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A B S T R A C T

The superelastic Ti-20Zr-12Nb-2Sn (at. %) alloy is investigated before and after deformation by cyclic/con
ventional tensile tests, optical microscopy, in situ synchrotron X-ray diffraction (SXRD), electron back-scattered 
diffraction (EBSD) and transmission electron microscopy (TEM) after 700 ◦C and 900 ◦C solution treatments for 
30 min. Both of the specimens show the same {111}<101>β recrystallization texture, but a different average 
grain size of respectively 8 μm and 105 μm. Occurrence of the reversible stress-induced martensitic (SIM) α" 
transformation is validated through in situ SXRD. After plastic deformation, this alloy displays a grain size 
dependent martensitic twinning behavior. In the fine grain material, only residual SIM α" phase is observed with 
no twinning up to rupture, which was never reported in plastically deformed Ti-based superelastic alloys. In the 
coarse grain material, twins are observed in residual SIM α" phase. For the 5 % strained specimen, primary/ 
secondary martensitic α" band undergoes a novel three-step twinning process (primary {130}<310>α" twinning 
+ <211>α" type II twinning + secondary {130}<310>α" twinning). We also showed that the final product of this 
three-step process can be misinterpreted as {021}<512>α" type II twinning. This primary/secondary α" twin 
band is then further partially twinned again by a third {130}<310>α" twinning or {110}<110>α" twinning at 8 
% of strain, highlighting an unprecedented fourth step twinning process. {130}<310>α" twins are systematically 
reorientated by <211>α" type II twinning in order to maximize the transformation strain value with respect to 
their β phase counterpart. This work comprehensively sheds light on the mechanism of superelasticity optimi
zation via grain size refinement strategy.

1. Introduction

The superelastic NiTi alloys are widely employed for biomedical 
devices due to their functional properties, such as orthodontic arches, 
guide wires, stents. However, the cytotoxicity and hypersensitivity of Ni 
is still an issue for the biocompatibility [1]. Hence, the superelastic β 
Ti-based alloys with non-toxic elements have been designed and inves
tigated in recent years. Among the developed biomedical titanium al
loys, the most extensively studied ones are Ti-Nb based alloys, i.e., 
Ti-Nb-O [2–6], Ti-Nb-N [3,5], Ti-Nb-Zr [7–10], Ti-Nb-Ta [9], 
Ti-Nb-Zr-Sn [11,12]. Nonetheless, most of them have less than satis
factory superelastic performance, which is attributed to reversible 
transformation between the body-centered cubic β phase and the 
C-centered orthorhombic α" martensitic phase [5,13–14]. More recently, 
it is reported that improving Zr content would optimize the martensitic 
transformation strain [15–20]. A large number of novel Ti-Zr based 

superelastic alloys are then reported, involving Ti-Zr-Mo-Sn [18], 
Ti-Zr-Nb-Sn [15,16,19–20], Ti-Zr-Hf-Nb-Sn [21], which exhibit large 
recovery strains.

In order to improve superelasticity of Ti-based alloys, researchers all 
over the world have been conducting intense investigations. It is already 
widely known that the formation of {hkl}<101>β texture, obtained by 
combination of severe plastic deformation and recrystallization, is 
favorable for improving superelasticity [15,16,18,22]. For example, it 
has been evidenced that the transformation strain along <101>β crys
tallographic orientation is the maximum in the Ti-20Zr-3Mo-3Sn alloy 
by in situ synchrotron X-ray diffraction experiment [18]. Meanwhile, 
grain refinement is also an alternative route to enhance mechanical 
properties, such as shape memory effect [23,24], 
transformation-induced plasticity [25], high strength [26–28], work 
hardening capability [29], and superelasticity [19,30–33]. More 
recently, it has been found that the superelasticity of the 
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Ti-20Zr-12Nb-2Sn alloy decreases with raising grain size even with the 
same {111}<101>β optimal texture [19], but the underlying mecha
nism has still not been clearly interpreted.

The residual stress-induced martensitic (SIM) α" phase after defor
mation and/or twinning is at the origin of the compromising recovery 
strain during plastic deformation. For the conventional Ti-Nb based al
loys, most of the reported deformation products are {332}<113>β [3,
34–37] or {112}<111>β [38–42] twinning. In fact, these two β twinning 
systems are associated with reversible martensitic transformation. It is 
widely known that the {332}<113>β and the {112}<111>β twinning 
recover respectively from {130}<310>α" and {110}<110>α" twinning 
during the reverse stress-induced martensitic transformation on 
unloading [34,39,43–44]. Specimen thinning process could also pro
mote this transition, and resulting into the detected β twins instead of 
martensitic α" twins by transmission electron microscope (TEM) [34,
35]. Chen et al. even captured the orientation relationship of 
(130)α"‖(332)β at the atomic-resolution level in the deformed Ti-Nb-Pb 
alloy [45]. However, the plastic deformation products and mecha
nisms are rarely reported about the novel superelastic Ti-Zr based alloys, 
especially for the Ti-Zr-Nb-Sn alloys behaving large superelasticity [15,
19]. It is therefore necessary to improve our knowledge of plastic 
deformation for superelastic Ti-Zr-Nb-Sn alloys, and then give a guid
ance for designing and fabricating high performance Ti-based supere
lastic alloys.

In the present work, two fully recrystallized Ti-20Zr-12Nb-2Sn 
specimens behaving the same {111}<101>β texture but with different 
average grain size (AGS) of 8 μm and 105 μm were obtained. Their 
plastic deformation microstructures are comparatively investigated 
using cyclic/conventional tensile tests, optical microscopy (OM), in situ 
synchrotron X-ray diffraction (SXRD), electron back-scattered diffrac
tion (EBSD) and transmission electron microscopy (TEM), and a new 
grain size dependent martensitic twinning behavior will be evidenced.

2. Materials and methods

The Ti-20Zr-12Nb-2Sn (at. %, Ti20122) ingot was obtained by arc 
melting under high-purity Ar atmosphere using 99.995 % pure Ti, 99.95 
% pure Zr, 99.95 % pure Nb and 99.99 % pure Sn. This ingot was firstly 
homogenized at 950 ◦C for 24 h in Ar quartz tube, and then quenched in 
water. Secondly, cold rolling was conducted until 90 % reduction of the 
initial thickness. Thirdly, the cold-rolled sheet was machined to dog- 
bone tensile specimens (3 mm width, 0.5 mm thickness and a gauge 
length of 15 mm) along rolling direction. Fourthly, tensile specimens 
were separately solution treated at 700 ◦C and 900 ◦C for 30 min (short 
for ST-700–30 and ST-900–30), followed by water quenching. Finally, 
the oxidation layer was removed with an acid solution made of 50 % HF 
and 50 % HNO3 (vol. %).

