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Abstract 
We show in this paper how strain engineering alters the fundamental characteristic of 
a martensitic transformation (MT) and gives it a new set of properties including large 
quasi-linear elastic strain response with nearly vanishing hysteresis and low elastic 
modulus. The work is motivated and inspired by a recent experimental study on 
elastic and inelastic (transformation) strain matching in a pre-strained nano-composite 
with Nb nanowires embedded in a NiTi shape memory alloy matrix. In particular, we 
demonstrate by computer simulation that dislocations at Nb/NiTi interfaces produced 
by the pre-straining are responsible for the unprecedented properties. Microstructural 
evolution captured in the simulations reveals that local stress fields associated with 
the dislocations regulate the nucleation and growth of martensite, turning the 
otherwise sharp, strong first-order transition into a continuous, high-order like 
transition. The simulations predict that the stress-strain hysteresis and modulus of the 
composite decrease with increasing amount of pre-strain, which agrees well with the 
experimental measurement. This study suggests a design strategy by introducing 
non-uniform stress fields for enhanced properties of shape memory alloys. 
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1. Introduction
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Martensitic transformations (MTs) in shape memory alloys (SMAs) are sharp and 

highly nonlinear due to autocatalysis in nucleation and unregulated rapid growth after 

nucleation. The resulting microstructures are typically micron-sized, internally 

twinned poly-domains. These coarse structures usually have highly non-linear 

superelasticity with large stress-strain hysteresis (for stress-induced MT) and sharp 

modulus change within a narrow temperature range around the transition temperature 

(for temperature-induced MT)[1-4]. For advanced applications of repeated activation, 

small hysteresis is required since they determine the operational frequency achievable 

and power consumption needed for actuation, and low elastic modulus is essential for 

biomedical applications such as bone implants. Although superelasticity with 

decreasing hysteresis and modulus in SMAs has been achieved through alloying [5-7], 

atomic ordering [8, 9], mechanical cycling [10-12],  cold rolling[13, 14], grain 

refinement [15, 16], dislocations [17, 18], crystallography[19-21], and structural 

anisotropy[22], a combination of tunable stress-strain hysteresis and tunable elastic 

modulus has not been reported in the literature. 

Freestanding nanowires have ultrahigh elastic strain limits and yield strengths [23-25], 

which have made nanowires an ideal component of composite materials. However, a 

critical challenge in nano-composite fabrication is to transfer the exceptional 

mechanical properties of nanowires to bulk composites [26-28]. Recently, a new 

nano-composite SMA (NCSMA) consisting of NiTi matrix and Nb nanowire was 

fabricated [29] by eutectic solidification followed by forging, wire-drawing and 

annealing. The macroscopic composite wires with diameters of 0.3 – 1.0 mm 



produced in kilogram quantity are shown to have a large quasi-linear elastic strain 

(~6%), nearly vanishing hysteresis and low elastic modulus (~28GPa). These 

exceptional properties are explained based on a novel concept of elastic (Nb 

nanowire)  and inelastic (transformation) (NiTi matrix) strain matching. This may 

open a new avenue for the design of ferroelastic nano-composites in bulk quantity for 

advanced functional, biomedical and structural applications. However, normal 

NCSMA wires with zero pre-straining or small pre-straining exhibit normal 

superelasticity with a critical stress, large hysteresis and normal elastic modulus [29], 

which indicates that the concept of elastic-inelastic strain matching alone cannot 

explain the unique properties of NCSMA.  

