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The superplastic tension and deformation mechanism of Ti-6Al-4V alloy at 923 K and a
tensile speed of 10−3, 5 × 10−3, or 5 × 10−2 s−1 was studied on an AG 250KNE electronic
tension tester. Through theoretical modeling, the unit dislocation count of this alloy during
superplastic deformation was introduced into the Ruano–Wadsworth–Sherby (R-W-S)
deformation mechanism map, and a new deformation mechanism map involving
dislocation count was plotted. Thereby, the mechanism underling the low-temperature
superplastic deformation of this alloy was predicted. It was found the superplastic tension
of Ti-6Al-4V at the tested temperature was controlled by dislocation movement, and with
an increase in strain rate, the deformation transited from the dislocation-controlled
mechanism with a stress index of 4 to the dislocation glide mechanism with a stress
index of 5 or 7. At the strain rate of 10−3 s−1, this alloy reached the largest tension rate of
790% and strain rate sensitivity index of 0.52 and had excellent low-temperature
superplastic properties.
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INTRODUCTION

Ti-6Al-4V alloy, as a typical α+β two-phase titanium alloy, possesses favorable comprehensive
properties and thus is widely applied into forming manufacture of complex components in air
navigation weapons, equipment, and ships (Vanderhasten et al., 2007; Li et al., 2014; Meng et al.,
2016). In recent years, as the overall design performance indices of weapons and equipment are
increasingly enhanced, the multilayer structured complex-shape parts are often manufactured via
superplastic forming/bonding by diffusion and through one-time near-net-shape forming, based on
the designing concept of reinforced rib sandwich structures. To improve the forming precision of
complex structured parts, prolong the service life of dies, and lower energy consumption, researchers
are interested in how to lower the superplastic forming temperature and control the structural
stability of this alloy during superplastic forming while ensuring the feasibility of the superplastic
forming process, which becomes hot spots in this field. Thus, the behaviors and mechanism of low-
temperature superplastic deformation of Ti-6Al-4V have been studied worldwide.

As for the low-temperature superplasticity of Ti-6Al-4V (Shahmir et al., 2018; Zhang et al., 2018;
Zhang et al., 2018; Zhou et al., 2018), Langdon et al. produced nanocrystal grains using high-pressure
torsion and obtained a maximum tension rate of 815% at 1073 K. Ding et al. ultrafined cold-rolled
Ti-6Al-4V sheets and acquired the maximum tension rate of 820% at 923 K. Cai et al. grain-refined
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this alloy through stirred friction and maximized the tension
rate to 1,130% at 873 K. The above results indicate that the main
method of improving low-temperature superplasticity of Ti-
6Al-4 V alloy is grain refinement, in which the coordination of
grain boundary slip during superplastic deformation is fully
utilized. With deformation mechanism maps involving
dislocation count, Zhou Ge et al. predicted the superplastic
deformation mechanism of Ti-6Al-4 V at 973–1123 K and
found the superplastic deformation mechanism transited
from grain boundary sliding to dislocation glide (a stress
index of 7) and grain boundary slip (a stress index of 4) with
a decrease in temperature and observed that the superplastic
deformation was modulated by dislocation. Thus, when the
superplastic deformation temperature of Ti-6Al-4 V continually
dropped while ensuring its elongation above 600%, both the
grain boundary slip mechanism and the effects of dislocation on
superplasticity should be considered. However, little has been
studied about the superplastic deformation behaviors of Ti-6Al-
4 V below 973 K, and no study has been conducted about the
superplastic deformation of this alloy under the dislocation-
controlled mechanism.

In this study, the superplastic tensile behaviors and deformation
mechanism of Ti-6Al-4 V alloy at 923 K and different strain rates
were studied. The Ruano–Wadsworth–Sherby (R-W-S) deformation
mechanism maps involving dislocation count were used to predict
the deformation mechanisms under different testing conditions.
Together with microstructure characterization by transmission
electron microscopy (TEM) and superplastic behaviors as feature
parameters, the deformation mechanisms underlying the low-
temperature superplastic deformation of this alloy under
dislocation control were uncovered. The findings will theoretically
support the low-temperature superplastic process optimization of Ti-
6Al-4V.

MATERIAL AND METHODS

The studied material Ti-6Al-4V sheet alloy was chemically
composed of (wt%) the following: Al, 6.01; V, 3.89; Fe, 0.21;
C, 0.04; Ti, bal. Sheets were 2 mm thick and in grain size of 7.6 μm

and consisted of 73% α phase and 27% β phase (Figure 1). The
Ti-6Al-4V alloy sheets were prepared according to the alloy
composition requirements above. Specifically, 4 mm-thick
sheets were obtained after vacuum consumable melting and
multipass hot rolling and cold rolling. The superplastic tensile
specimens were prepared by linear cutting. Tensile specimen
dimension is shown in Figure 2.

