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Abstract

Hysteretic response of smart materials has complex mathematical modeling. Thermodynamic-based constitutive models
belong to an important class of models and data-driven models are interesting alternatives that avoid complex algorithms
and parameter determinations. The classical Preisach model describes multidisciplinary hysteretic behavior employing
mathematical operators in a triangular domain. The Everett function is an alternative build a surface from experimental
data, replacing the original integral form to a summation. This paper proposes a novel approach, extending the Preisach
triangular domain to a prismatic domain that allows a broader description of distinct phenomena. The idea is to use the
Preisach approach for different triangles and then performing a interpolation for a prismatic domain, enabling the repre-
sentation of distinct phenomena that, otherwise would not be described. Shape memory alloys (SMAs) are employed as
a representative example of smart materials. Experimental tests are developed in order to define reference cases to be
analyzed. Numerical simulations are carried out and compared with experimental data, evaluating the model capabilities
under different loading conditions. Specifically, temperature-dependent and cyclic-dependent behaviors are of concern.
The results show the model ability to describe the general thermomechanical behavior of shape memory alloy hysteretic
behavior, being in close agreement with experimental data.
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I. Introduction The Preisach model is a well-established alternative
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The use of Preisach model to describe piezoelectric
materials were discussed by Song et al. (2005), Dong
et al. (2014), Xue et al. (2017), and Sun et al. (2024).
Magnetic shape memory alloys were studied by Sordon
et al. (2024). Additionally, magnetostrictive materials
were addressed by Davino et al. (2004), Li et al. (2013),
Trapanese et al. (2014), Labusch et al. (2019), Hossain
et al. (2023) and Gao et al. (2024).

Concerning shape memory alloys (SMAs), Smith
(2005) presented a discussion about the application of
the Preisach model for SMA modeling. Hughes and
Wen (1995, 1997) identified the microstructural
mechanisms responsible for hysteresis in both shape
memory alloys and piezoelectric materials, highlighting
the similarities between the hysteresis of these materials.
Gorbet et al. (1998) performed numerical-experimental
comparisons using the Preisach model using experimen-
tal data from an SMA wire-based actuator indicating a
good agreement with experimental data. Khan and
Lagoudas (2002) investigated the description of pseu-
doelastic SMA spring behavior employed in vibration
absorbers. Rao and Srinivasa (2013) proposed a hybrid
model to describe the pseudoelastic response for SMA
wires and springs (Doraiswamy et al., 2011). Rao et al.
(2014) investigated the response of pseudoelastic SMA
wires subjected to torsional loads with subloops
through experimental tests. Chen et al. (2019) proposed
a discrete Preisach model to explore the use of SMAs in
aircraft morphing wings.

Alvares et al. (2024) analyzed the thermomechanical
behavior of shape memory alloys using the Preisach
model based on the Everett function derived from
experimental data. Results show that the model can
reproduce the main macroscopic features of SMA ther-
momechanical behavior, properly describing stress-
strain, strain-temperature, and force-displacement
curves for different SMA elements as wires and springs.
Distinct phenomena were discussed showing the model
ability to deal with SMA macroscopic behaviors,
including internal subloops. Liu et al. (2023) proposed
a temperature-displacement hysteresis model based on
the Preisach model for the displacement control of an
SMA-based actuator. The integration of a PID control
with the hysteresis model allowed precise management
of the structure’s deformation.

Semenov et al. (2024) proposed an overview of the
main contributions of the recent years focusing on
different dynamical systems using the Preisach model
for hysteresis characterization. In addition, several
engineering applications of the Preisach model in fields
such as energy storage devices, systems that use the
piezoelectric effect, and models of shape memory sys-
tems were described. Vasquez-Beltran et al. (2021) pre-
sented a study of the use of Preisach operators for
describing hysteresis behavior with multidirectional-
oriented loops presented in smart materials such as

SMAs and piezoelectric materials employed as high-
precision sensor and actuator systems.

