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The influence mechanism of thermal oxygen aging on the dynamic characteristic of the rubber isolation pad (RIP) is usually
ignored in studies. However, the ambient temperature of the RIP could reach up to 70°C in general, and even 108°C under
some extreme conditions, which will lead to accelerated thermal oxygen aging and a decline in the mechanical performance for
the RIP. In the meantime, the thermal oxygen aging will result in excessive vibration and even a damaged external air
conditioner. Therefore, the research on the influence mechanism of rubber thermal oxygen aging on the dynamic
performances of the RIP is crucial to the mechanical characteristic matching of the RIP. Considering the effect of the thermal
oxygen aging on the dynamic characteristic, a novel model of thermal oxygen aging-dynamic characteristic of the RIP is
established by adopting the Peck model, the hyperelastic model, the fractional derivative model, and the smooth Coulomb
friction model (SCFM) in this paper. A test rig of the static and dynamic characteristics of the RIP is built, and an
identification method of model parameters is developed based on the MTS831 elastomer test system as well which of the
thermal oxygen aging-dynamic characteristic model is verified by the experimental data. The result is shown that the
maximum growth rate of the static stiffness and the dynamic stiffness is 20.7% and 4.5%, respectively, and the maximum
decrease rate of the loss factor is 10.6% as the thermal oxygen aging hardness of the RIP increases by 5HA. The amplitude-
dependent, frequency-dependent, and thermal oxygen aging-dependent performances of the RIP are effectively characterized
by the thermal oxygen aging-dynamic characteristic model. Moreover, a theoretical foundation is provided for the evolution
law of the dynamic characteristic of the RIP after the service with the thermal oxygen aging condition in this research.

1. Introduction

The rubber isolation pad (RIP) is the main vibration isola-
tion [1–3] element of the air conditioner compressor, which
is widely used in household air conditioners and automotive
air conditioners. The RIP is used to fix and support the com-
pressor through the stud of the air conditioner chassis to
reduce the horizontal and vertical vibration of the compres-
sor. Thus, the RIP can effectively protect the compressor and
the corresponding connection piping, and the RIP also can
reduce the noise of the compressor at the same time. In addi-
tion, the RIP can effectively prevent the compressor from

directly colliding with the bottom plate during transporta-
tion. Therefore, the RIPs play a key role in protecting the
compressor and vibration attenuation. According to our
jointly experimental research with the Midea Group Co.,
Ltd, the internal temperature of the air conditioner outdoor
unit (including the compressor and the RIPs) can reach up
to about 108°C during the operation. The thermal oxygen
aging phenomenon of the RIP will be generated by the influ-
ence of internal temperature [4, 5]. The dynamic character-
istic of the RIP will be changed continuously under the thermal
oxygen aging condition, whichwillmake the vibration and noise
of the compressor and the pipeline of the air conditioner
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gradually increase and even damage the pipeline of the air con-
ditioner. Thus, considering the thermal oxygen aging factor, the
establishment of the thermal oxygen aging-dynamic characteris-
tic model of the RIP has great theoretical and engineering signif-
icance for predicting the vibration performance of household or
industrial air conditioners after the service.

To study the dynamic characteristic of the RIP, it is nec-
essary to analyze the static stiffness first, and it is essential to
choose a suitable constitutive model to analyze the static
force–displacement relationship of the RIP. The Mooney–
Rivlin constitutive model [7–10] can be adopted due to the
small deformation of the RIP during the operation. Kaya
et al. [11] performed modeling analysis and shape optimiza-
tion on the hyperelasticity of rubber and obtained model
parameters of the material constitutive model by fitting the
experimental data of the uniaxial tensile test and the planar
tensile test. Oza et al. [12] extracted the material constants
by using a computer-aided engineering (CAE) method and
the uniaxial tension, the uniaxial compression, the bi-axial
tension, the planar shear, and the volumetric test of rubber,
which provided an effective method for predicting the
hyperelasticity behavior of rubber.

The effect of the thermal oxygen aging factors on the
rubber materials was not taken into consideration in the
above studies, then some scholars began to study the effect
of rubber thermal oxygen aging on the mechanical perfor-
mances [13, 14]. Nie et al. [15] conducted an experimental
analysis of the thermal oxygen aging and the mechanical
fatigue on natural rubber under the different fillers’ matrix,
and the aging mechanism of rubber was analyzed from the
aspects of crosslink density and defects content, which pro-
vided a theoretical basis for modeling the mechanical char-
acteristic of rubber with the thermal oxygen aging
condition. Azura et al. [16] studied the effects of different
types and filler loading of carbon black on the mechanical,
electrical, and aging properties of natural rubber from the
material level, and the effect of the thermal oxygen aging
on the mechanical properties was investigated under the
accelerated aging experiment at a temperature of 100°C.

Considering the influence of carbon black alone, it is not
enough to reflect the effect of the thermal oxygen aging on
the dynamic characteristic of rubber. Loh et al. [17] estab-
lished the finite-element model of the air conditioner com-
pressor and the pipeline tested the radial and axial static
stiffness and dynamic stiffness of the RIP by using an
MTS830 elastomer test system. Then, the prediction method
of the stiffness characteristic of the RIP was put forward.
However, the test conditions of the dynamic stiffness only
included two frequency points of 25 and 47Hz. The test data
are insufficient, and the corresponding mathematical model
of the dynamic characteristic has not been established as
well. The classical Kelvin–Voigt model, Maxwell model,
and three-element solid model are usually used to character-
ize the frequency dependence of the dynamic characteristic
of rubber isolators [18, 19]. Hu et al. [20] superimposed
the hyperelastic model, and several generalized Maxwell
models, elastoplastic models in parallel, and the model
parameters were determined by the uniaxial tensile test, the
uniaxial compression test, and the shear test. Then, the

validity of the built model was verified by CAE calculations.
The results show that the established model can effectively
characterize the amplitude dependence and the frequency
dependence of the dynamic characteristic. However, the fitting
accuracy of the dynamic characteristic needs to be further
improved. At the same time, excessive model parameters are
difficult to be identified and lack physical significance.

