Journal of Techniques, ISSN: 2708-8383, Vol. 6, No. 4, 2024, Pages 81-90
DOI: https://doi.org/10.51173/jt.v6i4.2599

N e,
ZX° A JOURNAL OF TECHNIQUES ==

. . ‘ e
\\mJ Journal homepage: http://journal.mtu.edu.ig ""
RESEARCH ARTICLE - MECHANICAL ENGINEERING

IEF0
Nonlocal Modeling of Superelastic Behavior in Thin Plate with Central Hole Shape
Memory Alloys Under Mechanical Loads

Mohammed Saad Qasim?*

!Mechanical Engineering Department, Faculty of Engineering and Built Environment, Universiti Kebangsaan
Malaysia (UKM), Bangi, Malaysia

* Corresponding author E-mail: p121746@siswa.ukm.edu.my

Article Info. Abstract

Smart metallic materials known as Shape Memory Alloys, or SMAs, have unique deformation attributes, which consist of
the shape memory effect as well as superelasticity. In this research, a non-local model of NiTi has been developed to
illustrate small-volume SMAs' superelastic behavior. First, an exhaustive overview of the literature was conducted to
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1. Introduction

Shape memory alloys (SMAS) are smart metallic materials with reversible deformation attributes. The SMA's deformation restoration may be
classified as superelasticity and the shape memory effect, primarily based on various strategies [1]. The material's potential to regain enormous
deformations after heating as an outcome of the temperature-induced degree transformation is called the "shape memory effect”. Meanwhile,
superelasticity is the material's ability to revert to its preliminary form after being unloaded due to the stress-induced phase transformation.
SMAS' particular attributes, like their superelasticity, shape memory effect, good biocompatibility, and high corrosion resistance, make them
appealing for diverse uses in biomedicine, aviation, vehicles, civil engineering, aerospace various applications, surgical tools, medical appliance
and different industries [1-4]. Superelastic SMAs can be applied as passive control systems in civil engineering, while the shape memory effect
in SMAs is commonly used for active control applications Consequently, superelastic SMAs are of significant interest in controlling the seismic
response [5,6]. SMA materials are available in various forms, including wires, rods, springs, washers, and plates. Unfortunately, these SMA
material compositions are either too costly for large-scale applications or unable to meet the high force capacity requirements of the majority
of civil engineering applications. For instance, SMA bars present challenges in machining. When subjected to repeated pressure, the threaded
end of the bar is a vulnerable location for initiating cracks, potentially leading to an early fracture. For a fair price, SMA cables composed of
multiple SMA wires may offer a sizable force capacity [7]. Effective end anchoring methods for SMA cables were recently designed and tested
[8]. As a result, there has been a growing interest in using SMA cables when they are being employed within civil and structural engineering
domains to build seismic control systems [9] and isolation systems.

When it comes to dynamics, the nonlocal method is a mathematical and computational technique that takes into account interactions over a
limited distance, not only at a single place. It's considered an advanced concept that accounts for the material's mechanical response over a
region, leading to more accurate models and better performance predictions in applications involving these unique materials. It reduces
numerical dispersion caused by coarse meshes by making model mesh density constraints in spatial domain discretization less stringent [10—
13]. Numerical dispersion emerges when the distances between nodes in a model are comparable to the wavelengths. Additionally, nonlocal
elasticity through long-range interactions facilitates the formulation of dispersion relationships for arbitrary shapes [14, 15]. There are many
applications for nonlocal elasticity in different physical fields, materials, as well as academic domains. Firstly, nonlocal approaches effectively
address challenging modeling issues related to geometric discontinuities (e.g., cracks) that pose difficulties for locally formulated classical
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Nomenclature & Symbols

SMA Shape Memory Alloy NITI Nickel Titanium
FEM Finite Element Method ZM Zaki_Moumni Model
NDC Nitinol Devices & Components UEL User Element