Cyclic and conventional tensile tests with a strain rate of 2 × 10–4 s-1 

using extensometer were employed to quantify the mechanical proper
ties. The tensile direction was paralleled to the rolling direction. For the 
cyclic tests, the increment was 0.5 % during loading and followed by 
releasing totally the stress, until 5.0 % of strain. After that, the increment 
was set at 1.0 % or 2.0 %, and then the stress was removed. The inter
rupted specimens of ST-700–30 (5 % and 7 % of strain) and ST-900–30 
(5 % and 8 % of strain) were obtained from conventional tensile tests for 
the electron back-scattered diffraction (EBSD) analysis.

The microstructure of the specimens before and after deformation 
were firstly observed with an Olympus optical microscope. The bulk 
samples were mechanically mirror-polished by decreasing grades of SiC 
papers from 800# to 4000#, and then polished by a mixture of colloidal 
silica suspension and H2O2 (7:3). Furthermore, EBSD specimens were 
prepared by electro-polishing method in a solution (10 % perchloric acid 
and 90 % methanol, vol. %) at − 40 ◦C and 20 V after mechanical pol
ishing. The microstructure and crystallographic orientation relation
ships in the gauge region were measured via field-emission gun scanning 
electron microscopy equipped with EBSD detector (Oxford Instruments 

Aztec HKL) under an acceleration voltage of 20 kV. The AztecCrystal 
software was operated for post-processing of the EBSD data.

Transmission electron microscopy (TEM) observation was also con
ducted with a JEM-2100Plus microscope. TEM thin foils were punched 
as disks (diameter of 3 mm) and mechanically polished to a thickness of 
~50 µm. Twin-jet electropolishing method was applied with a mixture 
of 6 % perchloric acid and 94 % methanol (vol. %) at − 20 ◦C and 
stopped before perforation. Specimen final thinning was further per
formed on an ion milling machine (PIPS II 695, Gatan) until perforation 
under 6 keV Ar ions, and finished under 1 keV.

In order to unveil the real-time phase transition during tensile tests, 
the ID22 beamline located at the European Synchrotron Radiation Fa
cility (ESRF, Grenoble, France) was employed for in situ synchrotron X- 
ray diffraction (SXRD) characterization with a wavelength of 
0.035453630 nm. The cyclic tensile strain rate was 2 × 10–4 s-1 and in 
situ SXRD profiles were acquired at each 0.5 % loading/unloading cycle 
before 5.0 % of strain, and then the increment was set at 1.0 % or 2.0 % 
until rupture. The transmitted diffracted beams were collected through a 
nine-channel detector from 2θ=6◦ to 2θ=20◦ for each cycle.

3. Results

Fig. 1a shows the cyclic tensile curves during loading/unloading 
until 7 % of strain, and conventional curve until rupture of the ST- 
700–30 specimen. The pseudo-elastic hysteresis loops denote reversible 
SIM α" phase transformation as previously reported [18–19,46]. The 
measured recovery strain, the elongation at rupture, ultimate tensile 
strength and incipient Young’s modulus are 3.1 %, 7.1 %, 770 MPa and 
45 GPa, respectively. Fig. 1b and 1c display partial in situ SXRD profiles 
during loading and unloading from the interrupted tensile tests at 5 % 
and 7 %, respectively. As previously reported [19], the ST-700–30 is 
composed of single β phase before deformation. After being strained to 5 
% and 7 %, only SIM α" phase is observed on loading, highlighting the 
complete phase transition from the initial β phase to the α" phase during 
tension. After unloading, the (020)α", (002)α", and (110)β peaks are 
detected, indicating reversible transition from SIM α" phase to β phase 
except for some residual martensitic α" phase. Besides, the lattice pa
rameters of the two phases are determined as aβ=0.3360 nm, 
aα"=0.3187 nm, bα"=0.5043 nm, cα"=0.4787 nm.

For the ST-900–30 case in Fig. 2a, hysteresis loops are also evidenced 
during loading and unloading processes from cyclic curves, but with a 
lower recovery strain (2.5 %). The measured elongation at rupture, ul
timate tensile strength and incipient Young’s modulus are 9.5 %, 675 
MPa and 56 GPa, respectively. For the in situ SXRD results, the initial β 
phase still transforms into full SIM α" phase on loading at strain of 5 % 
and 8 %, but more intense martensitic α" peaks are observed after 
unloading. Meanwhile, except for the reversed parent β phase, it is worth 
noting that the relative intensity of (110)α", (020)α", (111)α", and (021)α" 
peaks is increased at 8 %, demonstrating more residual martensitic α" 
phase in the deformed specimen comparing with 5 % strained sample or 
with the ST-700–30 alloy. In addition, the lattice parameters of the two 
phases are measured accurately as aβ=0.3358 nm, aα"=0.3145 nm, 
bα"=0.5082 nm, cα"=0.4772 nm.

