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H I G H L I G H T S

• 480 nm grain size of recrystallized β
structure could be obtained in β-Ti
alloy for the first time.

• The ultrafine β structure made the pre-
cipitation structure of α finer and more
uniform significantly.

• 1.6 GPa tensile strength and 9.1% total
elongation could be achieved in the
aged material having β grain size of
480 nm.

• Uniform precipitated structure
supprressed crack initiation near β
grain boundary.
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Ultrafine β grain structures with recrystallized morphologies were fabricated by severe plastic deformation and
subsequent annealing in Ti-10Mo-8 V-1Fe-3.5Al alloy. The minimummean β grain size of 480 nmwas obtained
for the first time as a recrystallized structure in Ti alloys. Precipitation behavior of α in subsequent aging signif-
icantly changed with decreasing the recrystallized β grain size. Both tensile strength and total ductility of the
aged Ti-alloy were increased by the β grain refinement. Tensile strength of 1.6 GPa and total elongation of 9.1%
were achieved in the aged specimen having the prior β grain size of 480 nm, which was attributed to its finer
and more homogeneous precipitated microstructure having a mixture of nanoscale thin-plate α and globular
α without side α plates along β grain boundaries.

© 2020 The Author(s). Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

Industrial applications of β-Ti alloys have attracted increasing atten-
tions over recent years due to their capabilities to achieve various com-
binations of mechanical properties with precipitation-hardened
microstructures [1]. Much attention has been paid to tune the size, spa-
tial distribution,morphology ofα precipitates for higher strength [2–5].
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However, the practical applications ofβ-Ti alloys have remained limited
due to their poor ductility at strength levels above 1300 MPa, which is
believed to be controlled not only by the precipitation behavior but by
the prior β grain size (β-GS) as well [6,7]. Very recently, ultrafine β-
grains with a mean GS below 50 nm have been attained by severe plas-
tic deformation (SPD) in β-Ti alloys [7–10], like Ti-5Al-5 V-5Mo-3Cr
(wt%) [11], Ti\\20Mo (wt%) [12] and Ti\\15Mo (wt%) [8]. However,
the ultrafine grained (UFG)microstructures fabricated by SPD naturally

have strain-hardened nature [13], so that they used to show limited ten-
sile ductility both in β single phase state and after aging [14]. For over-
coming this issue, it is necessary to realize ultrafine “recrystallized”
structure of β phase [15]. The minimum recrystallized β-GS achieved
by conventional plastic working and annealing has been about 10 μm,
but in many cases the β-GS can easily coarsen to over 100 μm due to
rapid diffusion in the β-phase that has a body-centered cubic structure
[1,16–18]. This is likely to be the main reason why almost no investiga-
tions have reported ultrafine grained β in Ti alloys with recrystallized
microstructures. It has been reported that metastable titanium alloys
with relatively fine-grained (~10 μm) β-matrix in recrystallized state
showed a rapid aging response, leading to optimized mechanical prop-
erties [6]. Thus, it is reasonable to consider that further refinement of
the recrystallized β-GS down to a few micrometers or even below
1 μm would result in more unique α precipitation behavior, as well as
good mechanical properties. The present study, therefore, firstly tries
to refine the recrystallized β-GS of a metastable β-Ti alloy down to
1 μm. Their precipitation behaviors and resultant mechanical properties
are also evaluated. Eventually, we show superior mechanical properties
of the Ti alloy aged from the recrystallized UFG β-matrix.

2. Experimental procedure

A commercial metastable β-Ti alloy with a chemical composition of
Ti-10Mo-8 V-1Fe-3.5Al (wt%)was used in this study. β-transus temper-
ature of the alloy was estimated to be ~785 °C by differential scanning
calorimetry. The as-received material was a rod of 10 mm in diameter
forged at 830 °C and showed a hot-deformedmicrostructure of β single
phase. Schematic illustrations of the high pressure torsion (HPT) pro-
cess and specimen used in the present study are shown in Fig. 1 (a).
Discs with a diameter of 10 mm and thickness of 0.8 mm for HPT
were cut from the forged rods. HPT deformations up to 10 rotations
(N = 10 r) were conducted at room temperature at a speed of 0.5

Fig. 1. (a) Schematic illustrations showing the HPT equipment and specimen used in the
present study. P: compressive pressure of 6 GPa. (b) The whole processes for obtaining
recrystallized and aged microstructures with different grain sizes in the Ti–10Mo-8 V-
1Fe-3.5Al alloy. WQ: water quenching. (c) Schematic illustration showing the sampling
location of tensile specimens.

