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A B S T R A C T

Vibration damping elastomers often operate under preload engineering scenarios, which demand enhanced 
dynamic performance in coupled service environments. This study investigated the mechanical behavior of a 
high damping rubber-based elastomer under pre-compression, cyclic loading, and thermal conditions. The 
elastomer is based on carboxylated nitrile-butadiene rubber (XNBR) as the matrix and is modified through 
nanofiller reinforcement and sacrificial bonds. This modification effectively overcomes the conventional conflict 
between damping efficient and mechanical strength. The mechanical behaviors of pre-compressed elastomers 
were comprehensively evaluated using quasi-static compression test, low-to-medium frequency cyclic test, and 
temperature-controlled cyclic test. These tests were conducted under varying frequencies, pre-compressions, 
amplitudes, and temperatures, which considered coupled service conditions. Test results demonstrated that 
pre-compression allowed the operational region of cyclic loading to shift along the hyperelastic stress-strain 
curve, providing higher stiffness and resistance in service. The high damping rubber-based elastomer signifi
cantly improved mechanical properties with increasing frequency from 0.1 Hz to 20.0 Hz. Within general 
ambient temperatures, low temperatures amplified modulus and energy dissipation. Amplitude-driven softening 
slightly reduced the equivalent modulus but markedly amplified hysteretic energy dissipation, especially under 
high pre-compression. The high damping rubber-based elastomer exhibited high damping performance over a 
wide frequency band (0.1–20.0 Hz) and a wide temperature range (10.0–40.0 ◦C). Appropriate amplitude and 
well-designed pre-compression dramatically enhanced energy dissipation with suitable bearing capacity. On a 
microscopic scale, the synergistic effects of polymer chain mobility, filler-matrix interaction, and hydrogen bond 
dynamic equilibrium explain the compressive behavior and dynamic energy dissipation mechanisms. These 
findings established a universal framework for designing the high damping rubber-based elastomer with tailored 
compressive and damping performance, enabling its application in diverse vibration control scenarios requiring 
precision and adaptability.

1. Introduction

Vibration damping elastomers constitute indispensable components 
in traditional engineering fields owing to their capacity for reversible 
deformation and energy dissipation under cyclic loads [1–7]. The ap
plications of vibration damping elastomers span a wide range, from 
seismic mitigation and isolation in civil infrastructure to precision 

vibration control in aerospace and automotive industries [8–13,58]. A 
fundamental challenge in conventional elastomers lies in the conflict 
between damping capacity and mechanical resilience. Enhanced 
damping capacity typically compromises load-bearing capacity and 
recoverability, while improvements in mechanical resilience generally 
reduce energy dissipation efficiency. Current engineering solutions 
strategically utilize the inherent nonlinear stress-strain behavior of most 
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elastomers as a critical design advantage. In civil engineering applica
tions, rubber bumpers and advanced polymeric absorbers are incorpo
rated between adjacent buildings or bridge segments, where their 
nonlinear elastic response effectively mitigates collision-induced impact 
pulses [14]. For damping device optimization, pre-compressed rubber 
cylinders have demonstrated excellent results in achieving a balance 
between self-centering capability and energy dissipation through 
controlled nonlinear deformation [15,16,57]. Furthermore, thick rubber 
bearing systems employ nonlinear stiffness for superstructure support, 
while reducing subway-induced micro-vibrations by fully utilizing the 
damping properties of elastomers [17]. In these applications, vibration 
damping elastomers are required to offer high damping efficiency for 
energy dissipation, sufficient structural stiffness for load-bearing, and 
exceptional cyclic repeatability to prevent performance degradation 
phenomena such as ratcheting effects or irreversible microstructural 
damage [18–20]. Therefore, a clear requirement for vibration damping 
elastomers emerges, which is simultaneously achieve reliable 
load-bearing capacity under heavy loads and excellent vibration 
damping capacity during dynamic excitation events.

Conventional rubber-based elastomers dissipate energy through 
molecular chain friction within polymer networks, which generally 
leads to irreversible network degradation and a narrow operational 
temperature window [21–23]. In practical service environments, the 
effective damping temperature range of 20–30 ◦C falls below ambient 
conditions, while simultaneously efficient energy dissipation is required 
over a wide frequency band (e.g., 0.1–20.0 Hz or higher) [24]. These 
performance limitations are addressed through elastomer reinforcement 
strategies, such as nanofiller reinforcement and sacrificial bonds.

The incorporation of nanofillers offers a promising strategy to 
enhance both the mechanical and functional performances of rubber- 
based elastomers, expanding their application potential [25–27]. 
Nanofiller addition reduces the free volume within the polymer matrix, 
increases stiffness, and establishes intense filler-matrix interactions. 
These changes lead to the formation of nanocomposite elastomers with 
exceptional properties even at relatively low filler loadings. Recent 
studies have demonstrated that incorporating nanofillers into carbox
ylated nitrile-butadiene rubber (XNBR) significantly enhances its me
chanical performance, thermal stability, and damping properties 
[28–31]. These advancements make the XNBR-based nanocomposites 
particularly attractive for advanced engineering applications that de
mand high performance. On the other hand, sacrificial bonding mech
anisms have demonstrated remarkable potential for developing 
advanced high-performance elastomers [32,33]. This approach simul
taneously improves the strength and toughness of elastomers. It enables 
the design of durable elastomeric materials without necessitating com
plex chemical modifications. The sacrificial bonds function as reversible 
energy dissipation that protects the primary polymer network from 
catastrophic failure during cyclic loading events. The preferential 
rupture and dynamic features of sacrificial bonds prevent local stress 
concentration on a molecular level throughout the network. This facil
itates the slippage and orientation of polymer chains when deformation 
is applied.

