actuators

Article

Mechanical Property Degradation of Entangled Metallic Wire
Materials under Vibration Environment: Experiments and
Prediction Models

Yanhong Ma !, Tianyu Liang 2, Yongfeng Wang >*(, Zhizhou Wang ! and Jie Hong 2

check for
updates

Citation: Ma, Y.; Liang, T.; Wang, Y.;
Wang, Z.; Hong, J. Mechanical
Property Degradation of Entangled
Metallic Wire Materials under
Vibration Environment: Experiments
and Prediction Models. Actuators
2023, 12, 418. https://doi.org/
10.3390/act12110418

Academic Editor: Giorgio Olmi

Received: 27 September 2023
Revised: 6 November 2023
Accepted: 7 November 2023
Published: 8 November 2023

Copyright: © 2023 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license (https://
creativecommons.org/licenses /by /
4.0/).

Research Institute of Aero-Engine, Beihang University, Beijing 100191, China

2 School of Energy and Power Engineering, Beihang University, Beijing 100191, China

*  Correspondence: wangyongfeng@buaa.edu.cn

Abstract: Entangled metallic wire material (EMWM) can be utilized as a novel elastic element in
vibration isolation devices for mechanical actuators. This paper presents a vibration experiment
aimed at investigating the degradation behavior of mechanical performance in EMWM under a cyclic
compressive environment. An electric vibration testing system, coupled with an isolation structure,
is employed to apply compressive loads to the EMWM specimens. Through visual observations and
quasi-static compression tests, the variations in geometric morphology and mechanical properties
are studied, considering different relative densities and vibrational stress amplitudes. The results
indicate a significant reduction in the compressed dimension of the specimens as the number of cycles
increases, without any wire fractures or wear. The mechanical properties exhibit an increasing secant
modulus and a decreasing loss factor. These variations ultimately lead to a gradual deviation of the
vibration characteristics of the isolation structure from its design state, including resonance frequency
and transmission rate. To forecast the mechanical property degradation of EMWM, prediction models
are proposed, incorporating its dimensions, modulus, and damping by fitting the experiment results.
This research provides valuable experimental data and presents an effective method to determine the
operational lifespan of vibration isolators utilizing EMWM.

Keywords: entangled metallic wire material; vibration experiment; cyclic compressive loads;
mechanical property degradation; prediction model

1. Introduction

The external actuators of aerospace crafts and submersibles are subjected to contin-
uous, severe fluid and mechanical excitations, where thin-walled components are prone
to vibration fatigue failure [1,2]. To address this issue, it is common to design vibration
isolation devices to reduce the stress and deformation of the actuators. In some demanding
engineering vibration environments, traditional silicone rubber isolators exhibit drawbacks
such as poor tolerance to high and low temperatures and susceptibility to aging [3,4]. En-
tangled metallic wire material (EMWM) is a functional porous material produced through
the winding, stretching, weaving, molding, and post-processing of metallic wires. Some
researchers have developed elastic elements in isolators using EMWM as a substitute for
silicone rubber [5,6]. Within its structures, numerous metallic wires interlock, connect, and
mesh together, creating a significant volume of voids [7-9]. When subjected to compressive
loads, the metallic wires undergo bending deformation, resulting in relative deformation
and dry friction between the wires. This unique behavior imparts excellent elastic (Young’s
modulus between 0.1 and 50 MPa) and damping properties (loss factor between 0.12 and
0.26) to EMWM due to its relative density [10-12]. With its notable advantages, such
as high- and low-temperature resistance, corrosion resistance, radiation resistance, and
the ability to tailor its mechanical properties through process parameters, EMWM offers
a broader range of engineering applications compared to traditional rubber materials.
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For instance, researchers have successfully utilized EMWM in areas such as vibration
isolation and damping [13,14], energy absorption [15-17], sound absorption and noise
reduction [18,19], and biomedical implants [20,21]. In these applications, EMWM is often
employed as a replaceable component that requires periodic replacement. However, the
determination of EMWM'’s service lifetime lacks established design criteria, and currently,
failure is typically recognized only when changes in its mechanical properties are observed
through experiments.

To address the issues of damage, failure, and durability of EMWM in engineering
applications, extensive research has been conducted [22-25]. For instance, under high-
amplitude tensile and compressive cyclic loads, EMWM primarily experiences wire wear
and fatigue failure, resulting in the generation of significant amounts of debris and broken
wires observed after experiments. Scanning electron microscopy reveals evident abrasion
marks and fracture surfaces on the internal surfaces of the metallic wires. Under torsional
loading, EMWM undergoes hardening, and the combined action of normal and shear
stresses leads to 45-degree cracking in the specimens [26]. Under sustained static loads,
the contact status of the internal metallic wires in EMWM undergoes changes, leading
to alterations in macroscopic geometric dimensions and mechanical properties. If the
strain values induced by the static load are small (less than 10% strain), EMWM does not
experience mechanical failure [27].