Based on the in-situ synchrotron HE-XRD results, it was concluded [29] that 

dislocations were generated during the pre-straining via plastic deformation of the 

nanowires. Many of the previous studies[5, 6, 8, 10, 11, 15, 16, 29] also suggest that 

the quasi-linear superelasticity and negligible hysteresis are related to defects and 

structural non-uniformities in the parent phase. Even though strain matching 

maximizes the elastic strain limit, it cannot explain the observation that the 

quasi-linear superelasticity with negligible hysteresis cannot be achieved without 

pre-straining (i.e., plastic deformation of the Nb nanowires). In addition, dislocation 

induced unique mechanical properties also have been reported in bulk NiTi shape 

memory alloys without nanocomposite [17]. SMAs after several cycling or cold 

rolling may change the transition behavior and produce the quasi-linear strain-strain 

properties with 4% recoverable strain[16, 17]. It is our hypothesis that rendering the 



normal sharp MT continuous by pre-straining played a more important role in 

producing the quasi-linear elasticity in the composite, and the strain matching in 

NCSMA may provide extra recoverable strain (~2%). Thus if we understand how the 

plastic deformation of the nanowires regulates the MT in the NiTi matrix and renders 

it continuous, a general strategy on defect engineering in SMAs could be developed to 

tailor MTs for desired properties.  

In this paper, we show by computer simulation how plastic deformation of the Nb 

nanowires creates non-uniform local stress field at the nanoscale and alters the nature 

of MT in NiTi and bring about the unique mechanical responses of the composite. In 

particular, we show how the local stress fields associated with dislocations at the 

NiTi/Nb interfaces vary with the amount of pre-strain and induce remnant embryonic 

martensitic domains having different levels of maturities. These remnant domains 

grow (or shrink) at different stress levels under subsequent loading and unloading, 

leading to a broadly smeared MT (i.e., the order parameter characterizing the 

transformation varies continuously within a broad stress or temperature range) that 

has the characteristics of a high-order transition. It is such a continuous MT that leads 

to the giant quasi-linear elasticity with nearly vanishing hysteresis and ultralow elastic 

modulus. The calculated stress-strain curves with different amount of pre-strain agree 

well with direct experimental measurements, both of which show that small 

pre-strains (i.e., with strain matching alone) cannot produce quasi-linear 

superelasticity while large pre-strains can. Further experiments for normal SMAs 

without Nb nanowire show quasi-linear elasticity with nearly vanishing hysteresis an 



low elastic modulus after a high level of pre-strain, which confirm the importance of 

pre-strain.  

2. Methods  

2.1 Phase field method 

A three-dimensional (3D) single crystal NiTi matrix (128nm×128nm×128nm) is 

considered and the Nb (BCC) wires have a cubic-on-cube orientation relationship with 

the NiTi (B2) matrix and the composition of the composite is Ti41Ni39Nb20[29]. The 

model system considered is a composite with Nb nanowires (having a volume fraction 

of 20%) embedded coherently in a single crystal NiTi matrix along the [110] direction 

and the load applied in mechanical testing is also along the [110] direction[29]. The role 

of defects in martensitic phase transition has been studied by phase field simulations 

[30-34]. Based on previous model and theory, we consider the influence of stress field 

caused by dislocations by pre-strain and the spacial limits caused by nanowires. The 

total free energy of the model system can be described by the following equation [33, 
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where β is the gradient energy coefficient; and Eel is the elastic strain energy associated 

with the MT[5, 35, 36]. The stochastic time-dependent Ginsburg-Landau equation is 

used for the time-evolution of the SO parameters η: ( , )
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where t is time, ζ describes thermal fluctuation, M is the kinetic coefficient. The 

following parameters in dimensionless units are used in the simulations: the Landau 

expansion coefficients 01A =9.6, A2=32.05, A3=37.5; the kinetic coefficient M =1.0; 

elastic constants C11=7300, C12=4100, and C44=700. The system size considered in the 

simulations is 128×128×128 and periodical boundary conditions are applied to all three 

dimensions. Need to note that the Khachaturyan’s microelasticity theory[36] with 

geometrically linear theory and small strain assumption is used in our phase field 

simulations, which is effective to solve different martensitic phase transition and its 

prediction for the habit plane and twin structure is consistent with experiment[37, 38] 

and geometrically exact theory of crystallography[39]. However, it also faces problems 

when strain is larger than 0.1 and phase field modeling with large strain formulation has 

been developed and attracted much attention[40-43]. 

