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Abstract

Shape Memory Alloys (SMAs) undergo an austenite-marterssitid-solid phase transforma-
tion which confers its pseudo-elastic and shape memorywi@inag. Phase transformation can
be induced either by stress or temperature changes. ThHeaied a strong thermo-mechanical
coupling. Tensile test is one of the most popular mechamésa allowing an easy observation
of this coupling: transformation bands appear and enlargegjrise to a large amount of heat
and strain localisation. We demonstrate that the numbeaasformation bands is strongly as-
sociated with the strain rate. Recent progress in full eldasurement techniques have provided
accurate observations and consequently a better undeirsgesf strain and heat generation and
di usionin SMAs. These experiments bring us to suggest théienaaf a new one-dimensional
thermomechanical modelling of the pseudo-elastic behavibis used to simulate the heat rise,
strain localisation and thermal evolution of the NiTi SMAgale submitted to tensile loading.

Keywords: Shape Memory Alloys, Nitinol, martensitic phase transfation,
thermomechanical coupling, transformation bands

1. Introduction

Since their discovery in the early 60's, Shape Memory Alllgs1As) have been widely stud-
ied leading to a great improvement in the understanding @f trehaviour (pseudo-elasticity
and shape memory ect), 2, 14, 19, 25]. The progress made promoted their use in many
applications, especially in the medical eld for bio-contipée NiTi-based SMAs 4]. A gen-
eralisation of SMAs' use for structures with increasing gbexity requires the development of
more e cient models, re ecting the overall behaviour but also makinto account the strong
thermo-mechanical coupling and itsexts (strain localisation, heat emission and thermal phe-
nomena).
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Indeed, whilst submitted to a simple displacement-colgdotensile test, pseudo-elasticity
occurs in SMAs. Pseudo-elasticity corresponds to thetglafithe material to elongate in large
proportion (up to 8%) under tensile loading and to recovetggrior shape when unloaded.
Pseudo-elasticity is caused by a phase transformatioreleettihe austeniticy) and martensitic
(M) phases?]. The phase transformation leads to a distortion of thetatyattice, that causes
the increase of strain. Associated with low strengthenigglisation usually occurs leading to
so-called "transformation bands”.

The phase transition is associated with heat emission garpbon during a reverse loading).
Since the phase transformation is induced either by tertyrerar stress, the local temperature
uctuations strongly change the rate of transformationdsanHe and Suni[l] or Shaw and
Kyriakides R5] for instance have investigated the dependence of theisat@n phenomenon
on the loading rate. As the transformation can be inducedimpérature changes, the behaviour
is highly dependent on the competition of the two transieetral phenomena: how fast the
latent heat is released (i.e. loading rate) and how fastevacuated (by conduction and air
convection). Indeed, if natural evacuation is too weak tmgensate the released heat at the
front of the band, the transformation is hampered. Thus aloealisation band borns, where
the transformation is easier, at the lowest temperatuietpbthe sample (stress considered as
homogeneouspf]. Therefore, the number of bands is well linked to the thdroaditions and
the loading rate. The following experimental law, estdi#id by Zhang et al2[g], associates the
strain rate ‘() with the maximum number of localised bands, denatggk

nmax = C" m (1)

WhereC is a constant, depending on the boundary conditions, cdivity@nd heat convection.
It is shown thaimis between 0.5 and 1 (He and Suri]).

On the other hand, recent progress in imaging techniquealltaged an improvement in the
quality of the observations. For instance, He and Siihénd Feng and Surl] used oblique
light and cameras to evidence the transformation bands. dfdilmeasurement such as Digital
Image Correlation (DIC) and InfraRed Thermography (IR particularly well suited for the
observation of this phenomenon. Indeed they provide gizding information (displacement or
temperature) at each point on the surface. It opens a eldHferstudy of coupled phenomena
-for instance the main idea is to use these quantities to théeheat sources associated to phase
transformation22, 6].

There are numerous articles of literature available onttig [22, 8] even related to dynamic
conditions [L8]. The authors of the present paper have proposed a newatisreinethod in or-
der to extract thermal and kinematic quantities from a sirsgit of infrared images and a single
computation 17]. This technique is described in the rst part of this ami¢section2). Once
applied to a tensile strained NiTi SMA, the main phenomersadieed above are highlighted. A
guantitative evaluation of transformation strain and @frthal gradient at the front of the bands
is made. The second part of this paper (secHpis introducing a one-dimensional model of a
sample submitted to a displacement-controlled tensitebi@sed on the Clausius-Clapeyron di-
agram (Stress versus Temperature). The computing thealaire is rst presented, then each
phenomenon is introduced gradually in order to obtain g fatlupled model able to describe
homogeneous transformation as well as localisation, aithggand cycling. The corresponding
algorithm and numerical methods are brie y stated in thedtipiart (sectiort). The fourth part
(section5) proposes a qualitative validation of the one-dimensiomadiel, run with a set of pa-
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rameters supported by existing literature, against sélgads. Numerical results are compared
from the experiments conducted at drent strain rates. The square-root link between loading
rate and number of bands stated by Zhang et?8]. 4nd analytically modelled by He and Sun
[17] is veri ed. The ultimate part discusses the ability of theeedimensional thermomechanical
model to simulate more complex situations. To concluderawpments are suggested.

2. Observation of martensitic transformation bands as a reslt of full- eld measurements

This section aims at introducing the three key points of th@iNsMA behaviour under tensile
loading which are:

uniform transformation,
localisation in narrow bands of transformation and enlarget,
relationship between number of bands, velocity of frontband loading conditions.

Full eld measurement techniques are particularly welligaded for observations and measure-
ment of heterogeneous mechanical and thermal quantitidset transformation bands involves
local displacement and localised heat emissions. Manarelgroups used DIC to obtain kine-
matic elds and IRT to obtain thermal eldsg] 9, 20]. The InfraRed Image Correlation (IRIC)
is a recent global correlation method: correlation is aggpthn a single set of infrared images,
that delivers in one calculation both thermal and kinema@asurements at each point of a sin-
gle Finite Element Mesh over the zone of interest (ZOl). Tegdmination of both quantities is
done jointly in a fully coupled manner. It has three advaatagimplifying the experimental set
up (only one IR camera), avoiding the time and space pairiitigeatwo elds, and not requiring
expensive optical lters nor separator cubes. For moreildeta the IRIC technique employed
hereafter the reader could refer /.

2.1. Experimental set up

The material used for the test ifNH4g75 a9 T | @lloy (commercial nam& E508) produced by
Nitinol Devices and Components (Fremont, California, US2gmples are formed by Nitifrance
(Lury-sur-Arnon, France). The forming process consistiyian a cold-rolling and subsequent
2 minutes heat treatment at 480in a salt bath. Samples are at bone shaped. Their cutting was
performed by electro-erosion machining. The surface wastrl-chemically polished. Th&y
section is rectangular (202 mnv) and the gauge lengtk, is 120 mm long.

