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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
guasi-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 memoltgya (SMAS) are sharp and
highly nonlinear due to autocatalysis in nucleatol unregulated rapid growth after
nucleation. The resulting microstructures are ftihyc micron-sized, internally
twinned poly-domains. These coarse structures lysusve highly non-linear
superelasticity with large stress-strain hysteréfis stress-induced MT) and sharp
modulus change within a narrow temperature rangerar the transition temperature
(for temperature-induced MT)[1-4]. For advancedli@pgions of repeated activation,
small hysteresis is required since they deterntieeoperational frequency achievable
and power consumption needed for actuation, andelagtic modulus is essential for
biomedical applications such as bone implants. QAlgh superelasticity with
decreasing hysteresis and modulus in SMAs hasdd#aved through alloying [5-7],
atomic ordering [8, 9], mechanical cycling [10-12]¢old rolling[13, 14], grain
refinement [15, 16], dislocations [17, 18], crykigtaphy[19-21], and structural
anisotropy[22], a combination of tunable stresaisthysteresis and tunable elastic

modulus has not been reported in the literature.

Freestanding nanowires have ultrahigh elasticrstnaits and yield strengths [23-25],
which have made nanowires an ideal component oposite materials. However, a
critical challenge in nano-composite fabrication ts transfer the exceptional
mechanical properties of nanowires to bulk compssi26-28]. Recently, a new
nano-composite SMA (NCSMA) consisting of NiTi mat@nd Nb nanowire was
fabricated [29] by eutectic solidification followeky forging, wire-drawing and

annealing. The macroscopic composite wires withmeéigrs of 0.3 — 1.0 mm



produced in kilogram quantity are shown to havargd quasi-linear elastic strain
(~6%), nearly vanishing hysteresis and low elastiodulus (~28GPa). These
exceptional properties are explained based on alnowncept of elastic (Nb
nanowire) and inelastic (transformation) (NiTi mpgt strain matching. This may
open a new avenue for the design of ferroelasto+tammposites in bulk quantity for
advanced functional, biomedical and structural igppbns. However, normal
NCSMA wires with zero pre-straining or small preagting exhibit normal
superelasticity with a critical stress, large hyeses and normal elastic modulus [29],
which indicates that the concept of elastic-inétastrain matching alone cannot

explain the unique properties of NCSMA.

Based on the in-situ synchrotron HE-XRD results,wiés concluded [29] that
dislocations were generated during the pre-strgimvia plastic deformation of the
nanowires. Many of the previous studies[5, 6, 8,110 15, 16, 29] also suggest that
the quasi-linear superelasticity and negligibletéyessis are related to defects and
structural non-uniformities in the parent phase.erfEvthough strain matching
maximizes the elastic strain limit, it cannot explahe observation that the
guasi-linear superelasticity with negligible hystws cannot be achieved without
pre-straining (i.e., plastic deformation of the Ndnowires). In addition, dislocation
induced unique mechanical properties also have beeorted in bulk NiTi shape
memory alloys without nanocomposite [17]. SMAs afseveral cycling or cold
rolling may change the transition behavior and poedthe quasi-linear strain-strain

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



normal sharp MT continuous by pre-straining playednore important role in
producing the quasi-linear elasticity in the comgsand the strain matching in
NCSMA may provide extra recoverable strain (~2%)ug if we understand how the
plastic deformation of the nanowires regulatesMfiein the NiTi matrix and renders
it continuous, a general strategy on defect engimgén SMAs could be developed to

tailor MTs for desired properties.

In this paper, we show by computer simulation hdasfic deformation of the Nb
nanowires creates non-uniform local stress fielthatnanoscale and alters the nature
of MT in NiTi and bring about the unique mechanicedponses of the composite. In
particular, we show how the local stress fieldsoesded with dislocations at the
NiTi/Nb interfaces vary with the amount of pre-gtrand induce remnant embryonic
martensitic domains having different levels of migigs. These remnant domains
grow (or shrink) at different stress levels undebsequent loading and unloading,
leading to a broadly smeared MT (i.e., the orderamp@ter characterizing the
transformation varies continuously within a brodackss or temperature range) that
has the characteristics of a high-order transitibis. such a continuous MT that leads
to the giant quasi-linear elasticity with nearlynishing hysteresis and ultralosVastic
modulus. The calculated stress-strain curves wifthrdnt amount of pre-strain agree
well with direct experimental measurements, both wdiich show that small
pre-strains (i.e., with strain matching alone) aannproduce quasi-linear
superelasticity while large pre-strains can. Furteeperiments for normal SMAs

without Nb nanowire show quasi-linear elasticitythwnearly vanishing hysteresis an



low elastic modulus after a high level of pre-stravhich confirm the importance of

pre-strain.

