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a b s t r a c t 

Shape memory alloys (SMAs) that exhibit superelasticity with large recoverable strain and small hystere- 

sis are in demand for practical applications, although their synthesis remains a challenge. We introduce 

metastable engineering to dope conventional SMA solid-solution atoms of relatively high concentration 

with "weak" local lattice distortion to realize ultralow hysteretic superelasticity. Large-scale molecular dy- 

namic (MD) simulations of NiTi-based SMAs are performed to demonstrate how the presence of 2 ∼ 4 

at.% Nb dopants lead to a stress-induced transition from a metastable pretransitional state to a strain- 

glass state. This is facilitated by a macroscopically homogeneous and continuous phase transformation in 

the course of superelastic loading and unloading. This spinodal decomposition-like phase transformation 

process endows SMAs with anhysteretic superelasticity that is insensitive to loading direction and grain 

size (below 15 nm). These findings show promise of achieving ultralow hysteretic superelasticity with 

large recoverable strain for SMAs. 

© 2022 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved. 
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. Introduction 

Shape memory alloys (SMAs) undergo a reversible, diffusion- 

ess, structural phase transformation between parent and marten- 

itic phases in response to external stimuli (temperature, stress, 

lectric field, magnetic field, or combinations thereof), accompa- 

ied by strains ranging up to and beyond 10%. The ability to re- 

over their initial shape after releasing the applied load, known 

s superelasticity (SE), makes them promising materials for energy 

bsorption and ensuring the stability of structures under relatively 

arge strains [1–5] . However, special attention needs to be paid to 

he phenomena of complex hysteresis associated with irreversibil- 

ty, which ensures a reduction in the device performance [6–9] un- 

er loading due to the application of strain/stress control. There- 

ore, decreasing stress hysteresis in SMAs becomes a key issue to 

mprove their performance. Low hysteresis is attractive as the tem- 

erature oscillation for the actuation force and/or displacement can 

hen be small to facilitate a fast response. 

Reducing the length scale of SMAs down to the nanoscale is 

ne strategy that can decrease significantly the martensitic trans- 
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ormation (MT) hysteresis loop. Thus, research in nanoscale shape 

emory materials has focused on small-scale structures such as 

ano/micro pillars, wires and particles [10–14] . The hysteresis even 

isappears when the SMA particle size is decreased below 3 nm. In 

ther words, anhysteretic superelasticity is achieved in SMA parti- 

les smaller than 3 nm [15] . At the other end of the scale lies bulk

anocrystalline SMAs with grain sizes in the range 5–150 nm syn- 

hesized by severe plastic deformation into an amorphous phase 

ollowed by recrystallization using heat treatments [16] . For both 

ases, the inhibition of MT within grain boundaries or free surface 

egions plays an important role in lowering superelastic hystere- 

is, i.e., a large volume fraction of SMAs is retained in the parent 

hase during the superelastic loading process, leading to vanishing 

ysteresis [ 15 , 16 ]. 

Yet another strategy towards the search for SMAs with small 

uperelastic hysteresis is to use “domain engineering” to transform 

 sharp first-order MT into a continuous glasslike phase transition 

ia impurity doping [17] . The presence of an appropriate density of 

xtra defects (such as point defects, dislocations and nanoprecipi- 

ates) in coarse-grained SMAs can induce considerable local lattice 

istortion. This can prevent the sudden formation of long-range or- 

ered martensitic twinned structures and can lead to the forma- 

ion of randomly distributed, frustrated, nanoscale martensitic do- 

ains [18–20] . Such a unique strain state is found to evolve grad- 

https://doi.org/10.1016/j.actamat.2022.117973
http://www.ScienceDirect.com
http://www.elsevier.com/locate/actamat
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ally upon loading and unloading with narrow superelastic hys- 

eresis due to the lack of MT nucleation and twinning/detwinning 

vents. However, experimental measurements on the nano-domain 

ngineered SMAs show that the reduction of superelastic hystere- 

is using this strategy is often accompanied by quasi-linear supere- 

asticity with small recoverable strain [ 17 , 20 , 21 ]. Once the strain

s very high, the large lattice mismatch between the parent phase 

nd developed martensite gives rise to a high strain energy barrier 

or coarsening martensite, thus leading to a larger hysteretic loop 

 22 , 23 ]. 

