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Abstract

A cold-rolled Ti-6Al-4V alloy was subjected to consecutive heat treatments at 1283 K for 1 h and
at 823 K for 3 h in order to produce a fully lamellar microstructure. Thereafter, the material was
processed by high-pressure torsion (HPT) through various numbers of turns up to a maximum of 30.
It is shown that the HPT processing leads to exceptional grain refinement with average grain sizes of
~70 and ~50 nm after 20 and 30 turns, respectively. Tensile testing was conducted at 873 and 923 K
with different initial strain rates using the material processed through 20 turns of HPT and this gave a
maximum superplastic elongation of 820% at the relatively low temperature of 923 K when testing
with an initial strain rate of 5.0 x 10* s®. The associated strain rate sensitivity for this low
temperature superplasticity was estimated as m =~ 0.5 which is consistent with flow by grain boundary
sliding.
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1. Introduction

The Ti-6Al-4V alloy is widely used as a superplastic material for applications in different fields
including in aerospace, transportation, chemical and biomedical engineering [1-4]. However, the
superplastic deformation temperature of the Ti-6Al-4V alloy is generally relatively high at ~1173 K
[5-7] and this leads to significant difficulties in many practical operations including the introduction
of high tooling costs, high energy costs, low production rates and consequently a long production cycle.
In order to promote energy savings and reduce the cost of tooling, several metal-working techniques
have been attempted in order to refine the grain structures and thereby decrease the superplastic
forming temperature [1-4,8].

Processing through the use of severe plastic deformation (SPD) is generally an effective procedure
for achieving exceptional grain refinement in bulk metallic materials [9,10]. Several SPD methods
are now available but equal-channel angular pressing (ECAP) [11] and high-pressure torsion (HPT)
[12] are the most widely used and the most effective techniques for producing grain refinement. In
practice, and by comparison with ECAP, processing by HPT is advantageous because it produces finer
grain structures [13,14] and higher fractions of grain boundaries having high angles of misorientation
[15]. For example, a Ti-6Al-4V alloy processed by ECAP had a refined microstructure with an
average grain size of ~0.3 um and when tested in tension at 973 K using a strain rate of 10 s exhibited
an elongation to failure of 474% [4] whereas an ultrafine-grained Ti-6Al-4V alloy with a martensitic
structure processed by HPT displayed a record high elongation of 815% during tensile testing at 973
K with a strain rate of 1.0 x 10°s™ [16].

The effect of the volume fraction of the lamellar structure on the HPT processing of the Ti-6Al-
4V alloy was investigated in several studies [16-19] and this research demonstrated that the average

size of the grain structures developed during HPT processing depends upon the initial distribution of
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the lamellar structure. For example, it was shown that an HPT-processed Ti-6Al-4V alloy with an
initial fully lamellar structure exhibited significant grain refinement to an average grain size of ~40 nm
[20] with a maximum elongation of ~690% at 973 K using a strain rate of 1.0 x 103 s [17]. To date,
investigations of the microstructural evolution in a fully lamellar Ti-6Al-4V alloy developed by HPT-
processing, and the consequent effect of the microstructure on the superplastic behavior, has received
only limited attention. Accordingly, the present research was initiated specifically to examine the
nature of grain refinement in a fully lamellar Ti-6Al-4V alloy processed by HPT and the subsequent

potential for achieving superplastic flow at reasonably low temperatures.
2. Experimental material and procedures

A commercial Ti-6Al-4V alloy was received in the form of a cold-rolled plate with a thickness of
2.3 mm. Disk samples having diameters of 10 mm and initial thicknesses of 1.15 mm were cut from
this plate. Prior to processing by HPT, consecutive heat treatments were conducted at 1283 K for 1
h and at 823 K for 3 h followed by air cooling in order to obtain a fully lamellar structure. Hereafter,
the heat-treated material is designated as the unprocessed material without any HPT processing in
order to distinguish it from the HPT-processed condition. Following the heat treatment, HPT
processing was performed at room temperature under quasi-constrained conditions in which there is a
small outflow of material around the periphery of the disk during the processing operation [21,22].
Disks were processed through 1/4, 1/2, 1, 5, 10, 20 and 30 revolutions using a nominal applied pressure
of 6.0 GPa and a rotation speed of 1 rpm.

