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The aim of this research is to study the effect of fine grain structure 

on the mechanical and superplastic properties of cold worked SP700 

alloy. Thickness reductions of 20%, 40%, and 60%. were applied 

during cold rolling. Then the specimens were annealed at 700°C, 

750°C, and 800°C for 40 minutes. The tensile test was applied at 25, 

700oC, 750°C, and 800°C with strain rates of 0.01s-1, 0.005s-1 and 

0.001s-1. The SEM and OM were used to analyze the specimens' 

microstructures. The alloy cold rolled to 40% reduction and annealed 

at 700°C exhibited a maximum elongation of 1380% at a stress level 

of 30 MPa and a strain rate of 0.005 s-1 at 700°C. Microstructural 

evlauation showed that during the superplastic test, dynamic 

recrystallization took place. The strain rate sensitivity varied in the 

range of 0.32 to 0.46. Fundamental equations were also used to 

determine the mechanism of superplasticity. The activation energy 

is obtained as 385 kJ.mol-1. Results validated that the Rachinger 

sliding is the main superplastic mechanism in the SP700 alloy. 
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1. Introduction: 
Ti-4.5Al-3V-2Mo-2Fe, a dual-phase titanium alloy 

that performs better in terms of formability and 

workability than TC4 and Ti6Al4V alloys, is 

frequently used to create superplasticity [1, 2]. Due 

to its low flow stress and fine microstructure, which 

enable exceptional superplastic formability at 700 

°C, Ti-4.5Al-3V-2Mo-2Fe is also known as SP700 

[2]. This alloy's exceptional mechanical properties, 

heat treatability, and cold workability are all due to 

its fine microstructure [2]. Additionally, the three 

factors that increase the formability of titanium alloys 

are fine grain size; high temperature; and low strain 

rate. This causes an increase in production costs, 

which greatly reduces efficiency [3]. Complex-

shaped parts used in different industrial sectors, such 

as aerospace, defence and automotive industries as 

well as biomedical and sport applications can be 

produced by exploiting the superplasticity of metals 

[4]. It is well known that titanium alloys can exhibit 

superplastic deformation under certain conditions [3, 

5]. The superplasticity behavior of materials depends 

on the flow stress, the strain rate sensitivity, and the 

strain hardening exponent [6]. In titanium alloys, 

grain boundary sliding can also be addressed [3]. The 

grain boundary sliding, as well as diffusion, 

dislocation accommodations, and a combination of 

these two processes, regulate the superplastic 

mechanism in metal structures such as titanium, 

aluminum, and iron [7]. In dual-phase titanium 

alloys, α and β phases are stable structures. It has 

been reported that [3] the β phase with BCC 

crystallographic structre has more slip systems than 

the α phase with HCP crystallographic structre. 

Besides, the diffusion coefficient of β phas is higher 

than the α phase which is more responsible for 

deformation of titanium alloys than the α phase. This 

means that it is preferable to have higher volume 

fraction of the β-phase. However, with increasing the 

β phase, the grain growth is accelerated and grain 

boundary sliding diminished. As a result, the alloy 

with stable α/β phases and the best volume fraction 

and morphology of these phases has greater 

formability than the alloy with single β phase [8].  

Studies on the superplastc properties of titanium 

alloys [7] indicate that their superplasticity and high 

elongation are due to the fine microstructure and the 

dynamic recrystallization. As reported by previous 

studies [9], grain boundary sliding and dislocation 

accommodation is the dominant superplastic 

deformation mode in Ti-6Al-4V alloy in the 

temperature range of 700–850°C. An earlier studyon 

the Ti-43Al-9V-0.2Y alloy [9] revealed that the 

elongation of 360% was achieved in the temperature 

range of 750-900 °C. In another research work [11], 

the superplastic deformation behavior of the Ti-6Al-

4V alloy was applied using a theoretical model. The 

alloy showed an exceptional elongation of 790% and 

it has been reported that the deformation mechanism 

was based on dislocation migration. Ratochka et al. 

