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Abstract: The shape memory effect and superelasticity of nickel-titanium shape memory alloys offer
substantial benefits for anti-loose devices. This study presents the design of an anti-loose gasket
utilizing these alloys. A finite element numerical model of the gasket is developed using ABAQUS
software, incorporating the superelastic constitutive model, to examine its deformation and stress
under three distinct loading conditions: pre-tightening, tightening, and unloading. Based on the
findings from the numerical analysis, we propose an optimized design for the gasket's size and
shape to augment its anti-loose efficacy and adaptability. This investigation lays a foundational
theoretical framework and offers technical insights for employing shape memory alloys in anti-loose
device engineering, underscoring its significant practical implications.

Keywords: Nickel-Titanium Shape Memory Alloy; Anti-Loose Gasket; Numerical Simulation;
Optimization Design

1. Introduction

Bolt connections, the most prevalent form of fastener connection, are extensively utilized across
various industrial sectors including machinery, aviation, and power[1,2]. For example, a significant
number of bolts can be found in components such as transmission line suspension clamps and
transmission towers[3]. During equipment operation, factors such as vibrations, impacts, and
alternating loads inevitably cause the connecting bolts to loosen or dislodge[4], potentially leading to
severe accidents. This not only results in substantial economic losses but also poses a serious threat
to human safety[5,6]. Consequently, the identification of a straightforward yet effective method to
prevent threaded connections from loosening has emerged as an urgent issue requiring resolution.

Shape Memory Alloy (SMA) is a functional material renowned for its ability to revert to its
original shape under specific conditions[7,8]. This unique property primarily arises from its
thermoelastic martensitic phase transformation, enabling reversible alterations in the crystal
structure with temperature fluctuations[9,10]. The inherent shape memory effect and superelasticity
of SMA confer substantial benefits in the realm of anti-loose devices[11,12]. In this study, we design
an anti-loose gasket utilizing SMA. Employing the ABAQUS finite element software, we conduct
stress and deformation analyses on the SMA anti-loose gasket to assess its performance across
various sizes and shapes.

2. Design of Ni-Ti Shape Memory Alloy Anti- Loose Gasket

Shape memory alloys represent a novel class of functional metallic materials. These alloys
possess an inherent initial shape and can revert to this original form when exposed to stimuli such as
heat, light, or electricity following low-temperature deformation[13]. Notably, Ni-Ti shape memory
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alloys stand out within this group. Composed of binary nickel and titanium alloys, they not only
exhibit the shape memory effect but also demonstrate exceptional superelasticity.

The Ni-Ti shape memory alloy exhibits a unique property whereby it can fully recover from
large nonlinear deformations once the external force is removed[14]. This remarkable characteristic
stems from the martensitic phase transformation that takes place during loading, and its reverse
during unloading[15]. This superelastic effect enables the shape memory alloy to swiftly revert to its
original state post-stress, thereby demonstrating superior elasticity and recovery capabilities. Such a
feature renders the Ni-Ti shape memory alloy an ideal candidate for the fabrication of high-
performance anti-loose gaskets[16]. The chemical composition of the shape memory alloy used in the
manufacture of the gasket discussed in this paper is detailed in Table 1, with a thickness of 2mm.

Table 1. Chemical composition of Ni-Ti shape memory alloy (wt.%).

Ni Ti \ C N H 0]
56.01 Re. 0.47 0.058 0.004 0.0009 0.041

The design of an anti-loose gasket was illustrated in Figure 1(a). The gasket's inner hole
diameter, the transverse distance of its bent section, the difference between the inner and outer radii
of the upper contact surface annulus, the difference between the inner and outer radii of the lower
contact surface annulus, and the upper convex thickness are denoted as R, H, H1, H2, and V
respectively (as depicted in Figure 1(b)).

Figure 1. Design of the anti-loose gasket: (a) shape and (b) size parameters.

3. Establishment of the Finite Element Model for Anti-Loose Gaskets

In order to optimize the shape and size of the gasket, this paper uses the general engineering
finite element simulation software ABAQUS to numerically simulate the deformation and stress
distribution of the gasket under force.

