analysis is shown in Table 1. 

The composition of the alloy deviated from the 

chemical composition of the standard SP700 alloy. 

The β transus temperature of the alloy was measured 

as 900±10 °C through the annealing quenching 

technique.  

 

 
Table 1. The chemical composition of the studied alloy by the OES method 

Ti Fe Mo V Al 

Balance 1.98 0.78 4.24 4.96 
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The as-received strip was successfully hot rolled at 

the single β phase region. The initial hot rolling 

temperature and reduction were 970 °C and 65 %, 

respectively. The hot rolling process was performed 

through five passes, and the thickness of the strip 

reached from 10 mm to 3.5 mm approximately. After 

the final hot-rolling pass, the strip was immediately 

quenched. The diameter and speed of the rollers were 

30 cm and 3 rpm, respectively. Afterward, the strip 

was held at 850 °C for 15 minutes, and hot rolled in 

order to develop the bi-modal microstructure. The 

rolling reduction and the number of passes were 40% 

and 3, respectively. Therefore, the thickness of the 

strip reached nearly 2 mm. Four specimens with 

dimensions of 150 × 60 × 2 mm3 were then cut from 

the secondary hot-rolled strip. Then, the specimens 

were mill annealed at 700, 750, and 800 °C for one 

hour. They were subsequently cooled in the air. The 

as-annealed specimens were provided with a gauge 

length of 10 mm and a thickness of 3 mm in 

accordance with ASTM E2448 [21] for the hot tensile 

test. The hot tensile test was then conducted at 750 

°C and the strain rate of 5×10-3 through the Instron 

8502 hydraulic machine. In order to analyze the 

microstructure, the standard metallographic 

technique was employed. The specimens were 

mechanically polished with 80-3000 grid SiC paper 

in water. The chemical etching with a modified Kroll 

reagent (4 ml HF + 2 ml HNO3 + 14 ml H2O) was 

employed to reveal the microstructure. The time of 

etching was between 40 to 60 seconds. Finally, the 

microstructures of the specimens were evaluated 

through an Olympus BX 51 optical microscope and a 

Tescan VEGA3 scanning electron microscope. The 

grain size and volume fraction of the phases were 

evaluated quantitatively using the Clemex image 

analysis software.  

 

3. Results and discussion 

3.1. Microstructure evolution before 

deformation 
Fig. 1a demonstrates the microstructure of the Ti-

5Al- 4.2V- 0.8Mo-2Fe alloy after the secondary hot 

rolling process at 850 °C. Fig. 1.b shows the EDS 

analysis of the points shown in Fig. 1.a. As seen, the 

enrichment of Al and the depletion of V and Mo 

contents at point A (the dark area) confirmed the 

existence of α phase and vice versa for point B (the 

light area) which displays the enrichment of V, Mo, 

and Fe and the depletion of Al contents.  

According to Fig. 1a the elongated α phase is 

distributed in the β matrix. As a result of dynamic 

globularization and breaking up lamellar α phase, a 

few regions of the globular α phase have appeared at 

the prior β matrix. 

 

 

 

Wt% 

point Ti Al V Mo Fe 

A 90.9 5.2 1.9 1.2 0.8 

B 84.5 3.5 4.3 3.9 3.8 

a b 
Fig. 1. The Scanning Electron Microscopy (SEM) (a) image of the Ti-5Al-4.2V-0.8Mo-2Fe alloy after the secondary 

hot rolling at 850 °C, and (b) the EDS analysis of points A and B shown in Fig. 1a. 

 

Figure 2 illustrates the SEM images of the specimens 

after rolling and subsequent mill annealing at 700 to 

800 °C. According to Figure 2a, a lamellar 

morphology of α phase can be seen in the specimen 

annealed at 700 °C. In addition, static globularization 

can be seen in some areas of the microstructure. By 

increasing the annealing temperature to 750 and 800 

°C, the development of static globularization can be 

observed. As seen, the annealing temperature played 

an important role in the microstructural 

characteristics. According to Fig. 2b,c; the evolution 

of α lamellar phase, during static globularization and 

kinking was a prevailing microstructure feature at 

temperatures of 750 and 800 °C. As seen in Fig. 2, 

the degree of static globularization of α-lamellae 

increased with an increase in the temperature, while 

the lamellae became coarser and their aspect ratio 

decreased. Indeed, by increasing temperature, the 

migration of interfaces is facilitated due to powerful 

diffusional effect of accelerating globularization 

process of lamellae and accordingly increasing the 

globularized fraction. The similar findings have been 

reported previously for globularization of Ti6242 

alloy [22]. As reported [23], the globularization 

A 
B 
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involves two steps: 1) boundary segregation and 2) 

boundary migration. During these steps, the α/α 

interface is eliminated, and the globularization 

process is completed. The second step of 

globularization (i.e., boundary migration) is a 

diffusion-dependent process [24, 25]; therefore, 

increasing the annealing temperature resulted in a 

high-volume fraction of the globular α phase.  
 

