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Many shape memory alloys can support large recoverable strains of a few percent by reversible stress-
induced martensite transformation, yet they behave non-linear within a narrow operating temperature
range. Developing the bulk metallic materials with ultra-large linear elasticity over a wide temperature
range has proven to be difficult. In this work, a material design concept was proposed, that is true elastic
deformation and reversible twinning-detwinning deformation run in parallel to overcome this challenge.
By engineering the residual internal stress to realize the concurrency of true elastic deformation and
twinning-detwinning deformation, a bulk nanocrystalline NiTi that possesses an ultra-large linear elastic
strain up to 5.1 % and a high yield stress of 2.16 GPa over a wide temperature range of 270 °C was
developed. This study offers a new avenue for developing the metallic materials with ultra-large linear
elasticity over a wide temperature range of 270 °C (from 70 °C to —197 °C).

© 2020 Published by Elsevier Ltd on behalf of The editorial office of Journal of Materials Science &

Technology.

1. Introduction

Elastic strain limits of bulk metallic materials are typically less
than 0.5 % due to the low critical stress for dislocation slip. It
is known that the critical stress for dislocation slip can be sig-
nificantly increased by multiple strengthening methods such as
refinement strengthening, solution strengthening and precipita-
tion strengthening. Nevertheless, the results obtained so far have
been disappointing that the elastic strain limits of strengthened
metals are always less than 2 % [1-3].

Many shape memory alloys, such as Ni-Ti and Cu-Zr-Al, can
show a large reversible strain of 6 %-8 % [4-6], but it is non-linear
relying on an initial elastic deformation followed by a stress-
induced martensite transformation upon loading [7-9]. Although
the Nb nanowires-NiTi matrix composite reported recently could
exhibit a large quasi-linear elastic strain of ~6 %, its operating tem-
perature range is fairly narrow from 15 to 50 °C[10,11], because of
the strong temperature dependence of critical martensite trans-
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formation stress for NiTi matrix (the do/ 0T is about 6 MPa/K)
[12].

It is noted that similar to martensite transformation, twinning
deformation is also a lattice shear at atom scale, but the critical
stress for twinning deformation is insensitive to operating tem-
perature [13-22]. It is found that in nanoscale metallic materials,
the twinning deformation is reversible by combination of twinning
upon loading and detwinning upon unloading due to the larger sur-
face energy between the twinned and detwinned parts and larger
back stress arising from the deformation incompatibility between
twin band and grain boundary, compared with their coarse coun-
terparts [23-29]. Unfortunately, these nanoscale metallic materials
also behave a non-linear elastic deformation composed of an initial
elastic deformation (stage I) and a subsequent twinning deforma-
tion (stage II) upon loading [25,26,28,29], as shown in Fig. 1(a). So
far, it is a challenge to develop the bulk metallic materials exhibit-
ing a large linear elastic deformation across a wide temperature
range.

Based on the above analysis, it can be expected that a large linear
elasticity with a wide temperature range may be obtained in the
nanoscale metallic materials, where both the twinning deforma-
tion and elastic deformation carry on simultaneously upon tensile
loading. We envisage such a case where some of the grains are in
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Fig. 1. Schematic of the design concept of the large linear elasticity with a wide temperature range. (a) Conventional stress-strain diagram of twinning-detwinning
deformation. (b) Large linear elasticity assisted by the concurrency of elastic deformation and twinning deformation.

tension and the others are in compression before tensile loading.
Upon tensile loading, the grains in tension do not undergo an initial
elastic deformation, but directly produce twinning deformation,
and the grains in compression undergo a large elastic deforma-
tion (consisting of preexisting elastic compression deformation and
elastic tension deformation), thus presenting a large linear elastic-
ity at macro level (shown in Fig. 1(b)). This coupling internal stress
can be introduced in the nanoscale metallic materials by a specific
pretreatment.