The application of EMWM in the field of vibration isolation involves the design of
various isolator configurations [28,29]. These isolators aim to significantly reduce vibration
transmission rates by adjusting the natural frequency of the isolated system through the
flexible support provided by elastic components. Due to the cold-press forming process, the
tensile and shear strengths of EMWM are generally low, making it suitable for withstanding
compressive cyclic loads [30,31]. Currently, the dynamic characteristics of EMWM isolators
have been studied by many researchers [32,33]. However, there are limited studies on the
degradation behavior of the mechanical property and the expected lifespan of EMWM.

This paper presents an innovative exploration of the degradation behavior of the me-
chanical properties of EMWM under cyclic compressive loads by using a typical vibration
isolation structure. The mechanical properties are analyzed through dimension measure-
ments and quasi-static compression tests. Prediction models are developed that accurately
forecast the mechanical property degradation of EMWM, considering key factors such as its
geometric dimensions, modulus, and loss factor. This research provides valuable insights
into EMWM'’s mechanical behaviors and a robust methodology for determining the opera-
tional lifespan of isolators. The organization of this paper comprises six sections. Section 1
is the introduction, providing an overview of the research. Section 2 briefly introduces
the EMWM specimens employed in the experiment. Section 3 introduces the methods
of the vibration experiment and the quasi-static compression test. Section 4 presents the
experimental results and discussions, encompassing the variations in vibration characteris-
tics of the isolation structure, geometries, secant modulus, and loss factor of the EMWM
specimens. In Section 5, prediction models for property degradation, aimed at predicting
operational lifespan, are presented. These models are developed through the fitting of
experimental data. Section 6 concludes this paper, summarizing the degradation behavior
of EMWM under a vibration environment and addressing the research’s limitations.

2. Material and Specimens

The metallic wires used in the production of EMWM were supplied by Anping Risheng
Wire Mesh Ltd., in Hengshui, China. These wires are made of stainless steel, specifically the
grade 0Cr18Ni9. The manufacturing process of EMWM specimens followed the procedures
illustrated in Figure 1. Initially, the metallic wires were tightly wound to form closely
spaced helixes using a wire winding machine. Subsequently, the helixes were stretched
into spiral coils according to the pitch parameter. These coils were then woven together
manually to create a blank. Finally, the blank was cold-pressed into EMWM specimens of
the desired shape using molds and a press machine.
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Figure 1. The manufacturing procedures of EMWM.

To maintain the geometrical characteristics typically applied in vibration isolators, the
EMWM specimens in the experiments were manufactured into a hollow cylindrical shape
with an outer diameter of 37 mm, an inner diameter of 18 mm, and a height of 15 mm, as
illustrated in Figure 2. These EMWM specimens were designed to be representative of the
mechanical characteristics due to their nominal size being more than 10 times the helix
diameter. These dimensions allow the specimens to accommodate a significant number of
coiled wires and minimize the influence of boundary layers.

Outer diameter
37 mm

Inner diameter

Relative density 0.10 Relative density 0.20 Relative density 0.25

Figure 2. The geometric parameters of EMWM specimens.

In the vibration experiment, several pairs of EMWM specimens were tested to in-
vestigate the influence of different relative densities and stress amplitudes on mechanical
property degradation. The manufacturing parameters used for the EMWM specimens are
presented in Table 1. Relative density is a controlled parameter in the manufacturing pro-
cess, and its actual value exhibits minimal deviations, which can be ignored in engineering
applications. A pair of specimens (labeled with a pair number) was utilized in a single
vibration experiment, and three pairs of specimens were manufactured with the same set of
parameters to minimize random errors. Specimens Al-3, B1-3, and C1-3 were employed to
investigate the influence of relative density. Specimens C1-3, D1-3, and E1-3, with the same
set of parameters, were used to investigate the influence of vibrational stress amplitude.
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Table 1. The manufacturing parameters of the EMWM specimens.

Pair .W1re .Hehx Pitch Relative Forming .Inner Quter Height Mass
Number Diameter Diameter (mm) Density Pressure Diameter Diameter (mm) 8
(mm) (mm) (MPa) (mm) (mm)
Al 0.10 1.1 1.1 0.10 11.57 17.97 37.04 15.11 9.73
A2 0.10 1.1 1.1 0.10 11.57 17.86 37.01 15.15 9.71
A3 0.10 1.1 1.1 0.10 11.57 17.93 37.05 15.20 9.71
B1 0.10 1.1 1.1 0.20 29.85 17.99 37.08 15.14 19.47
B2 0.10 1.1 1.1 0.20 29.85 18.00 37.08 15.05 19.47
B3 0.10 1.1 1.1 0.20 29.85 17.89 37.05 15.10 19.46
C1 0.10 1.1 1.1 0.25 48.74 17.92 37.06 15.13 24.30
C2 0.10 1.1 1.1 0.25 48.74 17.84 37.02 15.05 24.34
C3 0.10 1.1 1.1 0.25 48.74 17.92 37.02 15.25 24.31
D1 0.10 1.1 1.1 0.25 48.74 17.92 37.01 15.14 24.31
D2 0.10 1.1 1.1 0.25 48.74 17.99 37.00 15.14 24.34
D3 0.10 1.1 1.1 0.25 48.74 17.87 37.04 15.22 24.30
El 0.10 1.1 1.1 0.25 48.74 18.00 37.05 15.04 24.32
E2 0.10 1.1 1.1 0.25 48.74 17.94 37.05 15.12 24.31
E3 0.10 1.1 1.1 0.25 48.74 17.91 37.02 15.25 24.31

Relative density, pr, is a critical design parameter that significantly affects the mechan-
ical properties of EMWM. It quantifies the volume fraction of coiled wires within the entire
specimen and is defined by Equation (1). Some studies also uses the term “porosity” to
describe the porous characteristics of EMWM.