 
(a) 

 
(b) 

 
(c) 

Fig. 2. The scanning electron microscopy (SEM) images of the alloy after the mill annealing treatment at different 

temperatures of (a) 700 °C, (b) 750 °C, and (c) 800 °C for one hour. 

 

3.2. High deformation properties 
Figure 3a depicts the flow stress curve of the alloy 

annealed at temperatures of 700, 750, and 800 °C 

after the hot tensile test at 750 °C and the constant 

strain rate of 0.005 sec-1. The flow stress curve of all 

mill annealed specimens revealed strain hardening in 

the first step of deformation due to the generation and 

multiplication of dislocations. The flow stress 

increased to peak stress as the plastic strain increased. 

Subsequently, its value decreased until fracture. 

Moreover, the flow stress decreased, and the ductility 

enhanced from 362% to 474% as the mill annealing 

temperature decreased. 
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Fig. 3. The effect of the mill annealing temperature on the flow stress curve of the alloy during the hot tensile test at 750 

℃ with the constant strain rate of 0.005 sec-1 

I

n Figure 3, some serrations can be seen in the flow 

curves. This behavior is designated as the yield point 

phenomenon which is attributed to dynamic strain 

aging. According to references [26, 27], as the 

interstitial and substitutional solute atoms pin the pre-

existing dislocations, the immobile dislocations 

increased abruptly the yield stress resulted in the 

appearance of the upper point (σU). This activates 

new sources of dislocations. When dislocations start 

to move, the flow stress suddenly decreases resulting 

to lower yield point (σL) leading to the appearance of 

serration in the flow curves.  

According to Figure 3, the elongation value of the 

specimen annealed at 700 °C was obtained as 474%. 

However, at higher mill annealing temperatures, a 

drop in the elongation of the alloy was observed. The 

elongation values of the specimens annealed at 750 

and 800 °C were measured as 417% and 362%, 

respectively. Hence, it was found that the highest 

elongation was achieved for the specimen mill 

annealed at 700 °C.  

 

3.3. Microstructure Evolutional after 

Superplastic Deformation 
Figure 4 shows the microstructure of the specimens 

after the hot tensile test. For all the specimens, the 

metallographic images were captured from a severely 

deformed zone, the tip region. According to the SEM 

images, after the deformation, the microstructure of 

the specimen mill annealed at 700 °C, includes the 

refined globular α phase surrounded by the β matrix. 

A similar microstructure can be seen for the 

specimens annealed at 750 and 800 °C, as well. When 

the strain is applied to a titanium alloy, the globular 

phase is required to reduce the free energy of the 

deformed material. Therefore, dynamic globularization 

occurs. The mechanism of dynamic globularization is 

similar to static globularization; though the plastic 

deformation is added to temperature leading to 

dynamic restoration phenomena.  

Table 2 shows the effect of the mill annealing 

temperature on the microstructural characterization 

of the alloy before and after the deformation at 750 

°C. Evidently, the grain size of the α phase of the 

deformed specimens was smaller than that of the 

mill-annealed ones. According to Table 2, the grain 

size of the α phase at the deformed region of the 

specimens annealed at 700, 750, and 800 °C were 

determined as 12.4, 9.2, and 7.8 µm, respectively. As 

seen, the maximum change in the grain size is 

obtained for the specimen mill annealed at 700 °C. 

The lamellar α phase in the specimen mill annealed 

at 700 °C, is favorable for dynamic globularization 

rather than the lamellar and globularized α phase. As 

the dislocation density of the lamellar structure is 

higher than the globularized structure, the stored 

energy of the prior one is higher than the subsequent 

one. Thus, the finer globularized α phase would be 

evaluated for the specimen mill annealed at 700 °C 

by the acceleration of dynamic globularization. Since 

the finer grains resulted in more α/β grain boundaries, 

the number of active slip systems increased. 

Consequently, grain boundary sliding facilitated 

leading to an increase in elongation during the hot 

tensile test. Hence, the finer grain size of the α phase 

in the specimen annealed at 700 °C in comparison 

with 750 and 800 °C after deformation, is one of the 

main reasons for the highest elongation of 474% 

achieved for the former one. As mentioned before, 

the increase in grain size of the α phase in the 
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deformed specimens can be seen by increasing the 

mill annealing temperature. The increase in grain size 

by raising the annealing temperature to 800 °C 

restricts grain boundary sliding leading to lower 

elongation. 

  

 
(a) 

 
(b) 

 
(c) 

Fig. 4. Scanning electron microscopy images of the specimen’s mill-annealed at different temperatures of a) 700 °C; b) 

750 °C; and c) 800 °C after the hot tensile test at 750 °C with the strain rate of 0.005 sec -1  

 

α phase 

β phase 
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Table 2. The effects of the mill annealing temperatures on the microstructural characteristics of the alloy  

before and after the deformation at 750 °C 

After Deformation Before Deformation  
Annealing 

Temperature 

(oC) 
 fraction Volume

phase β of 

 α of size grain

(µm) phase 
 Volume

 β of fraction

 phase 

 α of size grain

(µm) phase 

44.5 4.5 42.3 12.4 700 

47.2 5.2 45.9 9.2 750 

55.3 6.7 53.1 7.8 800 

 

The morphology of grains is another parameter that 

can significantly affect the superplastic behavior of 

titanium alloys. As a result of globular grains, the 

grain boundary sliding is facilitated. However, the 

grain boundary sliding through the deformation 

direction is restricted in wide and elongated grains. 