LP Laplacian Operator

elasticity because of equations based on gradients. Various kinds of geometric discontinuities, such as those brought about by boundary
conditions and material nonlinearities, introduce ambiguity in derivative calculations. Nonlocality resolves this by introducing integral-based
expressions, reducing or eliminating such inconveniences. Furthermore, nonlocality enables the modelling of spontaneous crack growth in
numerical simulations [16,17]. Other applications of nonlocality encompass vibro-acoustic interaction [11], model upscaling [18], regularization
of boundary value problems [19], impact loading [20], viscoelasticity [21], thermal diffusion [22], thermoelectricity [23—-25], piezoelectricity
[26, 27], and the theory of generalized continua for granular media [28]. Nonlocal elasticity has also been successfully applied to model graphene
[29, 30] and shape memory alloys (SMAs) [11,31,32]. However, nonlocal modeling is an approach that accounts for the impact of a material's
condition over a finite spatial region rather than just at a single point, but it has two disadvantages worth mentioning: the computational costs
involved and parameter identification for nonlocal models. Achieving a more reliable material description necessitates an increased number of
interactions between body parts and complex material models with coefficients that govern long-range interactions. This leads to more
computationally demanding system matrices and comprehensive. The exceptional physical properties of SMAs have enabled various practical
applications. Both memory effects and superelasticity are highly desirable attributes that have opened new possibilities for SMA utilization in
structures with less stringent requirements regarding movable components, available space, and biocompatibility. Consequently, a novel
analytical model has been proposed for superelastic helical SMA springs under axial loading. Here, the model is specifically designed for
springs together with an index greater than 4 and a pitch angle greater than 150 degrees, which are frequently used in applications in engineering.
It is developed via the ZM constitutive model for SMAs (Zaki and Moumni model, a three-dimensional model of the thermomechanical
behaviour of shape memory alloy). The model's major objective is to exactly forecast the helical spring's axial force-deformation relationship
whilst accounting for the phase transformation that occur inside the SMA material. By considering this transformation and incorporating the
ZM constitutive model, the analytical model gives a comprehensive knowledge of the spring's behaviour. To validate the proposed model, the
researchers compared its outcomes with those received from 3-D finite element analysis. This comparison allows the establishment of the
accuracy and reliability of the analytical model in describing the complicated conduct of the superelastic helical SMA springs [33].

However, modeling the behavior of SMAs remains a challenging task, specifically while taking into consideration their complex microstructure
and the nonlocal nature of the material. The nonlocal method has been shown to be powerful in predicting the behavior of substances with a
characteristic length scale [34]. Therefore, in this study, we propose to develop a nonlocal model to simulate the superelastic behavior of SMAs.
Then, we aim to compare the results obtained from the nonlocal model with experimental findings available in the literature. We will also
investigate the impact of different parameters like the characteristic length scale and the strain rate on the superelastic behavior of small volume
thin plate SMAs

2. Methodology

Building on the prevailing body of research, the current investigation is devoted to characterizing the mechanical response of Shape Memory
Alloy (SMA) plates under uniaxial deformation. In the first part of the research, a user-defined subroutine referred to as UEL was used to
simulate the material response. The subroutine UEL in the Abaqus software program must be used to generate a particular finite element to
avail such modeling numerically. The accuracy of the material model is rigorously demonstrated by comparing its predictions with experimental
data obtained from NiTi SMA tests, considering that NiTi alloys are regarded as the material of choice for technical applications because of
their outstanding functionality and biocompatibility [35]. Subsequently, a detailed analysis was undertaken to model a square plate with a hole.
The plate’'s behavior is systematically explored, first by changing the internal length parameter to recognize its effect. Following this, a
comprehensive parametric study was conducted, investigating the influence of hole diameter and plate length on the general responses of the
simulated plate while maintaining specified material properties. This established method guarantees a thorough investigation of the SMA plate's
mechanical behavior, providing valuable insights into its response under various conditions.

2.1. Model development

The method elucidates the superelastic characteristics underlying the phase transformation. Phase transformation localization and dissemination
occur in the presence of persistent stress. To address this, the second gradient implicit technique initially created for damage and nonlocal
plasticity has been utilized [36]. The use of this methodology for the localization of phase transformation is also presented in the reference
mentioned [37]. Here, we summarize the main equations.