[12] examined the deformation-induced grains in 

ultrafine grained Ti–5Al–5V–5Mo–1Cr–1Fe alloy 

during superplastic deformation. They revealed that 

the formation of small grains between large grains 

leads to high elongation. The superplasticity behavior 

of Ti-4Al-3V-2Mo-2Fe alloy was assessed by Shen 

et al. [10]. They reported that the deformation of the 

alloy involved the combined effects of grain 

boundary sliding accommodated by dislocation 

movement, and dynamic recrystallization. They 

claimed that grain boundary sliding and dynamic 

recrystallization were responsible for the high 

superplasticity of this material at temperatures 

between 760 and 840 °C and strain rates between 

0.03-0.3 s-1.  

In spite of various studies conducted on the 

superplastic deformation of SP700 titanium alloy, to 

the best of authors knowledge, the effect of cold 

working and subsequent annealing on the 

superplastic properties has not been carried out yet. 

Thus, the present work has been undertaken to 

enhance the superplasticity of the SP700 alloy by 

optimizing the cold working and heat treatment 

conditions. Thus the cold working was replaced by 

conventional hot working process. It should be noted 

that the applied strain during cold working has been 

changed. Furthermore, the subsequent annealing 

temperature as well as the test temperature and strain 

rate were varied.  

2. Materials and Methods 

2.1. Material preparation 
The SP700 ingot with a length of 400 mm and a 

diameter of 120 mm was produced by Vacuum arc 

re-melting (VAR) method. The ingot was 

homogenized at 1100 °C for 3 hours and then air-

cooled. The alloy was hot rolled into a plate with a 

cross section of 62 mm × 62 mm at this temperature, 

as well. Then, two steps of hot rolling was performed 

at 850 °C and the thickness of the plate decreased to 

5.33 mm. After heat treatment of the received strip at 

750°C, it was cut into three stirps. Subsequently, the 

strips were cold worked with thickness reductions of 

20%, 40%, and 60%. To study the effect of annealing 

temperature on the microstructure and superplastic 

behavior of the alloy, the samples annealed at 700°C, 

750°C, and 800°C for 40 min and then air cooled. 

Table 1 shows the chemical composition of the alloy, 

which is in the acceptable range for the SP700 alloy 

according to the AMS 4899 [11] and AMS 4964 [12] 

standards.  
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Table 1 . The Chemical composition analysis of the SP700 alloy (wt. %). 

Alloy Element Ti Al V Mo Fe 

Limited Permitted according to the AMS 4899[14] and AMS 4964[15] Balance 4-5 2.5-3.5 1.8-2.2 1.7-2.3 

Ingot Analysis 89.15 4 3.00 1.8 2.16 
 

The microstructure and superplasticity properties of 

the SP700 alloy were investigated in the following 

different conditions to obtain the strain rate and 

temperature at which the optimum superplasticity has 

been achieved.  

1- Constant strain rate of 0.005 s-1 and different 

temperatures of 700, 750, and 800°C. 

2- Constant temperature of 750°C and different strain 

rates of 0.01 s, 0.005, and 0.001 s-1. 
 

2.2. Evaluation of Microstructure and 

Mechanical Properties 
The mechanical properties of the alloy was evaluated 

by performing tensile test at room temperature 

according to the ASTM E8M standard [13]. The 

superplastic test was performed at the temperature 

range of 700 to 800 °C with 50 °C intervals and strain 

rates of 0.001, 0.005, and 0.01 s-1. The tests were 

performed using an Instron 8502 testing machine 

equipped with a resistance furnace. The 

microstructural observations were conducted using 

an OLYMPUS light microscope and a TESCAN-

VEGA3 scanning electron microscope. The 

specimens were polished and etched with Kroll’s 

reagent after grinding with 0.5 µm alumina powder. 

The Image J 1.44 analysis software used to measure 

the average grain size and the volume fraction of the 

phases. 