3.1. Calculation Model and Mesh Generation

In numerical simulations, the computational domain encompasses three distinct components:
the gasket, the bolt, and the perforated steel plate. Utilizing ABAQUS's integrated modeling module,
these individual "parts" are meticulously created and subsequently assembled to construct the
comprehensive structural model[17].

With the inner hole diameter (R) of the gasket set at 4 mm, the convex thickness (V) on the bent
section at 2 mm, the transverse distance (H) at 6 mm, the difference in inner and outer radii (H1) of
the upper contact surface at 3 mm, the difference in inner and outer radii (H2) of the lower contact
surface at 6 mm, the bolt size as M8 standard, and the steel plate dimensions at
500mmx500mmx10mm, the resulting structural model is depicted in Figure 2(a).

In the transient dynamic analysis of large deformation or high-speed dynamic loading, the
C3D8R eight-node tetrahedral element demonstrates superior computational accuracy and
convergence[18,19]. This study employs this element to execute "reduced integration" meshing on
the structural model[20,21]. To minimize computational demands, the mesh size for the gasket
component is reduced, while those for the bolts and steel plates are marginally larger[22,23], yielding
the computational mesh depicted in Figure 2(b).
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Figure 2. Numerical simulation of (a) structural model and (b) computational grids.

3.2. Material properties

Three specimens were meticulously cut from a Ni-Ti shape memory alloy plate, adhering to the
dimensions illustrated in Figure 3, utilizing an electrical discharge wire cutting machine. Tensile tests
were conducted on these specimens using the CMT-30 electronic universal testing machine at a strain
rate of 2%/min. The LVE-5M PRO DIC video extensometer was employed to accurately measure the
real-time major strain distribution of the specimens, as depicted in Figure 4. The resulting stress-
strain curve of the material is presented in Figure 5.

Figure 4. Main strain distribution at different stages of Ni-Ti shape memory alloy stretching.
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Figure 5. Stress-strain curve of Ni-Ti shape memory alloy.

The stress-strain curve was analyzed using Origin software, revealing an elastic modulus for the
material of 584.08 GPa and a yield strength approximating 552 MPa. The phase transformation from
austenite to martensite commences at approximately 1.85% strain. By the time the strain reaches
6.52%, the material's structure has fully transformed into martensite.

The stress-strain data for the Ni-Ti shape memory alloy was incorporated into the "Property"
module of ABAQUS software. We employed all superelastic constitutive models, namely
Polynomial, Ogden, Reduced Polynomial, Arruda-Boyce, Van Der Waals, and Marlow, to assess the
data[24,25]. Models exhibiting substantial deviations between fitted and test data were systematically
excluded, leading to re-evaluation. The outcomes of this assessment are presented in Figure 6. It
clearly indicates that the Marlow model aligns closely with the tensile test data for the nickel-titanium
shape memory alloy. Consequently, the material test data as interpreted by the Marlow model is
designated as the " superelastic” property for subsequent computations.

The bolts and steel plates were fabricated from standard 304 stainless steel, ensuring consistent
material properties throughout the experiment.

Figure 6. The Marlow model aligns well with the performance of material experimental tests.

3.3. Boundary and loading conditions

The gasket, bolt, and perforated steel plate are aligned with "concentric" constraints. The upper
surface of the gasket is in "frictional contact” with the underside of the bolt head, while its lower
surface makes "frictional contact" with the top surface of the steel plate. The outer cylindrical surface
of the bolt shank engages in "frictional contact" with the inner cylindrical surfaces of the holes present
in both the gasket and the steel plate. A sliding friction coefficient of 0.2 is assigned to each contacting
surface. The bottom surface of the perforated steel plate is "rigidly fixed."
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The simulation calculation employs a distributed loading method, segmenting the entire force
process into three distinct stages: "pre-tightening”, "tightening", and "unloading". The displacement
of the contact surface between the bolt head and the gasket serves as the control variable. A
downward movement of 0.1mm of this surface is categorized as "pre-tightening", while a downward
movement of Imm is classified as "tightening". Finally, resetting the displacement of this surface to

zero is defined as "unloading".