2.2 Experimental 

The NCSMA sample with a composition of Ni41Ti39Nb20 (at.%) was prepared by 

vacuum induction melting by using commercial purity Ni (99.96 wt.%), Ti (99.90 

wt.%) and Nb (99.99 wt.%). The alloy was hot-forged at 1123K and further 

hot-drawn at 1023K into a thick wire of 2 mm in diameter. Then, the hot-drawn wire 

was cold-drawn into thin wires of 0.3−1.0 mm in diameter at room temperature with 

intermediate annealing at 973K. The test NCSMA samples were cut from the 

cold-drawn wires and subsequently annealed at 648K for 20 min followed by air 



cooling [29]. Tensile deformation was performed using an Instron tesile machine at a 

strain rate of 1×10-4s-1 and a static axial clip-on extensometer.  

The common NiTi samples for comparison used in this study are purchased from 

SaiTe Company with composition Ni50.8Ti49.2. The as-received samples are sealed in 

evacuated quartz tubes with Ar atmosphere and solution treated at temperature of 

1173 K for 24 h followed by water quench to obtain a homogeneous solid solution. 

Then the samples are cold rolled to achieve different amounts of plastic deformation 

(thickness reduction). Tensile deformation was performed using an MTS tensile 

machine at a strain rate of 1×10-4s-1 and a Nyilas extensometer[17].  

 

3. Results and Discussions 

3.1. The effect of pre-straining 

To study the role of Nb nanowire, four different simulations are set up with varying 

Nb nanowire diameter (7.5nm – 30nm) along the [110] direction as shown in Figure 1. 

To keep the same volume fraction, the systen will include different numbers of Nb 

nanowires with different radius in our simulations. To describe the strain matching, 

the Nb nanowire is assumed to have ~6% maximum elastic strain after pre-straining 

[29], and the TiNi matrix undergoes an austenite (cubic, B2) � martensite 

(monoclinic, B19′) transformation with 12 variants.The 12 transformation strain 

tensors could be calcualted by crystallography theory [39] as shown:  
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For the sake of simplicity but without losing generality, two correspondence variants 

V9 and V10 of the B19′ martensite that are most favored by the [110] loading are 

considered for the following calculations.  

Plastic deformations generated by pre-straining are introduced as dislocation loops at 

the Nb nanowire / NiTi matrix interface in our simulations. In this geometrical setting, 

two slip systems in Nb, i.e., (112)[111] and (112)[111], are the most favored ones 

according to the resolved shear stress when loading is along the [110] direction. The 

incorporation of two non-coplanar slip systems is, in fact, one of the mechanisms that 

stabilize the dislocation configuration rendering a simple yet realistic dislocation loop 

arrangement to be handled by simulations[44]. Fig. 2 shows the distribution of 

dislocation loops with different pre-strain in Nb nanowires, we assume that the 

dislocations just slip in Nb nanowires and assemble in the interface between NiTi 

matrix and Nb nanowires. Note that a randomly distribution of dislocation cores was 

introduced in the Nb nanowire and static defect (dislocation) embedded in the Nb 

nanowire with correct eigenstrain was considered. The eigenstrain of a dislocation 



loop with Burgers vector b and slip plane normal n is given by 
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where d is the interplanar spacing of the slip planes [45, 46]. 

To calculate the effect of pre-straining on the stress-strain curve of the composite, the 

above mentioned two types of dislocation loops are introduced at the interfaces of Nb 

nanowires / NiTi matrix [47]. The number of dislocation loops per unit length of the 

Nb nanowire is proportional linearly to the plastic strain. Since the NiTi matrix has 