2. Methods

2.1 Phase field method

A three-dimensional (3D) single crystal NiTi matr{f428nmx128nmx128nm) is
considered and the Nb (BCC) wires have a cubicueorientation relationship with
the NiTi (B2) matrix and the composition of the qausite is Ti;NizgNby[29]. The
model system considered is a composite with Nb waee (having a volume fraction
of 20%) embedded coherently in a single crystali Miatrix along the [110] direction
and the load applied in mechanical testing is alsng the [110] direction[29T he role
of defects in martensitic phase transition has tsedied by phase field simulations
[30-34]. Based on previous model and theory, wesictam the influence of stress field
caused by dislocations by pre-strain and the sphcias caused by nanowires. The

total free energy of the model system can be desdriby the following equation [33,
35], F=[d% f(m,1,) + T+ £, (711 + E, , where

f,, =%A 2’7?(”‘%%Z’Z“(r)Jf—é%(Z/f(f)f is the local chemical free energy approximated

i=1,2 i=1,2 i=12

by a Landau expansion polynomial with respect éodtnucture order (SO) parameter,

np (p=1,2), representing the two most favored cooadpnce variants of the B19

martensitic phase under the [110] loadingj=- S o) g () is an excess free

energy caused by the local stress field associaidd the stress field caused by

dislocation loops at the Nb-nanowire/NiTi matrixarfaces; fy :Eﬁ(z(gﬂi)z), is the

i=1,2

non-local gradient terms associated with spatiatmaiformities in the SO parameters,



wheref is the gradient energy coefficient; afglis the elastic strain energy associated

with the MT[5, 35, 36]. The stochastic time-departd&insburg-Landau equation is

used for the time-evolution of the SO parame/tpr§’7pd(tr't) =M~ 5(F §Hétr0.p=12
7,1,

wheret is time, { describes thermal fluctuatioM] is the kinetic coefficient. The
following parameters in dimensionless units aredusethe simulations: the Landau
expansion coefficientscﬁ:9.6, A=32.05, Az=37.5; the kinetic coefficientM =1.0;
elastic constants ¢&=7300, G»=4100, and ¢z=700. The system size considered in the
simulations is 128x128x128 and periodical boundanditions are applied to all three
dimensions. Need to note that the Khachaturyansraulasticity theory[36] with
geometrically linear theory and small strain asstimnpis used in our phase field
simulations, which is effective to solve differentrtensitic phase transition and its
prediction for the habit plane and twin structiseonsistent with experiment[37, 38]
and geometrically exact theory of crystallograp®y[3However, it also faces problems
when strain is larger than 0.1 and phase field rimaglevith large strain formulation has

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

2.2 Experimental

The NCSMA sample with a composition of sNiizgNbyy (at.%) was prepared by
vacuum induction melting by using commercial pumdy (99.96 wt.%), Ti (99.90
wt.%) and Nb (99.99 wt.%). The alloy was hot-forgatl 1123K and further
hot-drawn at 1023K into a thick wire of 2 mm in mheter. Then, the hot-drawn wire
was cold-drawn into thin wires of 0.3—-1.0 mm inrditer at room temperature with
intermediate annealing at 973K. The test NCSMA dampere cut from the

cold-drawn wires and subsequently annealed at 6#8K20 min followed by air



cooling [29]. Tensile deformation was performedngsan Instron tesile machine at a
strain rate of 1x16s™ and a static axial clip-on extensometer.