Fig. 3 displays typical optical micrographs of the microstructures 
observed before and after deformation for ST-700–30 and ST-900–30 
specimens. For the undeformed ones in Fig. 3a and 3d, both of the alloys 
present an equiaxed grain microstructure but with distinct grain sizes: 
several micrometers for ST-700–30, and several tens of micrometers to 
more than a hundred micrometers for ST-900–30. After deformation, 
deformation bands with a width of 0.1~0.5 μm are found inside grains. 
At low strain (5 %) for ST-700–30 (Fig. 3b), only few bands could be 
observed. With the strain increased to 7 % (Fig. 3c), numerous defor
mation bands are visible in most of the grains. For the ST-900–30 at 5 % 
and 8 % (Fig. 3e-3f), the band density increases and many bands obvi
ously intersect in several grains. The detailed orientations of grains and 
deformation bands are further studied by EBSD and TEM.
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The recrystallization texture and grain size distribution induced by 
solution treatments are analyzed by EBSD technique. Fig. 4a and 4c are 
respectively inverse pole figure (IPF) maps obtained from ST-700–30 
and ST-900–30, respectively. Both specimens exhibit the typical equi
axed β-grain microstructure with a predominant green color, indicating 
{hkl}<101>β preferential orientation. Fig. 4b and 4d are grain size 
distributions and the averaged grain size is evaluated to be 8 μm and 105 
μm, respectively. In order to identify the recrystallization texture pre
cisely, IPFs are given in Fig. 5, where RD is the rolling direction, TD is 
the transverse direction and ND is the normal direction. Both of the 
alloys reveal the same {111}<101>β texture, except for a slight {001}<
101>β component for the ST-900–30. Therefore, the two solution- 
treated specimens exhibit a similar grain orientation along the rolling/ 
tensile direction, also shown by a similar density of poles around the 
<101>β corner of RD IPFs. Meanwhile, phase composition for the un
deformed samples is also validated by TEM, as shown in Fig. 6. For the 
two heat treatments, only the β phase is detected and no nanoscale ω 
phase formation can be evidenced.

Finally, the major difference that can affect the mechanical proper
ties between the two specimens is grain size. The fine deformation 

microstructure and the corresponding crystallographic orientation re
lationships (ORs) are then further investigated comprehensively for the 
strained specimens by EBSD. A representative grain for each condition is 
displayed in Fig. 7 for the ST-700–30 specimens strained at 5 % and 7 %. 
Large scale EBSD maps are available in Sup.1 and Sup.2 of supplemen
tary materials. All of the grains have the same microstructural features 
than those of grains in Fig. 7. Fig. 7a-c are respectively the typical 
deformed microstructure shown as band contrast (BC) map, phase map 
and Euler angle map for ST-700–30 sample after being strained to 5 %. 
Several needle-like parallel bands are captured, and all of them are 
indexed as C-centered orthorhombic martensitic α" phase. In order to 
show a good consistency in this text and improve readability, this SIM α" 
phase is then named as M1. Fig. 7d-f is the EBSD result of the 7 % 
strained specimen. It can be noticed that both the number density and 
width of SIM α" phase are raised due to the increase of deformation 
compared to 5 %. This SIM α" phase is also labeled as M1 in Fig. 7f. 
Interestingly, a double orientated SIM α" phase with a misorientation 
angle of 15◦ between the two bands’ orientations is also captured in the 
7 % strained sample, as shown in Fig. 7 g-i. These double orientated 
plates are respectively labeled as M1A and M1B (Fig. 6i). It should be 

Fig. 1. Cyclic and conventional engineering tensile curves (a) of the ST-700–30 
Ti20122 alloy, the corresponding in situ SXRD profiles during loading/ 
unloading acquired from the specimens strained to 5 % (b) and 7 % (c).

Fig. 2. Cyclic and conventional engineering tensile curves (a) of the ST-900–30 
Ti20122 alloy, the corresponding in situ SXRD profiles during loading/ 
unloading acquired from the specimens strained to 5 % (b) and 8 % (c).
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noted that the frequency of appearance for this double orientated SIM α" 
phase configuration is quite low (<5 % of grains). The formation 
mechanism of the aforementioned SIM α" phase both at 5 % and 7 % of 
strain will be discussed in Section 4.1.

For the ST-900–30 case, a much more complex deformation scenario 
can be seen. At 5 % of strain, some needle-like α" bands are still visible, 
but most of them merge to form a large martensitic α" plate, as shown in 
Fig. 8. Fig. 8d is the enlarged map from Fig. 8c, showing three oriented 
martensitic plates, namely M1A, M1B and M2. M1A is nearly perpen
dicular to M1B, which is consistent with OM observation in Fig. 3e, and 
both have the same crystallographic orientation. Nevertheless, M2 

crosses M1A with a misorientation of 23◦, and displays a different 
crystallographic orientation. The detailed ORs will be rationalized in 
Section 4.2 from stereographic projections. With the strain increasing to 
8 % near rupture (Fig. 9), apart from the prevalent needle-like and 
merged SIM α" phase as reported in Fig. 8, much more deformation 
bands with a width of ~0.8 μm are triggered (Fig. 9a and 9c). It is 
interesting to notice some refined microstructures inside the largest 
deformation bands in Fig. 9d, which is enlarged from Fig. 9c. The 
distinct crystallographic orientations of SIM α" phase are then respec
tively labeled as M1A/B, M2 and M3. The deformation mechanisms 
leading to these different bands will be further clarified in the next 

Fig. 3. Optical micrographs of the ST-700–30 (a) and ST-900–30 (d) specimens before deformation, the 5 % (b) and 7 % (c) strained ST-700–30 specimens, and the 5 
% (e) and 8 % (f) strained ST-900–30 specimens.

Fig. 4. IPF maps (a,c) along rolling direction and the corresponding grain size distributions (b,d) for ST-700–30 (a-b), ST-900–30 (c-d) specimens.
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section. It is noteworthy that M1A/B in Fig. 9d refers to the double 
orientated SIM α" phase, like M1A and M1B in Fig. 8d at 5 % of strain, 
but with no significant misorientation between the two types of defor
mation. This reason will be further explained from stereographic pro
jections in Section 4.2.

4. Analysis and discussion

4.1. Deformation analysis in fine grains (AGS=8 μm)

The Ti20122 alloy displays excellent superelastic behavior attributed 
to reversible SIM α" transformation. This phase transition process is 

Fig. 5. IPFs of the ST-700–30 (a) and ST-900–30 (b) specimens.

Fig. 6. Bright-field TEM micrographs (a,c), and corresponding electron diffraction patterns (b,d) for the ST-700–30 (a-b) and ST-900–30 (c-d) specimens before 
deformation.
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validated by in situ SXRD and residual martensitic α" phase is captured 
by EBSD during plastic deformation stage (Fig. 7–9). In order to reveal 
the underlying deformation mechanism, stereographic projections of 
parent β phase and residual SIM α" phase are thus established in Fig. 10. 
Solid circles indicate poles of crystallographic planes and open circles 
represent crystallographic directions. For a better readability, only the 
three <100>β/α" directions and some other related poles and traces of 
interest are presented. For the 5 % strained specimen of ST-700–30 in 
Fig. 10a-b, the β matrix and the detected martensitic α" phase exhibit the 
conventional OR ([100]α"‖[001]β, [101]α"‖<111>β), indicating no 
twinning process occurred during deformation at this stage. This result 
can also be rationalized by transformation strain calculations in Table 1. 

