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Abstract: The flow behavior of Ti-6Al-4V alloy during the air-cooling process after superplastic
forming (SPF) has been discussed. In high-temperature constant strain rate tensile tests, the selected
temperatures were 930, 900, 800, 700, and 600 °C, and the initial strain rates were 1072, 1073,
and 10~*/s. The optimized deformation temperatures were 800~900 °C and the strain rates were
10~4~1073/s. Then, the evolutions of activation energy and deformation strain are also discussed,
and the effects of dislocation density and deformation activation energy on flow behavior were
consistent. In addition, unstable flow is mainly concentrated in the low-temperature and high strain-
rate regions, and this is mainly caused by dynamic recrystallization (DRX). After the SPF process, the
possibility of material damage gradually increases during the air-cooling process.

Keywords: superplastic forming; Ti-6Al-4V; air cooling; flow behavior

1. Introduction

Ti-6Al-4V alloy is a polycrystalline metal with two isomers: «-phase with hexagonal
close-packed (HCP) structure and the (3-phase with body-centered cubic (BCC) struc-
ture [1-3]. It has the following mechanical properties: (i) low density and high specific
strength; (ii) high temperature resistance; and (iii) excellent corrosion resistance. So, it has
been widely used in aircraft, missiles, ships, automobiles, petroleum, chemical industry,
biomedicine, and other fields [4-6]. For titanium parts with complex structures, superplas-
tic forming (SPF) is usually employed in aerospace industries [7-10]. The superplasticity
of Ti-6Al-4V alloy refers to the properties that materials can achieve of great elongation
without fracture within a certain range of temperatures (about 900 °C) and strain rates
(107#~1072/s) [11,12]. The requirements of such high temperatures and low strain rates
will lead to high costs. In addition, there is a contradiction between the large deforma-
tion and the serious thickness distribution caused by drastic strains. So, this research on
superplasticity is still worth studying at present.

It has been recognized that the superplastic deformation is dominant by the grain
boundary sliding (GBS), and the research focus is the accommodated mechanism of GBS [13].
Especially for Ti-6Al-4V alloy, diffusion-accommodated, dislocation-accommodated, and
other accommodation mechanisms are still debated [14-16]. Another research focus is
modifying the SPF process windows by controlling grain sizes [17,18] or other methods [19].
The flow behaviors of materials depend on different treatments, so the rheological behaviors
of superplastic deformation and air cooling are due to the evolution of the microstructures.
However, the research on this aspect is still insufficient.

It can be easily understood that superplastic forming is carried out at high tempera-
tures, but the measurements of whether the forming part meets requirements are always
performed at room temperatures. For the unqualified SPF parts, it is unreasonable to
directly attribute the failure to the superplastic forming process; the air-cooling process of
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being taken out from the furnace to room condition after SPF may also decline qualities
of products. Additionally, the structures of the inhomogeneity lead to the generation of
temperature gradient during the cooling process, resulting in residual stress and residual
deformation. For thin-walled hollow structures, research on the flow behavior during air
cooling should not be ignored.

Thus, this paper investigates the flow behavior of Ti-6Al-4V alloy during the air
cooling process after SPE. The article is divided into three parts: (i) the strain rate sensitivity
factors; (ii) the deformation activation energies; and (iii) hot working process maps.

2. Materials and Methods

The material used in this study is a rolled sheet of Imm thickness. Based on energy
dispersive spectrometry (EDS), the chemical compositions of material in weight percent
are obtained, as shown in Table 1. Figure 1 presents the initial microstructures by optical
microscope (OM); the titanium consists of equiaxed x-phase grains and a small amount of
(- phase grains.

Table 1. Chemical compositions of Ti-6Al-4V alloy.

Chemistry (wt.%) Ti Al v C
Ti-6Al-4V 88.31 5.59 4.85 1.25

Ty,

-

V-5
U Betajphase
by -

Figure 1. The initial microstructure of received material by OM observation.

