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Abstract: Near β-Ti alloys with high strength and good ductility are desirable for application in
aviation and aerospace industries. Nevertheless, strength and ductility are usually mutually exclusive
in structural materials. Here we report a new thermo-mechanical process, that is, the alloy was
cross-rolled in β field then aged at 600 ◦C for 1 h. By such a process, a high strength (ultimate tensile
strength: 1480 MPa) and acceptable ductility (elongation: 10%) can be simultaneously achieved in
the near β-Ti alloy, based on the microscale β matrix and nanoscale α phase. The microstructure
evolution, mechanical properties and strengthening mechanisms have been clarified by scanning
electron microscopy (SEM) and transmission electron microscopy (TEM). The results showed that the
grain size of the β phase progressively decreased with the increasing of rolling reduction. Moreover,
dense dislocation structures and martensite phases distributed in the cross-rolled β matrix can
effectively promote the precipitation of nanoscale α particles. TEM analyses confirmed that a
heat-treatment twin was generated in the newly formed α lath during aging. These findings provide
insights towards developing Ti alloys with optimized mechanical properties.

Keywords: near β-Ti alloy; cross-rolled; thermo-mechanical process; microstructure evolution;
strengthening mechanism

1. Introduction

Low cost and high performance are the target of the aviation and aerospace industries. Near β-Ti
alloys are widely used in these two fields owing to their light weight, higher fracture toughness
and excellent balance of strength and ductility [1–3]. However, it is a complicated task to design an
effective processing technology to manufacture the near β-Ti alloys with desirable microstructures
which have permitted numerous balances of properties. The abundant microstructures, such as duplex,
Widmanstätten, basketweave and equiaxed microstructures, are regulated by the transformation from
β-Ti (BCC) to α-Ti (HCP), which are strongly dependent on thermomechanical processes (TMP) [4–6].

During TMP, several deformation mechanisms, such as dislocation slip, twinning and
stress-induced martensite (SIM) transformation, are well established phenomena in metastable Ti-alloys,
depending upon β phase stability [7–10]. Considerable attention has been focused on the activation of
different mechanisms during the plastic deformation in the Ti-alloys with BCC structure. For example,
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Ti-alloys containing hybrid twinning-induced plasticity (TRIP) and transformation-induced plasticity
(TWIP) effects may exhibit an excellent combination of high strength and large ductility [11–13]. Besides,
pre-existing nanoscale martensite phases can serve as nucleation sites and assist the nucleation and
growth of α precipitates (α variants) during subsequent heat treatment (aging or annealing) [14–20].
Variants with a lamellar or acicular morphology observed in β matrix adopt Burgers orientation
relationships (BORs): {110}β//{0001}α and 〈111〉β//

〈
1120

〉
α

[21]. Twelve orientational variants with
respect to β phase can be equiprobably formed in the β matrix during the phase transition of
β→ α [22–24], which significantly affects the mechanical properties of the Ti-alloys. The displacive
phase transformation results in enhanced texture intensities of two main (90◦, 90◦, 0◦) and (90◦, 30◦, 0◦)
orientation components [25,26]. By properly tailoring the α + βmicrostructures, the strength can be
significantly enhanced to a relatively high value; however, it also results in a poor ductility.

Submicrometer- or nano-scale ultrafine grained (UFG) materials have been investigated
extensively in recent years owing to their new physical properties and excellent mechancial
properties [27,28]. Various severe plastic deformation (SPD) techniques have been applied to acquire
UFG microstructures, such as equal-channel angular pressing (ECAP) [29,30] and high-pressure torsion
(HPT) [31,32]. However, considering the high deformation resistance during the deformation process
and heterogeneous deformation domain (such as shear bands [33]), these SPD approaches are hardly
applied in nearβ-Ti alloys. Our previous work [33,34] demonstrated that multi-pass cross-rolling can be
employed to refine both of the α phase and βmatrix. Meanwhile, lattice distortion remained, and TWIP
and TRIP were simultaneously activated in the cross-rolled βmatrix. However, the aforementioned
process still encounters low efficiency in grain refinement.

Herein, in consideration of abovementioned factors, a novel TMP has been developed in the
Ti-55511 alloy. The alloy was firstly cross rolled in β field, then followed by aging at 600 ◦C for 1 h.
By such process, a high strength and acceptable ductility can be simultaneously obtained, which is
attributed to microscale βmatrix and nanoscale α precipitates. In the present study, the microstructure
evolution was characterized. The effects of these factors on the precipitation of the α phase were
analyzed. The achieved mechanical properties were also discussed. The acquired results are paving a
promising way for designing UFG structures with good balance of strength and ductility.