The “5 %” column in Table 1 shows the calculated results for each 
correspondence variant (CV) of martensite. The maximum value is ob
tained for CV4, which also corresponds to the CV in Fig. 10b For 
metastable β-Ti alloys, twelve habit plane variants (Table 2) could be 
formed during martensitic transformation [47–48]. In the present situ
ation, both (57–5)β and (− 575)β should be equally triggered for CV4. 
However, the real observed one is only (− 575)β variant, because its trace 
is parallel to the interface of the β/α" in Fig. 7a-c. Then, the α" bands 
observed in Fig. 7a-c are the primary variant of SIM α" phase, which is 
retained after deformation and without the occurrence of twinning.

At 7 % of strain, the crystallographic orientations of parent β phase 
and SIM α" phase are respectively displayed by stereographic projections 

Fig. 7. BCE maps (a,d,g), phase maps (b,e,h), Euler angle maps (c,f,i) of the 5 % (a-c) and 7 % (d-i) strained ST-700–30 specimens.

Fig. 8. BCE map (a), phase map (b), Euler angle map (c) of the 5 % strained ST-900–30 specimen, and the zoomed in map (d) from (c) in yellow rectangle.
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in Fig. 10c-e and Fig. 10d-f. The conventional OR between β matrix and 
SIM α" phase is also detected in both cases. In the first case (Fig. 10c-d), 
corresponding to the micrograph in Fig. 7d-f, the CV5 is triggered 
accordingly to the maximum transformation strain of 6.01 % (“7 %− 1″ 
column in Table 1) and the trace of (557)β is parallel to the M1 interface. 
For the other case, corresponding to the micrograph in Fig. 7 g-i, the 
orientations of M1A (in black) and M1B (in green) from Fig. 7i are drawn 
in the Fig. 10f. Besides, it can be seen that the three <100>α" directions 
almost overlap indicating the same crystallographic orientation, con
firming the Euler angle map in Fig. 7i. No twinning relationship is found 
and only the conventional OR between parent β phase and SIM α" phase 
is observed. Moreover, the calculated transformation strain values are 
shown in the “7 %− 2” column in Table 1. CV6 reveals the highest value 
of 6.03 %, which is the actually formed martensitic variant during phase 
transition. In addition, the traces of both habit plane variants (− 557)β 
and (5–57)β of CV6 are separately parallel to the interface of M1A and 
M1B, indicating here the activation of both habit plane variants for CV6.

From the above, the residual SIM α" phase is the main deformation 
product in the fine grain material. The CV offering the highest trans
formation strain is only activated with alternatively one or both of the 
habit plane variant(s). No β/α" twinning systems are detected, i.e. there 
is a twinning-free plastic deformation behavior in these fine grains, 
which has never been reported in superelastic titanium alloys.

4.2. Deformation analysis in coarse grains (AGS=105 μm)

Fig. 11 exhibits stereographic projections, involving β phase, detec
ted SIM α" phase of M1A/B, M2, and presumed intermediate crystals in 
ST-900–30 specimen after 5 % of deformation. Fig. 11a and 11c are 
respectively stereographic projections for the observed β matrix and SIM 
α" phase of M1A/B, where the black and green color respectively 
represent M1A and M1B crystals, which have the same crystallographic 
orientation. The parent β phase (Fig. 11a) keeps conventional OR with 

SIM α" phase M1A/B (Fig. 11c), and the activated variant is CV4 with the 
maximum transformation strain value of 5.13 % (Table 1 in the “5 %-M” 
column). The traces of both potential habit planes, (− 5–75)β and 
(− 575)β, for CV4 are nearly perpendicular and are in agreement with the 
interfaces of M1A and M1B in Fig. 8. For this part of the deformed 
microstructure, the alloy exhibits the same deformation mechanism as 
discussed above for the fine grain material.

Fig. 11f is the stereographic projection of the observed M2 band, 
which obviously has a different crystallographic orientation than M1A/ 
B and does not have the conventional OR with the β matrix. M2 is then 
not formed directly from β matrix and must be formed via deformation 
twinning. It is worth noting that such deformation twinning bands are 
observed in all of the grains of the coarse grain material. According to 
the trace analysis, the trace of the (− 1–30)α" plane in M1A/B shows a 
good agreement with the M2 band interface in Fig. 8d, the classical 
{130}<310>α" twinning system thus could be the potential activated 
one during deformation. The corresponding (− 1–30)[− 310]α" twin is 
then shown in Fig. 11d, as well as the equivalent (− 3–23)[1–3–1]β twin 
in the β phase in Fig. 11b In addition, the real activated twinning variant 
can be efficiently confirmed by Schmid factor (SF) analysis [35,43,46,
49]. The SF values are determined by the following equation: 
SF=cosλ⋅cosφ, where λ is the angle between the tensile direction and the 
normal direction of the twinning plane K1, and φ is the angle between 
the tensile direction and the twinning direction η1. The activated twin
ning systems of (− 3–23)[− 131]β and (− 1–30)[3–10]α" are therefore 
approved by the Schmid law because of their maximum value of 0.37 
among all variants, as shown in the “SF-5 %” column of Table 3 and in 
the “SF-1″ column of Table 4. However, the obtained crystallographic 
orientation of the (− 1–30)[− 310]α" twin is not the observed M2 crystal 
in Fig. 11f. As the M2 orientation does not correspond to any known 
twinning relationship with M1A/B, the previous (− 1–30)[3–10]α" twin 
is probably twinned again. From our previous work [46], such second
ary {130}<310>α" twinning has been observed after the primary 