This work uses the SMA as a representative example
of smart materials, being adopted as a reference case of
the hysteretic behavior. SMAs are smart materials with
the ability to recover their shape by imposing a tem-
perature and/or a stress field. Different thermomechani-
cal behaviors are observed including shape memory
effect, pseudoelasticity, and more complex phenomena
such as transformation-induced plasticity (TRIP),
phase transformation due to temperature variation, and
tension-compression asymmetry. These phenomena are
due to solid martensitic phase transformations that
involve shear displacement of atoms on a scale smaller
than the interatomic distance, resulting in significant
deformations and minor volume changes (Lagoudas,
2008; Leo, 2007; Yamauchi et al., 2011).

SMAs have remarkable characteristics that make
them ideal for use in a variety of applications consider-
ing different areas such as automotive (Anumodh
et al., 2021; Shreekrishna et al., 2022), civil structures
for vibration control (Chang and Araki, 2016; Isalgue
et al., 2006; Janke et al., 2005), biomedical devices
(Chaudhary et al., 2024; Elahinia, 2016; Machado and
Savi, 2003; Nair and Nachimuthu, 2022; Nematollahi
et al., 2019), origami-inspired systems and structures
(Fonseca et al., 2022), robotics (Ruth et al., 2022;
Sreekumar et al., 2007), oil & gas industry (Patil and
Song, 2017), and aerospace (Leal et al., 2018; Leal and
Savi, 2018; Lecce and Concilio, 2015). In addition to
these contributions, a general review of the main appli-
cations and future perspectives for the use of shape
memory alloys can be found in the works proposed by
Mohd Jani et al. (2013) and Kumar et al. (2024).

The mathematical modeling of SMAs is associated
with significant scientific and technological relevance
and an overview of the most relevant models were pre-
sented by Paiva and Savi (2006), Khandelwal and
Buravalla (2009), Cisse et al. (2016a, 2016b), and
Chowdhury (2018). In addition, it is worth highlighting
the recent contributions: Alsawalhi and Landis (2022),
Adeodato et al. (2022), and He et al. (2023). Besides, it
should be pointed out models dealing with complex
phenomena related to SMA behavior including three-
dimensional behavior (Oliveira et al., 2016; Rao et al.,
2023), transformation-induced plasticity (Oliveira et al.,
2018), functional and structural fatigue (Dornelas
et al., 2020, 2021; Hasan and Baxevanis, 2022; Kan
et al., 2023; Phillips et al., 2019).

Karakalas et al. (2019) proposed a constitutive
model to describe the hardening behavior of SMAs
enabling the description of internal subloops. Rizzello
et al. (2018) developed a model to describe the dynami-
cal behavior of polycrystalline SMA based on a modi-
fied version of the Miiller-Achenbach-Seelecke model,
properly predicting the internal subloops and loading
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rate effects. Wang et al. (2021) presented a thermome-
chanical model for pseudoelastic shape memory alloys
within a finite-strain and thermodynamical framework
to describe the complex internal hysteresis effect due to
incomplete phase transformation. Scalet et al. (2021)
presented a three-dimensional finite strain constitutive
model considering transformation-induced plasticity to
describe partial phase transformation during cyclic
thermomechanical loadings. Wang et al. (2022) pro-
posed an elastoplasticity model with three coupled
quantities for isotropic and anisotropic hardening to
simulate the pseudoelastic effects of SMAs. Hasan
et al. (2022) developed a finite-strain, phase-field model
to analyze thermomechanically induced fracture in
shape memory alloys, capturing fracture behavior
under loading paths. Young et al. (2024) investigated
fracture toughness, actuation, and mechanical fatigue
crack growth responses of high-temperature shape
memory alloys employing a single Paris Law Curve to
estimate actuation fatigue crack growth rates to detect
mechanical fatigue crack growth rates.