The forming process provides polycrystalline specimei aitmean grain size of about 3@n.
At room temperature, the material is fully Austenitic (famentered cubic symmetry).
Di erential Scanning Calorimetry (DSC) measurements have peegformed 17] using
a 50 mg sample and a HéabolHeat method (heating rate : 10 K min; cooling rate

3 K min 1). Results are reported in gurk This curve exhibits two transitions during cooling
corresponding to the transition limits betweg&mphase andR (rhombohedral symmetry) phase
then betweelR phase andv (monoclinic symmetry) phase. We estimate the followingigia
tions: Austenite stars = 15 C, Austenite nishA; = 40 C, martensite statls = 10 C and
martensite nishM; = 30 C. TheR-phase does occur and may be present at room temper-
ature during our experiments. It will not be considered ia thodelling since the deformation
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associated to is much lower than that associated wiih M phase transition. Moreover a con-
troversy does exist about the appearancR phase during a tensile test at room temperature
The DSC measurement allows us to estimate latent heats eéghansformations. The latent
heat corresponding tB to M phase transformation (red area in the gure) will be retdifier
the modelling Hr v 9 Jg *3.

0.2

*H=9J/g
0.1 R:Phase Austenite
< <«
0
< 0.1 - —> —>
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Figure 1: Di erential Scanning Calorimetry ofMisg75 a1 -

The tensile tests were performed on a 100 kN hydraulic MTShimec The sample was
installed in the hydraulic jaws. The experimental workspdncluding imaging devices, was
protected in order to keep the thermal and ventilation diows as constant as possible. During
the tests, the ambient temperature of the workspace was @8 C. Many displacement
rates have been explored from:@2 mm s to 0:02 mm s!. The tests reported below
have been conducted using= 0:01 mm s® and Q05 mm s?! corresponding to strain rates
=L = 8:3x10 s 1 and 42x10 * s ! respectively.

The displacement and thermal full eld measurement werdopered thanks to InfraRed
Image Correlation. For this technique, an infrared came a large black body at low
temperature are required. We used a Cedip Jade Il infraxeekra recording at 100 Hz with an
Integration Time (IT) of 930 s. This particular IT was chosen to cover a temperature rapge
to 60 C. Indeed we are operating at 28 and, in the considered loading rate, the temperature
of our structure can rise to 3@. The devices are set up as shown in Figd{@. The gauge
surface is covered with a speckle pattern of high emisshiiigk paint (@95) over the polished
surface of the sample exhibiting a low emissivity (arour2) 0Consequently the black dots have
an emission which is directly related to the temperaturehefdurface whereas the radiation

2Even if R phase appears rst during cooling denoting a lower chenécargy density thai phase, elastic energy
density associated & phase is much lower, that could make tfigohase more stable during tensile strengthening.

3Latent heat associated wit to A transition is much higher Hu o 25 Jg?) and leads to high temperature
variations that have not been observed experimentallyh Baind A phases are probably present in the material at its
initial state.
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coming from the nude surface areas is a mixture betweenitigsieature of the sample itself and
the temperature of the re ecting cold black body. Thus, andhe hand the speckle visible in the
IR pictures from the grey level recorded (see Fig({i®) allows us to calculate the displacement
eld by image correlation. On the other hand, the temperatfrsurface can be inferred at each
point, knowing the black body temperature. More detailsav@&lable in [L7], especially the
calibration steps required to obtain quantitative andibédé measurements. The performances of
the correlation code were estimated. It reveals that themtmiaties are dependent on the mesh
size, as for any other correlation code. However, the digpleent mean error and uncertainty
(due to the calculation) are lower tharDB pixels for a 12 12 pixels mesh size; the strain
uncertainty is around 5 10 #; the thermal uncertainty oscillates between®a and 10* C
(this numerical uncertainty is lower than the Noise Equmall hermal Deviation of the camera).

2.2. Tensile test

The curves plotted in gurea give the engineering stress-straie:(F=Sp vs =Ly with F
the axial force) behaviour of the material for the two elient strain rates. The shape is typical
of pseudo-elasticityy a rst linear part -step I- (ended around 350MPa and 1.1%ipilg inter-
preted as elasticity of th& phase (even iA to R phase may partially occur); an in ection point
followed by a strain plateau of 4.6% of magnitude -step Ilresponding to the localisation step
and appearance &l phase ; and a nal strengthening -step Ill- usually asseciab a transition
from phase transformation to elastic behavioukbphase (only perceptible for lowest strain rate
test). Higher strain rate leads to a higher slope of platedwaaylobal higher stress level. We will
see in the next subsections that the phenomena are not sty getitioned. The engineering
stress and strain are calculated from macroscopic quemntitven by the sensors of the testing
machine (forcé= and displacement). Although stress-strain curve is corrected taking into ac
count the rigidity of machine and grip, the behaviour is ahsince the heterogeneous character
of the deformation is not accessible. Thus the investigaticthe thermal and kinematic elds
and their confrontation to the tensile curve will generatalaable amount of information.

The results plotted in guré justify, by itself, the use of full eld measurements. Theure
shows the simultaneity of longitudinal stréain= "y, and temperature rise at the three elient
physical points on the surface previously de ned (see gBend5) compared to the macro-
scopic quantities: strain and temperature are rst unif¢step 1), then non uniform (step II)
denoting the birth of a transformation band at thé"4gcond of the highest strain rate test
(=Lo = 42 10“s'). The strain at point A increases up to 6% and saturates. bahd
enlarges and the heat is released only at the front of the. b&ine full eld measurements in
gure 5 con rm this interpretation. A systematic simultaneity ¢fain increase and heat release
is observed. Before localisation, a dised appearance of martensite is highlighted. The linear
stress-strain macroscopic behaviour is consequently detixeen di use transformation strain
and elastic behaviour of thé\] phase. After localisation, heat dision is clearly highlighted
since the thermal band is wider than the strain band. The theaacter of the measurements,
coupled with the high temporal discretisation allows anuaate observation of the birth and
propagation of the bands. These points are more deeplyssisdun the next paragraphs.

4pseudo-elasticity strongly depends on room temperaturlawAtemperature martensite reorientation occurs leading
to so-called memory eect; at high temperatur& to M phase transformation occurs leading to pseudo-elasticitthe
present case and in agreement with DSC measurenidriis A transformation occurs at room temperature so that the
reverse transformation during unloading may be partialsewed in gure3a.
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2.3. Uniform transformation step (1)

As shown in gure4, the rst step (I) does not only correspond to an elastic beha.
Indeed, the thermoelasticity should induce a cooling of sheface in the very rst mo-
ments of the tensile test. On the contrary, we observe after 2 s that the temperature
increases uniformly over the surface. At the same time, tmgitudinal strain increases
uniformly. We can therefore conclude that a dée phase transformation occurs. It convinces us
that thermoelasticity is probably negligible for this tdetv strain rate leading to low stress rate).