To verify this hypothesis, we fabricated a bulk nanocrystalline
NiTi (NC-NiTi) using severely cold drawing followed by low tem-
perature annealing. A high coupling internal stress was introduced
in the NC-NiTi by tensile loading-unloading pre-deformation of 14
%, which makes the true elastic deformation and twinning deforma-
tion carry on simultaneously during tensile loading. The obtained
NC-NiTi exhibits an ultra-large linear elastic strain of 5.1 % and high
yield stress up to 2.16 GPa over a wide temperature range of 270
°C.

2. Material and methods
2.1. Materials preparation

An alloy ingot of 25 kg in weight with a composition of NisTisq
(at.%) was prepared by vacuum induction melting. The raw mate-
rials used were of commercial purity Ni (99.96 wt.%) and Ti (99.90
wt.%). The ingot was hot-forged at 850 °Cinto arod of 8 mmin diam-
eter and further hot-drawn at 750 °C into a thick wire of 0.55 mm in
diameter. After that, the thick wire was high-temperature annealed
at 750 °C for 5 min, followed by cold-drawn into diameter of 0.29
mm at room temperature, 72 % cold deformation in cross-sectional
area. The cold-drawn sample was subsequently annealed at 350
°C for 10 min followed by air cooling. The TEM bright-field image
(Fig. 2(a)) presents that the annealed sample contains nanocrys-
tallines with a mean grain size of 15 nm. The high-energy X-ray
diffraction (HE-XRD) pattern in Fig. 2(b) shows that the annealed
sample is B2-NiTi phase at room temperature. A tensile loading-
unloading of 14 % pre-deformation was conducted on the specimen
(Fig. 2(c)) at room temperature and the HE-XRD pattern (Fig. 2(d))
was indexed to B19'-NiTi phase for the pre-deformed sample. That
is, B2-NiTi was transformed to B19’-NiTi and the B19’ phase was
retained after unloading. The evolution of the intensity for (12),(01)
and (001) planes of the B19’-NiTi phase along the Debye-Scherrer
rings in the 2D HE-XRD pattern (insert of Fig. 2(d)) is shown in
Fig. 2(e). The non-uniform distribution of diffraction intensity along
the Debye-Scherrer rings indicates that the pre-deformed sample is
composed of oriented martensitic variants. Transmission electron

microscopy (TEM) bright-field image of the pre-deformed sample
(shown in Fig. 2(f)) indicates that there is distinct stress contrast,
meaning a high residual internal stress existing in the sample.

2.2. In-situ tensile test

In-situ synchrotron X-ray diffraction measurements were per-
formed at the 11-IDC beamline of the Advanced Photon Source
at Argonne National Laboratory. High energy X-rays of 115 keV
energy and 0.6 mm x 0.6 mm beam size were used to obtain 2D
diffraction patterns in the transmission geometry using a Perkin-
Elmer large area detector placed at 1.8 m from the sample. The 2D
diffraction patterns were collected during in-situ tensile deforma-
tion. In-situ tensile deformation was performed using an Instron
testing machine at a strain rate of 5 x 10~ s~1 [30] and the total
elongation of the gauge length was measured with a static axial
clip-on extensometer.

2.3. Microstructure and mechanical properties characterization

Microstructure of the wire was analyzed using an FEI Tecnai
G2 F20 transmission electron microscope equipped with an energy
dispersive X-ray spectroscopic analyzer operated at a voltage of 200
kV. The storage modulus of the sample was measured using DMA
(mechanical type: TA Q800, Dynamic Mechanical Analyzer). The
DMA was set up to run a uniaxial tensile mode. During the analysis,
the temperature was increased from 30 °C to to 150 °C at a rate of
5°C /min.