8.3% transformation strain in the [110] loading direction, which is larger than the 

elastic strain limit of the Nb-nanowires, we assume that dislocation loops will be 

generated mainly in the Nb-nanowires and stay at the TiN/Nb interface, and the strain 

in the NiTi matrix is accommodated primarily by the MT. Based on the lattice 

parameter of Nb, i.e., a~0.3294nm, one dislocation loop in the simulation cell 

produces 0.175% plastic strain in the [110] direction. Fig. 3 shows the dislocation 

configurations corresponding to the different amount of plastic strains (two 

dislocation loops for 0.35% plastic strain, 20 loops for 3.5% plastic strain and 50 

loops for 8.75% plastic strain), projected onto the (110) plane. Need to note that 

dislocaiton loops in Nb nanowire will not disapear after unloading, which will 

produce a compress force for the Nb nanowire and enhance the mamimum elastic 

strain in Nb nanowire after pre-straining. Thus, the Nb nanowire is assumed to have 

~6% maximum elastic strain in our simulations without further produced dislocation 

under loading. The stress fields in NiTi regions generated by the dislocation loops are 

also shown in Fig. 3. Changes in the number of dislocation loops and nanowire radius 



will alter the magnitude and extent of the local stress field, i.e., the inhomogeneity. 

Note that the elastic strain in the Nb nanowire and transformation strain in the NiTi 

matrix are assumed to match in all the conditions during deformation after the 

pre-straining, i.e., no new dislocations are generated at the Nb nanowire / NiTi matrix 

interfaces during deformation, because the applied strain is below the elastic limit of 

the Nb nanowires.  

Fig. 4 show the distribution of local stress in NiTi regions caused by dislocations with 

different pre-strain. Fig. 4(a) shows the distribution of local stress for the same radius 

of Nb nanowire (Rnd=7.5nm) with different pre-strain. It shows that with the increase 

of pre-strain (i.e., the numbers of dislocations) the local stress distribution peak 

becomes wider and wider. Inset of Fig. 4(a) shows that the maximum local stress 

increase 2.5GPa to 3.5Gpa with the increase of pre-strain and the probability of 

σ>500Mpa (the critical stress for stress-induced MT in NiTi matrix) increase from 

almost 0% to 12%. Fig. 4(b) shows the distribution of local stress for the same 

pre-strain (εpre=8.75%) with a different radius of Nb nanowire. It shows that the 

distribution of local stress changes weakly. Inset of Fig. 4(b) shows that the maximum 

local stress almost keeps the same and the probability of σ>500Mpa increase from 7% 

to 12%. This describes that both pre-strain and radius of nanowire influence the 

distribution of local stress in NiTi Matrix. 

3.2. Quasi-linear superelasticity with vanishing hysteresis and ultralow modulus 

To understand the influence of local stress on MT, we calculate the stress-strain 

curves with different Nb-nanowire radii and different amounts of pre-strains as shown 



in Fig. 5. Insets on the left describe the arrangements of the Nb nanowires with 

different radii used in the simulations. Fig. 5(a) –(d) show the stress-strain curves 

obtained with 0%, 0.35%, 3.5% and 8.75% pre-plastic strains in Nb-nanowires having 

radius of 30nm, 15nm, 10nm and 7.5 nm, respectively. It is readily seen that in all the 

four types of nanowires considered, the shape of the stress-strain curve changes 

gradually from normal superelasticity with a critical stress plateau and large hysteresis 

to quasi-linear superelasticity with nearly vanishing hysteresis when the amount of 

pre-strain increases. In addition, Fig. 5 also shows that within the range considered the 

nanowire radius also has important effects on the size of the stress-strain hysteresis 

and the total recoverable strain. The size of nanowire will influence the critical 

pre-strain value, which could produce quasi-linear stress-strain curves with nearly 

vanishing hysteresis. Note that no further plastic deformation in the Nb nanowires is 

considered (i.e., no additional dislocation loops were added) in calculating the 

stress-strain curves after pre-straining.  