M
_ PEMWM _ 1)

pr Pwire Pwirev

where prpywam represents the actual density of EMWM. p;,. represents the density of
the metallic wire material. M and V represent the mass and volume of the specimen,
respectively. Stress amplitude, S, as described in the following section, Section 3.1, is a
mechanical parameter utilized in the vibration experiment.

3. Experimental Methods
3.1. Vibration Experiment of the Isolation Structure

A vibration isolation structure was designed to replicate the working conditions of
general isolators to subject the EMWM specimens to an identical vibration environment,
as illustrated in Figure 3a. A pair of EMWM specimens with the same parameters set
were tested within the isolation structure. The components of the isolation structure, from
top to bottom, included a mass block, threaded rod, upper plate, specimen 1, middle
plate, specimen 2, lower plate, and base. The installation of an EMWM specimen onto the
threaded rod and plate is illustrated in Figure 3b. An auxiliary tool was used to align the
central axis of the specimen with the threaded rod. During the installation process, the
threaded rod and nut were tightened to achieve an initial compression deformation of the
EMWM specimens. Thread adhesive was used to securely fasten the threaded rod and nut,
preventing any loosening during the vibration experiment. The initial deformation was
set at 0.5 mm, controlled by the distance between the upper plate and the lower plate. The
isolation structure maintained the EMWM specimens in a compressed state throughout
the vibration experiment, consistent with the stress state in a general isolator. When the
mass block induced a downward displacement relative to the threaded rod, the upper
specimen (specimen 1) underwent compression. When the mass block induced an upward
displacement, the lower specimen (specimen 2) underwent compression.
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Figure 3. (a) The vibration isolation structure used to install a pair of EMWM specimens; (b) Installa-
tion of an EMWM specimen onto the threaded rod and plate.

The vibration experiments were conducted using the DC-1000-15/5V-0606 electric
vibration testing system provided by Sushi Experimental Instrument Co., Ltd., Suzhou,
China. The experimental setup for the vibration experiment is illustrated in Figure 4. The
isolation structure was mounted on the vertical vibration platform using four bolts. Two
accelerometers were employed to capture the vibration excitation signal and response
signal of the isolation structure. Accelerometer 1 was attached to the vibration platform.
Accelerometer 2 was attached to the top of the mass block. The platform generated vertical
vibrations, and the frequency and amplitude were controlled by a computer.

7
Il Accelerometer 2
*

a

«

- Mass block

H
{

Specimen

Base

Accelerometer 1

Figure 4. The vibration experiment setup, including the electric vibration testing system and the
isolation structure of EMWM specimens.

The isolation structure can be simplified as a single-degree-of-freedom vibration
system, as illustrated in Figure 5a. In the case where the specimens are continuously
compressed during the experiment, each specimen can be individually modeled as a spring
and a damper. The motion equation for this model can be expressed as Equation (2).
If the two EMWM specimens are identical, we can set k; = k; = kand c; = ¢, = c.
Consequently, the compression cycles in the vibration experiment were conducted using
a stress-controlling method, and the compressive force, F(t), exerted on each EMWM
specimen was calculated using Equation (3).

miip (t) 4 (c1 + c2) (12 (t) — i1 (£)) + (kg + ko) (ua () — ur(t)) =0 @)
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F(t) = k(uae) — 1 (8)) +(ia(t) = i (1)) = — itz (1 ©)

where m represents the mass of the mass block. i (¢) and i, (t) represent the acceleration of
the vibration platform and the mass block, respectively, as measured by the accelerometers.
k1 and kj represent the stiffness of the EMWM specimens. ¢; and c; represent the viscous
damping coefficient. The compressive load applied to each specimen should also include
the preloading force, Fy, exerted by the threaded rod and nut. As a result, the stress, o(t),
and stress amplitude, S, on each specimen during the compression cycles are calculated
using Equation (4).

o(t) = (Fo+F(t))/A, S = max(o(t)) 4)

where A represents the cross-sectional area of the EMWM specimen. As both specimens
were exclusively designed to endure compressive forces in both the initial and operational
states, the EMWM specimens underwent sinusoidal compression cycles, as illustrated in
Figure 5b.

Relative density 0.10, frequency 32 Hz
—— Relative density 0.20, frequency 42 Hz
Relative density 0.25, frequency 48 Hz

3
|-
o(t) /S

0.5 F
kz ) i i iil (t)
? 0.0 : . . .
///////// /7 0.00 0.02 0.04 0.06 0.08 0.10
Time (s)
(a) (b)

Figure 5. (a) Dynamic model of the vibration isolation structure; (b) the sinusoidal compression
cycles applied on the EMWM specimens.