2. Materials and Methods

The chemical composition of a forged-bar Ti-55511 alloy provided by Xiangtou Goldsky Titanium
Industry Co., Ltd. (Changsha, Hunan, China) was used in present study, and it has the following
chemical composition (wt.%): 5.16 Al, 4.92 Mo, 4.96 V, 1.10 Cr, 0.98 Fe, and Ti (balance). The β→ α

transus temperature is approximately measured as 875 ± 5 ◦C via metallographic observations.
Four cuboid samples (150 mm × 45 mm × 15 mm) cut from the forged bar were subjected to the
TMP schedule as shown in Figure 1. These cuboid samples were first solution-treated at 920 ◦C for
0.5 h to acquire the full βmicrostructure. Then, three of them were cross-rolled in β field with total
thickness reductions 20%, 50% and 80%, respectively, followed by quenching in ice water. During
cross rolling, 10% reduction was performed in every pass, and the samples were again placed into
the furnace to retain the rolling temperature after each pass, and the dwell time was 3 min. Finally,
the solution-treated sample and cross-rolled samples were subjected to thermal treatment at 600 ◦C for
1 h in order to promote the precipitation of α phases.

Tensile specimens were machined out from each rolled sheet with gauge dimensions of
25 mm × 6 mm × 1 mm. Tensile testing was carried out ambient condition using an Instron
3369 mechanical testing machine (Instron, Boston, MA, USA), and every test was repeated five
times. The elongation was determined according to displacement of crosshead.

For microstructural characterization and texture analysis by optical microscope (OM, OLYMPUS,
Tokyo, Japan), scanning electron microscopy (SEM, Helios Nanolab G3 UC dual-beam microscope
system, FEI, Hillsboro, OR, USA) and transmission electron microscopy (TEM; titan G2 60-300, FEI,
Hillsboro, OR, USA). Quantitative measurements of grain size were carried out via the Image-Pro-Plus
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analysis software (Media Cybernetics, MD, USA). The average grain size of βmatrix was determined
by IPP (Image-Pro Plus) software.
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Figure 1. Schematic illustration of processing routes.

The TEM specimen was mechanically ground into thin foils (40–50 µm) and electropolished
(jet thinning) with Kroll’s reagent (ASTM 192), which consists of 60% methanol, 35% butanol, and 5%
perchloric acid, using a twin-jet electropolishing device (Denmar Struers A/S, Ballerup, Danmark).

3. Results

3.1. Refinement of β Grains during Cross Rolling

The rolling microstructures were examined by optical microscopy (OM). In the un-deformed
state (solution-treated), the sample has a relatively coarse prior β grains (Figure 2a). Figure 2b–d
show the morphologies of the cross-rolled samples with thickness reductions of 20%, 50% and
80%, respectively. It can be seen that the increasing rolling reduction promotes the refinement of β
grains, from 609 µm (solution-treated) to 141 µm (80% reduction). When the reduction reaches 80%,
the smallest size of β grain can be obtained. This indicates that the cross rolling can effectively refine the
β grain size. The previous studies [33,34] demonstrate that cross rolling can induce more deformation
than unidirectional rolling and accelerate the activation of dislocation slip, which can effectively
trigger the formation of β subgrains and promote dynamic recrystallization (DRX) β grains. Typical
microstructures of the sample with 80% rolling reduction was chosen to be investigated as follows.
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Figure 2. Optical micrographs of (a) the solution-treated sample, and (b–d) the cross-rolled samples
with rolling reductions of 20%, 50% and 80%, respectively.

3.2. Martensite Phases and Dislocation Substructures in the Cross-Rolled β Matrix

TEM analyses of the 80% cross-rolled sample display details of transformation products (Figure 3).
The bright-field (BF) TEM image shows parallel and nano-sized lamellae within β matrix (marked
by red arrows), as seen in Figure 4a. In view of the solution-treated condition, two kinds of phases
showing in the corresponding selected area electron diffraction (SAED) pattern along [110]β zone
axis (Figure 3b) are highlighted in blue (α” phase) and yellow color (ω phase), respectively, and the
diffraction spots of these two martensite phases are schematically illustrated in Figure 3c. Selecting
the diffraction spots (green circle) corresponding to α” and ω phases, the dark-field (DF) image of
Figure 3d shows a primary microstructure of zigzag-shaped α” plates as well as a small amount of
ω phases (irregular shape). The ω phase is concentrated near the α” phase, as shown in Figure 3d.
The acquired martensite phases formed by deformation process (SIM transformation) and also by
quenching process [15,35,36].