Recently, anhysteretic superelastic behavior with large recov- 

rable strain has been observed in a NiCoFeGa single-crystal al- 

oy, a ferromagnetic SMA system. Kosogor et al. observed anhys- 

eretic superelasticity in a Ni-Fe(Co)-Ga single-crystal alloy if the 

emperature exceeds a critical value of 320 K [24] . Later, Wang 

t al. reported “ideal” anhysteretic superelasticity in [001]-oriented 

iCoFeGa single crystals, exhibiting a large recoverable strain up to 

5.2%. In-situ synchrotron X-ray diffraction measurements suggest 

hat the anhysteretic behavior is correlated with a stress-induced 

ontinuous variation of lattice parameter, as well as the atomic- 

evel entanglement of ordered and disordered crystal structures 

pon loading and unloading [25] . Subsequent ab initio calculations 

ndicate that a magnetic effect needs to be present to act as a 

ominating factor for the anhysteretic superelasticity response. For 

xample, magnetic reversal (FM ↔ AFM) may occur while stretch- 

ng the B2 structure of Ni 50- x Co x Mn 25 Ga 25 alloys [26] . However, 

his mechanism does not seem to work for well-studied SMAs 

uch as NiTi without a magnetic effect or magnetic entropy. There 

s therefore a need to explore new mechanisms that can guide 

he development of bulk SMAs with narrow hysteretic superelas- 

icity and large recoverable strain. Large-scale molecular dynamic 

MD) simulations have emerged as an effective tool to study super- 

lasticity in NiTi SMAs [27–30] , providing an understanding of the 

orresponding atomic level phase transformation mechanisms. 

In the present work, we demonstrate a mechanism to reduce 

uperelastic hysteresis in conventional NiTi-based SMAs by engi- 

eering metastability, i.e. using "weak" local lattice distortions to 

ealize a metastable pretransitional state. The metastable state in- 

uces a spinodal decomposition-like phase transformation, which 

as the potential of achieving an “ideal” superelasticity of nar- 

ow hysteresis and large recoverable strain. We perform MD sim- 

lations of NiTi-based SMAs, which are solid-soluted by alloying 

toms with moderate local lattice distortion. We uncover spinodal 

ecomposition-like phase transformation mechanisms for “ideal”

uperelastic behavior from the analysis of the corresponding atom- 

evel microstructural evolution. In particular, the stress-induced 

ontinuous phase transition starting from the metastable pretran- 

itional state is revealed. Finally, we discuss the potential doping 

lements that facilitate the presence of “ideal” low-hysteretic su- 

erelasticity. 

. Methodology 

We performed MD simulations on a NiTi-based alloy to inves- 

igate superelastic behavior. The B2-NiTi structure has space group 

m 3 m with 2 atoms in the primitive unit cell and lattice parame- 

ers a = b = c = 2.99 Å, close to the 3.015 Å (an error less than

.5%) value from experiments. By repeating the unit cell along x -, 

 - and z -axes, a supercell of pure NiTi can then be generated. Typ-

cal samples of NiTi- X alloys can be created by randomly replacing 

 given atomic concentration of Ti sites with dopant X atoms, i.e., 

he location of X atoms is arbitrary. 

We consider Ni 50 Ti 50- x Nb x ( x < 5) alloys as an example in our

imulations as Nb atoms can generate “weak” lattice distortions 

ithin NiTi-based SMAs. We focus on the effects of doping on the 

artensitic transformation behavior of an SMA random solid solu- 
2 
ion, in contrast to studying the composite structure formed exper- 

mentally in a eutectic reaction of NiTi-Nb alloys. From experimen- 

al work, Ni 50 Ti 50- x Nb x ( x < 4) shows a uniform B2 phase but with

 different Nb content locally [31] . In addition, we also test the 

hase component of a 4% Nb sample (Ni 51.5 Ti 44.5 Nb 4 ) experimen- 

ally. Both scanning electron microscope (SEM) and synchrotron X- 

ay diffraction measurements indicate a B2 single phase, as shown 

n Fig. 1 . In addition, a relatively recent study has suggested that 

he solubility of Nb can increase with an increasing Ni/Ti ratio [32] . 

herefore, the alloy system Ni 50 Ti 50- x Nb x ( x < 5) studied here can be

xperimentally accessible and we will demonstrate that the spatial 

ariation of Nb concentration does not affect the narrow-hysteretic 

uperelasticity. 

We adapted a second nearest neighbor modified embedded- 

tom method (2NN MEAM) [33] to describe the Ni-Ti- X ternary 

ystem. An interatomic potential proposed by Ko et. al. [34] was 

sed to describe the temperature and stress-induced phase trans- 

ormation in NiTi. The parameters for the interaction between 

olid-solute atoms X and Ni/Ti were fitted based on faithfully re- 

roducing the DFT calculation for the B2 X -Ni (or X -Ti) structure. 

e note that such a semi-empirical potential description is not ex- 

ected to capture the details of the specific alloy, however, such 

pproaches have been widely adopted for martensitic transforma- 

ions and related phenomena [ 35 , 36 ]. 

The initial samples were relaxed by quenching with the aid 

f a conjugate gradient algorithm. The samples were then an- 

ealed above the parent phase stabilizing temperature by using 

 Nose-Hoover thermostat [37] and Parrinello–Rahman barostat 

38] within the isothermal-isobaric ensemble. Tension was then 

pplied to the relaxed samples at a strain rate of 4 × 10 −4 ps −1 .

 bond order parameter introduced by Ackland and Jones [39] is 

sed to identify the local structures. The atomic simulations were 

arried out using the LAMMPS code [40] and the atomic configu- 

ations visualized by Ovito [41] . 