To overcome the defect of insufficient accuracy of the
dynamic characteristic models such as the Kelvin–Voigt
model and the generalized Maxwell model, the fractional
derivative model was used to more accurately characterize
the dynamic characteristic of rubber materials. Chen et al.
[21, 22] introduced the fractional derivative model and the
SCFM to model the convoluted air springs, and the experi-
mental data are in good agreement with the theoretical values.
However, the influence factors such as rubber thermal oxygen
aging on the dynamic stiffness and the loss factor are not con-
sidered, and the dynamic characteristic with the thermal oxy-
gen aging has not been further studied as well.

The above studies of rubber vibration isolators are usu-
ally applied in the field of automotive vibration isolation.
Few research focuses on the dynamic characteristic of the
RIP of the air conditioner compressor, and most of them
do not consider the influence of the thermal oxygen aging
factor on the dynamic characteristic of the rubber isolation
element [23]. Rodas et al. [24] established the thermo-
visco-hyperelastic constitutive model, which was verified
by the finite-element method. The results have shown that
the constitutive model offers satisfactory predictions of both
mechanical behavior and self-heating. However, the varia-
tion of force–displacement relationship and the influence
of rubber thermal oxygen aging are not considered as well.
Zhi et al. [25] further considered the effect of the thermal
oxygen aging, and then, a suitable constitutive model of
aging-viscoelastic coupling was established. However, the
influence of the thermal oxygen aging on the dynamic visco-
elasticity of natural rubber was only studied by the finite-
element method, rather than the accurately theoretical
modeling method, which is difficult to be directly applied
to stiffness optimization of the vibration isolation system.

The above research has deficiencies as follows: (1) the
dynamic characteristic model with sufficient accuracy was
not established, and the effect of the thermal oxygen aging
was not considered. (2) In the automotive field, the rubber
vibration isolators are mainly used as engine mounts, and
the ambient temperature, the preload, the operating frequency,
etc., are far different from the RIPs. Therefore, a high-precision
thermal oxygen aging-dynamic characteristic model should be
established to carry out precise stiffness matching of the RIP
and improve the quietness of the air conditioner.

The Arrhenius model [26, 27] is introduced since the
thermal oxygen-accelerated aging [28, 29] to describe the
evolution law of the dynamic characteristic of the RIP.
Moreover, the rubber hardness is also introduced to further
improve modeling accuracy. The hardness of rubber is pro-
portional to the static stiffness; hence, the Peck model [30] is
more suitable because of considering the influence of hard-
ness. The Peck model, the hyperelastic model, the fraction
derivative model, and the SCFM are proposed to jointly
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establish dynamic characteristic models of the RIP of the com-
pressor under the effect of the thermal oxygen aging. A thermal
oxygen aging-dynamic characteristic model with the thermal
oxygen aging factor is developed in this paper, and then, the
identificationmethods of thermal oxygen aging-dynamic char-
acteristic model parameters are also put forward. It can predict
the dynamic characteristic of the RIP under the influence of the
thermal oxygen aging condition and can provide a guide for
the stiffness design and matching of the RIP.

This paper is organized as follows, a novel thermal oxygen
aging-dynamic characteristic model is proposed in Section 2,
the experimental devices and test methods are developed in
Section 3, the model parameters are identified, and the novel
model is validated by the experimental data in Section 4, and
then the conclusions and the outlooks are drawn thereafter.

2. Thermal Oxygen Aging-Dynamic
Characteristic Model

The main components of the air conditioner outdoor unit
including the RIPs are shown in Figure 1. The operating ambi-
ent temperature of the RIPs can continue to increase due to the
heat generated during the operation of the compressor. The
dynamic characteristic of the RIPswill be degraded by the ther-
mal oxygen aging phenomenon. Therefore, it is necessary to
modify the dynamic characteristic model of the RIP by consid-
ering the thermal oxygen aging effect to more accurately
describe the evolution mechanism of the thermal oxygen
aging-dynamic characteristic of the RIP.

The dynamic characteristic of the RIP is affected by the
excitation frequency, the excitation amplitude, and the ther-
mal oxygen aging condition, etc. As shown in Figure 2, based
on the hyperelastic model, the fractional derivative model,
the SCFM, and the thermal oxygen aging factor, a novel
thermal oxygen aging-dynamic characteristic model of the
RIP is established in this paper.

In Figure 2, Khe, Kv, and Kf are the equivalent elastic stiff-
ness, the stiffness of the fractional derivative Kelvin–Voigt
model (abbreviated as FDKVM), and the stiffness of the
SCFM, and μ and β are the thermal oxygen aging factor
and the material parameter, respectively.

Based on the linear elastic model, the hyperelastic model
is applied to accurately describe the relationship between the
non-linear force and the displacement of the RIP [31]. In the
field of railway vehicle vibration reduction, the fractional
derivative standard model can well characterize the fre-
quency dependence of the RIP with fewer parameters. Thus,
the FDKVM composed of the hyperelastic model, and the
fractional derivative standard model is established to better
describe the viscoelastic properties of the RIP [32]. Further-
more, the amplitude dependence of the RIP can be charac-
terized by the SCFM, and then, the thermal oxygen aging
factor is developed based on the peck model in this paper.

In this paper, the Peck model is used to represent the
thermal oxygen aging of the RIP, so the degradation behav-
ior of the dynamic characteristic can be predicted. The Peck
model can be expressed as follows [30]:

Q Tð Þ = C1HAeEa/RT , ð1Þ

where Q(T) is the reaction rate, HA is the Shore hardness, C1
is the acceleration coefficient with the thermal oxygen aging,
Ea is the activation energy of the reaction, R is the molar gas
constant, and T is the Kelvin temperature. Based on the Peck
model, the thermal oxygen aging factor of the RIP can be
described as below:

μ = 1 + C1HAe−Ea/RTt, ð2Þ

where μ is the thermal oxygen aging factor, and t is the ther-
mal oxygen aging time.