2.4. Localisation step (Il)

During the uniform step (1), strain is perfectly uniform, ereas the thermal eld exhibits
a smooth gradient (less than 0C3at room temperature and less tha @ over 700 mm at
33 C) due to heat diusion and convection. The transformation localises at #&skcond:
the strain stops increasing uniformly and some points onstivéace undergo sudden strain
and temperature rise. One may notice that the localisatienhoccurs close to the heads of
the specimen due to the additional multi-axial loading aadler temperature in the clamps.
This area is out of the view eld thus the observed bands inreggbiare not the very rst ones.
Localisation results in a simultaneous rise of temperatun@ strain along a line oriented of
55 from the tensile direction. Inside the band, the strainsrietil it saturates at:06 and the
temperature locally increases by more thand (depending on the ventilation of the workspace
and the loading rate). On the other hand, the heat emittedgithre appearance of the band
goes against the transformation. So if theuwdion or convection is not fast enough compared
to the strain rate, the transformation stops in the band,zenadher appears where stress and
temperature conditions are more favourable. Otherwist@insformation spreads to the front of
the band, and it begins to widen. These phenomena occurgdingrplateau of the engineering
curve (step Il). Sometimes, a small drop in stress can bereddeue to the relaxation induced
by the localisation (here the plateau is not a straight kee, also29])). Thus, out of the bands
(point C), strain tends to decrease slightly.

These results provide us with some useful informationdfentodelling of the tensile test: we
can rstassume that strain rate and heat rate are coupleti&iolume ratio of the transformed
phase; secondls,=0.06 is the maximal longitudinal strain that can be reachezhie physical
point; we will nally consider that only theA to M andor M to A transformations can occur
during the tensile test, neglecting the roleRphase not perceptible on experimental results
(except for DSC).

3. Modelling

Many remarkable works have been done in order to model the sgehaviour of SMAs.
However in most cases, only one aspect of the behaviour sitled over others. Among these
works, Hu et al. 12] use a kinematic criterion, neglecting the homogeneougesta calculate
the width of the localised band. This model assumes thataméyband occurs in the middle of
the sample. On the contrary, some studi@s1] are based on the Clausius-Clapeyron diagram
in order to deduce the martensitic ratio from the stress.s&lames are able to take the elastic
strain and temperature into account. Nevertheless thesiDisiClapeyron diagram is only valid
on the homogeneous stage, so those models can not reprddutmalisation phenomenon.
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Some energetic approache27[5, 15] can be used to model the transformation dealing with
the free energy associated to the phase transformationseTdygproaches are usually applied
to get the homogeneous behaviour of a representative vodleneent. It should be associated
to Finite Element Modelling (FEM) in order to model the ldeation. Another modelling
strategy is applied inZ3): it is based on a benchmark which presents isothermal rsacpic
tensile curves at dierent temperatures. Each curve is interpolated and implerden a FEM
solver. Then, this software is able to model the transfoionatrain (considered as a plastic-like
ow) and calculate the heat associated to this ow. Considgithe local temperature at each
point, the adequate tensile curve is used. This method gived results concerning the tensile
curve, but it can not simulate the local behaviour (no didiom between the two stagée.
homogeneous and heterogeneous) and unloading (redkrse A transformation). Finally,
attention must be paid to the very complete work of Chang.ef3hlafter [24] which proposes

a model based on a 1D Helmholtz free energy with strain grdieects and phase fractions
as internal variables. In this approach, softening asteti phase transformation can lead to
localisation and propagation in the strain, phase fractom temperature elds. In this work
the homogeneous stage is nevertheless neglected.

So, it has been gured out that no model is able to simulatefdie following aspects for a
tensile test specimen as presented in the previous expeahsection :
1. (a) homogeneous transformation stage
(b) heterogeneous transformation stage
2. temperature dependence of the localisation phenomenon
3. exdendo -thermic reactions
4. reversibility (mechanical) transformations (loadingoading)

In the approach proposed herewith, we choose to model thavlmehlr of the sample as a
one-dimension problem. That means that the considereththherechanical variables are only
dependent on timeand axial positiorx. It implies that the angle of the localisation bands cannot
be represented.

Figure6 brings the notations used. The initial gauge length of sarigplenoted . Initial
cross section and outer length are denoted respectBgehnd’. The specimen is clamped in
grips at each extremity, that act as mass of high thermatignat constant temperatuiigamp.
The gauge zone is surrounded by unventilated air assumenhstiamt temperatuiky,. Conse-
guently, thermal boundary conditions are convection wittoa the free surface of the sample
(power losyyis) and conduction ensured by clamps.

The internal variables of the model are de ned as a functibr andt (axial and temporal
index): we usef(x;t) the Martensitic ratio, de ned between 0 andTl(x;t) the temperature,

(t) the axial stress considered as position-independentghjeneous stress due to quasi-static
phenomena).

3.1. Thermal equations

Thanks to 1D problem assumptions, temperature gradieristimtransverse directions are
neglectede temperature is homogeneous over the se@griet de ne g andgy, the transfor-
mation and the thermoelastic power in a current cross seatipositionx and timet. They are
considered as source in the heat equation:

qr = f(xt) H (2a)
an = (DT (1) (2b)
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H denotes the latent transformation heat frArto M, (x;t) the local density and(x;t) the
local thermal expansion factor. Since the problem is omeedisional, we can consider the air
convection of the sample as a volumetric power loss:

dP,
Qdis = di(/mv =

h* ] _
S (Tt Tair) 3)

h being the convection factor afig;, the temperature of air. Finally, the heat equation gives:

a@
Ch,—
)
with  (x;t) the thermal conductivity an@, the thermal capacity. The boundary conditions can
be de ned as:

T+ iH T L@ Ta)s= @
So

(0; t) =he Tclamp T(O; t) (5a)

a
@ o
a

(Lo; t) @ . =he T(Lo;t) Telamp (5b)

whereh, is the conductance factor between the sample and the cldmpse following, we
considerTcamp = Tair as true all along the test.

3.2. Phase transformation ow rule

As proposed in]] and initially by [13] for its integrated exponential form, the volume fraction
of martensitef (x; t) is supposed to obey to a rst order ow rule:

Foxt) = % = ViRt f(xD) 6)

where fi(x; t) is the phase transformation driving force (or martensiter’at equilibrium”)
andV; is the maximum transformation rate. The diential equation permits a delay between the
driving force fi(x; t) and the martensitic ratib(x; t) evolution. It models the non-instantaneous
e ect of phase transformation in accordance with the temgerdution of the strain in a physi-
cal point where the localisation band nucleates (see segfidt must be noticed that this simple
ow rule is not able to reproduce the complexity of real phas@msformation, meaning that only
A and M phases are considered. This formulation ensures us on ltee loand to verify the
second principle (positive dissipation) since the therymagnic forceY associated to internal
variablef satis es [24, 3]:

@
H=Y T a and Yf O @)

This simplicity allows us nally to put forward a robust ni&di erence modelling able to give
back the complexity of birth and propagation of localisati@ands’.




