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Abstract

Stimulated by recent experimental results on superelasiicsNape memory alloy, a theoretical study is
carried out to quantify the effect of plasticity on stregkiced martensite transformation, using a
constitutive model that combines phase transformation andgiiaséi constraint equation is introduced to
quantify the phenomenon of the stabilization of plasticity on strelkged martensite. The stabilized
martensite volume fraction is determined by the equivalemstiplatrain. The transformation constitutive
model is adopted from a generalized plastic model with [EriBkager type phase transformation functions,
which are pressure sensitive, while the plasticity is desdrby the von Mises isotropic hardening model.
The martensite volume fraction is chosen as the internablarto represent the transformation state and it
is determined by the consistency transformation conditioragimoach to calibrate model parameters from
uniaxial tensile tests is explored, as well as the isseéasfic mismatch between austenite and martensite is
discussed. Based on the proposed constitutive model, the tdloémydrostatic stress on transformation is
examined. As an example of application, this new constitutiveeims employed to numerically study the

transformation field and the plastic deformation field reearack tip.

1. Introduction

It is well known that shape memory alloys exhibit not ortigpe memory effect but also superelastic
deformation behavior. At a certain high temperature, shapeonyealloy under external loading can display
extraordinarily large deformation, up to strains of sevpeatents. This large amount of deformation can
“elastically” recover completely after unloading. This abrarrsuperelastic phenomenon is due to the
intrinsic stress-induced austenite-to-martensite forward wemsation and martensite-to-austensite reverse
transformation during a loading-unloading process. The tranafmm deformation mechanism is
schematically illustrated in Fig. 1. The initial austenitegehean be transformed into martensite phase under

external force. Due to different crystal structures leetwthe austenite and the martensite, deformation
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occurs during the phase transformation process, which leasiigniicant macroscopic deformation. Once
the transformed material is unloaded, the unstable martensie phih transform backward to the stable

austenite recovering the transformation strain.

The superelastic deformation behaviour in shape memory dilmydeen exploited to develop smart and
functional structures in many fields [1-3]. Of particular impade is its exciting application in the field of
biomedical engineering. For example, superelastic NiTi vasctdmts have been developed to reinforce
blood vessels. Comparing to traditional stainless steelsstéimése superelastic stents have enhanced
recoverable strain so that they can be easily deployednistrixbed arteries and the risk of stent failure
would be greatly reduced [4, 5]. In addition, further potentialiegigbns of shape memory alloys are being
investigated, such as shape memory alloys-based functiomglosdes. Recent reports, e.g., [6], suggest
that shape memory alloy NiTi has super resistance aga@astdue to its superelasic deformation and could

be applied in tribological engineering.

Although shape memory alloy NiTi has found many important iegibns, especially in biomedical
engineering, little information on the failure of this evél existed in the literature. McKelvey and Ritchie
[7, 8] carried out a series of experimental study on the growthigtiéacracks in NiTi alloy. With regarding
to the constitutive behaviors of this material, they haygementally found that plastic deformation after
forward transformation could stabilize martensite and hindereterse transformation. Eventually, reverse
transformation can be suppressed completely with a certanrdarof plastic deformation. They have also
reported that austenite-to-martensite forward transformatitmot occur at the crack tip of a superelastic
NiTi. The inhibition of the transformation was believed todoe to the high hydrostatic tensile stress near
the tip of at a fatigue crack. Because the austenitearbemsite transformation in NiTi involves a negative

volume change, the high hydrostatic tensile stress might prewveimtransformation from happening.

Stimulated by the experimental investigation of McKelveyl &itchie [7, 8] on superealstic NiTi, the

authors present a constitutive model, which can describe nosopérelastic transformation but also plastic
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deformation, especially the effect of plastic deformatanthe stabilization of martensite so that it can be
applied to theoretically study the failure of superelasti@pe memory alloys. Many constitutive models for
transformation in shape memory alloys have been published].[Zr@nsformation thermomechanical
theory, crystallographic theory of martensitic transfornmatmd/or micromechanics approach have been
applied to develop some of these models [10-13]. For the purpose ofpregent research, a
phenomenological model developed by Auricchio et al. [14] and heiband Auricchio [15] was modified

