Article

Effect of Pre-Strain on Microstructure and Tensile Properties of
Ti-6Al-4V at Elevated Temperature

Taowen Wu

check for

updates
Citation: Wu, T.; Wang, N.; Chen, M.;
Zuo, D.; Xie, L.; Shi, W. Effect of
Pre-Strain on Microstructure and
Tensile Properties of Ti-6Al-4V at
Elevated Temperature. Metals 2021,
11,1321. https://doi.org/10.3390/
met11081321

Academic Editors: Maciej Motyka
and Marcello Cabibbo

Received: 25 June 2021
Accepted: 18 August 2021
Published: 20 August 2021

Publisher’s Note: MDPI stays neutral
with regard to jurisdictional claims in
published maps and institutional affil-

iations.

Copyright: © 2021 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license (https://
creativecommons.org/licenses /by /
4.0/).

, Ning Wang *, Minghe Chen, Dunwen Zuo, Lansheng Xie and Wenxiang Shi

Nanjing University of Aeronautics and Astronautics, Nanjing 210016, China; meewtw0116@nuaa.edu.cn (T.W.);
meemhchen@nuaa.edu.cn (M.C.); imit505@nuaa.edu.cn (D.Z.); meelsxie@nuaa.edu.cn (L.X.);
swx1996@nuaa.edu.cn (W.S.)

* Correspondence: meewn1987@nuaa.edu.cn

Abstract: Research on pre-deformation influences on material properties in multistep hot forming is
of important scientific interest. In this paper, hot tensile tests at 850 °C and a strain rate of 0.001 s71
were performed to study the microstructural evolution and mechanical properties of Ti-6Al-4V with
pre-strains at 0.05, 0.1 and 0.15. The tensile test results showed that the specimen with 0.05 pre-strain
exhibited higher flow stress and larger elongation. Additionally, increasing the pre-strain resulted
in a decrease in ultimate tensile strength (UTS) and elongation (EL). The EBSD results showed
that the main deformation mechanism of Ti-6Al-4V was high-angle grain boundary sliding. Pre-
strain promoted dynamic recrystallization (DRX) by increasing the deformation substructure. The
refinement of grains and the eradication of dislocations enhanced the deformability, resulting in an
increase in flow stress.

Keywords: Ti-6Al-4V titanium alloy; pre-deformation; dynamic recrystallization; microstructure
evolution; mechanical properties

1. Introduction

Titanium alloys have a wide range of applications in aerospace and other industries
due their high specific strength, corrosion resistance, high temperature resistance, etc. [1,2].
Ti-6Al-4V was the first titanium alloy put into structural production of which the long-term
service temperature can reach 400 °C. In the aviation industry, Ti-6Al-4V is mainly used to
manufacture aero-engine compressor discs and blades [3]. The alloy is composed of the
hcp « phase, which plays an important role in hindering plastic deformation, and the bcc 3
phase [4]. However, Ti-6Al-4V has poor forming performance and strong work hardening
at room temperature. Hot-forming techniques are widely used to form complicated shape
parts because the formability of Ti-6Al-4V is largely improved at elevated temperature.
Ti-6Al-4V has been selected to manufacture hollow aero-engine blades for weight reduction.
The hollow blade forming process consists of diffusion bonding, hot twisting, hot stamp-
ing, and gas bulging. To investigate the hot twisting procedure influence on Ti-6Al-4V
deformation behavior in the subsequent hot stamping process, it is necessary to study the
microstructural evolution and deformation mechanisms of Ti-6Al-4V with pre-strain [5-7].

Research has been performed to reveal the relationship between the rheological prop-
erties and microstructure of titanium alloys in high-temperature deformation [8-11]. Cui
et al. [8] presented a constitutive model of TC11 based on the Arrhenius-type hyperbolic
sine method by the cubic piecewise function of strain which ensured the high precision of
the model. Liu et al. [9] considered that the deformation and softening mechanism of the
Ti55 titanium alloy under temperatures ranging from 885 °C to 935 °C were grain boundary
sliding and discontinuous dynamic recrystallization, respectively. Davis et al. [10] ana-
lyzed how the process parameters affect the 3-phase recrystallization level and the final
grain size by controlling the specimen deformation and heating rate. In addition, some
researchers have achieved excellent microstructure and mechanical properties through
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multiple deformations [11,12] and proposed effective step-by-step forming methods to
refine the grains of titanium alloys and increase the strength of titanium alloys [13-15].

Pre-deformation effects on microstructural and mechanical properties have also been
studied. Wang et al. [16] found that pre-deformation can promote the precipitation of a
stripe wall-like phase, which improves the material strength and elongation. Sachtleber
et al. [17] established a relationship between pre-deformation and the grain size of 6022-T4
aluminum alloys through uniaxial tensile tests. However, little research has been conducted
on the effects of pre-deformation on the microstructure and properties of titanium alloys
during the hot-forming process.