Before the vibration experiment on the EMWM specimens, the frequency-response
characteristics curve of the isolation structure was measured using accelerometers, as
illustrated in Figure 6. The resonance frequencies for the EMWM specimens with relative
densities of 0.10, 0.20, and 0.25 were determined to be 32 Hz, 42 Hz, and 48 Hz, respectively.
In the vibration experiment, sinusoidal compression cycles were applied to the EMWM
specimens at 40 Hz in the sub-resonance region to expedite the experiment. The sub-
resonance region was determined using the half-power bandwidth method, depicted by
the magenta areas in Figure 6. Three different excitation amplitudes were applied to
the isolation structure by controlling the vibration amplitudes of the electric vibration
testing system. Compressive stress amplitudes of 0.3 MPa, 0.7 MPa, and 1.0 MPa were
calculated using Equations (3) and (4). After a specified number of compression cycles, the
isolation structure was disassembled. The dimensions of the EMWM specimes were then
measured using a vernier caliper. The measurement of the mechanical properties, including
secant modulus and loss factor, was conducted using quasi-static compression tests. The
measurements of the dimensions and mechanical properties were taken at intervals of
10° compression cycles during the vibration experiment, for a total of 107 cycles.
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Figure 6. The frequency-response characteristics curve of the vibration isolation structure.

3.2. Quasi-Static Compression Test

The quasi-static compression tests were conducted using a WDW3100 microcomputer-
controlled electronic universal testing machine provided by Changchun Kexin Experi-
mental Instrument Co., Ltd., Changchun, China. The experimental setup consisted of a
force sensor, dial gauge, pressure plate, and base, as illustrated in Figure 7. Prior to and
following the vibration experiments of the isolation structure, quasi-static compression tests
were performed with a maximum compressive force of 100 N to evaluate the variations in
modulus and damping after a specified number of cyclic loads.

WDW3100
universal testing g Force
machine T sensor

Pressure
plate

EMWM
specimen

Figure 7. The experimental setup of the quasi-static compression test.

At low compressive forces (e.g., 100 N, as employed in this work), the compression
strain is small and the stress—strain relationship of EMWM remains in the linear phase. The
elastic property of EMWM is described using the secant modulus, E;, which is defined

as follows:
Ao  AF/A
== ©)
Ae  AL/L
where Ao represents the stress variation. Ae represents the strain variation. AF represents
the maximum compressive force. A represents the cross-sectional area of the specimen.
AL represents the maximum compression deformation. L represents the initial height of

the specimen.
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Due to the friction and irreversible deformation between the internal metallic wires,
the stress—strain curves during the loading and unloading of EMWM do not coincide,
resulting in a hysteresis loop, as illustrated in Figure 8.

Stress

Figure 8. Schematic stress—strain curves of quasi-static compression.

The damping property of a dynamic system with energy dissipation can be quantified
using the loss factor, 77, defined by Equation (6). It represents the damping performance
of EMWM.

=1 (6)

where AW represents the dissipated energy, illustrated as the area enclosed by the loading
and unloading curves (red-shaded region in Figure 8). U represents the maximum elastic
potential energy, illustrated as the projected area of the midline of the loading and unloading
curves (blue shaded region in Figure 8). Since a pair of EMWM specimens were tested
simultaneously in each vibration experiment, the final results of secant modulus and loss
factor were averaged for the two specimens.

4. Results and Discussion
4.1. Vibration Characteristics of Isolation Structure

After a certain number of compression cycles, the resonant frequency and transmission
rate at the resonance of the isolation structure were measured through frequency sweep
experiments. The transmission rate, t, was calculated using the acceleration parameters
illustrated in Figure 5a, according to the following equation:

tr = iip(t) /i1 () @)

where 111 (t) and i (t) represent the acceleration of the vibration platform and the mass
block, respectively. The results indicate that the resonant frequency and transmission
rate of the isolation structure decrease with an increasing number of compression cycles.
These observations are illustrated in Figures 9 and 10, respectively. It is noteworthy that
the EMWM specimens with lower relative densities exhibit a more rapid deviation of the
isolation structure from its designed mechanical performance, consequently shortening the
operational lifetime.
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Figure 9. Resonance frequency of isolation structure with specimens of different relative densities.
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Figure 10. Resonance transmission rate of isolation structure with specimens of different relative densities.

4.2. Geometries and Dimensions

Following the completion of the compression cycles, the EMWM specimens were
extracted from the isolation structure to visually inspect their geometric and morphological
features. The appearance of the EMWM specimens with different relative densities after
107 compression cycles is shown in Figure 11. The specimens retained their cylindrical
shape, with minimal alterations in their cross-sectional dimensions. No fractures or signif-
icant wear of the metallic wires were observed on the surface of the EMWM specimens.
However, a noticeable decrease in height along the compression direction was evident,
accompanied by the occurrence of gaps within the isolation structure. This finding indi-
cates that the vibration environment induces irreversible deformation in the compression
direction of the EMWM specimens.

Additionally, computed tomography (CT) scanning was performed on the specimens
to generate their three-dimensional structure, as shown in Figure 12. The continuity of
the metallic wires within the EMWM specimens was confirmed using the contact search
algorithm described in Reference [34], and no wire fractures were detected. This finding
suggests that the primary failure mode of the EMWM was irreversible deformation in the
compression direction rather than the fracture, fatigue, or wear of the metallic wires.
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Figure 11. Visual appearance of specimens after the vibration experiment: (a) specimen A3 and
(b) specimens with different relative densities.
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Figure 12. The three-dimensional structure of specimen A3, obtained through CT scanning.

