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Abstract: Step rolling can be used to mass-produce ultrafine-grained (UFG) Ti-6Al-4V sheets. This
study clarified the effect of subsequent annealing on the tensile properties of step-rolled Ti-6Al-4V at
room temperature (RT) and elevated temperature. The step-rolled alloy retained its UFG structure
after subsequent annealing at 500-600 °C. The RT ductility of the step-rolled alloy increased regardless
of annealing temperature, but strengthening was only attained by annealing at 500 °C. In contrast,
subsequent annealing rarely improved the elevated-temperature tensile properties. The step-rolled
Ti-6Al-4V alloy without the annealing showed the highest elongation to failure of 960% at 700 °C
and a strain rate of 1073 s™1. The ambivalent effect of annealing on RT and elevated-temperature
tensile properties is a result of microstructural features, such as dislocation tangles, subgrains, phases,
and continuous dynamic recrystallization.

Keywords: Ti-6Al-4V; step rolling; grain refinement; superplasticity; continuous dynamic
recrystallization

1. Introduction

Ti-6Al-4V alloy is widely used in aerospace industries due to its high specific strength, excellent
corrosion resistance, and high service temperature [1]. This alloy also has superior superplasticity and
consequent high formability. Accordingly, many complicated aircraft structures are manufactured
from Ti-6Al-4V alloys, using superplastic forming to reduce the material’s weight for cost saving [2].
This process is typically performed at relatively high temperatures of over 850 °C and low strain rates
of less than 1073 s71; these processes are expensive, so they increase production cost. Thus, research
has been conducted to find ways to reduce the temperature or increase the strain rate (or both) at which
superplastic forming is conducted. Grain refinement may be a solution to this challenge [3,4].

An increased fraction of grain boundaries assists grain-boundary sliding (GBS), which is the main
mechanism of superplasticity. GBS by dislocation processes or diffusional flow can accommodate a
large amount of deformation. Grain refinement can shift region II (i.e., the region of the highest strain
rate sensitivity) to faster strain rates [5]. Therefore, grain refinement can achieve superplasticity at
low temperatures or fast strain rates or both. Grain size has been reduced using a variety of severe
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plastic deformation (SPD) processes, such as equal-channel angular pressing (ECAP) [6], high-pressure
torsion (HPT) [7], and multiaxial forging [8]. The grains of Ti-6Al-4V alloy have been reduced to a size
of ~0.4 um, which has enabled superplasticity at 550 °C and a strain rate of 2 x 107* s~! [4]. However,
SPD cannot easily produce an appreciable size of product, so the method is not useful for industrial
production. Multi-pass caliber rolling has been proposed as a solution [9-11] but is only applicable to
fabricating metallic rods rather than plates.

Step rolling [12] has been developed as a grain-refining process to fabricate relatively large Ti
plates. This method can fabricate ultrafine-grained (UFG) bulk Ti-6Al-4V plate (i.e., 300 mm X 70 mm X
4 mm, with grain size d = 0.5 pm) with only a small cumulative strain of 1.6. Step rolling is performed by
decreasing the rolling temperature step by step. Initial deformation is imposed at a high temperature to
effectively fragment the martensitic laths. This fragmentation increases the formability of the material
so that the plate can be rolled at progressively lower temperatures in subsequent rolling passes. This
low-temperature rolling suppresses grain growth and thereby achieves significant grain refinement
with a relatively low amount of plastic strain [12].

The superplasticity of Ti-6Al-4V obtained by step rolling and subsequent annealing was recently
reported [13], but the study used only one deformation condition (i.e., a deformation temperature
of 750 °C and a strain rate of 1073 s7!). However, superplastic behavior drastically varies with
deformation temperature and ¢, so to exploit the advantage of step rolling, the high-temperature
deformation behavior must be quantified at a wide range of these parameters. Therefore, the present
study is a systematic investigation of the deformation behavior of step-rolled Ti-6Al-4V alloys at room
temperature (RT) and elevated temperatures under a range of ¢.