The finite-element analysis (FEA) is combined to estab-
lish the hyperelastic model, and the dynamic characteristics
of the RIP with or without thermal oxygen aging are ana-
lyzed theoretically and experimentally, which lay a founda-
tion for matching and optimizing the stiffness of the RIP.
The overall research procedure is shown in Figure 3.

The left part of Figure 3 is the thermal oxygen aging-
dynamic characteristic model of the RIP, the upper right
part is the process of establishing the dynamic characteristic
model without the thermal oxygen aging, and the lower right
part is the parameters identification of the thermal oxygen
aging factor. The specific steps of Figure 3 are as follows:

(1) Dumb-bell test pieces were made.

Liquid storage pot

Compressor

Pipeline

RIP

Nut

Chassis

Figure 1: Air conditioner outdoor unit.

Kf

Kv

Khe

μ β Kvfa

Figure 2: Thermal oxygen aging-dynamic characteristic model of
RIP.
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(2) The dumb-bell test pieces were subjected to the
uniaxial tensile test.

(3) Then, the parameters of C10, C01, and D1 were iden-
tified by the experimental data of the uniaxial tensile.

(4) The FEA model of the RIP based on the identified
parameters of C10, C01, and D1was built.

(5) The static stiffness was tested under the amplitudes of
0.2, 0.5, 1mm, and the loading velocity of 10mm/min.

(6) Based on the experimental data of the static stiff-
ness, the hysteresis loop was used to identify the
parameters of Ke, Ffmax, and Kmax. Then, the exper-
imental values of the static stiffness and FEA results
were combined to establish the hyperelastic model.

(7) The dynamic stiffness test was performed under the
amplitudes of 0.05, 0.2, 0.5mm and the frequency
range of 2–200Hz, and the interval of 2Hz.

(8) The model parameters of α and b were obtained by
applying the least square method.

(9) The experimental and calculation curves of the
dynamic characteristic for the RIP without the ther-
mal oxygen aging were compared, and the maximum
relative error of the comparison curves must be less
than 15%. Otherwise, return to step 6.

(10) The thermal oxygen accelerated aging test of the
RIPs were conducted under the temperature of
90°C, 100°C, 110°C, and 120°C, respectively.

Subtract

Add

Experiment

Model

With thermal oxygen aging Without thermal oxygen aging

Thermal oxygen aging-dynamic characteristic model 

Modeling

1. Dumb-bell test pieces 2. Uniaxial tensile test

Subtract
Rate-dependent effect

Parameter 
identification

6. Hysteresis loop 4. FEA

Parameter 
identification

b

Parameter 
identification

Experiment

Experiment

Draw 
curves

Dynamic characteristic model before thermal oxygen aging

5. The Static 
stiffness were
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stiffness and the loss 
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8.

9.

Thermal oxygen aging-dynamic characteristic model

Liquid storage pot Pipeline

Compressor

ChassisRIP

10.  The thermal oxygen accelerated 
aging processes were carried out at the 
temperature of 90°C, 100°C , 110°C
and 120°C, respectively. 
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Draw 
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11.

12. Dynamic stiffness
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Kv

Kf

μ μ μ
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Figure 3: Schematic diagram of the thermal oxygen aging-dynamic characteristic model.
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(11) The remaining parameters of μ, β, C1, and Ea of
thermal oxygen aging-dynamic characteristic
model were identified.

(12) The dynamic characteristic curves of the RIP with
the thermal oxygen aging were drawn and further
compared, and the maximum relative error of the
comparison curves must be less than 15%. Other-
wise, return to step 11.

2.1. Hyperelastic Model. Without regard to the thermal oxy-
gen aging, the force and displacement of the hyperelastic
model of the RIP can be expressed as below:

Fhe = Khex, ð3Þ

where Khe is the equivalent elastic stiffness, Khe = Ke + Kc. Ke
is the linear elastic stiffness, and Kc is the correction stiffness.
The Mooney–Rivlin constitutive model can better simulate
the mechanical behavior of the RIP due to the small strain
during the operation of the compressor, and the strain
energy function can be expressed as below [33]:

W = 〠
N

i+j=1
Cij I1 − 3ð Þi I2 − 3ð Þj + 〠

N

K=1

1
dk

I3 − 1ð Þ2k, ð4Þ

where I1, I2, and I3 are the strain invariants, and Cij, dk, and
N are the material constants.

Since the rubber material is incompressible, the binomial
third-order expansion of equation (4) can be written as:

W = C10 I1 − 3ð Þ + C01 I2 − 3ð Þ: ð5Þ

The relationship between the Kirchhoff stress tensor (tij)
and the Green strain tensor (γij) can be obtained as follows:

tij =
∂W
∂I1

∂I1
∂γij

+
∂W
∂I2

∂I2
∂γij

+
∂W
∂I3

∂I3
∂γij

: ð6Þ

The relationship between the principal stress ti of rubber
material and the principal elongation ratio λi can be
expressed as below:

ti = 2 λi
2 ∂W
∂I1

+
1
λi

2
∂W
∂I2

� �
+ P, ð7Þ

where P is the arbitrary hydrostatic pressure.
For the uniaxial tension, there are t2 = t3 = 0 and λ2

2 =
λ3

2 = 1/λ1: For the incompressible materials, there are I3 =
λ1

2λ2
2λ3

2 = 1 and D1 = 0. So:

∂W
∂I1

= C10,
∂W
∂I2

= C01: ð8Þ

Then, Equation (9) can be derived from Equations (7)

and (8) as follows:

t1
2 λ1

2 − 1/λ1
À Á = C10 +

C01
λ1

: ð9Þ

2.2. Frequency-Dependent Model. The relationship between
the viscous force and the displacement of the fractional
derivative standard model can be expressed as below:

Fkv = bDαx, ð10Þ

where ɑ is the fractional derivative order, b is the fractional
derivative damping parameter, and Dɑ represents the frac-
tional differential form. The FDKVM consists of the hyper-
elastic model and the fractional derivative model in
parallel. The force versus the displacement relationship of
the FDKVM can be expressed as below:

Fv0 = Khex + bDαx: ð11Þ

The dynamic stiffness and the loss angle can be obtained
by the Fourier transform of Equation (11):

Kv =
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Khe + bωa cos

aπ
2

� �h i2
+ bωa sin

aπ
2

� �h i2r
, ð12Þ

δ0 = arctan
bωa sin aπ/2ð Þ

Khe + bωa cos aπ/2ð Þ : ð13Þ

2.3. Amplitude-Dependent Model. The amplitude depen-
dence of carbon black-filled rubber is like the friction rela-
tionship, and the SCFM is used to describe the amplitude
dependence. The relationship between the smooth Coulomb
friction force of Ff and the displacement of x can be
expressed as below [34]:

Ff =

Ffs x = xs

Ffs +
x − xs

x2 1 − εð Þ + x − xsð Þ Ffmax − Ffsð Þ x > xs

Ffs +
x − xs

x2 1 + εð Þ − x − xsð Þ Ffmax + Ffsð Þ x < xs

8>>>>><
>>>>>:

,

ð14Þ

where Ffs and xs are the reference starting points of the force
and the displacement, respectively, and (Ffs, xs) = (0, 0). ε
= Ffs/Ffmax, ε ∈ ½−1, 1�. When reaching half of the maximum
friction force, the hyperelastic stiffness Khe, the maximum
friction force Ffmax, and the corresponding displacement x2
satisfy the following formula:

x2 =
Ffmax

Kmax − Khe
, ð15Þ

where Kmax is the maximum slope of the displacement at
both ends of the hysteresis loop. The stiffness Kf and the loss
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angle δ1 of the SCFM can be expressed as below:

K f =
Ffmax
2x2x0

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
x22 + x02 + 6x2x0

p
− x2 − x0

� �
, ð16Þ

δ1 = arcsin Ef
πFf0x0

, ð17Þ

Ef = 2Ffmax 2x0 − x2 1 + a0ð Þ2 ln x2 1 + a0ð Þ + 2x0
x2 1 + a0ð Þ

� �
,

ð18Þ
where a0 =Ff0/Ffmax, x0 is the excitation amplitude,
andFf0 = Ffmaxð

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
x22 + x02 + 6x2x0

p
− x2 − x0Þ/ð2x2Þ.

2.4. Dynamic Characteristic Model of the RIP. Combining
Equations (12) and (13) with Equations (16) and (17), the
dynamic stiffness and the loss factor of the RIP irrespective
of the thermal oxygen aging can be expressed as below:

Kvf = K f cos δ1 + Kv cos δ0 + j K f sin δ1 + Kv sin δ0½ �,
ð19Þ

K∗
vf =

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
K f cos δ1 + Kv cos δ0½ �2 + K f sin δ1 + Kv sin δ0½ �2

q
,

ð20Þ

tan δ =
K f sin δ1 + Kv sin δ0
K f cos δ1 + Kv cos δ0

, ð21Þ

where j is an imaginary unit, and j2 = −1. Kvf is the complex
stiffness of the RIP without thermal oxygen aging, K∗

vf is the
dynamic stiffness of the RIP without the thermal oxygen
aging, and tanδ is the loss factor of the RIP without the ther-
mal oxygen aging.

2.5. Thermal Oxygen Aging-Dynamic Characteristic Model of
the RIP. Considering the thermal oxygen aging-dependence,
the force versus the displacement relationship of the hyper-
elastic model taking into account the thermal oxygen aging
factor μ can be expressed as below:

Fkea = μKhex: ð22Þ

Hu et al. [20] introduced several material parameters to
describe the change of the viscoelastic force more accurately
under the thermal oxygen aging, but it is difficult to identify
these parameters due to too many parameters. To simplify
the parameters and accurately characterize the viscoelastic
changes of the RIP under the thermal oxygen aging, only
the linear parameter β is introduced in this paper, and the
relationship between the force and the displacement of the
fractional derivative standard model can be expressed as
below:

Fkva = βμbDαx: ð23Þ

Therefore, the relationship between the force and the
displacement of the FDKVM considering the thermal oxy-

gen aging factor can be rewritten as follows:

Fva = μ Khe + βbDαð Þx: ð24Þ

Through Fourier transform of Equation (24), the
dynamic stiffness, and the loss angle of the FDKVM can be
obtained as below:

Kva =
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
μKhe + βμbωa cos

aπ
2

� �h i2
+ βμbωa sin

aπ
2

� �h i2r
,

ð25Þ

δa0 = arctan
βμbωa sin aπ/2ð Þ

μKhe + βμbωa cos aπ/2ð Þ : ð26Þ

Similarly, the relationship between the force and the dis-
placement of the SCFM considering the thermal oxygen
aging factor also can be rewritten as below:

Ff =

μFfs x = xs

μ Ffs +
x − xs

x2 1 − εð Þ + x − xsð Þ Ffmax − Ffsð Þ
� �

x > xs

μ Ffs +
x − xs

x2 1 + εð Þ − x − xsð Þ Ffmax + Ffsð Þ
� �

x < xs

8>>>>>><
>>>>>>:

:

ð27Þ

Then, the stiffness Kfa and the loss angle δa1 of the corre-
sponding SCFM can be expressed as below:

K fa = μK f , ð28Þ

δa1 = arcsin
Efa

πμFf0x0
: ð29Þ

From the above, the complex stiffness, the dynamic stiff-
ness, and the loss factor of the RIP with the thermal oxygen
aging can be expressed as below:

Kvfa = K fa cos δa1 + Kva cos δa0 + j K fa sin δa1 + Kva sin δa0½ �,
ð30Þ

K∗
vfa=

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
K fa cos δa1+Kva cos δa0½ �2+ K fa sin δa1+Kva sin δa0½ �2

q
,

ð31Þ

Tanδa =
K f a sin δa1 + Kva sin δa0
K f a cos δa1 + Kva cos δa0

: ð32Þ

where Kvfa is the complex stiffness of the RIP with the ther-
mal oxygen aging, K∗

vfa and tanδa are the dynamic stiffness
and the loss factor of the RIP with the thermal oxygen aging,
respectively.