3. Result and Discussion 

3.1. Initial Microstructure of the SP700 alloy 
Fig. 1 shows the microstructure of the alloy after 

secondary hot rolling at 850℃ and subsequent 

annealing at 750℃. The microstructure is 

characterized by elongated and equiaxed α phase 

distributed in the β matrix. The average grain size of 

α phase via the Image J 1.44 analysis software was 

obtained as 5.1 µm. The equiaxed α phase resulted 

from static spheroidization [14].  
 

 
Fig. 1. The microstructure of the SP700 alloy after secondary hot rolling at 850℃ and subsequent annealing at 750℃. 

 

In this study, cold rolling with various degrees of 

thickness reductions substituted for hot rolling to 

produce a lamellar structure in order to evaluate the 

positive effect of cold working and subsequent heat 

treatment in grain refining the microstructre, 

mechanical and superplastic behavior of the SP700 

alloy. Each of cold rolled specimens with a thickness 

reductions of 20%, 40% and 60%, underwent to heat 

treatment at temperatures of 700℃, 750℃ and 800℃ 

for 40 minutes to obtain a desirable spheroidized 

structure along with the lamellar one.  

3.2.  Microstructure and tensile properties of 

the SP700 alloy after cold rolling  
The microstructure of the SP700 alloy after cold 

rolling with thickness reductions of 20%, 40%, and 

60% is shown in Fig. 2. The α phase with an average 

size of 3.11 µm and a thickness of 1.73 µm is 

observed in the β matrix in Fig. 2 (a). As the thickness 

reduction increases to 40% and 60%, the size of 

primary α phase increases slightly to 3.19 µm and 

3.25 µm, and its thickness reduces to 1.05 µm and 0.6 

µm, respectively showing the development of layered 

structure. During rolling, the α phase change its shape 

in a manner that corresponds to the macroscopic 

shape change. Therfore, the surface area of α phase is 

increased by increase in thickness reduction. The 

retention of contiguity of α phase and β phase 

requires that the new grain boundary area of α phase 

formed during deformation. This is done by the 

incorporation of the dislocations generated during 

rolling [12]. Hence, the microstructure of the 40% 

cold rolled specimen exhibits a mixture of spherical 

and lamellar α phase; However, the 60% cold rolled 

specimen contains fully lamellar α phase. 

10µm 
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Fig. 2. The OM microstructur of the SP700 alloy after cold rolling with thickness reductions of; a) 20, b) 40 and , c) 

60% . 

 

3.2.1. Microstructures of the SP700 alloy after heat treatment  
The microstructure of the SP700 alloy after heat treatment at 700℃, 750℃ and 800℃ are shown in Fig. 3. 

 

 
 

Fig. 3. The microstructure of the SP700 alloy after cold rolling with thickness reductions of a)20% , b) 40% and 60% 

and subsequently heat treatment at 700℃, and thickness reductions of d) 20% e) 40% and f) 60% and subsequently heat 

treatment at 750℃. 

 

The mean size of the α phase in the 20% cold-rolled 

specimens heat treated at 700°C and 750°C was 

obtained as 2.83µm and 2.43 µm, respectively. 

Similarly, for the 40% cold-rolled specimens heat 

treated at the same temperatures, the dimonsion of the 

α phase was 3µm and 2.67µm, respectively. This was 

obtained for the 60% cold-rolled and heat treated 

specimens as 2.9 µm and 2.45 µm, respectively. As 

seen, the specimens heat treated at 700 and 750°C 

exhibited a microstructure with spheroidized α phase 

which were much smaller than the requirement of 10 

μm for superplasticity [15]. As the temperature of heat 

treatment rises, the lamellar α phase decomposes and 

its spheroidization developed in the microstructure. 

The results show that the increase in the heat 

treatment temperature from 700 to 750 oC reduces the 

size of α phase which confirms the development of 

static recrystallization or spheroidization.  

As the thickness reduction during rolling enhances 

the increase in dislocation density, static 

recrystallization after the heat treatment and dynamic 

recrystallization facilitats during the test. It has been 

mentioned before that recrystallization and grain size 

are essential factors for achieving superior superplastic 

(a) (b) (c) 

10µm 10µm 10µm 
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properties. Lamellar α phase formed during rolling 

provides preferential sites for recrystallization. This 

enhances the superplasticity of the alloy.  
 