Following HPT processing, TEM samples were prepared using a two-step procedure. First, the
HPT-processed disks were ground mechanically to a thickness of approximately 50 um and then a 3
mm diameter disk was punched from a position at ~3 mm from the center of each HPT-processed disk

as illustrated schematically on the left in Fig. 1.  Thereafter, these small disks were subjected to twin-
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jet chemical polishing in an electrolytic solution of 5% perchloric acid, 35% butanol and 60% methanol
at a temperature of ~248 K.  The microstructures of all samples were examined using a Tecnai G220
transmission electron microscope (TEM). The phases present before and after HPT processing were
detected using an X-ray diffractometer (XRD) employing Cu Ka radiation with a wavelength of
0.154 nm at 56 kV and with a tube current of 182 mA. Measurements were taken using a scanning
step equal to 0.04°. The microstructures in the grip and gauge sections were characterized using
electron backscatter diffraction (EBSD) with a step size of 0.03 um where the EBSD samples were
prepared by grinding with SiC papers to 3000 grit and then using argon ion beam polishing.
Miniature tensile specimens with gauge lengths of 1.0 mm, widths of 1.0 mm and thicknesses of
~0.5 mm were cut from the disks processed through 20 turns of HPT using an off-centre configuration
as shown in Fig. 1 to avoid the area of minimum torsional straining at the centre of each disk.  Tensile
testing was carried out using a Zwick 30KN Proline testing machine operating at a constant rate of
cross-head displacement.  All of the tensile specimens were held at the required testing temperature
for 5 minutes prior to testing to ensure reasonably homogenous temperatures throughout the samples.
The testing for superplastic deformation was performed at the relatively low temperature of 873 K
using initial strain rates in the range from 1.0 x 10 to 1.0 x 102 s™ and also at the higher temperature

of 923 K with initial strain rates from 1.0 x 10 t0 5.0 x 10™*s™,

3. Experimental results

3.1 Microstructures of the Ti-6Al-4V alloy before and after heat treatment.

The microstructures of the as-received material and the material after heat treatment are shown in
Fig. 2(a) and (b), respectively. Before heat treatment, the microstructure of the as-received material
in Fig. 2(a) shows a distorted and elongated « —phase mixed with a small amount of g —phase. After

heat treatment of 1 h at 1283 K and 3 h at 823 K in the single S—phase region, it is apparent from Fig.
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2(b) that the microstructure transforms from the initial elongated o—phase/—phase mixture into a fully
lamellar microstructure. The detailed morphology of the lamellar microstructure is further revealed
by the TEM image in Fig. 3(a) which shows the unprocessed material prior to HPT. This
microstructure consists essentially of a lamellar secondary a-phase with a thickness of ~0.7 + 0.2 um

containing only a limited number of dislocations.
3.2 Microstructural evolution during HPT processing

It is well known that the torsional strain on the disks processed by HPT is inhomogeneous and the
strain in the edge region is much larger than in the other regions of the disk. Therefore,
microstructural evolution in the edge region occurs more rapidly until the whole disk becomes
reasonably homogeneous. Figure 3 shows TEM images at positions ~3 mm from the centres of the
disk samples after (b) 1/4, (c) 1, (d) and (e) 5, (f) 10, (g) and (h) 20 and (i) and (j) 30 turns, respectively.
After 1/4 turn in Fig. 3(b), it is apparent that the severe torsional straining produces a curvature in the
lamellar structure with a high density of dislocations and the presence of dislocation tangles. After 1
turn in Fig. 3(c), the local shear deformation is more severe so that the lamellar structure is broken and
there is an increase in the density of dislocations and dislocation tangles. When the numbers of turns
increases to 5, the microstructure is further refined but remains inhomogeneous as shown in Figs 3(d)
and (e). For this condition, traces of microstructural flow and the presence of shear bands are visible
in some regions of the disk in Fig. 3(d) whereas some regions reveal grain refinement and the selected
area electron diffraction (SAED) pattern is nearly ring-like as in Fig. 3(e). This diffraction pattern
demonstrates that the misorientations between grains increase as the numbers of HPT turns also
increases.

At larger numbers of turns, as after 10 turns in Fig. 3(f), the microstructure is even further refined

but there remain some traces of shear deformation. Nevertheless, compared to 5 turns in Fig. 3(e),
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the SAED pattern is now more diffuse showing that the grain misorientations further increase. When
the numbers of turns increases to 20 and 30, the grains are reasonably equiaxed and essentially
uniformly distributed throughout the edge regions with average sizes of ~70 and ~50 nm after 20 and
30 turns, respectively, as shown in Figs 3(g-h) and 3(i-j). Inspection shows that the corresponding
SAED patterns are approximately ring-like after 10 and 30 turns as in Figs 3(f) and (i) and it is noted
especially that selected area diffraction patterns containing Debye rings after 30 turns indicate the
formation of additional high-angle boundaries. From 5 to 30 turns, with the increase in numbers of
turns, the SAED patterns gradually become increasingly ring-like thereby showing an increase in the
grain misorientations and an evolution into increasing numbers of high-angle boundaries.