3. Results and discussion

Fig. 3(a) shows the tensile stress-strain curves of the NC-NiTi
tested at —197 °C and 20 °C. It is seen that the specimen exhibits
a linear elastic strain up to 5.1 % and high yield stress of 2.16 GPa
at —197 °C, 4.3 % and 1.42 GPa at 20 °C. Fig. 3(b) shows that the
tensile loading-unloading curves at —197 °C, —100°C, —50°C, 20°C
and 70 °C and Fig. 3(c) presents the comparison of recovery strains
between the NC-NiTi and other bulk metal materials with large
elastic strains (the reversed matensite transformation temperature
of the pre-deformed NC-NiTi is ~68 °C). It is obvious that the NC-
NiTi possesses ultra-large linear elastic strains (4 %-5 %) across a
wide temperature range of almost 270 °C (from —197 °C to 70 °C),
superior to many other bulk metallic materials with large elastic
strains. The ultra-large linear elastic strain and high yield strength
of the NC-NiTi lead to a high mechanical energy storage density
(the area under the tensile loading curve) of 53 J/cm3 and high
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Fig. 2. Microstructures of NC-NiTi wire. (a) TEM bright-field image of annealed specimen. (b) 1D HE-XRD pattern of the annealed specimen. Insert is its corresponding 2D
HE-XRD pattern. (c) 14 % tensile loading-unloading curve of the annealed specimen at 20 °C. (d) 1D HE-XRD pattern of the pre-deformed specimen. Insert is its corresponding
2D HE-XRD pattern. (e) Evolution of HE-XRD intensity for multiple planes of B19'-NiTi phase along the Debye-Scherrer rings (insert of Fig. 1(d)). (f) TEM bright-field image

of the pre-deformed specimen.
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Fig. 3. Mechanical response of NC-NiTi wire. (a) Tensile stress-strain curves at —197 °C and 20 °C. (b) Tensile loading-unloading curves at —197 °C, =100 °C, —50 °C, 20 °C
and 70 °C. (c¢) Comparison of recovery strain between the NC-NiTi and other bulk metal materials with large elastic strains [10,45,46]. (d) Comparison of mechanical energy
storage density and storage efficiency between the NC-NiTi (tested at —197 °C) and other various advanced materials [10,31,47-51].

energy storage efficiency (the ratio of areas under the loading and
unloading curves) of 97 %, as shown in Fig. 3(d).

To reveal the mechanism of the large linear elasticity for the
NC-NITi, in-situ HE-XRD was carried out through the tensile cycle
of 4.3 % macroscopic strain. Fig. 4(a) shows the in-situ synchrotron
XRD patterns of the NC-NiTi obtained over the tensile cycle. The
three peaks with the highest intensity along the loading direction
are (001), (002) and (03). The d-spacing strain of the sample along
the loading direction, as determined from the B19’-NiTi (001) plane
perpendicular to the loading direction, is plotted in Fig. 4(b) as
a function of the macroscopic strain (the black curve). It is seen
that the d-spacing strain is just 2.9 % when the macroscopic strain

reached 4.3 % upon loading. The d-spacing strain of the (002) and
(03)is 2.42 % and 3.71 %, respectively (shown in Fig. S1 in Supporting
Information). The average d-spacing strain is 3.01 %. According to
the mismatch between the d-spacing strain (3.01 %) and the macro-
scopic strain (4.3 %), it is believed that there is another reversible
deformation involved to compensate for the macroscopic defor-
mation. It is reported that in the martensitic NiTi with oriented
variants, microtwinning appeared upon loading and disappeared
upon unloading, which can offer a reversible deformation [31-34].
In the NC-NiTi, (001) compound microtwinning is the more likely to
appear because of its smaller twin thickness, the lower shear strain,
the lower interfacial energy and the lower strain energy compared
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Fig. 4. (a—c) In-situ synchrotron X-ray diffraction of NC-NiTi wire at 20 °C. (a) Evolution of in-situ HE-XRD patterns during a tensile loading-unloading deformation to 4.3
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plot of the d-spacing for (002) and (03) versus the azimuthal angle, the wire longitudinal direction is 90° and the transverse direction is 0°. (d) Microstructure evolution
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with other conceivable twinning modes [35-41]. The interfacial
energy and the elastic energy stored during the loading process pro-
vide the driving force for the detwinning upon unloading [23-29].
Thus it is considered that the twinning-detwinning deformation of
(001) compound microtwinning was also contained in the NC-NiTi
upon tensile loading and unloading.