3.3. Mechanical equations
We use a classical partition of the strain in elastic stfginthermal strairi y,, and transforma-
tion strain"y, giving for a one-dimensional problem:

(1) = "alt) () + e (X 1) (8)

Thermoelasticity has not been considered in the modelliraccordance with experimental re-
sults. The elastic strain obeys to Hooke's ldwi(x;t) = E(>(<t;1) with E the Young modulus. The
de nition of the transformation strain at poirtcannot be done without evaluating the question
of spatial resolution of the modelling tool. At the varianake," gets two possible values: zero
if the matter remains austenitic bg; the maximum transformation strain if the matter becomes
martensitic. This binary solution is not acceptable fordbetinuum modelling we want to build.
The suggested model is macroscopic so that we have to cotisatehysical poink is corre-
sponding to a volume involving a large number of grains,daggough so that the transformation

strain can be de ned as linearly dependent of the martewsitene fraction:

" (1) = F(X1)" sat 9)

This expression implies that the modelling is a serial 1D afloty (homogeneous stress approx-
imation). Thermal strain is de ned by:

()= (TOGY)  Tair) (10)
where is the current thermal expansion factor. The de nition dhtstrain becomes:
060 = Ot (T0G) Tar) * 1060 sa 1)
' E(x;t) ' '
Finally, the tensile test is driven by the relative disptaeat of the clamps(t) (displacement-
controlled test) so that: Z
Lo
u(Lo;t) = "(x; t)dx (12)
0

Another correlated consequence is that spatial resolofitiee modelling is expected to be at
minimum 2 grain diametefise: more than 60 m.

3.4. Update of the thermomechanical constants :

Each local thermomechanical constant depends on locaéphtie between Martensite and
Austenite. A simple mixture law is employed for thermal exgian coe cient due to 1D serial
modelling, and Reuss estimation of Young modulus and thiecoraductivity is employed.

(xt)=fxt) m+ (@1 f(x1) A (13a)
1., 1 L1

ExD f(x t)E—M +(1 f(x1) Ex (13b)
1 _cenl oy

>0 f(x1) - 1 f(x) N (13c)

E, and are the current Young modulus, the current thermal exparfsictor and the cur-
rent thermal conductivity at positionand timet respectively.Xp represents th&X parameter,
assumed constant, of the purghase.
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3.5. Homogeneous stage

We rst consider the direct transformation (frofnto M). The reverse case is discussed in the
nal part of this present paper.

The modelling of the homogeneous transformation is basetherClausius-Clapeyron di-
agram plotted in gure?7, in which we can de ne 3 domains separated by the two stvass
temperature transitions, corresponding to onskestart) and termination\ nish) of the trans-
formation. Upper domain is the martensitic domain, lowendm is the austenitic domain. The
intermediate domain is a dual-phase domaint A). Transitions ¢(T) and ¢(T) are assumed
to linearly depend on the temperature exhibiting the saope#lt (MPa.K 1). The driving force
f; used to calculate the martensitic ratio thanks to equaéipis deduced from the position of a
point in the stress-temperature space using a lever rule:

5 =0 if <
g

ft = SS if s f (14)
fi=1 if >

Nevertheless at this stage we are not able to model thedatialn. Indeed a local transformation
leads to a local increase of temperature and consequeritigagase of sand ¢ that prevents
a further transformation in the region. Nucleation and pgation concepts must be introduced.

3.6. Localisation stage
Nucleation and propagation stresses were introduced y&haw and Kyriakides16]. When
the nucleation stressy, is reached, a pur® band borns. |, is higher than the required stress
for propagation ,. The propagation stress,, is lower than the minimum stress for complete
homogeneous martensitic transformation), Those stresses appear to linearly depend on the
temperature, exhibiting the same slope thamnd ¢ transitions. Figurd illustrates the homo-
geneous domain (as described in B and the so-called nucleation and propagation stresses
Vs temperature transitions.
The propagation laws can be summarized as follows:
i. When the stress reaches the nucleation stress at any fh@intthis point is “nucleated”,
i. When any point (or its neighbourhood) is nucleat®dD when the stress is higher than
propagation stress, this point is submitted to propagation
iii. When any point (or its neighbourhood) is submitted tomagation at any time stefgND

when the stress is higher than the propagation stress atetttetime step, this point is
submitted to propagation at the further step.

These rules are written mathematically using boolean ¢pexa

N =[ (1> n(x1)] (15a)
PO¢t) = (N(x dxt)_P(x dxt d))*[ (1)> p(x1)] (15b)

__et” being the boolean operatd@R andAND respectively, and [] being the predicate (]
= 1if his true, O else)N denotes the nucleated state whereas the propagation undergoing.
dxdenotes here the near regionof

N(x dxt)=N(;t) _ N(x+dxt)_ N(x dxt)
P(x dxt)=P(xt) _ P(x+dxt)_P(x dxt)
10



dxanddt are the element size and the time step respectively. Thatinrof the neighbour-
hood appears to make this model theoretically mesh depéfiderence of the values ofix
anddt), but we will gure out later (parb) that this assumption is false.

f; takes now two possible values dependinggx; t):
( if P(x;t)isfalse )  fi(xt)is calculated from eqld) (16)
if P(x;t)istrue ) fi(x;t)=1
The introduction of a nucleation stress drent from the propagation stress is a practical way
to take into account the local stress concentration duegttottal appearance of variants dfY
that are not fully compatible with thé\j parent phase. Indeed the model is one-dimensional that
does not allow to de ne such a stress gradient.

4. Numerical Algorithm

The equations introduced above lead to a strong non-liredtem, especially because of the
transient thermal phenomenon. A numerical code has bedpringmted.

4.1. Thermal solver

A Backward Euler Finite Dierence decomposition of the sample has been daije p(‘;
denotes the value of in the elemen{ 2 [1;m] (m being the number of elements) at the time
stepn. F"is the vector corresponding to the local heating @ahdhe vector corresponding to the
temperature of each element. The decomposition of the iequ@) gives the following implicit
matrix system:

(17)

Where C]" is them m- thermal inertia matrix, BC]" the 2 m- additional matrix for the
Lagrange Multiplier due to boundary conditiors:(

Vo%)

Bi O 0 0
Az B2 0
By A :
g Bn2 O
Bn1 Am1  Bmaf
0 0 Bm Anm



With:

h*dt h'dt 2 Ndt
An = AN = 1+ d =1+ I 18
1 A o c, M ATISTC T Caw (182)
Bf=B,=0 and B'= rdt (18b)
1o m : Cpdx2
f* i hdiTy
Fl= H—1—+ ad 18
I Cp SO Cp ( C)
0 0O 0 ::: 0 moo]4 _n
[BC]" = é n n hedx “cdxi (18d)
1+ hcéx hcdlx 0O ::: 0 O 0
4.2. Martensite ratio evolution
Numerical resolution of the ow equatior®) gives:
f(xt+dt) = Vidt (fi(xt)  f(xt) + f(xt) (19)

4.3. Algorithm

The numerical code associated to the model can be descrtibd lowchart given in gure8.
The initial temperature is considered as a constant, ddigte For each time step, the elastic
displacementu) is calculated with the total displacemen) @nd the inelastic displacement

(due to phase transformation): "

Ug = u" " sadXx (20)
i=1
The local Young moduli are calculated from equati@Bl). Since homogeneous stress hy-
pothesis is used (1D problem), a Reuss estimation of theabémiuivalent Young modulugg,)
is computed:

1 1)
qu i=1 Ein
The stress is calculated from the macro elastic strain amddhivalent Young modulus:
un
n=pgn_¢ 22
eq LO ( )

Typical results are reported in the next sectiongifio= 240 m (500 elements).