Fig. 9. BCE map (a), phase map (b), Euler angle map (c) of the 8 % strained ST-900–30 specimen, and the zoomed in map (d) from (c) in black rectangle.
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{130}<310>α" twin has been reorientated by a self-accommodation 
{111}α" type I twinning system. As the <211>α" type II 
self-accommodation twinning system has also been reported [43,47], 
the 180◦ rotation is then applied along {111}α" poles, as well as along 
<211>α" directions in order to find a crystallographic orientation with a 
{130}α" pole in the same position as in the M2 crystal. This process re
sults in the crystal shown in Fig. 11e after a rotation of 180◦ along the 
[2–11]α" direction. However, the crystallographic orientation of this 
[2–11]α" twin is still not the observed M2 crystal, but both are sharing a 
common {130}α" pole and a common <310>α" direction. Finally, a 
rotation of 180◦ along the (130)α" pole or the [3–10]α" direction in 
Fig. 11e leads to the observed M2 crystal (Fig. 11f). In order to validate 
and rationalize this multiple twinning process, the related trans
formation strain and SF values are then calculated. After the primary 
{130}<310>α" twinning process, the tensile direction shifts to [0 − 7 6]β 
in the β phase (Fig. 11b), which is now the parent β phase. The maximum 
transformation strain is then computed as 6.98 % for CV2 in the “5 %-T” 
column of Table 1. However, the (− 1–30)[− 310]α" twin in Fig. 11d 
corresponds to CV4 and leads to a compression (− 2.07 %) of the crystal 
along the tensile direction with respect to its β phase counterpart. Then, 
a < 211>α" type II reorientation twinning is likely to occur to accom
modate this detrimental transformation strain into the most favorable 
one (6.98 %). Indeed, the [2–11]α" twin (Fig. 11e) corresponds actually 
to the CV2 with the maximum value of 6.98 % in (− 3–23)β twin 
(Fig. 11b). Besides, the activated secondary {130}<310>α" twinning 
system between [2–11]α" twin and M2 crystal is confirmed by SF cal
culations. In this case, the activated variant is the (− 1–30)[3–10]α" twin 
with the maximum SF value of 0.45, as shown in the “SF-2” column of 
Table 4. Therefore, all of the previously analyzed deformation twinning 
processes are consistent with a variant selection that obeys both trans
formation strain values and Schmid law.

It can also be noticed that an alternative OR between M1A/B and M2 
can be observed in Fig. 11c and Fig. 11f from the presence of other 
common poles (in red). Indeed, a common {021}α" pole and a common 
<512>α" direction can be observed and only a rotation of 180◦ around 
the common [− 51–2]α" direction allow to find the M2 orientation from 
M1A/B, showing a type II twinning relationship. However, there are 
several features that tend to exclude this possibility. Firstly, the trace of 
the (0–2–1)α" twinning plane in Fig. 11c does not match the twin 
interface observed in the EBSD map (Fig. 8), which is a mandatory 
condition for a twin. Secondly, this twinning system was predicted by 
Tobe et al. [50] and, compared to the more classical {130}<310>α" 
twinning, it has a higher shear (0.4678 for {021}<512>α" twinning and 
0.3536 for {130}<310>α" twinning) and requires more atoms to shuffle 
(q = 4 for {021}<512>α" twinning and q = 2 for {130}<310>α" twin
ning). It appears then less energetically favorable to occur. Similarly, the 
<211>α" type II self-accommodation twinning is very easy to occur as it 
is responsible for the reorientation of shape memory alloys. For these 
reasons, the three-step twinning process is the only reasonable solution 
to explain the observed M2 twin instead of a direct {021}<512>α" type 
II twinning.

For the 8 % strained specimen after ST-900–30 thermal treatment, 
the same method is then conducted in order to reveal the twinning 
processes that lead to the much more complex hierarchical α" 

Fig. 10. Stereographic projections of the detected β phase (a,c,e) and SIM α" 
phase (b,d,f) for the strained 5 % (a-b) and 7 % (c-f) ST-700–30 specimens from 
Fig. 7c, 7f, and 7i, respectively.

Table 1 
The calculated transformation strains for each α" martensitic correspondence 
variant (the real activated CV in blue).

Table 2 
The predicted twelve habit plane variants for martensitic α" phase [47].

Variants Habit Plane

(+) (-)

CV1 (755)β (7–5–5)β

CV2 (7–55)β (75–5)β

CV3 (575)β (–57–5)β

CV4 (57–5)β (− 575)β

CV5 (557)β (–5–57)β

CV6 (− 557)β (5–57)β
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microstructure of Fig. 9. The Fig. 12a, 12c, 12f are respectively the 
stereographic projections of the detected parent β phase, SIM α" phase 
M1A/B and M2. The M1A/B crystal has a conventional OR with β matrix 
and corresponds to the CV5, which has the highest transformation strain 
value of 6.79 % (column “8 %-M” in Table 1). Despite the difficulty in 
distinguishing the two habit plane variants from the EBSD result in 
Fig. 9c, the two habit plane variants (557)β and (− 5–57)β appear to be 
observed by stereographic projection. Indeed, their traces, shown in 
Fig. 12a, are very close, resulting in a small misorientation angle be
tween the two habit plane variants. This is the reason why this crys
tallographic orientation was labeled “M1A/B” in Fig. 9d and Fig. 12c. 
This part of the microstructure is then consistent with the deformation 
mechanism for 5 % of strain in the coarse grain material, as well as 5 % 
and 7 % in the fine grain material.

For the analysis of the stress-induced primary/secondary martensitic 
α" twin band M2 and the tertiary martensitic α" twin band M3, their 
stereographic projections are provided in Fig. 12f and Fig. 13d, 
respectively. On the one hand, the formation of M2 can be explained by 

the same process than in the 5 % strained specimen. From the crystal
lographic orientation of M1A/B, a primary (130)α" twin is activated 
(Fig. 12d), corresponding to the (332)β twin in β phase (Fig. 12b), 
because the (130)α" trace is parallel to the interface of deformation bands 
with M1A/B in Fig. 9d This step is supported by the SF values of 0.45 for 
(332)[11–3]β and (130)[− 310]α" twin variants (“SF-8 %” column of 
Table 3 and “SF-2″ column of Table 4). However, this (130)α" twin 
orientation doesn’t match either the M2 crystal in Fig. 12f or the M3 
crystal in Fig. 13d As for the aforementioned 5 % sample in the coarse 
grain material, a reorientation of the (130)α" twin by the self- 
accommodation [− 21–1]α" type II twinning system is proposed 
(Fig. 12e). As a {130}α" pole and a < 310>α" direction are shared be
tween Fig. 12e and Fig. 12f, a rotation of 180◦ along the (− 1–30)α" pole 
or the [− 310]α" direction is applied on the [− 21–1]α" twin (Fig. 12e), 
that leads to the M2 orientation (Fig. 12f). These multiple twinning 
processes can also be explained by transformation strain and SF. The 
(130)α" twin (Fig. 12d), which is an intermediate state during the whole 
twinning processes, is activated as CV5 and corresponds to a 

Fig. 11. Stereographic projections of the detected β phase (a), deduced 
(− 3–23)[− 131]β twin (b), the observed SIM α" phase for M1A/B (c), deduced 
(− 1–30)[3–10]α" twin (d), deduced [2–11]α" twin (e), and the observed SIM α" 
primary band M2 (f) from Fig. 8d.