Importantly, the mechanical performance and internal microscopic 
mechanism of these developed elastomers need to be evaluated under 
simulated loading scenarios approaching reality. Gong [34] examined 
the time-varying law and mechanism of compression performance under 
arbitrary pre-compression strain, simulating the long-term performance 
of ethylene propylene diene monomer under complex compression. 
Vatandoost [35] studied the pre-strain dependence of the dynamic 
properties of magnetorheological elastomers under compression, 
correlating it to the volume fraction of particles. Mistry [36] incorpo
rated the anisotropic ordering of liquid crystals into elastic polymer 
networks to produce liquid crystal elastomers, introducing and con
trolling the nature of buckling responses during compression. Persson 
[37] explored the temperature dependence of a thermoplastic vulcani
zate elastomer under cyclic compression, which was influenced by the 

presence of multiple phases. While these studies have been conducted 
under service conditions tailored to specific engineering applications, 
research on vibration damping elastomers is often limited to simplified 
scenarios, such as static and dynamic tests in shear or compression. 
These tests reveal frequency-, amplitude-, and temperature-dependent 
behaviors of vibration damping elastomers in shear or compression, 
but fail to capture the full complexity of real applications. Some in
vestigations have studied vibration damping devices under complex 
operating scenarios. However, technical limitations still restrict these 
evaluations, especially when it comes to precise temperature control for 
large-scale specimens.

Vibration damping elastomers require rigorous evaluation under 
coupled service conditions, which are simultaneously withstand high 
pre-strain, cyclic loading, and thermal variations. The interaction be
tween pre-compression, dynamic loads, and variable ambient tempera
tures can significantly influence both stiffness and energy dissipation 
mechanisms, especially considering the nonlinear effects under pre- 
compression. Consequently, understanding these complex in
terdependencies is essential for developing predictive models that 
accurately reflect the behavior and reliability of damping elastomers. In 
addition, further investigation into the microscopic energy dissipation 
mechanisms under these coupled conditions is necessary to optimize 
performance and establish design guidelines.

In our previous work, a novel high damping rubber-based elastomer 
was developed by integrating nanofiller reinforcement with sacrificial 
bonding mechanism [44]. This engineered elastomer exhibits an effec
tive damping temperature range of − 20.0 to 40.0 ◦C and maintains 
excellent damping performance across a frequency range of 
0.001–10000 Hz [38–41]. Earlier studies have also confirmed that this 
elastomer demonstrates outstanding energy dissipation capacity and 
high recoverability under cyclic compressions spanning small to large 
deformations [42]. Building on these findings, the pre-compression 
performance of the high damping rubber-based elastomer is further 
investigated in vibration damping system. This study begins by detailing 
the design, preparation, and basic material properties of the high 
damping rubber-based elastomer. Test protocols were established to 
evaluate its mechanical behavior under coupled pre-compression, cyclic 
loading, and thermal conditions. Macroscopic nonlinear stiffness and 
damping performance were correlated with underlying microscopic 
mechanisms such as chain mobility, filler-matrix interfacial friction, and 
hydrogen bond dynamics. The results combine macroscopic perfor
mance indicators, microscopic mechanism analysis, and consider the 
coupling effects of pre-compression, frequency, amplitude, and tem
perature, providing a solid reference for improving the design of engi
neering elastomers and vibration damping systems.

2. Experimental

2.1. Material

The high damping rubber-based elastomer investigated in this study 
was specifically engineered for vibration damping applications. The 
elastomer mainly consisted of XNBR blended with organic polar small 
molecules (AO-80 hindered phenol), nanofiller (carbon black), and co- 
adjuvants (zinc oxide). The effective particle size of the carbon black 
is 150 nm, and the specific surface area is greater than 700 m2/g. 
Detailed information on the materials can be found in our previous work 
[43]. XNBR, a modified nitrile rubber containing carboxyl groups in its 
polymer chains, is a noncrystalline elastomer with limited unsaturated 
carbon chains. Unlike crystallizable rubbers exhibiting strong 
self-reinforcement, XNBR demonstrates inherent weak reinforcement 
[44].

To overcome this limitation, nanofillers and sacrificial bonds were 
implemented to achieve the reinforcement of XNBR. In this composite 
system, carbon black fillers establish percolation networks that restrict 
polymer chain mobility and induce interfacial friction during cyclic 
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deformation. Hydrogen bonds were selected to serve as sacrificial 
bonding due to chemical compatibility, dynamic reversibility, and 
temperature responsiveness [45,46]. Hydrogen bonding forms between 
polar nitrile groups (-C ≡ N) in XNBR and hydroxyl groups (-OH) from 
organic small molecules, as illustrated in Fig. 1.