The reversible twinning-detwinning deformation can be evalu-
ated by the difference between macroscopic strain and d-spacing
strain. The calculated twinning-detwinning strain (set (001) lat-
tice plane as an example) is shown in Fig. 4(b) (the red curve) as a
function of macroscopic strain. It is evident that both the d-spacing
strain and the twinning-detwinning strain linearly increase and
decrease with increasing and decreasing of the macroscopic strain
throughout the tensile cycle. It is concluded that the true elastic
deformation and reversible twinning-detwinning deformation run
in parallel, which could contribute to the large linear elasticity of
the NC-NiTi.

To uncover the reason for the concurrency of the elastic defor-
mation and twinning deformation, the residual internal stress state
of the pre-deformed sample was investigated. Fig. 4(c) shows
the plot of the d-spacing of (002) and (03) B19'-NiTi versus the
azimuthal angle. For B19’ (03), the d-spacing in the wire lon-
gitudinal direction (90°) is smaller than dg, which means the
grains represented by B19’ (03) are under compression in the
longitudinal direction. For B19’ (002), the d-spacing in the wire
longitudinal direction is larger than dy, which implies that the
grains represented by B19’ (002) are subjected to tensile stress
in the wire longitudinal direction. During the subsequent ten-
sile loading process (Fig. 4(d)), for the grains (such as M) in
tension, they went through twinning deformation without the
initial elastic deformation, but for the ones (such as Mg) in com-
pression, they simply went through a large elastic deformation
(consisting of preexisting elastic compression deformation and
elastic tension deformation). Based on the above analysis, the
concurrency of the twinning deformation and elastic deforma-

tion is ascribed to the preexisting internal tensile/compressive
stresses.

Schematic representation for the formation of residual internal
stress is shown in Fig. 5 (Ps and Py represent the two grains of B2
phase, M and Mg represent the two grains of B19’ phase). It is con-
sidered that the annealed sample is composed of grains of different
orientations (Fig. 5(a)). During the tensile loading of 14 % (shown in
Fig. 2(c)), the sample underwent an initial elastic deformation of B2
phase, B2—B19’' (P—M) transformation followed by the elastic and
plastic deformation of B19’ phase [42]. The grains of different orien-
tations exhibit different phase transformation strains (e}, < M8,
[43], thus resulting in different elastic strains of M and Mg (&2 > £8)
in order to make the total strain consistent, as shown in Fig. 5(b).
Upon unloading, the sample only underwent the elastic recovery
of B19’ phase, where the grains (Mg) with larger phase transfor-
mation strain hindered the complete elastic recovery of the grains
(Mp), leading to the internal tensile stress on M, and compressive
stress on Mg (Fig. 5(c)).

Moreover, we explored the grain size effect on the yield stress
and recovery strain (pure elastic strain + twinning-detwinning
strain) of the NC-NiTi. Fig. 6(a) shows the tensile loading-unloading
responds of the samples with grain size of 15 nm, 50 nm, 250 nm
and 350 nm at 20 °C, and Fig. 6(b) shows the corresponding sta-
tistical graph of grain size dependence of yield stress and recovery
strain. It is clear that both the recovery strain and yield stress sig-
nificantly increase with decreasing the grain size. The yield stress
of the NC-NiTi (with mean grain size of 15 nm) is triple higher than
that of its coarse counterpart (with mean grain size of 350 nm) and
the recovery strain is twice larger than its coarse one. To rationalize
the strong grain size dependence of yield stress and recovery strain,
we analyzed the in-situ synchrotron XRD results. Fig. 6(c) shows the
d-spacing strain (black columns) and twinning-detwinning strain
(red columns) with mean grain size of 15 nm and 350 nm tested
at 20 °C. It is seen that the NC-NiTi possesses a large d-spacing
strain of 2.9 %, triple higher than 0.75 % of its coarse counterparts,
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the same trend as the yield stress discussed above. We can draw
a conclusion that the higher yield stress attributes to the intrin-
sic larger elastic strain (interatomic spacing strain) of the NC-NiTi
than its coarse counterpart, according to the Hooke’s law. Besides
that, the larger recovery strain of NC-NiTi also attributes to the
intrinsic larger elastic strain, because of the sub-equal twinning-
detwinning strain between the NC-NiTi (1.4 %) and its coarse one
(1.58 %).