Table 3 
Twinning elements and calculated Schmid factor values of each variant for the 
{332}<113>β twinning system at strain of 5 % and 8 % in coarse grains (the real 
activated variant in blue).

Table 4 
Twinning elements and calculated Schmid factor values of each variant for the 
{130}<310>α’’ twinning system at strain of 5 % and 8 % in coarse grains (the 
real activated variant in blue).
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compression of the parent β crystal (Fig. 12b, and − 1.87 % trans
formation strain in “8 %-T” column in Table 1). Reorientation is then 
favored to produce CV1, which has the maximum transformation strain 
value of 4.99 % (“8 %-T” column in Table 1). Next, the secondary 
{130}<310>α" twinning is activated, resulting in the M2 crystal. The 
difference with the 5 % strained specimen (Fig. 11) is that the secondary 
{130}<310>α" twinning does not obey the Schmid law: the observed 
(− 1–30)[3–10]α" twin does not have the maximum SF value (0.05 in the 
“SF-4” column of Table 4). This is probably due to internal stresses 
caused by the high deformation rate and means that the Schmid law is 
not sufficient to predict the twin variant activation for this deformation 
state, whereas maximizing the transformation strain still allows reor
ientation twinning to be predicted.

On the other hand, the M3 crystallographic orientation corresponds 
to a new step. Its formation can be explained from the M2 crystal, which 
is re-presented in Fig. 13c with the observed M3 twin band in Fig. 13d 
and their β phase counterparts (Fig. 13a-b). It is noticeable that the two 
crystals share a common {130}α" pole and a common <310>α" direction. 

A 180◦ rotation around either the (1–30)α" twinning plane or the [310]α" 
twinning direction leads from Fig. 13c to Fig. 13d, confirming this 
{130}<310>α" twinning relationship between M2 and M3. In order to 
validate this twinning process, the β matrix is reconstructed in order to 
calculate transformation strain values and confirm the correspondence 
with the (233)[− 311]β twin (Fig. 13a-b). Based on transformation strain 
calculation along the [− 9 10 15]β tensile direction, the CV1 (4.15 % in 
the “8 %-R” column of Table 1) is the most favorable CV, which is 
actually the M2 orientation. As M2 is already the best orientated CV, no 
self-accommodation twinning reorientation process is required as in the 
previous steps and M2 can directly twin again with the {130}<310>α" 
twinning system. SF factors are then calculated for M2 and its β phase 
counterpart, highlighting a maximum value for (223)[− 311]β (“SF-8 
%-R” column in Table 3) and (1–30)[− 3–10]α" (“SF-5” column in 
Table 4) variants, which is the one observed. Twinning for this last step 
obeys then the Schmid law.

Then, all the observed crystallographic orientations of SIM α" phase 
can be explained from the classical {130}<310>α" twinning combined 
with self-accommodation <211>α" type II reorientation twinning. When 
{130}<310>α" deformation twins are formed, they always are reor
ientated before to twin again if their CV is not the one giving the 
maximum strain. Primary {130}<310>α" twinning formation always 
obeys the Schmid law, while secondary {130}<310>α" twinning some
times does not obey Schmid law at high strain levels. Up to four suc
cessive twinning steps are recorded to form the M3 crystallographic 
orientation. Such complex martensitic twinning behavior has never been 
reported in superelastic Ti-based alloys.

Finally, the deformation products are also verified by TEM (Fig. 14). 
The Fig. 14(a,c,e) are respectively the bright-field images from 7 % 
deformed ST-700–30 sample, 5 % and 8 % deformed ST-900–30 sam
ples. Fig. 14(b,d,f) are respectively the corresponding electron diffrac
tion patterns from circled areas in Fig. 14(a,c,e). The associated dark- 
field images corresponding to circled spots in Fig. 14(b,d,f) are shown 
in Sup.3–5 of supplementary materials. All the deformation bands are 

Fig. 12. Stereographic projections of the detected β phase (a), deduced (332) 
[− 1–13]β twin (b), the observed SIM α" phase for M1A/B (c), deduced (130) 
[3–10]α" twin (d), deduced [− 21–1]α" twin (e), the observed SIM α" primary 
band M2 (f) from Fig. 9d.

Fig. 13. Stereographic projections of the reconstructed β phase (a) from (c), 
deduced (233)[3–1–1]β twin (b), the observed SIM α" primary band M2 (f) and 
secondary band M3 (d) from Fig. 9d.
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indexed as the C-centered orthorhombic α" martensitic phase, and no 
nanoscale ω phase is detected in the deformed samples, as in the initial 
microstructure. Furthermore, the ORs between the β matrix and SIM α" 
bands are detailed in Fig. 15. All ORs are the same than those obtained 
from EBSD (Fig. 10–13). For an easier comparison, all the zone axis 
directions of TEM observations (Fig. 14b,d,f) are reported in the previ
ous stereographic projections obtained from EBSD analysis (Fig. 10–13). 
The deformed ST-700–30 specimen only shows stress-induced 
martensite with the classical OR and two habit plane variants can be 
also observed by TEM (Fig. 15a,b) as for EBSD results (Fig. 10). In the 
same way for the ST-900–30 specimens deformed at 5 %, the martensitic 
band observed by TEM (Fig. 15d) has the same OR with the β matrix 
(Fig. 15c) than M2 with the matrix in Fig. 11(a,f) obtained from EBSD 
data. This is particularly evidenced by the correspondence of the [113]β 
direction of the matrix with the [0–12]α" direction of the martensitic 
twin. This β/M2 OR also leads to the correspondence of the [1–11]β 
direction of the matrix with the [001]α" direction of the martensitic twin 
shown in the TEM observation of the ST-900–30 specimens deformed at 
8 % (Fig. 15e,f for TEM and Fig. 12a,f for EBSD). However, the tertiary 