to describe forward and reverse transformation in superektsiipe memory alloys. Without detailing the
evolution process of the material microstructure, this mochest phenomenologically quantify the
macroscopic deformation due to transformation. And, this modsl successfully applied to numerically
simulate the deformation of NiTi stents recently by Rele¢lal. [16]. In contrast to many other models, this
phenomenological model has also considered the volume chamgg wansformation process. Thus, it can
be used to study the influence of hydrostatic stress on @ramstion. The von Mises isotropic hardening
theory is adapted directly to describe the plastic defoomdtappening in the martensite phase after the
forward transformation. The stabilized martensite volumeitmads proposed as a function of the equivalent
plastic strain. Therefore, the constraint of the plasé@forthation on the reverse transformation can be

guantified.

The structure of this paper is as follows. The combined ¢otreéi model is detailed in Section 2, where the
evolution functions of the martensite volume fraction aeeived based on the consistency conditions.
Thereafter, the transformation strain rate is determifed.the sake of completeness, the equation to
determine the plastic strain rate is also given in Se@igh simple linear relationship is proposed between
the stabilized martensite volume fraction and the equivghadtic strain. Methods of calibrating the
material parameters from uniaxial tensile tests arenaatlin Section 3. Based on the present model, the
effect of hydrostatic stress on transformation has beecustisd. This constitutive model has been
implemented as a material subroutine in the finite elemeniagackBAQUS [17] to assist the analysis of

the transformation and plastic deformation of a superelasticture under complex loading condition.
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Finally, as an example of application, the transformatiold fd the plastic field near the crack tip of a

superelasitc NiTi shape memory alloy is examined in Sedtion

2. Constitutive model

Under external loading condition, the total strain rate afperelastic material generally composes of three

parts:
£=¢% +&" +¢P (1)

where¢? is elastic strain rate due to elastic deformatidniransformation strain rate due to transformation

and£” plastic strain rate due to dislocation movement. Plasfarmation due to dislocation movement is
unrecoverable, whereas elastic and transformation sae@n®coverable. During unloading process, reverse
transformation from martensite to austenite can occur instiperelastic regime, which partly or fully
recovers the deformation due to the forward transformatiom faustenite to martensite. Here, only
mechanical loading condition for transformation is consideneltlae forward and reverse transformation is
treated as an isothermal process. These constraints eoudinoved by introducing relevant temperature-
dependent parameters. Because plastic yield strength is hommgdler than the transformation stress in
shape memory alloys, unlike transformation-induced plastigitysteels, transformation and plastic
deformation will not occur simultaneously for shape memolygyalThe following details a combined

constitutive model that describes both the transformatramsind plastic strain.

In the present work, both austenite and martensite are comsitteb® elastic isotropic. The elastic strain

rate ¢* is related to the stress rate via the isotropic HodkeVs
¢*=M:g, 2

whereM is the elastic isotropic flexibility tensor of the foudtder andé is the stress rate tensor. It is
further assumed that austenite and martensite have ideatastic properties (Young’'s modulus and

Poisson’s ratio). For copper-based shape memory alloydjfteeence of the Young’s modulus between the
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martensite and the austenite is negligibly small. By ceptfar binary NiTi shape memory alloys the
Young's modulus of the martensite is about one-third to onedfidalfe Young’s modulus of the austenite
[18]. Normally, the transformation strain rate is much larggan the elastic strain rate during a
transformation process, either forward transformationremerse transformation. The elastic mismatch
between austenite and martensite can only affect the macrostiprmation very limitedly even for NiTi

shape memory alloys. While this difference can be readilgrpmcated in the theoretical model, the
resulting model may require more elaborate experimentdetotify the material constants; this will be

discussed in detail in the next section.

2.1 Transformation model

To avoid the complexity of tracking the detailed evolution e tnaterial microstructure during phase
transformations, a phenomenological approach will be adomtedescribe the forward and reverse
transformation in superelastic shape memory alloys. Sucha@proach is most appropriate for
polycrystalline shape memory alloys with very fine grasweh as NiTi used in stent device. Here the model
developed by Auricchio et al [14] and Lubliner and Auricchio [k5inodified in a consistent manner to
account for multiaxial stresses. The martensite volumetidracate will be determined from a self-

consistency condition, rather than assuming an empiricalaeleti14,15].

