BicHuk TepHONiibChbKOro HALIOHAJIBLHOT0 TEXHIYHOT0 YHIBEPCHTETY

N\ https://doi.org/10.33108/visnyk_tntu
my Scientific Journal of the Ternopil National Technical University
\_/ 2024, Ne 1 (117) https://doi.org/10.33108/visnyk_tntu2025.01
ISSN 2522-4433. Web: visnyk.tntu.edu.ua
UDC 539.3

MODELLING OF PSEUDOELASTIC SMA BEHAVIOUR UNDER
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Abstract. The behaviour of pseudoelastic nickel-titanium alloy Niss 75Tiss15 under tension, bending,
and their simultaneous action is investigated in this paper. The methodology for modelling the mechanical
properties of SMAs under various loading conditions, including combined loading, is proposed. The stresses
of forward and reverse phase transformations between austenite and martensite are determined using ANSYS
software based on the finite element method. The obtained modelling results confirm high adaptability of
SMA to various types of loadings. These investigations are required for more efficient design of structures
and devices and for predicting the behaviour of pseudoelastic SMAs under different types of loading.
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1. INTRODUCTION

Shape memory alloys (SMAs) are a unique class of materials that have the property to restore
their original shape after deformation under thermomechanical loading or heating [1-2]. Due to their
ability to transform, these materials play a key role in many high-tech industries, including aerospace,
medical, automotive, robotics, etc. [3-6]. The SMA peculiarity is characterised by forward and
reverse phase transformations between martensite and austenite, which depend on temperature — the
shape memory effect (Fig. 1 a) and stresses — pseudoelasticity (Fig. 1 b). The main mechanisms that
change the behaviour of alloys under combined loading, particularly tensile bending, include the
simultaneous influence on phase transformations and mechanical reorganisation of the martensite
structure. Tensile bending is the common complex loading for many real structures in medicine,
bioengineering, mechanical engineering, and construction.

The phase transformations of SMAs are based on the unique property of the material to
change the crystal structure under the influence of temperature or mechanical loading [7-10]. The
main phases in SMA are austenite (high-temperature phase) and martensite (low-temperature
phase). These phases have different crystal structures: austenite is usually characterized by cubic
structure, while martensite is tetragonal.
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Figure 1. The influence of stress, strain and temperature reflecting the shape memory effect (a) and
pseudo-elastic state (b) for NiTi alloys [11]
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Due to their phase transformation, shape memory alloys provide unique opportunities
for creating active damping systems that respond to environmental changes or external
influences [11].

The total strain of ¢ nickel-titanium alloy is determined by the following formula:

E=¢€.terteg (1)
where e, is the elastic strain; e, is the transformational deformation; &, is the plastic
deformation.

The transformational deformation is considered as:
& = &.x5N; 2

where: g, is the material parameter characterising maximum transformational
deformation; x* is the volume fraction of martensite; N, is the direction of transformational
deformation.

The stressed state of the SMA is caused by the change in phase composition.
The stress equations take into account the interaction of elasticity, plasticity
and phase transformation typical for shape memory alloys. They are generally defined as
follows:

o=f(ETA) ©)

where o is the stress, f is the function that takes into account elasticity, plasticity and phase
transformations, E is the elasticity modulus, T is the temperature, ¢ is the volume fraction of
martensite, 4 is the direction of transformational deformation.

Additionally, the stresses at phase transformations can be described by the following
formulas:

The beginning of the martensitic transformation is expressed by the formula:

o™ = Cnm (T — M) 4)
where: Cw is the coefficient of stress influence on martensitic transformation, T iis the
temperature, Ms is the temperature of the martensitic transformation beginning.

The completion of the martensitic transformation can be described by the following
formula:
M =" — Ao (6)
The beginning of the austenitic transformation is expressed by the formula:

S=Ca(T-As) (7)

The completion of the austenitic transformation is calculated according to the
formula:

M=o + 4o (8)

where Ac is the difference between the stress at the end and beginning of the phase
transformation. These formulas describe the main characteristics of stresses in shape memory
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alloys during phase transformations and are the main ones for calculating their mechanical
behaviour [12, 13].

This paper is devoted to the modelling and analysis of the SMA
behaviour under tensile, bending and their combined action. The investigation
is required to extend the scope of SMAs application and to predict the

behaviour of such materials under the influence of operational loading modes in real
structures. This makes it possible to create more efficient structures and systems
based on SMA.

2. EXPERIMENTAL METHODS

The SMA behaviour was modelled using ANSYS 2024 R2 finite element analysis
(FEA) software. The sample model was created and the corresponding properties of nickel-
titanium alloy (Niss 75 Tias,15) were set (Fig. 2).
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Figure 2. Properties of Niss 75Tia415 in ANSY'S environment

Mechanical properties of the SMA were taken from the experimental study [14],
which were determined under uniaxial tension according to the standard [15]. According to
this standard, the material is first stretched to 6% strain, then unloaded to the
stress less than 7 MPa, and then stretched until the sample failure, as described in the
paper [14].