To clarify the role of different martensitic variants, calculations with total 12 variants 

have been done. Stress-strain curves with 0%, 0.35%, 3.5% and 8.75% pre-plastic 

strains in Nb-nanowires radius of 7.5 nm have been shown in Fig. 6 (a). The results 

show the same tendence of the hysteresis and linear elasticity of stress-strain curves as 

that of 2 variants assumption (see Fig. 5). The related volume fraction evolution of 12 

martensitic variants for 8.75% pre-strain system upon loading and unloading are 

shown in Fig. 6(b). Inset picture exhibits initial volume fration before loading or after 

unloading, which suggests that the internal stress by dislocation may prefer both 



external stress favored variants (V9 and V10) and unfavored martensitic variants (V1, 

V4, V5 and V8). These unfavored variants will gradually decrease under loading and 

recover under unloading. Thus, the use of only two most favored variants in our 

simulations may not have much influence on the results. 

To confirm our simulation predictions, experimental stress-strain curves of NCSMA 

after different amounts of pre-straining were obtained and the results are shown in Fig. 

7. The NCSMA was obtained from eutectic solidification and subsequent forging, 

drawing, and annealing, which resulted in Nb wires (20% volume fraction) having a 

mean diameter of 60nm embedded (uniformly) in NiTi matrix[29]. Fig. 7(a) shows 

the stress-strain curves with a relatively small amount of pre-strain (i.e., 4%, which is 

below the elastic limit of the Nb nanowires) (the black curve) and the subsequent 

stress-strain curve (the red curve) after the pre-straining, both stress-strain curves 

show normal superelasticity with large hysteresis. Fig. 7(b) shows the stress-strain 

curve with a larger amount of pre-strain (i.e., ~9.5%, which is above the elastic limit 

of the Nb nanowires) and the subsequent stress-strain curve after pre-straining. In this 

case, the subsequent stress-strain curve shows a giant quasi-linear elasticity with 

nearly vanishing  hysteresis and ultralow elastic modulus. This implies that the 4% 

pre-straining produces a rather small plastic strain (~0.2%, see the open-loop strain in 

Fig. 7(a)) in the composite and the 9.5% pre-strain produces about 3.5% plastic strains 

in the composite (see the open-loop strain in Fig. 7(b)). Note that the actual plastic 

strain in the Nb wires is about 5.5% according to in situ synchrotron HE-XRD 

measurement [29] and the wires were under compression when the pre-straining load 



was removed. The elastic strain and transformation strain matching condition exists in 

both the small pre-strain and large strain cases. This indicates that plastic deformation 

in the Nb nanowires plays a more important role in leading to the extraordinary 

properties of NICSMA than that of the strain matching. Our simulation predictions 

shown in Fig. 5 agree well with these experimental measurements. Please note, 

however, that the calculated peak stress for the martensitic transformation to finish is 

smaller than the experimentally measured one because no plasticity is considered in 

the NiTi matrix in the simulations and also the Nb nanowires are assumed to have the 

same elastic moduli as those of the NiTi matrix in the current model. 

To show how the amount of plastic strain generated by the pre-straining and the 

nanowire radius affect the hysteresis and elastic modulus, we plot in Fig. 8 the 

hysteresis loss and the elastic modulus as a function of the amount of plastic strain 

and nanowire radius. The hysteresis loss is calculated by integrating the stress-strain 

curves in Fig. 5, and the modulus is obtained by using the ratio of stress over strain at 

a strain value of 0.2%. Figures 8 (a) and (c) show drastic decreases in the hysteresis 

loss and the elastic modulus when the plastic strain generated in the nanowires during 

pre-straining increases. The dependence of the hysteresis loss and elastic modulus on 

the radius of the Nb nanowires is relatively weak within the radius range considered, 

in particular at small pre-strain levels (Fig. 8(b) and (d)). At larger values of the 

pre-strain (e.g., εpre>3.5%) the effect of nanowire radius becomes more significant 

(Fig. 8(b) and (d)). Note that our simulations have assumed that the Nb-nanowires 

have the same elastic strain limit for the different radii considered.  