The common NiTi samples for comparison used in #tigly are purchased from
SaiTe Company with composition fyTise 2 The as-received samples are sealed in
evacuated quartz tubes with Ar atmosphere andisolduteated at temperature of
1173 K for 24 h followed by water quench to obtailmnomogeneous solid solution.
Then the samples are cold rolled to achieve diffieaenounts of plastic deformation
(thickness reduction). Tensile deformation was grenbed using an MTS tensile

machine at a strain rate of 1x%0 and a Nyilas extensometer[17].

3. Results and Discussions

3.1. Theeffect of pre-straining

To study the role of Nb nanowire, four differeninsiations are set up with varying
Nb nanowire diameter (7.5nm — 30nm) along the [Hifctionas shown in Figure 1.
To keep the same volume fraction, the systen wdlude different numbers of Nb
nanowires with different radius in our simulatiofi® describe the strain matching,
the Nb nanowire is assumed to have ~6% maximuniielstsain after pre-straining
[29], and the TiNi matrix undergoes an austenitebic, B2) - martensite

(monoclinic, B19 transformation with 12 variants.The 12 transfaiiora strain

tensors could be calcualted by crystallographyhg9] as shown:
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For the sake of simplicity but without losing gealéy, two correspondence variants
V9 and V10 of the B19martensite that are most favored by the [110] ilugadre

considered for the following calculations.

Plastic deformations generated by pre-strainingrareduced as dislocation loops at
the Nb nanowire / NiTi matrix interface in our silatons. 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 loadiatpng the [110] direction. The
incorporation of two non-coplanar slip systemsndact, one of the mechanisms that
stabilize the dislocation configuration renderingimple yet realistic dislocation loop
arrangement to be handled by simulations[44]. Rigshows the distribution of
dislocation loops with different pre-strain in Nkanowires, we assume that the
dislocations just slip in Nb nanowires and assenibléhe interface between NiTi
matrix and Nb nanowires. Note that a randomly digtron of dislocation cores was
introduced in the Nb nanowire and static defecsl@diation) embedded in the Nb

nanowire with correct eigenstrain was considerdte €igenstrain of a dislocation



loop with Burgers vectob and slip plane normal is given by

i =

a
+
LI
2d
whered is the interplanar spacing of the slip planes {4,

To calculate the effect of pre-straining on thestrstrain curve of the composite, the
above mentioned two types of dislocation loopsistreduced at the interfaces of Nb
nanowires / NiTi matrix [47]. The number of disltica loops per unit length of the
Nb nanowire is proportional linearly to the plassitain. Since the NiTi matrix has
8.3% transformation strain in the [110] loadingediion, which is larger than the
elastic strain limit of the Nb-nanowires, we assutinat dislocation loops will be
generated mainly in the Nb-nanowires and stayeafiN/Nb interface, and the strain
in the NIiTi matrix is accommodated primarily by tiMT. Based on the lattice
parameter of Nb, i.e., a~0.3294nm, one dislocatmop in the simulation cell
produces 0.175% plastic strain in the [110] dimattiFig. 3 shows the dislocation
configurations corresponding to the different amowi plastic strains (two
dislocation loops for 0.35% plastic strain, 20 Ilsdpr 3.5% plastic strain and 50
loops for 8.75% plastic strain), projected onto 140) plane. Need to note that
dislocaiton loops in Nb nanowire will not disapeaiter unloading, which will
produce a compress force for the Nb nanowire arthrece the mamimum elastic
strain in Nb nanowire after pre-straining. Thus b nanowire is assumed to have
~6% maximum elastic strain in our simulations withéurther produced dislocation
under loading. The stress fields in NiTi regionsgated by the dislocation loops are

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



will alter the magnitude and extent of the locakss field, i.e., the inhomogeneity.
Note that the elastic strain in the Nb nanowire tradsformation strain in the NiTi
matrix are assumed to match in all the conditionsing deformation after the
pre-straining, i.e., no new dislocations are geteerat the Nb nanowire / NiTi matrix
interfaces during deformation, because the apdigan is below the elastic limit of

the Nb nanowires.