Fig. 2. EBSD maps of the specimens heavily deformed by HPT and then annealed for different periods at 830 °C. (a-d) Inverse pole figure (IPF) maps with different colors indicating
crystallographic orientation parallel to the normal direction (ND) of the disc specimens according to the key stereographic triangle inserted in (d). (e-f) GB maps corresponding to (a-
d) where high-angle boundaries (HABs) with misorientation angles θ ≧ 15°, and low-angle boundaries (LABs) with 2° ≦ θ < 15° are drawn in red and green lines, respectively. The
average grain sizes in these specimens are 0.48 μm (a,e), 1.83 μm (b, f), 4.1 μm (c, g) and 36.2 μm (d, h).
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revolution per minute under a compressive pressure (P) of 6.0 GPa. The
HPT discs were subsequently annealed at 830 °C for 30 s, 40 s, 50 s or
1800 s followed by water quenching, and then the discs were aged at
500 °C for 10 h, as illustrated in Fig. 1 (b). All the heat treatments
were carried out in a vacuum atmosphere to avoid oxidation. Micro-
structures were characterized by back-scattered electron (BSE) micros-
copy and electron backscattered diffraction (EBSD) using a scanning
electron microscope equipped with a field emission gun (FE-SEM:
JEOL 7100F). Themicrostructureswere observed from thenormal direc-
tion (ND) of the processed discs and at the position about 2.5 mm from
its center. Electro-polishing of observed surfaces in a solution of 10%
perchloric acid and 90% methanol at room temperature was conducted
for EBSDmeasurements. High-Angle Annular Detector Dark-Field Scan-
ning Transmission Electron Microscopy (HAADF-STEM) observations
were performed using a transmission electron microscope (JEM-
2100F). Thin-foil specimens for the transmission electron microscopy
were prepared by a standard twin-jet electro-polishing technique
using a Struers TenuPol-5 device. The as-processed discs 0.6 mm thick
were firstly mechanically grounded from both sides of surfaces down
to 40–50 μm in thickness. Disc slices 3 mm in diameter were then
punched out from the thinned discs and then electro-polished in a solu-
tion of 5% perchloric acid, 35%N-butanol and 60%methanol at−40 °C at
a voltage of 25 V. The microstructures were observed from ND of the
processed discs and at the position about 2.5 mm from its center.
X-ray diffraction (XRD) was conducted by the use of X'pert Pro equip-
ment with an accelerated voltage of 40 kV and current of 40 mA.
Nano-indentationmappingwas performed on electro-polished surfaces
of the specimens using a Hysitron Triboindenter system with a three-
sided Berkovich indenter tip having a tip radius of 100 nm. Load-
controlling indentation tests were done with a peak load of 500 μN
and a holding time of 5 s. The distance between each indentation was
set to be 800 nm for avoiding the effect of plastic deformation around

the former indents. After the indentation, the location of each indenta-
tion was identified in the SEM-BSE image. Micro-tensile specimens
with a gauge length of 2 mm, width of 1 mm and thickness of 0.6 mm
were cut from the discs in such a way that the center of the gauge
part coincidedwith the position at a distance of 2.5 mm from the center
of the discs, as shown in Fig. 1 (c). Before tensile tests, themicro-tensile
specimenswere polished down to 0.35mmthickness to remove surface
layers. It has been confirmed in our previous studies [19–21] that the
small-sized specimen can give reliable data of strength and tensile duc-
tility equivalent to those obtained from standard-sized specimens of the
same materials. Tensile tests were conducted on a Shimadzu AG-X plus
system at an initial strain rate of 8.3 × 10−4 s−1. Tensile strains of the
micro-tensile specimens were precisely measured and analyzed by the
digital image correlations (DIC)methodwith a Vic-2D commercial soft-
ware. For each condition, three specimens were tested for confirming
reproducibility and the average values were used to evaluate the tensile
strength and ductility.