The atomistic structure of the α”phase within βmatrix was further analyzed by high-resolution
TEM (HRTEM) under the zone axis of [110]β (Figure 4). The orientation relationships (OR) between
the β matrix (area b) and α” phase (area c) in Figure 4a were verified by the inserted fast Fourier
transformation (FFT) patterns. As presented in Figure 4b,c, the OR between βmatrix and α” phase is
< 011 > β// < 010 > α′′ . The difference between the crystal structure of the β matrix and α” phase
was revealed by the corresponding Fourier filtered HRTEM images, as presented in Figure 4d,e. Based
on the schematic crystal structures (Figure 3c) and FFT patterns, the lattice parameters of the β phase
were measured to be a = 0.295 nm; and the α” phase were measured to be a = 0.260 nm, b = 0.443 nm
and c = 0.457 nm.
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The dislocation configuration of the 80% cross-rolled sample was examined by TEM (Figure 5).
A large number of dislocation structures, such as perpendicular and straight dislocation lines, loops
(Figure 5a) and walls (Figure 5b) were observed in β field. The observed results showed that dislocation
slip dominates plastic deformation in soft βmatrix with BCC structure.
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Figure 5. TEM micrographs of the 80% cross-rolled sample showing the formation of (a) dislocation
lines and loops, and (b) dislocation walls in βmatrix.

3.3. Microstructure after Aging

It is well accepted that the α phase is the most common strengthening phase for near-β alloys.
High strength of the two-phase alloy is mainly related to the precipitation hardening effect during
the heat treatment process. In comparison with the equiaxed microstructure, the lamellar form
shows higher tensile strength. However, generally, with the increasing amount of the α phase,
the ductility of the alloy will decrease sharply. Therefore, one of the most direct methods to improve
strength and ductility simultaneously is to produce an UFG microstructure. The development of
UFG microstructures is generally along two distinctive directions: breaking down the pre-existing
microstructure by severe plastic deformation (SPD) [30–32,37,38], and/or introducing nano-scaled
precipitates by heterogeneous nucleation [14]. The previous one has successfully been applied in
many HCP materials. However, owing to high deformation resistance, the near β-Ti alloy is not a
suitable candidate for SPD processes in consideration of the feasibility and economic issues. The latter
one is mainly reported in metastable β-Ti alloys, in which the nano-scaled α phase precipitates from
the heterogeneous nucleation sites, such as martensite phases (ω, α’ and α”) from deformation and
heating processes [14]. Besides, the dislocation structure can also be considered as the precursor to α
precipitations [39,40].

To rationalize this fact, the solution-treated sample and the cross-rolled samples with different
rolling reductions were then aged at 600 ◦C for 1 h (named: sample 0% CR + aging, 20% CR + aging,
50% CR + aging and 80% CR + aging, respectively), and the morphologies of these samples are
presented in Figure 6. Figure 6a shows a typical triangular distribution within the β matrix of sample
0% CR + aging, which is attributed to selected α phase variants precipitating from the parent β phase
with BORs. From Figure 6a–c, it can be seen that the grain size of α phase decreased with the increasing
of rolling reduction. Besides, the grain sizes of the β grain in sample 80% CR + aging are significantly
smaller than sample 50% CR + aging.
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Figure 6. SEM images of the solution-treated sample and cross-rolled samples aged at 600 ◦C for 1 h.
(a) 0% + aging, (b) 20% + aging, (c) 50% + aging, (d) 80% + aging.

The characteristics of α grains in samples 50% CR + aging and 80% CR + aging were further
characterized by TEM analysis. Figure 7 shows the high-magnification TEM images of samples
50% CR + aging and 80% CR + aging. As depicted in Figure 6, the grain sizes of these two samples
(50% CR + aging and 80% CR + aging) are obviously smaller than those of samples solution-treated
and 20% + aging. The formation of uniform and refined α precipitates mainly relies on pre-existing
precursors, such as martensite phases and dislocation structures, which can provide a strong driving
force of the nucleation and growth of the α phase [39]. Besides, the BF images of these two samples
with refined microstructures exhibits some fine distribution of the variant of α laths which are oriented
90◦, as shown in Figure 7a,b, while a triangularly distributed one is more obvious in the non-deformed
sample (Figure 6a). In general, twelve α variants with BORs can be equiprobably generated in a parent
β grain, and they can be combined with each other to form six orientations. The preferred orientation
might be ascribed to the special dislocation array, as depicted in Figure 5. Previous work [24,40,41]
demonstrated that the dislocation structure plays an in the variant selection of α phase during the
β→α phase transformation. For example, the habit plane orientation of α phase tend to parallel and/or
perpendicular to the dislocation lines to yield a large form.
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3.4. Mechanical Properties

The tensile results are shown in Figure 8a, with Figure 8b showing the variations of average
ultimate tensile strength and elongation with rolling reduction. It is obvious that the ultimate tensile
strength and elongation increased with increasing rolling reduction. Sample 80% CR+ aging exhibits
the highest ultimate tensile strength of 1480 MPa among all the samples, which is approximately
16% higher than that of the sample with the normal lamellar microstructure (sample 0% CR + aging).
It was reported that, as the strength higher than 1200 MPa, the elongation is usually lower than
10% (even lower than 5%) in the lamellar near β-Ti alloy without α + β filed deformation [3,42–44].
However, the highest elongation of 10.1% was achieved in the sample with the highest ultimate tensile
strength as well. It is thus surprising to observe the simultaneous enhancement in strength and ductility
in the pre-cross-rolled samples.
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There are two main factors contributing to this phenomenon. On the one hand, nanoscale α
precipitates and microscale β grains were wildly distributed in the pre-deformed samples, which
results in the increase of tensile strength. On the other hand, the grain size of β-grain decreased
with increasing rolling reduction. The formation of refined β phases can effectively prohibit crack
propagation and hence improve the ductility of alloys [45].