twins M3 observed inside the secondary twin M2 differ: While {130}<
310>α" tertiary twins are observed by EBSD, {110}<110>α" tertiary 
twins are observed by TEM. This twinning OR is obviously evidenced 
from the common {110}α" spots and the common [001]α" zone axis 
observed in the electron diffraction pattern of Fig. 14f. Although this 
twinning system is more rarely reported than the {130}<310>α", it is an 
alternative twinning system in β titanium alloys [39,44]. These nano
scale {110}<110>α" twins are difficult to be distinguished by EBSD 
technique due to their very small size, while {130}<310>α" are slightly 
larger to be detectable by EBSD. Therefore, the TEM results confirm the 
multi-step martensitic twinning process occurring in the coarse grain 
material and point out the possibility of two potential twinning systems 
for tertiary twinning for high strain levels: {130}<310>α" or {110}<
110>α".

4.3. Grain size dominated deformation behavior

Both of the recrystallized Ti20122 alloys after ST-700–30 and ST- 
900–30 thermal treatments reveal the same {111}<101>β texture with 

Fig. 14. Bright-field TEM micrographs (a,c,e), and corresponding electron diffraction patterns (b,d,f) for the ST-700–30 specimen deformed at 7 % (a-b), and ST- 
900–30 (c-f) specimen deformed at 5 % (c-d) and 8 % (e-f).
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single β phase, but significant different grain sizes, as shown in Fig. 4 and 
Fig. 5. After plastic deformation, comparable deformation microstruc
tures and deformation mechanisms are progressively activated in fine 
(AGS=8 μm) and coarse (AGS=105 μm) grains at the early stages of 
deformation, whereas complex twinning processes only occur in the 
coarse grain material, as shown in Fig. 16.

In fine grains (AGS=8 μm), a reversible SIM α" transformation is 
observed by in situ SXRD experiment in Fig. 1, as widely reported in the 
literature [5,14,18–19,34,35,39]. The SIM α" variant with the maximum 
transformation strain is activated, and the initial β phase transform into 
a single CV at the early stage of deformation. When the strain released, 
the SIM α" phase reverses back to the parent β phase and results in a total 
recovery of strain. Throughout the entire deformation process until 
rupture, one or the two possible potential habit plane variant(s) is/are 
triggered (Fig. 16a,c). Once unloaded, the SIM α" phase transforms back 
to the parent β phase, and some residual martensite parts remain, 
highlighting the habit planes as the interfaces with the β phase (Fig. 16b, 
d). With the strain of 7 % (near rupture), more residual SIM α" phase is 
visible (Fig. 16d). It can be noticed that grains with a double oriented 
SIM α" phase have a low observation frequency compared to grains with 
a single habit plane variant (Fig. 7 g-i). In fact, the formation energy is 
equal for the activation of one or two habit plane variant(s) [47], and the 

reason of activation of the two habit plane variants remains unclear. It is 
worth to note that deformation twinning is not detected whatever the 
applied strain (5 % and 7 %). Plastic deformation would then only be 
accommodated by dislocations, resulting in residual SIM α" phase after 
deformation. The fine grain material then exhibits a twinning-free 
plastic deformation behavior.

In coarse grains (AGS=105 μm), the same reversible SIM α" trans
formation occurs (Fig. 2b-c) and the most favorable CV is also formed in 
the bulk before the plastic deformation stage, as in the small grain 
material. The two habit plane variants are also sometimes observed. 
However, a remarkable difference is the observation of deformation 
twins accompanied with residual SIM α" phase for the plastically 
deformed specimens. Deformation twins can be detected from the 
abnormal OR with β matrix and undergo a complex process of multiple 
twinning. At 5 % of strain, the observed α" twins are not formed by a 
direct one step {130}<310>α" or {110}<110>α" twinning, like reported 
in our previous work [34,39]. Instead, a complex three-step twinning 
process occurs: (i) the SIM α" phase is twinned by a primary conven
tional {130}<310>α" twinning system; (ii) this {130}<310>α" primary 
twin is then fully reorientated by a < 211>α" type II self-accommodation 
twinning system; (iii) this reorientated primary twin is immediately and 
completely deformed by a secondary {130}<310>α" twinning system 
(Fig. 16e). When stress released, the parent α" phase reverses back to the 
β matrix, but the residual SIM α" phase and these three-step twinned 
bands are thus observed (Fig. 16f). Meanwhile, this reorientated {130}<
310>α" twin via <211>α" self-accommodation twinning system has also 
been reported in a fully martensitic α" shape memory alloy [43], but 
never in superelastic Ti-based alloys.

With the strain increased to 8 % (near rupture), a tertiary {130}<
310>α" or {110}<110>α" twinning system partially occurs inside the 
previous primary/secondary twins (Fig. 16 g-h), leading to the coexis
tence of primary/secondary α" twins and tertiary α" twins linked by a 
{130}<310>α" or {110}<110>α" twinning relationship. Then, a four- 
step twinning process is activated at this deformation stage, i.e. pri
mary {130}<310>α" twinning, <211>α" type II twinning, secondary 
{130}<310>α" twinning, and the third {130}<310>α" or {110}<110>α" 
twinning. It should be noted that in all the cases reported, {130}<
310>α" primary twins are always reorientated because they do not 
correspond to the CV with the highest transformation strain, but sec
ondary twins do not require reorientation because they directly behave 
the CV with the highest transformation strain. However, the activation 
of {130}<310>α" twinning obeys the Schmid law in most cases but some 
deviations can be detected. Then, the maximization of the trans
formation strain appears as a stronger condition than the SF to predict 
each twinning step of the process. This complex four-step twinning 
process is reported here for the first time in superelastic titanium alloys.