At the microscopic level, chemical crosslinks, hydrogen bonds, and 
fillers play unique but complementary roles in constructing the polymer 
network, together forming a multi-level, integrated network structure. 
First, chemical crosslinking reactions create strong covalent bonds be
tween molecular chains, which establish the fundamental elastic 
network. This crosslinked network primarily provides the main struc
tural stability and mechanical strength. Second, fillers, such as carbon 
black, act as additional physical crosslinks and reinforcing aggregates, 
stabilizing the polymer network and limiting the local chain motion. As 
a result, the bearing capacity of the polymer is enhanced, the risk of 
damage is reduced, and energy dissipation is improved. Third, building 
on the fundamental molecular chain network, polar groups on free 
chains interact with organic polar small molecules to form hydrogen 
bonds, resulting in a dynamic secondary network. The reversible nature 
and high-density distribution of these bonds allow them to break and 
reform promptly in response to external disturbances (e.g., mechanical 
deformations or temperature changes). This behavior promotes effective 
energy absorption and dissipation. The dynamic characteristic leads to 
high damping at room temperature and also provides the material with 
dynamic reversibility. In short, the system achieves a balance between 
stability and dynamic response on the molecular level. With the assis
tance of fillers and hydrogen bonds, it effectively improves the me
chanical strength, durability, and damping performance on a 
macroscopic scale.

2.2. Preparation

The manufacturing process commenced with the plasticization of 
XNBR raw material in a closed internal mixer, where mechanical 
shearing and thermal softening transformed the rubber into a malleable 
state. Following plasticization, compounding additives (AO-80, zinc 
oxide, stearic acid, carbon black, accelerating agent, antioxidant, and 
sulfur) were sequentially incorporated through a standardized mixing 
protocol. The rubber compound was thoroughly rubbed and blended 
using rotors and heating jackets to produce a homogeneous mass. It was 
subsequently processed on a two-roll rubber mill for open mixing and 
finally rolled into sheets. Curing time were measured at 160 ◦C on the 

no-rotor rheometer [44]. The prepared rubber compound was filled into 
molds and subjected to heat and pressure in the vulcanizing machine at 
160 ◦C and 15 MPa for 50 min. This ensured sufficient vulcanization at 
the core of the cylindrical specimen, in accordance with the production 
indications provided in Refs. [47–49]. The finished, vulcanized product 
is illustrated in Fig. 5. The compound underwent intensive blending 
using counter-rotating rotors for 8–10 min until uniform filler distri
bution. Subsequent open mixing on a two-roll mill produced 3 mm-thick 
sheets with directional homogeneity. The prepared rubber compound 
was filled into molds and subjected to heat and pressure in the vulca
nizing machine, resulting in finished products.

The microscopic characteristics of the elastomer were observed by 
scanning electron microscopy, as illustrated in Fig. 2. At the 500 nm 
resolution scale, fillers demonstrated a homogeneous dispersion within 
the polymer matrix, with carbon black agglomerations in the local area. 
The fillers maintained robust interfacial adhesion to the matrix without 
discernible debonding or crack initiation. The surface topography dis
played roughness accompanied by protrusions, enhancing the specific 
surface area. A cross-sectional examination of cryogenically fractured 
surfaces at 50 nm resolution revealed a densely packed microstructure 
interspersed with nanoscale cavities. These cavities originated from the 
fallout of agglomerated carbon black. The absence of large defects or 
interfacial delamination corroborated the effective stress transfer 
capability at filler-matrix interfaces.

2.3. Basic material properties

The basic material properties of the high damping rubber-based 
material were characterized through standardized testing protocols. 
The specific experimental procedures and results were summarized as 
follows, and the measured results were list in Table 1 and depicted in 
Figs. 3 and 4. Considering application scenarios for vibration damping 
systems in civil engineering, the test conditions were deliberately chosen 
to reflect the operational environment of these systems.

Shore A hardness measurements were conducted in accordance with 
GB/T 531.1–2008 and ASTM D2240 using a calibrated Shore hardness 
durometer. Five replicate tests were performed on specimens with 
lateral dimensions ensuring a minimum edge distance of 12 mm.

Dumbbell-shaped specimens (Type II per GB/T 528–2009) with 
gauge section dimensions of 4 mm (width) × 2 mm (thickness) were 
tested under uniaxial tension at a controlled temperature of 13 ± 2 ◦C 
and a crosshead speed of 500 mm/min. These tests were performed on a 

Fig. 1. Microstructure: (a) raw XNBR, (b) high damping rubber-based elastomer, and (c) AO-80.
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universal tensile testing machine. To ensure accurate tracking of 
deformation within the critical zone, local strains were directly 
measured using an extensometer attached to the gauge section of these 
specimens during the tensile tests. Tensile strength σt and elongation at 
break eb were calculated using: 

σt =
Pmax

wt
(1) 

eb =
Lb − L0

L0
× 100% (2) 

where Pmax, w, t, Lb, and L0 represent the peak force, initial width, initial 

thickness, fractured length, and original gauge length, respectively.
Stress relaxation behavior was investigated using a universal tensile 

testing machine. Specimens were stretched to 50 % nominal strain in 
accordance with GB/T 9871-2008. The deformation was then main
tained for 300 s under isothermal conditions at 13 ± 2 ◦C. The residual 
stress ratio ξr is defined as the percentage of retained stress after 
relaxation relative to the initial stress, was quantified as: 

ξr =
σs

σ0
× 100% (3) 

where σs and σ0 denote the stress at time t = 300 s and the initial stress, 
respectively.

The double shear test was used to determine the storage modulus Gʹ 

and loss factor η of high damping rubber-based elastomers. Double 
cuboid specimens with 10 mm thickness and 60 × 50 mm2 shear area 
were bonded via vulcanization between rigid steel plates, ensuring 
uniform shear strain. Tests were performed on a w + b dynamic testing 
system. Specimens were subjected to harmonic displacement loading at 
a frequency of 0.5 Hz. The shear strain amplitudes were varied between 
5 % and 50 %, with the nominal strain values defined by the displace
ment control of actuator. Each amplitude underwent five cycles, with 
the last three cycles averaged to compute Gʹ and η.