Figure 4 displays the XRD pattern for samples in the unprocessed condition (lower curve) and
after HPT processing through 1/4 to 30 turns (upper curves with 30 turns in the top position). It is
readily apparent that both a-phase (hcp) and S-phase (bcc) exists in the unprocessed condition but after
HPT processing there is no obvious f-phase and this confirms the dissolution of the S-phase during
HPT which is consistent with earlier results [2,20] In addition, after the HPT processing there is an
obvious line broadening of the diffraction peaks which corresponds to the occurrence of

microstructural refinement [23,24].
3.3 High temperature mechanical properties of the HPT-processed Ti-6Al-4V alloy

The samples processed through 20 turns were selected for mechanical testing at the relatively low
temperatures of 873 and 923 K which contrasts with the occurrence of conventional superplastic
deformation in the Ti-6Al-4V alloy at a temperature of ~1173 K. Figure 5(a) shows the tensile
specimens pulled to failure at 873 K using different initial strain rates, . At strain rates in the range
of 10 - 102 s the specimens failed at relatively low elongations which were less than 400% but at

even lower strain rates, from 1.0 x 10 to 5.0 x 10 s, the elongations to failure were high and
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consistently more than 400% where the onset of conventional superplastic flow is generally taken as
an elongation of at least 400% [25]. The highest elongation at 873 K was 540% obtained using a
strain rate of 5.0 x 10“ s and this result provides a clear demonstration of the advent of low
temperature superplasticity in the HPT-processed Ti-6Al-4V alloy.

Figure 5(b) shows the true stress-true strain curves of the specimens deformed at 873 K with
different strain rates. The shapes of the curves are generally similar to those reported earlier for the
Ti-6Al-4V alloy [4,8,26,27]. Thus, at the higher strain rates of 107 - 1025 the curves exhibit strain
hardening whereas at the lower strain rates of 10 s there are typical superplastic flow curves with
relatively stable flow and low flow stresses.

The measured flow stresses at true strains of 0.3 are plotted against the initial strain rates in Fig. 5(c)
for the specimens tested at 873 K and the average slope suggests a strain rate sensitivity, m, close to
~0.5 which is consistent with conventional superplasticity [28]. Although the data are limited, it
appears that the value of m probably increases and then decreases with increasing strain rate which is
consistent with the three regions of flow which are an established feature of conventional superplastic
flow [29]. Itis now recognized that the superplastic flow process in superplasticity is grain boundary
sliding [30] and this requires m =~ 0.5 [28] which applies both to conventional superplastic alloys with
small grain sizes in the range of ~1 - 5 um and to ultrafine-grained materials with grain sizes <1 um
produced using SPD techniques [31]. The present results are consistent with this approach and
provide a direct explanation for the superplastic elongation of 540% achieved at 873 K with a strain
rate of 5.0 x 10 s,

Some limited results obtained at 923 K are shown in Fig. 5(d) where there is a maximum
elongation of 820% using a strain rate of 5.0 x 10“s™.  This result is very similar to the elongation

of 815% reported earlier for a martensitic Ti-6Al-4V alloy tested at the higher temperature of 973 K
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using a strain rate of 1.0 x 103 s [16].
3.4 Microstructure development in fractured tensile specimens

To more fully reveal the superplastic flow properties of the HPT-processed Ti-6Al-4V alloy, the
microstructures of the grip and gauge sections in the specimen tested to fracture at an elongation of
540% at 873 K with a strain rate of 5.0 x 10 st were characterized by XRD and EBSD. Figure 6
shows the XRD patterns for samples processed by HPT for 20 turns without tensile testing and in the
grip section after processing through 20 turns and then pulling to failure to give the maximum
measured elongation. The results show that there is no g-phase (bcc) in the HPT-processed sample
after 20 turns although some very weak S peaks are visible within the grip section after pulling to
failure. These results demonstrate that a phase transformation occurs from a-phase to S-phase during
long-term exposure at the tensile deformation temperature of 873 K.

