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Abstract—In this paper, the superplastic behavior of SP-700 alloy (Ti–4.5Al–3V–2Mo–2Fe) was investi-
gated by hot compression tests and hot tensile tests in the temperature range of 700–950°C and strain rates
of 0.001 to 1 s–1. The microstructural analysis and mechanical behavior of the alloy were studied during
superplastic deformation. Although the elongation became higher than 370% at 700°C, the alloy showed a
relatively high work hardening. At 750 and 800°C, the typical superplasticity was occurred and the specimens
endured a large elongation of 427–440%. Microstructure of the alloy in 700–800°C was mainly consisted of
globular α phase, while the globular α phase was completely removed in the tip fracture of the specimen
deformed at 850°C due to deformation-induced transformation. In the temperature range of 850–950°C, the
elongation was decreased to 250–325% as a consequence of the removal of α phase, significant β grain
growth, and crack formation along β/β grain boundaries. The maximum elongation of 440% was obtained at
800°C where the strain-rate sensitivity is equal to 0.38 which is accommodated by the m-value distribution
map of the alloy. During superplastic deformation in the single β phase region, the Rachinger grain boundary
sliding (GBS) mechanism is the dominant phenomenon. However, deformation in the dual-phase α/β
region is encouraged by dynamic recrystallization (DRX) and decomposition of α colonies.

Keywords: SP-700 alloy, Superplastic deformation, Hot tensile test, m-value distribution map, Deformation
induced transformation
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1. INTRODUCTION
SP-700 alloy is a dual-phase Ti base alloy with a

chemical composition of Ti–4.5Al–3V2Mo–2Fe
which was introduced in 1989 by the Nippon Kokan
NKK company [1]. The SP-700 (β-rich alloy) has
higher mechanical properties and lower superplastic
temperature in comparison with the Ti–6Al–4V
(α-rich alloy) [2, 3]. The Ti–6Al–4V alloy has super-
plastic behavior at temperatures higher than 900°C,
while the α case formation decreased during the
superplastic deformation of the SP-700 alloy due to its
lower superplastic temperature [4].The superplasticity
of dual-phase Ti alloys is extremely affected by
β-phase content [5]. It is shown that the β phase is
considerably softer than the α phase, especially at ele-
vated temperatures which is attributed to high diffu-
sion and more active slip systems in the β phase [6].
Thus, in either diffusion-accommodated, dislocation-
accommodated superplasticity, or a combination of
them, it can be considered that the content of the
β phase has an important effect on determining the
predominant accommodation mechanism [7]. The
superplastic behavior of the SP-700 alloy was studied
previously by researchers. For instance, Fukai et al. [4]
investigated the superplastic properties of the SP-700

alloy such as m-value and flow stress without any
microstructural investigations. They observed that the
SP-700 alloy exhibits excellent m-value at a wide
range of strain rates (m > 0.5) compared to the Ti–
6Al–4V alloy. Shen et al. [7] studied the effect of the
competitive dynamic recrystallization 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-bound-
aries in α grains by continuous dynamic recrystalliza-
tion (CDRX). However, the recrystallized β grains are
dominantly induced by discontinuous dynamic
recrystallization (DDRX), aided by CDRX. Alabort
et al. [8] explained the deformation mechanisms
responsible for the superplastic behavior in the Ti–
6Al–4V and Ti–4Al–2.5V–1.5Fe alloys using the m-
value characteristic. They found that the fine-grained
microstructure is responsible for the superplasticity,
m > 0.3, at low temperatures. Titanium alloys undergo
work hardening, dynamic recovery (DRV), dynamic
recrystallization [9, 10], dynamic globularization [11],
and deformation-induced transformation (DIT) [12]
during hot deformation, which are metallurgical phe-
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Fig. 1. The SEM image of the microstructure of the hot
rolled alloy.