3.5. Fracture Morphologies

Fracture morphologies were characterized in Figure 9. Figure 9a,b show the tensile fracture
surfaces of samples 0% + aging and 80% + aging, respectively. The fracture morphology of sample
0% + aging shows a dominant brittle fracture, mainly composed by continuous cleavages and tearing
ridges (Figure 9a). A lot of tearing ridges can be observed at the high magnification image of the area
marked in Figure 9a (Figure 9c). The tearing ridges might be attributed to the crack initiation and
propagation along the α laths, because the extension directions of these ridges (marked by red lines)
accord well with the prior triangular-distributed α phase precipitating from the parent β phase with
BORs (Figure 6a). In contrast, deep (Figure 9d) and shallow (Figure 9e) dimples were abundant in the
fracture surface of sample 80% + aging, which shows a characteristic of ductile fracture.

To clarify failure mechanisms during dynamic loading, the profile-view SEM images close to the
fracture surface of these two samples were further analyzed, as shown in Figure 10. Two long and
narrow adiabatic shear bands (ABS) are noted in sample 0% CR+ aging (Figure 10a), which are distinct
from the matrix. Moreover, a long crack propagated along one of the bands. It means adiabatic shear
failure occurs in sample 0% CR+ aging during dynamic loading. ABS, as an unstable deformation mode,
unually developes in Ti and Ti-alloys during high strain-rate or/and high temperature deformation
due to their low heat conductivity and high adiabatic shearing sensitivity. Whereas, the similar
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morphology was not observed in the surface of sample 80% CR+ aging (Figure 10b). Meanwhile,
a micro-crack is clearly observed in a high-magnification image (Figure 10c), and it is also clear that
the crack path was blocked at the β grain boundary, which is accordance with the higher ductility of
sample 80% CR+ aging.
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3.6. Heat-Treatment
{
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}
Twinning

Twinning has been well investigated and applied recently in numerous metals due to their
strengthening effect via subdividing grains (Hall–Petch relation). The strengthening effect comes from
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the fact that the twin boundaries block the lattice dislocation motion [46]. In HCP and low symmetry
metals and alloys, such as Ti, Mg and their alloys, twins are usually activated during deformation,
owing to their insufficient number of slip systems. In our previous work [33,34,47], the

{
1011

}
-type

twinning has been systematically characterized in hot-deformed near β-Ti alloys. However, to the
authors’ knowledge,

{
1011

}
twins has never been observed during heat treatment.

With a much higher resolution, HRTEM and aberration-corrected high-resolution HAADF were
applied to examine the microstructure in more detail of sample 80% + aging. As shown in Figure 11a,b,
parallel α laths are observed in the β matrix, and band structures show in the α lath. HRTEM imaging
was employed to view the atomistic structure of one α lath. Figure 11c presents an HRTEM image of
the α lath under the zone axis of

[
111

]
β
. A long and regular-shaped band shows in the center of the

α lath. The ORs between α and β matrix (framed area d), and the long band and α matrix (framed
area e) were further verified by the FFT pattern, as seen in Figure 11d and e, respectively. According to
the FFT pattern shown in Figure 11d,e, the OR between α and βmatrix obey BOR:

(
111

)
β
//

(
1120

)
α
,

and the long band is
{
1011

}
-type twin. Generally, no matter the lamellar morphology (in Figure 11a)

or BOR, both of them reveal that the α phase formed by the cooling from the β field without plastic
deformation [48]. Therefore, it is surprising that the activation of the

{
1011

}
twin within the lamellar

α phase.
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(c) HRTEM image showing the formation of α-twin bands in the α lath. The corresponding FFT patterns
revealing: (d) the BOR between the α and β phases, and (e) a

{
1011

}
- type nano-twin observed in the

α lath.

It is generally understood that the
{
1011

}
twinning is required to accommodate plastic deformation

along the c-axis for near β-Ti alloys [33,46]. As shown in Figure 11c, the matrix (α or β) around the α/β

twin boundary is distorded compared with the other regions, which implies a high stress concentration
at the α/β twin boundary. The stress concentration in βmatrix results from the cross-rolling process,
and hence, the activation of twins in the lamellar α phase was proposed could accommodate local stress
during α growth. Moreover, it was reported that the mechanical twinning is usually accompanlied with
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SIM transforamtion [49,50]. In present research, the SIM transformation (martensite phases→α phase)
plays a critical role in the formation of α laths during aging.