The influence of the relative density and stress amplitude on the variation in specimen
height is illustrated in Figure 13. It is evident that increasing the relative density leads to a
decrease in height deformation, while increasing the stress amplitude results in an increase
in specimen height reduction.

To facilitate the normalized description of the height variation in EMWM specimens,
the height variation rate, ;,, is defined as follows:

= (hn —ho)/ho (8)

where hy represents the initial height of the EMWM specimen. hy represents the height
after N compression cycles. The height variation rates for different relative densities
and stress amplitudes are illustrated in Figure 14. The shape of these curves can be
approximated as a bilinear function. Initially, the height variation rate exhibits a rapid
increase with the number of compression cycles until it reaches a specific threshold value.
Subsequently, the rate of increase in the height variation rate significantly slows down or
remains nearly constant.
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Figure 13. The variation in specimen height: (a) for different relative densities with a stress amplitude
of 0.3 MPa, (b) with a relative density of 0.25 under different stress amplitudes.
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Figure 14. The height variation rates of specimens: (a) for different relative densities and (b) under
different compressive stress amplitudes.

4.3. Quasi-Static Mechanical Properties

Following the dimensional measurements, quasi-static compression tests were con-
ducted to determine the mechanical properties of the EMWM specimens, including the
secant modulus and loss factor. The maximum compressive stress applied to the specimens
was maintained at 0.3 MPa, aligning with the practical load conditions experienced by
isolators. The compression process was almost exclusively confined within the linear
elastic range of EMWM. Multiple measurements were conducted for each state, and the
mechanical properties of the EMWM specimens exhibited remarkable consistency. The
stress—strain curves after the last vibrational compression cycle are illustrated in Figure 15.
The influences of the relative density and compressive stress amplitude are investigated to
enhance EMWM'’s feasibility for engineering applications.
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Figure 15. The stress-strain curves obtained by quasi-static compression tests: (a) EMWM specimens
with different relative densities, specimens Al, B1, and C1, (b) EMWM specimens with different
stress amplitudes, specimens C1, D1, and E1.

4.3.1. Secant Modulus

The secant modulus of the EMWM specimens, tested under a compressive force of
100 N, after a specified number of compression cycles is presented in Figure 16. The re-
sults indicate a significant increase in the secant modulus with an increasing number of
compression cycles. However, once the cycle number reaches a threshold value of approx-
imately 10°, the secant modulus stabilizes at a relatively constant level. It is noteworthy
that the EMWM specimens with different relative densities exhibit different initial secant
modulus values. However, after undergoing a sufficient number of compression cycles,
their secant moduli converge and become nearly equal. Furthermore, when subjected to
higher compressive stress amplitudes, both the stabilizated secant modulus and its rate of
change during the initial stage exhibit larger values.

6

Secant modulus (MPa)
(98]
T

—s=—Relative density 0.10

—e—Relative density 0.20

—a—Relative density 0.25
1 L 1 " | s

—=— Stress amplitude 0.3 MPa
—e— Stress amplitude 0.7 MPa

2

4

Number of compression cycles (><106)

oL . —h— Sltress amlplitude },0 MPa
6 8 10 12 0 2 4 6 8 10 12

Number of compression cycles (x 106)
(a) (b)

Figure 16. The variation in secant modulus: (a) for different relative densities at a stress amplitude of
0.3 MPa and (b) at a relative density of 0.25 under different stress amplitudes.

Considering the differences in the initial secant modulus, the variation in the se-
cant modulus in EMWM specimens can be described using a normalized approach. The
modulus variation rate, i, is defined as follows:

1IJE = (ES,N - ES,O)/ES,O (9)
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0.24
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0.18
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where E;  represents the initial secant modulus of the EMWM specimen. E; y represents
the secant modulus after N compression cycles. The modulus variation rates for different
relative densities and stress amplitudes are presented in Figure 17. Compared to Figure 16a,
the values of the stabilized modulus variation rate in Figure 17a exhibit varying levels
for the EMWM specimens with different relative densities. Additionally, an approximate
bilinear function can also be observed from these figures.

: ; 1.8
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Figure 17. The modulus variation rates of specimens: (a) for different relative densities and (b) under
different compressive stress amplitudes.

4.3.2. Loss Factor

The loss factors of the EMWM specimens after a specified number of compression
cycles are presented in Figure 18. The results indicate a significant decrease in the loss factor
with an increasing number of compression cycles. However, once the cycle number reaches
a threshold value of approximately 10°, the rate of decrease slows down and eventually
stabilizing within a range of 0.13-0.18. It is noteworthy that the EMWM specimens with
higher relative densities exhibit a lower initial and stabilized loss factor. Furthermore, when
subjected to higher compressive stress amplitudes, the loss factor decreases at a faster rate
and reaches a smaller value after stabilization.