Choosing the martensite volume fractioes an internal state variable, which varies between zeroratyd

The potential functions for forward and reverse transfoonatare a Drucker-Prager type,

Fi (o, f)=0,+300, =Y, (f), for forward transformation (3a)

for

Fo(o,f)=0,+300, Y, (f), for reverse transformation (3b)

where o, =,/—s:s is the von Mises equivalent stressis the deviatoric stress tensor, aaq is the

hydrostatic stress.e.,
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O, :%tr(c) ands=o¢-0,| 4)

where | is the second-order unit tensor. The functiép (f) and Y, (f ) denote the transformation

hardening functions to be determined later. Gehgfillese hardening functions also depend on teayes.
Here, investigation is focused on a given tempeeatt which material demonstrates superelastiexneh

The influence of the hydrostatic stress on tramsétion is manifested by the teroo,, in Eq. (3). The

parametera is a material constant, which is relative to transformation volume strain as discussed later.

In the case obr =0, the transformation function degenerate to theMases type.

During phase transformation the potentials, (o, f) and F(o,f ) remain zero. It will prove

advantageous to define an equivalent transformati@sso,, as
Og =04 +300,. (5)
Then the conditions for transformation can be syngxipressed as,

ogq =Y,, (f), for forward transformation (6a)

J; =Y, (f), forreverse transformation (6b)

which are similar to the plastic yield criteriondanventional plasticity theory.

During forward transformation process, the martensblume fraction increases, i.ef,>0. Similarly,
decreasing of the martensite volume fraction< 0, indicates a reverse transformation process. It is
assumed that the transformation strain rate is gstigmal to the martensite volume fraction rafe
According to the normality hypothesis, the transfation strain rate¢” during forward transformation

process can be determined by:

&' =pf

oF, |
o B S-S taly, f>0. (7a)
Jo 20,
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During reverse transformation process, it is:

g =pf P =i 35 4y, <0 (7b)
do 20,

The parametep is a material constant, which can be calibratethfuniaxial tensile test as discussed in the

next section.

The martensite (transformed) volume fraction ratean be determined by the consistency conditionis as

classical plasticity theories [19]. The consistenogdition for transformation is

F=—:6+—1f=0 8
P ®

from which the martensite volume fraction rdtecan be obtained as

g1 (§E+3m'fm), f >0 for forward transformation (9a)
H for Jeq
. 1 3s:§ . : .
f=——(z—+3a0,), f <0 forreverse transformation (9b)
Heo 20
_dYy, _dy, .
where H,, = - and H,,, —T’W represent the forward transformation hardness tied reverse

transformation hardness, respectively.

2.2 Plastic strain rate

Generally, plastic yield stress is higher thandtigcal stress for forward martensitic transforioatin shape
memory alloys. After finishing forward transfornti plastic deformation can occur in the stressiied
martensite if the external force increased contisiyoover the plastic yield strength of the maritenghase.
The isotropic hardening theory based on von Miselsling condition is the mostly used model to diser
the plastic deformation of normal metals. This masl@dopted directly here to describe the plasticavior

of stress-induced martensite. The plastic yieldddwn is

Article submitted to Materials Science and Engineering: A 8



Fp|(0'1§pl):0eq _Ypl(gpl):()’ (10)
where Y, is the plastic hardening function of the mateneich depends on the equivalent plastic strain

£” . The equivalent plastic strag is defined by the plastic strain tengdt through
< p 2 - |
el = j 1f—dsp :dg” . (11)
history 3

The plastic strain rate can be determined by

=2 S g (12)
4oeqHpI
dy, . _ , . :
where H, = is the plastic hardness, which is treated as a enmat parameter.

de”

It is worthy to mention that a non-linear kinematardening law demonstrating the Bausinger effelétoe
a better choice for the purpose of describing tastjg deformation behavior under cyclic loadingn@dition
such as the cases in wear study. Efficient numeaigarithms for implementing this class of condiite
model have been developed [20] and a numerical wesalel based on the failure of plastic deformation
accumulation is available [21]. Quantitatively exating the wear behavour of superelastic NiTi shape

memory alloy is being carried out.