Fig. 4 show the distribution of local stress in Niggions caused by dislocations with
different pre-strain. Fig. 4(a) shows the distribatof local stress for the same radius
of Nb nanowire (Rnd=7.5nm) with different pre-stralt shows that with the increase
of pre-strain (i.e., the numbers of dislocationis¢ focal stress distribution peak
becomes wider and wider. Inset of Fig. 4(a) shoed the maximum local stress
increase 2.5GPa to 3.5Gpa with the increase ofsipa@ and the probability of
0>500Mpa (the critical stress for stress-induced MNITi matrix) increase from
almost 0% to 12%. Fig. 4(b) shows the distributminlocal stress for the same
pre-strain §,=8.75%) with a different radius of Nb nanowire.shows that the
distribution of local stress changes weakly. Irdetig. 4(b) shows that the maximum
local stress almost keeps the same and the prabatsib>500Mpa increase from 7%
to 12%. This describes that both pre-strain andusadf nanowire influence the

distribution of local stress in NiTi Matrix.

3.2. Quasi-linear superéasticity with vanishing hysteresis and ultralow modulus
To understand the influence of local stress on ME, calculate the stress-strain

curves with different Nb-nanowire radii and diffat@mounts of pre-strains as shown



in Fig. 5. Insets on the left describe the arrang@s of the Nb nanowires with
different radii used in the simulations. Fig. 5}) show the stress-strain curves
obtained with 0%, 0.35%, 3.5% and 8.75% pre-plagt&ins in Nb-nanowires having
radius of 30nm, 15nm, 10nm and 7.5 nm, respectively readily seen that in all the
four types of nanowires considered, the shape efdiness-strain curve changes
gradually from normal superelasticity with a crtlictress plateau and large hysteresis
to quasi-linear superelasticity with nearly vanmghihysteresis when the amount of
pre-strain increases. In addition, Fig. 5 also shtvat within the range considered the
nanowire radius also has important effects on the of the stress-strain hysteresis
and the total recoverable strain. The size of namowill influence the critical
pre-strain value, which could produce quasi-linetiess-strain curves with nearly
vanishing hysteresis. Note that no further plaggtormation in the Nb nanowires is
considered (i.e., no additional dislocation loopsrav added) in calculating the

stress-strain curves after pre-straining.

To clarify the role of different martensitic vartancalculations with total 12 variants
have been done. Stress-strain curves with 0%, Q.3558686 and 8.75% pre-plastic
strains in Nb-nanowires radius of 7.5 nm have k&®wn in Fig. 6 (a). The results
show the same tendence of the hysteresis and ktasticity of stress-strain curves as
that of 2 variants assumption (see Fig. 5). Thateel volume fraction evolution of 12
martensitic variants for 8.75% pre-strain systenorupoading and unloading are
shown in Fig. 6(b). Inset picture exhibits initlallume fration before loading or after

unloading, which suggests that the internal stigsdislocation may prefer both



external stress favored variants (V9 and V10) amfdwored martensitic variants (V1,
V4, V5 and V8). These unfavored variants will gralijpdecrease under loading and
recover under unloading. Thus, the use of only tmmst favored variants in our

simulations may not have much influence on theltesu

To confirm our simulation predictions, experimerg#iess-strain curves of NCSMA
after different amounts of pre-straining were ateai and the results are shown in Fig.
7. The NCSMA was obtained from eutectic solidificatand subsequent forging,
drawing, and annealing, which resulted in Nb wif28% volume fraction) having a
mean diameter of 60nm embedded (uniformly) in Nifatrix[29]. Fig. 7(a) shows
the stress-strain curves with a relatively smalbant of pre-strain (i.e., 4%, which is
below the elastic limit of the Nb nanowires) (thkadik curve) and the subsequent
stress-strain curve (the red curve) after the persng, both stress-strain curves
show normal superelasticity with large hysterebig. 7(b) shows the stress-strain
curve with a larger amount of pre-strain (i.e.,5%9, which is above the elastic limit
of the Nb nanowires) and the subsequent stress-stave after pre-straining. In this
case, the subsequent stress-strain curve showsna @uasi-linear elasticity with
nearly vanishing hysteresis and ultralow elastadoius. This implies that the 4%
pre-straining produces a rather small plastic stfaD.2%, see the open-loop strain in
Fig. 7(a)) in the composite and the 9.5% pre-stpagduces about 3.5% plastic strains
in the composite (see the open-loop strain in FB)). Note that the actual plastic
strain in the Nb wires is about 5.5% according nositu synchrotron HE-XRD