0.30
—=—Relative density 0.10 I —=— Stress amplitude 0.3 MPa
i i i 0281 St litude 0.7 MP
—e—Relative density 0.20 L —e— Stress amplitude 0. a
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Number of compression cycles (x10°) Number of compression cycles (><106)
(a) (b)

Figure 18. The variation in loss factor: (a) for different relative densities at a stress amplitude of 0.3

MPa and (b) at a relative density of 0.25 under different stress amplitudes.
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Similar to the secant modulus, the variation in the loss factor in the EMWM specimens
can be described using a normalized approach. The damping variation rate, ¢, is defined
as follows:

Yy = (1N —10) /10 (10)

where 1y represents the initial loss factor of the EMWM specimen. 7y represents the
loss factor after N compression cycles. The damping variation rates for different relative
densities and stress amplitudes are presented in Figure 19. The increase in the speed of
the damping variation rate gradually decreases with the number of compression cycles,
resulting in an approximate polynomial function shape of the curves.

0.5 0.5
0.4 - 04+
P 1
= 031 = 03F
S 2
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s 0.2 | 3 02F
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S —s— Relative density 0.10 E —a— Stress amplitude 0.3 MPa
00k —e— Relative density 0.20 00k —e— Stress amplitude 0.7 MPa
' . . . —— Relat|ive denslity 0.25 ' . . | T Sltress amlplitude }.0 MPa
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Number of compression cycles (><106) Number of compression cycles (XIO(’)
(a) (b)

Figure 19. The damping variation rate of the specimens (a) for different relative densities and
(b) under different compressive stress amplitudes.

4.4. Discussion of the Parameter Variations

As illustrated in Figure 20, the scanning electron microscope images of the EMWM
reveal that the contact states between internal metallic wires can be classified as non-contact,
sliding contact, and adhesive contact. When subjected to compression loads, the contact
states among metallic wires transition from non-contact to sliding contact and gradually
evolve into adhesive contact, resulting in an increased number of contact points within the
EMWM. The progression of contact points is substantiated by the numerical simulation
results in Reference [35].

In the cyclic compression vibration tests, variations in the dimensions and quasi-static
mechanical properties of the EMWM can be reasonably explicated by the transformations
in the contact states of the metallic wires. Under cyclic compression loads, the non-contact
metallic wires in the EMWM can enter the sliding state, leading to deformation in the
direction of compression. Depending on the positions of the contact points, the sliding
state transitions into an adhesive state, which remains irrecoverable upon unloading
the compression force, resulting in macroscopic geometric deformations of the EMWM.
Conversely, the transition from sliding to adhesive states increases the internal constraints
of the metallic wires, culminating in their enhanced resistance to deformation, specifically,
an increased modulus. Furthermore, an increase in the number of contact points in the
adhesive state amplifies the resistance of metallic wires undergoing micro-sliding, leading
to a decreased loss factor in the EMWM.

The increase in relative density results in more contact points within the EMWM,
particularly in the adhesive state. Under identical compression loads, the occurrence
of relative sliding deformation between the metallic wires becomes more challenging,
resulting in reduced alterations in their geometric dimensions and moduli.
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Non-contact Sliding contact Adhesive contact

Figure 20. The scanning electron microscope images of the EMWM.

The increase in the vibration stress amplitude induces a larger deformation of the
EMWM during compression, with more contact points transitioning to the adhesive state
and remaining irrecoverable. Consequently, the changes in the geometric dimensions and
modulus of the EMWM experience a significant increase.

The experimental data presented reveal that the variations in the dimensions, mod-
ulus, and loss factor of the EMWM predominantly occur during the initial stages of the
compression cycles, typically within approximately 10° cycles. When EMWM is directly
integrated into isolators to provide stiffness and damping, it will result in changes in their
natural frequencies and a decline in their isolation performance in a relatively short period.
As a consequence, it is very important to enhance the stability of the mechanical properties
of EMWM in a vibrational environment for its application in isolators.

5. Prediction Models of Property Degradation

We have proposed a post-processing technique for EMWM, referred to as “vibra-
tion training”. Before being integrated into isolators, the EMWM undergoes vibrational
compression cycles within an equivalent isolator structure. Following the vibration treat-
ment, the EMWM exhibits a remarkable reduction in variations in geometric dimensions,
modulus, and loss factor during its practical application within isolators.

In this section, prediction models for geometric dimensions, modulus, and damping
are presented to anticipate the degradation of EMWM properties under a compressive vi-
bration environment in support of this technique. These models employ the rate of property
variations derived from the vibration experiments and fit them to mathematical formulas.

5.1. Dimension Prediction Model

The experimental results presented in Figure 14 indicate that the curves of height
variation rate exhibit an approximately linear segment and a plateau segment with an
increasing number of compression cycles. These observations can be effectively described
by employing a bilinear mathematical model to predict the height of EMWM specimens.
A threshold value is introduced as the pivotal point, with the corresponding number of
compression cycles being approximately 10°. Hence, the fundamental expression of the
dimension prediction model can be formulated as follows:

{ y =bN, 0 < N <N} a1
Yo =h Ny <N
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where ¢, represents the height variation rate of the specimen. N represents the number
of compression cycles. b represents the slope of the linear segment. ) represents the
threshold value. Nj) represents the number of compression cycles of the threshold value,
close to 10°.

