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Abstract: An investigation of flow behavior and the deformation mechanism for Ti-6Al-4V alloy
during the superplastic deformation process is presented in this paper. Constant strain rate tensile
tests were performed at 890–950 ◦C and strain rates of 10−2, 10−3, and 10−4/s. Then, surface
observation by Optical Microscope (OM), Scanning Electron Microscopy (SEM), and Electron Back-
scattered Diffraction (EBSD) was applied to obtain the microstructure mechanism. With pole figure
maps (PF) for α-phase, obvious texture gradually changed in the main deformation direction. For
the titanium alloy, the evolution of texture in deformed samples was attributed to grain rotation
(GR). Significant grain rearrangement occurred between grains after deformation. A complete grain
rotation accommodated grain boundary sliding (GBS) deformation mechanism is proposed, which
can explain texture evolution without grain deformation.

Keywords: superplasticity; Ti-6Al-4V; grain rotation; deformation mechanism

1. Introduction

The Ti-6Al-4V alloy, as an α/β titanium, has many mechanical properties, such as low
density, high specific strength, and excellent corrosion resistance, which have been widely
exploited in aerospace industries [1,2]. For the manufacture of parts with complex shapes,
superplastic forming (SPF) is always applied due to large deformation resistance at room
temperature [3,4]. Superplasticity refers to the property of materials that achieve great
elongation without fracture. With more than 80 years of research, superplasticity has been
reported in many metallic system alloys based upon aluminum, magnesium, zinc, and
steel [5,6]. Great ductility can also be obtained in some ceramics and geological materials [7].
Although some attempts have been tried to optimize the SPF process windows by changing
the metallography structures of materials [8–11], the current mainstream view still holds
that the superplasticity of metals needs two compulsory requirements: a high temperatures
and certain strain rate regions [5]. For the Ti-6Al-4V alloy, the elevated temperatures are at
about 900 ◦C and the controlled strain rates need to be within the range of 10−4 to 10−2/s.

The superplasticity of materials has been the focus of an abundance of papers [12–14].
A body-centered cubic structure (BBC) for the β phase has more slip systems than a
hexagonal close-packed structure (HCP) for the α phase, so the larger the β fraction,
the easier it is to deform. However, the β phase is a structure that grows easily at high
temperatures, which is incompatible with the demand for fine equiaxial grain size. Thus, a
clear deformation mechanism of alloys in SPF is needed. Besides, the flow behavior can be
divided into three deformation regions: (i) a diffusion creep mechanism under low strain
rate (I region; (ii) grain boundary sliding (GBS) under medium strain rate (II region, i.e.,
superplastic forming region) and (iii) a dislocation creep mechanism under high strain rate
(III region). Even in the deformations dominated by the diffusion creep mechanism, grain
boundary sliding still can contribute 50 to 70% in the II region [15]. Thus, the GBS playing
a dominant role in SPF has been extensively recognized [16,17].
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In recent years, more attention has been paid to the microstructural evolution and
deformation mechanism of superplastic deformation. Mosleh et al. [18,19] investigated
the superplasticity of Ti-6Al-4V and Ti-4Al-1V-3Mo alloys, revealing that samples with
larger recrystallized fractions showed better superplasticity and higher quality of the
formed parts with a more uniform thickness distribution in cross-section. The effects of
microstructure evolutions on the forming process were also discussed by Wang et al. [20].
Dynamic recrystallization (DRX) occurs during tensile deformation and can refine the
microstructure, thus, the thickness uniformity of the formed part can be improved by
increasing the feed length. Besides, Wu et al. [21] investigated the microscopic nature of the
anisotropy of TA32 and proposed that the thermal effect and DRX-induced grain refinement
lead to a decrease and increase in r-value, respectively. It can be seen that the influence of
microstructure mechanisms on the material remains a focus of superplasticity research.