2.3 Influence of plastic deformation on reversagfarmation

Recently, McKelvey and Ritchie [8] observed monmicli martensitic structure in an unloaded NiTi
superelastic bar after having experienced streisegd forward transformation and plastic defornmatio
Furthermore, they have found that the heavier iplaiformation occurred, the less strain due tovéod
transformation could recover. In other words, ptagteformation could stabilize the stress-induced
martensite so that no or only part reverse transition back to austenite will occur after the realoof
load. This influence of plastic deformation on theerse transformation of NiTi shape memory allag be

represented by the stabilized irrecoverable materslume fractionfy,. Quantitatively, f , is assumed

to be dependent on the level of prior plastic sirae.,
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fea =FE"). (13)

The functionF (™) can be calibrated from measured strain curves froraxial tensile tests, such as the
curve of recovery strain versus applied strain shawFig. 12 of McKelvey and Ritchie (2001). A lare

relation given below would be the simplest betwdgnandg”,

m|

pl <—p|
S € (14)

sta
_p oz
1, &g">¢’

whereg! is the minimum plastic strain after which no resestransformation will occur at all.

This influence of plastic deformation on the apitif martensite to undergo reverse transformatlangs an

important condition on the evolution of the martensvolume fractionf. In other words, the following

condition should also be satisfied during reveraesformation < 0),

f>f (15)

sta *

This means thaf,, essentially serves as a lower bound for revessestormation.

3. Calibration of Material Parameters

Uniaxial test is a basic experimental approach ttwlys material constitutive behavior and to calibrat
material parameters. The constitutive model preskm the previous section will first specializeal t
uniaxial loading to assist the identification oétrelevant material parameters. The elastic prigzeof the

austenite and the martensite are assumed to bécalewithin acceptable prediction accuracy. Pdssib
difficulties in calibrating parameters due to dlashismatch will discussed later. Based on the ges

model, the influence of hydrostatic stress on fiangation is also examined.

3.1 Transformation parametersandf
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Since the plastic yield stress of NiTi shape menadigyys is higher than the critical forward transhation
stress, it is possible to determine the transfaongiarameterst and3 from superelastic deformation tests
before plastic deformation occurs. The influenceplafstic deformation on the reverse transformatbdn

martensite can be determined separately.

. . . . . . 3.S .;
According to Eq. (7), the transformation strainerabnsists of two parts, deviatoric componezn{—Bf
o
eq

and volumetric componenBfal . When the martensite volume fractibrreaches unity, the maximum

forward transformation volume strain from austertibe martensite can be obtained by integrating the

volumetric term in equation (7), which is
er =30pB. (16)

This maximum transformation volume strain can b&uwated by applying crystallographic theory for
martensitic transformation based on the structin@nge of the two phases or be measured directig fro

experiments. For examples, the maximum transfoonatolume strain for CuAINi shape memory alloy is —
0.37% according to the calculation of Fang et &];[and Holtz et al [23] measured the valueebffor NiTi

shape memory alloy, which is abott0.39%.

Under the uniaxial tensile loading condition, thaximum transformation strain in the tensile directis,

after integrating equation (7),

el =B@A+q). (17)
By combining Egs (16) and (17), the parameterand3 can be determined once the valuegpfand €],
are known. Take as an example of the NiTi supdrela®ape memory alloy studied by McKelvey and
Ritchie [8], €], was measured to be about 4.0% from a uniaxialléetest. Together witre] =-03%
from [23], one can derive the following solutions

a=-315% PB=41%. (18)
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Corresponding to equivalent plastic strain in tiadal plasticity (see Eqg. (11)), an equivalenhsfarmation

strain€" can be defined as follows:

=tr 1+ 2 S At
gt =T;2 [ /gdat [di’ =BQ+a) [ldf|. (19)

histroy histroy

Obviously, it is equal to the transformation straimmponente; in the case of uniaxial tensile loading

condition.