3.2.2. The room temperature mechanical 

properties after heat treatment  
Fig. 4 shows the variation strength and ductility of 

the specimens cold-rolled up to 20%, 40%, and 60% 

and heat treated at 700°C and 750°C. As seen, the 

highest yield strength and ultimate tensile strength 

were obtained for the specimens cold-rolled with 

thickness reduction of 40% and heat treated at 700°C, 

which were 960 MPa and 1019 MPa, respectively.  

 

 

 
Fig. 4. The room temperature mechanical properties of the SP700 alloy: a) YS and UTS after heat treatment at 700°C, 

b) YS and UTS after heat treatment at 750°C, and c) Elongation after heat treatment at 700°C and 750°C. 

 

3.3.  Superplasticity of the SP700 alloy after 

heat treatment  
To determine the optimal superplasticity and 

mechanical properties of the alloy after cold rolling 

with thickness reductions of 20%, 40% and 60%, and 

heat treatment at temperatures of 700°C, 750°C and 

800°C, the superplastic test was conducted at a 

constant temperature of 800°C and a strain rate of 

0.005s-1. Fig. 5 shows the image of the specimens 

after cold rolling and heat treatment at different 

conditions and constant condition of superplastic test. 

As seen, the specimens exhibited high uniform 

elongation without necking. Besides, the maximum 

elongation was achieved in the specimen cold rolled 

by 40% and heat treated at 700°C. 
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Fig.5. The image of the specimens after the superplastic test at 800 °C and strain rate of 0.005 s-1 at different conditions 

of cold rolling and heat treatment. 
 

Fig. 6 illustrates the stress-strain curve of the SP700 

alloy after superplastic test at a temperature of 800 °C 

and strain rate of 0.005 s-1. As shown, the peak stress 

for the specimens at various conditions of cold rolling 

and heat treatment is approximately similar and is 

around 40MPa. This suggests that heat treatment 

does not significantly influence the maximum stress 

of the material during the superplastic test. It can also 

be observed that after the elastic region, the flow 

curves show rapid work hardening to a peak and 

gradual flow softening followed by a long steady 

state region and final softening to failure.  

 
Fig. 6. The Stress- Strain curves of the alloy after superplastic test at 800 °C and strain rate of 0.005 s-1 

(Condition of the specimens: cold rolling with different thickness reductions and heat treatment at 700oC). 
 

The elongations of the specimens cold rolled by 

thickness redutions of 20%, 40% and 60% and heat 

treated at 700°C were obtained as 980%, 1320%, and 

1147%, respectively. The specimen cold rolled by 

thickness reduction of 40% and heat treated at 700°C, 

had the highest elongation.  

Regarding to Figure 3, the thickness of lamellar α 

phase in the specimens cold rolled with thickness 

reductions of 20, 40, and 60% has been decreased as 

1.73, 1.05, and 0.6 µm, respectively indicating the 

development of lamellar structure. Consequently, the 

average size of α phase in the 20%, 40%, and 60% 

cold rolled specimens after heat treatment at 700°C, 

were obtained as 2.83, 3, and 2.90 µm, respectively 

showing dynamic recrystallization. This shows that 

besides the grain size, other factors also influence the 

superplastic properties. The increase in dislocation 

density and consequently the development of 

lamellar structures are factors that affect the 

superplastic properties. As the layered structures are 

favorable sites for dynamic recrystallization, they 

improve the superplastic properties of the alloy as a 

consequence of grain refining. The increase in the 

area of grain boundaries as well as the dislocations 

density during cold deformation, are factors affecting 

the sequence of dynamic recrystallization of α phase 

and accelarte it. Therefore, as a consequence of 

diffuson of β phase into lamellar α plates, 

spherodized α phase with fine grain size developed in 

the microstructure leading to improvement in 

superplastic deformation for grain boundary sliding 

of fine spherodized α phase. The spherodization 

mechanism is mainly controlled by the migration of 

the triple junctions. This results in the fragmentation 

of the α lamella and the formation of new α/β 

boundaries. [16].  