The diameter of the sample used to model the SMA behaviour is 4 mm,
and the length of the operating area is 12.5 mm. The total length of the sample is
46 mm (Fig. 3a). The calculation scheme of the modelled sample is as follows:
the sample is rigidly fixed on one side, and the displacement is set on its
opposite side. The finite element model of the sample in the ANSYS
environment, where the plane of the sample fixation, position A (blue), is shown
in Fig. 3b. On the opposite side, position B (yellow), the plane with the shifted movement
is depicted.
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Figure 3. Test sample: a) sketch of geometric dimensions;
b) finite element model in ANSYS environment

Similarly to the experimental investigations, the ambient temperature was 18.8°C [14].

The behaviour of nickel-titanium alloy was determined under three loading
conditions (Fig. 4): uniaxial tension, bending and their simultaneous action (tension with
bending). In all cases, the maximum strain was 6%.
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Figure 4. Calculation schemes of the model: 1) in case of tension; 2) in case of bending;
3) in case of combined action of tension and bending.

The applied displacement in the Z-axis direction, according to the tensile modelling
of the sample, was 0.64 mm, corresponding to 4.52 kN force, and in the Y-axis direction
for bending, the displacement was 4.5 mm, corresponding to 0.14 N force. For combined
loading, the displacement in the Z-axis direction was 0.14 mm, corresponding to 2.36 kN
force, and the displacement in the Y-axis direction was 0.97 mm, corresponding to 0.55 kN
force.

3. RESULTS AND DISCUSSIONS

Taking into account SMA peculiarities, one of the most important parameters
characterizing their properties and determining the area of application are the stresses of
forward and reverse phase transformations.

The results of the stress-strain modelling and the results of experimental investigations
of tensile SMA samples are shown in Fig. 5. The results of experimental investigations of SMA
samples are taken from the paper [14].
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Figure 5. Diagram of the dependence of normal stresses on strain: 1) during experimental investigation [14];
2) while modelling; 3) approximation of experimental investigations

The modelling results show (Fig. 5) that the stresses of direct phase transformation from
austenite to martensite are ¢**=366 MPa and ¢*/=388 MPa, and the stresses of unloaded (reverse)
phase transformation are ¢"°=190 MPa and ¢"'=113 MPa. During the experimental investigations,
the stresses of forward phase transformation from austenite to martensite were ¢**=332 MPa and
o"=368 MPa, and under unloaded (reverse) conditions ¢*°=174 MPa and ¢*'=103 MPa.

To sum up, we can note that the stress at the beginning of forward phase transformation
o™s during modelling is 10.24% higher than in the experimental investigation, and the stress at
the end of forward phase transformation ¢ is 9.19% higher than in the experimental
investigation. For the reverse phase transformation, the beginning stress ¢ is 1.15% higher
than in the experimental investigation, and the final stress o*' is 9.70% higher as well. Small
discrepancy between the values indicates satisfactory data convergence.

The modelling results of the stress-strain state under tension, bending and combined
loading (simultaneous action of tension and bending) are shown in Figure 6.
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Figure 6. Diagram of the dependence of normal stresses on deformation: 1) in case of tension; 2) in case of
bending; 3) in case of combination
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The results are presented as the dependence of normal stresses in the Z-axis direction
on total deformations (Equivalent Total Strain). It should be noted that with forward phase
transformations, the stress values 6™ and 6™ for all types of loads are practically the same.
During reverse transformation under tension, the stress-strain dependences manifest linear
behaviour compared to bending and their combinations. This deviation can be explained by
the higher value of the applied displacement, which can cause the simultaneous occurrence
of tension and compression areas.

The generalized results of the SMA modelling SDS are given in Table 1.

Table 1

Obtained results of SDS SMA

Total
s i f
L);%eir?f A Ay, e, % o, o o, o, force, kN
9 mm MPa
Tension 0.64 . 5.97 366 388 190 113 452
Bending - 45 5.96 365 394 220 117 0.14
TGQS'OW with | 014 | 09675 | 5.98 354 379 |200...220 | 108 29
ending

The obtained results of FEM modelling make it possible to determine the phase
transformation stresses and to set the displacement for the SMA sample corresponding to 6%
strain. Under the given loading parameters, forward and reverse phase transformations occur,
with the strain of 6% not exceeding the value at which the functional properties of the SMA
deteriorate significantly.

