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Abstract. The paper presents experimental evaluation andefting of effects of thermomechanical couplingshape
memory alloy (SMA) and shape memory polymer (SMR).SMA and polyurethane PU-SMP are subjecte@hsion
on MTS Testing machine. Fast infrared camera (IR)éhix FLIR System enable obtaining temperaturtiloiigion
and average temperature changes of the specimeimgdhe deformation process.

Mechanical and infrared characteristics recordedridg the SMA loading show that after initial, masoopically
homogeneous deformation a localized transformatiemelops, accompanied by significant temperaturanghs.
Inclined bands of higher temperature accompanyirgtlieermic forward transformation are recorded duyithe
loading, whereas bands of lower temperature relateéndothermic reverse transformation are obsemedng the
unloading process. The infrared imaging and avertayaperature of the SMA sample compared to theahangcal
characteristics allow to investigate the currerdige of the stress-induced transformation procesdeérease of the
specimen temperature reveals the saturation stafgéhe® transformation. Both mechanical and thermékas
significantly depend on the strain rate; the higktez strain rate, the higher the temperature amdsst are obtained.
Similar experimental methodology is applied to stigate effects of thermomechanical couplings iapshmemory
polyurethane subjected to tension at various strabes. Constitutive model valid in finite straiegime is proposed,
where the SMP is described as a two-phase matesiaposed of hyperelastic rubbery phase and elagaosplastic
glassy phase, while the volume content of phasepdsified by the current temperature. Experimengallts and
modelling show that the SMP deformation procesengfly depends on the strain rate, much strongen ttaa metals
and alloys. At higher strain rate higher stress d@achperature changes are obtained, since the defitwm process is
more dynamic and occurs in almost adiabatic condagi It is shown that during the SMP loading pracearious
deformation mechanisms are active at various straies.
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1. INTRODUCTION

In order to contribute to solving the problems afural resources, energy and environment protectidhe earth,
the development of multifunctional smart materisl structures is required. In the intelligent mats, investigation
of shape memory alloys and shape memory polymersatteacted high attention due to their functigmalperties and
huge potential in practical applications. In SMie tshape memory property appears based on thesitldeanartensitic
transformation in which the crystal structure varilEepending on the variation in stress or tempe¥gflobushiet al,
2013, Pieczyskat al, 2013, Pieczyska, 2010). In SMP, the shape merpooperty appears based on the radical
difference of its elastic modulus and yield poiatdw and above the glass transition temperatueeelistic modulus is
high at the temperature below and low at tempegatabovely. Such behavior is caused by significant changeef
molecular motion at temperature (Tobushial, 2013, Hayashi, 1993). Among the shape memorynpeis, the
polyurethane has been most often practically uskdhfiget al, 2012). In this paper, development of stress<dedu
martensitic transformation in TiNi SMA and thermazhanical behavior of PU-SMP in tension are presknte

2. EXPERIMENTAL DETAILS

The shape memory material specimens are mechanicatled on MTS 858 testing machine at room tenipeza
Furthermore, fast and sensitive FLIR Co infrarechee is used in order to measure effects of themebanical
coupling accompanying the stress-induced martensdnsformation process in TiNi shape memory alog effects
of thermomechanical couplings in shape memory pelinane. Scheme of the experimental set-up is sliowig. 1a.
A shape memory polyurethane sample in grips oingshachine is presented in Fig. 1b.
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Figure 1. a) Schematic of experimental set-uprigestigation of shape memory polymer mechanicaltarmgberature
characteristics; b) shape memory polyurethane sammgrips of testing machine
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Figure 2. a) Photograph of shape memory alloy sanmpbrips of testing machine - monitor shows irdchimage of
transformation bands; b) thermogram showing chasea for calculation the sample average temperature

Photograph of the shape memory alloy sample insgoiptesting machine during the tension procesh@wvn in
Fig. 2b. On the monitor in the left an infrared geeof the stress-induced transformation bands eamokiced. Infrared
image of the SMA sample subjected to loading is@néd in Fig. 2b. In addition, a rectangular shaqp¢he sample
surface was denoted showing chosen area for thplsaverage temperature calculation.

3. THERMOMECHANICAL PROPERTIES OF SHAPE MEMORY ALLO Y

Stress-strain curve and their related average teahpe changes calculated from the SMA sample fagss-
controlled test in the case of stress rate 25 MBegsshown in Fig. 3. Conditions of nucleation, elepment and
saturation of the stress-induced martensitic t@anshtion were studied, basing on the SMA specinanperature
distribution and its temperature changes. It wasndo that the initial phase transformation is macopgcally
homogeneous and it occurs before the stress-stna, while in the yield point area bands of latadi transformation
occur, characterized by a much higher temperahane the other parts of the specimen. At higheirstraore and more
such bands develop and overlap, leading to a #gnif increase in the average sample temperatoltewed by an
increase of the transformation stress. In the fi@at of the SMA loading a decrease of the avesageple temperature
was recorded which revealed the saturation stafeeaxothermic martensitic forward transformation.