High-temperature tensile tests were performed on a Shimazu Electronic Universal
Testing Machine. The experimental specimens were cut by wire electrical discharge ma-
chining, and the dimensions are given in Figure 2. Before high-temperature stretching, all
samples are polished with 1500# sandpapers to ensure good contacts between samples and
thermocouples. Firstly, the sample was heated at a rate of 20 °C/min to 950 °C and held
for 5 min. Next, air-cooling temperatures were carried out to 930, 900, 800, 700, and 600 °C
and held for 10 min. High-temperature tensile tests were carried out at each temperature,
with initial strain rates of 1072, 1073, and 10~%/s.



Crystals 2022, 12, 294

30f12

950 °C Sustain for Smin

Tensile tests

Strain rate: 107 ~10"7s
Temperature: 930,900,800,700,600 °C

e |
L{ff‘ =

=) =
32 “'*% | '
91.10  —

Temperature(°C)

Dimension of the high temperature test specimens (mm)

|

Time
Figure 2. The dimensions of high-temperature tensile tests specimens and experiment process.

Electron back-scattered diffraction (EBSD) observations were performed to measure
the evolutions of the grain size. The samples for microstructure observations were cut
from the deformation zones of tensile specimens firstly. Each sample was hand polished
with 240#, 320#, 1500#, 2500#, and 3000# sandpapers until the surface was flat and free
of obvious scratches, and then all the samples were polished by ion beam figuring (IBF).
The EBSD tests were carried out by ZEISS Gemini 500 Field Emission Scanning Electron
Microscopy, and the results were analyzed by Channel 5 software.

3. Flow Behavior for Ti-6Al-4V Alloy during Air Cooling after SPF
3.1. Flow Stress Result of the Tensile Tests
It is difficult to measure the deformation strain with an extensometer when tensile

testing at such high temperatures. In this paper, the load—displacement curves obtained
are converted to the real stress and strain values based on Equation (1), and the results are

listed in Table 2.
F AL
1+ )
AL
in(1+4L)
where 0 is the true stress, ¢ is the true strain, F is the load applied to the crossheads, Ay is

the initial cross-sectional area of the specimen, AL is the elongation of the specimen, which
takes into account the deformation of the pinholes, and L is the gauge of the specimen.

o

)

€

Table 2. The selected flow stresses of tensile testing for Ti-6Al-4V alloy after air cooling (MPa).

Tensile Test Temperature (°C)

Strain Strain Rate (s—1)
600 700 800 900 930
0.10 104 309.91 136.60 47.96 13.35 11.91
1073 381.45 230.84 109.86 36.78 26.84
102 434.41 297.58 171.49 76.17 56.92
0.20 1074 281.71 121.77 42.60 13.69 13.33
103 371.60 208.56 94.88 33.06 24.94

1072 431.44 281.87 154.45 64.93 48.07
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Table 2. Cont.
Tensile Test Temperature (°C)
Strain Strain Rate (s 1)
600 700 800 900 930
0.30 104 240.86 109.42 38.70 14.37 14.07
103 350.87 185.05 84.14 30.16 23.25
1072 396.25 255.08 138.77 57.10 4217
0.40 10~4 99.95 35.79 14.57 14.81
103 162.43 75.73 27.65 21.84
1072 221.93 124.60 50.86 37.47
0.50 10~4 91.85 33.83 14.74 15.52
103 140.02 68.87 25.83 20.73
102 111.37 45.64 33.77
0.60 104 84.11 31.88 14.55 15.78
103 63.04 24.38 19.82
102 98.51 40.60 30.43
0.70 104 76.79 30.16 14.17 15.81
103 58.04 23.08 18.98
102 83.29 35.37 27.32

In strain rate(s™)

600

3.2. Strain Rate Sensitivity Factor

The flow stress of materials under high temperatures is highly sensitive to strain
rates. During the deformation, the necking in specimens will always lead to the increase
in strain rates, and stress strengthening occurs subsequently. Thus, the sections without
neck contractions are more easily deformed than the neck contraction locations; thus, the
above neck contraction stops and swims to other positions. The strain rate sensitivity factor
m was first proposed by Backoften [20], which is always applied to describe the ability of
materials to inhibit necking and its expansion:

i — dino
 dlné

@

where ¢ is the strain rate, s~!. The strain rate sensitivity factor is the slope of the linear
fitting curve of Ino-Iné. The calculation results of m when ¢ = 0.1, 0.2, 0.3, 0.5, 0.6, and 0.7
are shown in Figure 3.