Using an AG 250KNE electronic tension tester, the specimens
were heated to 923 K, kept there for 10 min, and then
superplastically elongated at a constant crosshead speed and
strain rate of 10−3, 5 × 10−3, or 5 × 10−2 s−1. After water
quenching to room temperature, the high-temperature
deformed structures were reserved. The whole experiments
were conducted under argon gas protection. The
microstructures were observed under an OLYMPUS GX51
metallographic microscope, with 6 ml HNO3+100 ml
H2O+3 ml HF as the etching agent. The α and β phases of
specimens under different thermal treatment states were
qualitatively analyzed by an XRD-7000 X-ray diffractometer
(XRD; Shimadzu, Japan). The structural dislocation and grain

FIGURE 1 | Original structure of Ti-6Al-4V (A) OM (500) and (B) XRD.

FIGURE 2 | Schematic diagram of tensile specimen dimension
(unit: mm).
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boundary morphology after deformation were observed and
characterized by a TECNAI G20 TEM instrument.

RESULTS AND DISCUSSION

The stress-strain curves of Ti-6Al-4V at 923 K and strain rate of
10−3, 5 × 10−3, 5 × 10−2 s−1 are shown in Figure 3. Under the
above conditions, the peak stress and steady-state stress of this
alloy both decreased with the declining strain rate (Fig. 3). At the
strain rate of 5 × 10−2 s−1, the stress maximized and then rapidly
decreased, and the interval of the steady-state rheological stress
was narrow. At this moment, the total elongation was only 460%.
When the strain speed decreased, the stress maximized and then
slowly declined, and the curve was typical of steady-state
rheological stress. The corresponding tension rates were 735
and 790%, respectively. These results indicate that the
superplastic strain rate of this alloy is sensitive to some extent,
and when the strain speed drops below 5 × 10−3 s−1, the sensitivity
is insignificant.

The high-temperature deformation of metals can be described
by the following constitutive equation (Kim et al., 2001):

_εi � Ai (b
di
)

p

· D
k · T · b2 ·(σ i

E)
n

, (1)

where Ai, n, and p are material constants, σi is the stress, _εi is the
steady-state strain rate, E is Young’s modulus, di is the grain size,
b is the Burgers vector, and D is the diffusion coefficient (DL is the
lattice diffusion coefficient; Dgb is the crystal boundary diffusion
coefficient).

The internal dislocation root count of unit crystal grains can
be computed as follows (Cao et al., 2008):

ni � 2[(1 − v) · π · di · τi]/(Gb), (2)

where ni is the internal dislocation root count, v is Poisson’s ratio,
and τi is the shear stress (MPa) in which τi � 0.5σi. Equation 1 is

the constitutive equation about the high-temperature
deformation of metal materials; Eq. 2 is the dislocation
control model of metal materials during superplastic
deformation. Equation 2 was mathematically transformed, and
the dislocation count ni was introduced into Eq. 1, forming the
deformation mechanism maps containing the dislocation count.
Based on the experimental data in Figure 3, Eqs. 1, 2were solved;
thereby, the RWS deformation mechanism maps of crystal grain
sizes with dislocation count are plotted in Figure 4, with module
compensation stress as X-axis and Burgers vector compensation
as Y-axis. The physical parameters used in the calculation are
listed in Table 1.

The normalized grain size with Burgers vector compensation
((d/b)×10−7) and the normalized flow stress with modulus
compensation ((σ/E)×104) of Ti-6Al-4V during superplastic
tensile tests were calculated (Table 2).

According to Figure 4 and Table 2, the superplastic
deformation mechanism of Ti-6Al-4V at 923 K fell within the
dislocation polygons of (8.53 × 107) (3,761) (68) (9) (83),
(8.53×107) (7.78 × 1013) (872) (11) (83), and (9) (0) (0) (11)
(83) (the area surrounded by three sets of values). With an
increase in strain rate, the superplastic deformation

FIGURE 3 | Superplastic tensile stress-strain curves of Ti-6Al-4V
(T � 923 K).

FIGURE 4 | Deformation mechanism maps of Ti-6Al-4V containing
dislocation count (T � 923 K).

TABLE 1 | Physical parameters of Ti-6Al-4V alloys (Reca and Libanati, 1968;
Stowell et al., 1984).

b = 2.95 × 10−10 m E = 2.87 × 1045 MPa ν = 0.34 k = 1.38 × 10−23 J/K

DL 923K � 3.01 × 10−17 m2 s−1 Dgb 923K � 8.5 × 10−12 m2 s−1

TABLE 2 | Calculated results of Ti-6Al-4V alloy after superplastic tensile tests.