- type nano-twin observed in the α lath.

4. Conclusions

In summary, the Ti-55511 alloy was subjected to a new thermo-mechanical, that is, the alloys
were firstly cross-rolled in β field, and then aged at 600 ◦C for 1 h. The evolution of microstructures,
mechanical properties and strengthening mechanisms were systematically investigated. The detailed
features are summarized as follows:

(1) The cross-rolling method has a great influence on the grain refinement of the β phase. Meanwhile,
nano-sized martensite phases of α” +ω and dense dislocation structures, e.g., dislocation lines,
loops and tangles, were introduced into the cross-rolled βmatrix.

(2) The pre-existing nano-sized martensite phases and dense dislocation structures can promote
the precipitation of UFG α phases during subsequent aging. Moreover, the grain size of the α
phase was dependent on the rolling reduction. The β grain size decreased with the increasing
rolling reduction.

(3) By this process, a higher level of strength (1480 MPa) can be achieved, and still preserving an
acceptable ductility (10%) in this alloy. The high strength mainly results from the refinement of
prior β grains and nano-sized α precipitate and the enhanced ductility is strongly dependent
upon the β grain size.

(4) Furthermore,
{
1011

}
twins formed inside the α lath during the heat treatment. The activation

of twins in α phases could accommodate local stress during α growth. Considering that the
strengthening mechanism of α-twinning, this work can be pursued in future investigations by
multiscale studies.

Author Contributions: Conceptualization, W.C., and Y.L.; methodology, W.C., Y.L. and C.L.; software, W.C.;
validation, W.C., X.Z., and C.C.; formal analysis, W.C., C.C. and Y.L.; investigation, W.C. and C.C.; resources, C.L.
and K.F.; data curation, W.C., C.L., and X.Z.; writing—original draft preparation, W.C. and Y.L.; writing—review
and editing, X.Z., and K.Z.; visualization, Y.L. and K.F.; supervision, K.Z., K.F. and X.Z.; project administration,
C.L. and K.Z.; funding acquisition, C.L. and K.F. All authors have read and agreed to the published version of
the manuscript.

Funding: The authors would like to acknowledge financial supports from the National Natural Science Foundation
of China (No. 51871242), and the National Key R&D Program of China (2018YFB0704100). The authors also thank
the Advanced Research Center of Central South University for performing the HRTEM examination.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Boyer, R.R. An overview on the use of titanium in the aerospace industry. Mater. Sci. Eng. A 2013, 213,
103–114. [CrossRef]

2. Banerjee, D.; Williams, J.C. Perspectives on titanium science and technology. Acta Mater. 2013, 61, 844–879.
[CrossRef]

3. Lütjering, G.; Williams, J.C. Engineering Materials and Processes-Titanium, 2nd ed.; Springer: Berlin,
Germany, 2007.

4. Chen, W.; Zhang, X.Y.; Lin, Y.C.; Zhou, K.C. Study on grain refinement mechanisms and mechanical properties
of bi-modal Ti-55511 titanium alloy during hot rolling. Materials 2020, 13, 3351. [CrossRef] [PubMed]

5. Boyer, R.R.; Briggs, R.D. The use of β titanium alloys in the aerospace industry. J. Mater. Eng. Perform. 2013,
22, 2916–2920. [CrossRef]

6. Collings, E.W. Physical Metallurgy of Titanium Alloys; American Society of Metals (ASM): Metal Park, OH,
USA, 1984.

7. Ahmed, M.; Wexler, D.; Casillas, G.; Savvakin, D.G. Strain rate dependence of deformation-induced
transformation and twinning in a metastable titanium alloy. Acta Mater. 2016, 104, 190–200. [CrossRef]

http://dx.doi.org/10.1016/0921-5093(96)10233-1
http://dx.doi.org/10.1016/j.actamat.2012.10.043
http://dx.doi.org/10.3390/ma13153351
http://www.ncbi.nlm.nih.gov/pubmed/32731500
http://dx.doi.org/10.1361/105994905X75448
http://dx.doi.org/10.1016/j.actamat.2015.11.026


Materials 2020, 13, 4255 12 of 13

8. Kawabata, T.; Kawasaki, S.; Izumi, O. Mechanical properties of TiNbTa single crystals at cryogenic
temperatures. Acta Mater. 1998, 46, 2705–2715. [CrossRef]

9. Hanada, S.; Izumi, O. Correlation of tensile properties, deformation modes, and phase stability in commercial
β-phase titanium alloys. Metall. Trans. A 1987, 18, 265–271. [CrossRef]