5. Simulation results and comparison to experimental data

12
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Black body
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Figure 2: (a) Experimental set-up showing the relative timsbf IR camera, specimen surface and extended black body.
(b) Infra-red raw picture observed during tensile test ofTNEMA showing the speckled specimen face undergoing a
strain and heating localisation. The measurement randgegée 0 and 16000 digital levels (DL). The colorbar indisate
the grey intensity whose variation could be interpreteceagperature changes thanks to an appropriate calibratign.[

13



step | step Il step Il

m— 0.05 mm/s
— 0.01 mm/s

200

100

engineering stress F/Sy (MPa)

0 0.01 0.02 0.03 0.04 0.05 0.06
engineering strain d/Lg

@

3
F

Figure 3: a- Experimental tensile curvesato = 8:3 10 °5sland 42 10 “4s 1, (engineering stresss strain). b-
Raw image of the sample before tensile testing. The aredeskist is embodied by the dotted linés.B andC are some
physical points where thermomechanical quantities arbligigted (Lagrangian description). Dimensions are given i
mm.

9€

6 lsvlgy

14



step | step Il

g 400 T 1 |
E T
vy 200 I I I I
o 1 1 1 1
0 \! \I \! | ! | | |
0 10 20 30 4(? 5":) 6d|) 7oi 80 90 100
g - 1 1 1 1
: I
@ I L ...
§ w0 I e
S I I I
~ 1 1 1 1
= 30——/ \I \I | I | | |
0O 10 20 30 40| 50 60 701 8 90 100
0.06; | | LA A
N s
0.04t ’
o A G ' B
0.02f ey R R e
0 1 1 t\ll tz\l \:ta | =t4\ 1 1 C
0 10 20 30 40 50 60 70 80 90 100
time (s)
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Figure 7: (a) Clausius-Clapeyron diagram and associated hale. (b) Homogeneous and localisation boundaries for
the direct transformation: frorA to M phases.
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Figure 8: Numerical algorithm for the resolution of the efipras associated to the model.
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5.1. Algorithm and identi cation of thermal parameters

The algorithm described on gur@ has been implemented using Matlab. Talle& and3
give the parameters used for the simulations. The valuesminpeters and material constants
(Cp, a ™, H..) provided by the material supplier, in agreement withedént sources in
the literature (however, the values slightly vary from omghar to another). The geometrical
parameters correspond to the experimental set up reportsetiion2.1. The external thermal
parametersh, hc) were chosen in order to properly t the experimental datavjted in section
2.2 The value used for the slope ofT) transition in the Clausius-Clapeyron diagrankis =
8 MPa K ! in agreement with6]. Temperatures reported in tatB€orrespond to temperatures
Ti of homogeneous and localisation boundariesported in gure7 at zero stress so that:

i(T)=Ke(T ) (23)

Outside temp. Init. temp. Init. length Cross sect. Out. tangConv. factor Conductance

Tair = Tclamp Tini Lo So ) h he
290 290 120 40 46 10 500
K K mm mnyY mm Wm 2K 1 Wm 3K !

Table 1: Geometrical and external parameters for simulatio

Th. capacity = Thermal conductivities  Young moduli Th. exgian factors LatentHeat Density

Cp A M Ea Ewm A M H
322 18 8.6 325 315 11x1D 66x10° 9,000 6,500
Jkg'lk ' wmlkkK?! wmlk?! GPa GPa K2 K1 Jkg? kgm 3

Table 2: Material parameters

Martensite start Martensite nish  Nucleation temp. Progidmn temp.

MS Mf Mn Mp
263 248 259.75 262.75
K K K K

Table 3: Temperature of homogeneous and localisation larigsdof Clausius-Clapeyron diagram ( gure

An arbitrary stress concentration can be used in order toefredistribution of defects (of
geometrical, crystallographic or thermal origin) thatiatie the transformation bands:

et ) = (1+ (X)) w(t) (24)

off denotes the eective stress, used for the driving force calculation, whsr v, is the theo-
retical stress, uniform over the length, calculated fromefastic strain. is the nominal defect
and is arandom value taken betweenZ; 1[. It must be noted that such localisation parameter
is not necessary since the thermal heterogeneity i<@nt to initiate nucleation of the bands.
In the following simulations, has been xed at 0. A study of sensitivity to this parameter is
nevertheless reported in sectibml.
18



Figure9a-f and10a-d allow one to compare the experimental data reportectiiose.2using
the IRIC system to the modelling results ferLg = 42 104s!and =Lg =83 10°%st?
respectively. The experimental spatiotemporal maps aravailable for the second test. The
area of measurement is limited to 40x26 fimthe center region of specimen.

Figure9b shows the stress-strain curve obtained to be comparedite ga ( gures10a and
10b respectively). The rst linear stage (8) is due to perfect austenite elasticity. The second
stage (- b) is the homogeneous transformation. At the painta rst localisation occurs and
propagates untit , only visible for the low strain rate test. Fromto the end, the transformation
is almost complete and the increase of stress is assocttedrtensite elasticity. These results
highlight the in uence of the strain rate on both homogerseand propagation stages.

Whereas gures9b and10b only show the macroscopic behaviour (mean strain calkedlat
from the relative displacement of the two clamps), gufek 9f, 10c and10d give the map
corresponding to the evolution of axial deformation andgemture along the sample at each
step corresponding to the simulation of gué® and10b. The colour indicates the level of
the corresponding variable at each position on the sampdén@te) and at any time (abscissa).
Figures9c and9d (9e and9f respectively) show a good adequacy between the experahent
and the modelled spatiotemporal maps: correlation in tisivajn level, temperature level and
space between bands (one must remember that full eld issamtrable by experimental set-up).

These gures are completed with gurgl exhibiting the martensite ratio in the same spa-
tiotemporal frame for both experiments. During the elastiage (0-a), no martensite is created.
Hence, only thermoelasticity could be taken into accountlie temperature evolution. The
strain rate is small so that the sample is almost isothermn@hg this stage. The homogeneous
transformation starts at the same time in the whole sample.t® boundary conditiong {amp)
and exothermic transformation, the lowest temperatuses stethe clamps whereas the highest is
reached in the middle of the sample during the homogeneansformation. As a result of this
temperature gradient, the rst occurrence of the nucleegioess is always at the clamps: the two
rst bands born consequently on the top and the bottom of #mepde. Then, the temperature at
the fronts of the bands increases as well as the stress edduoirthe propagation. Considering
the thermal exchange, stress becomes high enough befoaerited of the bands in the middle
part of the sample so a new nucleation occurs at the lowegtegature point. A lower thermal
exchange parameter or lower strain rate would lead to thie &ird propagation of only one band.
We meet the condition of multiple bands without propaga#ibhigh strain rate or low thermal
exchange. The same phenomena have been experimentalijpddso [26].

As a rst conclusion, we observe a satisfying agreement betwthe experiments and the
modelling: stressleformation levels, number of baffdassociated strain and temperature levels.