The shear stress is not developed appropriately in 

elongated grains. The induced shear stress during the 

grain boundary sliding is endured with globular 

grains. Therefore, it is necessary to develop equiaxed 

and globular grains for grain boundary sliding during 

superplastic deformation. According to Figure 4, the 

globular α phase was promoted as a result of dynamic 

globularization. For instance, the initial 

microstructure of the alloy after annealing at 700 °C 

(Figure 2a) was compared with its newly promoted 

microstructure after the deformation (Figure 4a). As 

mentioned before, the elongated α phase was broken 

during the deformation, and globular grains were 

achieved. Accordingly, the equiaxed and globular 

grains achieved for the specimen mill annealed at 700 

°C confirmed the maximum elongation of 474%.  

The volume fraction of the α and β phases has also a 

significant effect on the superplastic behavior of 

titanium alloys. The volume fraction of the β phase 

of the alloy before and after the hot tensile test has 

been also demonstrated in Table 2. Evidently, the 

volume fraction of the β phase of the undeformed 

specimens increased from 42.3% to 53.1% by 

increasing the mill-annealing temperature. The 

volume fraction of the β phase after deformation 

increased from 44.5% to 55.3%, as well. Due to the 

different crystal structures of α and β phases, the 

superplastic behavior of these two phases is totally 

different. There are fewer active slip systems in the α 

phase with the HCP structure than in the β phase with 

the BCC structure. Therefore, the self-diffusion rate 

of the α phase is twice smaller than that of the β 

phase. Thus, the α phase is considerably harder than 

the β phase at the same temperature and the same 

strain rate in the superplastic region. As the volume 

fraction of the β phase increases, stress relaxation 

occurs easily in the grain boundary sliding process. 

Eventually, the superplastic properties are enhanced. 

It has been reported that [28] the secondary phase has 

positive effects on the sliding of grain boundary (i.e., 
α/α and β/β boundaries) and phase boundary (α/β 

boundaries). As a result of increasing the volume 

fraction of the β phase, the α/α grain boundaries were 

diminished, and the deformation mechanism was 

controlled predominantly by α/β sliding. 

Consequently, the higher volume fraction of α/β 

boundaries is correlated with an excellent elongation 

value obtained from the superplastic deformation. 

According to the findings [29,30], the excellent 

superplastic behavior of the dual-phase titanium 

alloys was observed when the volume fraction of the 

β phase is within the range of 40–50%. The optimum 

volume fraction of the β phase can be observed for 

the specimen mill-annealed at 700 °C. Consequently, 

an appropriate volume fraction of the α phase 

decreases the grain growth rate of the β phase 

significantly. Because the best incoherent interface of 

α/β phases is obtained in the alloy. In this condition, 

the content of the grain boundary sliding at an 

incoherent interface (i.e., α/β) is greater than that of a 

coherent one (i.e., α/α or β /β). For the specimen’s 

mill-annealed at 750 °C and 800 °C, the higher 

volume fraction of the β phase can be observed. As 

known, the growth rate of the grains in the titanium 

alloys with the excessive volume fraction of the β 

phase is high. Moreover, the high diffusion 

coefficient of the β phase leads to rapid grain growth. 

Consequently, it can be concluded the grain boundary 

sliding is suppressed in the specimen’s mill-annealed 

at 750 °C and 800 °C. Therefore, the maximum 

elongation of 474 % obtained for the specimen mill-

annealed at 700 °C with the minimum globular α 

grain size and the 44.5 volume fraction of β phase. 

 

4. Conclusion 
1. By increasing the mill annealing temperature from 

750 and 800 °C, the lamellar α phase transformed 

into the globular one by static globularization. 

2. The flow curve of all mill annealed specimens 

revealed strain hardening in the first step of 

deformation up to peak stress and subsequently 

softening until fracture.  
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3. The elongation of the alloy decreased from 474 to 

362 % as the mill annealing temperature increased 

from 700 to 800 °C.  

4. During the deformation of the Ti-5Al-4.2V-

0.8Mo-2Fe alloy, the flow curves were serrated 

which is attributed to yield point phenomena as a 

result of dynamic strain aging.  

5. The microstructural evaluation of the mill annealed 

specimens deformed at 750 °C showed the 

appearance of a fine globular α phase as a 

consequence of dynamic globularization of the 

lamellar α phase. 

6. The maximum elongation of 474% was obtained 

for the specimen mill-annealed at a temperature of 

700 °C with the 4.5 μm fine globular α phase and 

44.5% volume fraction of the β phase. 
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