. Results 

.1. Superelasticity and shape memory effect 

We first performed MD simulations of the tensile superelas- 

ic behavior in Ni 50 Ti 50- x Nb x alloy single-crystals along the [112] 

irection. Here, Nb atoms are randomly added to form a solid- 

olution of the B2-NiTi based alloy. Fig. 2 shows a series of stress- 

train curves for single-crystal Ni 50 Ti 50- x Nb x ( x = 0 ∼ 4) SMAs at 

5 K, 100 K, 200 K and 400 K. The first difference is that the Nb

oncentration makes the recoverability of the stress-strain curves. 

t temperatures below 400 K, the pure NiTi alloy exhibits a shape 

emory effect, i.e., shape recovery can only be obtained by heat- 

ng, while the strain recovery after unloading increases with the 

raction of Nb atoms. Complete recovery is obtained with doping of 

 at% Nb or higher. This shows a change in transformation behavior 

rom the shape memory effect to superelasticity due to the reduc- 

ion of phase transformation temperature. Another striking change 

s the shape variation in the hysteresis curves. For the case of x = 0

t 400 K, the loading curve after the yield point shows a stress 

lateau related to the stable growth of martensitic transformation, 

nd a flag-shaped sharp curve with a relatively large hysteresis 

s formed. However, with increasing Nb fraction, we see a round- 

ng of the hysteresis loops: the wide and sharp hysteretic behavior 

hanges to a narrower hysteresis. In addition, we find the slope of 

he stress plateau gradually increases with Nb concentration, and 

he stress-strain curve for x = 4 almost disappears without any 

lear yield points. Most of these simulation results agree with pre- 

ious experimental measurements and phase field modeling. Nev- 

rtheless, it is important to point out that we find a composition 

egion of x = 2 ∼ 3 at low temperatures (around 100 K and be- 



X. Tao, Y. Yang, H. Zong et al. Acta Materialia 232 (2022) 117973 

Fig. 1. Experimental measurement for Ni 51.5 Ti 44.5 Nb 4 alloy. (a) SEM morphology showing local compositional fluctuations. (b) Synchrotron X-ray diffraction measurement 

indicates a B2 single phase. 

Fig. 2. Tensile stress-strain curves of Ni 50 Ti 50- x Nb x ( x = 0 ∼ 4 at.%) alloy systems at selected temperatures. The superelastic hysteresis loop changes from a sharp and wide 

loop to a round, slim one with the amount of Nb atoms. 
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ow) that surprising showing narrow-hysteretic superelasticity with 

 stress plateau. This shape of the stress-strain curve is very sim- 

lar to “ideal” superelasticity found in NiCoFeGa single-crystal fer- 

omagnetic SMAs [ 25 , 26 ]. In addition, we studied the case of 3Nb

MA with local Nb compositional fluctuation to mimic the exper- 

mental measurement, and the corresponding tensile stress-strain 

urve suggests a similar low-hysteretic superelasticity (see Fig. S1). 

Next, we investigated the shape memory effect in Ni 50 Ti 50- x Nb x 
lloys, i.e., martensitic transformation (MT) induced strain-output 

 ε) during load-biased thermal cycling. Fig. 3 shows the disorder 

ependence of the ε- T curve for Ni 50 Ti 50- x Nb x SMAs during load- 

iased thermal cycling under different constant stresses. Solid and 

roken lines indicate heating and cooling runs, respectively. The 

 Nb pure alloy exhibits typical ε- T curves for NiTi shape mem- 

ry alloys with large hysteresis. The transformation strain increases 

ith increasing constant stress due to the growth of preferential 

artensitic domains. With increasing Nb dopants, the relatively 

harp and wide hysteresis loop for 0 Nb alloy becomes rounded 

nd narrow. In addition, there appears to be a threshold stress be- 

ow which the transformation strain cannot be detected over the 

emperature region from 400 K to 15 K. In the 2 Nb alloy, for ex-

mple, this behavior is clearly observed with a threshold stress of 

00 MPa, in agreement with the corresponding superelastic behav- 

or in Fig. 2 , which shows the stress induced martensitic trans- 
s

3

ormation over the whole temperature region of our simulations. 

he normal MT is completely suppressed if the doping level is fur- 

her increased (e.g. the cases of 3 and 4 Nb alloys), even at high 

pplied stress. More strikingly, the continuous increase in macro- 

copic strain for 3 and 4 Nb upon cooling at high applied stresses 

uggests a continuous MT process. It is quite different from strain- 

lass alloys (STG) [42–44] . In the case of STG, the strain-glass tran- 

ition occurs without macroscopic symmetry breaking with ap- 

lied low stresses, whereas a normal MT occurs if the applied 

tress is higher than a critical value. 

