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This letter reports an outstanding superelastic effect in Ti-rich TiZrHfAINb high entropy alloys for the first time,
which is exhibited by comprehensive combination of the maximum total recovery strain, fully recoverable strain
and corresponding tensile strength up to 5.2%, 4.0% and 900 MPa, respectively. It has been confirmed that these
alloys are only composed of metastable (3 and martensite «” phase, and ® phase is suppressed. The in situ X-ray

diffraction experiment reveals that reversible stress-induced martensitic transformation between 3 < o” en-
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dows the alloys superelasticity, while the plastic deformation and reorientation of martensite inhibit the recovery
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Stress-induced transformation, including stress-induced martensitic
transformation (SIMT) and mechanical twinning, have been exploited
as an important way to promote the plastic deformation capability of
traditional steels, copper and titanium alloys [1]. Recently, the SIMT
has been successfully used in strengthening of the high entropy alloys
(HEAs), which are designed based on the concept of equimolar or
near-equimolar components so that the alloys have high configuration
entropy [2-4]. It has been shown that the combination of strength and
ductility can be achieved by “metastability-engineering” strategy in-
cluding transformation induced plasticity (TRIP) and twinning induced
plasticity (TWIP) in both FCC and BCC HEAs, such as FeCoCrNiMn [5],
Fe80-xMnxCo10Cr10 [6], Ti35Zr27.5Hf27.5Nb5Ta5 [7], and
TiZrNbHfTax [8]. G. S. Firstov et al. [9] combined the high temperature
shape memory alloys with HEAs for the first time. Considering that
SIMT is the basic principle of shape memory and superelastic effects of
metallic materials, whether it is possible to employ SIMT to acquire
superelasticity in HEAs is still an open question. The key point for this
purpose is that the phase stability of HEAs should be reduced and re-
versible phase transformation should take place during the loading-
unloading process. In the present study, we report our finding of Ti-
rich Ti50Zr20Hf15A110Nb5 and Ti49Zr20Hf15A110Nb6 HEAs with out-
standing superelasticity due to reversible SIMT for the first time. To clar-
ify the intrinsic origin of the superelasticity, the phase evolution and
lattice strains for different planes of the composited phases as a function
of tensile strain are investigated by in situ synchrotron high-energy X-
ray diffraction. This work sheds light on the deformation mechanism
and development of HEAs with new functional properties.
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The alloys with nominal compositions of Ti50Zr20Hf15A110Nb5 and
Ti49Zr20Hf15A110Nb6 (at%) were prepared by arc melting and drop-
casting into water-cooled mold with sized of 10 x 10 x 45 mm®. After
homogenized, the alloy was cold rolled with 40% reduction in thickness.
The DSC curves of the cold rolled samples are shown in Fig. 1(a), it can
be seen that an endothermic peak appeared on the heating process from
674 °Cto 771 °C for Nb5 and 642 °C to 746 °C for Nb6, which means that
the recrystallization takes place during this period. Based on this peak
temperature, the subsequent annealing treatment technologies was de-
termined to be 0.5 h@800 °Cand 0.5 h@900 °C, respectively, followed by
quenching into water (hereafter the alloys are referred as Nb5-800,
Nb5-900, Nb6-800 and Nb6-900 for convenience).

The room temperature tensile properties were tested using
CMT4105 universal electronic tensile testing machine at a strain rate
of 1 x 1072 s™! on dog-bone-shaped specimen with the gauge part of
20 x 3 x 1.7 mm?>. The phase composition of the interested alloys was
tested using X-ray diffraction (XRD) with CuKa radiation (Rigaku
Kmax 2500 V) in a scanning 26 range of 20°-100° at a rate of
10° min~"'. The samples for optical microscopy (OM) were mechanically
polished and etched at room temperature in a solution of HF, HNO3 and
H,O. Further microstructural investigation was conducted by a Tecnai
G2 F20 200 kV transmission electron microscope (TEM). TEM speci-
mens were prepared from punched out 3 mm disks which were ground
to about 60 um, followed by twin-jet electro-polishing using a mixed so-
lution of glacial acetic acid: perchloric acid: ethanol = 4:8:88 (in vol-
ume). The micro-deformation behavior was investigated using in situ
synchrotron high-energy X-ray diffraction (HE-XRD) technique. The ex-
periments were performed at the 11-1D-C beam line at the Advanced
Photon Source, Argonne National Laboratory, USA. A monochromatic
X-ray beam with wavelength of 0.11748 A was used to study the
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Fig. 1. (a) The DSC curves for the cold rolled Ti50Zr20Hf15A110Nb5 and Ti49Zr20Hf15AI110Nb6 alloy; the OM photographs of Nb5-800 (b) and Nb5-900(c); (d) the XRD patterns of Nb5
and Nb6 alloys after thermo-mechanical treatment; the TEM photographs and SADPs of Nb5-800 (e) and Nb5-900(f).