The aim of this research was to study the microstructural evolution and mechanical
properties of Ti-6Al-4V titanium alloys with different pre-strains during hot tensile de-
formation. Ti-6Al-4V specimens were first stretched by hot tensile tests at a temperature
of 850 °C and strain rate of 0.001 s! to obtain various pre-strains and microstructures.
The grain size, dislocation density and dynamic recrystallization ratio were quantitatively
analyzed by the electron backscatter diffraction (EBSD) technique. The deformation mech-
anism of Ti-6Al-4V alloy was analyzed to explain the tensile behaviors. The influence of
pre-strain on the properties of the Ti-6Al-4V titanium alloy was analyzed, combined with
dislocation density and dynamic recrystallization ratio, which provided a theoretical basis
for the stepwise hot torsion process.

2. Materials and Methods

The chemical composition of Ti-6Al-4V titanium alloy used in this study was Ti-
5.92Al1-3.92V-0.1080-0.1Fe-0.02N. Before the experiment, we used Wire Electrical Discharge
Machining (WEDM) to cut it into tensile specimens as shown in Figure 1a. The gauge length
of the specimen was ground to reduce burrs and scratches on the surface of specimens by
sandpaper. A boron nitride solder stopper was sprayed on the surface of specimens to
prevent the specimen from oxidizing. Schematic diagram of hot tensile test heating path is
shown in Figure 2.

All the hot tensile tests were carried out on a UTM 5504X electronic universal testing
machine (SUNSTEST Inc., Shenzhen, China) equipped with an environment chamber. The
experimental scheme is given in Table 1.

Table 1. Experimental schemes of hot tensile test.

Test No. Pre-Strain Tensile Test Parameter Final Strains

0.3

0.5

0.7
fracture

0.3

0.5

0.7
fracture

0.3

0.5

0.7
fracture

0.3

0.5

0.7
fracture

Test-0 0 850 °C, 0.001 s~ 1

Test-1 0.05 850 °C, 0.001 s~!

Test-2 0.1 850 °C, 0.001 s~ 1

Test-3 0.15 850 °C, 0.001 s~ 1
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Figure 1. (a) Design of the hot tensile test specimen; (b) hot tensile fixtures.
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Figure 2. Schematic diagram of the Ti-6Al-4V hot tensile test heating path.

The specimens were first installed in the grips and soaked at 850 °C for 10 min. Then,
they were stretched to the true strains of 0, 0.05, 0.1, and 0.15 at the strain rate of 0.001 s L
held for 10 min, and cooled in water, which represented the hot twisting process. Tensile
specimens with pre-deformation were placed in the grips and soaked at 850 °C for 10 min.
Then, they were stretched to the true strains of 0.3, 0.5, and 0.7 and fractured. Specimens
were immediately quenched in water to retain the microstructures. For each condition, the
test was repeated three times. Metallographic observations were carried out through EBSD
testing. EBSD data were obtained by SIGMA 500 (ZEISS Inc., Oberkochen, Germany) and
analyzed through HKL-Channel 5 software (Version 5, Oxford Instruments Inc., London,
UK). XRD data were obtained by Bruker D8 advance (Bruker Inc., Karlsruhe, Germany)
and analyzed through Jade (Version 6.5, Materials Data, Livemore, CA, USA).

3. Results and Discussion
3.1. Hot Tensile Properties of Specimens with Pre-Strain

Figure 3a shows the true stress-strain curve of specimens under uniaxial tension at
850 °C and 0.001 s~ ! with different pre-deformation strains. It is obvious that the tensile
behavior was affected by the pre-deformation. Tensile properties such as yield strength
(YS), ultimate tensile strength (UTS), flow stress o (¢ = 0.5) and elongation (EL) are given
in Figure 3b. It was found that the EL was more than 200%, regardless of the pre-strain,
indicating that the material had superplasticity under this tensile condition [18,19]. The
results show that the specimen with a pre-strain of 0.05 had the highest ultimate tensile
strength and maximum elongation, which are 77.3 MPa and 234.5%, respectively. As
the pre-deformation strain increased from 0.05 to 0.1, the YS decreased gradually from
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63.4 MPa to 55.5 MPa, the UTS decreased from 77.3 MPa to 66.8 MPa, and the EL decreased
from 234.5% to 205.2%. When the pre-strain was raised from 0.1 to 0.15, the UTS further
declined to 61.4 MPa and the change in the EL was small. Additionally, Figure 3c shows
the samples stretched to fracture.
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Figure 3. Hot tensile behavior of different Ti-6Al-4V specimens stretched at 850 °C with 0.001 s~ L: (a) True stress-strain
curves; (b) Tensile properties; (c) Tested samples with different pre-strain.