.2. Anisotropy 

We have so far studied the mechanical response of single- 

rystal Ni 50 Ti 50- x Nb x SMAs based on uniaxial tensile mode along 

he [112] direction. It is natural to ask if slim-hysteretic superelas- 

icity exists in other loading directions. Fig. 4 compares the tensile 

uperelastic behavior of 3 Nb samples along three high symmetry 

irections [111], [110] and [112]. We do not include the cases in 

hich we load along the [001] direction, which can induce a large 

lastic strain that couples with the tetragonality (c/a > 1.0) of the 

hase transformation [45] . Here, two different temperatures 100 

nd 400 K are selected to study the dependence of temperature on 

uperelastic hysteresis. All the cases in Fig. 4 show complete recov- 

https://youdao.com/w/morphology/
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Fig. 3. Strain-temperature curves of Ni 50 Ti 50- x Nb x ( x = 0 ∼ 4 at.%) shape memory alloys measured with the uniaxial tensile mode during load-biased thermal cycling under 

different stresses. The thermal hysteresis loop decreases with the concentration of Nb atoms, but the critical stress that can induce martensitic transformation increases with 

the Nb concentration. 

Fig. 4. The tensile loading direction dependent mechanical response of 3 Nb SMA samples. (a) Stress-strain curves at 100 K. (b) Stress-strain curves at 400 K. At low 

temperatures, the superelasticity of 3 Nb SMA shows low anisotropy. 
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rability in the tensile stress-strain curves. However, the anisotropy 

f the corresponding hysteretic behavior is quite different at tem- 

eratures 100 and 400 K. As shown in Fig. 4 (b), the superelasticity 

f 3 Nb SMAs shows relatively large hysteresis along all three di- 

ections at 400 K with the hysteretic loops a function of the load- 

ng direction. For example, [110] and [112] exhibit the smallest and 

argest superelastic hysteresis, respectively. In contrast, the supere- 

astic response at the low temperature 100 K is quite similar in dif- 

erent directions, i.e., 3 Nb SMA shows narrow hysteresis and com- 

arable yield stress ( Fig. 4 (a)) with uniaxial tensile loading along 

he three directions. This suggests that the superelastic hysteresis 

f 3 Nb SMAs is insensitive to loading direction at low tempera- 

ures. The loading direction can change the stress plateau of the 

uperelastic curves. 

.3. Size effect 

Previous studies have indicated that the size of grains and other 

ubstructures (such as deformation twins) can significantly influ- 

nce the stress-induced martensitic transformation in NiTi SMAs 
4 
46–49] . In particular, the superelastic hysteresis as well as the de- 

endence of the plateau stress on temperature, decrease rapidly 

s the grain size is reduced beyond a critical value ( < 60 nm) 

50] . We thus investigated the superelastic behavior of Ni 50 Ti 47 Nb 3 
MAs in different grain sizes. Fig. 5 (a) and (b) present the grain 

izes dependent superelasticity at low (100 K) and high temper- 

ture (400 K), respectively. We can clearly observe a size effect 

n the superelastic stress by comparing the stress-strain curves 

or different grain sizes, i.e., the superelastic plateau stress in- 

reases as the nano-grain sizes decrease from 15 nm to 3 nm, 

hich is consistent with the usual grain boundary strengthening 

r Hall-Petch behavior. However, the dependence of the superelas- 

ic hysteresis on grain sizes is quite different. At 400 K, the su- 

erelastic hysteresis is reduced sharply as the grain sizes decrease 

 Fig. 5 (b)). In sharp contrast, the 3 Nb alloys at 100 K show a

eak size dependence, i.e., there is no significant change in the 

tress hysteretic loop when the grain sizes are reduced, as shown 

n Fig. 5 (a). In summary, we can state that the hysteretic behav- 

or of the 3 Nb nanocrystalline alloy is not sensitive to grain size 

 < 15 nm). 
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Fig. 5. Size effect on the mechanical response of different grain sizes SMA samples upon uniaxial tensile loading. We compared the tensile superelastic behaviors in 3 Nb 

samples with sizes of 15 nm, 10 nm, 5 nm and 3 nm at (a) 100 K and (b) 400 K, showing that the low-hysteretic behavior is independent of the grain sizes. 

Fig. 6. Typical microstructural evolution of NiTi-based shape memory alloys upon cooling. (a) and (b) Local structure in 3 Nb alloy when the temperature is reduced from 

400 K to 100 K. (c) and (d) Microstructural evolution in 1.9 Nb alloy upon cooling. The yellow circle shows a typical martensite nanodomain. The light blue color represents 

the ideal bcc structure, green is the distorted bcc structure, the orange represents the ideal monoclinic structure, and other colors belong to defects. (For interpretation of 

the references to colour in this figure legend, the reader is referred to the web version of this article.) 
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. Discussion 