3.4. Stress and deformation calculation results

Upon completion of the calculations, deformation and stress cloud diagrams for the gasket
throughout the "pre-tightening - tightening - unloading" stages are derived, as depicted in Figure 7.
This is viewed from the longitudinal section of the gasket. The progression of deformation and stress
at the contact point between the upper surface of the gasket and the screw rod during these three
stages is illustrated in Figure 8.

The Figure illustrates that the deformation and stress of the gasket during the three stages - pre-
tightening, tightening, and unloading - are axially symmetrical. The maximum deformation and
stress occur at the intersection of the gasket, bolt head, and screw rod during the loading phase. Post
unloading, the peak residual stress and deformation are found at the gasket's "shoulder". Upon
complete unloading, the residual deformation and stress of the gasket are minimal. This suggests that
the superelasticity characteristic of the Ni-Ti shape memory alloy provides a significant advantage in
the manufacture of anti-loose gaskets.

Figure 7. Deformation (al-a3) and stress (b1-b3) of gasket in pretightening, tightening and unloading
stages.
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Figure 8. Evolution of gasket deformation and stress in the three stages of "pre-tightening-tightening-
unloading".
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4. Optimization Design of Anti-Loose Gasket Shape

4.1. The effect of thickness

While keeping other parameters constant, the convex thickness (V) of the gasket's bent section
is adjusted to 1.5mm, 2.0mm, 2.5mm, and 3.0mm respectively. For each setting, structural models are
developed and meshed for recalculation. Numerical calculations and statistical analysis reveal the
progression of deformation and stress on the gasket's contact surface relative to the screw position
during the three stages of "pre-tightening - tightening - unloading". These findings are illustrated in
Figure 9.
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Figure 9. Evolution of gasket deformation and stress during the "pre-tightening - tightening -
unloading" stages at different thicknesses.

The graph illustrates that an increase in the convex thickness of the bend section on the gasket
during the "pre-tightening" phase results in a minor decrease in gasket deformation, while stress
initially exhibits a slight increase, followed by a minor decrease. In the subsequent "tightening" phase,
both the deformation and stress of the gasket demonstrate a significant reduction. During the
"unloading" phase, the residual stress within the gasket progressively escalates, whereas the residual
deformation initially displays a minor decline, subsequently increasing to reach its nadir at a
thickness of 2.0mm.

4.2. The effect of inclination

With other parameters remaining unchanged, when the transverse distance H of the bending
section of the gasket is set to 2.0mm, 3.0mm, 4.0mm, 5.0 mm, 6.0mm, 7.0mm, and 8.0mm respectively,
the bending angles of the gasket are 45.0°, 56.3°, 63.4°, 68.2°, 71.6°, 74.1°, and 76.0° respectively.
Structural models were established for each and meshed for recalculation. Through numerical
calculations and result statistics, the evolution of deformation and stress on the contact surface of the
gasket with the screw during the "pre-tightening - tightening - unloading" three stages is shown in
Figure 10.

From the graph, it can be observed that as the bending angle increases, during the "pre-
tightening" phase, the deformation of the gasket slightly decreases, and the stress noticeably reduces
step by step. In the "tightening" phase, the deformation of the gasket first increases and then
decreases, with the stress gradually reducing. During the "unloading" phase, the residual
deformation of the gasket first decreases, then increases, and finally decreases again, while the
residual stress continuously diminishes.
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Figure 10. Evolution of gasket deformation and stress during the "pre-tightening - tightening -
unloading" stages at different inclination angles.