3.2. Microstructure Evolution during Hot Tensile Test

Microstructures of the tensile specimens with true strains of 0.3, 0.5 and 0.7 were
compared to investigate the microstructure evolution and DRX during hot deformation,
which could explain the changes in the tensile properties.

3.2.1. Initial Microstructure

The microstructure and the inverse pole figure (IPF) are given in Figure 4a,b, respec-
tively, in which the color code represents the orientations of « grains: black lines represent
the high-angle grain boundaries (HAGBs, 6 > 15°), and blue lines represent the low angle
grain boundaries (LAGBs, 2° < 6 < 1 5°). The initial structure consisted of an equiaxed
o phase and intergranular 3 phase. Figure 4c shows the average grain size distribution,
which indicates that the initial structure was mostly composed of equiaxed grains with
size <2 pym. The average grain size was 2.77 um. Figure 4d shows the misorientation
distribution. The fraction of LAGBs was 32.6%, and LAGBs were concentrated within 5°.
HAGBs were concentrated between 55° and 65°. The abundant HAGBs indicate that the
as-received material had a few deformation substructures. As shown in Figure 4e, the
initial samples were composed of « and 3 phases.

3.2.2. Microstructures of Specimens without Pre-Strain

Figure 5 shows the microstructures and corresponding IPFs of the tensile specimens
without pre-strain at different deformation stages. The average sizes of grains in specimens
with different strains were 2.57 um, 2.55 um and 2.44 pm, respectively. The phase volume
fraction changed slightly with the increasing strain because the stretching temperature was
much lower than the phase transition point, which was 998 °C. The grain size decreased
continuously with the increase in strain, whereas the DRX fraction increased significantly.
It can be deduced that with the increase in strain, LAGBs transformed into HAGBs, and
finally formed small crystal grains [20]. In the early tensile stage, the dislocation density
increased rapidly with strain. Additionally, the dislocations accumulated to form LAGBs.
Many small equiaxed grains appeared on the grain boundaries when the strain reached
0.5, marked by the white tip in Figure 5b. This may have been the result of dynamic
recrystallization (DRX) as the subgrains with LAGBs evolved into grains with HAGBs. The
abundant internal LAGBs promoted the occurrence of DRX. The merge of the subgrains
and the formation of HAGBs during the hot tensile procedure caused the decrease in
dislocation density, which resulted in a decrease in the flow stress. DRX plays a softening
role in the deformation process. DRX is mainly divided into continuous dynamic recrystal-
lization (CDRX), discontinuous dynamic recrystallization (DDRX), and geometric dynamic
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recrystallization (GDRX), and is distinguished by the mechanism of recrystallization grain
formation [21,22].
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Figure 4. Characterization of initial Ti-6Al-4V: (a) SEM; (b) IPF; (c) Grain size distribution; (d) Misorientation distribution;
and (e) XRD.

Figure 5. IPFs of specimens without pre-deformation at different true strains: (a) 0.3; (b) 0.5; and (c) 0.7.

The proportion of LAGBs first increased from 61.1% to 61.4% and then decreased from
61.4% to 58.3% when the strain increased from 0.3 0.7. The change in LAGBs was related
to the change in dislocation density. Additionally, the evolution of dislocation density
could be reflected by the geometric dislocation density (GND) [23,24]. Figure 6 shows the
GND density maps of specimens without pre-deformation at true strains of 0.3, 0.5, and
0.7. The GND density first increased and then decreased. This indicates that the DRX was
not obvious when the true strains were low [25]. However, a large number of deformation
substructures accumulated during the initial deformation stage. The proportion increased
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(@)

rapidly with the true strain beyond the critical strain, which accelerated the aggregation
and growth of sub-grains, eradicated dislocations in the grains, and reduced the content
of LAGBs. In addition, recrystallized grains promoted by the DRX were concentrated in
the HAGBs, and only a few grains were inside the elongated grains. This suggests that
high-temperature deformation can promote the migration of HAGBs and nucleation with
the expansion of HAGBs. The growth in grain number depends on the grain boundary
migration, which indicates that DRX is dominated by DDRX [26].

GND density
10¥m=2

I 20

| B

=10

(b)

Figure 6. GND density maps of specimens without pre-deformation: (a) 0.3; (b) 0.5; and (c) 0.7.