2. Materials and Methods

The Ti-6Al-4V alloy used in this study (supplied by ATI, USA) was a 20 mm-thick plate with
a chemical composition (mass %) of 6.28 Al, 4.00 V, 0.18 Fe, 0.178 O, and 0.012 C, in balance with
Ti. Thermomechanical processing was achieved using step rolling (Figure 1). The as-received plate
was solution-treated at 1050 °C for 30 min, then quenched in water to induce the formation of a full
martensitic structure. The plate was soaked at 800 °C for 1 h, then step-rolled to a thickness of 3 mm.
The step rolling was composed of eight passes with decreasing temperatures: 800 °C for the first pass,
725 °C for the second and third passes, and 650 °C for the fourth to eighth passes. The sample was then
cooled in air to RT. The step-rolled sample without additional heat treatment is denoted as STEP-0.
Sections of the STEP-0 sample were further annealed at 500 °C (sample STEP-5) or 600 °C (STEP-6) for
150 min in an electric furnace (AWF13, Lenton, Hope Valley, UK), then cooled in air to RT.
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Figure 1. Schematic illustration of the step rolling and subsequent annealing employed in this work.

An RT tensile test was performed at a strain rate of 5 x 1073 s~! using a universal mechanical
testing machine (8801, INSTRON, Norwood, MA, USA) with an extensometer (3542-025M-100-5ST,
Epsilon, Jackson, WY, USA), based on the procedure of the ASTM-ES8 standard. Plate-type tensile
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specimens with a gage length of 25 mm, width of 6 mm, and thickness of 3 mm were machined along
the rolling direction. An elevated-temperature tensile test was performed using a universal mechanical
testing machine (8862, INSTRON, Norwood, MA, USA) attached to a halogen furnace (DF-60HG,
Dae Heung Scientific Company, Incheon, Korea). For this experiment, specimens were prepared with a
gauge length of 5 mm, width of 5 mm, and thickness of 2 mm. The elevated-temperature tensile tests
were performed at all combinations of the three temperatures (650 °C, 700 °C, 750 °C) and the three
initial strain rates (1072 571, 1073 s71, 2 x 107* s71). Samples were held at a given testing temperature
for 10 min before the tensile test was started.

For microstructural observation, samples were electro-polished (LectroPol-5, STRUERS, Denmark)
in a solution of 410 mL of methanol, 245 mL of 2-butoxy ethyl alcohol, and 40 mL of HCIO; at
22V for 30 s. The plane normal to the transverse direction was examined using electron backscatter
diffraction (EBSD, FEI QUANTA 3D FEG, Hillsboro, OR, USA) analysis with a step size of 0.1 um.
Quantitative microstructural characterizations were obtained using TSL-OIM Ver. 7.3 software (EDAX,
Mahwah, NJ, USA); for data reliability, the scans were only analyzed for points that had a confidence
index > 0.07. More than 1000 validated grains per condition were used for the analysis to ensure
statistical accuracy. For examination with transmission electron microscope (TEM, JEM-2100F, JEOL,
Tokyo, Japan) observation, the samples were mechanically polished to a thickness < 100 pm and then
punched to form thin disks that had a diameter of 3 mm. They were electro-polished using a jet
polisher (TenuPol-5, STRUERS, Denmark) at 22 V in the same solution used for the preparation of the
EBSD samples.

3. Results and Discussion

3.1. Deformation Behavior at Room Temperature

The microstructures of the step-rolled alloy (i.e., STEP-0) and the subsequently annealed alloys
(i.e., STEP-5 and STEP-6) were compared by EBSD analysis (Figure 2). The annealing had little effect
on grain size: STEP-0 had a UFG structure with «-grain size d = 0.70 um, STEP-5 had d = 0.72 um,
and STEP-6 had d = 0.74 um. This small change implies that annealing induced recovery rather than
recrystallization. In contrast, annealing significantly decreased the volume fraction of the 3 phase:
STEP-0, 6.2%; STEP-5, 3.0%; STEP-6, 3.6%.
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Figure 2. Electron backscatter diffraction (EBSD) inverse pole figure map and corresponding phase
map of the samples: (a) STEP-0, (b) STEP-5, (c) STEP-6.

The subsequent annealing caused a marked difference in the RT tensile properties of the samples
(Figure 3, Table 1). The STEP-0 sample had an increased yield strength (YS) and ultimate tensile
strength (UTS) which were both 20% higher than those of conventional mill-annealed Ti-6Al-4V alloy,
which has d = 10 um [14]. However, STEP-0 showed a decrease in elongation to failure (EL) compared
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to the conventional sample [14]. The subsequent annealing of STEP-0 recovered the low EL without
loss of mechanical strength.
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Figure 3. Engineering stress—strain curves of the investigated Ti-6Al-4V alloys at room temperature.