3.2 Transformation hardening functions

If the non-zero stress component is denotedohyin a uniaxial tensile test, according to Eqs (B)ring
forward transformation process we have
Y. (f)=@+0a)a,,. (20)
In the mean time, based on Eq. (7a), in the tedsiéztion can be expressed as
e =p@+a)f. (21)
Because the elastic Young's modulus of the martemsiassumed to be the same of the austenite)akgc

strain rate still linearly depends on the stresge rduring transformation process. Therefore, the

transformation strain rat&, can be extracted from the total strain rgteby

(0]
S g A 11
€178 78 T8y _E- (22)

In calibrating the transformation hardness, foriveiy stress incrememko, ,, as illustrated by Fig. 2, after
measuring the corresponding total strain increm&gyt from the stress-strain curve, the transformation
strain incrementAe], can be deducted from Eq. (22). After that, thednent of the martensite volume
fraction Af can be obtained from Eq. (21). Because the vafutheo transformation hardening function

Y., (f)is determined by Eq. (20), the functional relatimtweenY,, (f) andf can be determined point by

for
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point starting from the initial transformation poifi =0 and o,, = 0, at the stress-total strain curve. The
reverse transformation hardening functidp,(f cgn be calibrated in the similar way based onsthess-

strain curve in the reverse transformation process.

If the measured stress-strain curve in the forwaatsformation regime can be correlated by a linear

relationship,

(e)
0,, =0, % Cfor (811 - EO) ) (23)

where C,, =0,,/¢,, is a constant, which represents the tangentialulnsdas shown in Fig. 2, a simple

for

analytical expression for the transformation hamgriunctionY,, (f) can be obtained. According to (9a),

for the forward transformation under uniaxial temsiwe have

f=re), (24)

for

Therefore, the total strain rate in the tensilection can be expressed as

. ) . 1+ 2.
b =eh + et = T epara)f = S PR O (25)

for

From Eq. (25), we have

CioB (L+0)°

26
1-C, /E (26)

Hfor(f) =

for

(f) is a constant value. According to the definitiéntb,, (f), we have

or

In this special case

for

CforB(1+ G)Z f

27
1-C,, /E @

Yig (F) = [H o (F)df = @+a)o, +

for

A similar linear expression for the reverse transfation hardening functioiY,,(f cpan be obtained if the

part of the stress-strain curve can be approximiayeal straight line.
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For the material properties listed in Table 1 whighre determined from the experimental results of
McKelvey and Ritchie [8] based on the above describpproach, the calculated stress-strain curverund
uniaxial loading condition is shown in Fig. 3. Img case, the applied stress is lower than theiplgeld

strength. No plastic deformation occurs and reveesesformation can occur completely after unlogdin

Under uniaxial compression with the amplitudlg, the transformation conditions are

Y (f) =04 = @-a)o,, , for forward transformation (28a)

Y, (T) :o:q =(@-a)a,, , forreverse transformation. (28b)

It is clear that for the same martensite volumetioa, the stress amplitude to trigger transfororatinder
compression is different from that under tensione Btress-strain curve in Fig. 3 shows asymmetoytab
the origin point. Due to volume contraction duriftgward transformation for shape memory alloys, the
parametera turns out to be negative. Therefore, the amplitefiethe transformation stress under
compression is lower than that under tension imxial loading condition for the same martensiteunc

fraction, as shown in Figure 3.

3.3 Plastic constraint

McKelvey and Ritchie [8] measured the variatiortted recovery strain with the applied total strairtheir

uniaxial tensile tests. The results suggested that recovery strain decreased sharply after plastic
deformation. The minimum plastic strain to totababilize martensiteg” ) is about 0.84%. Martensite will

not transform back to austenite once material egpees plastic strain over this value. The linesuction

of Eq. (14) can be applied to approximate the i@labetween the stabilized martensite volume foacti

f.. and the experienced plastic deformati®fl. Figure 4 shows the influence of plasticity oneme

sa
transformation deformation at different loading desvunder uniaxial tensile condition. These curaes
predicted using the combined constitutive modelkhin first case, the applied maximum stress in tless
the plastic yield strength, and no plastic deforamabccurs. Martensite can transform completelykac
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austenite as the force unloads to zero,ig.= . IB8Ghe second case as marked by the dashed c¢heve,

plastic strain of 0.41% causes a volume fractiotD%Qof the martensite phase is stabilized. Thel tota
residual strain is 2.4% at zero stress, much gréladém the applied plastic strain. When the apptilectic
strain exceeds the critical value of 0.84%, revénaesformation is completely constrained, as iatdid by

the dotted curve in Fig.4.