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



was removed. The elastic strain and transformaticain matching condition exists in
both the small pre-strain and large strain caskss. ifdicates that plastic deformation
in the Nb nanowires plays a more important roleleéading to the extraordinary
properties of NICSMA than that of the strain mamchi Our simulation predictions
shown in Fig. 5 agree well with these experimemtedasurements. Please note,
however, that the calculated peak stress for theemsitic transformation to finish is
smaller than the experimentally measured one becaaglasticity is considered in
the NiTi matrix in the simulations and also the hmowires are assumed to have the

same elastic moduli as those of the NiTi matriii@ current model.

To show how the amount of plastic strain generditgdhe pre-straining and the
nanowire radius affect the hysteresis and elastclutus, we plot in Fig. 8 the
hysteresis loss and the elastic modulus as a tmai the amount of plastic strain
and nanowire radius. The hysteresis loss is caklhy integrating the stress-strain
curves in Fig. 5, and the modulus is obtained byguthe ratio of stress over strain at
a strain value of 0.2%. Figures 8 (a) and (c) skioastic decreases in the hysteresis
loss and the elastic modulus when the plasticrsgganerated in the nanowires during
pre-straining increases. The dependence of thetegs loss and elastic modulus on
the radius of the Nb nanowires is relatively weathin the radius range considered,
in particular at small pre-strain levels (Fig. 8@nd (d)). At larger values of the
pre-strain (e.g.gpre>3.5%) the effect of nanowire radius becomes magaifecant
(Fig. 8(b) and (d)). Note that our simulations hagsumed that the Nb-nanowires

have the same elastic strain limit for the diffenextlii considered.



3.3. The physical origin of the quas-linear supereasticity with vanishing
hysteresis

Since its discovery the physical origin of the ddiear elasticity with vanishing
hysteresis and ultralow elastic modulus has a#@dachuch attentions. The role of
nanowire and its deformation mechanism have beewliest by in-situ TEM
observation[48], which discover the inhomogeneolsstie deformation in Nb
nanowire and strong correlation between discreaaetemsitic transformation and
large local strain (~8%) in Nb nanowire. The findlement simulations for composite
show that coupling between plastic deformation wwitthe NWs and martensitic
transformation in the matrix is the physical originunique properties[49]. However,
the calculated of elastic modulus change with pr&irs is not consistent with
experiment work in Fig. 7. The modulus softeningsimuriginate from the continuous

martensitic phase transformation under loading.

To further understand the physical origin of thagjtlinear elasticity with vanishing
hysteresis and the ultralow elastic modulus, Fé&fa) and (b) show the amount of
remnant martensite after pre-straining as a functibthe amount of pre-strain and
nanowire radius, respectively. It can be readilgns¢hat the remnant martensite
volume fraction increases with (a) increasing praks and (b) decreasing nanowire
radius whenegye>3.5%. Fig. 9(c) shows the microstructure evolutiand the
corresponding changes of the martensite volumetidracduring loading and
unloading after pre-straining in a sample with 3.pfé-strain and Nb nanowires of

Rnp=7.5nm. A continuous nucleation and growth undexdiog and a continuous



dissolution under unloading are observed for thetenaitic phase, which results in a
continuous change in strain with small hysteresis law elastic modulus. According
to the stress distribution generated by the disiocaloops shown in Fig. 4, the
increase in dislocation density and decrease iowaga radius increase the amplitude
and spatial extent of the local stress field praigkdistribution, which affects the
subsequent stress-induced MT and renders it canibiuSuch a smeared MT
(continuous) caused by defects have been shownretiwsily[50]. Martensitic
embryonic structures associated with dislocaticngeheen predicted at temperatures

much higher than the equilibrium transition temp@m@in previous studies[51, 52].