The bands of significantly higher temperature comgao the other part of the specimefT (d 8K) are infrared
imaging of the SIMT, observed during the SMA loagliwhereas the bands of lower temperatdiel( 6K) are related
to the reverse transformation, observed in thessoaf unloading. The bands of the newly emergedemsite/austenite
phase are characterized by approximateR/id@ination angle formed with tension directionptighthe slope depends
on the specimen geometry (Pieczyska, 2010). Moreaigng the fast and sensitive infrared camerahexe also
noticed that at the advanced stage of marterfsitisard/reverse transformation, a new generatiomath thinner
transformation bands can form. The fine bands mtelen regular distances from the formerly devetbpmich wider
bands, creating “radiator-like” effects. They prblyaappear and develop in this part of the speciimenrder to
compensate the local stress-strain state instgbidiused by the current loading and the transftomgorogress
conditions (Pieczysket al, 2013).
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Figure 3. Stress and average temperature changstras and infrared imaging of localized transfatibn bands
recorded in TiNi shape memory alloy subjected tmplete loading-unloading cycle at stress rate ofPa/s.

Furthermore, it was observed that nucleation of ldwalized martensitic forward transformation takgace in the
weakest area, whereas the reverse transformati@yslinitiates in the central part of the SMA spaen.

4, THERMOMECHANICAL PROPERTIES OF SHAPE MEMORY POLY MER - EXPERIMENTAL
RESULTS AND MODELLING

Investigation of thermomechanical coupling occgrduring PU-SMP tension was performed at room teatipee
(23 °C) untill the sample rupture in order to learn mai®out the SMP thermomechanical behavior and tpgz®
proper strain range in the following tests. Resolttained for the tension process performed withirsrate 2x10s” is
shown in Fig. 4. Photographs of the sample insgdp the testing machine recorded at subsequegestaf the
deformation is shown in Fig. 4a, whereas the stvgsstrain curves is shown in Fig. 4b: the numthestars denote the
strain stages shown in Fig. 4a, respectively. Titeal measurement base was only 15 mm, therefosas not so easy
to rupture the thoroughly prepared SMP sample. Btress and strain quantities are related to theewcur
(instantaneous) values of the sample cross-sedcilmtajning so-called “true stress” and “true sttaialues, presented
in the diagrams (Figs 4, 5).

From a dynamic mechanical analysis (DMA) perforrivetension with frequency of force 1 Hz and heatiatg of
2°C/min the SMP parameters were estimated: glassitiam temperaturdg = 25 MPa, elastic modulusg’ = 1500,
rubber modulugr’'= 15 MPa. The obtained results confirm the SMP galtabe memory properties. The initial tension
of SMP was accompanied by a small drop in tempezatelated to the SMP yield point, called therrasgt effect. At
higher strains, the stress and temperature signifigincrease due to reorientation of the polymetecular chains.

Until the true strain value equal to approximatélp the SMP exhibits a smooth, hardening-like b&hav The
“hardening” is a result of the reorientation of h@yurethane molecular chains that can induceeaticn of voids or
even the polymer structure crystallization whicih t& observed as the sample whitening (Fig. 4atoginaph 4). For
the strain rate 2 x 1% the SMP deformation process is almost isotherthalmaximal temperature change estimated
for the sample rupture is only 3K. However, theypmtrs are very sensitive to strain rates. Comparisb the
experimental results and modelling for variousistrates, i.e. true stress versus true strain obthduring tension with
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strain rates 2x18&?, 2x1Ps* and 1x16s™ are shown in Fig. 7 (a), and their related tempeeachanges in Fig. 7 (b).
The higher the strain rate, the higher the tempegathanges obtained, since the deformation prasessre dynamic
and occurs in the conditions close to adiabatice Tiaximal temperature changes estimated by infrapdera
computer system at higher strain rates are aswislld8 K for 2x10s?, 37 K for 2x10s* and 44 K for 1&™. The
obtained elongation limit of the SMP is over 18@%omeasured as true strains.
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Figure 4 a) PU-SMP sample in grips of testing maelshowing subsequent stages of the tensile praeésb) Stress
and temperature changes vs. strain for strairt82s™; stars show strain stages presented in the ptagibgrabove.