3. Results and discussions

3.1. Microstructures of Ti alloy with recrystallized UFG β grains

Fig. 2 shows EBSD maps of the specimens after HPT and subsequent
annealing at 830 °C for different periods of time. All the specimens
showed recrystallized microstructures of β single phase and the micro-
structures were fairly homogeneous in the observed areas. The micro-
structures were observed at the position about 2.5 mm from the
center of the HPT processed discs. Fig. 2 (a-d) shows inverse pole figure
(IPF) maps of the specimens annealed at 830 °C for 30 s, 40 s, 50 s, and
1800 s, respectively, where colors indicate crystallographic orientation
parallel to the normal direction (ND) of the disc specimens according
to the key stereographic triangle inserted in (d). Fig. 2 (e-h) exhibits

Fig. 3. Grain size distributions in the specimens with the mean grain sizes of (a) 0.48 μm, (b) 83 μm, (c) 4.1 μm, and (d) 36.2 μm.
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grain boundary (GB) maps corresponding to (a-d), respectively. High-
angle boundaries (HABs) with misorientation angles θ ≥ 15°, and low-
angle boundaries (LABs) with 2° ≦ θ < 15° are drawn in red and green
lines, respectively, in the GB maps. The β-GS increased with increasing
the annealing time at 830 °C and average β-GSs were measured as
0.48 μm (a, e), 1.83 μm (b, f), 4.1 μm (c, g) and 36.2 μm (d, h). The aver-
age grain sizes were measured by a line intercept method on EBSD GB
maps of larger areas including a large number of grains enough for sta-
tistically reliable evaluation, counting bothHAGBs and LAGBs. Grain size
distributions in the specimen with different average grain sizes are
shown in Fig. 3. In the specimen having the average grain size of
0.48 μm (Fig. 3 (a)), some grains had relatively large grain sizes of
3–4 μm, as was also recognized in Fig. 2 (e). However, the number of
coarse grains was quite limited and about 60% of grains had grain
sizes smaller than 1 μm in the specimen having the mean grain size of
0.48 μm, as was also indicated in the grain size distribution (Fig. 3
(a)). The other specimens having larger average grain sizse showed
fairly homogeneous (monomodal) grain size distributions, as shown
in Fig. 3 (b), (c) and (d). Hereafter, the corresponding specimens are re-
ferred to as the β-0.48 μm, β-1.83 μm, β-4.1 μm and β-36.2 μm speci-
mens, respectively.

Such fine recrystallized β-GSs (0.48 μm and 1.83 μm) have not been
reported previously in titanium alloys processed by conventional defor-
mation and annealing. The EBSD IPF maps shown in Fig. 2 (a-d) indi-
cated that the specimens having finer GSs (0.48 μm and 1.83 μm)
showed a strong texture with 〈110〉 directions parallel to ND of the
discs (green colors). On the other hand, the specimens with relatively
coarse grain sizes (4.1 μm and 36.1 μm) showed nearly random texture.
In the GB map of the ultrafine grained specimen (β-0.48 μm, Fig. 2 (e)),
49.1% of the observed boundaries were LABs. With increasing the an-
nealing time (i.e., with increasing the average grain size), the fraction
of LABs decreased, which corresponded to the change of the IPF maps
(Fig. 2 (a-d)) with the grain growth. The green dominant colors in the
β-0.48 μm specimen (Fig. 2 (a)) indicated a strong texture with {110}
parallel to the disc surface (i.e., the shear plane in HPT), which was
probably inherited from the shear texture formed by the HPT deforma-
tionwhere simple shear deformation along peripheral direction of discs
was applied. In fact, EBSD analysis showed that the β-0.48 μm specimen
had the strong (110)[001] texture, which is known as a typical compo-
nent of shear textures in BCC metals and alloys. The large number of
LABs in the β-0.48 μm specimen is attributed to this strong texture
where many grains have similar orientation. With increasing the β

Fig. 4. Microstructures of the specimens HPT processed, annealed at 830 °C, and then aged at 500 °C for 10 h. Observed from ND of the discs. (a, b, c) SEM images of the aged
microstructures with β-GSs of 36.2 μm, 4.1 μm and 0.48 μm, respectively. (d, e) HAADF-STEM images showing microstructures near β-GBs in the aged β-36.2 μm and β-0.48 μm
specimens, respectively. (f) TEM image showing globularized α in the aged β-0.48 μm specimen, with a selected area diffraction pattern of the globularized α with the [0001] zone
axis. (g) Schematic illustration showing the change of precipitation morphologies of α phase with decreasing the β grain size.
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grain size to 4.1 μm, fraction of green grain boundaries (LABs) decreased
to 11% andgrainswith colors different fromgreen increased in Fig. 2 (b).
Together with this change in grain orientations, the fraction of LABs in
the β-0.48 μm specimen decreased, as shown in Fig. 2 (f). When the
grain growth progressed, grains had various colors (Fig. 2 (c) and (d)),
and the fraction of LABs became very small (Fig. 2 (g) and (h)). Al-
though the tendency shown in Fig. 2 that a strong shear-type texture
in the UFG specimen weakened with the grain growth was confirmed,
it was found that the texture components showed some variations de-
pending on the observed locations in the disc specimens, probably
due to the quite high plastic strains and the change of shear direction
(i.e., the peripheral direction) in the HPT process. It was, therefore, dif-
ficult to confirm the detailed change of textures from the present data,
which would be investigated in our future study.