structure evolution and change in lattice strain under tensile loading
mode. The experimental set-up and the size of specimen are schemati-
cally illustrated in [10].

First, the microstructure and phase composition were characterized.
The OM photographs of Nb5-800 and Nb5-900 alloys are shown in Fig. 1
(b) and (c). These two alloys contain equiaxed grains with flat and
straight boundary, the grain size change from about 10 um to 100 pm.
There are lots of lath-shape second phase inside grains with different
sizes. Fig. 1(d) shows the XRD patterns of the Nb5 and Nb6 alloys
annealed at different temperatures. These alloys are composed of an or-
thorhombic o”-martensitic phase and a bcc 3-parent phase. On the DSC
curve of the cold rolled samples shown in Fig. 1(a), an exothermic peak
appeared from 599 °C to 475 °C during the cooling process for Nb5, but
no obvious peak for Nb6. These results mean that the o” phase precipi-
tated during cooling in Nb5. From Fig. 1(d), it is seen that the peaks of o”

phase are more apparent in Nb5 than those in Nb6 alloy and more ap-
parent in the alloys with higher heat treatment temperature. That is to
say, more metastable (> phase survives when annealed at a higher tem-
perature in the HEA with higher content of Nb since Nb is a 3 stabilizer.
Besides, it is also noticeable that all the XRD patterns does not indicate
the peaks of the athermal o phase, which usually exists in Ti-Nb [11]
and Ti-Ta [12] alloys and has pernicious effects on the shape memory
or superelastic effect. It has been reported that in Ti-Zr-Nb-Al [13], Ti-
Ta-Al[14] and Ti-V-Al [15] alloys, the formation of ® phase are also sup-
pressed. Thus, the reason for the suppression of ® phase in these HEAs
should be attributed to the addition of Al. And the suppression of ®
phase and existence of metastable 3 phase should be beneficial to the
phase transformation when stress is applied to these alloys. The lattice
parameters of o” in Nb5 are a = 0.311 nm, b = 0.516 nm, ¢ =
0.483 nm, resulting in the b/a and c/a of 1.66 and 1.55. Both ratios are
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higher than these of Ti-20Zr-10Nb alloy (1.631 and 1.535), meaning
that lattice distortion increases with Hf and Al addition and decrease
of Nb content. The lattice parameter of 3 phase in Nb5 is 0.339 nm.
And the lattice parameters of a” phase in Nb6 are a = 0.312 nm, b =
0.514 nm, ¢ = 0.490 nm, and that of 3 phase in Nb6 is 0.338 nm. The
TEM images and the corresponding selected area electron diffraction
patterns (SADPs) of the Nb5 alloys are shown in Fig. 1(d) and (f). Both
the 3 and " phases can be observed in the bright field images. The dif-
ference between the two alloys is that the o” plates in Nb5-800 are
broader than those in Nb5-900. And both alloys have lots of dislocations
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bands and loops in the 3 matrix which are induced by the thermo-
mechanical treatment. The SADPs show an orientation relationship of
[—111]p //[101]a”, which is common in the titanium with superelastic
and shape memory effect [16].