10. Carter, G.; Flower, H.M.; Pennock, G.M.; West, D.R.F. The deformation characteristics of metastable β-phase
in a Ti-15 wt % Mo alloy. J. Mater. Sci. 1977, 12, 2149–2153. [CrossRef]

11. Chen, W.; Yang, S.; Lin, Y.C.; Shi, S.X.; Chen, C.; Zhang, X.Y.; Zhou, K.C. Cyclic deformation responses in
α-phase of a lamellar near β-Ti alloy. Mater. Sci. Eng. A 2020, 796, 139994. [CrossRef]

12. Zhang, J.Y.; Chen, G.F.; Fu, Y.Y.; Fan, Y.; Chen, Z.; Xu, J.; Chang, H.; Zhang, Z.H.; Zhou, J.; Sun, Z.; et al.
Strengthening strain-transformable β Ti-alloy via multi-phase nanostructuration. J. Alloys Compd. 2019, 792,
1261–1266. [CrossRef]

13. Reck, A.; Pilz, S.; Kuczyk, M.; Gebert, A.; Zimmermann, M. Cyclic deformation characteristics of the
metastable β-type Ti–40Nb alloy. Mater. Sci. Eng. A 2019, 761, 137966. [CrossRef]

14. Zheng, Y.F.; Williams, R.E.; Wang, D.; Shi, R.; Nag, S.; Kami, P.; Sosa, J.M.; Banerjee, R.; Wang, Y.; Fraser, H.L.
Role ofω phase in the formation of extremely refined intragranular α precipitates in metastable β-titanium
alloys. Acta Mater. 2016, 103, 850–858. [CrossRef]

15. Lai, M.J.; Tasan, C.C.; Zhang, J.; Grabowski, B.; Huang, L.F.; Raabe, D. Origin of shear induced β to ω
transition in Ti–Nb–based alloys. Acta Mater. 2015, 92, 55–63. [CrossRef]

16. Chen, W.; Yang, S.; Lin, Y.C.; Chen, C.; Zhang, X.; Zhou, K.C. Multi-scale characterization of deformation
features and precipitation behavior in a near β-Ti alloy. Mater. Charact. 2020, 169, 110637. [CrossRef]

17. Wang, Q.W.; Lin, Y.C.; Jiang, Y.Q.; Liu, X.G.; Zhang, X.Y.; Chen, D.D.; Chen, C.; Zhou, K.C. Precipitation
behavior of aβ-quenched Ti-5Al-5Mo-5V-1Cr-1Fe alloy during high-temperature compression. Mater. Charact.
2019, 151, 359–367. [CrossRef]

18. Qiu, D.; Zhang, M.X.; Kelly, P.; Furuhara, T. Discovery of plate-shaped athermal ω phase forming pairs with
α’ martensite in a Ti–5.26 wt.% Cr Alloy. Scr. Mater. 2008, 59, 760–763.

19. Lin, Y.C.; Huang, J.; He, D.G.; Zhang, X.Y.; Wu, Q.; Wang, L.H.; Chao, C.; Zhou, K.C. Phase transformation
and dynamic recrystallization behaviors in a Ti55511 titanium alloy during hot compression. J. Alloys Compd.
2019, 795, 471–482. [CrossRef]

20. Nag, S.; Banerjee, R.; Srinivasan, R.; Hwang, J.Y.; Harper, M.; Fraser, H.L.ω-Assisted nucleation and growth of
a precipitates in the Ti–5Al–5Mo–5V–3Cr–0.5Fe b titanium alloy. Acta Mater. 2009, 57, 2136–2147. [CrossRef]

21. Barrett, C.S.; Massalski, T.B. Structure of Metals, 3rd ed.; McGraw-Hill: New York, NY, USA, 1966.
22. Burgers, W.G. On the process of transition of the cubi-body-centered modification into the

hexagonal-close-packed modification of zirconium. Physica 1934, 1, 561–586. [CrossRef]
23. Fu, M.S.; Yuan, Y.R.; Ma, X.; Lin, X. A study of α variant selection in laser solid forming Ti–6Al–4V.

J. Alloys Compd. 2019, 792, 1261–1266. [CrossRef]
24. Dong, R.F.; Li, J.S.; Kou, H.C.; Tang, B.; Hua, K.; Liu, S.B. Characteristics of a hot-rolled near β titanium alloy