MD simulations of the tensile superelastic behavior in 

i 50 Ti 50- x Nb x SMAs show narrow hysteresis at low temperatures 

around 100 K and below) as we dope Nb atoms in the composi- 

ion range x = 2 ∼ 3 at%. However, we do not detect any transfor-

ation strain upon cooling in the ε- T curves of Fig. 3 , quite differ-

nt from previous studies on nanodomain engineered SMAs [51] . 

he question naturally arises whether there is a difference in the 

nderlying mechanisms for ultralow hysteretic superelastic behav- 

or presented here and nanodomain engineered SMAs. We suggest 

hat the “ideal” superelasticity in Ni 50 Ti 50- x Nb x SMAs is dominated 

y a stress-induced continuous phase transformation. In the fol- 

owing, we will first investigate the difference between the 3 Nb 

MA and nanodomain engineered SMAs [17] from the aspect of lo- 

al structure and relaxation behaviors. We then analyze the mi- 

rostructure evolution in the superelastic loading and unloading 

rocesses to gain insight into the underlying mechanisms. Finally, 

e propose a general criterion for achieving “ideal” superelasticity 
t

5

f narrow hysteresis and large recoverable strain, motivating exper- 

mental studies. 

.1. Local structure and relaxation behavior upon cooling 

We have so far shown that the heavily Nb doped NiTi shape 

emory alloys exhibit superelasticity of large recoverable strain, 

ow hysteresis and low working temperature range. Several the- 

retical models attribute the narrow hysteretic superelasticity in 

iTi- X ( X is dopant element) SMAs to the induced martensitic nan- 

domains by quenched disorder [ 17 , 52 , 53 ]. Therefore, we first ex-

mined the atom-level microstructures in Ni 50 Ti 50- x Nb x alloys be- 

ore tensile loading. Fig. 6 compares the typical microstructural 

hange of the 3 Nb alloy upon cooling with that of the 1.9 Nb alloy

hat undergoes a freezing process with martensite nano-domains. 

he left panel shows the atom-level microstructure of both materi- 

ls at high temperature, which shares similar features to the parent 

hase structure. However, the corresponding microstructure at low 

emperature is quite different. As shown in Fig. 6 (b), no obvious 
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Fig. 7. Comparison of the dynamic behaviors between strain-glass alloys and metastable engineered shape memory alloys. (a) The dependence of potential energy on tem- 

perature. (b) Dynamic susceptibility as a function of temperature. (c) and (d) Radial distribution functions (RDFs) of 1.9 Nb SMA and 3 Nb SMA, respectively. (e) Intermediate 

scattering functions as a function of the time F S ( � q , t ) for the two different materials at different temperatures. (f) Plot of the relaxation time τ as a function of temperature, 

and τ is achieved via fitting the decay regimes of F S ( � q , t ) to the Kohlrausch-William-Watts (KWW) function. The characteristic feature of these physical properties suggests 

that metastable engineered 3 Nb SMA is in essence not in the strain-glass state. 
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ature is reduced. 
artensite nanodomains (orange clusters) appear in the 3 Nb SMA 

ample. Instead, we find a high density of local metastable regions 

green clusters) with distorted bcc structures. The microstructure 

s quite different from that of the strain-glass state ( Fig. 6 (d)), 

.e., frozen martensitic nanodomains that are embedded within a 

istorted parent phase matrix or system-spanning strain network 

18] . 

We next investigate the dynamic behavior of the alloys as a 

unction of temperature, as shown in Fig. 7 . Upon cooling, the 

hange of potential energy for both 3 Nb and 1.9 Nb alloys is con- 

inuous, indicating no signature of a first-order martensitic trans- 

ormation in both cases ( Fig. 7 (a)). This is confirmed by the corre-

ponding radial distribution functions (RDFs), which can be used to 

haracterize the structural information at a particular temperature. 

ig. 7 (c) and (d) compare the RDFs of both cases, and no signifi-

ant change in their first three peaks suggests the average parent 

hase structure remains unchanged when the temperature is re- 

uced from 400 K to 100 K. Note that there is no peak splitting

n the RDF of the 3 Nb sample at low temperatures, as compared 
6

o the 1.9 Nb strain-glass alloy. Previous work on strain glasses has 

ndicated that the peak splitting at long pair distance within the 

DFs is due to the formation of strain networks due to local dis- 

lacement shifts [18] . 