The most controversially debated issue concerns the accommodation mechanism of
GBS during superplastic deformation. Ashby and Verrall [22] first proposed the diffusion-
accommodated GBS mechanism. The unit cells were constituted by four grains, and the
movement could produce the 0.55 true strain with the same grain shapes. This mechanism
has four irreversible processes: diffusion, interfacial reaction, GBS, and fluctuation of the
boundary area. For a two-phase alloy, further discussion on the Ashby-Verrall model
considered that the phase boundaries between different phases are generally curved, for
which the speed atoms at boundaries in each phase are inconsistent [23,24]. Ball and
Huchison [25] provided a model in which the accommodated mechanism is dislocation
motion, which uses a group of grains as a unit slip until the unfavorably oriented grains
hindered their motions. Another modified model of adjoint dislocation coordination
was proposed by Weinstein et al. [26], in which the grains no longer slip as a unit of a
combined unit, but a unit consists of only one single grain. Dislocations occur at grain
boundary ridges and protrusions, pass through grains, and are blocked at grain boundary
slugs. Paidar et al. [27] proposed a grain translocation model for the idea of grain rotation,
dividing grain boundaries into a pressurized grain interface, a pulled grain interface, and a
slip interface. The grain boundary dislocation moves at the sliding interface and climbs at
the compression and tension interface. For the Ti-6Al-4V alloy during the SPF, whether
there is a certain accommodation mechanism or a combination of several mechanisms for
GBS is still debatable.

With the above in mind, the purpose of this research was to investigate the deformation
mechanism for Ti-6Al-4V alloy during the superplastic deformation process. The flow
behavior was first explored, then a series of surface observations for samples cut from the
specimens before and after testing was performed. Finally, the results of these experiments
were explored for the deformation mechanism.

2. Materials and Methods

The Ti-6Al-4V alloy under investigation in this paper was a titanium sheet with a
thickness of 1 mm. The weight percentage obtained by Energy Dispersive Spectrometry
(EDS) was listed as: 88.31% Ti, 5.59% Al, 4.85% V, and 1.25% C. This observation was
performed on the ZEISS SUPRA Microscopy at the Shaanxi Material Analysis and Research
Center, China. In addition, other microcosmic experiments involved in this paper are also
carried out by this institution.

2.1. High-Temperature Tensile Testing

The specimens for the constant strain rate high-temperature tensile tests were cut from
the received material by a Wire Cut Electrical Discharge Machining (WEDM), the dimen-
sions of which are shown in Figure 1. Constant strain rate tensile tests were performed on
a Shimazu Electronic Universal Testing Machine according to the GB/T 4338–2006. The
heating furnace in the testing machines had three heating zones, and the temperature
of each heat zone was measured by an independent thermocouple. The samples were
heated to a set temperature at 5 ◦C/s. The specimens were held for 15 min after the test



Crystals 2021, 11, 991 3 of 11

temperatures were reached to ensure uniform temperatures and microstructures. To ensure
good contact between the specimens and the thermocouples, the specimens weremanually
sanded with 1000 # sandpaper before the tensile tests. The selected temperatures during
the experiments were 890 ◦C, 920 ◦C and 950 ◦C, and strain rates were set at 10−2, 10−3

and 10−4/s, which are the traditional process windows for Ti-6Al-4V superplastic form-
ing [5,28]. The specimens were continuously stretched until any of the following conditions
were met: (i) specimens rupturing; (ii) maximum elongation due to the geometrical dimen-
sions of furnace chamber; (iii) maximum testing time for the machine to withstand high
temperature. Assuming that no volume changed occurred during the deformation, the
true stress, and true strain can be obtained by the following expression:{

σ = FL/(A0L0)
ε = ln(L/L0)

(1)

where σ is the true stress, ε is the true strain, F is the load applied to the crossheads, A0 is
the initial cross-sectional area of the specimen, L0 is the initial gauge of the specimen, and
L is the gauge of the specimen. To study the deformation mechanism, tensile tests with
strains of 0.2, 0.5, and 0.8 were added to each temperature and strain rate for subsequent
microscopic observations. Due to high consumption of the high-temperature tensile test
process and the fact that tests at different strains were already available for verification, all
tensile tests under the same conditions were carried out only once.

Figure 1. The dimensions of the tensile test specimen.