The origin of ultralow elastic modulus for the mteaining sample can be attributed
to the coexistence of austenite and martensitic adasn Martensitic domains will
influence the softening of modulus have been regorecently[7]. Based on the
theoretical work, the elastic modulus is relateth® volume fraction of austenite and
martensitic (A-M) phase boundary [53], the loweastic modulus implies the more
A-M phase boundary. Our simulations also show thatdecrease of elastic modulus
in Fig. 8 (c) and (d) is related to the increasenaftensitic phase volume fraction (i.e.,
A-M phase boundary in Fig. 9 (a) and (b). The iaseeof pre-strain value and the
decrease of nanowire size produce more remanenémsédic domains and the A-M

phase boundary, which is the physical origin ofldve modulus.

Furthermore, to confirm the importance of pre-straffect, we do a simple model
experiment with considering normal PlgTisg2 SMAs without Nb nanowires as

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



from 0% to 80% (by cold rolling). The sample witigtn-level pre-strain (>27%)
performs a quasi-linear superelasticity with largeoverable strain (> 4%), small
hysteresis and high strength (1GPa~2GPa) at roampesature. The hysteresis and
elastic modulus dependence grare shown in Fig. 10 (b) and (c). The hysteresis o
strain-stress curves is calculated by the integmadf the curve loop area. As shown
in Fig. 10(b), the hysteresis dramatically decreate a very low level with the
increasing of pre-strain at slight deformation negi(less than 27%). With pre-strain
larger than 27%, the hysteresis reaches the minivaloe. Although the strength is
continually enhanced under further cold rollingsteyesis remains almost the same
low value, indicating an intrinsic small hysteresehavior. Fig. 10(c) shows that the
elastic modulus will first decrease and then inseedhe lowest modulus is found in
the sample with pre-strain 27%. The decrease sfielmodulus may be related to the
continuous increase of the interface between msiteeand austensite[53] and strain
glass transition[17], and the increase of elastiedatus may be related to the
appearance of the amorphous region with largerspeen[54]. By comparing with
nanocomposite, we found that the recoverable strdb for pre-deformed normal
SMAs is smaller than that of nanocomposite SMA$4);6and the value of pre-strain
(~27%) is larger than that of nanocomposite SMA&R%). This difference suggests
that pre-strain is important to produce quasi-linsaperelasticity with nearly
vanishing hysteresis and the existence of Nb namostiould enhance the recoverable

strain and reduce critical value of pre-strain.



Thus, the appearance of quasi-linear superelasteaih be attributed to the internal
stress caused by the pre-deformation (or othesstrarried defects), which can be
easily understood in Fig. 11. Fig.11 schematicdiscribes the decay of internal
stress caused by certain defects caused by preatgion. Due to the existence of
internal stress, the Landau free energy as shosetsrof Fig. 11 will stabilize the

favored martensitic variants M1 and this stabilitfyy martensitic variants (i.e., the
maturity of embryonic martensitic domains) will duelly decrease when the internal
stress decay. The stabilization will produce residnartensitic variants when the free
energy of martensitic phase is lower than thatustenite, and the volume fraction of
embryonic martensitic domains depends on the inflagegion L (the length where
internal stress is larger than zero) of internedss. When the influence region L can
cover the whole region of the sample, the systethexhibit continuous growth of

martensitic domains with quasi-linear superelastieind narrow hysteresis under
loading. Pre-strain or cold rolling could be areetive way to increase the influence
region L of internal stress by increasing the disfedensity and strength (e.qg.,
dislocations). The size and number of Nb nanowosld effectively decrease the
space for martensitic transformation and work asfinement, which make the

influence region of internal stress cover the wisalmple easier.

4. Summary

Through computer simulations we found in this sttiigt the dislocations at the Nb

nanowire / NiTi matrix interfaces generated by gi&ining of NCSMA samples



produce (a) a broad distribution of local stressbpbility that results in a broad
distribution of remnant embryonic martensitic donsaand (b) nano-confinement that
suppresses long-range correlation of strains (i.dong-range ordered,
self-accommodating strain patterns) and therefatecatalysis during the MT. Thus
the MT starts in certain locations in the systeime by the dislocations) at an
applied stress level that is much lower or highantthat required for a homogeneous
system (without the internal local stress fieldmagated by the dislocations) and
continues gradually as the applied stress increas®sa consequence, the overall
transformation strain of the sample varies contirslyp with the applied stress,
leading to a continuous MT that resembles high+otdensitions where the order
parameters characterizing the transition vary owomtisly across the transition
temperature. This is in sharp contrast to the nbiviies that are typically sharp and
strong first-order transitions where the order paeters such as the transformation
strains experience sharp, discontinuous jumpseatrénsition temperature. It is this
apparently continuous MT that offers the unpreceetbmgiant quasi-linear elasticity

with vanishing hysteresis and ultralow elastic mnodwf the composite.