This paper proposes a novel prismatic approach,
based on the Preisach model, for the description of hys-
teretic behavior of smart materials. The idea is to define
a novel domain extending the classical Preisach triangle
to a prismatic domain, allowing a broader description
of hysteretic behaviors. The usual Preisach representa-
tion is preserved from the superposition of operators in
a triangular domain, which allows the construction of
the Everett surface based on experimental data. The
novel dimension is accessed through interpolation
between these surfaces, allowing the general description
of the material behavior, incorporating the capability
to describe new phenomena. The thermomechanical
behavior of shape memory alloys is adopted as a repre-
sentative case of smart materials due to their complex
hysteretic responses. Either temperature-dependent or
cyclic-dependent responses are of concern, allowing to
deal with situations that the classical Preisach model is
not able to describe. Quasi-static tensile tests are carried
out to evaluate the stress-strain response of an SMA
wire at different temperatures, and cyclic-dependent
responses involving transformation-induced plasticity
(TRIP; Oliveira et al., 2018). Numerical simulations are
conducted to validate the model ability to describe the
SMA thermomechanical behavior using the presented
experimental results as reference. Results are compared
with experimental data showing good agreement. The
general formulation can be employed for other smart
materials.

After this introduction, Section 2 presents the math-
ematical formulation of the prismatic approach, using
the Preisach model as a reference. Section 3 presents
the SMA experimental investigation employed as a
reference smart material case. Numerical simulations
are then presented in Section 4, discussing temperature-
dependent behavior, and Section 5, discussing cyclic-

dependent cases represented by transformation-induced
plasticity. A numerical-experimental comparison is
established showing good agreement. The conclusions
are presented in Section 6.

2. Mathematical model

A novel triangular prism approach is proposed to
describe the hysteretic behavior of smart materials. The
novel model is based on the Preisach model, extending
the classical triangular domain to create a prismatic
domain that allows the description of distinct beha-
viors. Concerning SMAs, these behaviors include
temperature-dependent  behavior, transformation-
induced plasticity, and classical plasticity. Initially, the
Preisach domain is presented, and afterward, the novel
model is discussed. The use of the Everett function is
also presented.

2.1. Preisach model

The classic Preisach model offers a comprehensive
framework capable of capturing various hysteretic
phenomena. This model is built from mathematical
operators defined within an abstract space, referred to as
Preisach hysteresis operators, which correspond to two
states. The Preisach operator, ¥,4, is represented by rec-
tangular loops in an input-output diagram to illustrate
hysteretic behavior (Mayergoyz, 1991). Furthermore,
this operator is associated with abstract variables « and
B, which correspond to two directions of transformation.
Figure 1 shows the operator as a function of an input,
such as the strain (&) characterized by different paths for
increasing (a-b-c-d-e) or decreasing (e-d-f-b-a) inputs.

A generic hysteresis can be represented as a series of
elementary transformations, being expressed through
the superposition of operations defined by hysteresis

operators. On this basis, the classical Preisach
A
N
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Figure 1. Definition of the Preisach hysteresis operator
associated with abstract variables a and 3, which correspond to
two directions of transformation.
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formulation is established defining an output (stress) as
a function of the input (strain) expressed as follows:

a, B,
5(6) = o= | | wlap)rgpdacap. (1)

@ By

where u(a, ) denotes the Preisach function, and I rep-
resents the Preisach hysteresis operator. Furthermore,
ao and B represent the smallest values while «,, and 3,,
represent the highest values.

The geometric interpretation of the Preisach
approach is illustrated in Figure 2. Figure 2(a) presents
the input evolution showing the prescribed strain,
divided into four loading-unloading cycles, associated
with 12 points, 1-12. Figure 2(b) shows the stress-strain
curve, representing the four loading cycles subdivided
into seven regions through vertical lines. Figure 2(c)
shows the Preisach triangle, illustrating the points cor-
responding to each stage of the loading process. The
triangle is built considering that an increase in strain
shifts the value along the a-axis, while a decrease shifts
it along the B-axis (Alvares et al., 2024).