The tensile stress-stain curves of the two alloys, loading-unloading
curves of Nb5 and cycle loading-unloading curves of Nb6 at room tem-
perature are shown in Fig. 2. It is found that both alloys exhibit two-
stage yielding behavior during tensile testing. The first yielding event
occurred at about 0.4% strain at the critical stress (Osp shown in Fig. 2
(b)) about 350 MPa for Nb5 and 480 MPa for Nb6. After the first
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Fig. 2. The tensile stress-stain curves of Nb5 and Nb6 alloys (a), loading-unloading curves of Nb5-800(c), Nb5-900 (d) and cycle loading-unloading curves of Nb6-800 (e), Nb6-900 (f) at
room temperature; (b) the superelastic properties determined by the cycle loading-unloading test including the maximum recovery strain (&..c) and the tensile strength (o).
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yielding, there is a stress plateau, and then the second work hardening
stage is up to 8% strain followed by the second strain-stress plateau
until fracture. The fracture strengths and elongations are 1066 MPa,
13% for Nb5-800, 996 MPa, 18% for Nb5-900, 1030 MPa, 19% for Nb6-
800 and 987 MPa, 18% for Nb8-900, respectively. The loading-
unloading curves obtained at some tensile strains show that the defor-
mation almost recovered after unloading at 4% strain for Nb5-800 and
6% for Nb5-900. These results indicate that these HEAs exhibit
superelasticity. Compared with Nb5, Nb6 alloy shows better
superelasticity. The superelastic properties determined by the cycle
loading-unloading test including the maximum recovery strain (€ec)
and the tensile strength (oy;) are defined in Fig. 2(b). Apparently, the
superelasticity of Nb6-900 is better than that of Nb6-800. The maximum
total recovery strain of Nb6-900 is about 5.2% and the oy is up to
900 MPa. When compared with the previous results on Ti-Nb(Mo), Ti-
Nb-(Mo, Zr, Sn, Al) alloys [17-31] as shown in Fig. 3, the HEA alloys
show excellent combination of superelasticity and high strength. And
it is clear that present Nb6 alloy has the largest fully recoverable strain
up to 4%, together with its high value of critical stress about 480 MPa,
this material displays a great potential for biomedical applications. For
example, for the dental appliances, the material for orthodontic wires
requires appropriate superelasticity to adapt the applied strain and pro-
vide efficient correction stress upon strain recovery process.

Previous research [2] has shown that the presence of “stress plateau”
is mainly caused by the extensive SIMT from 3 — o” and/or o” martens-
ite variants reorientation occurring within a narrow stress/strain range,
and the superelastic effect is due to the reversible martensitic transfor-
mation, namely p < «o”. To clarify the mechanism of superelasticity of
this HEA, in situ X-ray diffraction was performed for Nb5-800 during
uniaxial tensile testing. Fig. 4(a) shows a part of straightened Debye-
Scherrer diffraction rings of Nb5-800 alloy as a function of macroscopic
strain. The diffraction intensity of {110} decreases and the intensity of
(110)a”, (020)a”, (111)a”, (021)x” peaks become stronger gradually
with the increase of applied strain, implying that a progressive SIMT
takes place. While as the strain goes up, the distribution of intensity of
diffraction rings becomes more and more non-uniform. Specifically,
the (020)a” and (021)a” tend to distribute in the loading direction
(i.e., a 10° azimuthal bin around 90° and 270°), and (110)«a”, (002)x”
and (111)a” tend to distribute in the Poisson direction (i.e., a 10° azi-
muthal bin around 0° and 180°). The texture produced during loading
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implies the reorientation of o” during the later deformation. This is in
good accordance with the previously published results that SIMT and
reorientation of martensite variants are strongly dependent on the crys-
tallographic orientation with respect to the external stress [32]. The tex-
ture developed by the combined SIMT and martensite variants
reorientation is explained in the Ti-33Nb-4Sn alloy which is also com-
posed of metastable 3 and o” [33,34]. When the initial o” formed during
quenching is subjected to the applied stress, the SIMT occurs with the
[002]a” direction being aligned to tensile direction, and [100]o” and
[002]a” being perpendicular to tensile direction, which could accom-
modate the macroscopic strain to the greatest extent [16].

To characterize the volume fraction of 3 and «” phase more clearly,
the intensity of whole Debye-Scherrer diffraction ring were integrated
as shown in Fig. 4(b). It can be seen that the relative integrated intensity
of {110}3 decreases slightly before 0.4%, decreased at a higher rate
within the strain range from 0.4% to 4%, and decreased at a lower rate
up to 7%. The {002} are in the same situation, except that the {002}
increased firstly and then decreased before 0.4%, indicating the exis-
tence of tiny sample rotation during the elastic deformation. Mean-
while, the relative integrated intensity of (002)a” increases at about
0.5%, increases intensely in 0.5% to 1.0% strain, and increases relatively
slowly during the range from 1.0% to 5.5%. When the strain is beyond
5.5%, the intensity of (002)o” decreases until 7.2%. Above that strain,
the intensity increases again. This further suggests that the reorienta-
tion of o” occurred during tensile straining. The intensity of (110)a” in-
creases drastically from 0.4% to 1%, and almost keeps the same from
1.0% to 4.0%, and then increases slowly above 4.0%. The reduction of 3
phase and increase of a” suggests that SIMT continues during the
whole tensile before facture, while reorientation of o” takes place at
4.0%.