Ti–7333. Mater. Charact. 2017, 129, 135–142. [CrossRef]
25. Chao, Q.; Hodgson, P.D.; Beladi, H. Thermal stability of an ultrafine grained Ti–6Al–4V alloy during post

deformation annealing. Mater. Sci. Eng. A 2017, 694, 13–23. [CrossRef]
26. Beladi, H.; Chao, Q.; Rohrer, G.S. Variant selection and intervariant crystallographic planes distribution in

martensite in a Ti–6Al–4V alloy. Acta Mater. 2014, 80, 478–489. [CrossRef]
27. Shi, D.H.; Kim, I.; Kim, J.; Zhu, Y.T. Shear strain accommodation during severe plastic deformation of

titanium using equal channel angular pressing. Mater. Sci. Eng. A 2002, 334, 239–245. [CrossRef]
28. Fang, T.H.; Li, W.L.; Tao, N.R.; Lu, K. Revealing extraordinary intrinsic tensile plasticity in gradient

nano-grained copper. Science 2013, 331, 1587–1590. [CrossRef]
29. Zhao, X.C.; Yang, X.R.; Liu, X.Y.; Wang, X.Y.; Langdon, T.G. The processing of pure titanium through multiple

passes of ECAP at room temperature. Mater. Sci. Eng. A 2010, 527, 6335–6339. [CrossRef]
30. Chen, S.F.; Song, H.W.; Zhang, S.H.; Cheng, M.; Lee, M.G. Equal channel angular bending as a new severe

plastic deformation process: Application to thin Mg–3Al–1Zn sheet. Mater. Lett. 2015, 151, 57–60. [CrossRef]
31. Sun, W.T.; Qiao, X.G.; Zheng, M.Y.; He, Y.; Hu, N.; Xu, C.; Gao, N.; Starink, M.J. Exceptional grain refinement

in a Mg alloy during high pressure torsion due to rare earth containing nanosized precipitates. Mater. Sci.
Eng. A 2018, 728, 115–123. [CrossRef]

http://dx.doi.org/10.1016/S1359-6454(97)00475-8
http://dx.doi.org/10.1007/BF02825707
http://dx.doi.org/10.1007/BF00552235
http://dx.doi.org/10.1016/j.msea.2020.139994
http://dx.doi.org/10.1016/j.jallcom.2019.05.352
http://dx.doi.org/10.1016/j.msea.2019.05.096
http://dx.doi.org/10.1016/j.actamat.2015.11.020
http://dx.doi.org/10.1016/j.actamat.2015.03.040
http://dx.doi.org/10.1016/j.matchar.2020.110637
http://dx.doi.org/10.1016/j.matchar.2019.03.034
http://dx.doi.org/10.1016/j.jallcom.2019.04.319
http://dx.doi.org/10.1016/j.actamat.2009.01.007
http://dx.doi.org/10.1016/S0031-8914(34)80244-3
http://dx.doi.org/10.1016/j.jallcom.2019.04.052
http://dx.doi.org/10.1016/j.matchar.2017.04.031
http://dx.doi.org/10.1016/j.msea.2017.03.082
http://dx.doi.org/10.1016/j.actamat.2014.06.064
http://dx.doi.org/10.1016/S0921-5093(01)01844-5
http://dx.doi.org/10.1126/science.1200177
http://dx.doi.org/10.1016/j.msea.2010.06.049
http://dx.doi.org/10.1016/j.matlet.2019.126514
http://dx.doi.org/10.1016/j.msea.2018.05.021


Materials 2020, 13, 4255 13 of 13

32. Dyakonov, G.S.; Mironov, S.; Semenova, I.P.; Valiev, R.Z.; Semiatin, S.L. EBSD analysis of grain-refinement
mechanisms operating during equal-channel angular pressing of commercial-purity titanium. Acta Mater.
2019, 173, 174–183. [CrossRef]

33. Chen, W.; Lv, Y.P.; Wang, H.D.; Zhang, X.; Chen, C.; Lin, Y.C.; Zhou, K.C. On the
{
1101

}
twin-accommodated

mechanisms in equiaxed near β-Ti alloys operating by unidirectional and cross rolling. Mater. Sci. Eng. A
2019, 769, 138516. [CrossRef]

34. Chen, W.; Wang, H.D.; Lin, Y.C.; Zhang, X.Y.; Chen, C.; Lv, Y.P.; Zhou, K.C. The dynamic responses of lamellar
and equiaxed near β-Ti alloys subjected to multi-pass cross rolling. J. Mater. Sci. Technol. 2020, 43, 220–229.
[CrossRef]

35. Cheng, G.M.; Yuan, H.; Jian, W.W.; Xu, W.Z.; Millett, P.C.; Zhu, Y.T. Deformation-induced ω phase in
nanocrystalline Mo. Scr. Mater. 2013, 68, 130–133. [CrossRef]

36. Hsiung, L.M.; Lassila, D.H. Shock-induced deformation twinning and omega transformation in tantalum
and tantalum-tungsten alloys. Acta Mater. 2000, 48, 4851–4865. [CrossRef]

37. He, J.J.; Mao, Y.; Lu, S.L.; Xiong, K.; Zhang, S.M.; Jiang, B.; Pan, F.S. Texture optimization on Mg sheets
by preparing soft orientations of extension twinning for rolling. Mater. Sci. Eng. A 2019, 760, 174–185.
[CrossRef]