When 0 < N < 10°, a linear fitting method is employed to fit the experimental data of
height variation rates. The slopes, b, corresponding to different combinations of relative
densities and stress amplitudes are obtained, as present in Table 2.

Table 2. The slope, b, for the linear segment of height variation rate.

Relative Densit Stress Amplitude Slope
Number or y S (MPpa) bp
1 0.10 0.3 0.2450
2 0.20 0.3 0.0934
3 0.25 0.3 0.0849
4 0.25 0.7 0.1144
5 0.25 1.0 0.1411

These data points (p;, S, b) are used to establish a functional expression for the slope,
b. Based on the trends, we assume that the slope, b, has a power function relationship with
the relative density, p,, and stress amplitude, S, expressed as follows:

b=my-p;?-S™ (12)

where my, my, and mj3 are all fitting coefficients. The values of these fitting coefficients are
obtained through the least squares fitting method, resulting in

b =0.03 x p, 122 x 5047 (13)

The threshold value, lpg, can be calculated by averaging the height variation rates, i,
above 10° compression cycles, as present in Table 3.

Table 3. The threshold value, 1/12, of height variation rate.

Number Relative Density Stress Amplitude Threshold Value
POr S (MPa) ¢2
1 0.10 0.3 0.2080
2 0.20 0.3 0.0971
3 0.25 0.3 0.0836
4 0.25 0.7 0.1058
5 0.25 1.0 0.1289

These data points (p;, S, 1/)2) are used to establish a functional expression for the
threshold value, 1/)2. Based on the trends, we assume that the threshold value, 1,112, has a
power function relationship with the relative density, p,, and stress amplitude, S, expressed
as follows:

¥) = p1-pf? - SP (14)

where p1, pa, and p3 are all fitting coefficients. The values of these fitting coefficients are
obtained through the least squares fitting method, resulting in

) = 0.03 x p,; 10 % §07 (15)



Actuators 2023, 12,418 17 of 22

By combining Equations (11), (13), and (15), we obtain the final dimension prediction
model for the EMWM specimens:

Yy =bN, 0 < N <N?
=19, Ny <N
—122

b =0.03 x p, x 5047 (16)
¥9 = 0.03 x p, P x 5037
N =49/b

where the unit of N is 10°. The unit of S is MPa.

A comparison between the experimental and fitting results for different relative densi-
ties and stress amplitudes is shown in Figure 21. It indicates that the model curves match
well with the experimental results, demonstrating that the dimension prediction model can
accurately predict the height variation in EMWM in a vibration environment.

025} 0.14 | /\_‘__,A/N\‘//‘
/\/' 0.12 1
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= : r kﬁa\/
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Figure 21. Comparison between the dimension prediction model and experimental results: (a) for
different relative densities and (b) under different compressive stress amplitudes.

5.2. Modulus Prediction Model

The experimental results presented in Figure 17 indicate that the trend of secant
modulus variation is similar to that of height. Therefore, the same bilinear mathematical
model is used to formulate the modulus prediction model. The fundamental expression is

as follows:
{ Y
YE

where ¢ represents the modulus variation rate of the specimen. N represents the number
of compression cycles. ¢ represents the slope of the linear segment. ¢ represents the
threshold value. N represents the number of compression cycles of the threshold value,
close to 10°.

When 0 < N < 10°, a linear fitting method is employed to fit the experimental data
of the modulus variation rate. The slopes, ¢, corresponding to different combinations of
relative densities and stress amplitudes are obtained, as present in Table 4.

¢cN,0 < N < N?

PLNE<N 17
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Table 4. The slope, ¢, for the linear segment of modulus variation rate.

Relative Densit Stress Amplitude Slope
Number or Y S (MPpa) cp
1 0.10 0.3 3.8560
2 0.20 0.3 1.1385
3 0.25 0.3 0.4676
4 0.25 0.7 0.7842
5 0.25 1.0 1.2325

These data points (p;, S, ¢) are used to establish a functional expression for the slope,
c. Based on the trends, we assume that the slope, c, has a power function relationship with
the relative density, p, and stress amplitude, S, expressed as follows:

c=ny-p2-S™ (18)

where 171, 12, and n3 are all fitting coefficients. The values of these fitting coefficients are
obtained through the least squares fitting method, resulting in

¢ =0.05 x p, 22! x 5060 (19)

The threshold value, ¢, can be calculated by averaging the modulus variation rates,
g, above 10° compression cycles, as presented in Table 5.

Table 5. The threshold value, q)(bl, of modulus variation rate.