3.4 Effect of elastic mismatch

In the present model, the austenite phase and #reemsite phase are assumed to have identicalcelast
properties. In principle, however, there is noidiffty in allowing the elastic mismatch of the tywbases
during transformation process. A simple way is pplg the linear mixture rule to evaluate the Young’
modulusE of the bi-phase material,

E=@-f)E, + fE,, (29)
where E, and E_ are respectively the Young's moduli of the audte@ind the martensite, amds the

volume fraction of the martensite. The Poissont®sacan be still considered as the same or b&ettesing
a similar linear mixture rule. The elastic mismatehl not affect transformation model and the piast
constraint equation in Section 2. However, in dosw the calibration of material parameters will be

complicated.

Suppose that the elastic Young’'s moduli of the enit# and the martensite are different, the average
Young’'s modulus based on Eq. (29) is a functiothefmartensite volume fractidnwhich changes with the

stress state. During uniaxial tensile loading psscéhe total strain rate can now be expresseadllaws$:

. d L e o .
=t rel = e TRt (30)

The elastic strain rate will no longer linearly ded on the stress rate during transformation psoces

Therefore, it is difficult to extract the transfamtion strain from the measurable total strain wld®e
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volume fraction of the martensite could be deteadiduring the transformation process. Practicéliig a

challenging task to measure the volume fractiothefmartensite.

Figure 5 schematically illustrates a typical sufsstc curve for NiTi, which manifests the diffecenof
elastic Young’s moduli. Similar experimental cungzs1 be found in the literature [8, 24]. Herg,ahd A
represent respectively the starting point and thisHing point of the forward transformation; and tRe
reverse transformation starting point; fRe reverse finishing transformation point. Duestgerelastic

deformation, a closed hysteretic loop exists, witiah be described by
e: + 8?IOI’ + stfror = 8:‘E'I’l + ES‘E\/ + Str (31)

rev?

where €2 is the elastic strain created from R As, €5 the elastic strain during forward transformation

from Asto A;, €Y the forward transformation straia¢ the elastic strain amplitude from fo R,, £, the

for

elastic strain amplitude during reverse transfoiomafrom R to R and €', the reverse transformation strain
amplitude. Generallyg® is close toe? because the transformation hardening effect icayly small.
Therefore, the following approximation relation damobtained,

€1 +El, =€ +E,. (32)
For NiTi shape memory alloys, the Young’s modultithe martensite is one-third to one half of thiathe
austenite for NiTi. Thereforeg, can be much larger theef , which is can be shown in Fig. 5. In other
words, we have such conclusion,
gl >el (33)
It means that the elastic strain has “consumedt glathe forward transformation strain during urdoay
process before reverse transformation starts aut pj and the total forward transformation strain igt‘n

equal” to the total reverse transformation strarereso the reverse transformation is obviouslysfied

completely. This deduction seems to be unacceptable
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In reality, the reverse transformation might halreay started before reaching the corner pointrRthis
case, it is practically difficult to determine pisly the onset of reverse transformation. It miglso be
possible that the macroscopic transformation strata is not proportional to the transformationwoé
fraction rate due to twinning phenomenon betweéeréint martensite variants. Further experimentaikh
be designed to explain the “non-equilibrium” betwethe forward transformation strain and reverse
transformation strain, and so as to establishingreapated mathematical models to quantify this
phenomenon. It is worthy to reiterate that the rhadeSection 2 can successfully describe supeielast

deformation within acceptable accuracy althougteglects the elastic mismatch.