This finding may suggest a new way of designingaaded SMAs with unique
properties through defect engineering. In additimn the dislocation networks
developed at the NiTi matrix / Nb nanowire integadn NCSMA considered in the
current study, any nano-confinements of similauratcreated by either structural
and/or compositional non-uniformities in the parphtase may suppress effectively

autocatalysis and render the MT continuous, oftesimilar extraordinary properties



as those demonstrated in the current study. Thase-confinements may include
(but not limited to) solute clustering (percolatioh both concentration and misfit
stress fields), both concentration and misfit stréeld modulations generated by
spinodal decomposition, both concentration and itigfislocation network

modulations in multi-nanolayers, nano-crystallimel @aano-precipitate systems.
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Figure 1 Nanowires with different radius. (a)nE30nm, (b) Rp=15nm, (c)
Rnp=10nm, (d)Rp=7.5nm.
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Figure 2 Distribution of dislocation loops with differentgstrain. (a)-(d) shows the

3D structure of dislocation loops with differentepstrain, the white plate describes

the deformation region by dislocation slip. (e)-@ow the 2D structure of the

dislocation loops with different pre-strain in th{@10) plane of nanowires.
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Figure 3 Dislocation configurations and local stress fiedd;) distributions on the
(110) plane for different nanowire radii (g and different amounts of pre-straining
(epre)- The light gray color represents the cross-sestiof nanowires in thg110)
plane, the black lines represent the projectiongigibcation loops on this plane and
the color legend shows the value of the local strieslds associated with the

dislocations.
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Figure 4 (a) Local stress field probability distribution tiiepe= 0.35%, 3.5% and
8.75% respectively for fg=7.5nm. The inset describes the percentage ofitosat
with a stress level above 500MPa and the maximual Istress qpeay at different
levels of pre-straining. (b) Local stress field lpability distribution with Rp= 30nm,
10nm and 7.5nm fogpe= 3.5%. The inset describes the percentage ofitoatvith
a stress level above 500MPa and the maximum ldtabss peay for different
nanowire radii.c=500MPa is the critical stress for stress-inducedtenite to

martensitic transition with remnant embryonic masiee.
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Figure 5 Calculated stress-strain curves of TiNi-Nb NCSM#asat have Nb
nanowires of different radii (f3) and are pre-strained to the different amoupt)(

The three-dimensional insets show the Nb nanowrengement.
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Figure 6 (a) Calculated stress-strain curves of TiNi-Nb W@$ with consider 12
martensitic variants with \g=7.5nm and different pre-strain. (b) Calculateduna
fraction evolution of 12 martensitic variants wikternal strain for R=7.5nm and
€ore=8.75%. Inset picture show the volume fraction iffiedent variants at inital state

(before loading or after unloading) .
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Figure 8 Hysteresis loss ((a) and (b)) and Young's modg{as and (d)) calculated
for TiNi-Nb NCSMA samples having different nanowiradii (Ry,) and different

amounts of pre-straingy).
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Figure 9 Remnant martensitic volume fractions obtained rafiee-straining in
different samples with (a) different amounts of-pteins £y and (b) nanowires of
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Figure 10 Tensile measurement of4§bNisg.g at room temperature for different

pre-strain §p) from 0% (solution treated) to 80%. (a) Stress¥@tcurves; (b)

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




Figure1l

1
Residual M!

Internal stress

M2 M1

Position

Figure 11 Schematic drawing of internal stress decay calsethe defect. Insets
describe the related Landau free energy with diffemternal stress (red dots). A, M1

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

the influence region of internal stress.
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