Fig. 2. Scanning electron microscope image.

Table 1 
Basic material properties.

Material properties Value

Shore A hardness (HA) 65
Tensile strength (MPa) 7.896
Elongation at break (%) 438.7
Residual stress ratio (%) 53.0
Storage modulus (MPa) 1.16
Loss factor 1.69

Fig. 3. (a) Tensile specimen geometry (unit: mm), (b) Uniaxial tensile curve, and (c) Tensile stress relaxation curve.

Fig. 4. (a) Double shear specimen geometry (unit: mm), (b) Storage modulus, and (c) Loss factor.

J.-X. He et al.                                                                                                                                                                                                                                    Polymer Testing 148 (2025) 108835 

4 



The storage modulus and loss factor, which quantifies the elastic 
energy stored and energy dissipation efficiency, are defined as: 

Gʹ=
F1hv

nvAvu0
(4) 

η= F2

F1
(5) 

where u0 and F1 are the maximum loading displacement and its corre
sponding damping force; F2 is the damping force when the displacement 
is zero.

Environmental controls maintained a temperature of 13 ± 2 ◦C. 
System calibration, thermal drift correction, and five validation ensured 
repeatability.

2.4. Pre-compressed mechanical testing

Elastomers in vibration damping systems usually exist in the pre
loaded state, and the above basic material properties fails to adequately 
represent the service performance. Pre-compressed mechanical testing 
was performed on a w + b dynamic testing system with a maximum force 
capacity of 100 kN and a ±60 mm stroke range, as shown in Fig. 5. The 
tests were conducted under displacement-controlled conditions. The test 
procedure complied ASTM D5992-96, GB/T 7757-2009/ISO 7743:2007, 
and HG/T 3843-2008. The specimens used were solid circular cylin
drical samples measuring 50 ± 0.5 mm in diameter, and 40 ± 0.5 mm in 
height. Dimensional verifications of mass, height, diameter, hole 
diameter, and area were conducted to minimize experimental errors, 
and deviations remained below 1 %. The loading conditions are shown 
list in Table 2.

Specimens were carefully centered on high-strength steel platens (on 

the vertical axis of the loading actuator), and both the upper and lower 
surfaces were lubricated with sufficient dimethyl silicone oil to reduce 
friction and ensure relatively uniform compression. Environmental 
conditions were regulated via an integrated temperature and humidity 
control system. Force-displacement data were acquired through 
embedded sensors in the dynamic testing system, while environmental 
parameters were monitored separately.

2.4.1. Quasi-static uniaxial compression testing
Given the inherent viscoelastic nature of the rubber-based material, 

quasi-static testing at a low loading rate (2.0 mm/min) was imple
mented to characterize its elastic properties while minimizing time- 
dependent effects. Uniaxial compression was performed under 
ambient conditions (23 ± 2 ◦C) until achieving a maximum displace
ment of 10.0 mm, corresponding to an engineering strain of 25 % 
(nominal strain rate maintained below 10− 3 s− 1).

2.4.2. Low-to-medium frequency cyclic compression testing
The specimens underwent systematic pre-compression protocols to 

establish baseline stress states before dynamic testing. Using 
displacement-controlled loading at 2.0 mm/min, three pre-compression 
levels (3.0, 5.0, and 7.0 mm) were sequentially applied to achieve me
chanical equilibrium. This was followed by sinusoidal cyclic loading 
with corresponding amplitudes (1.0, 2.0, and 3.0 mm, respectively). 
Frequency sweeps from 0.1 Hz to the system-limited maximum of 20.0 
Hz were conducted at ambient temperature (23 ± 2 ◦C). Five complete 
cycles were recorded for each frequency-amplitude combination. The 
experimental design simulated operational preloading conditions in vi
bration control applications, such as seismic isolation bearings, railway 
dampers, and automotive suspensions. This approach enabled precise 
quantification of energy dissipation characteristics across low-to- 
medium frequency domains (0.1–20.0 Hz).

Fig. 5. Test setup and uniformly deformed specimen. (unit: mm).

Table 2 
Loading cases.

Test Experimental variable

Quasi-static compression test Deformation (mm) Loading rate (mm/min) ​ ​
10.0 2.0 ​ ​

Low-to-medium frequency dynamic cyclic test Amplitude (mm) Pre-compression (mm) Frequency (Hz) ​
1.0 3.0, 5.0, 7.0 0.1, 0.5, 1.0, 3.0, 5.0, 10.0, 15.0, 20.0 ​
2.0 5.0, 7.0
3.0 7.0

Temperature-controlled dynamic cyclic test Amplitude (mm) Pre-compression (mm) Frequency (Hz) Temperature (◦C)
1.0 3.0, 5.0, 7.0, 10.0 0.1, 0.5, 1.0, 3.0 10.0, 20.0, 30.0, 40.0
2.0 5.0, 7.0, 10.0
3.0 7.0, 10.0
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2.4.3. Temperature-controlled cyclic compression testing
In temperature-controlled dynamic cyclic tests, the chosen experi

mental variables (frequency, amplitude, pre-compression, and temper
ature) were designed to simulate both seismic characteristics and 
practical operating conditions of rubber-based damping devices. Pre- 
compression levels (3.0, 5.0, 7.0, and 10.0 mm) were coupled with 
displacement amplitudes through progressive pairing: 

⋅ 1.0 mm amplitude for all pre-compression levels
⋅ 2.0 mm amplitude for ≥5.0 mm pre-compression
⋅ 3.0 mm amplitude for ≥7.0 mm pre-compression

Sinusoidal loading was applied across seven loading frequencies of 
0.1, 0.2, 0.3, 0.5, 1.0, 2.0, and 3.0 Hz for five complete cycles per var
iable combination. The environmental conditions were maintained at 
four discrete temperature setpoints (10.0, 20.0, 30.0, and 40.0 ◦C) with 
relative humidity regulated between 30 and 60 %. To ensure the accu
racy and reliability of the temperature-controlled test results, a 30-min 
thermal equilibration period preceded each test sequence to obtain 
specimen temperature homogeneity (±1.0 ◦C).