The correlation of the stress-strain curve and the
Preisach domain is better explained by considering
Figure 3. The first point (1) is represented in the lower
part of the triangle on the left. The loading process
causes a vertical shift through variable « that fills the
triangular domain reaching the highest strain value
(point 4), represented by green color. The subsequent
unloading process is represented by a horizontal shift
from point 4 to point 7, starting at the line defined by
a = B. Once again, the green color establishes the shift.
The second loading cycle begins at point 7, which
should be a vertical shift that finishes at point 10. At
point 10, the second unloading cycle starts, being asso-
ciated with another horizontal shift. These four cycles
together establish the construction of the Preisach tri-
angle showed in Figures 2(c) and 3.

)

2.2. Everett function

Mayergoyz (1991) reformulated the classical Preisach
approach by replacing the integration with a summa-
tion, or in other words, the Preisach function by the
Everett function (F) (Khan and Lagoudas, 2002).
Therefore, equation (1) is rewritten as a summation of
Everett functions based on n loading steps:

n

a(e)=">_[Flow. By_1) — Flou. By (2)

k=1

The Everett function is associated with a surface
related to the Preisach triangular domain, defining the
coordinate points («,B,F). Therefore, the hysteretic
behavior is described from the Everett surface, which is
built from experimental data. The coordinate F is
obtained through the stress matrix H,g, where « repre-
sents the columns while B represents rows. On this
basis, the loading is represented by the variation of «,
changing columns in the same row. On the other hand,
the unloading is represented by the variation of S,
changing rows in the same column (constant «). The
calculation of the F coordinate is performed consider-
ing a formation rule for each row and column, as sum-
marized in Table 1 (Alvares et al., 2024). The values of
the first row (B) represent the loading between points
1—4 (first loading cycle) being obtained by subtracting
the lowest stress value (o) from the stress values of
each experimental point within this cycle. On the other
hand, the values in column eight («7) represent loading
cycle 4—7 (first unloading cycle), being calculated by
subtracting the highest stress value (o4) from the stress
values of each experimental point within this cycle.
Similarly, for the second loading cycle, represented by
points 7—10, is described in row two (B;), subtracting
the lowest stress value (o7) from the stress values of
each experimental point within this cycle. Finally, the
unloading represented by points 10—12 is described in
column seven (ag) following the same idea. On this

(@) (b)

(©)

Figure 2. Preisach triangle mapping: (a) loading-unloading history, (b) stress-strain from seven divisions of the hysteresis region, and

(c) Preisach triangle obtained from the proposed division.
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Figure 3. Construction of the Preisach triangle considering each stage of the loading-unloading process.
Table I. Determination of the H,g matrix associated with the Everett function.

(674 ) [6%) (0 %) Qg4 (67 (673 (654
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B4 0 0 0 0 0 0 g1 — 0] 0
Bs 0 0 0 0 0 0 o4 — 05
B(, 0 0 0 0 0 0 g — 0|0 0
B7 0 0 0 0 0 0 04 — 04

basis, the main diagonal is always null since it is the ini-
tial value of the cycle minus the first value. The Everett
surface is presented in Figure 4 highlighting the points
illustrated in the previous Figures 2 and 3.

2.3. Prismatic approach

The triangular Preisach domain can be extended
to incorporate an extra variable to represent distinct

effects. In this regard, a prismatic domain is defined
considering a third coordinate to represent different
phenomena associated with smart materials. On
this basis, a prismatic approach is proposed using a
triangular prism domain.

To illustrate the construction of the prismatic
domain, it is considered that the material behavior
varies according to the evolution of some variable that
defines an extra dimension. It is assumed stress-strain
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Figure 4. Everett surface associated with the loading-unloading
process.

curves that can vary according to an extra variable .
Using SMA thermomechanical behavior as a reference,
either temperature-dependent or cyclic-dependent beha-
viors are examples of these phenomena represented by
the extra variable. By considering two different values
of this variable, & and &, experimental stress-strain
curves are built for each one of these values, Figure 5.
On this basis, each one of them can be treated by the
Preisach triangle and the respective Everett surface.
Since two different domains are defined, a prismatic
interpolation can be performed to evaluate the stress-
strain curve in any intermediate &-value, §&;. Figure 5
schematically shows the procedure for constructing the
novel prismatic domain, representing the &-value based
on experimental results. This procedure allows the
description of any intermediate £-value based on refer-
ence values. In other words, the prismatic domain is
built assuming a third dimension connecting different
triangular Preisach domains, and this dimension can
represent different kinds of variables, allowing it to rep-
resent different phenomena.