There are two modelling frameworks developed for FSNphase transition approach and thermo-viscoelasti
approach, cf. (Nguyeat al, 2010). The first approach is employed in thipgra According to our proposal, SMP is
assumed to be a mixture of two phases: a soft ryhffease and a hard glassy phase. Such modellpr@agh is well
justified by the physical features of the analyzmayurethanes: the presence of soft and hard sdagnam the
separation of the domains dominated by respectinasgs. Following Qét al, (2008), the volume fraction of each
phase within the representative volume of the nadterpostulated as a logistic function of tempera (Fig. 5)

1

f = ,f
" 1+exp(T-T,)/ A

g =1- fr (1)

The material parametéy and the reference temperatdigerelated to the glass transition temperailyeare identified
using variation of a storage modulus with tempemtuobtained in DMA of the PU-SMP.
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Figure 5. Assumed dependency of volume fractiorubbery phasé on temperature in the PU-SMP volume element.
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Figure 6. a) Schematic representation of the ciutis& model of PU-SMP, b) Stress versus strairSigiP tension till
rapture with strain rate 2x¥6*. Comparison of model predictions and experimersillts.

a) b)
140 - 250 = 1
= 120 ¥= s 3 =40 - v=1*101 1/s
S 100  Y=E 0t 1l v - 2100 1is
< 5 v=2*10"1/s 230 v=2*10"1 15
© =
3 60 o 20 —
B 2 =
g 40 210 5
= 20 & -
—— % 0 —
0 HIHH\|\II\I\II\‘IHI\IHI‘\IHI\II\lHlHIHI = —III\III\I‘HIHII\\|II\IH\I\‘IIHIIHI‘HIHIIH
0 0.4 0.8 1.2 1.6 2 0 04 0.8 1.2 1.6 2
True strain True strain
c) d)
140 50
120 Z 40
§ 100 B
s 30
- 80 S
g g
& 60 £ 20
2 2
20 &=
0 0
0.0 0.5 1.0 1.5 2.0 0.0 0.5 1.0 1.5 2.0
True Strain True Strain

Figure 7. Stress vs. strain (a) and temperaturagehas. strain (b) for PU-SMP tension with vari@igin rates;
together with the model predictions (c) for the pemature variation (d). Notation for colors is g@me as in (a) and
(b). Additionally results obtained for strain ra@el0%s* (black, cf. Fig. 6b) and 2x18* (magenta) are shown.

Constitutive equations are formulated separatelyefich phase within the large strain format, follgvQi et al.
(2008) proposal (see Fig. 6a). The Cauchy swess the rubbery phase is related to the deformagiadient of this
phaseF, according to the hyperelastic Aruda-Boyce eighgichmodel (A-B), while the glassy phase is hypestida
viscoplastic with the Zener-type behavior. TheSBngl is related td:g1 again by the hyperelastic A-B model (with
different parameters than for the rubbery phasd)tha stressrg2 is related td=y° by the neo-Hook relation with the
logarithmic strain measure. The equivalent viscsiidashear rate in the glassy phase depends aqthiealent Huber-

von Mises stress, calculated for the stress te:mgéoaccording to the power-law (compare the 1D madel to Tobushi
et al, (2001)),
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and y, is a reference shear rate,- an exponent describing the degree of strain sefssitivity whilez%, - a critical

shear stress. Constants s, andb are additional material parameters describingutiani of 7%y, with the accumulated
viscoplastic deformatiom,. The material parameters present in the model wesiminarily identified through tension
tests until rupture at strain rates of 2%&0 and 2x1Gs™. The resulting behavior of the material dependshenactual
material composition. At this stage simple Voigbayaveraging scheme is used, i.e. each phasepssegbto share the
same deformation gradieRtbeing equal to the macroscopic one, while thd gauchy stress tensarin the material
is an average of stresses in the individual phaRefined averaging schemes developed for two-pledastic-
viscoplastic materials, cf. (Kowalczyk-Gajewska aRdtryk, 2011), can be used in order to obtain nresdistic
redistribution of stresses and strains betweengshas

Simulations were carried out of tension tests unture. Comparison with experimental resultstfar strain rate
of 2x10%st is shown in Fig. 6b. For the assumed material patars the model correctly predicts the elongatiwonit |
and the level of stress. Temperature change olbénvihe experiment for this strain rate is nongfigant. Contrary,
considerable increase of temperature with respethé ambient temperature is observed at highamstates (see
Fig. 7b), associated with the rapid accumulationis€¢oplastic deformation. Preliminary verificatiohthe formulated
model has been conducted for higher strain rategsngisg non-isothermal conditions of the processemperature
evolution with strain, shown in Fig. 7d, is usedaasinput data in simulations. It roughly approxiesathe temperature
change observed experimentally (compare Fig. 7b7aidin Fig. 7c the effect of temperature change loe assessed
by comparing the stress-strain curves obtainedingaikito account the temperature evolution with thsults obtained
under the assumption of constant temperature, shoyrdashed lines of the same color. The model predi
qualitatively the observed decrease in stress glehi strain rates associated with the temperatuwceease and,
consequently, with the increase of a volume cométiie soft rubbery phase in the sample. Howether reduction of
the stress level predicted by the model is strotigan the one observed experimentally (compare Fagand 7c).
Model predictions can be improved by a more dedadmalysis of thermomechanical couplings and tHmeae
identification of model parameters performed usihg experiments conducted at temperatures welbalod well
above glass transition temperature for separatectaization of mechanical response of two phases.
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