2.2. Microstructural Characterization

The microstructural changes of the specimens before and after high-temperature ten-
sile testing were observed by surface observation using Electron Back-scattered Diffraction
(EBSD), Scanning Electron Microscopy (SEM), and Optical Microscopy (OM). All specimens
for metallographic testing were cut from the deformation zones of the tensile specimens
(marked with a red dotted box in Figure 1). EBSD tests were used to identify grain orienta-
tion evolution during deformation. Before metallurgical observation, all the samples were
hand-polished with 500, 1000, and 3000 # sandpaper, then the electro dissection experiments
were carried out using a Struers Lectropol-5, which was operated at 20 ◦C, 22 V for the
40 s. The electrolyte for Ti-6Al-4V alloy consisted of HClO4:CH3OH:CH3(CH2)3O=3:32:15.
Measurements were made using an SU3500 scanning electron microscope equipped with
an Oxford energy spectrum and EBSD camera, and the experimental data were analyzed
by Channel 5 software. In addition, SEM samples combined with the OM results were
applied to confirm the deformation mechanism of the Ti-6Al-4V alloy.
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3. Results and Discussion

As observed by optical microscopy (OM), the received alloy consisted of a large
number of equiaxed α-phases and interspersed β-phases at room temperature, as shown
in Figure 2.

Figure 2. The initial microstructure of the received specimens.

3.1. Mechanical Behavior

Figure 3 shows the results of the specimens after high-temperature tensile tests. Gen-
erally speaking, the flow behavior had the following characteristics:

(i) In the beginning stage of the deformation, significant strain hardening occurred,
which resulted from massive dislocations multiplied in the material. After a certain
value of strain was exceeded, the flow stresses showed varying degrees of strain
softening. This was because cross-slip of dislocations were the dominant softening
mechanism in the initial stages of plastic deformation, but this dynamic strain soft-
ening was not sufficient to compensate for the hardening caused by the increased
dislocation densities.

(ii) For deformation at high strain rates (10−3–10−2/s), continuous stress was seen in
the curves. However, when the material deformed at a strain rate of 10−4/s, only
strain hardening was observed. The essence of this steady-state flow stress was a
balance between strain hardening due to dislocation multiplication, and softening
due to dislocation rearrangement with mutual destruction of dissimilar dislocations.

For the Ti-6Al-4V alloy at elevated temperatures, flow behavior was sensitive to strain
rates. The higher the strain rate, the larger the flow stress. This is due to the fact that as
the deformation rate increased, the strain per unit time increased, producing a greater
concentration of dislocation density. In addition, for deformations with high strain rates,
dislocations moved faster and the offset of different dislocations increased. However,
the concentration of equilibrium dislocations increased throughout the process and this
led to an increase in the deformation resistance of the material during deformation. The
strain rate sensitivity factor (m) can be determined by taking the slope of the logarithmic
coordinate curve of stress σ and strain rate

·
ε, i.e., m = dlnσ/dln

·
ε. The maps of strain rate

sensitivity factors during the strain ranges from 0.2–0.7 are given in Figure 4. The strain
rate sensitivity factors showed a significant dependence on strain rates and temperatures.
For the materials in this study, m reached maximum values at 890 ◦C with a strain rate
of 10−2/s, and decreased with both increasing temperature and decreasing strain rate. In
addition, the maximum strain rate sensitivity factor increased with the larger degree of
deformation, due to dynamic recrystallization in titanium and smaller grains occurring
during the deformation process.
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Figure 3. Specimens and flow stresses before and after testing: (a) 890 ◦C; (b) 920 ◦C; (c) 950 ◦C.

3.2. Microstructure Observations

To investigate underlying deformation mechanisms, SEM observations were made for
each metallographic test sample. The results at 890 ◦C, 10−3/s and 920 ◦C, 10−4/s at the
strain of 0.2, 0.5, and 0.8 are given in Figure 5. In Figure 5a,b, the microstructures still retain
initial equiaxed grains at ε = 0.2, indicating that the dominant titanium alloy deformation
mechanism is GBS. This agrees with reports in the literature [29], and it is currently the
consensus that maintaining grain shape is essential for continuous deformation.