In summary, these tests allowed for a comprehensive evaluation of 
the mechanical behavior of the material under varying environmental 
and operational conditions. The loading cases of mechanical tests are 
listed in Table 1. To clearly indicate and label each loading case, a 
shorthand notation is used. In this notation, QST denotes the quasi-static 
compression test, D represents the loading amplitude (mm), P specifies 
the pre-compression value (mm), F indicates the loading frequency (Hz), 
and T means the experimental temperature (◦C). The loading cases of 
dynamic cyclic test are presented in the format D▪P▪F▪T▪, where ▪ de
notes the numerical value of the corresponding variables. This notation 
also serves to reference experimental datasets across variable combi
nations. For instance, the notation P10.0F1.0 refers to all test data ac
quired under the conditions of 10.0 mm pre-compression and 1.0 Hz 
loading frequency. The loading amplitude ranged from 1.0 to 3.0 mm, 
while the experimental temperature varied between 10.0 and 40.0 ◦C.

3. Results and discussion

3.1. Results of quasi-static compression testing

The stress-strain curve exhibited nonlinear behavior and progressive 
stiffness with increasing strain, demonstrating a clear progressive stress- 
strain phenomenon, as shown in Fig. 6 (a). The elastomers displayed 

hyperelasticity and recoverability under large deformations, returning 
immediately to the original state upon unloading.

For polymer materials, the microscopic molecular dynamics signifi
cantly influence the mechanical properties on the macroscopic scale, 
which can be explained by the changes in multi-level, integrated poly
mer networks under external forces [50–52]. Under continuous stress, 
many chain segments begin to move and orient themselves, leading to 
large deformations on the specimen. The movement and orientation of 
chain segments eventually result in the organized polymer network. The 
introduction of fillers into the system further restricts the freedom of 
chain segments through physical hindrance, thereby improving the 
stiffness and strength of the elastomers. Molecular conformations are 
changed through internal rotation while the energy remains constant, 
allowing the specimen to return to its initial state even subject to large 
deformations. In addition, the incorporation of hydrogen bonds, a weak 
and reversible dynamic interaction, facilitates a balance between 
deformability and stiffness in polymers. The addition of fillers and 
hydrogen bonds changes the path of energy storage and dissipation. By 
enhancing effective crosslink density, promoting elastic energy storage, 
and restricting chain segment motion, the energy storage mechanism of 
hydrogen-bonded and filled networks enables the elastomers to 
approach an ideal network under low and moderate strains. As a result, 
the elastomers exhibit an almost linear elastic mechanical response. 
When the deformation exceeds the hydrogen bond stability range and 
the binding strength of the filler-matrix interface, nonlinear effects 
gradually appear.

3.2. Results of low-to-medium frequency dynamic cyclic testing

To investigate the effect of initial pre-deformation, selected results 
were analyzed. Without accounting for the temperature influence, the 
preloading paths were expected to align with the equilibrium curve, as 
drawn in Fig. 6 (a). The preloading paths of these force-displacement 
curves before cyclic loading matched the hyperelastic curve obtained 
from the quasi-static compression test. This indicates that pre- 
compression, frequency, and amplitude have no influence on the static 
preloading path. Stress-strain curves with pre-deformation under 
different pre-compressions, frequencies, and amplitudes were 
compared, as illustrated in Fig. 6(b)–(d).

A substantial hysteresis of the strain response was observed during 
unloading from the peak stress, indicating the inherent viscous nature of 
the rubber-based elastomers. As the number of cycles increased, the area 
of the force-displacement hysteresis loop gradually diminished. This 

Fig. 6. Compassion of stress-strain curves with preload path and Mullins effect.
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effect was especially pronounced after the first cycle, eventually 
reaching a stable state. The maximum force in the second cycle was 
noticeably lower than that in the first cycle, suggesting that the Mullins 
effect performs a crucial role at the first loading. The Mullins effect re
fers to the stress-softening phenomenon observed in elastomers during 
the initial loading cycles [53]. Continuous stress softening also occurred 
during subsequent cyclic loading. However, the degree of stress soft
ening was less than that observed in the Mullins effect, and it is attrib
uted to a fatigue effect. Compared to the results of previous 
unpre-compressed tests [42], the Mullins effect and fatigue effect sub
jected to pre-compression were not apparent and can be ignored in 
subsequent analysis.

Engineering applications of damping devices typically employ pre- 
compressed configurations, where energy dissipation capacity is evalu
ated using strain defined as the loading displacement normalized by the 
pre-compressed specimen height. Given the challenge of determining 
real-time contact area during deformation, stress calculations retained 
the original cross-sectional area before pre-compression. The stress- 
strain curves of the pre-compressed specimen after removing the pre
loading path and Mullins effect were presented in Fig. 7, in which the 
average curve of the last three (3rd, 4th, and 5th) cycles was used to 
identify definitive mechanical properties on a low-to-medium frequency 
band of 0.1 Hz–20.0 Hz.