Fig. 4 (a), (b), and (c) show SEM images of the β-36.2 μm, β-4.1 μm,
and β-0.48 μm specimens, respectively, after aging at 500 °C for 10 h.
Fig. 4 (d) and (e) are HAADF-STEM images of areas near β grain bound-
aries (β-GBs) in the aged β-36.2 μm and β-0.48 μm specimens, respec-
tively. It could be seen that in the aged β-36.2 μm microstructure, high
density of intragranular acicular α plates (57 ± 8 nm in thickness and
1348±48nm in length)with typical triangularmorphologieswere dis-
tributed homogeneously in interiors of β grains (Fig. 4 (a) and (d)).
Along some β-GBs, many fine α plates precipitated in the same direc-
tion along β-GBs, which are known as “side α plates” (Fig. 4 (d)) [1].
The average width of the side α plates region was 1.98 ± 0.5 μm.
With decreasing the β-GS to 4.1 μm (Fig. 4 (b)), the average
thickness and length of intragranular α plates became 60 ± 10 nm

and 911 ± 30 nm, respectively. The thickness of each α plate did not
change, while the length clearly decreased with the refinement of β
grains. It was noteworthy that side α plates were no longer observed.
With further decreasing the β-GS to 0.48 μm(Fig. 4 (c) and (e)), the sig-
nificant refinement of intragranular α, which was attributed to the de-
crease of volume of each β grain by the grain refinement, could be
observed. Intragranular α had two different kinds of morphologies:
one with a typical acicular shape of ~153 nm in length and ~ 36 nm in
thickness, and the otherwith a globularized shape having an average di-
ameter of 84 nm, as were pointed out by the white arrows in Fig. 4 (c)
and recognized in Fig. 4 (e). It is noteworthy that both thickness and
length of the acicular α plate decreased with decreasing the β grain
size down to 0.48 μm. Fig. 4 (f) is a TEM image showing a globularized
α atβ-GBs in the agedβ-0.48 μmspecimen. The selected area diffraction
pattern with the zone axis of [0001]α taken from the area indicated by
the white-broken circle confirmed that the upper equiaxed grain in
the micrograph was α phase. It was also confirmed from a diffraction
pattern that the lower grain was a retained β phase having BCC struc-
ture. The globularizedαwere observedmostly on grain boundaries, es-
pecially at GB triple junctions. The change of precipitationmorphologies
ofαphasewith decreasing theβ grain size is schematically illustrated in
Fig. 4 (g).

It was very interesting that the precipitation morphologies of α sig-
nificantly changedwith decreasing the grain size ofβ. It should be noted
again that recrystallized β grains with grain sizes smaller than 2 μm
have not been obtained in β-Ti alloys before the current study, so that
it is also the first time to know such a change of α precipitation