5.2. Validation

The thermal parameters have been chosen in order to progedlfy the IRIC experi-
ment. Figure® and10 do not constitute a validation of the approach. Other coispas are
required involving di erent strain rates and geometries. This point is addressbi$iparagraph.

6Area of measurement is positioned at the centre of the spegiinis too small to observe bands coming from
clamps.
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Figure 9: Comparison experimeritmodelling: db- tensile curves atlLg = 42 10 # s 1. ¢/d- spatiotemporal map of
axial deformation. & spatiotemporal map of temperature. Dimensions are givemm.

The same material is used for this new experimental campaidme section is still
rectangular but width and thickness are elient leading to a dierent heat exchange
(sectior12 2:5 mn?). The gauge length is kept as 120 mm long. The deformatiom cab-
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Figure 10: Comparison experimeritsiodelling: ab- tensile curves atLg = 8:3 10 ° s 1. ¢c- spatiotemporal map of
axial deformation. d- spatiotemporal map of temperatuieaddsions are given in mm.

senare:=Lo=2:8 10 5 2:8x10 * s . During the tests, room temperature is now 2&5 C.
Figure 12 illustrates the stress-strain curves obtained for expamtsiand modelling. The fol-
lowing discrepancies can be observed: the stress thresholgrestimated of about 50 MPa. At
the lower strain rate, the model predicts a stress plate&hvidinot observed in the experiment.
The stress drop is to be related to shift between stress gatfimm and stress propagation. The
one-dimensional model inevitably leads to this kind of fegdn the other hand the model does
not allow to understand for such phenomena as the knee @asat\s0 MPa in the experimen-
tal results. It is recalled that austenite Regphase transformation is not taken into account in
the model. This transformation is indeed normally not a&csince the intensity of the chemo-
mechanical coupling is reduced due to the low transformadicain associated witR-phase.
However it is possible as mentioned in the introduction that material in the initial state is
biphasicR A. Such an environment and associated internal stressesaaote the occurrence
of a small amount oR-phase at low stress level, giving rise to such non-lingarit

These results are complemented by the associated spatimgihmapsj:e: martensite ratio
21
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Figure 11: Modelling: spatiotemporal map of martensitéradrresponding to IRIC test at: (&Lo =42 10 “4s1;
(b) =Lp=83 10°s1?.

and temperature for modelling, and axial deformation fqgreziments and modelling. Figule
allows to compare experimental to modelled axial deforamg#exhibiting the localisation bands.
The number of bands is in good agreement between experirapdtsodelling: two bands at
low strain rate; ve bands for experiment and modelling athstrain rate (three visible in the
area of observation and two bands at the clamps); straitsleve

Modelling results concerning martensite ratio and assedi'emperature elevation are re-
ported in gurel14. The comment is the same as with previous simulations. Tiaénstate
remains small so that thermoelasticity is not perceptiblmasked by the thermal emission due
to the homogeneous transformation stage. Whatever thethestransformation begins at the
clamps.

At a low strain rate ( gurel4(a), only two bands occur and propagate. We meet the condition
of multiple bands without propagation at high strain rate.

These few experimental results and associated modellingraathat the localisation phe-
nomenon is suitably described by the model. Comparisonghaehstrain rate require experi-
ments that are dicult to process. Results reported in the next section allewoiconclude to
the ability of the model to predict the number of bands, steexd strain level in a wide range of
strain rate.

5.3. In uence of loading conditions on the localisation ploenenon

In [28], authors have attempted to reveal the roles of strain catgductivity and heat convec-
tion coe cients in controlling the number of bands and spacing. FastiNoTi polycrystals and
heat transfer boundary conditions, the maximum domain rumf,x increases with increasing
applied nominal strain rateand decreases with increasing heat convection and comityic
simple relationship between strain rate and number of handwo di erent cases, has already
been establishe@8, 11]:

Nmax= C"™ (25)
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Figure 12: Comparison experimeritmodelling: db- tensile curves atELg= 2:8 10528 10%4s 1.

For the case of no convection, a simple square root reldtipris = 0:5) between maxi-
mum number of bands and strain rate is obtained.

For the case of a very large convection, the number of banpsjzortional to the strain
rate fn= 1).

Some simulations have been performed using several satgg, rbut with the same thermal
conditions (the convection coesient chosen as representative of the testsis10 Wm 2K 1).
Figure 15 reports a typical result of simulation for a much high straite than previous tests
(=Lo=1:4 10 ?s %) illustrating the so-called multiple bands phenomenone $tress-strain
curve exhibits a high slope with oscillations at the poinhatleation of the bands (illustrated
in gure 16 where time variation of average quantities are plottedgti®mporal maps indi-
cate a large number of bands with a high elevation of temperatConsidering the unexpected
enlargements of the bands, a possiblea of the number of elements (spatial discretisation) on
the result is highlighted.

Many other strain rates (5 decades) have been tested usind 800 and 2000 elements to
address the role of discretisation. Figti&shows the evolution of the number of localised bands,
got from all the simulations.

At lower strain rate, the number of bands reaches the asyimptlue of 1 (nucleation at a
clamp) after a long saturation at 2 bands. At higher straie, ra limit appears dependent on
discretisation. We observe a saturation at 35 bands for B@@amts. This limit reaches 55 bands
for 1000 elements. The limit is extended to much higher valitk the use of 2000 elements.
A linear variation of number of bandss strain rate is observed in the log-log diagram. The
linear regression gives a good correlation cegnt (R=0.975) for the points considered and its
slope is 0.452. The number of bands and the strain rate capgsexamately linked using the
relationship:

N = 2295(=Lg)%*? (26)
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Figure 13: Comparison experimeritmodelling of spatiotemporal evolution of the axial defotima at di erent strain
rates for the exact same thermal conditions and geometries.

This result is quite close to the relation established #5] pnd in [28] more recently, in
accordance with the low convection conditidn £ 6:5 Wm 2K ! in [25]). C represents the
maximum number of bands atLo=1 s 1. The parameters used leaddd 229 ¢" ( gure 17).
This number must be compared to the number of elements: tmbeuof elements should be
much larger than the number of potential bands for nucleatéading to a lower bound for the
number of elements at a given strain rate. This pointistified by gurel8, where the number
of bands is plotted as a function of number of elements at $tigtn rate €Lo = 1:4 10 s 1).
Number of bands drastically decreases to 2 for number of exsriower than 250 as a clear
threshold. For number of elements higher than 250, the nuofliEands progressively reaches
its maximal value.

Other authors recommended to introduce the strain graf’én8] which regularises the lo-
calisation. But sensitivity to mesh still remains. On thieasthand, these models cannot properly
take the homogeneous transformation into account.
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degrees) at dierent strain rates for the exact same thermal conditions.