5 �m
nomena controlling the microstructure and proper-
ties. It has been reported that phase transformation
[13] and DRX [14], determined the superplasticity.
Alabort et al. [5] 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.
The α to β transformation kinetics are accelerated
during concurrent phase transformation and hot
deformation, due to the strain-induced α/β phase
transformation [15, 16]. Although studies were per-
formed on the superplastic behavior of the SP-700
alloy in the last decades [1, 4, 7, 17–20], there is a
leakage for study on superplastic forming of the
SP-700 alloy from viewpoint of correlation between
hot tensile test, hot compression test and microstruc-
tural analysis. The authors [15, 21, 22] studied the hot
compression and hot torsion of the SP-700 alloy, pre-
viously. In this research, the superplastic behavior of
the alloy was studied using the hot compression and
the hot tensile tests in the temperature range of 700–
950°C. The m-value distribution map has been gener-
ated as strain rate and temperature function. Then, the
mechanical properties and microstructural evolution
of the deformed specimens were examined and cor-
related.

2. EXPERIMENTAL

The SP-700 alloy was cast using a double vacuum
arc remelting furnace. The homogenization of the
ingot was carried out at 1150°C for 5 h. The chemical
composition of the alloy was obtained as 4.4 Al, 2.85 V,
2.15 Mo, 2.1 Fe in weight percent, and the balance Ti
using a TESCAN-VEGA3 scanning electron micro-
scope equipped with Energy Dispersive Spectroscopy.
The chemical composition of the ingot is within the
acceptable range of the alloy according to AMS 4964
standard [23]. The metallographic method was used
PHYSICS OF METAL
experimentally to determine the β transus temperature
(Tβ) [24]. The β transus temperature of the alloy deter-
mined as 930 ± 10°C. The authors [15, 21, 22] previ-
ously studied the hot working behavior of the SP-700
alloy by the hot compression and the hot torsion tests.
They developed an ingot breakdown process at 850°C
in the α/β phase region. Therefore, in this work, the
ingot breakdown of it was performed at 850°C. The
microstructure of the α/β hot-rolled plate of the alloy
with a lamellar starting structure is shown in Fig. 1.
The microstructure contains a 66% plate-like α phase
with a thickness of 1–3 μm in the β matrix. Uniaxial
compression tests were performed by an Instron 8502
machine equipped with a resistance furnace at 700,
800, 850, 900, and 950°C. The cylindrical hot com-
pression test specimens were prepared following
ASTM E209 [25]. A thin layer of graphite was rubbed
on the contacting surface of the specimen and the
anvils to minimize the friction. After holding at the test
temperature for 10 min, the specimens were deformed
at strain rates of 0.001, 0.1, and 1 s–1 to 50% reduction.
To investigate the superplastic behavior of the α/β
hot-rolled plate, the superplastic specimens were pro-
vided with a thickness of 3 mm, a gauge length of
10 mm, a gauge width of 6 mm, and a total length of
100 mm. The hot tensile tests were performed at 700,
750, 800, 850, 900, and 950°C with a constant strain
rate of 0.005 s–1. The water quenched specimens were
sectioned parallel to the tension axis and prepared by
the standard metallographic techniques according to
ASTM E3 [26]. Then, the specimens were prepared by
polishing and etched with a Kroll’s reagent solution
(92% H2O + 5% HNO3 + 3% HF) for a few seconds.
The microstructural observations were conducted
using an OLYMPUS light microscope and TESCAN-
VEGA3 scanning electron microscope. The volume
fraction and grain size of the phases were measured
using Image J 1.44 analysis software. It should be
mentioned that the dimensions of the phases reported
is the average dimensions of them.