3. Experimental Devices and Methods

The experimental equipment in this paper consists of the
MTS microcomputer-controlled electronic universal testing
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machine, the MTS831 elastomer test bench, the RIPs (pro-
duced by a cooperative enterprise, using Ethylene Propylene
Diene Monomer (EPDM) as the main raw material, which
has excellent aging resistance, ozone resistance, sunlight
resistance, heat resistance, water resistance, and other aging
properties and can be used in the temperature range of
−40°C to 130°C for a long time. The structure and related
dimensions of the RIP are shown in Figure 4), the program-
mable temperature-humidity test chamber, the fixtures, etc.

3.1. Uniaxial Tensile Test. The uniaxial tensile tests were car-
ried out by the MTS microcomputer-controlled electronic
universal testing machine as shown in Figure 5. The specific
steps of the uniaxial tensile test were as follows based on the
ISO 37: 2005 [35] (Rubber, vulcanized or thermoplastic-

determination of tensile stress-strain properties): (1) the fix-
ture related to the MTS microcomputer-controlled elec-
tronic universal testing machine. (2) the position of the
limit block was adjusted according to the position of the fix-
ture, which can protect the sensor and the fixture from dam-
age. (3) the dumb-bell test piece was clamped to the fixture,
then the dumb-bell test piece was stretched at a speed of
500mm/min. (4) the dumb-bell test piece was loaded to a
constant strain value of 3.0, and then it was unloaded to
the initial position. The loading–unloading cycles have been
repeated three times, and the third results were recorded
(due to the Mullins effect).

According to the identified material parameters of the
Mooney–Rivlin model, the material properties of the RIP
were defined in ABAQUS. The compression displacement
was set to 3mm, calculation results of the RIP are shown
in Figure 6.

3.2. Accelerated Thermal Oxygen Aging Experiment. First,
the thermal oxygen aging temperatures of the RIPs were
set to 90°C, 100°C, 110°C, and 120°C, respectively, and the
accelerated thermal oxygen aging process was strictly imple-
mented in accordance with the ISO 188-2011 [36] (Rubber,
vulcanized or thermoplastic-accelerated aging and heat
resistance tests).

Second, according to the actual engineering applications,
the Shore hardness variation of 5HA was set as the critical
point for the accelerated thermal oxygen aging.

Third, to avoid the differences of each RIP due to uneven
rubber mixing and process difference, 98 RIPs with the same
batch vulcanization and the same hardness of 32HA were
selected. Two RIPs without thermal oxygen aging were taken
out, and the remaining 96 RIPs were equally divided into 4
groups. Each group was put into the test chamber under
the temperature of 90°C, 100°C, 110°C, and 120°C, respec-
tively, as shown in Figure 7 (such as 120°C). The compres-
sion deformation under the thermal aging process is
simulated by attaching preload to the RIP through bolt
clamping and limit block.

3.3. Hardness Test. During the accelerated thermal oxygen
aging experiment, two RIPs were taken out from each test
temperature every 24 hours, and the RIPs were placed at
the room temperature for 24 hours, then the hardness of
the RIPs was tested with the Shore durometer. The hardness
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32 mm
39
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m
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16 mm
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Figure 4: The structure of the RIP.
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Figure 5: Uniaxial tensile test device.
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+2.500e+00
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Figure 6: FEA model of the RIP.
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test was performed in accordance with the ISO 7619-1: 2010
[37] (Rubber, vulcanized or thermoplastic-Determination of
indentation hardness-Part 1: Durometer method (Shore
hardness), as shown in Figure 8.

The experiment was terminated when the hardness of
the samples changed by 5HA, and the results of the acceler-
ated thermal oxygen aging time at each test temperature are
shown in Table 1.

3.4. Static and Dynamic Stiffness Experiment. The static and
dynamic stiffness of the RIPs were tested by the MTS831
elastomer test bench, and the experimental device is shown
in Figure 9. Because 98 RIPs were manufactured in the same
batch, the difference among the RIPs is small and can be
ignored under the same thermal oxygen aging conditions.
The static stiffness and the dynamic stiffness tests were car-
ried out for both sample 1# (without the thermal oxygen
aging) and sample 2# (with thermal oxygen aging). During
the experiment, a preload of 37N was exerted according to

the weight distribution of the compressor, a triangle wave
signal with a speed of 10mm/min and amplitudes of 0.2,
0.5, and 1mm, respectively, were exerted to test the static
stiffness, and a sine sweep signal with the amplitudes of
0.05, 0.2, 0.5mm, the frequency range of 2–100Hz, and the
interval of 2Hz were exerted to test the dynamic stiffness.

4. Parameter Identification and Model
Validation

4.1. Parameter Identification

4.1.1. Hyperelastic Parameters Identification. The stress value
(t1) can be measured under the different stretch ratios (λ1)
according to the uniaxial tensile test, and then 1/λ1 was
applied as the abscissa and ti/2ðλ21 − 1/λ1Þ was applied as
the ordinate. The test points were drawn to form a new
curve in the coordinate system, and the curve was regressed
into a straight line. Then, C10 is the intercept of this line and
C01 is the slope of this line, the identified parameters are
shown in Table 2. As shown in Figure 10, the results show
that the stress–strain curves calculated by the fitting param-
eters (C01, C10) can well reproduce the experimental data.

According to the obtained material parameters of the
Mooney–Rivlin model and the established FEA model
(Figure 6), the force–displacement curves of the RIP are
obtained as shown in Figure 11, and the nonlinear correc-
tion stiffness is obtained as shown in Equation (33). It can
be seen from Figure 11 that the results obtained by using
the hyperelastic model are closer to the experimental data
with respect to those obtained by using the linear elastic
material model. The larger errors are mainly concentrated
in the interval of −0.8 to −1.0mm and 0.8 to 1.0mm. The
absolute error values are shown in Table 3.