Fig. 5. Engineering stress-strain curves of (a) the specimens with β single-phase microstructures after HPT and annealing at 830 °C, and (b) the specimens with α + β dual phase
microstructures after aging at 500 °C. (c) The strength-ductility balance in various kinds of Ti alloys. The black, dark yellow and blue symbols show tensile strength and total
elongation previously reported in α-Ti alloys [39], α + β Ti alloys [39] and β-Ti alloys [2,3,6,39], respectively. The datum of the aged β-0.48 μm specimen obtained in the present
study is indicated by a red star symbol.
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behavior. The number of studies on precipitation behavior from UFG
mother phase with recrystallized morphologies is still quite limited
even in any kinds ofmetallic alloys, and themechanismof themorphol-
ogy change of precipitates is unclear. However, the change of precipita-
tionmorphologiesmust be attributed to the significant increase of grain
boundaries with grain refinement. Assuming that the GB area having
disorders of atomic alignment compared to the periodical alignment in-
side grains is 1 nm, it can be calculated that the volume fraction of GB
area increases from 0.0055% (a negligibly small value) to 0.11% or
0.42% by the grain refinement from 36.2 μm to 1.83 μm or 0.48 μm, re-
spectively [22,23]. In β-Ti alloys, α phase nucleates preferentially at β-
GBs forming grain boundary α (GB-α) with film shapes [24,25]. This
is because GBs with higher free energies than the matrix can be prefer-
ential heterogeneous nucleation sites forα, and GBs and GB triple junc-
tion lines can act as fast diffusion paths. In the present study, GB-αwas
observed even in the UFG specimens naturally. The formation of
globularized α at GB triple junctions in the β-0.48 μm specimen (Fig. 4
(e, f)) could be also understood from such advantages. Adjacent to the
GB-α, side α plates formed in the specimen with coarse β grain size
(β-36.2 μm), as was shown in Fig. 4 (a) and (d). It is noteworthy that
side α plates were no longer observed in the present study when the
β-GS was smaller than 4.1 μm. It is known that side α plates are prod-
ucts of diffusional transformation appearing in certain kinds of Ti alloys
at an early stage of aging at relatively low temperatures [26,27]. Similar
to conventional α in Ti alloys, the side α plates maintain Burgers orien-
tation relationship with β, but each side plate has very fine dimensions
with thickness of 50 nm ~ 200 nm [28]. Qiu et al. [29–31] investigated
the effects of grain boundaries on the morphology of grain boundary
α (GB-α) and side α plates in Ti-6Al-4 V alloy by a three-dimensional
phase field model. It was found that GB-α and side α plates compete
with each other. Furuhara et al. [32] reported that sideα plates showed
a fast growth rate one-order higher than conventionalα precipitates. As
was shown above, theGB-α, a competitor of sideα plates, preferentially
formed also in the fine β grain specimens. Since distances between
neighboring GBs decreases with decreasing the β grain size, diffusion
fields in front of interfaces of growingαwould overlap in tiny β grains,
which might decrease the driving force for the precipitation of side α
plates. Such a decrease of volumes of β grains as well as a decreased
driving force for precipitation might explain the lack of side α plates
and typical triangle morphologies of in-grain α plates.

It has been reported that elongated GB α films are preferential
paths of crack propagation [33]. This is probably because the elon-
gated GB α having the same crystallographic orientation plays a role
of coarse and relatively hard domain to induce stress concentrations
at interfaces. Having globularized α in the middle of elongated GB α
is believed to obstruct crack propagation during deformation [1,34].
For increasing the resistance to microcrack propagation, hot-
deformations were industrially applied to change the GB-α to
globularized α with grain sizes of several microns [1]. In the current
study, diameters of the globularized α formed from the ultrafine
grained β were less than 100 nm (Fig. 4 (e)). The significant refine-
ment of α phase (both acicular α plates inside β-grains and
globularized α) in the β-0.48 μm specimen is expected to be beneficial
for mechanical properties, which will be discussed later.

3.2. Mechanical properties of the specimens with different β-GSs

Engineering stress-strain curves of the specimens with single β
phase microstructures (after annealing) and α + β two-phase micro-
structures (after aging) are shown in Fig. 5 (a) and (b), respectively. In
Fig. 5 (a), all the β single-phase specimens having different β-GSs
showed similar shapes of stress-strain curves. The flow stress reached
theirmaximum at early stages of deformation, so that the uniform elon-
gation of the specimens was limited. However, the flow stress slowly
decreased even after the peak stress, leading to a large post-uniform
elongation and a total elongation over 15% for all the specimens. These

are typical shapes of stress-strain curves of highly-alloyed β-Ti alloys.
The β-36.2 μm specimen showed a typical tensile properties of such
β-Ti alloys with a tensile strength of 856 ± 11 MPa and a large total
elongation of 29 ± 3%, but strain hardening after yielding was limited
to show a small uniform elongation of 3.3%. Such a tensile behavior in
β-Ti alloys is probably due tohigh yield strengthowing to solution hard-
ening by large amounts of alloying elements included in the alloy and
essentially suppressed strain-hardening ability in BCC crystal. In such
highly-alloyed β-Ti alloys having stable BCC β phase, it is difficult to in-
duce other deformation mechanisms for increasing strain hardening,
such as martensitic transformation and deformation twinning [35–37]
even in coarse β-grained specimens. The strength did not increase
when the β-GS was reduced to 4.1 μm, while a significant increase of
strength was observed when the β-GS decreased below 1.83 μm. The
β-0.48 μm specimen exhibited the tensile strength of 1116 ± 15 MPa
and a total elongation of 15 ± 2%. Considering the original mechanical
property of the coarse-grained (β-36.2 μm) specimen described above,
it is understandable that the β-0.48 μm specimen exhibits low tensile
ductility without strain hardening after yielding at high stress, which
is also typical in nanostructured alloys [38].