The prismatic approach employs the triangular
domain represented by variables @ and B, together with
a new variable, &, that represents different phenomena.
Therefore, a new integration can be defined through
this new variable,

&
ole,£) = E(&) = E(fa) = J&df
& | an By i (3)
= ||| | wla-rpupdads| az.
& | @0 By

where &y and &, represent, respectively, the smallest and
largest values of &.

The Everett function can be defined in a similar way
by establishing a proper interpolation, represented by
®, between two different surfaces defined for each é-
value,

o(8,6)=0O(F\, F>), (4)

where each triangular domain j is defined from the gen-
eral definition,

F‘j - Z F(ak’Bk—l’gj) —F(ak,ﬁk,gj). (5)

k=1

Essentially, these new operations can be interpolated
from the classical Preisach approximations. Different
interpolation approaches can be employed, and linear
interpolation showed to be appropriate for most of the
cases. The situations where the linear interpolation does
not present good approximation can be overcome by
considering a better discretization, increasing the num-
ber of necessary triangular domains.

The computational effort related to the Prismatic
approach is considerable less than the usual algorithms
employed to deal with nonlinear thermodynamic-based
constitutive models, being related to the construction
of matrix Hng and the interpolation process.

3. SMA experimental investigation

Shape memory alloys are selected to evaluate the
general hysteretic behavior of smart materials.
Experimental tests are developed in order to evaluate
the temperature-dependent behavior and cyclic-
dependent pseudoelastic behavior associated with
transformation-induced plasticity.

Temperature-dependent behavior defines the shape
memory effect for low-temperature behavior and
pseudoelasticity for high-temperature behavior. These
behaviors are essentially defined by the phase transfor-
mations that can be induced either by stress or tempera-
ture. The critical phase transformation stress values
are temperature-dependent which promotes a shift of the
hysteresis loop, characterizing both behaviors.

On the other hand, transformation-induced plasti-
city (TRIP) is a typical example of cyclic-dependent
behavior, which is defined as the plastic flow arising
from solid-state phase transformation processes involv-
ing volume and/or shape changes without overlapping
the yield surface. This phenomenon occurs in shape
memory alloys having significant influence over their
macroscopic thermomechanical behavior. The main
characteristic observed in the stress-strain curves during
the cyclic loading process is the reduction of the phase
transformation stress and the increase of the residual
permanent strain, which characterizes the TRIP effect.
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Figure 5. Prismatic approach: triangular prism domain is built introducing an extra variable ¢ to the classical Preisach triangle (c, ).
Two different experimental tests are built and each one of them is related to the Preisach model, with a triangular domain (a, 8),
and an Everett function. An interpolation is then performed through these values, allowing the description of the third dimension, &.

This feature establishes a training process in order to
stabilize stress-strain curves before the use of SMA for
applications.

SMA samples are employed for this aim using
Ni56Ti44 circular section wire in an as-received
condition, with a diameter of 1.30 mm (Sandinox
biomaterials). Thermomechanical tests are performed
considering a differential scanning calorimeter (DSC),
NETZSCH Maia 200 F3, and tensile tests using an
electro-mechanical testing machine, Instron 5882,
employing a 30 kN static load cell and strain

measurement based on displacement with a gauge
length of 100 mm.

The phase transformation temperatures are mea-
sured from DSC tests using a virgin wire sample.
During the test, the sample is heated from room tem-
perature to 393 K and then cooled to 153 K. After
that, this cycle is repeated. Figure 6 shows the results of
this test, highlighting the transformation temperatures
of the start and finish of austenitic formation (4,, 4y
and the start and finish of martensitic formation (M,
My). During heating, there are two regions of phase
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Figure 6. DSC thermal analysis of a virgin NiTi wire allowing
the determination of the phase transformation temperature.