Fig. 7 (b) shows the dynamic susceptibility of both 3 Nb and 

.9 Nb alloys at different tem peratures. Here, the dynamic sus- 

eptibility is defined by χ( T , ω ) = �( T , ω ) /T , where �( T , ω ) mea-

ures the mean-squared displacement (MSD) of the system after 

 time interval of 1/ ω, and plays a role analogous to the ac mag-

etic or dielectric susceptibility at frequency ω in experiments. As 

resented in Fig. 7 (b), the evolution of χ( T , ω ) during the cooling 

rocess differs considerably between the two types of SMAs. On 

he one hand, compared with the 3 Nb case, the 1.9 Nb alloy pos- 

esses a higher value of χ( T , ω ) over the whole temperature re- 

ion. On the other, the resulting curve of temperature dependence 

n 1.9 Nb alloy shows a cusp-like anomaly at around 150–200 K, 

ndicating the presence of glassy behavior. Nevertheless, the ob- 

erved susceptibility of 3 Nb SMA keeps increasing as the temper- 
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Fig. 8. Microstructure evolution of 3 Nb shape memory alloy during tensile loading and unloading at 100 K. Spinodal-decomposition–type pattern evolution kinetics dom- 

inates the stress-induced formation of new phase during the loading cycle. The light blue color represents the ideal bcc structure, green is the distorted bcc structure, the 

orange represents the idealmonoclinic structure, and other colors belong to defects. (For interpretation of the references to colour in this figure legend, the reader is referred 

to the web version of this article.) 

w

F

w

i  

c

F

p

c

f

t

t

t

i

o

t

p

t

T

s

v

a

s

4

a

s

u

s

s

w

f

e  

i

a

c

[

t

(

l

d

p

t

c

r

c

t

a

p

p  

t  

e

t

i  

i

t

t  

s

m

S

d

l

c

m

s

i

u

T

t

m

p

A

We investigated the possible relaxation behavior in 3 Nb SMAs 

ith the intermediate scattering function (ISF) [54] , given by 

 S ( � q , t ) = 

1 

N 

N ∑ 

i =1 

e i � q ·[ −→ 

r i ( t ) −−→ 

r i ( 0 ) ] (1) 

here N denotes the atomic number and r i is the position of atom 

 . The wave vector q is around 3.0 Å 

−1 , corresponding to the lo-

ation of the first peak in the structure factor. The right panel of 

ig. 7 (e) shows the normal ISFs of 1.9 Nb SMA at different tem- 

eratures around the glass transition. The ISFs shows a fast drop, 

orresponding to the ballistic regime. The long-time decay in the 

ollowing regime represents the α relaxation. Fig. 7 (f) shows the 

emperature dependence of the fitted relaxation times, displaying 

wo drastically different regions separated by the glass transition 

emperature T g . In particular, we see orders of magnitude slow- 

ng down in the relaxation kinetics below T g , which is typically 

bserved experimentally in highly doped SMAs [ 51 , 55 ]. In con- 

rast, the ISFs of 3 Nb SMA experience a first decay followed by a 

lateau that survives over the timescales of our simulations at all 

he selected temperatures, as shown in the left panel of Fig. 7 (e). 

his suggests that large atomic re-arrangements or change of local 

tructure is largely impeded except for thermally induced lattice 

ibrations. In short, all the features of the calculated observables 

bove suggest that the 3 Nb alloy does not fall into the category of 

train-glass or normal MT alloy. 

.2. Microstructural evolution and order parameters upon loading 

We now consider the phase-transforming kinetics of 3 Nb SMAs 

ccompanying the superelastic loading and unloading. Fig. 8 shows 

napshots of atomic configurations during the tensile loading and 

nloading process at several strain levels. Surprisingly, the marten- 

itic transformation in 3 Nb alloy starts uniformly throughout the 

ample and proceeds smoothly over the whole loading process, 

hich is characteristic of the spinodal decomposition (SD) trans- 

ormation in multicomponent alloys [ 56 , 57 ]. This is quite differ- 

nt from the case of a normal MT process, in which a new phase

s nucleated and continues to grow under further loading (nucle- 

tion and growth, NG). As a result, the phase transformation pro- 
7 
ess consists of large avalanches, exhibiting a sharp hysteresis loop 

20] . However, we note that there is no difference between the lat- 

ice structure of martensite within Ni 50 Ti 50 SMA and the 3 Nb alloy 

Fig. S2). 

The SD-like martensitic transformation process in the supere- 

asticity of 3 Nb SMAs is confirmed by the distribution of the or- 

er parameter, as shown in Fig. 9 . In the present work, the order 

arameter, η is defined as the lattice distortion associated with 

he B2 to B19’ transformation [58] . Here, we introduce systematic 

oarse graining to pick up the correlated nature of local order pa- 

ameters, i.e., the coarse graining of local η for each atom is cal- 

ulated by averaging over all atoms within a length of 3.5 nm. In 

he course of a stress-induced martensitic transformation, the char- 

cteristic temporal change in probability distribution of the order 

arameter, ϕ(η) exhibits a gradual, continuous change in the peak 

osition for the 3 Nb case at 100 K ( Fig. 9 (a)), which is charac-

eristic of SD-type phase ordering [ 56 , 57 ]. This is markedly differ-

nt from the case of 0 Nb, which exhibits the bimodal distribu- 

ion during tensile loading, characteristic of NG-type phase order- 

ng [ 56 , 59 ] (see Fig. 9 (b)). This suggests the presence of the sharp

nterface between parent phase and martensite is responsible for 

he large superelastic hysteresis in normal SMAs. In this way, both 

he superelasticity of 3 Nb at 400 K and 1.9 Nb at 100 K can be de-

cribed as a mixed nature of SD-type and NG-type phase transfor- 

ation, as shown in Fig. 9 (c) and (d). For nano-domain engineered 

MAs [17] , a high proportion of the SD-type phase transformation 

uring the loading-unloading process gives rise to narrow supere- 

astic hysteresis. However, there still exists a considerable NG-type 

omponent, leading to quasi-linear superelasticity ( Fig. 9 (d)). 