Table 1. Room-temperature tensile properties of the investigated Ti-6Al-4V alloys.

Samole Yield Strength (YS) Ultimate Tensile Elongation to Failure
P (MPa) Strength (UTS) (MPa) (EL) (%)

STEP-0 1201 1263 5.4

STEP-5 1298 1311 9.0

STEP-6 1243 1243 12.1

Annealing temperature affected the change in strength and ductility differently in each sample.
STEP-5 showed an increase in both whereas STEP-6 did not. TEM observation provided a rationalization
for the simultaneous improvement in strength and ductility in STEP-5. The TEM micrograph (Figure 4)
of STEP-0 showed the formation of dislocation tangles at the grain boundaries (Figure 4a, arrows).
Annealing at 500 °C significantly diminished the frequency of dislocation tangles and decreased the
dislocation density, resulting in the increased EL. STEP-5 showed fine (i.e., 100-200 nm in diameter)
particles; a uniform distribution of fine particles effectively strengthens the matrix [15,16], so they
may be the source of the increases in YS and EL in this sample. The selected-area diffraction pattern
(Figure 4b, inset) characterizes these particles as o phase. In contrast, the STEP-6 sample showed no
evidence of such fine particles. The « particles may have transformed to 3 phase at this annealing
temperature. The absence of fine particles led to the loss of strengthening in STEP-6, compared
to STEP-5.

Subsequent annealing affected the substructure of the UFG grains. STEP-0 showed only distributed
dislocations (Figure 4c), whereas STEP-5 presented numerous subgrains with diameters of 20-50 nm
(Figure 4d). At 500 °C, dislocations at grain boundaries were recovered and organized into subgrains
inside a UFG « grain [17]. The consequent increase in the fraction of low-angle grain boundaries
(LABs) would also contribute to the increased mechanical strength [18].

3.2. Deformation Behavior at Elevated Temperatures

EL at elevated temperatures was affected by strain rate, deformation temperature, and type of sample
(Figure 5). ELs measured at a deformation temperature of 750 °C and 2 x 10~* s! are not presented,
because severe oxidation at the sample surface caused large variability in the measurements. An EL
of 400% is regarded as the minimum requirement for superplasticity in metals [19]. The investigated
alloys exhibited a significant EL of over 400% under most conditions, except at the lowest deformation
temperature (650 °C) and the highest strain rate (1072 s~!). The subsequent annealing had an ambivalent
effect on the difference between the mechanical properties at RT and those at elevated temperatures:
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it rarely increased EL in the step-rolled alloys at elevated temperatures, and it even degraded the ductility
at 650 °C.

L "’Mfﬁanglé‘- !
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Figure 4. Bright-field transmission electron microscope (TEM) micrographs of (a,c) STEP-0 and (b,d)
STEP-5. Insets in (b): dark-field image of « particle and corresponding selected-area diffraction pattern.
Figure 4c,d are high-magnification images.

(a) 750°C (b) 700°C (c) 650°C
1000 —=—STEP0 1000 i% —=—STEP-0 1000 —=—STEP-0
—~ —e—STEPS| —e—STEP-5| —e—STEP-5
* 800 ——sSTEP6| X 800 —a—sTEP-6| X 800 ;\ —A—STEP-6
s s s £
= 600 = 600 = 600
o o (o)}
S 400 S 400 S 400
w 1 w w
200 - - 2001 - - 200 ~ -
10 10° 10* 10 A0 10* 10 10°
Strain rate (s™) Strain rate (s*) Strain rate (s™”)

Figure 5. Variation of EL depending on the strain rate for the investigated alloys at (a) 750 °C, (b) 700 °C,
and (c) 650 °C.

The stress—strain curves of STEP-0, STEP-5, and STEP-6 were affected by the deformation
temperature and strain rate (Figure 6). At 750 °C and 1073 s7!, three specimens showed weak flow
hardening behavior. This suggests that continuous dynamic recrystallization (CDRX) could not
suppress grain growth, thereby diminishing the superplasticity [20]. The plateau region was confirmed
during the deformation at 700 °C, indicating that CDRX strongly suppressed grain growth [21].
To obtain the highest and most efficient superplasticity, this plateau behavior should be achieved.
Usually, EL is higher at 750 °C than at 700 °C, but in our results the ELs were similar. In this
case, severe grain growth and oxidation degraded the superplasticity at 750 °C. At a deformation
temperature of 650 °C, the specimens presented a flow softening followed by the plateau region.
Despite the decreasing deformation temperature, they still exhibited significant EL values, suggestive
of a low-temperature superplasticity.