The testing temperature effect on the yield stress and recovery
strain of the samples with different grain sizes are also investigated.
Fig. 7(a) presents the yield stress of the samples with mean grain
size of 15 nm and 350 nm as a function of the testing temperature.
It is obvious that the yield stress of the NC-NiTi increases by more
than 600 MPa triple higher than 200 MPa of its coarse counter-
parts, when the testing temperature decreases from 70 °C to —150
°C. To rationalize the strong temperature effect on yield stress for

the NC-NiTi, we analyzed the dynamic mechanical analyzer (Fig. 7
(¢)) and in-situ synchrotron XRD (Fig. 7 (d)) results. Fig. 7 (¢) shows
that the storage modulus (positively relevant to the elastic mod-
ulus, thus simply regarded as elastic modulus here) normalized
by the initial value of NC-NiTi significantly increases faster than
that of its coarse counterpart with decreasing the testing temper-
ature. This attributes to the fact that the elastic modulus of grain
boundary is more temperature-sensitive, where the grain boundary
shows more local deformation compared with the grain core com-
ponent under a slight thermal fluctuations [44]. Fig. 7 (d) shows the
d-spacing strain and twinning-detwinning strain with mean grain
size of 15 nm and 350 nm tested at 20 °C and—100 °C, respectively.
Itis seen that the d-spacing strain declines slightly from 2.9 % to 2.6
% of NC-NiTi (the same trend for the coarse one), within the tem-
perature range from 20 °C to —100 °C. Thus, it is expected that the
more rapid increase of yield stress of the NC-NiTi originates from
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the faster increase of elastic modulus with decreasing temperature,
compared with its coarse counterpart.

Fig. 7 (b) shows the recovery strain of the samples with mean
grain size of 15 nm and 350 nm as a function of the testing temper-
ature. It is seen that the recovery strains of the two samples slowly
increase with decreasing the testing temperature. Fig. 7 (d) shows
that the d-spacing strains of the two samples slightly decrease and
the twinning-detwinning strains slowly increase with decreasing
the testing temperature. It is considered that the descending in
the d-spacing strains may stem from the increase of elastic mod-
ulus with decreasing the testing temperature (Fig. 7 (c)). Because
the critical stress for the (001) compound twinning of B19’-NiTi is
insensitive of testing temperature [21], the twinning-detwinning
deformation is enhanced when the yield stress increases with
decreasing testing temperature, resulting in the total recovery
strain slightly increasing with decreasing testing temperature.

4. Conclusion

In summary, we proposed a design concept that true elas-
tic deformation and reversible twinning-detwinning deformation
run in parallel for developing the bulk metallic materials with
ultra-large linear elasticity over a wide temperature range. By engi-
neering the residual internal stress to realize the concurrency of
true elastic deformation and twinning-detwinning deformation,
we developed a bulk nanocrystalline NiTi that possesses an ultra-
large linear elastic strain up to 5.1 % and a high yield stress of 2.16
GPa over a wide temperature range of 270 °C (from -197 °C to
70 °C). Besides, we reveal the effects of grain size and operating
temperature on the ultra-large linear elasticity of the NC-NiTi.
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