Figure 7(a) shows the EBSD inverse pole figure (IPF) orientation map in the grip section after
pulling to failure where the colour variations within the grains qualitatively represent differences in
the internal misorientations as denoted in the lower unit triangle. It appears that many of the grains
have crystallographic orientations of the pyramidal (0001) plane thereby suggesting that the grip
section has a strong texture. Figure 7(b) shows the grain boundary image corresponding to Fig. 7(a)
where the red lines represent high-angle grain boundaries (HAGBs with misorientations >15°) and the
green lines represent low-angle grain boundaries (LAGBs with misorientations between 2° and 15°).
This microstructure is dominated by equiaxed a-phase grains with an average size of ~0.84 um and a
fraction of HAGBs of ~84%. A very small volume fraction of the g-phase, corresponding to Vg =
0.51%, was detected in the grip section displayed by the blue regions in Fig. 7(b).

Similar images are shown in Figs 7(c) and (d) for the EBSD IPF map and the corresponding grain

boundary image within the gauge section. Compared to the microstructure in the grip section shown
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in Fig. 7(a), the gauge section exhibits nearly random crystallographic orientations which are a direct
consequence of the grain rotation occurring during the tensile deformation.  Furthermore, the
equiaxed structure in the gauge section has now increased with a fraction of HAGBs of ~95% but only
a minor change in grain size to ~0.88 um.  The volume fraction of the s-phase in the gauge section is
now Vp~ 1.97% which is higher than in the grip section where this difference is probably due to the

tensile deformation-induced f-phase transformation [32].

4. Discussion

4.1 Grain refinement during HPT processing

These results demonstrate that processing by HPT produces a very substantial grain refinement in
the Al-6Al-4V alloy. There are several factors influencing this grain refinement such as the applied
pressure, the number of turns in torsional straining, the friction factor between the disk and the anvils
and the imposed temperature of processing. There is also the additional increase in temperature that
occurs during processing as a direct consequence of the HPT although experiments on a number of
pure metals, including Ti, show that this temperature rise is minor by comparison with the melting
temperature of the processed metal [33].  The effect of the numbers of turns in HPT was investigated
in several reports [18,19,34] and it is recognized that the microstructure becomes finer and more
homogeneous with increasing straining. The grain sizes achieved in the present investigation were
~70 and ~50 nm after 20 and 30 turns, respectively, and these values are generally smaller than those
reported using other SPD methods with the Ti-6Al-4V alloy: for example, there are reports of grain
sizes of ~350 nm [35], ~300 nm [3,4] and ~170 nm [36] after ECAP processing, ~300 nm [37] and
~135 nm [38] after processing by multidirectional forging (MF) and ~70-210 nm after using friction
stir processing (FSP) [39]. It should be noted that an earlier report on the processing of Ti-6Al-4V

by HPT gave grain sizes of ~30 and ~40 nm after 10 turns for initial martensitic and lamellar structures,
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respectively [16]. The smaller grain sizes achieved using HPT processing confirm the advantage of
using this procedure.

For dual phase materials, the volume fraction of the lamellar structure is also an important factor
influencing the grain refinement. Thus, the Ti-6Al-4V alloy is a typical dual phase alloy containing
both a-phase and S-phase boundaries although heat treatments may be conducted to obtain different
volume fractions of the lamellar structure [16]. Most recently, a report on the influence of the volume
fraction of the lamellar structure on grain refinement showed that the refinement was more significant
when the volume fraction of the lamellar structure was increased [19]. Thus, for 30% lamellar
structure the grain size was ~115 + 30 nm after 20 turns but when the fraction of lamellar structure was
increased to 75% the average grain size decreased to ~75+15 nm [19]. This latter value is larger
than the grain sizes of ~70 and ~50 nm obtained after 20 and 30 turns in the fully lamellar structure in
the present work.

4.2  Low temperature superplasticity in HPT-processed Ti-6Al-4V

The basic requirements for superplastic flow are now well established.  Specifically,
superplasticity requires a grain size smaller than ~10 um and a testing temperature above ~0.5 Tn
where T is the absolute melting temperature of the material [40]. It is generally difficult to retain a
very small grain size at an elevated temperature but this limitation may be overcome through the use
of two-phase alloys where grain growth is limited by the presence of different phases or by using a
fine dispersion of a second phase to act as a grain refiner. In the Ti-6Al-4V alloy this role is
undertaken by the presence of both the e and g phases. In the present work the microstructure of the
sample processed by HPT through 20 turns, where the as-processed grain size was ~70 nm, exhibited
very good thermal stability during tensile testing at 873 K when using a strain rate of 5.0 x 10*s™.