Fig. 7 displays the SEM microstructure of the 

specimen cold rolled with thickness reduction of 40% 

and heat treated at 700°C before and after 

superplastic test at 800 °C and strain rate of 0.005 s-

1. The microstructure of the specimen before the test 

exhibits the lamellar α phase with avearge length of 

6.8 µm in β matrix (see Fig. 7.(a)). However, as 

shown in Fig. 7. b after the superplastic test, the semi- 
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spherodized α phase with average size of 3.23 µm 

exhibited in the β matrix due to the accomplishment 

of dynamic recrystallization by applying stress 

during the test. Therefore, the findings of this study 

revealed that the optimal superplastic behavior is 

obtained when the spherodized α phase as well as 

lamellar α phase presented in the initial 

microstructure of the alloy.  
 

 
(a)       (b) 

Fig. 7. The specimen cold rolled with thickness reduction of 40% and heat treated at 700°C (a) before and (b) after  

superplastic test at 800 °C and strain rate of 0.005 s-1. 
 

As shown in Fig. 7, after the superplastic test, the 

percentage of the β phase has increased. The volume 

fraction of α and β phases after the superplastic test 

were obtained as 28.4% and 71.6%, respectively. 

While the volume fraction of α and β phases before 

the superplastic test was obtained as 58.5% and 

41.5%, respectively. This is attributed to deformation 

of the alloy near the β transus temperature of it. It has 

been reported that [19], in the α/β titanium alloys, 

there are three kinds of boundaries: boundaries 

between the α phase (α/α), boundaries between the β 

phase (β/β), and the interfaces between the α and β 

phases (α/β). The sliding resistance of the mentiod 

boundaries followed this order: α/β ≪ α/α ≈ β/β. 

Therefore, grain boundary sliding mainly takes place 

at the interfaces between the α and β phases (α/β). 

Since the β phase with a body center cubic (BCC) 

structure had more active slip systems than the α 

phase with a hexagonal close-packed crystal (HCP) 

structure, the β phase could be considered as the “soft 

phase” underwent larger plastic deformation. Besides, 

the volume fraction of β phase increased as the strain 

increased, which could be explained by the α→β phase 

transformation during deformation. The tensile stress 

caused the β stabilizer elements to move from the α to 

the β phase, leading to the α→β phase transformation.  
 

3.4. The effects of superplastic testing conditions 

on superplastic behavior 

3.4.1. The effect of temperature on the 

superplasticity 

As mentioned in previous section, the SP700 alloy 

cold rolled to 40% reduction and heat treated at 

700°C had the excellent mechanical and superplastic 

properties. Therefore, this specimen was chosen for 

further experiments and the results of this study are 

based on them. The superplastic behavior of the 40% 

cold rolled  and 700°C heat treated specimen was 

investigated via deformation at 700°C, 750°C, and 

800°C with a constant strain rate of 0.005 s-1 to 

examine the effect of deformation temperature on the 

superplastic respons of the alloy . 

Fig. 8 shows the stress-strain curve of the 

superplastic test of the SP700 alloy at three 

deformation temperatures of 700°C, 750°C, and 

800°C with a constant strain rate of 0.005 s-1. As seen, 

the yield stress decreased from 110 MPa to 63 MPa 

and then to 40 MPa as the test temperature increased 

from 700°C to 750 ℃ and 800°C. This reduction in 

yield stress is attributed to the activation of more slip 

systems at higher temperatures.  

Although the yield stress of the specimen deformed 

at 800°C was lower than that of the one deformed at 

700°C, the elongation of the specimen deformed at 

700°C was higher than that of the one deformed at 

800°C. Regadring to results, the maximum 

elongation of 1380% achieved at 700°C and constant 

strain rate of 0.005 s-1. The elongation values 

obtained at 750°C and 800°C were obtained as 

1000% and 1320%, respectively. 
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Fig. 8. The stress-strain curve of the SP700 alloy cold rolled to thickness reduction of 40% and heat treated at 700°C 

after superplastic test at three temperatures of 700℃, 750℃, and 800 ℃ and constant strain rate of 0.005 s-1. 