4. CONCLUSION

The SMA behaviour is modelled under tensile and bending actions and under their
combined action. Forward and reverse transformation stresses are determined. The
modelling results confirm the high adaptability of the SMA to various types of loadings.
Understanding of these peculiarities makes it possible to design structures more efficiently
and predict the behaviour of nickel-titanium alloys under various mechanical impacts,
making them promising for use in seismic structures, adaptive mechanisms, and other high-
tech industries.
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VJIK 539.3

MOJIEJIOBAHHSA HOBEAIHKHU IICEBJOITPYKHOI'O CII® 3A
CKVIAJHOI'O HABAHTAKEHHA

Bacuab Boponuak; Bonogumup ScHii

Tepnoninvcovkuil HayioHaNbHUN MexHiYHUull YHigepcumem imeni leana [lynios,
Tepnonins, Yxpaina

Pestome. Jlocniosiceno no8ediHKY NCe8OONPYICHO20 HIKelb-MUMAHO8020 CHAA8Y 3 NAM SmMmi Gopmu
Niss 75 Tiaa15 MemoOom cKinueHHux enemenmie 3a pisHux munie¢ Hasawmaogicenns. Y cepedosuwyi ANSYS
3anpOnOHOBAHO MemMOOUKY MOOe08anHs Mexaniunux enracmusocmeil CIID ma eusHayeHHs HANPYICEHb NPAMUX
i 360pomHux azoeux nepemeopens. [liamemp 3paszka 07 MOOEMO8AHHS NOBEOIHKU CKIadae 8 Mm 3 pobouoio
oinsinkoro diamempom 4 mm ma 0osxcunoro 12,5 um. Ilpukiadene nepemiwents 3a 00HOBICHO20 PO3MALY, 32UHY
ma ix oonouacHoi Oii (posmse 3i 32UHOM), CHpUYUHALO Oeopmayilo, wjo He nepesuwyysaira 3uavenus 6%.
Pesynomamu docnidoiceny noxaszanu, wjo npu po3mszy 3HaueHHs npsmux azoeux nepemeopenv CID 3
aycmenimy 6 mapmencum cmanoénams oM = 366 MIla ma ™ = 388 MIla. Ipu po3sanmasicenni 3nauenus
360pomHuUx nepemsopens dopisniotomsv 190 MIla ma 113 MIla 8ionoiono. Jlocriodicenns maxoic noxazano, wo
07151 32UHY Ma KOMOIHOBAHO20 HABAHMAICEHHS 3HAYEHHS! (PA306UX NEPEMBOPeHb 3 AYCHEHIMY 6 MapmeHcum
oMrac™  npaxmuuno oomaxosi. Ilpu 360pomHoMy nepemeopenti 3a po3mazy, 3aNeJHCHOCHI HANPYICEHHS 60
deghopmayiii 0eMOHCMPYIOMb HIHIUHY NOBEOIHKY 8 NOPIGHAHHI 31 32UHOM YU KOMOIHOBAHOMY HABAHMAIICEHHT, WO
NOSICHIOEMbCL  Nepepo3NO0LIoOM HANPYICeHb MIJC PISHUMU 30HamMu Oeopmayii ma pisHUM 3HAYEHHAM
npuxnadenozo nepemiujents. IlopisHanbHull aHANI3 Pe3yIbmMamie MOOeN08AHHS MA eKCRePUMEHMATbHUX OAHUX
nokasas, wo po3oixcnicmes cmanosums 00 10%. Lle cgiouums npo docmamuio 30i24CHICHb OMPUMAHUX 3HAYEHD.
Ompumani pe3yromamu MoOem08aHHs NIOMEEPOACYIOMb BUCOKY adanmusHicms ncegdonpyacnux CIID 0o piznux
MUNi8 HABAHMANCEHb MA MONCIUBICMb IX 3ACMOCY8AHHA 8 DISHOMAHIMHUX NPUCMPOAX YU KOHCMPYKYIAX, WO
eKCNIyamylomscs 3a Oii Ck1aono2o Hagamwmadgicents. L[i oocniodcenns € neoOXiOHuMuU Ol eeKmuHiulo2o
NPOEKMYSaHHsL KOHCMPYKYIL ma npucmpois, a maxoic 0Jisk NPOSHO3YEAHHS NOBEOIHKU NCEBOONPYICHUX CHIABIE 3
nam’smmio gpopmu nio Oi€ro pizHuUx Mmunie HaBAHMANCEHHSL.

Kniouogi cnosa: ncegdonpysicnicmo, cnaagu 3 nam'smmio ¢opmu, MoOeno8aHHs, HANPYAHCEHH PaA3068uUx
nepemeopers, CKIAOHe HA8AHMAICEHHSL.

https://doi.org/10.33108/visnyk_tntu2025.01.132 Ompumano 28.11.2024

138 ... ISSN 2522-4433. Scientific Journal of the TNTU, No 1 (117), 2025 https://doi.org/10.33108/visnyk_tntu2025.01


https://doi.org/10.33108/visnyk_tntu2025.0
https://doi.org/10.33108/visnyk_tntu2025.01.132