The Landau theory has been used to describe first-order 

artensitic transformations and shows the hysteretic behavior of 

hape memory alloys. Unlike a second-order phase transition, there 

s an energy barrier between the parent phase and martensite 

pon cooling when approaching the transformation temperature. 

he energy barrier gives rise to the highly hysteretic superelas- 

icity. In most cases, the high strain energy barrier of nucleating 

artensite is due to a large lattice mismatch between the two 

hases, which is also the reason for the large recoverable strain. 

s illustrated in Fig. 10 (b), the local stress induced by pre-existing 
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Fig. 9. Time evolution of the probability distribution of the order parameter for different NiTi-based shape memory alloysupon tensile loading. The probability distribution 

function of order parameter, ϕ(η) at 9 different strain levels is presented for each case and the arrows represent the direction of the change with time. (a) Metastable 

engineered SMA of 3 Nb at 100 K. (b) Ni 50 Ti 50 SMA at 600 K. (c) 3 Nb SMA at 400 K. (d)1.9 Nb SMA at 100 K. 

Fig. 10. Proposed phase transformation mechanism response for slim hysteretic superelasticity in metastable engineered shape memory alloys. Schematic illustration of 

stress-induced continuous phase transformation dominating the superelastic behavior at low temperatures. The schematic free-energy landscape of the (a) 0 Nb, (b) 3 Nb 

and (c) 3 Nb under loading. (d) Intermediate scattering functions as a function of the time, F S ( � q , t ) for 4.5% tensile-strain loaded 3 Nb sample, showing relaxation behaviors 

of glassy materials. The inset plots the fitted relaxation time as a function of temperature, indicating a glass transition at T g = 160 K. 
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rystal defects in the pretransitional state of NiTi SMA can reduce 

r eliminate the nucleation barrier. This can trigger a nearly bar- 

ierless MT forming nanosized martensitic embryos due to ther- 

oelastic equilibrium [ 60 , 61 ]. These embryos are always equilib- 

ium coherent nanosized particles ( Fig. 10 (b)), physically different 

rom the conventional fluctuation-assisted nuclei at low tempera- 

ure, which are nonequilibrium particles that equilibrate by grow- 

ng until they reach macroscopic dimensions. 

For the cases of Ni 50 Ti 50- x Nb x ( x = 2 ∼ 4), the local stress

enerated by Nb dopants is not strong enough to induce a local- 

zed MT, even by cooling to extremely low temperature. Therefore, 
8

o embryos could be observed in the absence of an applied field 

 Fig. 10 (b)). We refer shape memory alloys of such latent instabil- 

ty as metastable engineered SMAs. However, on application of an 

xternal field, which provides an additional driving force, leads to 

he reversible and anhysteretic formation of embryos as shown in 

ig. 10 (c). Upon further loading, the sizes of nanosized embryos 

nd their volume fraction grow smoothly as a function of external 

train ( Fig. 10 (c)), and is responsible for narrow hysteretic supere- 

asticity. 

In addition, we investigated the structural relaxation dynamics 

f SMAs in the presence of stress-induced nanosized martensitic 
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Fig. 11. Potential parameters for tuning superelastic hysteresis in NiTi- X shape memory alloys at 100 K. (a) Influence of the mixing enthalpy on the superelastic behavior 

in NiTi- X alloys. (b) Phase diagram of superelastic hysteresis spanned by the reduced interatomic distance of λNi −X and λTi −X , showing the effect of dopant atom size. E 0 
represents the enthalpy of solution for X atoms within the Ni-Ti alloy. LHSE represents the low hysteretic superelastic effect. 
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mbryos. Fig. 10 (d) shows the ISF (Eq. (1)) of 4.5% tensile loaded 

 Nb sample at selected temperatures. Similar to glassy materi- 

ls, the ISF curves possess long-time decay, indicating the pres- 

nce of α relaxation. Accordingly, the fitted relaxation times dis- 

lay orders of magnitude slowing down in the relaxation kinetics 

the inset of Fig. 10 (d)), which is critical evidence for a glass tran-

ition [ 18 , 51 ]. As such, our work suggests that the anhysteretic su-

erelasticity in 3 Nb SMAs at low temperatures originates from a 

tress-induced transition from pretransitional state to strain-glass 

tate, which occurs continuously in a spinodal decomposition-type 

anner. We point out there should be no obvious difference be- 

ween thermally-induced glassy behavior and the stress-induced 

lassy behavior shown in the present work. Both are mediated by 

 continuous formation of nano-martensite domains, instead of the 

udden formation of long-range ordered domains. However, ap- 

lied stress can be regarded as a new degree freedom to influence 

he change the landscape of “random field” [62] in 3 Nb SMA and 

he corresponding microstructural morphology, i.e., the number of 

ano-martensite domains increase continuously as a function of 

tress (see Fig. 8 ). 