3.3. The physical origin of the quasi-linear superelasticity with vanishing 

hysteresis 

Since its discovery the physical origin of the quasi-linear elasticity with vanishing 

hysteresis and ultralow elastic modulus has attracted much attentions. The role of 

nanowire and its deformation mechanism have been studied by in-situ TEM 

observation[48], which discover the inhomogeneous elastic deformation in Nb 

nanowire and strong correlation between discreate martensitic transformation and 

large local strain (~8%) in Nb nanowire. The finite element simulations for composite 

show that coupling between plastic deformation within the NWs and martensitic 

transformation in the matrix is the physical origin of unique properties[49]. However, 

the calculated of elastic modulus change with pre-strain is not consistent with 

experiment work in Fig. 7. The modulus softening must originate from the continuous 

martensitic phase transformation under loading. 

To further understand the physical origin of the quasi-linear elasticity with vanishing 

hysteresis and the ultralow elastic modulus, Figs. 9(a) and (b) show the amount of 

remnant martensite after pre-straining as a function of the amount of pre-strain and 

nanowire radius, respectively. It can be readily seen that the remnant martensite 

volume fraction increases with (a) increasing pre-strain and (b) decreasing nanowire 

radius when εpre>3.5%. Fig. 9(c) shows the microstructure evolution and the 

corresponding changes of the martensite volume fraction during loading and 

unloading after pre-straining in a sample with 3.5% pre-strain and Nb nanowires of 

RNb=7.5nm. A continuous nucleation and growth under loading and a continuous 



dissolution under unloading are observed for the martensitic phase, which results in a 

continuous change in strain with small hysteresis and low elastic modulus. According 

to the stress distribution generated by the dislocation loops shown in Fig. 4, the 

increase in dislocation density and decrease in nanowire radius increase the amplitude 

and spatial extent of the local stress field probability distribution, which affects the 

subsequent stress-induced MT and renders it continuous. Such a smeared MT 

(continuous) caused by defects have been shown theoretically[50]. Martensitic 

embryonic structures associated with dislocations have been predicted at temperatures 

much higher than the equilibrium transition temperature in previous studies[51, 52].  

The origin of ultralow elastic modulus for the pre-straining sample can be attributed 

to the coexistence of austenite and martensitic domains. Martensitic domains will 

influence the softening of modulus have been reported recently[7]. Based on the 

theoretical work, the elastic modulus is related to the volume fraction of austenite and 

martensitic (A-M) phase boundary [53], the lower elastic modulus implies the more 

A-M phase boundary. Our simulations also show that the decrease of elastic modulus 

in Fig. 8 (c) and (d) is related to the increase of martensitic phase volume fraction (i.e., 

A-M phase boundary in Fig. 9 (a) and (b). The increase of pre-strain value and the 

decrease of nanowire size produce more remanent martensitic domains and the A-M 

phase boundary, which is the physical origin of the low modulus. 

Furthermore, to confirm the importance of pre-strain effect, we do a simple model 

experiment with considering normal Ni50.8Ti49.2 SMAs without Nb nanowires as 

shown in Fig. 10. Fig. 10(a) shows the stress-strain curves after different pre-strain 



from 0% to 80% (by cold rolling). The sample with high-level pre-strain (>27%) 

performs a quasi-linear superelasticity with large recoverable strain (> 4%), small 

hysteresis and high strength (1GPa~2GPa) at room temperature. The hysteresis and 

elastic modulus dependence on εp are shown in Fig. 10 (b) and (c). The hysteresis of 

strain-stress curves is calculated by the integration of the curve loop area. As shown 

in Fig. 10(b), the hysteresis dramatically decreases to a very low level with the 

increasing of pre-strain at slight deformation regime (less than 27%). With pre-strain 

larger than 27%, the hysteresis reaches the minimum value. Although the strength is 

continually enhanced under further cold rolling, hysteresis remains almost the same 

low value, indicating an intrinsic small hysteresis behavior. Fig. 10(c) shows that the 

elastic modulus will first decrease and then increase, the lowest modulus is found in 

the sample with pre-strain 27%. The decrease of elastic modulus may be related to the 

continuous increase of the interface between martensite and austensite[53] and strain 

glass transition[17], and the increase of elastic modulus may be related to the 

appearance of the amorphous region with larger pre-strain[54]. By comparing with 

nanocomposite, we found that the recoverable strain ~4% for pre-deformed normal 

SMAs is smaller than that of nanocomposite SMAs (~6%), and the value of pre-strain 

(~27%) is larger than that of nanocomposite SMAs (~9.5%). This difference suggests 

that pre-strain is important to produce quasi-linear superelasticity with nearly 

vanishing hysteresis and the existence of Nb nanowire should enhance the recoverable 

strain and reduce critical value of pre-strain.   