3.2.3. Microstructure of Specimens with Pre-Strain

Figure 7 shows the IPFs of specimens with pre-strain of 0.05 at true strains of 0.3, 0.5,
and 0.7. The increasing deformation promoted the DRX, leading to the formation of a
large number of small grains [27,28]. Images show that the structure is mainly composed
of elongated equiaxed grains and small equiaxed grains. This indicated that DRX is the
main mode of microstructural evolution [29]. After the deformation, the initial grains
were obviously elongated along the tensile direction, which indicated that grain boundary
sliding was the main hot-deformation mechanism of Ti-6Al-4V. When the true strain rose
from 0.3 to 0.5, some lamellar « grains broke and formed small equiaxed grains. When the
true strain reached 0.7, the lamellar o grains were transformed into fine equiaxed grains.

(b)

Figure 7. IPFs of specimens with pre-deformation strain of 0.05 at different true strains: (a) 0.3; (b) 0.5; and (c) 0.7.

Figure 8a shows the average grain size and dynamic recrystallization fraction of the
specimens with different pre-strains. At a true strain of 0.3, the average grain sizes of the
specimens with pre-strains of 0.05, 0.1 and 0.15 were 2.42 pm, 2.85 um, and 2.79 pm, and
the dynamic recrystallization fractions were 8.03%, 11%, and 12.6%, respectively. At strains
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larger than 0.3, the DRX fraction increased with the decrease in pre-strain, which promoted
the formation of small grains and reduced the average grain size. This caused a decrease
in HAGBs, which hindered the movement of dislocations, leading to a decrease in flow
stress. Figure 8b shows that the DRX fraction increased with the pre-deformation when
the strain was 0.3. This indicates that the smaller pre-deformation failed to promote the
DRX. However, a large number of substructures were accumulated in the material at the
early stages of deformation. When the deformation continued, the substructure accelerated
the annihilation and rearrangement of dislocations, leading to increased DRX [30]. Pre-
deformation can promote the DRX, which accelerated the transformation of sub-grains and
LAGBs into small equiaxed grains and HAGBs. With the decrease in pre-deformation, the
DRX fraction increased, leading to the generation of more small-sized grains. Additionally,
the increase in HAGBs, which hindered the movement of dislocations, led to the increase
in strength. At the same time, the DRX fraction increased, which further intensified the
softening. Compared with the specimen without pre-deformation, the pre-deformed
specimens have small equiaxed grains in the largely elongated grains. It may be because
the pre-deformation increased the dislocation and promoted the CDRX. In addition, more
compact equiaxed grains appeared at the HAGBs, indicating that pre-deformation can
effectively promote the migration of HAGBs. As the true strain promoted the DRX, during
which the small grains gradually formed, the deformed substructure reduced, resulting in
a gradual decrease in the flow stress. More deformed substructures were accumulated for
the less pre-deformed specimens. Additionally, the increase in deformation provides the
driving force for DRX.

3.0 30
27 251
= | =
£ 24 S 20}
&0 =]
g;n 2.1 § 15}
[,E ]
< 1.8 10

1.5 1 I 1 5 1 1 1

0.3 0.5 0.7 0.3 0.5 0.7
True Strain/% True Strain/%
(a) (b)

Figure 8. The (a) average grain size and (b) DRX fraction of the specimens with pre-strains.

Pre-strain can increase the deformation substructures inside the material, promote the
DRX, and then reduce the dislocations in the material, so that softening occurs in the defor-
mation process of the material and the flow stress decreases. In addition, the deformation
substructure decreases with the increase in pre-strain. When the strain increases, the DRX
degree of samples with smaller pre-strain is higher, and more small-sized equiaxed grains
are generated. The average grain size decreases, and the proportion of HAGBs per unit
area is higher, which hindrances the dislocation movement and leads to the increase in
flow stress.

4. Conclusions

e  The deformation behavior of Ti-6Al-4V titanium alloys with different pre-deformation
was studied. When the pre-strain was 0.05, the elongation of the specimen was the
highest: 234.5%. When the pre-strain reached 0.15, the ultimate tensile strength was
the lowest: 66.8 MPa. The hot-forming performance of Ti-6Al-4V increased first and
then decreased with the increase in pre-strain;
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e  During the hot tensile deformation, the deformation mechanism of Ti-6Al-4V was
dominated by high-angle grain boundaries sliding. Dislocation movement also played
an important role in the hot deformation process, which could be considered as the
adjustment process of grain boundary sliding. In the non-pre-deformed specimen, the
recrystallized grains all appeared at the grain boundary, indicating that the dynamic
recrystallization was dominated by discontinuous dynamic recrystallization;

e  Pre-deformation provides more deformation substructures for subsequent deforma-
tion and promotes dynamic recrystallization of the material in the subsequent defor-
mation process. Recrystallized grains appeared at the grain boundaries and inside the
grains during the hot tensile process. The pre-deformation promoted both continuous
dynamic recrystallization and discontinuous dynamic recrystallization, which caused
major changes in mechanical properties during the hot deformation.
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