Cyclic loading tests revealed progressive nonlinear viscoelastic 
behavior with increasing mechanical excitation. Elevated pre- 
compression increased material modulus and induced hysteresis loop 
distortion from ideal elliptical shapes. Concurrent increases in frequency 
and amplitude amplified nonlinear responses through loop inclination 
and inflation.

The mechanical performance indicators can be calculated by the 
following equations. These indicators include the equivalent modulus 
(defined as the slope of the virtual line connecting the initial loading 
point and maximum amplitude point), hysteretic energy (the area 
enclosed by hysteresis loops), and equivalent damping ratio (the rela
tionship between energy consumption and elastic energy in one cycle).

The equivalent modulus (Secant modulus) Eeqv is defined as 

Eeqv =
σmax

+ − σmax
−

εmax+ − εmax −
(6) 

The dissipated hysteretic energy ΔW is defined as 

ΔW=

∫

σdε (7) 

The equivalent damping ratio ξeqv is calculated as 

ξeqv =
ΔW

4πWs
(8) 

where εmax
+ and εmax

− indicate the strains of the maximum amplitude in 
the positive and negative directions; σmax

+ and σmax
− represent the 

corresponding stresses at εmax
+ and εmax

− ; ε is the loading displacement 

for any deformation; σ is the corresponding damping force at ε; Ws de
notes the elastic strain energy at maximum deformation.

Mechanical performance indicators revealed significant pre- 
compression and frequency dependence in the hysteretic behavior of 
high damping rubber elastomers, as shown in Fig. 8. As pre-compression 
increased from 3.0 to 7.0 mm, the equivalent modulus escalated by 7.5 
%–24.6 %. In addition, energy dissipation surged 10.6 to 11.9 times 
compared to that at 3.0 mm pre-compression. When frequency increased 
from 0.1 Hz to 20.0 Hz, both the equivalent modulus and energy dissi
pation were amplified. Specifically, the equivalent modulus increased 
by 71.2 %–91.4 %, hysteretic energy grew 3.8 times, and the peak 
equivalent damping ratio reached 0.169. However, under loading con
ditions of large pre-compression, wide amplitude, and high frequency 
(D3.0P7.0F20.0), the equivalent damping ratio decreased by 17.2 %. 
This reduction was attributed to the enhanced nonlinearity, which 
caused the hysteresis loop to become more concave and resulted in an 
increase in strain energy. Moreover, the frequency variations at low 
range exerted a more pronounced influence on the hysteresis loop and 
mechanical properties, indicating that the sensitivity of the frequency 
dependence was inversely proportional to the frequency.

From a microscopic perspective, the frequency-dependent effect can 
be explained by the response of polymer networks under external force. 
With increasing loading frequency, the dominant energy dissipation 
mechanism gradually transitions from conformational adjustments and 
dynamic hydrogen bond breakage-reformation to segmental motions of 
polymer chains with filler-matrix interfacial friction. This mechanism 
leads to significant energy dissipation, thereby imparting the elastomer 
with excellent vibration damping and energy absorption capabilities. 
When the loading frequency is high, the mobility of the chain segments 
becomes increasingly restricted, and interfacial friction between fillers 
and the matrix is intensified. Meanwhile, molecular conformations and 
hydrogen bonds have insufficient time to adjust and recombine. As a 
result, the mechanical behavior tends to a glassy response and exhibits 
increased stiffness. Consequently, even as the frequency continues to 
rise, the variations in the mechanical performance indicators remain 
slight compared to those observed at lower frequencies.

3.3. Results of temperature-controlled dynamic cyclic testing

3.3.1. Temperature dependence
The thermomechanical response of the high damping rubber-based 

elastomer was investigated through temperature-controlled hysteresis 
tests, as depicted in Fig. 9.

Two representative conditions, D1.0P3.0 and D3.0P10.0, demon
strated pronounced key temperature effects. Temperature significantly 
affected the area and shape and area of the hysteresis loop. When the 
temperature dropped, the hysteresis loops exhibited increased modulus, 
damping capacity, and nonlinearity—similar to the effects of elevated 
loading frequency. This observation pointed to a distinct property of 
polymers, the dependence on temperature and frequency (time), known 
as the frequency-temperature superposition [54,55]. Increasing 

Fig. 7. Stress-strain loops of pre-compressed specimens at 0.1 Hz–20.0 Hz.
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temperature and decreasing frequency have the same effect on the 
deformation of polymers. An equivalent relation exists between tem
perature and frequency, describing the synergistic effect on the micro
structure of polymers.

To avoid the influence of frequency on hysteresis loops, the tem
perature dependence on mechanical performance indicators was 
analyzed at a constant loading frequency of 1.0 Hz. The variations of 
mechanical performance indicators across different temperature, pre- 
compression, and amplitude were drawn in Figs. 10–12.