The research conducted by Merzouki [37] demonstrates that the nonlocal volume percentage of the martensite material point can be
approximately represented by the following partial differential equation, which is derived from an integral definition.
= 292 Fr= _ —>- (l)

fQO -1V = FQ0,
where V2 Laplacian operator (Lp). It is crucial to observe that the martensite's local volume fraction is of utmost importance, where f(¥)
represents the origin of the term in the equation for the partial derivative. The parameter symbolizes an internal length parameter that regulates
the size of the localization region as well as the interaction range between the material point and its surroundings. The process is completed by
implementing a Neumann-type condition on the nonlocal martensite volume fraction at the domain’s boundaries. Q (Vf = 0 onT). This

boundary condition assumes that the transformation front is constant at the domain boundary. Integrating this condition with Equation (1) leads
to the following:
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This condition indicates that local and nonlocal formulations yield the same martensite in domain Q. Importantly, contrary to the notion in [34],
the deviatoric stress tensor direction does not always orient the martensite local volume fraction.

To account for deformation, the nonlocal formulation modifies the yield transformation force associated with the martensite local volume
fraction. The following equation describes how forward or reverse phase transformations develop:

( F Fl ex (— i f)if—f>0
yield—nonlocal=" yield p Hp+1 ’
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Where Hf is a material parameter factor that regulates the deformation in relation to the nonlocal martensite volume fraction. By using the
nonlocal formulation, the state of a material point is contingent upon its internal dynamics and its interaction with its surrounding environment.,
f . By using the nonlocal formulation, the state of a material point is contingent upon its internal dynamics and its interaction with its surrounding
environment. field Eq. (1) that governs this interaction is specified throughout the whole structure domain; the nonlocal internal variable, £, is
unknown and the scope of the interaction is controlled by the internal length parameter, 1.

Equation (4) is numerically solved using the finite element program Abaqus, employing a user-defined subroutine called UEL. The algorithm
outlined in (Fig. 1) is implemented in this subroutine, which computes, with regard to degrees of freedom, the updated values of stress, tangent
operators Eq. (5), internal variables, residual forces Eq. (4), as well as their derivatives. The integrals required for these calculations are
computed using Gauss's method.
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Where Qe is the finite element volume and T2 its boundary surface, the corresponding linearized form from Eq. (4) requires the
determination of the following tangent operators derived from the nonlocal behavior model
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A customized finite element formulation simulates thin SMA structures subjected to mechanical loads and phase transformation localization.
This formula is designed for the numerical modeling of thin SMA structures [38].

The full numerical findings from the simulations have been analyzed in the following part, emphasizing SMA structure behavior and properties
under various mechanical stress circumstances.
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Fig.1. Schematic view of the numerical resolution algorithm implemented in the UEL subroutine [39]

Fig. 2 presents the boundary condition and dimensions of the 2-D simulated SMA plate. On the upper and lower edges of the plate, a simple
uniform uniaxial tensile stress is applied in opposite directions.

2.2. Model validation

To validate the model, the material properties were initially confirmed by simulating a standard tensile test based on experimental data. Once
the material properties were validated, the model of a square plate was examined. The simulated model was centered around an SMA Nitinol
tubing (Ti 49.2 at. %, Ni 50.8 at. %), having a 4.64 mm outer diameter, as well as a 0.37 mm thickness that had been acquired from NDC
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(Fremont, CA). In order to test the tubing, specimens measuring 75 mm were made by grinding down the tubing along the test section's 25 mm
center. This produced an hourglass-shaped specimen with a 4.3 mm outer diameter. This modification aimed to minimize end effects during
testing (as shown in Fig 3). Consequently, pertaining to the gauge section, the wall thickness was decreased to 0.2 mm, generating a roughly
1:10 thickness-to-radius ratio. This meticulous preparation ensured the suitability of the model and its alignment with real-world material

properties [40].
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Fig. 2. Schematic diagram of the boundary condition and dimensions of a 2-D SMA plate in tension and its FEM model
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Fig. 3. Dimension of Tensile Specimen [40]

2.3. Sensitivity analysis

To optimize analysis time, mesh sensitivity analyses were performed on a model featuring various simplifications. The finite element model
employed in these analyses considered six distinct mesh densities with element sizes across the plate area in increments of 5 mm, 10 mm, 20
mm, 30 mm, 40 mm, and 50 mm. This comprehensive examination aimed to streamline the analysis process while ensuring that the mesh size
variations captured the intricacies of the model.