5.4. Sensitivity to convection and defect coents

Di erent heat coecients have been implemented in the 1D-modelling in orderdss the
theoretical approach o2B]. It has been veri ed that higher convection coeients lead to an
increase of the exponemtand a decrease @f joining the analytical approach. Figut® shows
the nucleation of bands obtainedat, = 2:8 10 *s 1 for two extreme convection coecients
h (0.1 Wm 2K * and 1000 Wm?K 1) to be compared to guré 3(b) obtained for the same
strain rate and foh=10 Wm 2K 1. The number of bands fé&r=0.1 Wm 2K 1 is the same as for
h=10 Wm 2K ! indicating that 10 Wn?K ! already corresponds to low convection situation.
High convection modelling is quite close to modelling implented at low strain rate with a
reduced number of bands. Figu2é shows the evolution of the number of localised bands at
di erent strain rates for convection coeientsh= 0.1 Wm ?K ! andh=1000 Wm?2K * for
a 2000 elements discretisation, and associated lineapxipmations. The change of slope is
clearly highlighted (from 0.45 to 0.8 meeting the boundarg ccients proposed by Zhang et al.
[28] and He and Sun1[1]). High convection leads to a delay of nucleation at low istrate
before curves join for strain rate higher tharly 3 10 3s !, where convection becomes

25



600

500 1 0.06
g 20
s 0.05
2 400t
g c
¢ —~ 40 £
% £ 004 5
zcm 300+ g @
B g o0 0.03%
Q = =1
£ = 3
2 2000 8 5
B 80 0.02 2
100 100 ooL
% 0.61 0.62 0.63 0.64 0.65 0.06 120 1 > 3 T
Engineering strain cVLO Time (s)
(@ (b)
] 1
70
20 20 o
— 40 05 - 40 o
£ 1 E 0.6 &
E © £ 6 S
2 =
& 60 50 & § 60 D
S (7] = S
¢ £ $ 04735
['% 5 a s
80 20 © 80
0.2
100 100
30
120 o 120 Lo
1 2 3 4 1 2 3 4
Time (s) Time (s)

(¢ (d)

Figure 15: Modelling results atLo=1:4 10 2s 1: a-Engineering stress-strain curveg/d spatiotemporal evolution
of the longitudinal strairi, temperaturd (Celsius degrees), and of the martensite volume rfatio

negligible compared to conduction. The strain rate doméiere equation?b) is valid strongly
depends on the convection condition: at lower convecti@oraluction-controlled nucleation is
observed, leading a power law correlation on a wide rangé&aihsrate; at higher convection, a
transition is clearly observed from convection to condutticontrolled nucleation, leading to a
sharp change of power law coeient.

Figure2lillustrates the eect of defect parameteron the initiation of bands. The modelling
has been implemented at lower strain rateo=1:4x10 ° s ! using the usual convection condi-
tions (h=10Wm 2K 1'). Below 0.035, the defect parameter has no signi cant rtde;a value
higher than 0.04, the number of bands drastically increasdlustrated in gure22. Bands
initiated by defects present a much more complex struchae the multi band system usually
observed at high strain rate.

Another discussion point concerns the role of gap betweeteation stress and propagation
stress. It is not clear how this gap, as a structural parartretéintrinsic parameter), acts on the
expression for the strain rate dependence of number of {2d)lsThe physical justi cation of
this energy is classic: as any phenomenon of germinatierstbility of such a process depends
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martensite ratio as function of time.

on the ratio between the volume energy (free energy) andutface energy (surface tension,
boundary phenomena). The stability of a band can be intexgbii@ the same way. Crossing
Clapeyrons lines gives the potential energy necessarhéfarmation of martensite. The for-
mation of a band requires higher energy, which is very depetoh the specimen geometry. Itis
therefore understandable that the gap between propagaitess and nucleation stress depends
on the specimen geometry. One can reasonably ask the quektiee dependence of the param-
eters of the relationship between the number of bands aaith sate for this phenomenon. The
chosen geometries considered in experiments are too dadiv an experimental analysis of
this point. However, the model can help to observe the ctamgthe relationship between the
number of bands and strain rate for drent nucleation thresholds. The in uence of the ratio
between nucleation and propagation stresses has beeatedhloucleation stress ranging from
a value close to the propagation stress value (small gap$tatss value close to the maximum
threshold (large gap) and considering quasi-adiabatidition (h = 0:1 Wm 2K 1). Figure23
shows the evolution of the number of bands as a function oftran rate for seven derent

levels of nucleation stress.factor de ned by equatio27 has been introduced for that purpose:
values vary from O to 1.

nucleation s _ IVln Ms
f s M¢ Ms
27

(27)
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Figure 17: Number of localized bantl) vs strain rate ELg) in a log-log grid.
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Figure 18: E ect of number of elements on number of bands.

The simulation for high nucleation stress (physically @tigtic) requires a strong discretiza-
tion of the medium (4000 to 6000 elements, 7000 time stepsivtid mesh sensitivity. For
a better analysis, some tting curves (corresponding to grolaw C = "™ whose exponenn
is set to 0.5) have been added. A good agreement betweeq ltins and numerical points
is observed. This seems to demonstrate that the exponeist &.8onstant independent of the
nucleation stress and consequently independent of thénspegeometry. Constad is con-
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Figure 19: Spatiotemporal evolution of the longitudinahst at =Lo=2:8 10 *s : a- low convection coecient; b-
high convection coecient.

versely dependent on the geometry. Optimi€edhlues are plotted in gur@4 as function of
in a semi-log graph.

The variation ofC vs may be represented by a relationship close to an Arrheniuatien
according to:

C = Coexp F) (28)

with Co = 620 §£° andr = 0:435. acts as an activation energy.

Obviously such purely numerical observations should beptetad by experimental observa-
tions. But setting up tests with identical convection caeent for very di erent geometries is a
di cult challenge to overcome.

6. Toward the modelling of the Hysteresis

6.1. Forward and reverse transformations

All the considerations detailed above only deal with transfationA ! M. Experimental
results (gure3) show that the reverse phenomendh ( A transformation) occurs during
the unloading (austenitic transformation is endothermang localisation appears) leading to a
mechanical hysteresis. Hence, we have to de ne new tramsftion boundaries in the Clausius-
Clapeyron diagram:

msand s : stresses correspondinglbstart and nish (forward homogeneous transfor-
mation)

mnand mp: stresses corresponding kb nucleation and propagation (forward localised
transformation)

as and 4 @ stresses correspondingAostart and nish (reverse homogeneous transfor-
mation)
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Figure 21: E ect of parameter as defect parameter on number of bands.

an and 4, : stresses corresponding fonucleation and propagation (reverse localised
transformation)

Those stresses are assumed to linearly depend on the tearpenehibiting the same sloje-
than ¢(T)and :(T) transitions previously de ned. The diagram given in gufés completed
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Figure 25: Homogeneous and localisation boundaries foreverse transformation: froi to A phases.

leading to reverse diagram plotted in guB®. The associated temperature transitions are
reported in tablé.

The direction of the transformation is given by the changthefreduced stressg:

R= KrT (30)

When g is increasing, we use the martensitic boundarigs to calculate the driving force.
The austenitic boundaries {x) are used otherwise. Figu2® sums up the dierent cases.

Furthermore, the nucleation laws are weakened: a maremsileation has to disappear while
unloading, whilst an austenite nucleation has to disappbde loading. The loading way is
explained by the change ¢f Hence, complete equationss) for forward and reverse transfor-
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Austenite start  Austenite nish  Nucleation temp. Prop&matemp.