The deformation mechanism of the HEA could further be understood
from the evolution of the lattice strain. The lattice strains for the differ-
ent planes of 3 and a” phases as a function of microscopic strain in the
tensile direction are shown in Fig. 4(c). Being consistent with the tensile
stress-strain curves, the curves of lattice strain versus tensile stress can
also be divided into four stages under different stresses. When the strain
is less than 0.4%, all the planes of 3 and o” phases respond linearly to the
stress, which implies that the alloy suffered elastic deformation during
this period. The difference of the slopes among different peaks is due
to the crystallographic orientation and elastic stiffness. As the strain
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Fig. 4. The in situ X-ray diffraction results of the Nb5-800 alloy. (a) Parts of the straightened Debye-Scherrer diffraction rings as a function of macroscopic strain; (b) the integrated intensity
of the whole Debye-Scherrer diffraction ring as a function of applied strain; (c) lattice strain along the loading direction as a function of applied strain.

surpasses 0.4%, elastic deformation of 3 and «” phases breaks down, and
the SIMT starts. In the stage II (0.4% to 4.0%), the slope of (110)«” is al-
most equal to zero, that is to say, there is a lattice strain platform at
which the lattice strain keep constant even though it was applied strain.
This is related to the fact that the ongoing SIMT accommodates the
macroscopic strain. When the strain is above 4.0%, only (020)a”
and small amount of {110} can be detected in the loading direction.
The tensile stress-strain curves increase with a certain slope and the
lattice strain of (020)a” responds linearly to the tensile stress, but
the slope is smaller than that before 0.4% strain, demonstrating
that the elastic deformation of a” phase is companied with small
amount of reorientation of a”. When the strain is greater than 7.2%
(stage IV), the lattice strain and the applied stress decrease simulta-
neously, meaning that the second yielding takes place. After that, the
fracture occurs for the HEA. So, the four stages during tensile defor-
mation can be classified as: 1) the elastic deformation of the
quenching formed o” and metastable (3; 2) SIMT activated at 0.4%
and processing intensely to 4% strain, 3) pseudoelastic deformation
of the initial o”, the new-born a” and the residual (3 phase accompa-
nied by the reorientation of «” and small amount of SIMT; 4) the
plastic deformation of the alloy.

As can be seen, SIMT from (3 to «” and the reorientation of o” occur
during loading in the Nb5-800 alloy. The SIMT taking place drastically
during 0.4% to 4.0% strain is reversible. Thus, the sample shows almost
complete strain recovery before 4.0%. And after that, the pseudoelastic
deformation of the composed phase and reorientation of &” become
predominant, so that the superelasticity disappears. Compared with
Nb5-800 alloy, the SIMT in Nb5-900, Nb6-800 and Nb6-900 alloys will
maintain high level in large deformation due to the more 3 phase. Ac-
cording to the calculation in [16], the maximum transformation strain
ey along the [011]B direction is 7.5% for Nb5 alloy and 7.36% for Nb6
alloy, which are larger than that of the traditional Ti-based shape mem-
ory alloys. This endows the HEAs with large shape recovery strain. On
the other hand, highly solid solution strengthening ensures the high
critical stress for the SIMT.

In conclusion, the Ti-rich Ti50Zr20Hf15A110Nb5 and
Ti49Zr20Hf15AI10Nb6 high entropy alloys exhibit outstanding
superelastic strains. In the thermo-mechanical treated alloy, metastable
> and " phase coexist. The in situ X-ray diffraction study of Nb5-800
under uniaxial tensile reveals that the reversible SIMT between 3 <
o” endows the alloy superelasticity during unloading. Beyond that,
the plastic deformation and reorientation of martensite suppress the



L. Wang et al. / Scripta Materialia 162 (2019) 112-117 117

recovery. It is expected that the finding of superelastic effect in this Ti-
Zr-Hf-Al-Nb system will trigger new applications of the high entropy al-
loys in the fields of aerospace engineering and biomedical applications.
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