0.45
0.45 0.4
04 0.35
tn
035 3 03
03 &
= 0.25
025 3 0
02 & '
=
015 = 0.15
0.1 0.1
0.05 0.05
700 800 900 600 700 800 900
Temperature(°C) (a) Temperature(°C) (b)

Figure 3. Cont.
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Figure 3. The strain rate sensitivity factors at different strains: (a) 0.1; (b) 0.2; (c) 0.3; (d) 0.5; (e) 0.6;
(£)0.7.

In this work, when stretching at low temperature, because the several sample fractures

occur when the strain was greater than 0.4, only the m value between 800 °C~930 °C could
be obtained. The distributions of strain rate sensitivity factors with temperatures and strain
rates are similar under different strains:

()

(i)

(i)

In the cooling process after superplastic forming, m values are larger at high tempera-
tures and low strain rates. The temperature regions of maximum m are concentrated
between 800 °C~900 °C, and the strain rates are 10~4~10~3/s. The interval is very
similar to the results of superplastic deformation [21,22]; this is reasonable because
both of them are thermal forming processes.

The maximum values of strain rate sensitivity factors decrease gradually with the
deformation, which indicates that the resistance of the material to necking decreases,
which may be caused by the aggravation of the unstable flow of Ti-6Al-4V alloy. This
issue will be discussed in detail in Section 4 of this paper.

When the temperature is lower than 900 °C, the m values decrease with the increase
in strain rates. The deformability of the material decreases at higher strain rates,
which may be due to the microstructural defects, i.e., voids and cavitations [23,24].
Cavitation is inevitable in the process of material deformation. Cavitation is the
accommodated mechanism for the high-temperature forming of titanium alloy, which
affects the rheological behavior of the material and causes a decrease in flow stress.
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In addition, when the volume fraction of voids reaches a critical value, it is always
considered to be directly related to the destruction of materials.

(iv) For the deformation at T > 900 °C, the strain rate sensitivity factors increase with the
increase in strain rates at large stains, as are shown in Figure 3d—f. It can be inferred
that within the range of higher temperatures and strain rates, there will still be another
m concentration region. The 0.25 contour line in the upper right corner of (d) can be
used as evidence for this inference. A hypothetical is proposed as an explanation for
this phenomenon: when the material deforms at higher temperatures, the dislocations
gain more energy. In addition, the dislocation velocities are positively correlated with
the strain rates [25], so the dislocation movement becomes more intense at a high
strain rate.

3.3. Deformation Activation Energy

The most prominent characteristic of high-temperature deformation is that the defor-
mation process is controlled by the thermal activation process. Deformation activation
energy represents the values of the energy barriers for atomic transition, and it can reflect
the difficulty of plastic deformation of the material. When describing plastic deformation,
the Arrhenius model is usually used to describe parameters related to temperature and
rate. The mathematical expression is as follows:

Z = eexp(Q/RT)
¢ = AF(c)exp(—Q/RT)

o" ao < 0.8 3)
F(o) = { exp(Bo) ar > 1.2

[sinh(ac)]"  for all stresses

where Z is the Zener-Hollomon parameter, which represents the comprehensive influence
of temperature and strain rate on deformation; Q is the deformation active energy; R is
the gas constant, R = 8.315 J/(mol-K); A, &, B, n, and # are material constants; and the
expression of F(o) is different in various stress ranges [26]. The derivation of Equation (1)
can be obtained:

¢ = Alsinh(a0)]" exp(—Q/RT) (4)

Taking the logarithm of Equation (4), as follows:
Ine = InA + yin[sinh(ac)] — Q/RT )

For the deformation at a constant temperature, T =0, differentiating Equation (5)
concerning /n[sinh(ac)], the results hold

dlne

1= S {infsinh(ao)]} ©)

Additionally, at a certain strain rate, ¢ = 0. Differentiating Equation (5) concerning
the 1/T,

Q=RnyK+1I
d{In[sinh(ac
K = el )
_ p_oln 9 Gl
I =R + Ryrry — Tariom

The In[sinh(ac)] — 1/T curves at € = 0.2 for Ti-6Al-4V alloy during the air cooling
after superplastic forming are shown in Figure 4. The values of I are small relative to the K,
so the term I can be ignored, and Q = RyK.
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Figure 4. The fitting results of In[sinh(«c)] and 1/T.
In summary of Equations (6) and (7), the activation energy Q is given as:
dlne o{In[sinh(ao)
0 R {Infsinh(x0)]} ®

{Infsinh(ac)]}  0(1/T)

Figure 5 describes the activation energy calculated in this paper. The Q at the strain
0f 0.1, 0.2, and 0.3 for the deformation at 10~% and 1073 /s are discussed. For ¢ = 1073 /s,
the activation energy decreases with the increase in strain, and obvious flow softening
can be obtained. However, for the deformation at the strain rate of 1074 /s, the activation
energy does not change significantly with the increase in strain. In this case, the material
shows a typical strain hardening characteristic; that is, the flow stress increases with the
increase in strain. When the stress increases to a critical value, it maintains stable flow
stress. Traditionally, the softening phenomenon in the rheological behavior of materials is
mainly caused by dynamic recovery (DRV) and dynamic recrystallization (DRX). While
continuous dynamic recovery can eliminate strain hardening, the material maintains stable
flow stress. Thus, DRX requires more energy than DRV, which usually results in more
obvious stress softening [27]. Therefore, this suggests that the rheological behavior of
materials at different temperatures and strain rates is related to the deformation activation
energy of materials.

In terms of microstructure evolution, the deformation of materials is mainly controlled
by dislocation movement [28]. Strain hardening is the result of the dislocation multiplica-
tion, and the larger dislocation density provides higher material strength. As the dislocation
movement proceeds, the heterosign dislocations cancel each other, and the dislocation
density decreases, resulting in stress softening. At higher temperatures, higher energy can
be obtained in the dislocation movement process, so that the dislocation barrier can be
overcome for climbing, and new softening behaviors can be generated, which is the reason
for the low stress at high temperatures. In addition, when DRX occurs, the dislocations
in the material are used to form subgrain dislocation walls, resulting in a reduction in the
dislocation density. The effect of dislocation density and deformation activation energy
on rheological behavior is consistent. Therefore, it can be considered that the dislocation
motion is the main reason for the evolution of deformation activation energy of Ti-6Al-4V
during hot deformation.
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Figure 5. The activation energy for Ti-6Al-4V alloy during the sir cooling after superplastic forming;:
(a) 0.1; (b) 0.2; and (c) 0.3.

4. Process Maps for Ti-6A1-4V Alloy at Air Cooling Process
4.1. The Theory of Stable Flows

There are two kinds of fracture modes of materials during tensile deformation: necking
and non-necking [29,30]. When the material has unstable flow, the first occurrence is
necking, and then necking gradually transfer to fracture. In addition, for fractures without
necking, the accumulation of voids is often observed at the fracture zone. The strain rate
is small in this paper, and it is believed that the influence of void is small, focusing on
the influence law of unstable flow. Based on the dynamic materials model (DMM) by
Prasad [31], absorbing energy in the process of plastic flow P contributes in two main

aspects: one is the plastic deformation energy dissipation G = fOE ode; the other is due to
the microstructure evolution and the dissipation of energy | = foa edo. Therefore, according
to the definition, the energy dissipation rate (1) is expressed as:

_P_Gzz(aé—foéadé) _ 2m

g T om+1 ©)

- ]max o3
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Ziegler thinks that if the system has a plastic deformation of internal dissipation
function D with strain rated ‘;—? < %, then the system is unstable. Through sorting, the
unsteady parameter ¢ can be expressed as follows:

¢

_m_
m+1

)

_ 3D oln(

~ dlne

dlne

+m<0

(10)

4.2. Hot Working Process Maps

According to the above calculation method, the energy dissipation rate # is calculated
at each deformation temperature, and the energy dissipation rate under different deforma-
tion temperatures, strain rates, and strains can be obtained to form the energy dissipation
curve. Equation (10) can be used to calculate the corresponding deformation temperature,
strain rate, and the unsteady parameter § under strain. With the deformation temperature
and strain rate as coordinates, the unsteady surface diagram under different strains can be
obtained. Taking the deformation temperature and strain rate as coordinates, the energy
dissipation rate surface and the unstable surface under different strains are constructed,
and the two surface graphs are superimposed to form the hot working maps, as shown in

Figure 6.
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Figure 6. The processing map for Ti-6Al-4V alloy during the air cooling after superplastic forming:
(a) 0.1; (b) 0.2; (c) 0.3; (d) 0.5; (e) 0.6; and (f) 0.7.

The peak area of the energy dissipation rate is basically: 800~900 °C, 1075~10"%/s.
Additionally, the larger the strain, the smaller values of #. The process parameters cor-
responding to the peak value of energy dissipation rate are the best process parameters
for air-cooling deformation after superplastic forming of Ti-6Al-4V alloy in the range of
the test in this paper. The lower the energy dissipation rate is, the worse the deforma-
tion ability of the material is, and the more easily the failure phenomenon occurs in the
air-cooling process.

The unstable flow is possible to occur at the low-temperature and high strain-rate
regions, which is consistent with the material can achieve greater elongation at high
temperature and low strain rate. Thus, in the process of cooling from 950 °C to 600 °C, the
possibility of material damage gradually increases. In addition, the boundary line of the
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material stable flow is concentrated in the area of the energy dissipation rate between 0.3
and 0.4. Therefore, it can be considered that when the energy dissipation rate is less than
0.3, ¢ <0, the material will have an unstable flow.

4.3. The Microstructure Evolution during the Air-Cooling Process

In Figure 7, despite the EBSD inverse pole figures (IPF) for Ti-6Al-4V alloy during
the air cooling process from 930 to 600 °C, the strain rate is 10~% and 1072 /s, respectively.
When ¢ = 1072 /s, the grains become finer, and the volume fractions of DRX are larger
as the temperature decreases. Thus, it is more and more obvious that DRX is responsible
for the unstable flow stress, and this conclusion is obtained in the literature [21,32]. For
Figure 7df, the only difference is that DRX just occurs at lower temperatures than that of
1072 /s, so the material has better flow stability at low strain rates. Therefore, the cooling
rates should be controlled as much as possible to ensure that the material has suitable strain
rates during the air-cooling process.

Figure 7. EBSD inverse pole figures at: (a) 930 °C, 1072/s; (b) 800 °C, 10~2/s; (c) 600 °C, 1072 /s;
(d) 930 °C, 10~%/s; (e) 800 °C, 10~4/s; (f) 600 °C, 10~%/s.

5. Conclusions

(1) The investigations of the flow behavior of Ti-6Al-4V alloy after superplastic forming
are given, and the emphasis is to discuss the deformability of the material during
air cooling.

(2) At 800~900 °C and 10~%~1073/s, the values of m are larger than 0.3, and the material
has good deformability.

(38) The evolution of deformation activation energy is influenced by dislocation movement.

(4) The possibility of material damage gradually increases from 950 °C to 600 °C during
air cooling.
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