As As An Ap
288 313 293 292.5
K K K K

Table 4: Material parameters: temperature of homogeneudifoaalisation boundaries of Clausius-Clapeyron diagram
(gure 25).

yes no

(=1 f= A0 s mf>][ft=ft(; s af)][ft:@

Figure 26: Calculation of the driving force dependingMrtransformation (direct), and & transformation (reverse).

mations are:

Nt = ()> (O] [f(st db > f(xt  2:db)] (31a)

Pu(xt) = POt~ [f(xt  db) > f(xt  2:db)] (31b)

Na(t)=[ () < na()] ™ [fOGt dt) < f(xt  2:di)] (31c)

Pa(x;t) = POA(X; N[Ot di) < f(xt  2dt)] (31d)

With:

Puv=(Nu(x dxt)_Pu(x dxt di)*[ (> pm(6t)] (32a)

Pa= (Na(x dxt)_Pa(x dxt d)"[ < palt)] (32b)

Nm, Na, Pm andPp being respectively the martensite nucleation, the austenicleation, the
martensite propagation and the austenite propagation.

6.2. Load-Unload simulation and comparison to experiments

Experimental results of load-unload curves for IRIC testised at=Ly = 42 10%s?
are plotted in gure27a and associated modelling are plotted in g@'é. The initial state
of the unloading corresponds to the ultimate state of thdifma This test exhibits a so-called
pseudo-elastic eect, and modelling is in accordance.
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Figure 27: Experimental (a)s modelling (b) of load-unload curve atLo= 42 10“4s 1.

Figure 27 exhibits the same stages as those observed in §breomplemented by stages
corresponding to the reverse transformationgnd): 0-a is the pure elastic strain of austenite,
a is the onset of martensitic transformation. The rst nutieaoccurs inb at the clampsb'
corresponds to a second occurrenigec is the propagation of all the localisation bands. d
is the pure elastic strain of martensite whereais the on-set of reverse transformation. Hence,
d- e is the homogeneous reverse transformatian. f is the propagation of all the inverse
transformation bands. The simulation stops after the cetepbadingunloading ¢ = 0). The
stage corresponding to elastic strain of austenite is ezhclose to 0 displacement. Figuz8
shows the result of the corresponding evolution of martenatio and temperature.
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Figure 28: Modelling of martensite ratio (a) and tempemtiuring the load-unload test atLg = 42 10 4s?
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Figure29allows to compare experimental results of load-unloadesifer IRIC test strained
at =Lo = 83 10°s ! The same stages which were observed in previous resultsbare
served again here. Associated spatiotemporal maps of msétgegatio and temperature are in
accordance too.
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Figure 29: Experimental (a)s modelling (b) of load-unload curve atLo = 8:3 10°5s 1.
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Figure 30: Modelling of martensite ratio (a) and tempemtiuring the load-unload test atLg = 8:3 10°s?!

For all simulations, the stress-strain curves are not sytmertgecause the thermal state at the
beginning of loading, and at the beginning of unloading arethe same. Furthermore, there
exists a signi cative dierence betweeAs and M; limits in the Clapeyron diagram. On the
other hand the unloading stage starts under a thermal gtatie explains the nucleation of a
multi band system during the reverse transformation.
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At this step, it must be highlighted that the modelling prega here is not usable in compres-
sion in its present form because the Clausius-Clapeyraratia is not de ned in the half plane
corresponding to negative stress. Extension to compressguires to de ne a new set of(T)
limits that do not correspond to a mirror of limits plottedthre positive stress half plane, and
that should consequently be identi ed. The following psintust be addressed:

Due to a di erent selection of variants with positive or negative strgggher number in
compression but lower deformatiobf]), higher stress levels must be reached in compres-
sion to initiate the phase transformation.

The stress transition cannot be determiaegatiori since the temperature conditions are not
known (thermal gradient at the reverse point). A strongelese in temperature would lead
to a martensitic transformation at lower stress level.

As a consequence the model should not be employed under essipm until the imple-
mentation of adequate transformation boundaries in theetting.

The intrinsic test for dierentiating forwartteverse transformation allows now to simulate
various loading/s time schemes. For instance an incremental loading, asideddn gure 31
has been simulated keeping the same average strainFat=g:2 10 * s 1). The associated
stress-strain curve is given in gui@2 compared to the previous loading-unloading curve. Fig-
ure33illustrates the simulated martensite ratio and tempeegitw les as a function of time.

displacement (mm)
iy

0 100 200 300 400 500 600
time (s)

Figure 31: Incremental loading at a constant absolutensteaé =Lo = 42 10 *s?!

At this step, it must be recalled that this one-dimensioradehuses a set of parameters partly
provided by literature. A proper identi cation of these pareters could allow more accurate
simulation results , especially nucleatipropagation boundaries, which are determinant in the
generation of bands. Nevertheless, experimental resnttssemulations exhibit a qualitative
good agreement, which allows us to validate the approactih&umore all phenomena that we
aimed to model are taken into account: homogeneous tranafmm, localisation and in uence
of the strain rate on the number of bands.
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7. Conclusion

The model presented in this paper aims at modelling the pselastic behaviour of a NiTi-
based SMA sample submitted to displacement-controlleaiglitensile loading. Focusing on
the Clausius-Clapeyron diagram and the domain of existeheach phase, it takes into account
the thermal exchanges and the martensitic phase trandfomtlaat induces coupled strain and
heat generation. Comparisons between simulations castiedt di erent macroscopic strain
rates and some corresponding experiments indicate thahtbe following key points of the
behaviour are suitably described :

homogeneous strain and transformation,

localisation of strain and heat emission into localisatiamds that enlarge until complete
transformation,

power law dependence of the number of bands to the strain rate

transition between convection controlled to conductiontaaled nucleation rate of bands
for high convection situations.

Moreover, this model handles either forwadd { M) and reverseNl | A) transformation,
being consequently able to simulate theset of monotonic or cyclic loadirignloading.

All simulations have been implemented with a set of paramaiartly from existing litera-
ture, partly from DSC measurement and partly from a previensile test where infrared images
correlation (IRIC) have been used. Of course, the adequgbg cimulation to the experiments
would be greatly improved by the identi cation of the trueetmomechanical constants a)(
and (M) phases (thermal conductivity, speci ¢ heat) as well asslope of (T) transitions in
the Clausius-Clapeyron diagram. The convection conditamjusted thanks to an IRIC experi-
ment using an inverse method could be more precisely idetitising an adequate experimental
procedure.

The model has been implemented in Matlab in order to makesatite enough to allow some
optimisations and inverse identi cation of the thermal ddions for instance. An implementa-
tion in a FEM solver is foreseen in the future to reduce thestgalculation and to extend this
model to 2D or 3D problems. Such extension is required, fangxe, to give account of the
angle of transformation bangsrsusthe stress axis and stress concentration at the band'sfront
Another work in progress is the introduction of a more phgktonstitutive law for martensite
volume fraction prediction6] which takes thér-phase into account .
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