The highest superplastic EL of STEP-0 among the investigated step-rolled alloys can be understood
in terms of slope m (i.e., strain-rate sensitivity) in a log-scale plot of stress and strain rate (Figure 7).
In general, UFG Ti-6Al-4V alloy demonstrates three regions with different slopes in this plot [6,22].
Among them, region II is characterized by (i) an intermediate 107 s7! < ¢ <2 x 1072 571, (ii) high
m, and (iii) significant superplastic EL. The high m of the STEP-0 sample indicates inhibition of the
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transition from region II to region III at a high strain rate of 1072 s7! [23], supporting a superplasticity
obtained by the step rolling. Accordingly, the STEP-0 sample had a uniformly high m in the entire
range of investigation employed in this work: m = 0.34 at 650 °C, 0.40 at 700 °C, and 0.55 at 750 °C.
These m are comparable to or higher than those of UFG Ti-6Al-4V alloys fabricated by SPD processes:
0.34 <& <043[4,6,7].
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Figure 6. True stress—strain curves of the investigated Ti-6Al-4V alloys at (a) 750 °C and strain rate of
1073 571, (b) 700 °C and 1073 571, (¢) 650 °C and 1073 571, and (d) 650 °C and 2 x 10~* s71.
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Figure 7. Variation of flow stress as a function of strain rate for STEP-0 specimens.

Step-rolled UFG Ti-6Al-4V yielded excellent superplasticity (i.e., EL up to 960%) that is comparable
to the EL obtained using other fabrication methods. ECAP yielded UFG Ti-6Al-4V that had d = 0.3 pum,
EL = 356% at 700 °C, and 1072 s! [6]. HPT produced Ti-6A1-4V alloy that had d ~0.03 pm and
EL = 820% under the same conditions [7]. Another HPT study produced d = 0.3 pm and the sample
had EL = 676% at 725 °C and 102 s~! [24]. Another UFG Ti-6Al-4V alloy (d = 0.4 um) produced by hot
rolling had EL = 400% at 700 °C and 1073 571 [20]. A combination of forging and warm rolling refined
the grains to d = 0.3 pm; the sample had EL = 550-900% at 700 °C [25].

Superplasticity is highly dependent on microstructural features. Grain refinement is regarded as
the most important factor to activate superplastic behavior. Grain refinement expands the superplastic
regime to lower temperatures and higher ¢, because the increasing fraction of grain boundaries provides
increasing sources for GBS [5,9]. Grain morphology also affects superplasticity. Equiaxed grains yield a
higher superplastic EL than elongated grains [26,27]. Dislocations distributed at grain boundaries also
contribute to superplasticity by providing a fast diffusion path at high temperatures and by increasing
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the grain-boundary diffusion coefficient [28]. All of these microstructural features that are beneficial to
superplasticity appeared in STEP-0, so its significant EL at 650-750 °C is understandable.

Comparison of the microstructural features at strains of ¢ = 0%, 100%, and 300% provided insight
into the microstructural evolution during superplastic deformation at elevated temperatures (Figure 8).
STEP-0 and STEP-6 were selected for this comparison, because STEP-6 was expected to show more
distinct changes in microstructure than STEP-5 due to the higher annealing temperature of STEP-6.
In the EBSD map, the STEP-0 and STEP-6 samples showed similar grain sizes before the deformation,
whereas the former exhibited a smaller grain size after applying strains of 100% and 300%.

.
3 ._}‘q'
> e RRRG -
AR

S O ] ¥ > 3' e Misorientation
% . S ge s angle
: <15°
2°~15°

Figure 8. EBSD inverse pole figure maps and phase maps for (a,c,e) STEP-0 and (b,d,f) STEP-6. The
micrographs were obtained after a strain of (a,b) 0%, (c,d) 100%, and (e,f) 300%.