Figure 5c shows the SEM observation results when the strains reach 0.5 at 890 ◦C,
10−3/s. Fine grains a–g are observed, indicating that significant DRX has occurred. The
process of DRX can be controlled by stacking fault energy and grain sizes, and the ini-
tial microstructures and forming process also contribute. According to the Hell-Petch
formula [30]

τ = kd−1/2 (2)

where τ is thermal stress related to the grain size, d is the grain size, and k is the material
constant. Grain sizes change to small values, then a decrease in the tensile strength and an
increase in ductility of the material may be a priority.
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Figure 4. Maps of the strain rate sensitivity factor at different strains: (a) ε = 0.2, (b) ε = 0.3, (c) ε = 0.4, (d) ε = 0.5, (e) ε = 0.6,
and (f) ε = 0.7.

Figure 5. SEM observations for the Ti-6Al-4V alloy. (a) 890 ◦C, 10−3/s, ε = 0.2; (b) 890 ◦C, 10−3/s, ε = 0.5; (c) 890 ◦C, 10−3/s,
ε = 0.8; (d) 920 ◦C, 10−4/s, ε = 0.2; (e) 920 ◦C, 10−4/s, ε = 0.5; (f) 920 ◦C, 10−4/s, ε = 0.8.
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The evolution of grain sizes is shown in Figure 6, and were obtained by EBSD ob-
servations. The scatter points are the experimental data and the dashed lines are the
results of the linear fit of these scatter points representing the trends of grain sizes. For
the deformation at 890 ◦C and 10−2/s, DRX was significantly observed. For the Ti-6Al-
4V alloy, most research has discussed microstructure evolution based on the nucleation
and growth of recrystallized grains, with the recrystallized grains scattered around the
grain boundaries, i.e., discontinuous dynamic recrystallization (DDRX). However, similar
distribution features were not observed in our SEM results, so continuous dynamic recrys-
tallization (CDRX) should be the DRX modus for the Ti-6Al-4V alloy. The CDRX process
focuses on the transformation of high-angle grain boundaries (HAGBs) and low-angle
grain boundaries (LAGBs). Commonly, 15◦ is used to distinguish the HAGBs and LAGBs.
Fine grains can be generated as the misorientations of the LAGBs reach critical values. Two
main mechanisms for the evolution of LAGBs occur: (i) the sub-grain boundaries prevent
the dislocation motions and accumulate the dislocation densities, which increases the
misorientation of the LAGBs that then turn into HAGBs; (ii) the subgrains are surrounded
by subgrain boundaries or grain boundaries. As the deformation progresses, grain rotation
occurs between the subgrains with different orientation differences, and then the LAGBs
are converted into HABs.

Figure 6. Grain sizes measured by EBSD observation. (a) 890 ◦C, (b) 920 ◦C, and (c) 950 ◦C.

For the deformation at 920 ◦C with a strain rate of 10−4/s, the grain growth is visible
in Figures 5d and 6b. With an increase in temperature, the α-phase of Ti-6Al-4V alloy
transforms into the β-phase, which may cause a decrease in grain size for the equiaxed
α-phase. This is different from the test results. One reason for this is that when the
temperature rises to 920 ◦C, the phase boundary diffusion of theα-phase increases, allowing
it to swallow up small grains and contribute to grain growth. Another reason is that when
deforming at a low strain rate of 10−4/s, dissimilar dislocations can be sufficiently offset
from each other, so the CDRX is weakened with low dislocation densities and the grains
become larger.

Conversely, as in Figure 5e,f at ε = 0.8, it is difficult for the grains to remain equiaxed
and grain elongation occurs in the direction of stretching. As can be seen in Figure 3a,b,
the specimens did not fracture at this condition, which means that the grain elongation
did not cause significant GBS discontinuities. This phenomenon may occur because (i)
finer equiaxed grains may still occur after the current stage of grain elongation, being an
intermediate transition of CDRX, and (ii) most of the grains are still equiaxed, so the roles
played by these grains are not dominant.