3.5 Effect of hydrostatic stress

The equivalent transformation stresgl =0, +300,, in (5) is the transformation driving force, where

300, represents the contribution from the hydrostsiiess. Similar relation has been used by Spitaeh a

Richmond [25] to study the effect of pressure anftow stress of iron-based bcc materials, wheessure
influences the dislocation motion. Here, the eff#fdihe hydrostatic stress creates due to thefoanation-
induced volume change, which is represented byp#nameter . The value of the parameter is negative
for shape memory alloys. It is expected pure hydtis pressure will contribute to the transformatio
driving force. In other words, if a uniaxial tesese carried out with a hydrostatic compression,cifitical
tensile stress to trigger transformation would dase with increasing hydrostatic pressure. To our
knowledge, so far no such experiment has been texpoBut, the effect of hydrostatic pressure was
examined in an alternative way by Kakeshita et2él.[ They experimentally studied the influence loé t
hydrostatic pressure on the transformation temperatFor thermoelastic martensitic transformation
occurring in shape memory alloys, not only mechanloading but also thermal loading by reducing
temperature can drive transformation. Because théroBtatic pressure can increase the forward
transformation driving force, it is expected thatar higher hydrostatic pressure less transformaiiermal

loading is needed, i.e., martensitic transformatian occur at higher temperature. Indeed, they Fawed
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the transformation temperature increased lineaity \wmcreasing pressure for some NiTi shape memory

alloys.

On the other hand, hydrostatic tensile stress shoesdist transformation. In fracture mechanicgxtal
hydrostatic constraint is normally quantified imnts of the ratio of the hydrostatic stress to tba Mises

equivalent stressg,, /0, . Focusing on forward transformation, the onsepluise transformation can be

rewritten as

Y )
1+3a&: for (OO)’

Ocq Ocq

(34)

which means that the higher the triaxility ratm, /o,, the more difficult it is to trigger forward

o
transformation. The influence of triaxiality alswamgly depends on the value of the material patanee.
Because the transformation volume strain is muchllsmthan stress-induced transformation sheainsima
shape memory alloys, according to Egs. (16) anyl,(ihe amplitude ofx is much smaller than 1.0, which

is —=3.15% in the above considered case. Thus,ntheence of the triaxiality on transformation shebdde

rather limited.

McKelvey and Ritchie [8] found that forward transfation did not occur ahead of the crack tip inirthe
experiment. They hypothesized that the high hydtasttensile stress at the crack tip suppressed the

transformation due to negative transformation vastrain. Since the triaxialitg, /o, ahead of a three-

dimensional crack is about 3.0 [27], and that #rentY,, (0.0)/0,, is approximately zero at the crack tip

for
due to the singular behaviour of,, at the crack tip, the value of should be around —11.0% in order to
completely suppress phase transformation at thekdip. This corresponds about —1.5% transformation
volume contracting. This amplitude is much largeart the measured value of -0.39% in NiTi shape

memory alloy. In a separate test, based on the ureghsnacroscopic stress-strain curves, McKelvey and

Ritchie concluded that forward transformation couldt occur in a notched tensile bar even with
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0,/04 =11. Clearly further experimental studies are neededinvestigate the sensitivity of the

hydrostatic tensile stress on forward phase tramstton.

4. Phase Transformation and Plastic Deformatiaghefip of a Tensile Crack

The constitutive model outlined in Section 2 hasrb@anplemented as a user material subroutine fr th
finite element code ABAQUS [17] to analyse the pghdsansformation and plastic deformation of a
superelastic structure under complex loading condit Here as an example of application, the
transformation and plastic deformation field ndae tip of a tensile crack in a NiTi superelastiapsh
memory alloy is analyzed. In this case, a semnitdi plane-strain crack subjected to reméte field is
considered. Due to symmetry, only a half of the Mhmodel is simulated. Figure 6(a) shows the entiesh

and the boundary condition. For a given valueKgf, the corresponding displacement field is imposed o

the boundary far away from the crack tip. Herewvtalele of K, is chosen as 60Pa/m . A very fine mesh

is employed near the crack tip, which is illustdate Fig. 6(b). The material constants calibrate@eéction 3

are used in the calculation.