Thus, the appearance of quasi-linear superelasticity can be attributed to the internal 

stress caused by the pre-deformation (or other stress-carried defects), which can be 

easily understood in Fig. 11. Fig.11 schematically describes the decay of internal 

stress caused by certain defects caused by pre-deformation. Due to the existence of 

internal stress, the Landau free energy as shown insets of Fig. 11 will stabilize the 

favored martensitic variants M1 and this stability of martensitic variants (i.e., the 

maturity of embryonic martensitic domains) will gradually decrease when the internal 

stress decay. The stabilization will produce residual martensitic variants when the free 

energy of martensitic phase is lower than that of austenite, and the volume fraction of 

embryonic martensitic domains depends on the influence region L (the length where 

internal stress is larger than zero) of internal stress. When the influence region L can 

cover the whole region of the sample, the system will exhibit continuous growth of 

martensitic domains with quasi-linear superelasticity and narrow hysteresis under 

loading. Pre-strain or cold rolling could be an effective way to increase the influence 

region L of internal stress by increasing the defects density and strength (e.g., 

dislocations). The size and number of Nb nanowire could effectively decrease the 

space for martensitic transformation and work as confinement, which make the 

influence region of internal stress cover the whole sample easier.   

4. Summary 

Through computer simulations we found in this study that the dislocations at the Nb 

nanowire / NiTi matrix interfaces generated by pre-straining of NCSMA samples 



produce (a) a broad distribution of local stress probability that results in a broad 

distribution of remnant embryonic martensitic domains and (b) nano-confinement that 

suppresses long-range correlation of strains (i.e., long-range ordered, 

self-accommodating strain patterns) and therefore autocatalysis during the MT. Thus 

the MT starts in certain locations in the system (fixed by the dislocations) at an 

applied stress level that is much lower or higher than that required for a homogeneous 

system (without the internal local stress fields generated by the dislocations) and 

continues gradually as the applied stress increases. As a consequence, the overall 

transformation strain of the sample varies continuously with the applied stress, 

leading to a continuous MT that resembles high-order transitions where the order 

parameters characterizing the transition vary continuously across the transition 

temperature. This is in sharp contrast to the normal MTs that are typically sharp and 

strong first-order transitions where the order parameters such as the transformation 

strains experience sharp, discontinuous jumps at the transition temperature. It is this 

apparently continuous MT that offers the unprecedented giant quasi-linear elasticity 

with vanishing hysteresis and ultralow elastic modulus of the composite.  

This finding may suggest a new way of designing advanced SMAs with unique 

properties through defect engineering. In addition to the dislocation networks 

developed at the NiTi matrix / Nb nanowire interfaces in NCSMA considered in the 

current study, any nano-confinements of similar nature created by either structural 

and/or compositional non-uniformities in the parent phase may suppress effectively 

autocatalysis and render the MT continuous, offering similar extraordinary properties 



as those demonstrated in the current study. These nano-confinements may include 

(but not limited to) solute clustering (percolation of both concentration and misfit 

stress fields), both concentration and misfit stress field modulations generated by 

spinodal decomposition, both concentration and misfit dislocation network 

modulations in multi-nanolayers, nano-crystalline and nano-precipitate systems.  
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Figure 1 

 

Figure 1 Nanowires with different radius. (a) RNb=30nm, (b) RNb=15nm, (c) 

RNb=10nm, (d)RNb=7.5nm. 