3.3. Grain Rotation

Figure 7 illustrates the texture evolution of the HCP crystal structure by pole figures
before and after testing. The texture intensities are characterized by multiples of the uni-
form density (MUD). The initial maximum MUD of received material was 6.60, and the
values increased for all temperature and strain rates except for 890 ◦C with 10−3/s and
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920 ◦C with 10−2/s. The Ti-6Al-4V alloy titanium has an obvious texture, and the basal
texture is dominant in Figure 7a. As shown in Figure 7b–j, the evolution of texture in
deformed samples can be attributed to the grain rotation (GR). GR has been reported in
the literature [31], and whether the grains rotate or not mainly depends on the relative
movement between the grain and surrounding grains. During superplastic deformation,
GR does not contribute to the total strain but can provide degrees of freedom for the defor-
mation. Grain rotation is an accommodated mechanism of GBS, and the two mechanisms
together reduce the total texture. Then, further deformations produce new textures, the
cycle repeats and continued deformations are obtained.

Figure 7. EBSD analysis of pole figure maps (PF) for α-phase for the Ti-6Al-4V alloy. (a) Initial
material; (b) 890 ◦C, 10−2/s; (c) 890 ◦C, 10−3/s; (d) 890 ◦C, 10−4/s; (e) 920 ◦C, 10−2/s; (f) 920 ◦C,
10−3/s; (g) 920 ◦C, 10−4/s; (h) 950 ◦C, 10−2/s; (i) 950 ◦C, 10−3/s; (j) 950 ◦C, 10−4/s.

3.4. Grain Rearrangement

Significant grain rearrangement occurs during deformation. As the deformation
begins, the adjacent grains are separated from each other, as shown in Figure 8 by optical
microscopy at 920 ◦C and 10−3/s. The interstices between grains are smaller than the grain
sizes but have the same magnitude order as the grain sizes. A strip-shaped gap is formed
between grain A and C, and similar observations can be obtained between grains A–B,
B–E, and C–D. Such gaps meet and fuse to form voids and cavitation, which is part of the
mechanism for the titanium alloy.

Intergranular clearance and grain boundary slip together lead to grain rearrangement
of the Ti-6Al-4V alloy, and grain rearrangement becomes easier during grain rotation [32].
The relative movements between adjacent grains depend on the orientations of their
common boundaries [33], and the grains with small angles to the tensile axis move more
slowly than those with other orientations. The rotation of grains is also caused by the
difference in relative motion velocity between grains [34], so the rotation of grains is, to
some extent, the result of grain rearrangement.
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Figure 8. Optical microscopy of sample at 920 ◦C and strain rates of 10−3/s.

3.5. Deformation Mechanism

A superplastic deformation mechanism schematic diagram of the Ti-6Al-4V alloy was
drafted by comprehensively considering the above discussion on rheological behavior and
microstructure evolution, as shown in Figure 9. Grain boundary sliding is the dominant
deformation mechanism for the titanium alloy, and grain rotation is the accommodation
mechanism, now named the Grain rotation accommodated GBS mechanism.

Figure 9. Schematic diagram of GR accommodated the GBS mechanism.

During deformation, the grains always maintain equiaxial grains, and the deformation
is mainly accomplished by grain boundary sliding. Grain rearrangement occurs when
GBS is blocked by other grains. During grain rearrangement, grain rotation occurs due
to heterogeneous GBS velocity distribution. Then, the grains continue to slide at grain
boundaries, and the superplastic formation continues.

CDRX for the Ti-6Al-4V alloy during superplastic deformation is illustrated in
Figure 9f–j. The dislocation multiplications at the steps of grain boundaries and dislo-
cations move within the grain until they meet the grain boundaries or subgrain boundaries.
Then, the dislocations accumulate and form new subgrain boundaries. With the deforma-
tion, LABs transfer to HABs, then the recrystallized grains slide after grain rearrangement
and grain rotation with grain growth.
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4. Conclusions

The flow behavior and microstructure evolution of the Ti-6Al-4V alloy during su-
perplastic deformation was investigated. Temperatures ranged from 890–950 ◦C, and the
selected strain rates were 10−2, 10−3, and 10−4/s. A grain boundary sliding accommodated
mechanism considering the grain rotation and continuous dynamic recrystallization is
proposed. This work is the basis for subsequent research into mathematical multiscale
modeling and process studies.
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