4.3. Influence of the outer diameter of the upper contact surface

With other parameters remaining unchanged, the difference in the inner and outer radii of the
annular contact surface on the gasket, H1, is set to Imm, 2mm, 3mm, 4mm, and 5mm respectively.
At this time, the outer diameters of the contact surface on the gasket are 10mm, 12mm, 14mm, 16mm,
and 18mm respectively. Structural models are established and meshed for recalculation. Through
numerical calculations and result statistics, the evolution of deformation and stress on the gasket's
contact surface with the screw during the "pre-tightening - tightening - unloading" three stages is
shown in Figure 11.
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Figure 11. Evolution of gasket deformation and stress during the "pre-tightening - tightening -
unloading" stages with different outer diameters on the upper contact surface.

From the graph, it can be observed that as the outer diameter of the upper contact surface
increases, during the "pre-tightening” phase, the deformation of the gasket gradually increases, with
little change in stress and slight fluctuations; in the "tightening" phase, the deformation of the gasket
first increases and then stabilizes, while the stress gradually decreases; in the "unloading” phase, the
residual deformation of the gasket changes slightly with minor fluctuations, and the overall trend of
the residual stress is to gradually decrease.

4.4. Influence of the outer diameter of the lower contact surface

All parameters were kept constant except for the difference in inner and outer radii of the
annulus on the contact surface under the gasket (H2). When H2 was set to 4.0mm, 5.0 mm, 6.0mm,
7.0mm, and 8.0mm respectively, the corresponding outer diameters of the contact surface under the
gasket were 34mm, 36mm, 38mm, 40mm, and 42mm. For each of these settings, structural models
were developed and meshed for recalculation. The numerical calculations and result statistics
revealed the evolution of deformation and stress on the contact surface of the gasket with the screw
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during the three stages of "pre-tightening - tightening - unloading". This information is visually
represented in Figure 12.
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Figure 12. Evolution of gasket deformation and stress in the "pre-tightening - tightening - unloading"
three stages when the outer diameter of the lower contact surface is different.

The graph illustrates that an increase in the outer diameter of the lower end face during the "pre-
tightening" phase initially results in minor fluctuations in gasket deformation, with stress levels first
decreasing slightly, then increasing. In the subsequent "tightening" phase, there are negligible
differences in both deformation and stress of the gasket. During the "unloading" phase, a similar
pattern is observed for both residual deformation and stress, where they initially decrease slightly,
before increasing once more. Notably, when the difference between the inner and outer radii of the
annular contact surface on the lower side measures 6mm, the residual deformation reaches its
minimum value.

In evaluating the gasket's design, both technical and production indicators were taken into
account. These include factors such as gasket deformation, stress, processing, and assembly. The size
parameters of the gasket are thus determined as follows: The internal diameter (R) is contingent upon
construction conditions. The convex thickness of the bent section measures between 2mm and 3mm,
while the lateral distance of this section ranges from 4mm to 7mm. This results in a bending angle for
the gasket of approximately 60° to 70°. Furthermore, the difference between the inner and outer radii
of the upper contact surface ring is between 2mm and 4mm, with the lower contact surface ring
exhibiting a minimum difference of 2mm between its inner and outer radii.

5. Conclusion

(1) This study employs a finite element model, utilizing ABAQUS software to numerically
simulate the deformation and stress experienced by Ni-Ti shape memory alloy anti-loose gaskets
throughout three stages: pre-tightening, tightening, and unloading. The research reveals that the
deformation and stress within the gaskets during these stages are axially symmetrically distributed.

(2) During the loading phase, the maximum deformation and stress occur at the intersection of
the gasket, bolt head, and screw rod. Upon unloading, the peak residual stress and deformation are
located at the "shoulder" of the gasket.

(3) The load-deformation characteristics of the designed gasket are influenced by its size
parameters. Considering technical aspects such as deformation and stress, along with production
factors like processing and assembly, the following size parameters for the gasket have been
established: The inner diameter (R) is dictated by construction conditions; the convex thickness of the
bent section ranges from 2mm to 3mm; the lateral distance of this section spans 4mm to 7mm,
resulting in a bending angle of approximately 60° to 70°; the disparity between the inner and outer
radii of the upper contact surface ring is between 2mm and 4mm; and for the lower contact surface
ring, this difference is at least 2mm.
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