2.4. Parametric study

In the detailed parametric analysis undertaken, several crucial variables had been scrutinized with utmost precision. Specifically, the
repercussions of various hole diameters and plate lengths were investigated. This investigative mission delved into a complicated exploration
of stress distribution, spanning the complete surface of the plate Each parameter was meticulously tested by exploring a diverse range of values
in isolation. This approach facilitated a nuanced and exhaustive exploration of the outstanding effect associated with each parameter being

studied.
2.4.1. Effect of hole diameter

An exhaustive analysis was carried out, meticulously studying the effect of 4 discrete hole diameters, particularly 5 cm, 10 cm, 15 cm, and 20
cm. (with a fixed plate length of 40 cm) As the diameter increased progressively, greater stress amplification occurred, highlighting the
possibility of local failure.

2.4.2. Effect of plate length

In examining the second parameter of this study, which concentrates on plate length, a comprehensive exploration encompassed four specific
values: 40 cm, 60 cm, 80 cm, and 100 cm. For the research of these values, a regular hole diameter of 5 cm was maintained, enabling focused
investigations of the impact of different plate lengths on the general structural behavior.

3. Result and Discussion

The findings are systematically categorized based on the main investigations conducted, which consist of analyzing the material response
through mechanical cycling. The detected parameters encompass hole diameter and plate length. The overarching goal of this section is to
identify and record important material parameters essential for the subsequent computational study. Through a meticulous examination of these
various parameters, the focus was on understanding the complex factors governing the mechanical behavior of the material under various
conditions, providing a basis for informed analysis and interpretation.
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Shape memory nitinol alloy experimental test data was used to determine the material's characteristics. More specifically, the tensile test was
used to determine the primary parameters. The procedure involves simulating a tensile test specimen and then validating the results by
comparing them with both the model's predictions and the test data. This meticulous comparison ensured the accuracy and reliability of the
obtained material properties. Fig. 4 shows the simulated model and its dimensions.

25 mm

re=l.5 mm

25 mm

25 mm

Fig. 4. Tensile test specimen; a) Dimensions of the specimen, b) Simulated specimen, c) Analyzed specimen.

Fig. 5 illustrates a notable alignment between experimental and numerical behaviors. This correspondence indicates that the models effectively
capture the material's characteristics, providing an accurate representation. Consequently, these models demonstrate their reliability and
suitability for subsequent studies, affirming their potential as tools for further exploration and analysis as shown in detail in Table 1.

Stress(MPa)
[ S S T 7 B S
(=] (] = = =
= (=] = = = =
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——EXP. ——FEM

Fig. 5. Comparison between simulated and experimental behaviors of material

Table 1. Comparing the retrieved values for the numerical and experimental models

Strain EXP. Stress (MPa) FEM. Stress (MPa)
0.000146 0 0
0.011117 394.0603 362.1077
0.038202 385.195 390.1547
0.054569 388.7411 395.6093
0.060994 441.0461 445.7028

0.04962 185.727 159.6913
0.041344 128.9894 135.4564
0.021273 148.4929 150.6485
0.007829 140.5142 105.4564

0.00335 110.3723 70.1645
0.000243 0.443262 0.011
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Mesh sensitivity analyses were conducted using a model with several simplifications, allowing a reduction in analysis time. The finite element
model for the mesh sensitivity analyses is illustrated in Fig. 6. Six different mesh densities were examined and included 50, 40, 30, 20, 10 and
5 mm element sizes through the plate area. The same loading conditions were applied for each model. The force-displacement response for
each of these models is shown in Fig. 7.