Kc = 0:134x3 − 3:2816x2 + 0:5447x: ð33Þ

4.1.2. Parameters Identification of the Peck Model. Hypothet-
ically, the RIPs are uniformly aging under the thermal oxy-
gen aging process of each test temperature, and the
thermal oxygen aging mechanism is the same as well [38].
Thus, the activation energy Ea of the reaction remains
unchanged, and the specific identification method of Ea is
shown in reference [26]. From Equation (1), the reaction
rate ratio at the different temperatures can be expressed as

Programmable temperature-humidity test chamber

Tray

Sample

96 RIPs
120°C

Fixture

Limited

Figure 7: Thermal oxygen aging experiment graph of the RIPs at the temperature of 120°C.

Test rack

Shore durometer

Fixture

Sample

Figure 8: Test rig of hardness.

Table 1: Thermal oxygen aging time under different temperatures.

Temperature/°C Unaged 90 100 110 120

Hardness/HA 32 37 37 37 37

Aging time/h — 216 96 48 24
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below [39]:

ln q =
Ea
R

1
T0

−
1
T

� �
, ð34Þ

where q = t0/ta, t0 is the thermal oxygen aging time at the
reference temperature of 90°C, and ta is the thermal oxygen
aging time at the temperature of 100°C, 110°C, and 120°C,
respectively. Then, the reaction rate ratio at the different
temperatures is shown in Table 4.

Then, the fitting curve of lnq and 1/T can be obtained, as
shown in Figure 12.

Figure 12 shows that the linear relationship of lnq and 1/
T at the temperature of 90°C, 100°C, 110°C, and 120°C is
very good, which indicates that the thermal oxygen aging

mechanism is the same at each test temperature. Thus, the
activation energy Ea at each test temperature is consistent,
which verifies the correctness of the previous hypothesis as
well.

The activation energy Ea can be obtained [39] by the lin-
ear line of lnq and 1/T. Equations (2), (22) and (25) were
also combined to obtain the acceleration coefficients C1,
and then these parameters are shown in Table 5.

4.1.3. Parameters Identification of the SCFM and the
FDKVM. To minimize the influence of viscous force on
RIP, the loading frequency should be reduced as far as pos-
sible during the static stiffness test, so that the Coulomb fric-
tion can play a major role. Therefore, a triangular wave
excitation signal with the loading speed of 10mm/min, and
an amplitude of 1mm was exerted on the RIP by the
MTS831 elastomeric test bench. The static stiffness of the
RIP depends on the hyperelastic model and SCFM. The
effect of the viscous force can be ignored due to the low

Load cell

Sample

Clamping device

Fixture

Figure 9: Test rig of the static stiffness and the dynamic stiffness.

Table 2: Values of C10, C01, and D1.

C10/MPa C01/MPa D1/MPa

0.231147 −0.02274 0
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Figure 10: Mooney–Rivlin material parameters fitting curve.
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Figure 11: RIP force–displacement curve.
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frequency of the static stiffness test. As shown in reference
[21, 40] for the parameter identification method of the
SCFM, Ke, Ffmax, and Kmax can be identified by the hysteresis
loop, the hysteresis loops obtained by the experimental data
and calculation values of the RIP with or without thermal
oxygen aging are shown in Figure 13.

From Figure 13, the hysteresis loops of the RIP with
thermal oxygen aging are inclined upward, and the maxi-
mum growth rate of the static stiffness is 20.7% when the
thermal oxygen aging hardness increases by 5HA. Com-
pared the hysteresis loop with thermal oxygen aging with
that without thermal oxygen aging of the RIP, the experi-
mental data and calculation values are in good agreement,
and the maximum relative error between the calculation
values and the experimental data is less than 3.1%.

To reduce the influence of the smooth Coulomb friction
during the dynamic stiffness test, it is necessary to use the
low amplitude signals as much as possible. The dynamic
stiffness tests were conducted with the excitation frequencies
range from 2 to 100Hz, the interval of 2Hz, and the ampli-
tude of 0.05mm. Then, the contribution of the FDKVM to

the dynamic stiffness of the RIP can be obtained. The frac-
tional derivative order ɑ and the damping parameter b can
be identified by using the least square method. According
to Equations (2), (24), and (26), the material parameter β
also can be identified. These parameters of the SCFM and
the FDKVM are shown in Table 6.

When the amplitude of the RIP is 0.05mm, the calcu-
lated and experimental curves of the dynamic stiffness and
the loss factor are shown in Figure 14. According to
Figure 14, it can be observed that the dynamic stiffness and
the loss factor of the RIP with or without thermal oxygen
aging increases as excitation frequency increases. However,
the dynamic stiffness with the thermal oxygen aging is
higher than that without thermal oxygen aging, and the
maximum growth rate of the dynamic stiffness is 4.5%.
Simultaneously, compared with the RIP without thermal
oxygen aging, the maximum decrease rate of the loss factor

Table 3: Absolute error between calculation and experimental values of two models.

Dispacement (mm) −1.0 −0.9 −0.8 0 0.8 0.9 1.0

Linear elastic model absolute error (N) 4.5 3.8 2.8 0 2.2 2.5 2.8

Hyperelastic model absolute error (N) 0.5 0.6 0.2 0 0.6 0.4 0.2

Table 4: The reaction rate ratio at the different temperature.

Temperature (°C) 90 100 110 120

q 1 2.25 4.5 9

2.50 2.55 2.60 2.65 2.70 2.75 2.80
–0.5

0.0

0.5

1.0

1.5

2.0

2.5

ln
q

1/T×103 (K–1)

Figure 12: Regression and extrapolation results of the activation
energy.

Table 5: Parameters of Peck model.

Symbol Value Units

C1 1:68 × 104 s−1

R 8.314 J/Mol.K

Ea 86.507 kJ/Mol
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Figure 13: Hysteresis loop with and without thermal oxygen aging
(excitation amplitude 1mm).