Thus, the average grain sizes after failure at an elongation of 540% were only ~0.84 and ~0.88 nm in
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the grip and gauge sections, respectively, and these values demonstrate there is only minor grain growth
during the relatively long-term tensile testing. Furthermore, the high number fraction of 95% of
HAGBs within the gauge section at 873 K is consistent with the occurrence of flow by grain boundary
sliding and with the well-established demonstration, based on early experiments with bicrystals, that
no sliding occurs at boundary misorientations <5° and HAGBSs are a necessary prerequisite for the
occurrence of extensive grain boundary sliding [41]. It is also consistent with earlier results showing
the influence of the presence of HAGBS in the superplastic properties of an ultrafine-grained Al-Mg-
Sc alloy [42].

This high volume fraction of HAGBs in the highly superplastic specimen, combined with the
random crystallographic orientations formed within the gauge section during tensile testing which are
favourable for superplastic flow [43], is consistent also with the occurrence of low temperature
superplasticity as reported in the first mechanical testing of an ultrafine-grained metallic alloy
processed using HPT [44]. In the present investigation, the elongations of 540% at 873 K and 820%
at 923 K provide a direct demonstration of the occurrence of excellent low temperature superplasticity

in the Ti-6Al-4V alloy.
5. Summary and conclusions

1. Acold-rolled Ti-6Al-4V alloy was subjected to appropriate heat treatments to produce a fully
lamellar microstructure and then processed by HPT at room temperature through different numbers of
turns.  Processing by HPT produced significant grain refinement with grain sizes of ~70 and ~50 nm,
respectively, after 20 and 30 turns.

2. Tensile testing of the HPT-processed alloy gave excellent low temperature superplasticity at
873 and 923 K using an initial strain rate of 5.0 x 10 s with maximum elongations of 540% and 820%

at these two temperatures, respectively.
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3. A measured strain rate sensitivity of m ~ 0.5 and the presence of an equiaxed microstructure
within the gauge section for tensile fractured specimens were consistent with the occurrence of grain

boundary sliding as the flow process.
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Figure captions

Fig. 1

Fig.2

Fig. 3

Fig. 4

Fig. 5

Fig.6

Fig.7

Schematic illustration of HPT disk showing locations of the TEM sample and the
tensile testing specimen: all dimensions in mm.

Microstructures of the alloy (a) before heat treatment and (b) after heat treatment for
1283 K/1h + 823 K/3h and air cooling.

TEM images before and after processing by HPT for different numbers of turns: (a)
unprocessed, (b) 1/4 turn, (c) 1 turn, (d) and (e) 5 turns, (f) 10 turns, (g) and (h) 20
turns, (i) and (j) 30 turns.

X-ray patterns of the Ti-6Al-4V alloy before and after processing by HPT through
different numbers of turns.

(a) Tensile specimens pulled to failure at 873 K using different initial strain rates, (b)
true stress-true strain curves at 873 K, (c) variation of flow stress with initial strain
rate at 873 K and (d) tensile specimens pulled to failure at 923 K at two different strain
rates.

X-ray patterns of the sample processed by HPT for 20 turns without tensile testing and
in the grip section after tensile testing to failure.

EBSD inverse pole figure maps boundary maps of grip (upper) and gauge (lower)
sections: (a) IPF map and (b) grain boundary map in grip section, (c) IPF map and (d)
grain boundary map in gauge section; in (b) and (d) the green lines are LAGBEs, the

red lines are HAGBs and the blue regions are the S-phase.
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Fig. 1 Schematic illustration of HPT disk showing locations of the TEM sample and the tensile
testing specimen: all dimensions in mm.

Fig. 2 Microstructures of the alloy (a) before heat treatment and (b) after heat treatment for 1283
K/1h + 823 K/3h and air cooling.



unprocessed, (b) 1/4 turn, (c) 1 turn, (d) and (e) 5 turns, (f) 10 turns, (g) and (h) 20 turns, (i) and (j)
30 turns.
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Fig. 4 X-ray patterns of the Ti-6Al-4V alloy before and after processing by HPT through different
numbers of turns.
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Fig. 5 (a) Tensile specimens pulled to failure at 873 K using different initial strain rates, (b) true
stress-true strain curves at 873 K, (c) variation of flow stress with initial strain rate at 873 K and (d)
tensile specimens pulled to failure at 923 K at two different strain rates.
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Fig. 6 X-ray patterns of the sample processed by HPT for 20 turns without tensile testing and in the
grip section after tensile testing to failure.
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Fig. 7 EBSD inverse pole figure maps boundary maps of grip (upper) and gauge (lower)
sections: (a) IPF map and (b) grain boundary map in grip section, (c) IPF map and (d)
grain boundary map in gauge section; in (b) and (d) the green lines are LAGBES, the red
lines are HAGBs and the blue regions are the B-phase.