Figure 7(a) shows the distribution of the martensiblume fractionf, near the crack tip under the given
value of K, . It shows that there exists a full transformedezwary close to the crack tip wiftreaching to
the maximum value 1.0. Outside that region, thetemaite volume fraction reduces gradually with the

distance away from the crack tip. As indicatedhrs tfigure, the normalized height of the transfaioma

zone,— M
[K, 7Y, 0)]

at the contour liné = 025 is 0.90. The total normalized height of the transfation
zone is 2.1. Figure 7(b) shows the distributiorthef triaxial hydrostatic constraingi,, /g, near the crack

tip. It indicates the highest value of, /o, is about 4.15, comparing with a value of 3.0 farrack in a

non-transformation material, which appears judramt of the crack tip. Comparing Figures 7(a) aid),

which are in the same scale, one can see that éeseregions near the crack tip with, /o, being less
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than 0.76 while transformation having completechwit=1.0. Even if the critical hydrostatic constraint to
suppress transformation is as low as 1.1 as detethby the notched tensile bar test from [8], &nse that

transformation could still occur in the region witiwer o,/ g, near the crack tip, which might affect the

failure behavior of the superelastic material as itifluence of transformation on the toughness o2

ceramics [28, 29].

Figure 8(a) shows the plastic deformation fieldrriba crack tip. As Figures 7 and 8 are in the sacade, it

clearly indicates that the plastic zone is muchlleméhan the transformation zone near the crggkThe

ypI
[K, 7Y, ©O)*

normalized plastic zone heigh , Is 0.12. Comparatively, the estimated value friomear

elastic fracture mechanics is about 0.13 [30].his tase, the phase transformation has little effacthe
size of the plastic zone because the plastic welkehgth is much larger than the transformatioesstr The
distribution of the stabilized martensite volumachion due to plastic transformation is shown ig. Bi(b).
Stabilized martensite near the crack tip may hageificant influence on the fatigue crack growththis
kind of materials. Applying fracture mechanics, thluence of transformation, plastic deformatiamda

plastic stabilized martensite on fracture and tegigehavior is being carried out.

5. Conclusions

The influence of plastic deformation on reversadfarmation in superelastic shape memory alloyseas
guantified by a constitutive model that accountsbioth phase transformation and plasticity. A macopic
phenomenonological model based on generalizedipléstory is adopted to describe the superelastic
deformation behaviour. The forward and reversesfamation process is described by the changeef th
martensite volume fraction, which is determined tne consistency transformation condition. This
transformation model involves the change of matextume due to transformation. It can accounttfor
influence of hydrostatic stress on transformationditions. The effect of the plasticity on the stommation

is manifested by a constraint equation, which deitegs the stabilized martensite volume fractioegoape
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reverse transformation. The present constitutivedehdhas been applied to investigate the crack-tip

deformation behaviour of a tensile crack in a selastic shape memory alloy.
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Table 1. Part material data of a NiTi superelaSWA calibrated from [8].

onr (0)

Yo (06)

onr (1)

YreS (1)

Y., (085)

Yies (0)

YpI (O)

Y, (032%)

Y, (084%)

Y, (L68%)

Y, (270%)

62 GPa| 394 MPg

1

397 MA

a 402 M

Pa 213 M

Pa 203 N

IPa MPD

1058 MPa

1100 MP;

A

1167 MR

a 1233 MPa 1267 N

Pa
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Figure 1. lllustrating superelastic deformation treaasm.
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Figure 2. lllustration of the calibration procees the forward transformation
hardening function from a uniaxial tensile stresais curve.
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Figure 3. Predicted superelasticity under uniawiatiing condition.
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Figure 5. Schematic illustrating the “non-equilibm” between the forward and
reverse transformation strains in a typical unieta@asile test.
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Figure 6. Finite element model for an infinite plane strain crack in a superelastic shape memory
alloy subjected to remote K; field force: (a) entire finite element mesh and boundary
conditions; (b) fine mesh near the crack tip.
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Figure 7. (a) Distribution of martensite volume fraction, f, near the crack tip; (b) Distribution of triaxial
hydrostatic constraint, 6, / Geq , near the crack tip. Figures (a) and (b) are in the same scale.
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Figure 8. (a) Distribution of Equivalent plastic strain, £/, near the crack tip; (b) Distribution of stabilized
martensite volume fraction, f;,, , near the crack tip. Figures (a) and (b) are in the same scale.
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