 

Fig. 9 shows the image and the SEM microstructure 

of the specimen cold rolled by thickness reduction of 

40% and heat treated at 700oC and different test 

tempearure of 700 to 800 oC. The specimens 

exhibited high uniform elongation without necking.  

 

 

 

 

  
Fig. 9. (a) The image of the SP700 alloy cold rolled to thickness reduction of 40% and heat treated at 700°C after 

superplastic test at different temperatures and constant strain rate of 0.005 s-1,  

(b) the SEM microstructure of the alloy after the test at 700 °C and (c) 800 °C. 

 

As seen, the test temperature had a significant effect 

on the size of α phase. The average size of α phase 

after the superplastic test at 700oC and 800oC was 

obtained as 2.40 µm and 3.23 µm, respectively. 

According to the research [21], the test temperature 

also affected the volume fraction of α and β phases. 

The volume fraction of α and β phases was 

determined respectively as 57.7% and 42.3% for 

700oC, and 28.4% and 71.6% for 800oC.  

Another noteworthy point is the amount of lamellar 

structure of α phase at two different superplastic test 

temperature. At temperature of 700oC, a significant 

amount of the α phase had a lamellar morphology. 

While at 800oC, the shape of α phase changed and the 

semi-equiaxed coarse α phase substituted to the 

lamellar one.  

According to studies[8], the volume fraction of the 

alpha phase affects the superplasticity of SP700 alloy 

in different ways. A higher volume fraction of the 

alpha phase can increase the strength and stability of 

the alloy, but also reduces its ductility and strain rate 

sensitivity. A lower volume fraction of the α phase 

can enhance the superplasticity of the alloy, but also 

make it more prone to cavitation and grain growth as 

the diffusion coefficient of β phase is 100 times 

higher than that of α phase. Therefore, an optimal 

volume fraction of the α phase is needed to achieve a 

balance between strength and ductility. The 

morphology of the α phase also influences the 

superplasticity of the SP700 alloy. The existance of 

lamellar α phase with equiaxed one in initial 

microstructure can provide suitable superplasticity as 

the lamellar one can increase the formation of fine 

spherodized α phase and consequently facilitate grain 

boundary sliding. However, the lamellar α phase can 

also cause more cavitation and damage accumulation 

than the equiaxed one, which can limit the 

superplastic deformation. Therefore, a duplex 
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microstructure containing uniform distribution of 

lamellar α phase with equiaxed one is desirable for 

superplasticity [21, 22]. It can be speculated that the 

high elongation percentage achieved at 700 ℃ was 

due to dynamic recrystallization of α phase. It can be 

concluded that temperature is a critical factor in flow 

stress and superplasticity. 

 

3.4.2. The effect of strain rate on superplasticity 

The microstructure and superplastic behavior of the 

SP700 alloy cold rolled to 40% reduction and heat 

treated at 700°C was investigated by conducting 

tensile tests at constant temperature of 750 ℃ and 

various strain rates ranging from 0.001 s-1 to 0.01 s-1. 

The engineering stress-strain curves of the alloy at 

different strain rates are shown in Fig. 10. The results 

shows that the flow stress of the alloy increased with 

strain rate, whereas the flow curve of it decreased 

with a mild behavior by decreasing the strain rate. 

The peak stress arised to 80 MPa and the elongation 

decreased to 760% by increase in the strain rate from 

0.001 to 0.01 s-1. The alloy exhibited a maximum 

elongation of 1400% and a peak stress of 30 MPa at 

strain rate of 0.001 s-1, and the elongation of 1000% 

and a peak stress of 65 MPa at strain rate of 0.005 s-1 

, as well.  