T /K (d/b)×10−7 (σ/E)×104 _ε/(10−4·s−1)

923 11.6–8.3 11.9–82.9 50–500
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mechanism transited from the dislocation-controlled grain
boundary slip with a stress index of 4 to the dislocation glide
with a stress index of 5 and 7, and the grain sizes during
deformation affected the stress index n. Thus, it can be
predicted from the deformation mechanism maps involving
dislocation count that the superplastic deformation
mechanisms of this alloy under the testing conditions were all
affected by dislocation movement.

Figure 5 shows the TEM images of Ti-6Al-4V under
different superplastic tensile conditions. At the strain rate of
10−3 s−1, grain boundary deformation occurred during the
superplastic tension of this alloy, and abundant irregular
dislocations were formed around grain boundaries
(Figure 5A), but the intracrystalline dislocations were
arranged regularly (Figure 5B). With an increase in strain
rate, the dislocation count gradually increased, the
dislocation motion was intensified, and the dislocation slip
was significant (Figures 5C,D), but no regular distribution,
as shown in Figure 5A, was found. The above TEM images are
consistent with the R-W-S deformation mechanism maps in
Figure 4.

The superplastic deformation mechanism of Ti-6Al-4V at
923 K transited from dislocation-controlled grain boundary
slip to dislocation glide along with an increase in strain rate.
This is because the superplastic deformation of metal materials is
essentially a synergy between dynamic softening mechanism and

hardening mechanism, and the dynamic softening mechanism is
the key factor that ensures the stable superplasticity of materials.
As for Ti-6Al-4V, the softening mechanism of its superplastic
tension is mainly dynamic recrystallization and recovery (Hiroaki
et al., 2017). Owing to the low temperature, dislocation glide
started firstly, and along with the superplastic tension, dislocation
tangling occurred after the dislocation motion reached a certain
extent. According to the first law of thermodynamics, the
arrangement of the intertwined dislocations gradually became
regular, and energy slowly dropped to the steady state, which
induced recrystallization (Matsumoto et al., 2013). The
proceeding of the above processes depends on appropriate
dynamic conditions. Thus, the dynamic condition of this alloy
at slow tension speed (10−3 s−1) was sufficient, the irregular
dislocation motion gradually turned into regular arrangement

FIGURE 5 | TEM images of Ti-6Al-4V under the same superplastic tensile conditions. (A,B) 10−3s−1; (C) 5 × 10−3 s−1; (D) 5 × 10−2 s−1.

TABLE 3 | Results of m and tension rate δ of Ti-6Al-4V at 923 K and different
tension speeds.

Temperature
T, K

Initial strain
rate _ε, s−1

Strain rate
sensitivity
exponent m

Tension to failure
δ, %

923 10−3 0.52 790
923 5 × 10−3 0.51 735
923 5 × 10−2 0.46 460
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(Figures 5A,B), and the softening mechanism was the
dislocation-controlled grain boundary slip (Figure 4). The
strain rate sensitivity index m of this alloy calculated as m�(ln
(1+δ))/(2 + ln (1+δ)) was 0.52 (Table 3). Together with the
macroscopic mechanical property testing in Figure 3, it was
known that the tension rate δ maximized to 790% and the
steady-state flow stress was low. At a large strain rate (5 ×
10−3 and 5 × 10−2 s−1), the dislocation motion was still
significant (Figures 5C,D), and due to the shortened
superplastic deformation time, no regular tube-like
arrangement was found, and the softening mechanism was
controlled by dislocation glide and the stress index rose. At
the strain rate of 5 × 10−2 −1, the interval of steady-state
rheological stress on the stress-strain curves was significantly
shortened, the peak stress and steady-state stress both
significantly increased, the strain rate sensitivity index m was
0.46 (Table 3), and the tension rate dropped by 490%. The above
results also validate that the deformation mechanisms predicted
by the R-W-S deformation mechanism maps are very accurate.

CONCLUSION

During the superplastic tensile deformation of Ti-6Al-4V at low
temperature (923 K) and 10−3, 5 × 10−3, or 5 × 10−2 s−1, the tension
δ and strain rate sensitivity index m both rose with the decrease in
tension speed and δ maximized to 790% at 10−3 s−1. Through
mathematics modeling, the unit dislocation count was introduced
into the R-W-S deformation mechanism map, and a new
deformation mechanism map involving the dislocation count

was plotted. Thereby, the mechanism of deformation of this
alloy 923 K was predicted. Owing to the low temperature, the
dislocation movement significantly impacted the softening effect
of this alloy during superplastic deformation. Together with
microstructure characterization, it was validated that as the
strain rate increases from 10−3 to 5 × 10−2 s−1, the deformation
mechanism transited from dislocation-controlled grain boundary
slip to dislocation glide, and the stress index increased.
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