Within the working temperature range of the high damping rubber- 

based elastomers in seismic applications, temperature exhibited a 
generally negative correlation with the equivalent modulus, hysteretic 
energy, and equivalent damping ratio. The mechanical performance in 
the low-temperature range was significantly enhanced. Specifically, 
there was a 35.2–38.8 % reduction in equivalent modulus, a 43.1–50.4 
% loss in hysteresis energy, and a 15.5–16.3 % drop in damping ratio at 
40 ◦C compared to 10 ◦C. More noticeable alterations were observed at 
20 ◦C compared to 10 ◦C, with an 11.2–21.8 % reduction in equivalent 
modulus, a 24.7–34.2 % loss in hysteresis energy, and a 12.8–13.1 % 
drop in damping ratio. The temperature dependence on equivalent 

Fig. 8. Variation of mechanical performance indicators with frequency.

Fig. 9. Stress-strain loops of pre-compressed specimens at 10.0, 20.0, 30.0, and 40.0 ◦C.

Fig. 10. Variation of equivalent modulus with temperature.
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modulus was independent of the pre-compression and amplitude. 
Conversely, the temperature dependence on hysteretic energy displayed 
amplified sensitivity at larger amplitudes, reflecting nonlinear charac
teristics. As the temperature increased, the equivalent damping ratio 
first decreased and then fluctuated slightly, which is attributed to the 
competing influences between the equivalent modulus and the hyster
etic energy.

Temperature greatly influences the macroscopic mechanical perfor
mance through modulating the polymer chain mobility, filler-matrix 
interaction, and dynamic hydrogen bond equilibrium. High tempera
ture enhances the thermal motion of polymer chains, reduce the inter
facial adhesion between fillers and matrix, weaken the strength of 
hydrogen bonds, accelerate bond breaking, and suppress the recombine 
ability of hydrogen bonds. Chain segments can more readily respond to 
external forces through sliding or conformational adjustments, fillers are 
prone to thermal debonding, and hydrogen bond energy is lowered. 
Consequently, the mechanical performance exhibits reduced energy 
dissipation efficiency, decreased stiffness, and diminished nonlinear 
characteristics. In contrast, at low temperatures, chain segment mobility 
is restricted, filler-matrix interaction is enhanced, and the thermal sta
bility of hydrogen bonds is enhanced. Molecular chain orientation and 
entanglement are less prone to relaxation. Moreover, hydrogen bonds 
serve as more stable physical crosslinks that require more energy to 
break, leading to high stiffness, large hysteretic energy, and strong 
nonlinearity.

Frequency-temperature superposition can also be explained by 
considering the microscopic structure of polymers. When the tempera
ture decreases or the loading frequency increases, the viscous flow of 
polymer chains is restricted. This restriction enhances the internal fric
tion of chain segments, enhances filler-matrix interaction, and improves 
the dissipated energy from hydrogen bonds, resulting in higher stiffness 
and greater energy dissipation. Instead, when the temperature increases 
or the loading frequency decreases, the motion of the chain segments 
becomes easier and fuller. The interfacial adhesion between fillers and 
matrix weakens, and the energy absorbed from internal friction and 
hydrogen bonds gradually declines, with a reduction of stiffness and 

dissipated energy. This equivalence between temperature and frequency 
is a manifestation of the frequency-temperature superposition principle 
and an important characteristic of the dynamic response of polymers on 
microscopic and macroscopic scales.

3.3.2. Pre-compression dependence
To ensure comparability, the strain calculations in this section were 

normalized using the original specimen height before pre-compression. 
Fig. 13 illustrates the representative hysteresis curves under varying pre- 
compression levels of 3.0, 5.0, 7.0, and 10.0 mm (corresponding to pre- 
strains of 0.075, 0.125, 0.175, and 0.25, respectively). The tests were 
conducted at a constant amplitude of 1.0 mm (corresponding to 0.025 
strain) and a frequency of 1.0 Hz. The pre-compression dependence was 
quantified through mechanical performance indicators, as shown in 
Fig. 14. Increasing the pre-strain from 0.075 to 0.25 induced three 
distinct changes. First, the slope of the hysteresis loops became steeper, 
with the modulus elevating by 41.2–56.3 %. Second, the area of the 
hysteresis loops expanded, resulting in a 44.0–65.0 % increase in energy 
dissipation. Third, the nonlinear behavior became more evident. The 
improvement in energy dissipation exceeded the enhancement in 
modulus for higher pre-compression, resulting in a gentle increase in the 
damping ratio. Besides, a higher level of pre-compression led to more 
substantial enhancements in the mechanical property indicators. It has 
been previously verified that the static preloading path followed along 
the hyperelastic curve when pre-compression is applied to polymers at 
an extremely low rate. Therefore, pre-compression shifts the initial 
loading point towards higher strains along the hyperelastic curve. 
Consequently, subsequent cyclic loading occurs in the region with 
higher resistance and modulus, as shown in Fig. 6 (a).

Pre-compression induces the polymer network to withstand a high 
strain state beforehand, where filler aggregates and chain segments are 
squeezed tighter and denser under compression. This pre-strain state 
restricts the mobility of both chain segments and filler particles during 
subsequent cyclic deformation, amplifying internal friction through 
restricting chain segments slippage and filler-matrix interaction. 
Simultaneously, pre-compression induces some hydrogen bond rupture, 

Fig. 11. Variation of hysteretic energy with temperature.

Fig. 12. Variation of equivalent damping ratio with temperature.
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followed by their reformation at thermodynamically favorable posi
tions, which stabilizes a reinforced transient network with optimized 
crosslink density. The interplay between restricted molecular mobility 
and hydrogen bond network reorganization directly manifests macro
scopically as elevated stiffness and improved energy dissipation 
efficiency.