3. RESULTS AND DISCUSSION
3.1. The m-Value Distribution Map

The authors investigated the hot working behavior
of the SP-700 alloy previously [15]. The hot deforma-
tion activation energy of the SP-700 alloy in the
α/β region was determined as 305.5 kJ mol–1, which is
higher than that in the single-phase β region
(165.2 kJ mol–1) due to the dynamic globularization of
the lamellar α phase. The peak efficiency of 54% was
also observed in the processing map of the alloy the by
authors [15] in the temperature range of 780–810°C
and strain rates of 0.001–0.008 s–1. The strain-rate
sensitivity coefficient (m) can be calculated from the
slope of lnσ–ln  curves [27, 28]. The m-value distri-
bution map of the hot compressed alloy as a function
of strain rate and temperature is given in Fig. 2. It is
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Fig. 2. The m-value distribution map of the hot com-
pressed specimens as a function of strain rate and tempera-
ture (contours represent the m-value).
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Fig. 3. The stress-strain curves of the alloy at a strain rate
of 0.005 s–1 and temperatures of (a) 700, 750, 800; (b) 850,
900, 950°C.
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seen that the m-values arise by decreasing the strain
rate. However, the trend of the m-value has a compli-
cated distribution as a function of temperature. The
m-value increased by the temperature at strain rates of
0.1–1 s–1, while it became higher than 0.34 at strain
rates of 0.001–0.01 s–1 and a lower temperature range
of 700–850°C. At strain rates of 0.001–0.01 s–1 and
the temperature range of 770–820°C, the m-value
became maximum, i.e., 0.36.

The α and β phases in titanium alloys have different
lattice structures and mechanical properties. Since the
β phase with BCC crystal structure has more active
slip systems than the α phase with HCP crystal struc-
ture, the α phase has poor formability compared to the
β phase. Therefore, the β matrix undergoes more sig-
nificant deformation than the α phase, creating a
greater possibility of dynamic recrystallization.
Dynamic recrystallization at β grain boundaries cor-
responds to a high m-value [29]. On the other side,
researchers [30–32] showed that the maximum m-
value at low strain rates can be related to the optimum
condition of the superplastic behavior. Regarding to
Fig. 2, the superplastic behavior in the SP-700 alloy
was more expected in the temperature range of 700–
850°C and strain rates of 0.001–0.01 s–1. Therefore,
the superplastic hot tensile tests were performed in the
temperature range of 700–950°C and a strain rate of
0.005 s–1.

3.2. The Superplastic Behavior

The engineering stress-strain curves obtained from
superplastic tensile tests at temperatures of 700, 750,
800, 850, 900, and 950°C and strain rate of 0.005 s−1
PHYSICS OF METALS AND METALLOGRAPHY  Vol. 1
are depicted in Fig. 3. At temperature of 700°C, typi-
cal peak stress at a low strain of 6–12% followed by
apparent f low softening. The f low softening generally
implies the initiation of DRX, while it will be found
from Section 3.3 that the f low softening is due to frag-
mentation of the lamellar α phase. On the other side,
the f low curves comprise the yield point phenomenon
(YPP). Wanjara [33] and Philippart [34] related the
sudden decrease in f low stress after the yield stress to
the solute drag effect. Therefore, for releasing disloca-
tions and their subsequent motion, a high-stress level
is required resulting in the appearance of peak stress. It
has been also suggested [34] that the discontinuous
yield in β Ti alloys is created by the high diffusion
coefficient of interstitial atoms such as C, N, and O in
the β phase and the formation of a Cottrel atmosphere
around dislocations. The occurrence of discontinuous
yield stress in the alloy can be caused by the high solu-
tion content of interstitial atoms, especially oxygen,
which was determined as 1500 ppm. Regarding to
Figs. 3 and 4, during deformation at 700°C, the alloy
exhibits relatively high work hardening and tensile
elongation of 372%. By increasing temperature to
750°C, the f low curve shows a weak work hardening,
lower tensile stress, and the steady-state region. At
800°C, the maximum flow stress is 20 MPa. The m-
24  No. 13  2023
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Fig. 4. Variation of (a) elongation, and (b) m-value of the
alloy with temperature at strain rate of 0.005 s–1.
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value represents that the necking resistance is a signif-
icant parameter in superplastic deformation. The
higher m-value reveals the better superplasticity of the
materials [35]. Therefore, the typical superplastic
deformation can occur at 800°C, and the specimen
undergoes a significant elongation of 440% where the
m-value becomes equal to 0.38. As the test tempera-
ture increases to 950°C, the peak stress reduces sig-
nificantly due to easier dislocation movement. It is
noteworthy that, at this temperature, the strain-rate
sensitivity decreases to m = 0.33. It has been reported
that [36, 37] the volume fraction and morphology of α
and β phases play an essential role in the superplastic
behavior of α/β Ti alloys. At temperatures higher than
850°C, the equilibrium of α and β phases changed by
removing the α phase, resulting in a decrease in the
elongation of the alloy. Hence, the specimens
deformed in the temperature range of 850–950°C
undergo a relatively lower elongation in 250 to 325%
due to microstructural evolutions such as the disap-
pearance of the α phase, grain growth, and crack for-
mation along β/β grain boundaries. As will be men-
tioned in Section 3.3, as the disappearance of the
α phase can be related to α → β deformation-induced
transformation (DIT). As seen in Fig. 4, the m-values
vary from 0.33 to 0.38, and a maximum elongation of
440% was obtained at 800°C, where the strain-rate
PHYSICS OF METAL
sensitivity is maximum (0.38). Wisbey et al. [19]
reported that the m-values of SP-700 alloy are
between 0.4–0.5 in the temperature range of 700–
800°C and strain rates of 10–5–10–3 s–1. They also
indicated that the m-values of the alloy are between
0.3–0.4 at 850°C and at the same strain rates. As it is
known [36], the higher m value leads to more signifi-
cant elongation and a lower tendency of necking [36].
Therefore, it can be concluded that the optimum tem-
perature for superplastic deformation of the alloy is in
the temperature range of 750–800°C. Hence, the m
value distribution map of the SP-700 alloy given in
Fig. 2 could predict the optimal condition for super-
plastic deformation of the alloy very well.