According to previous studies [22,23], high strain 

rates prevented complete dynamic recrystallization 

of the microstructure. Therefore, it can be inferred 

that superplasticity is a phenomenon that takes place 

at high temperature and low strain rates.   

 

 
Fig. 10. The stress-strain curve of the SP700 alloy after superplastic test at strain rates of 0.01s-1, 0.001s-1 and 0.005s-1 

and temperature of 750℃. 

 

3.5. Determining the superplastic deformation 

mechanism 

The important parameters in determining the 

superplastic behavior of a materil are Q, m and p, 

respectively. Q is the activation energy or the energy 

required for superplastic deformation, m is the strain 

rate sensitivity parameter, and p is the characteristic 

of deformation mechanism [17]. The activation 

energy (Q) can be calculated from equation 1: 

Lnε̇= LnA + n.Ln (sinh(ασ)) – Q/RT      (1) 

Where ε̇ is the strain rate, A is the material constant, 

n is the power of stress, α is the stress exponent, and 

σ is the applied stress. The power of stress (n) can be 

obtained from the slope of Ln ε̇-Ln (sinh (ασ)) plots 

at different deformation temperatures. Fig. 11(a)  

represents the variation of Ln ε̇ versus Ln Sinh (ασ) 

at different temperatures. The slope of the mentioned 

plot gives the average value of a as 4.18. The 

activation energy (Q) was determined as 385.75 

kJ/mol (Fig. 11(b)). 

0

20

40

60

80

100

0 200 400 600 800 1000 1200 1400 1600

E
n

g
in

ee
in

rg
st

re
ss

( 
M

P
a

)

Engineeinrg strain( %)

Strain rate 0.001

Strain rate 0.005

Strain rate 0.01



Marjan Daryaban et al,   12 

  

JMATPRO (2023), 11 (2): 3-14 

 
Fig. 11. The plot of (a) Ln 𝜀̇ versus Ln Sinh (ασ) at different temperatures and (b) the Ln Sinh (ασ) data as a function of 

inverse temperature at various strain rates. 

 

The apparent activation energy reported [24] for hot 

deformation of the SP-700 alloy in the two phase α /β 

region was found to be 305.5 kJ mol-1,which is higher 

than that in the single phase β region (165.2 kJ mol-

1). It has been demonstrated thet the higher activation 

energy of deformation in two phase α /β region 

compared with that of single phase β region is 

attributed to spherodization of the lamellar α phase 

requiring more energy to break down the α/β 

interfaces. Similarly, for the alloy studied in the 

present work, the high activation energy of 

deformation can be related to the dynamic 

spherodization or recrystallization of the lamellar α 

phase (Compare Fig. 7 (a) with Fig. 7 (b)). The 

increase in the ductility of the alloy, as evidenced by 

the maximum elongation of 1400% confirmed the 

activation energy of 385.75 kJ/mol as a consequence 

of dynamic spherodization.  

The strain rate sensitivity parameter (m) is one of the 

most important parameters for characterizing the 

superplastic behavior of the alloy. Superplasticity is 

observed when m is sufficiently high (m>0.3). The 

m-value can be determined from the slope of Ln σ–

Ln ε̇ plot, where σ is the flow stress and ε̇ is the strain 

rate [18, 19]. 

The m-value of the alloy can be developed by the 

strain rate sensitivity map. For the SP-700 alloy 

tested in this work, the mentioned map developed at 

different temperatures and strain rates as shown in 

Figure 12. It shouudld be noted that the m values at 

different tempertaures and starin rates have been 

calculated. The 3-D map of m, strain rate and 

temperature has been plotted. Then, the 2-D of the 3-

D manp has been plotted as Fig. 12. Regarding the 

map, the m value of 0.34 to 0.44 is observed as the 

strain rate decreased from 0.01 s-1 to 0.001s-1. The m 

value changes slightly in the strain rate range of 

0.01−0.005 s-1,with an average value of 0.39. 

However, in the strain rate range of 0.005−0.001s-1 

and the temperature range of 700−730°C, the m-

value became constant as 0.44. 