Application of ¢ affected LAB fraction and grain size differently in the two samples (Figure 9).
During the early stage of deformation, up to a 100% strain, the LAB fraction was considerably reduced,
by 12.2%, in the STEP-0 sample but only by 6.1% in the STEP-6 sample. During this stage, grain size in
the STEP-0 sample also increased by only 0.16 um, whereas in the STEP-6 sample grain size increased
by 0.68 um. Moving from a 100% to a 300% strain, STEP-0 and STEP-6 exhibited a similar reduction in
LAB fraction (5.6%) as well as a similar increase in grain size (0.46 pum).
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Figure 9. Microstructural features of STEP-0 and STEP-6 samples after strains of 0%, 100%, and 300%
at 650 °C and 1072 s71: (a) LAB fraction, (b) average grain size.
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The distinct difference between the microstructural features of STEP-0 and those of STEP-6
arose from the active occurrence of CDRX in the STEP-0 sample. A continuous accumulation of
dislocations during high-temperature deformation drove the formation of subgrains surrounded by
LAB. Further straining generated recrystallized grains by increasing the misorientation of the subgrain
boundaries [17,29]. The higher amount of pre-existing LAB in STEP-0 than in STEP-6 provided a higher
driving force for CDRX in comparison with the annealed samples. This result suggests that CDRX of
the STEP-0 sample occurred actively during the early stage of deformation, up to a 100% strain.

The hypothesis of the active occurrence of CDRX in STEP-0 during superplastic deformation is
supported by the distribution of grain sizes (Figure 10). The STEP-0 sample showed an increasing
fraction of grains with a size of ~1 pm in exchange for a decreasing fraction of coarse grains. In contrast,
in the STEP-6 sample, the peak of the distribution curve shifted towards a higher grain size after a 100%
strain at 650 °C and 1073 s~1. This is the typical trend that results from dominant grain-growth behavior
at an elevated temperature. Such results suggest that the conversion of coarse grains into several fine
grains (i.e., CDRX), occurred more actively in STEP-0 than in STEP-6. Consequently, active CDRX
during the early stage of deformation in STEP-0 suppressed grain growth during elevated-temperature
deformation and thereby contributed to its superior superplasticity.

0.25

——STEPO
- - STEP-6

—— STEP-0 100%
0.20 4 — — STEP-6 100%

0.15 -
0.10 -

0.05 -

Grain size fraction

0.00
0.1 05 1 5
Grain size (um)

Figure 10. Distribution of grain sizes in STEP-0 and STEP-6 samples before and after applying a strain
of 100% at 650 °C and 1073 7!

B particles also assisted in the increase in superplasticity in the STEP-0 sample. The sample
possessed twice as much f phase as the STEP-5 and STEP-6 samples. Due to the difference in their
crystallographic structures, grain-boundary diffusivity is over 100 times higher in the § phase than in
the a phase [30]. Such a high diffusivity reduces the resistance to GBS activation. Moreover, resistance
to GBS is lower at a/p interfaces than at a/a and «/f interfaces [31]. Therefore, the high p fraction was
the secondary factor that increased the superplasticity of the STEP-0 sample.

4. Conclusions

This study investigated the RT and elevated-temperature deformation behaviors of UFG Ti-6Al-4V
alloys fabricated by step rolling and subsequent annealing. Step rolling attained a significant grain
refinement to a size of 0.70 um, which was not much changed by subsequent annealing. The STEP-5
sample had significantly increased strength and ductility at RT. The strengthening was a result of the
formation of fine a particles and (sub)grains, whereas the increased ductility was the consequence of a
decreased frequency of dislocation tangles. The STEP-6 sample lost its strengthening effect because the
fine particles disappeared. The STEP-0 sample had the highest superplasticity among the investigated
samples; this result suggests that subsequent annealing has a variable influence that depends on
the deformation temperature. The superplasticity arose from the equiaxed UFG structure and high
dislocation density. Compared to the annealed samples, STEP-0 showed a rapid decrease in LAB
fraction during the early stage of deformation. This result suggests that CDRX occurred actively in
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the STEP-0 sample at this stage and effectively suppressed grain growth during elevated-temperature
deformation. The high g fraction of the STEP-0 sample also contributed to the GBS activation due
to the considerable grain-boundary diffusivity and the presence of the a/f interface. Overall, active
CDRX and a high content of § particles increased the superplasticity of the STEP-0 sample.
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