3.3. Microstructure Characterization

The microstructure of the tip fracture region of the
specimens deformed at temperatures of 700, 750, and
800°C and strain rate of 0.005 s–1 are shown in Fig. 5.
As seen in Fig. 5a, the microstructure of the specimen
deformed at 700°C consisted of lamellar α phase and
globular α phase with a dimension of 2.3 μm.
Whereas, only the globular α phase with a dimension
of 6.8 μm can be observed in the microstructure of the
specimen deformed at 750°C (Fig. 5b). Besides, by
increasing the temperature from 700 to 800°C, the
volume fraction of α phase decreased from 69.2 to
61.5%. The existence of equiaxed grains in the the
specimen deformed at 800°C confirmed the consider-
able elongation of 440%. This indicates that super-
plastic deformation occurred during dynamic recrys-
tallization and decomposition of α phase colonies.
Therefore, the mentioned phenomena are the main
softening mechanisms that accelerate superplasticity
in the alloy. The microstructure of the tip fracture
region and grip region (ε ≅ 0.5) of the specimen
deformed at 850°C and the tip fracture region of the
specimens deformed at 900 and 950°C are shown in
Fig. 6. As seen in Fig. 6a, the microstructure of the
grip section at 850°C consists of a 58.7% fine and
globular α phase with an average grain size of 2.7 μm.
Whereas, the tip fracture section at 850°C only con-
sists of the equiaxed β grain with an average grain size
of 43 μm. It can be deduced that the globular α phase
was removed entirely in tip fracture at 850°C, while the
β-transus temperature of the alloy was estimated as
930 ± 10°C. Therefore, the β-transus temperature of
the alloy under the influence of superplastic deforma-
tion is shifted to lower temperatures in the range of
800–850°C. This could be attributed to deformation-
induced transformation (DIT) in the alloy. Recently,
the dynamic transformation behavior of Ti alloys was
investigated by Jonas et al. [12]. They reported that the
volume fraction of the β phase increased to 20% by
deformation in the temperature range of 975–1025°C
and a large strain of 1. Koike et al. [16] also observed
that the β-transus temperature of Ti–5.5Al–1.5Fe
alloy decreased to nearly 100°C due to the DIT at
S AND METALLOGRAPHY  Vol. 124  No. 13  2023
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Fig. 5. The SEM image of the microstructure of the spec-
imens deformed at strain rate of 0.005 s–1 and tempera-
tures of: (a) 700, (b) 750, and (c) 800°C.
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727–927°C and a large strain of 2.2. Researchers
[38‒40] reported DIT during hot deformation of tita-
nium alloys, as well. They believed that deformation at
the temperature below the β-transus temperature of
the alloys plays an essential role in α → β transforma-
tion kinetics and morphology of phases. By increasing
the deformation temperature in the single β phase
region, only the equiaxed β grains could be observed in
the microstructures. As seen in Fig. 6c, in the tip frac-
ture of the specimen due to the removal of α, signifi-
cant β grain growth leading to an increase in the aver-
age grain size to 75 μm at 950°C. In titanium alloys
such as Ti–6Al–V, the volume fraction of the β phase
at optimal superplastic temperature is four times
higher than that at room temperature. Due to differ-
ences in the basic crystallography of α and β phases,
the deformation behavior of each phase is substantially
dissimilar. At elevated temperatures, the β phase is
considerably softer than the α phase. As mentioned
before, this effect is generally attributed to a higher dif-
fusivity and more active slip systems in the β phase
than in the α phase. Therefore, in either diffusion or
dislocation accommodated superplasticity, it can be
reasonable to assume that the volume fraction of the
β phase plays an important role in determining the
dominant mechanism of superplasticity [5].