The high m-values at low strain rates are associated 

with dynamic spherodization or recrystallization of 

the lamellar α phase, which reduces the flow stress 

and enhances the ductility [18]. On the other hand, 

researchers have shown that [25-28] the maximum 

m-values at low strain rates corresponds to the 

optimum condition for superplastic behavior, where 

dynamic spherodization or recrystallization 

contribute to grain refinement and accordingly the 

ductility. For diagnosing the mechanism of 

superplastic deformation of the alloy, the evaluation 

of deformation parameters such as n and p and 

microstructural characteristics and comparing the 

results with the data obtained from fundamental 

models developed for the alloys representing 

superplastic behavior is needed. The main 

superplastic mechanisms are grain boundary sliding 

accommodated by diffusion and grain boundary 

sliding accommodated by dislocation glide. In Table 

2, the values of m, n, Q, and p obtained from the 

superplastic test of SP700 alloy in the temperature 

range of 700-800 ℃ and strain rates of 0.01-0.001 s-1 

are presented. 
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Fig. 12. The strain rate sensitivity map of the SP700 alloy during superplastic deformation. 

 
Table 2. The results of SP700 alloy superplastic test at different temperatures and strain rates 

T(°C) έ (1/s) m n= 1/m Q (kJ/mol) p Superplastic 

Mechanism 

700 0.001 0.33 0.03 399.96 1.2 Rachinger 

700 0.005 0.34 3.94 383.18 1.3 Rachinger 

700 0.01 0.36 2.77 373.93 1.5 Rachinger 

750 0.001 0.46 2.17 399.96 0.56 Rachinger 

750 0.005 0.39 2.56 383.18 1.1 Rachinger 

750 0.01 0.32 3.12 373.93 1.6 Rachinger 

800 0.001 0.37 2.7 399.96 1.09 Rachinger 

800 0.005 0.39 2.56 383.18 1.17 Rachinger 

800 0.01 0.41 2.44 373.93 1.20 Rachinger 

 

According to Table 2, possible superplastic 

mechanisms in this research can be dislocation slip, 

grain boundary slip and Ratchinger slip. Ratchinger 

sliding mechanism is the most probable superplastic 

mechanism in this research. Considering the average 

value of p at three superplastic temperatures of 700, 

750 and 800 ℃ in the range of strain rates of 0.001-

0.01s-1, this parameter is equal to 1.33, 1.1 and 1.15, 

respectively.   

In this research, the amount of activation energy 

reported as a result of the superplastic test at all the 

investigated strain rates and temperatures is higher 

than the amount of activation energy in the direction 

of grain boundary sliding, and this indicates grain 

boundary sliding to The title is superplastic 

mechanism. On the other hand, the obtained activation 

energy is higher than the creep activation energy of 

alpha and beta dislocations [20] , which is 306 kJ/mol 

and 317 kJ/mol, respectively.Considering the higher 

activation energy in this research compared to the 

activation energy of grain boundary sliding and also 

dislocation creep, it is predicted that the superplastic 

mechanism of SP700 alloy, grain boundary sliding 

along with dislocation matching process and the 

possibility of crystallization It is dynamic again. 

4. Conclusions 
1. The superplastic test was performed at a 

temperature of 800 °C and a strain rate of 0.005 s-1. 

According to tensile evaluations, the elongation 

obtained from the 40 % cold-rolled at 700 °C heat 

treatment was 1330 %.  

2. In order to reduce the superplastic test temperature 

and increase the strain rate in SP700 alloy, the tests 

were conducted at three temperatures of 700 °C and 

750 °C and strain rates of 0.005 s-1 and 0.01 s-1, which 

resulted in 1380 % and 760 % elongations, 

respectively. 

3. As a result of the analysis of superplastic equations 

of SP700 alloy, the average value of superplastic 

activation energy, the range of strain rate sensitivity, 

and the average power of grain size was 385 kJ.mol-

1, 0.32-0.46, and 1.2, respectively, which proved that 

the superplastic mechanism was grain boundary 

sliding accommodate by dislocation. 
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