Through the rational design of the preloading process, a higher load- 
bearing capacity can be achieved while ensuring high energy dissipation 
and vibration damping performance. This finding is of great significance 
for vibration damping applications. Pre-compression may provide a 
more flexible design approach for utilizing the hyperelastic advantages 
of polymers in vibration damping applications.

3.3.3. Amplitude dependence
The amplitude-dependent viscoelastic behavior manifests as a char

acteristic reduction in dynamic modulus with increasing strain ampli
tude under cyclic loading, demonstrating the Payne effect. The Payne 
effect is a hysteretic softening behavior observed under low dynamic 
strain in filled elastomers [56]. To characterize this phenomenon, cyclic 
loading tests were conducted at fixed pre-compression (10.0 mm) and 
frequency (3.0 Hz) with progressively increasing amplitudes (1.0, 2.0, 
and 3.0 mm). As shown in Fig. 15, hysteresis loops exhibited distinct 

amplitude-driven modifications. The shape of hysteresis loops became 
increasingly inflated and buckled as the amplitude increased, although 
the slope of the loops tended to flatten. The mechanical performance 
indicators were further calculated to reveal the mechanical trends, as 
seen in Fig. 16. As the amplitude increased from 1.0 mm to 3.0 mm, the 
equivalent modulus decreased by 17.5–20.7 %, while the hysteretic 
energy dissipation significantly increased by 5.8–6.5 times. The equiv
alent damping ratio initially stabilized before decreasing by 1.2–7.8 %.

The amplitude effect stems from the dynamic competition of among 
multiscale structural interactions in polymers. Under small displace
ment amplitudes, the rigid filler network and reversible hydrogen- 
bonded crosslinks maintain high equivalent stiffness. The filler-matrix 
interfacial interaction and dynamic hydrogen bond breakage- 
reformation cycles dominate the energy dissipation mechanism, result
ing in a stable damping ratio. However, as the displacement amplitude 
escalates, the increased molecular chain mobility expands the free vol
ume between chain segments. In addition, the irreversible breakdown of 
the filled network and the kinetic imbalance between hydrogen bond 
rupture and recombination collectively induce softening in force. This 
transition alters the main energy dissipation pathway from reversible 
interfacial friction and hydrogen bond dynamics to irreversible chain 
slippage and filler cluster reconfiguration. Consequently, the equivalent 

Fig. 13. Stress-strain loops of pre-compressed specimens at 3.0, 5.0, 7.0, and 10.0 mm pre-compression.

Fig. 14. Variation of mechanical performance indicators with pre-compression.

Fig. 15. Stress-strain loops of pre-compressed specimens at 1.0, 2.0, and 3.0 mm amplitude.
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stiffness decreases, accompanied by an expansion of hysteresis loops and 
a subsequent decline in damping ratio, as evidenced by the amplitude- 
dependent evolution of mechanical indicators.

4. Conclusions

This study investigated the dynamic mechanical behavior and 
microscopic energy dissipation mechanisms of pre-compressed high 
damping rubber-based elastomers. The elastomers were modified with 
nanofiller reinforcement and sacrificial bonds and evaluated under 
coupled service conditions, including pre-compression, cyclic loading, 
and thermal variations. The main findings are summarized below. 

(1) Pre-compression shifts the operational region of cyclic loading 
along the hyperelastic stress-strain curve. This shift significantly 
enhances stiffness and energy dissipation while reducing the 
Mullins effect. Pre-strain levels of 7.5 %–25 % amplify equivalent 
modulus by 41.2–56.3 % and hysteretic energy by 44.0–65.0 %, 
attributed to restricted chain mobility, enhanced filler-matrix 
interfacial interaction and hydrogen bond network dynamic 
reorganization.

(2) The elastomer exhibits high damping performance over the test 
frequency band of 0.1–20.0 Hz and test temperature range of 
10.0–40.0 ◦C. Increasing frequency elevates the equivalent 
modulus by 71.2 %–91.4 % and increases hysteretic energy by 3.8 
times. In contrast, rising temperature weakens the equivalent 
modulus by 35.2 %–38.8 % and reduces energy dissipation by 
43.1 %–50.4 %. These changes are driven by restricted polymer 
chain mobility, intensified filler-matrix adhesion, and hydrogen 
bond dynamics at higher frequencies and lower temperatures. 
However, excessive frequency of 20.0 Hz under large pre- 
compression marginally reduces damping ratio due to nonlinear 
hysteresis loop distortion.

(3) Amplitude increases from 3.3 % to 10 % induce the Payne effect 
under 25 % pre-strain. This effect reduces the equivalent modulus 
by 17.5 %–20.7 % and amplifies hysteretic energy dissipation by 
5.8–6.5 times. This transition reflects a change of energy dissi
pation mechanisms from reversible hydrogen bond dynamics to 
irreversible chain slippage and filler network breakdown.

(4) The combination of chemical crosslinks, nanofiller networks, and 
dynamic hydrogen bonds establishes a multi-level energy dissi
pation system. Hydrogen bonds act as reversible sacrificial bonds, 
while nanofillers restrict chain mobility and enhance interfacial 
friction. These mechanisms collectively enable high damping 
performance across wide operational ranges, suitable for pre
loaded damping components in vibration control engineering.

(5) Further studies are planned to elucidate the mechanisms affecting 
the damping performance by FTIR analysis and molecular dy
namics simulations. These studies will focus on the formation and 
dynamic behavior of hydrogen bonds under various temperature 
and loading conditions, thus consolidating current findings and 

helping to develop predicting models for the high damping 
rubber-based elastomer under pre-compression.
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