After aging (Fig. 5 (b)), the tensile strength of the aged β-36.2 μm
specimen increased to 1450 ± 14 MPa with a total elongation of
4.5 ± 0.8%. Similar to the strength of the β single-phase specimens,
the strength exhibited almost no enhancement till the β-GS decreased
to 4.1 μm, although the ductility of the β-4.1 μm specimen increased
to 6.6 ± 1%. When the β-GS was further refined to a sub-micrometer
scale, strength of the specimens increased with the refinement of the
β-GS. The β-0.48 μm specimen showed a tensile strength of 1603 ±
54 MPa. Volume fractions of α phase in the β-0.48 μm, β-4.1 μm and
β-36.2 μmspecimenswere evaluated as 47.1%, 44.2% and 46.5%, respec-
tively, by Rietveld analysis of XRD results for the specimens. The result
indicated that the refinement of β-grains down to 0.48 μm grain size
had no influence on the volume fraction of α. It can be concluded that
α phase reached the equilibrium volume fraction after a long time
(10h) aging at 500 °C in all specimens with different β grain sizes [1].
Nevertheless, both the length and thickness of the acicularα has signif-
icant refinement (from ~60 nm to 36 nm in thickness, and from
1348 nm to 153 nm in length) with decreasing the β-GS from 36.2 μm
to 0.48 μm. This significant ultra-refinement of α must contribute to
strengthen the alloy, as many previous investigations on β-Ti alloys re-
ported [1,3,6]. Measured yield strength (0.2% proof stress) of the

Fig. 6. Yield strength (0.2% proof stress) of the specimens having β single-phase
microstructures (before aging) or α + β microstructures (after aging) are plotted as a
function of the minus square root of the mean β grain sizes.
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specimens having β single-phase microstructures (before aging) or
α + β microstructures (after aging) are plotted as a function of the
minus square root of the mean β grain sizes in Fig. 6. The yield strength
of both types of specimens showed linear increases with the β grain re-
finement in Fig. 6, which indicated that Hall-Petch relationship stood. It
is understandable that the yield strength of the specimens having β
single-phase microstructures shows a Hall-Petch relationship. On the
other hand, it is interesting that the specimens with α+ βmicrostruc-
tures also holds a Hall-Petch relationship with the grain size of β, since
their microstructures are composed of two different phases, i.e., finely
divided retained β phase and fineα phase with different morphologies.
In such fine and complicatedmicrostructures, dislocation slipswould be
inhibited in various ways. At this moment, therefore, it is difficult to
quantitatively explain the strengthening of the aged specimenswith de-
creasing the grain size of prior β grains, but we may qualitatively sum-
marize that the refinement and the change of morphologies of α
precipitates result in the significant strengthening of the alloy.

It is concluded from the results by now that the refinement of β-GS
below ~2 μmcan significantly enhance the strength of the alloy both be-
fore and after aging, although the grain refinement down to ~4 μmdoes
not change the strength so much. It is interesting that the tensile elon-
gation (total elongation) of the aged specimens rather increased when
the β-GS decreased down to sub-micrometers (Fig. 5 (b)). The total
elongation of the β-0.48 μm specimen was 9.1%. The aged specimens
did not show large uniform elongation, but it was a general feature of
the precipitation-hardened metallic alloys which primarily required
high yield strength. Even for such precipitation-hardened alloys, it is
beneficial that the total elongation increased with ultra-grain refine-
ment in the present high-strength β-Ti alloy, for increasing toughness
to avoid catastrophic fracture. Fig. 5 (c) shows the strength-ductility
balance in various kinds of Ti-alloys. The aged β-0.48 μm specimen ob-
tained in this study exhibited one of the best strength-ductility balances
among the data, especially in high strength regions of tensile strength
above 1500 MPa. It can be, therefore, concluded that the refinement of

Fig. 7. Experimental results of nano-indentation mapping for the aged specimens with different prior-β grain sizes. (a) SEM image around a β-GB with side α plates together with the
values of nanohardness at different positions of the aged β-36.2 μm specimen. The nanohardness values near the β-GB are shown in red. (b) SEM image together with the values of
nanohardness at different positions of the aged β-4.1 μm specimen. The nanohardness values near β-GBs are shown in red. (c) SEM image together with the values of nanohardness at
different positions of the aged β-0.48 μm specimen. (d) Nanohardness values along different measurement lines (L1 ~ L5) across the β-GB in (a), plotted as a function of the distance
from the β-GB in the aged β-36.2 μm specimen. (e) Nanohardness values along different measurement lines (L1 ~ L4) across the β-GBs in (b), plotted as a function of the distance
from the β-GBs in the aged β-4.1 μm specimen.
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β-GS, especially below 1 μm, in the recrystallized state is beneficial for
realizing superior mechanical properties in β-Ti alloys.