 

 

 

 

 

 

 

 

 

 

 



Figure 2 

 

Figure 2 Distribution of dislocation loops with different pre-strain. (a)-(d) shows the 

3D structure of dislocation loops with different pre-strain, the white plate describes 

the deformation region by dislocation slip. (e)-(g) show the 2D structure of the 

dislocation loops with different pre-strain in the (110) plane of nanowires. 

 

 

 

 

 

 

 

 

 

 



Figure 3 

 

Figure 3 Dislocation configurations and local stress field (σ11) distributions on the

(110) plane for different nanowire radii (RNb) and different amounts of pre-straining 

(εpre). The light gray color represents the cross-sections of nanowires in the (110) 

plane, the black lines represent the projections of dislocation loops on this plane and 

the color legend shows the value of the local stress fields associated with the 

dislocations. 

 



 

Figure 4 

 

Figure 4 (a) Local stress field probability distribution with εpre = 0.35%, 3.5% and 

8.75% respectively for RNb=7.5nm. The inset describes the percentage of locations 

with a stress level above 500MPa and the maximum local stress (σpeak) at different 

levels of pre-straining. (b) Local stress field probability distribution with RNb= 30nm, 

10nm and 7.5nm for εpre = 3.5%. The inset describes the percentage of locations with 

a stress level above 500MPa and the maximum local stress (σpeak) for different 

nanowire radii. σ=500MPa is the critical stress for stress-induced austenite to 

martensitic transition with remnant embryonic martensite. 

 

 

 



 

Figure 5 

 

Figure 5 Calculated stress-strain curves of TiNi-Nb NCSMAs that have Nb 

nanowires of different radii (RNb) and are pre-strained to the different amount (εpre). 

The three-dimensional insets show the Nb nanowire arrangement. 

 

 

 



 

Figure 6 

 

Figure 6 (a) Calculated stress-strain curves of TiNi-Nb NCSMAs with consider 12 

martensitic variants with RNb=7.5nm and different pre-strain. (b) Calculated volume 

fraction evolution of 12 martensitic variants with external strain for RNb=7.5nm and 

εpre=8.75%. Inset picture show the volume fraction of different variants at inital state 

(before loading or after unloading) . 

 

 

 

 



 

Figure 7 

 

Figure 7 Stress-strain curves obtained experimentally from TiNi-Nb NCSMAs 

samples that have been pre-strained by different amounts. (a) Stress-strain curves 

showing normal superelasticity and large hysteresis when the pre-strain is 4% (close 

to the elastic limit of nanowire). (b) The quasi-linear stress-strain curve obtained after 

9.5% pre-strain. 

 

 

 

 

 

 



 

Figure 8 

 

Figure 8 Hysteresis loss ((a) and (b)) and Young’s modulus ((c) and (d)) calculated 

for TiNi-Nb NCSMA samples having different nanowire radii (RNb) and different 

amounts of pre-strains (εpre). 

 

 

 

 

 



 

Figure 9 

 

Figure 9 Remnant martensitic volume fractions obtained after pre-straining in 

different samples with (a) different amounts of pre-strains (εpre) and (b) nanowires of 

different radii (RNb). (c) Martensitic phase volume fraction change and the 

corresponding microstructural evolution (insets, corresponding to the red dots on the 

volume fraction curves) during subsequent loading and unloading after pre-straining 

in a sample with RNb=7.5nm and εpre=3.5%. In the insets, the Nb nanowires are in 

light blue, the austenite in NiTi matrix is transparent, and the two martensitic variants 

are red and dark blue. 



 

 

 

Figure 10 

 

Figure 10 Tensile measurement of Ti49.2Ni50.8 at room temperature for different 

pre-strain (εp) from 0% (solution treated) to 80%. (a) Stress-Strain curves; (b) 

pre-strain dependence of hysteresis; (c) pre-strain dependence of elastic modulus.  

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

 

Figure 11 

 

Figure 11 Schematic drawing of internal stress decay caused by the defect. Insets 

describe the related Landau free energy with different internal stress (red dots). A, M1 

and M2 describe austenite, martensitic variant 1and martensitic variant 2. L describes 

the influence region of internal stress. 
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