Since the β phase in the α/β Ti alloys represents
significantly lower f low stress than the α phase, defor-
mation of the β phase is constrained by the α phase in
the iso-strain mode. Consequently, the deformation
characteristics of α/β titanium alloys are principally
controlled by the α phase. However, in the iso-stress
mode, the deformation is controlled by the deforma-
tion of the β phase [40]. The α phase has fewer slip sys-
tems and a self-diffusivity, approximately 100 orders
slower than the β phase. Hence, it can be expected that
the more significant volume fraction of the β phase
causes a greater extent of superplasticity. However, the
rate of grain growth in α/β Ti alloys containing a large
volume fraction of the softer β phase is high, and a
substantial volume fraction of the harder α phase is
required to minimize the rate of grain growth. The
optimal β phase volume fraction in α/β Ti alloys is
40% [41]. Studies [40] by TEM showed that in Ti–
6Al–4V alloy, the accommodation mechanisms for
grain/phase boundary sliding of the α and β phases are
related to the dislocation motion. Lin et al. [3] using
TEM, showed that the density of dislocations adjacent
to the grain boundaries of Ti–6Al–4V and SP-700
alloys is high as the significant plastic strain caused by
slip in the β grain. Thus, the accommodation mecha-
nism for grain/phase boundary sliding in α and
β phases of the SP-700 alloy can be related to disloca-
tion motion. Figure 7 shows the grain boundary cracks
formation at β/β boundaries in the specimen
deformed at temperatures of 950°C. It can be sug-
gested that the lower elongation at deformation region
of 900–950°C is related to the formation of inter-
granular cracks due to the grain boundary single of
PHYSICS OF METALS AND METALLOGRAPHY  Vol. 1
β phase. The microstructural characteristics of the
specimens deformed at various temperatures and a
strain rate of 0.005 s–1 are summarized in Table 1. The
α phase volume fraction of the deformed specimens
obtained nearly 62–69%. Hence, the β phase volume
24  No. 13  2023
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Fig. 6. The OM image of the microstructure of the specimen deformed at 850°C at the (a) tip fracture, (b) grip region, and the
tip fracture region of the specimens deformed at (c) 900, and (d) 950°C.
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fraction is 31–38% which is comparable to the opti-
mum volume fraction of the β phase in α/β Ti alloys
[41]. The relationship between the grain size in the tip
fracture of the specimens and the deformation tem-
perature can also be found in Table 1. The high elon-
gations of 427–440% and favorable grain refinement
were obtained at 750–800°C. The capability of the
alloy in uniform tensile deformation decreased, and
PHYSICS OF METAL

Table 1. The microstructural characteristics of the
deformed specimens

T, °C Average grain 
size, μm Phases Morphology Volume faction 

of α, % 

700 2.3 α + β Equiaxed α 69.2 
750 2.4 α + β Equiaxed α 67.5 
800 6.8 α + β Equiaxed α 61.5 
850 43 β Equiaxed β – 
900 52 β Equiaxed β – 
950 75 β Equiaxed β – 
the lower elongations of 250–325% were obtained by
removing the α phase in the β region due to significant
β grain growth. Thus, the superplastic behavior of the
alloy is in agreement with its microstructure.