The sample is heated from room temperature to 393 K and
then cooled to 153 K. After that, this cycle is repeated.

transformation (martensite — R-phase and R-phase —
austenite) and a peak of transformation during cooling
(austenite — martensite). In this regard, for tempera-
tures above 4, (296.5 K) austenitic phase is stable and
the SMA presents a pseudoelastic behavior when sub-
jected to mechanical loading. On the other hand, for
temperatures below M, (265.9 K) martensite phase is
stable and the SMA presents the shape memory effect.

After the DSC test, a macroscopic verification is per-
formed considering stress-strain curves at different tem-
peratures. In this regard, the specimen is subjected to a
quasi-static tensile test with a peak stress of 900 MPa
and a stress rate of 150 MPa min~'. Six tests are car-
ried out considering different temperatures: 258, 292,
298, 303, 313, and 318 K. For each test, a new sample
of virgin wire is used presenting non-stabilized results
as showed in Figure 7. Therefore, it is noticeable that
TRIP is evolving during the tests, which is character-
ized by a residual strain after the unloading. This means
that these results are contemplating both temperature-
dependent and cyclic-dependent data. Note that at the
temperature of 258 K (below M), the material presents
the shape memory effect. On the other hand, for the
other temperatures, the material is characterized by
pseudoelastic behavior with the presence of a residual
strain due to TRIP after the mechanical load removal.
Furthermore, throughout the tests, the temperature
increase is associated with a hysteresis shift, which is
related to an increase of phase transformation critical
stresses (stresses where the start and finish of phase
transformations occur).

The SMA cyclic-dependent response is evaluated by
considering a specimen subjected to a training process
considering a quasi-static cyclic tensile test with a peak
stress of 900 MPa and a stress rate of 150 MPa min™~".
SMA training can be conducted by applying cyclic

mechanical loading until a stabilized response is
reached. This stabilization process represents the effect
of the TRIP strain, being an essential procedure for the
use of shape memory alloys, enabling repeatability.
Figure 8(a) shows the stress-strain curves obtained
from 25 cycles. Note the stabilization of the TRIP
strain throughout the cycles, the decrease in the size of
the hysteresis loop, and the reduction of the phase
transformation critical stresses, where the phase trans-
formations start and finish. Figure 8(b) presents the
evolution of the strain experienced by the sample over
the cycles, indicating a stabilization after approximately
20 cycles.

Numerical simulations are carried out in the sequel
to evaluate the model capabilities to describe the ther-
momechanical behaviors of SMAs. It should be pointed
out that experimental data has temperature-dependent
and cyclic-dependent behaviors.

4. Numerical simulations: Temperature-
dependent behavior

The SMA temperature-dependent behavior is now of
concern considering the experimental tests developed in
the previous section as reference. The idea is to estab-
lish the model capability to describe the SMA thermo-
mechanical behavior. Experimental tests at 7 = 258K
(shape memory effect) and 7= 318K (pseudoelasti-
city), presented in Figure 7, are employed to establish
the Preisach triangles and Everett surfaces. On this
basis, 100 divisions of the experimental stress-strain
space are used to obtain the experimental points to
build the Preisach triangle. Figure 9 shows the
numerical-experimental comparison where it is possible
to observe that the Preisach model can represent the
shape memory effect and pseudoelasticity of shape
memory alloys with good agreement. The Everett sur-
faces obtained for both temperatures are also pre-
sented. It should be pointed out that the simulations
capture the phase transformation together with
transformation-induced plasticity responsible for the
residual strain of the high-temperature behavior.

Based on the results of the Preisach model, prismatic
interpolation can be employed to evaluate any tempera-
ture contained in the interval between both curves
described by the Preisach model. On this basis, tem-
perature is the third dimension of the prisma and
numerical-experimental comparisons are established
for the following temperatures: 292, 298, 303, and
313 K. Figure 10 presents results for these intermediate
temperatures, and results once again present a good
agreement. It should be observed that experimental
data presents transformation-induced plasticity, and
the model is able to capture this behavior with good
agreement. Therefore, the novel triangular prism
approach is capable of capturing the general SMA
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thermomechanical behavior from two reference tem-
peratures, making the model a versatile tool for describ-
ing the temperature-dependent behavior of SMAs.