Table 6: Model Parameters of the SCFM and the FDKVM.

Parameter Value Unit

Ke 32 N/mm

Kc Equation (33) N/mm

x2 0.122 mm

Ffmax 1.59 N

α 0.212 —

b 7.488 Nsa/mm

β 0.815 —
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is 10.6%. The relative errors between the calculation values
and the experimental data of the dynamic stiffness and the
loss factor are less than 2.3%, 2.9%, respectively.

4.2. Model Validation. For further verifying the validity of
thermal oxygen aging-dynamic characteristic model, the
static stiffness tests with a velocity of 10mm/min, and the
amplitudes of 0.2 and 0.5mm were performed by the
MTS831, the hysteresis loops of the static stiffness with or
without the thermal and oxygen aging of the RIP are shown
in Figure 15. It can be seen from Figure 15 that although the
model parameters were identified by adopting the experi-
mental data with the amplitude of 1mm, the identified
parameters can accurately reproduce the hysteresis charac-
teristic under the amplitudes of 0.2 and 0.5mm. Therefore,
the thermal oxygen aging-dynamic characteristic model
can accurately characterize the hysteresis characteristic of
the RIP with or without the thermal oxygen aging at the dif-
ferent amplitudes, and the static stiffness of the RIP with the
thermal oxygen aging at the different amplitudes increases
significantly. It also shows that it is indispensable to intro-
duce the thermal oxygen aging dependence of the RIP.

To further analyze the effect of the thermal oxygen aging
on the static stiffness of the RIP, the hysteresis loops with or
without the thermal oxygen aging are shown in Figure 16
when the loading speed is 10mm/min and the amplitudes
are 0.2, 0.5, and 1mm, respectively.

From Figure 16, the slope of the curves goes down with
the increase in the amplitude, so the static stiffness gradually
decreases. Consequently, the static stiffness of the RIP
decreases with the increase of the amplitude, and the varia-
tion of the static stiffness is nonlinear, so the nonlinear rela-
tionship is characterized by the hyperelastic model. At the
same time, the inclination of the curves becomes steeper
with the thermal oxygen aging, then the static stiffness

becomes larger. The increase of the static stiffness with the
thermal oxygen aging is 20.7%, which will generate greater
vibration and noise in the compressor and corresponding
piping system.

To study the influence of the thermal oxygen aging on
the amplitude dependence and the frequency dependence
of the dynamic characteristic, a sinusoidal excitation with
the amplitudes of 0.2 and 0.5mm, the frequency range of
2–100Hz, and an interval of 2Hz were applied to test the
dynamic stiffness of the RIP with or without the thermal
oxygen aging. The calculated curves and experimental
curves of the dynamic stiffness and the loss factor are shown
in Figure 17. From Figure 17, it can be found that the iden-
tified parameters with the amplitude of 0.05mm can also
reproduce the dynamic stiffness characteristic and the loss
factor with the amplitudes of 0.2 and 0.5mm, respectively.
It shows that the thermal oxygen aging-dynamic characteris-
tic model can accurately describe the change laws of the
dynamic stiffness and the loss factor of the RIP with or with-
out the thermal oxygen aging.

Figure 17 depicts that the dynamic stiffness of the RIP
with the thermal oxygen aging under the different ampli-
tudes all show an increasing trend, and the loss factor shows
a decreasing trend compared with that without the thermal
oxygen aging. The vibration isolation and the damping per-
formance of the RIPs are degraded, which further causes the
vibration of the compressor and the noise to increase.

From Figure 17, as the frequency continues to increase,
the slopes of the dynamic stiffness curves and the loss factor
curves continue to decrease, which shows that the growth of
the dynamic stiffness and the loss factor tends to be flat. The
frequency dependence of the dynamic stiffness and the loss
factor of the RIPs with the thermal oxygen aging is similar
to that without the thermal oxygen aging. When the fre-
quency is in the low-frequency range of 0–20Hz, the
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Figure 14: Dynamic stiffness and loss factor under the amplitude of 0.05mm. (a) Dynamic stiffness with or without thermal oxygen aging,
and (b) loss factor with or without thermal oxygen aging.
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frequency has a greater influence on the dynamic stiffness
and the loss factor. The low-frequency operation of the com-
pressor is mainly in the start-stop phase, and the amplitude
of the low-frequency operation is generally larger, which is
easy to damage the pipeline. For the common inverter air
conditioners, the compressor is frequently started and
stopped. If the stiffness of the original RIPs is matched rea-
sonably, the thermal oxygen aging will destroy the original
matching rationality and the loss factor is reduced. These
will increase the compressor vibration, further affect the reli-
ability of the pipeline, and increase the noise.

Similarly, when the compressor runs to the middle- and
the high-frequency above 20Hz, the influence of the thermal
oxygen aging will also increase the vibration of the compres-
sor. But as the frequency increases, the growth of the
dynamic stiffness and the loss factor shows a relatively flat
growth, then the frequency dependence gradually weakens.
Especially if the frequency is greater than 70Hz, the influ-
ence of the thermal oxygen aging will become the leading
factor in aggravating the vibration of the compressor.

From Figure 18, the dynamic stiffness and the loss factor
of the RIP increase as the frequency increases under the
same amplitudes. Under the same frequency range, the
dynamic stiffness of the RIP decreases with the increase of
the amplitude, but the loss factor increases with the increase
of the amplitude.