Grain size plays a crucial role on activation of deformation twins and 
it is widely accepted that the critical stress to initiate twinning depends 
on grain size, as described by the Hall-Petch equation [51–54]. Conse
quently, twinning has been shown to be suppressed when grain size is 
reduced in several alloys, such as Mg alloys [51,55], austenitic steels 
[56,57] and high-entropy alloys [58,59]. The same effect has been 
observed in metastable β Ti alloys [53,54,60,61] with a decrease of 
twinning activity in small grain materials compared to coarse grain 
materials. However, a total suppression of twinning, as reported in the 
present work, was never reported before. The most accepted reason to 
explain such dependence of twinning activation on grain size is the 
accumulation of geometrically necessary dislocations (GND) along grain 
boundaries, which increases the critical shear stress for twinning due to 
the subsequent internal stress [59,62]. Kernel Average Misorientation 
(KAM) is a common way to estimate the density of GND from EBSD data 
[63]. Such KAM maps are then available in Sup.6 of supplementary 
materials, for both fine grain and coarse grain Ti-20Zr-12Nb-2Sn alloy, 
showing a higher density of GND for the small grain condition. Sup
pression of twinning in the Ti-20Zr-12Nb-2Sn alloy is then most likely 
due to the higher density of GND in the small grain material compared to 

Fig. 15. Stereographic projections of the detected β phase (a,c,e), and 
martensitic phase (b,d,f) from Fig. 14, where purple circle for small bands.
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the coarse grain material, as commonly admitted for other alloys [59,62,
63].

It is now clear that the deformation bands observed by OM in fine 
grains (Fig. 3c-3d) are from residual SIM α" phase and not twins. This 
twinning-free deformation behavior can explain the improved supere
lastic performance and strength with grain size refinement (Fig. 1a), 
compared to the coarse grain material (Fig. 2a). Indeed, plastic defor
mation and thus residual strain after deformation could be reduced by 
suppressing twinning in the fine grain material. This grain size depen
dent martensitic twinning behavior has never been reported up to date.

4.4. Specific features of twinning

The deformation behavior of the investigated Ti20122 alloy shows 
several unprecedented deformation features compared to the previously 
reported superelastic Ti-based alloys. Firstly, deformation twinning 
systems, including {332}<113>β, {112}<111>β, {130}<310>α" and 
{110}<110>α", are commonly observed in the plastically deformed al
loys [34,37–39,41,43,45], whereas no twinning is found in the Ti20122 
fine grain alloy. Secondly, the reported β/α" twins are usually only direct 
primary twins [34,36–41,45,49,54,60], with few reports of secondary 
twins within primary twins [35,43,46]. Nevertheless, primary twins can 
be twinned again up to three more times in the present alloy for coarse 
grains. This feature highlights an original behavior where 

secondary/tertiary twinning is facilitated compared to the nucleation of 
new primary twins. Moreover, secondary twins here completely 
consume the primary twins, resulting in a loss of the primary twinning 
relationship with the matrix and making their identification difficult. 
This can particularly lead to a misinterpretation because the OR between 
the α" matrix and the result of primary {130}<310>α" twinning +
<211>α" reorientation twinning + secondary {130}<310>α" twinning is 
close to a {021}<512>α" type II twinning OR. However, a direct 
nucleation of such a twin is very unlikely to occur because of its high 
shear and shuffle required [50] compared to the successive activation of 
simpler twins with very smaller shear and shuffle magnitudes.

Moreover, this unique features of successive twinning within the 
primary twins can probably be attributed to the higher Zr addition in the 
Ti-Zr-Nb-Sn system compared with the conventional Ti-Nb-Zr-Sn one 
[11,12]. But further investigations about the exact role of Zr atoms are 
required to confirm this hypothesis. Nevertheless, this comparative 
study suggests that inhibiting the activation of deformation twins can 
significantly enhance superelastic performance for metastable β tita
nium alloys. Therefore, this work not only comprehensively interprets 
the mechanism of superelasticity improvement via grain size refinement 
strategy as observed in the previous studies of superelastic Ti-based al
loys, but also provides guidance for the design of multifunctional 
Ti-Zr-Nb-Sn biomedical devices.

Fig. 16. Schematic illustration of microstructure evolution during plastic deformation for the 5 % (a-b) and 7 % (c-d) strained ST-700–30 specimens, the 5 % (e-f) 
and 8 % (g-h) strained ST-900–30 specimens during loading (a,c,e,g) and unloading (b,d,f,h).
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5. Conclusion

In this work, the plastically deformed microstructures of the 
solution-treated Ti20122 alloys behaving the same recrystallized texture 
but a significant difference in grain size are comparatively investigated 
using cyclic/conventional tensile tests, OM, in situ SXRD, EBSD and 
TEM. A grain size dependent martensitic twinning behavior is evidenced 
for the first time and discussed. The main conclusions can be summa
rized as followings: 

(1) The superelasticity of the Ti20122 alloy decreases from 3.1 % to 
2.5 % after ST-700–30 and ST-900–30 thermal treatments 
because of an increase of the average grain size from 8 μm to 105 
μm before deformation.

(2) After deformation, the observed residual martensite has the same 
feature for both grain size materials. In all of the grains, only the 
CV with the highest transformation strain is detected, in general 
with only one habit plane variant, but with the two habit plane 
variants in few grains. However, twins are observed in the coarse 
grain material, whereas a twinning-free plastic deformation 
behavior is evidenced in the fine grain material for the first time 
in strained superelastic Ti-based alloys.

(3) Deformation twins are observed in the coarse grain material after 
5 % of strain. These twins present an abnormal orientation rela
tionship with the α" matrix due to a novel three-step twinning 
process: (i) primary {130}<310>α" twin nucleates in SIM α" 
phase, (ii) the primary{130}<310>α" twin is then completely 
reoriented by a < 211>α" type II twinning system, (iii) this 
reoriented primary martensitic α" twin is further twinned 
completely by a secondary {130}<310>α" twinning. Reor
ientation of the primary twin is rationalized by transformation 
strain calculations: {130}<310>α" twins are systematically 
reorientated if their CV does not correspond to the one with the 
highest transformation strain value with respect to their β phase 
counterpart.

(4) The previous three-step twinning process can be confused with a 
direct {021}<512>α" type II twinning when comparing the 
orientation relationship between the α" matrix and the resulting 
product. However, there are several features that clearly exclude 
the occurrence of such {021}<512>α" type II twinning.

(5) With strain increasing to 8 %, the previous primary/secondary α" 
twins are partially twinned with a third {130}<310>α" or a 
{110}<110>α" twinning. The same deformation band is then 
subjected to an unprecedented four-step twinning process.

(6) The grain size refinement strategy is shown for the first time to be 
an efficient way to improve superelasticity by completely sup
pressing deformation twinning.
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