Relative Density Stress Amplitude Threshold Value

Number o
Pr S (MPa) %%

1 0.10 0.3 2.8639

2 0.20 0.3 1.2417

3 0.25 0.3 0.4860

4 0.25 0.7 0.6374

5 0.25 1.0 1.1874

These data points (p,, S, %) are used to establish a functional expression for the
threshold value, 1/}%. Based on the trends, we assume that the threshold value, 1/;%, has a
power function relationship with the relative density, p,, and stress amplitude, S, expressed
as follows:

P2 =g -pP - S8 (20)
where g1, g2, and g3 are all fitting coefficients. The values of these fitting coefficients are
obtained through the least squares fitting method, resulting in

P2 = 0.08 x p, 183 x 5043 (1)

By combining Equations (17), (19), and (21), we obtain the final dimension prediction
model for the EMWM specimens:

tpE:cI(\)I,OOSNSNg
Ye=19g, NE<N

¢ =0.05 x p, 2! x 5060 (22)
¥ = 0.08 x p, P x 5043
Np =yi/c

where the unit of N is 10°. The unit of S is MPa.
A comparison between the experimental and fitting results for different relative densi-
ties and stress amplitudes is shown in Figure 22. It indicates that the model curves match
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well with the experimental results, demonstrating that the modulus prediction model can
accurately predict the secant modulus variation of EMWM in a vibration environment.
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Figure 22. Comparison between the modulus prediction model and experimental results: (a) for
different relative densities and (b) under different compressive stress amplitudes.

5.3. Damping Prediction Model

The experimental results shown in Figure 19 indicate that the curves of the damping
variation rate exhibit the charactistics of exponential characteristics with an increasing num-
ber of compression cycles. These observations can be effectively described by employing
an exponential function model to predict the damping of EMWM specimens. Hence, the
fundamental expression of the damping prediction model can be formulated as follows:

gy =di (1) (23)

where 1P, represents the damping variation rate of the specimen. N represents the number
of compression cycles. d; and d represent the fitting coefficients. The fitting coefficients, d4
and dj, corresponding to different combinations of relative densities and stress amplitudes
are obtained, as present in Table 6.

Table 6. The coefficients, d; and dy, of the exponential function.

Number Relative Density Stress Amplitude Coefficient Coefficient
P S (MPa) dq dy
1 0.10 0.3 0.4258 —-1.2213
2 0.20 0.3 0.3085 —0.4680
3 0.25 0.3 0.3563 —1.0453
4 0.25 0.7 0.2847 —0.6333
5 0.25 1.0 0.2740 —1.0896

These data points, (o, S,d1) and (pr, S, d2), are used to establish a functional expres-
sion for the fitting coefficients d; and dp. Based on the trends, we assume that the fitting
coefficients d; and d, have a power function relationship with the relative density, p,, and
stress amplitude, S, expressed as follows:

dy =s1-p;% - 5% (24)

dy =t -p? - S (25)
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where s1, sp, and s3 are fitting coefficients for dy. t1, tp, and ¢3 are fitting coefficients for ds.
The values of these fitting coefficients are obtained through the least squares fitting method,
resulting in

d; = 0.19 x p, 026 x 57015 (26)

dy = —0.44 x p,; 092 x §025 (27)

By combining Equations (23), (26), and (27), we obtain the final damping prediction
model for the EMWM specimens:

Py =dy (1 —ehN
dy = 0.19 x p; 026 x 5015 (28)
dy = —0.44 x p,;052 x §0-2

where the unit of N is 10°. The unit of S is MPa.

A comparison between the experimental and fitting results for different relative densi-
ties and stress amplitudes is shown in Figure 23. It indicates that the model curves match
well with the experimental results, demonstrating that the damping prediction model can
accurately predict the loss factor variation of EMWM in a vibration environment.
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Figure 23. Comparison between the damping prediction model and experimental results: (a) for
different relative densities and (b) under different compressive stress amplitudes.

6. Conclusions

This paper focuses on investigating the degradation behavior of mechanical properties
in entangled metallic wire materials (EMWMSs) under a compressive vibration environment.
A series of experiments was conducted using pairs of EMWM specimens installed in a
vibration isolation structure subjected to cyclic compression. The vibration characteristics
of the isolation structure are studied using a spectral analysis. The geometric and morpho-
logical features of EMWM are examined through visual inspection and CT scanning. The
mechanical properties of EMWM are examined through quasi-static compression tests. The
main findings and conclusions of this work are listed as follows:

(1) The resonant frequency and transmission rate of the isolation structure showed a clear
decrease as the number of compression cycles increased. The mechanical property
degradation of EMWM resulted in a deviation from the intended performance of
vibration isolators.

(2) The dimension in the compressed direction of the EMWM experienced a noticeable
decrease and stabilized when the cycle number reached a certain threshold, approxi-
mately 10. No wire fractures or significant wear were observed on the surface of or
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inside the specimens. The reduction in this dimension may be attributed to changes
in the contact status and slight slipping between the internal wires.

(3) The secant modulus exhibited a significant increase, while the loss factor decreased
as the number of compression cycles increased. Once the cycle number reached
a threshold value of approximately 104, these parameters stabilized at relatively
constant values. The values of these properties were influenced by the relative density
and stress amplitude.

(4) Prediction models for property degradation, including dimensions, modulus, and
damping, were developed based on fitting the experimental data. These models can
accurately predict the variation in the mechanical properties of EMWM specimens in
a vibration environment. If a combination of relative density and cyclic compression
stress amplitude is given, the variation in mechanical properties with the number of
cycles can be calculated by the prediction models.

(5) Prediction models for property degradation, including dimensions, modulus, and
damping, were developed based on fitting the experimental data. These models can
accurately predict the variation in the mechanical properties of EMWM specimens
in a vibration environment. They provide valuable insights for designing vibration
isolators with EMWM and determining their operational lifespan.
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