Actually, the RIPs will undergo side-group oxygen reac-
tion under the combined action of the thermal oxygen envi-
ronment and the vulcanization system, and the internal
molecular chains will be further cross-linked [41], and the
cross-linking density increases, then the more stable C–C
cross-link bond is formed. The anti-aging system of the rub-
ber formula captures and combines free oxygen and the rub-
ber free radicals under the high temperature or the thermal
oxygen aging conditions and reduces the degradation rate
of rubber molecules. The aging of the RIP is dominated by
the cross-linking, the combined effect of the cross-linking
and the hardening of rubber under the thermal oxygen envi-
ronment and the reduction of the degradation rate jointly
give rise to the increase in the static stiffness of the RIP
[42, 43]. The static stiffness data with the thermal oxygen
aging at the temperature of 120°C and an amplitude of
1mm were used to clarify the changes in the internal molec-
ular structure of the EPDM, which is shown in Figure 19.
From Figure 19, the rubber group undergoes the oxidation
reaction to generate peroxide free radicals and combines
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Figure 15: Hysteresis loops under the amplitudes of 0.2 and 0.5mm. (a) Hysteresis loops under the amplitude of 0.5mm, and (b) hysteresis
loops under the amplitude of 0.2mm.
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with long-chain free radicals P to generate ethers, which
indicates that a cross-linking reaction has occurred. The
stiffness increases slowly for the first 16 hours and then
increases dramatically from 16 to 24 hours. The oxidation
of the polymers normally leads to an increase in the cross-
linking density due to the introduction of the higher-
density oxidation groups with time, which finally results in
an increase in the static stiffness. Combining Equations
(12), (19), (25), and (30), it can be found that the dynamic
stiffness will also increase with the increase in the static
stiffness.

The new model established in this paper can predict the
dynamic characteristic of the RIP under the thermal oxygen
environment and provides a theoretical basis for the stiffness

matching and the optimization of the RIP. When the RIP is
optimally matched with the compressor, the change of the
static stiffness under the thermal oxygen aging conditions
will destroy the reasonableness of the performance matching
of the RIP and the compressor, which will produce the dete-
rioration of the vibration isolation performance of the RIP.
Therefore, the initial stiffness of the RIP can be adjusted
appropriately; the stiffness of the RIP can be designed to be
a little bit less than the optimal matching stiffness within
the acceptable performance range. As the RIP will age under
the thermal oxygen aging condition after a period of use, the
optimal matching stiffness will be reached, which indirectly
extends the service life of the RIP and optimizes the perfor-
mance matching design of the RIP.
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Figure 17: Dynamic stiffness and loss factor of the RIP under the different amplitudes. (a) Dynamic stiffness under the amplitude of 0.5mm,
(b) loss factor under the amplitude of 0.5mm, (c) dynamic stiffness under the amplitude of 0.2mm, and (d) loss factor under the amplitude
of 0.2mm.
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In summary, the thermal oxygen aging of the RIP mainly
changes the cross-linking density of the rubber material.
With the thermal oxygen aging process, the cross-linking
density of the EPDM increases, and the static stiffness
becomes larger, which also makes the dynamic stiffness to
increase, which is not conducive to the vibration isolation.
Moreover, the loss factor of the RIP also shows a decreasing
trend with the thermal oxygen aging, and the damping effect
declines.

5. Conclusions

In this paper, the Peck model, the FDKVM, and the SCFM
are introduced to establish the mathematical model of ther-
mal oxygen aging-dynamic characteristic of the RIP, then
the identification methods of the model parameters are
given. The modeling method of the dynamic characteristic
of the RIP is further developed and enriched in this study.

The results show that the relative error of the static stiff-
ness, the dynamic stiffness, and the loss factor between the
calculation values and the experimental data with or without
the thermal oxygen aging are less than 3.1%, 2.3%, and 2.9%,
respectively. It can be found that the novel model can accu-
rately describe the hysteresis characteristic, the amplitude
dependence, the frequency dependence, and the thermal
oxygen aging dependence of the RIP.

Due to the change in the cross-linking density of the
rubber molecular chain under the thermal oxygen aging
condition, the maximum growth rate of the static stiffness
and the dynamic stiffness is 20.7% and 4.5%, respectively.
The maximum decrease rate of the loss factor is 10.6%.
The thermal oxygen aging-dynamic characteristic model
can describe the change law of the dynamic characteristic
of the RIP and provides a good foundation for an in-depth
study of the variation of the dynamic characteristic.

Next research will proceed to improve the dynamic char-
acteristic model of the RIP under the different thermal oxy-
gen aging processes. This research is only applicable when
the thermal oxygen aging mechanism of the RIP is almost
consistent. When the aging process is inconsistent due to
the gradual change in the temperature, the thermal oxygen
aging-dynamic characteristic model will need to be further
refined based on this study in this paper.
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Figure 18: Calculation values of the dynamic stiffness and the loss factor of the RIP at the different amplitudes. (a) Calculation values of the
dynamic stiffness and (b) calculation values of the loss factor.
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Notations

HA: Shore hardness
C1, C2: Acceleration coefficients associated with ther-

mal oxygen aging
Ea: Activation energy of the reaction
R: Molar gas constant
T: Kelvin temperature
t: Thermal oxygen aging time
μ: Thermal oxygen aging factor
β: The material parameter
I1, I2, I3: Strain invariants
Cij, dk, N: Material constants
tij: Kirchhoff stress tensor
γij: Green strain tensor
ti: Principal stress
λi: Principal elongation ratio
P: Arbitrary hydrostatic pressure
C10, C01, D1: The material parameters of the Mooney–Riv-

lin constitutive model
ɑ: Fractional derivative order
b: Fractional derivative damping parameter
Dɑ: Fractional differential form
Ffs: Reference frictional force
Ffmax: Maximum frictional force
xs: Reference displacement
x0: Displacement amplitude
x2: Friction displacement when the frictional

force equals Ffmax/2
Khe: Equivalent elastic stiffness
Ke: Linear elastic stiffness
Kc: Correction stiffness
Kv: The dynamic stiffness of the FDKVM
Kf: The stiffness of the SCFM
K∗

vf : Complex stiffness
Kva: The dynamic stiffness of the FDKVM with the

thermal oxygen aging
Kfa: The stiffness of the SCFM with the thermal

oxygen aging
K∗

vfa: The complex stiffness with the thermal oxygen
aging

tan δ: Loss factor
tan δa: The loss factor with the thermal oxygen aging.
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