5. Numerical simulations: Cyclic-dependent
behavior

The description of cyclic-dependent responses is now
analyzed considering the proposed approach.

Transformation-induced plasticity (TRIP) is employed
as a reference case, using the experimental tests of
Figure 8. On the basis, the evolution of the TRIP strain
along the cycles is adopted as the third coordinate for
the building of the prismatic domain, using the first
and last cycles of the experimental result to define the
Preisach triangles and Everett surfaces. Once again,
100 divisions of the experimental stress-strain curve are
used to build the Preisach triangle and Figure 11 shows
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Figure 8. Quasi-static tensile tests of a pseudoelastic NiTi wire at a temperature of 303 K, training procedure at a maximum stress
of 900 MPa, and a loading rate of 150 MPa min~': (a) cyclic stress-strain response presenting 25 cycles, (b) TRIP strain stabilization
throughout the cycles.
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Figure 10. Stress-strain curves predicted by the model considering intermediate temperatures, together with experimental data:

(2) 292 K, (b) 298 K, (c) 303 K, and (d) 313 K.

the numerical-experimental comparison for the refer-
ence cases together with the Everett surfaces. A good
agreement is observed, showing the ability of the
Preisach model to match the pseudoelastic response.
The prismatic approach is now of concern in order
to represent intermediate cycles during TRIP strain
evolution. Figure 12 shows a numerical-experimental
comparison considering intermediate cycles: 2, 6, 10,
15, 20, and 24. Once again, it should be pointed out the
good agreement between numerical and experimental
results, showing the prismatic model capability to
describe the general SMA pseudoelastic response,
including the stabilization process of the TRIP strain.

6. Conclusions

This work proposes a novel prismatic approach, based
on the Preisach model, to describe hysteretic behavior
of smart materials. The classical Preisach model is
defined from elementary operators defined within an
abstract triangular space. The novel model adopts a
prismatic domain that extends the triangular domain

incorporating a new axis that can represent variables
associated with distinct phenomena.

Shape memory alloy thermomechanical behavior is
adopted as a case study, being representative of other
smart materials. Thermal and mechanical experimental
tests of NiTi wires are employed to establish reference
cases. Mechanical tests consider temperature-dependent
behavior including shape memory effect and pseudoe-
lasticity. In addition, cyclic loading tests are performed
to observe transformation-induced plasticity, showing
typical SMA training tests.

Based on the reference experimental data, the
Preisach model is employed to match two cases related
to either the temperature-dependent behavior or
the TRIP phenomenon. Afterward, a prismatic
approach is employed to evaluate intermediate situa-
tions, not adjusted by the original model. Concerning
temperature-dependent  behavior, shape memory
and pseudoelastic cases are adjusted and afterward,
intermediate temperatures are interpolated. Regarding
the TRIP behavior, the first and last cycles are adjusted
by the Preisach model, and afterward, intermediate
cycles are interpolated from the prismatic approach.
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Figure 11. Preisach model employed to describe the stress-strain curves for two reference cycles related to transformation-

induced plasticity tests: (a) numerical-experimental comparison at the first cycle, (b) numerical-experimental comparison at the last
cycle, (c) Everett surface at the first cycle, and (d) Everett surface at the last cycle.

Numerical simulations are compared with experi-
mental data showing very good agreements, attesting to
the model capability to capture the main features of the
hysteretic behavior of smart materials, particularly the
SMA thermomechanical behavior, properly describing
different aspects related to SMA behavior. The authors
believe that this is a powerful data-driven approach in

which simplicity can be useful for several simulation
purposes. Other smart materials can be analyzed with
the same approach, showing the multidisciplinary char-
acteristic of the model. In addition, it is possible to
expand this approach considering hypersurfaces that
include more than one extra axis, simultaneously treat-
ing different phenomena.
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Figure 12. Stress-strain curves predicted by the model considering different cycles of the TRIP test, together with experimental
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