4. SUPERPLASTICITY MECHANISM
The steady-state deformations of materials at high

temperatures are defined as below [42]:

where D, E, b, T are diffusion coefficient, Young’s
modulus, the Burger’s vector, and absolute tempera-
ture, respectively. Besides, d, σ, n, are grain size, the
applied stress, and stress exponent, respectively; p is
the characteristic of deformation mechanism, and Q is
the activation energy for the rate-controlling process.
A, R, k, are a constant, the the gas constant, and
Boltzmann’s constant. The n, p, and Q are critical
parameters in determining the deformation mecha-
nism. The mechanism depends on the calculated

( ) ( ) ( )σε = −� exp ,
p nQDEb bA

kT RT d E
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Fig. 7. The SEM image of the microstructure showed the
inter-granular cracks in the specimen deformed at tem-
perature of 950°C.

10 �m
parameters, microstructural characters and compari-
son them with the physical models [43]. The super-
plastic parameters obtained from hot compression
tests are summarized in Table 2.

The Q in the dual-phase α/β region is higher than
that in the single-phase β region due to dynamic glob-
ularization of the lamellar α phase. The m values in
the α/β and β regions were obtained as 0.36 to 0.38,
and 0.33 to 0.34, respectively. Therefore, the n values
in the α/β and β regions were measured as 2.6 to 2.8,
and 2.9 to 3, respectively. However, the p value could
not be obtained since the only one grain size was eval-
uated in the alloy. There are two important theories for
GBS accommodation mechanisms [43, 44]:
Rachinger mechanism supposed that sliding is accom-
modated by dislocations motion. However, Lifshitz
mechanism assumed that sliding is a consequence of
diffusion [45]. The Rachinger grain boundary sliding
mechanism is more acceptable in the single phase β
region due to the deformation parameters achieved as
m ≈ 0.33 (i.e. n ≈ 3), Q = QL (179–187 kJ/mol), and
near-equiaxed grains of β phase. However, in the dual-
phase α/β region DRX and decomposition of α colo-
nies encourage the superplastic behavior of the alloy;
Since the m value and Q becomes higher.
PHYSICS OF METALS AND METALLOGRAPHY  Vol. 1

Table 2. Deformation parameters obtained from the hot
compression tests of the SP-700 alloy

T, °C m n = 1/m Q, kJ/mol

700 0.36 2.8 267 
800 0.38 2.6 299 
850 0.34 2.9 187 
900 0.34 2.9 180 
950 0.33 3 179 
5. CONCLUSIONS
(1) At 750 and 800°C, typical superplastic defor-

mation occurs. The maximum elongation of 440% is
obtained at 800°C, where the strain rate sensitivity
became 0.38. Hence, the m value distribution map of
the SP-700 alloy could predict the optimal condition
for the superplastic deformation.

(2) The highest m value was obtained in the tem-
perature range of 770–820°C and strain rates of
0.001–0.01 s–1.

(3) The microstructures of the alloy in the tem-
perature range of 700–800°C consist of the globular
α phase. However, it was removed entirely in the tip
fracture of the specimen superplastically deformed at
900°C.

(4) In the single phase β region, the m value of
0.33, the similarity between the estimated Q and QL,
and appearance of near-equiaxed β grains suggested
that Rachinger GBS mechanism is the dominant phe-
nomenon during deformation of the SP-700 alloy
tested in this work.

(5) In the dual-phase α/β region, the higher m and
Q values proposed that DRX and decomposition of α
colonies encourage the superplasticity in the alloy.
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