3.3. Fracture analysis of the aged specimens with different β-GSs

The increase in strength in the present specimens having ultrafine
recrystallized β-GS is attributed to the significant refinement of both
prior β-grains and α-precipitates shown in Figs. 2, 3 and 4. It is note-
worthy that the ductility of the aged specimens rather increased with
decreasing the β-GS below 2 μm (Fig. 5 (b)). In order to clarify the rea-
son why the ductility of the aged specimens having higher strength in-
creased with decreasing the β-GS, nano-indentation analysis were
carried out in the aged specimens with β-GSs of 36.2 μm, 4.1 μm and
0.48 μm, respectively, and obtained results are shown in Fig. 7. Fig. 7
(a) shows the distribution of nanohardness values near a β-GB in the
aged β-36.2 μm specimen. As was shown in Fig. 4 (a) and (d), this spec-
imen showed typical side α plates along β-GBs. Fig. 7 (a) is an SEM
image around such a β-GB with side α plates, together with the values
of nanohardness at different positions. The nanohardness values near
the β-GB are shown in red. The side α plates could be recognized as a
white band in the SEM image, which showed a morphology different
from that of the typical acicular α plates with triangle morphologies in
interiors of β grains. It should be noted that the nanohardness values
within the side α plate regions (average 5.31 ± 0.21 GPa) were signifi-
cantly higher than those in the intragranular α-plate regions (average
4.78 ± 0.39 GPa). These nanohardness values along lines across the β-
GB are plotted as a function of the distance from the β-GB in Fig. 7 (d).

Fig. 8. Number ratio of nanohardness values in the aged β-36.2 μm and β-0.48 μm
specimens.

Fig. 9. SEM images of fracture surfaces of the aged specimenswith theβ-GS of (a)36.2 μm, (b)4.1 μmand (c) 0.48 μm. SEM images showingmicro-cracks initiated inmicrostructures of the
aged specimens with the β-GS of (a-i) 36.2 μm, (b-i) 4.1 μm and (c-i) 0.48 μm.
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From this graph, the increase of nanohardness with approaching to the
β-GBwas obviously recognized. Fig. 7 (b) is an SEM image togetherwith
the nanohardness values at different positions in the aged β-4.1 μm
specimen. The nanohardness values near β-GBs are shown in red
again. The hardness values are plotted in Fig. 7 (e), as a function of the
distance from the left β-GB marked by the red arrows in Fig. 7 (b). In
this specimen, no side α plates were observed near β-GBs (Fig. 4 (b)).
Although the hardness fluctuated depending on the position,
nanohardness values near the β-GBs (red values in Fig. 7 (b); average
4.61 ± 0.45 GPa) were not so much higher than those in β interiors
(white values in Fig. 7 (b); average 4.51 ± 0.27 GPa), which was also
confirmed in Fig. 7 (e). Fig. 7 (c) is an SEM image together with the
values of nanohardness at different positions in the aged β-0.48 μm
specimen. In this case, the values of nanohardness was rather uniform,
but the average value was 6.13 ± 0.35 GPa which was much higher
than the nanohardness in the specimens having the average b grain
size of 36.2 μm and 4.1 μm.

Fig. 8 showsnumber ratios of the nanohardness values in the agedβ-
36.2 μmandβ-0.48 μmspecimens. The hardness values in theβ-0.48 μm
specimen in Fig. 8 were much higher than those in the β-36.2 μm spec-
imen, which corresponded to the higher strength obtained from the
tensile tests (Fig. 5 (b)). The higher hardness values within the β-
36.2 μm specimen were all obtained within the side α plate regions
near β-GBs. Difference in local hardness (strength) in microstructures
of precipitation-hardening alloys is considered to lead to a difference
in plastic strains between adjacent local regionswith different hardness,
causing incompatibilities in deformation, initiation of cracks between
domains, and a decrease in tensile ductility [33].