This picture agrees with recent experiments on Ti–Nb-based 

um metals, which show similar superelastic behavior after in- 

roduction of concentration of dopant or interstitial oxygen atoms 

20] . The signature of glassy behavior is even more acute after the 
p

9 
rocess of cold rolling, indicating the presence of stress-induced 

ontinuous phase transformation, which starts from a metastable 

arent phase [63] . Also, previous studies of Fe-Pd based alloys 

45] and single-crystalline Ni–Fe(Co)–Ga shape memory alloys 

24] attribute the low-hysteretic superelasticity to a post-critical 

tate, where the alloys undergo a continuous (second-order-like) 

hase transformation during tensile loading and unloading. 

.3. Role of dopant atomic size and enthalpy of mixing 

Previous theoretical studies have pointed out that solute atoms 

an influence the martensitic transformation in two aspects. One is 

he chemical effect, which alters the relative stability of austenite 

nd martensite via changing their enthalpy. The other is the lo- 

al field effect, i.e., the creation of local stress prevent the trans- 

ormation of the system into a single-phase state [62] , because 

he thermally activated nucleations or nanosized martensite do- 

ains are pinned by the local stress field. Inspired by this, we 

nvestigated the potential screening physical parameters that can 

ngineer metastability in NiTi-based SMAs. The influence of mix- 

ng enthalpy change on the superelastic behavior is presented in 

ig. 11 (a). For a specific doping concentration, a relatively high 

ixing enthalpy can help to reduce the global transformation tem- 

erature [18] , thus facilitating the survival of a pretransitional 
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tate in a low temperature range. Fig. 11 (b) shows the phase di- 

gram spanned by the reduced interatomic distances λNi −X and 

T i −X ( X is dopant element). Here, λNi −X = ( r Ni −X − r Ni −T i ) / r Ni −T i 

nd λT i −X = ( r T i −X − r Ni −T i ) / r Ni −T i , and r is the nearest neighbor 

istance within their most stable B2 lattices. We find the anhys- 

eretic superelasticity only appears in a narrow region of the phase 

iagram in Fig. 11 (b) where both r Ni −X and r T i −X are slightly larger 

han r Ni −T i . However, further increase of r Ni −X and r T i −X can induce 

 stronger local stress field and the formation of local martensitic 

omains. This indicates that the local field induced by point de- 

ects should be “weak”, which can reduce the stability of a lo- 

al pretransitional state but is not enough to overcome the ki- 

etic barrier, in order to achieve the metastable engineered state 

n NiTi SMAs. More importantly, the "weak" local lattice distortion 

aused by doping Nb can produce a larger recoverable strain than 

hat imposed by the effects of grain boundaries and amorphous 

hase since the latter case includes a high volume fraction of non- 

ransforming region/phase [64–66] . 

Based on this criterion, we can screen potential NiTi-based al- 

oys with similar low-hysteretic superelasticity. For example, both 

a and Co dopants are located within the low hysteretic supere- 

astic effect (LHSE) region, whereas Fe dopants are not, as shown 

n Fig. 11 (b). As expected, both of the alloys Ni 50 Ti 47 Ta 3 at 50 K

nd Ni 50 Ti 45 Co 5 at 20 K can show similar superelasticity with low 

ysteresis in the low temperature region (Fig. S3). However, NiTiFe 

lloys show the typical superelastic feature associated with nano- 

omain engineered SMAs [17] . 

. Conclusions 

We have shown a mechanism that can induce anhysteretic 

uperelastic behavior by means of metastable engineering. Our 

olecular dynamic simulations showcase the novel mechanical 

erformance in a model SMA system of Ni 50 Ti 50- x Nb x ( x = 2 ∼ 4)

hen engineered with a high density of local metastability into the 

retransitional phase. Our findings can be summarized as follows: 

1) The metastable engineered SMAs show tensile superelasticity 

f narrow hysteresis, which is independent of loading directions 

nd grain size; (2) The presence of dopant atoms with "weak" lo- 

al lattice distortion and high enthalpy of solution above a critical 

oncentration can suppress the frozen martensitic nano-domains 

s well as glassy relaxation behavior in SMAs; (3) The anomalous 

uperelastic behavior is attributed to a stress-induced continuous 

hase transformation starting from the metastable pretransitional 

tate, which occurs in a spinodal-decomposition-like fashion. Re- 

ently high-entropy or complex concentrated SMAs have emerged 

s a relatively new category of materials. These provide a wider 

pace and stage to test the present findings experimentally. 
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