38. Ding, H.T.; Shen, N.G.; Shin, Y.C. Predictive modeling of grain refinement during multi-pass cold rolling.
J. Mater. Process. Technol. 2012, 212, 1003–1013. [CrossRef]

39. Xiao, W.L.; Dargusch, M.S.; Kent, D.; Zhao, X.Q.; Ma, C.L. Activation of homogeneous precursors for
formation of uniform and refined α precipitates in a high-strength β-Ti alloy. Materialia 2020, 9, 100557.
[CrossRef]

40. Wang, K.; Li, M.Q. Morphology and crystallographic orientation of the secondary α phase in a compressed
α/β titanium alloy. Scr. Mater. 2013, 68, 964–967. [CrossRef]

41. Qiu, D.; Shi, R.; Zhang, D.; Lu, W.; Wang, Y. Variant selection by dislocations during alpha precipitation in
alpha/beta titanium alloys. Acta Mater. 2015, 88, 218–231. [CrossRef]

42. Wu, C.; Zhan, M. Microstructural evolution, mechanical properties and fracture toughness of near β titanium
alloy during different solution plus aging heat treatments. J. Alloys Compd. 2019, 805, 1144–1160. [CrossRef]

43. Sankaran, K.K.; Mishra, R.S. Metallurgy and Design of Alloys with Hierarchical Microstructures; Elsevier Inc.:
Amsterdam, The Netherlands, 2017.

44. Qin, D.Y.; Li, Y.L.; Zhang, S.Y.; Zhou, L. On the tensile embrittlement of lamellar Ti–5Al–5Mo–5V–3Cr alloy.
J. Alloys Compd. 2016, 663, 581–593. [CrossRef]

45. Li, J.; Zhang, X.Y.; Qin, J.Q.; Ma, M.Z.; Liu, R.P. Strength and grain refinement of Ti–30Zr–5Al–3V alloy by Fe
addition. Mater. Sci. Eng. A 2017, 691, 25–30.

46. Lu, L.; Chen, X.; Huang, X.; Lu, K. Revealing the Maximum Strength in Nanotwinned Copper. Science 2009,
323, 607–610. [PubMed]

47. Chen, W.; Li, C.; Zhang, X.Y.; Chen, C.; Lin, Y.C.; Zhou, K.C. Deformation-induced variations in microstructure
evolution and mechanical properties of bi-modal Ti-55511 titanium alloy. J. Alloys Compd. 2019, 783, 709–717.

48. Jha, J.S.; Toppo, S.P.; Singh, R.; Tewari, A.; Mishra, S.K. Flow stress constitutive relationship between lamellar
and equiaxed microstructure during hot deformation of Ti-6Al-4V. J. Mater. Process. Technol. 2019, 270,
216–227.

49. Cao, S.; Chu, R.K.; Zhou, X.G.; Yang, K.; Jia, Q.B.; Lim, C.V.S.; Huang, A.J.; Wu, X.H. Role of martensite
decomposition in tensile properties of selective laser melted Ti–6Al–4V. J. Alloy. Compd. 2018, 744, 357–363.

50. Matsumoto, H.; Yoneda, H.; Sato, K.; Kurosu, S.; Maire, E.; Fabregue, D.; Konno, T.J.; Chiba, A.
Room-temperature ductility of Ti–6Al–4V alloy with α’ martensite microstructure. Mater. Sci. Eng. A
2007, 448, 39–48.

© 2020 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 (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1016/j.actamat.2019.05.014
http://dx.doi.org/10.1016/j.msea.2019.138516
http://dx.doi.org/10.1016/j.jmst.2019.10.017
http://dx.doi.org/10.1016/j.scriptamat.2012.09.033
http://dx.doi.org/10.1016/S1359-6454(00)00287-1
http://dx.doi.org/10.1016/j.msea.2019.06.007
http://dx.doi.org/10.1016/j.jmatprotec.2011.12.005
http://dx.doi.org/10.1016/j.mtla.2019.100557
http://dx.doi.org/10.1016/j.scriptamat.2013.02.048
http://dx.doi.org/10.1016/j.actamat.2014.12.044
http://dx.doi.org/10.1016/j.jallcom.2019.07.134
http://dx.doi.org/10.1016/j.jallcom.2015.12.158
http://www.ncbi.nlm.nih.gov/pubmed/19179523
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Materials and Methods 
	Results 
	Refinement of  Grains during Cross Rolling 
	Martensite Phases and Dislocation Substructures in the Cross-Rolled  Matrix 
	Microstructure after Aging 
	Mechanical Properties 
	Fracture Morphologies 
	Heat-Treatment { 1011 }  Twinning 

	Conclusions 
	References