Fig. 9 (a), (b) and (c) are SEMmicrographs of fracture surfaces of the
aged specimens with different β-GSs, while Fig. 9 (a-i), (b-i) and (c-i)
are SEM images showing micro-cracks observed near main cracks in
these aged specimens. As was indicated by the white arrows in Fig. 9
(a) of the aged β-36.2 μm specimen, some areas showed brittle-like
fracture surfaces with flat morphologies. Such fracture surfaces had
characteristic elongated morphologies, which seemed to correspond
to β-GBs. Microcracks in the aged β-36.2 μm specimen shown in Fig. 9
(a-i) clearly indicated that voids and cracks were initiated near β-GBs
with white banded regions, i.e., side α plates. This result demonstrates
that the strength (hardness) difference between the sideαplate regions
and theβ grain interiors (shown in Fig. 7) initiatedmicrocracks atβ-GBs
with the side α plates. No side α plate regions were observed in the
aged β-4.1 μm and β-0.48 μm specimens as was shown in Fig. 4 (b, c,
e), and fracture surfaces were homogeneous and showed only ductile
fracture characteristics with dimples (Fig. 9 (b), (c)). This indicated
that the disappearance of side α plates inhibited the initiation of brittle
fracture along β GBs in the specimens having fine β grain sizes The size
of dimples in the aged β-0.48 μm specimen wasmuch finer than that in
the aged β-4.1 μm specimen. Microvoids in the aged β-4.1 μm and β-
0.48 μm specimens were nucleated mostly inside the prior β-grains
(Fig. 9 (b-i), (c-i)), which coincided with the suppression of brittle frac-
ture along prior β GBs.

It can be concluded, therefore, that the ultra-refinement of recrystal-
lizedβ-grainsmakes the finalα+βmicrostructures finer andmore ho-
mogeneous (a mixture of fine acicular and globular α without side α
plates nearβ-GBs), avoidingdeformation incompatibilities between dif-
ferent domains and brittle crack initiation to result in the larger tensile
ductility. Refinement of α precipitates in UFG β grains was also benefi-
cial for increasing strength of the aged specimens. Ultra-refinement of β
grains with recrystallized morphologies are beneficial for both high
strength and adequate ductility in the age-hardened β-Ti alloys.

4. Conclusions

We tried to make ultrafine grained β phase with recrystallized mor-
phologies in a Ti-10Mo-8 V-1Fe-3.5Al (wt%) alloy, and succeeded in the
grain refinement. The obtained recrystallized ultrafine β specimens

were subsequently aged, and mechanical properties of the specimens
before and after aging were systematically investigated. The major re-
sults obtained in the present study are as follows.

(1) The β grain refinement below 1 μm in the recrystallized
state was achieved for the first time in a β-Ti alloy using
heavy deformation by HPT at ambient temperature
followed by annealing under appropriate conditions. The
minimum β-GS obtained was 0.48 μm (480 nm), which is
the minimum recrystallized grain size of β in Ti alloys.
Ultra-refinement of the recrystallized β grain size led to
unique precipitation behavior during subsequent aging.

(2) With reducing the β grain size to 4.1 μm, the sizes and mor-
phologies of α precipitates in β grain interiors as well as
near β grain boundaries significantly changed, compared to
those in the coarse grained β-36.2 μm specimen. Sideα plates
no longer formed below 4.1 μmof the β grain size. The change
in sizes and morphologies of α precipitates led to more ho-
mogeneous precipitated microstructures than those formed
from coarse β structures.

(3) The yield strength of the β single-phase specimens increased
with decreasing the recrystallized β grain size, keeping the
total elongation over 15%, although the uniform elongation
of the all β single-phase specimens was limited regardless
of the β grain size. Strength of the aged specimen was signif-
icantly enhanced when the β grain size became finer than
about 2 μm. It was noteworthy that the total elongation of
the aged specimens increased with decreasing the β grain
size. The aged β-0.48 μm specimen having finer α precipi-
tates exhibited the high tensile strength of 1603 MPa and
the total elongation of 9.1%, while those of the aged β-
36.2 μm specimen were 1450 MPa and 4.5%, respectively.

(4) The side α plate regions near β grain boundaries showed
higher hardness than other regions in the β-36.2 μm speci-
men, which caused the initiation of microcracks near β
grain boundaries due to deformation incompatibility be-
tween the side α plate regions and grain interiors. The
ultra-refinement of recrystallized β-grains makes the final
α + β microstructures finer and more homogeneous (a mix-
ture of fine acicular and globular αwithout side α plates near
β-GBs), avoiding deformation incompatibilities between do-
mains and brittle crack initiation to result in the larger tensile
ductility. It is concluded from the present results that ultra-
fine grained β microstructures with recrystallized morphol-
ogies are beneficial for both high strength and adequate
ductility in the age-hardened β-Ti alloys, through making
the precipitation microstructures finer and more
homogeneous.
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