50 mm 40 mm 30 mm

5 mm

20 mm 10 mm

Fig. 6. Finite element models for mesh sensitivity study
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Fig. 7. Stress-strain curves for mesh sensitivity models

In Fig. 7, “stress-strain” refers to the input displacement that is prescribed to the plate. As illustrated by Fig. 7, the stress-strain response for all
models is very similar. Referring to the stress-strain response between 350MPa and 470 MPa, the 50-, 40-, 30- and 20-mm mesh size models
are still similar to the others, whereas the 10mm and 5mm mesh size models are nearly identical. Approximately 5934 elements were used in
the 5mm model, while 1481 were used for the 10mm models. As a result, the 5mm model ran for about 3 times longer than the 10 mm model.
Considering the analysis time required and the similarity between the 10mm and 5mm mesh size element models, the 10 mm provided was
considered appropriate for providing a representative response. A minimum mesh size is established by this sensitivity analysis, although The
results suggest using a finer mesh.

The phenomenon is apparent when the internal length parameter is smaller than the hole size, resulting in a localized phase transformation
within the structure. Notably, this localization diminishes entirely as the internal length parameter attains higher values, indicating a
homogeneous phase transformation, as shown in Table 2. This approach proves valuable.

For investigating the size effect of a defect within a structure. To further enhance its applicability, a comparison with experimental field
measurements is recommended to identify the optimal value for the internal length parameter in a specific material. Furthermore, it is evident
that with an increase in strain, higher stresses are generated in the region surrounding the hole. This observation underscores the significance
of understanding the relationship between strain levels and stress distribution, providing valuable insights into the mechanical behavior of the
material in proximity to the hole.

3.1. Parametric study

In the parametric analysis, two key variables were meticulously examined: the impact of hole diameter and plate length. This investigation is a
detailed exploration of stress distribution across the whole of the plate's surface. Each parameter underwent a thorough investigation with a
diverse range of values considered independently, rendering a nuanced and exhaustive examination of their respective effects.

3.1.1. Effect of hole diameter
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An accurate examination of four distinct hole diameters, 5, 10, 15, and 20 cm, was undertaken. The findings, illustrated in Fig. 8, show that as
the hole diameter expands, stress distribution intensifies, mainly towards the corners. This escalating diameter-induced stress amplification
heightens the chance of local failure, confirming the critical role of hole size in influencing structural integrity

Table 2. Effect of strain amplitude and internal length parameter on general behavior of the SMA plate
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Fig. 8. Effect of hole diameter on the general behavior of the SMA plate
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3.1.2. Effect of Plate Length

In examining the second parameter of this study—plate length—four specific values were explored: 40, 60, 80, and 100 cm, with a fixed hole
diameter of 5 cm for the investigated values. The insights gleaned from Fig. 9 vividly illustrate a pronounced pattern: as the plate length extends,
there is a noteworthy and substantial reduction in stress concentration. This phenomenon is predominantly attributed to the inherent correlation
between length and strength, where an increase in length corresponds to an enhancement in structural resilience. This results in a significant
decrease in stress concentration.

S, Mises
(hvg: 75%)
+5.187e+02

432776402
+2,95%e+02
+2.6408402

+1.367e402

40 cm HHE HH 60 cm

80 cm 100 cm

Fig. 9. Effect of plate length on the general behavior of the SMA plate

4, Conclusion

A finite element model, including a nonlocal description related to the martensitic phase transformation, has been established and executed
successfully by employing the commercial finite element code Abaqus. This innovative model introduces a crucial internal length parameter
that has a close connection to the material's microstructure and allows for the identification of phase transformation localization within thin
films. The numerical exploitation of the user subroutine UEL simulations showed an excellent ability to reflect the material's behavior.
Whenever the hole size is greater than the internal length parameter, a localized phase transformation within the structure results. Notably, this
localization diminishes entirely as the internal length parameter attains higher values, indicating a homogeneous phase transformation. The
outcomes showed that mechanical behaviour, regardless of the material's dimensions or properties, involves noticeably distinct features for
every change. Also, as the hole diameter expands, stress distribution intensifies, particularly towards the corners. This escalating diameter-
induced stress amplification heightens the likelihood of local failure. Finally, there is an inherent correlation between length and strength, where
an increase in length corresponds to an enhancement in structural resilience. As the plate length extends, there is a noteworthy and substantial
reduction in stress concentration.
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