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Abstract: Thermo-oxidative aging plays an important role in changing the properties of rubber
materials; it significantly decreases the fatigue life of air spring bags and further causes safety hazards.
However, due to the great uncertainty of rubber material properties, an effective interval prediction
model has not been established considering the effect of aging on airbag rubber properties. To solve
the problem, this study proposes an interval parameter correlation model that can more accurately
describe rubber crack propagation characteristics by considering material uncertainty. Furthermore,
an aging prediction model of the rubber crack propagation characteristic region is established based
on the Arrhenius equation. The effectiveness and accuracy of the method are verified by comparing
the test and prediction results under the temperature spectrum. The method can be used to determine
the variations in the interval change of the fatigue crack propagation parameters during rubber aging
and can guide fatigue reliability analyses of air spring bags.

Keywords: thermal aging; fatigue life; Arrhenius equation; uncertainty; rubber

1. Introduction

Owing to their superior vibration isolation performance, noise reduction, and cush-
ioning performance, rubber materials are used in a wide range of industrial components,
such as air springs, automobile tires, seals, and shock pads [1,2]. However, the fatigue
properties of rubber parts tend to deteriorate during long-term service, which has an
impact on their lifetime and reliability [3]. Today, the methods for studying the fatigue
life of rubber parts mainly include crack initiation and crack propagation methods. These
methods have advantages and disadvantages in different engineering applications [4]. The
crack initiation method is mainly used to perform fatigue analyses on rubber parts under
heavy loads. The fatigue life of some rubber parts is nearly equal to the time of crack
initiation [5]. However, for air spring bags, chloroprene rubber (CR) material plays the
role of sealing and protecting the airbag cord, rather than the main load-bearing structure.
Only when a crack in the rubber matrix is extended to a certain limit will the reliability and
safety of the components be affected [6].

Based on fracture mechanics, several researchers have reported a series of basic mech-
anistic studies on the crack propagation properties of rubber materials. These studies
have provided a theoretical foundation for predicting the fatigue life of rubber parts [7-9].
On this basis, researchers have evaluated the fatigue performance of rubber components.
Peng et al. investigated the effects of the crack orientation angle and main tensile ratio on
the crack energy density and predicted the fatigue life of rubber materials [10]. Wu et al.
studied the fatigue durability characteristics of aircraft tires and predicted the effects of the
tread groove structure and slip angle on the tire fatigue wear characteristics by combining
tire performance tests and finite element analysis methods [11]. However, these studies
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ignored the effect of the aging rubber materials on the fatigue life of the rubber parts. The
actual service fatigue life of air spring airbags is much lower than the life tested by the
fatigue-testing machine. This is mainly due to the change in the molecular structure after
the aging of the airbag rubber material, which leads to a decline in the ability of the rubber
molecules to resist fatigue load. In engineering, rubber materials are typically susceptible
to service conditions, which results in the serious deterioration of their rubber properties,
such as thermal-oxidative aging, radiation exposure, and chemical corrosion. Thermal
aging has a considerable effect on many properties of rubber, such as the elongation of
their fatigue characteristics [12], hardness [13], stiffness [14], and rupture [15]. Therefore, to
ensure the safety of rubber parts in long-term service, the effect of rubber aging on these
fatigue properties needs to be studied to avoid potential safety hazards.

The natural aging test is one of the effective methods for evaluating the performance
of aging rubber materials; however, this method is time-consuming. Therefore, the thermal
accelerated aging test is widely chosen to rapidly study the performance of aging rubber
materials [16-18]. Currently, many studies are being conducted on the fatigue properties
of rubber parts considering aging factors. Olejnik et al. [19] and Kashi et al. [20] explored
the influence of aging on the fatigue characteristics of various rubber materials through
high-temperature accelerated aging, and their research results showed that the fatigue
crack growth rate of rubber after aging would seriously deteriorate. However, they only
analyzed the impact of aging and did not further predict or model the degradation trend
of the aging rubber crack propagation rate. Moon et al. [21,22] predicted the durability
life of tires under actual driving conditions by exploring the influence of aging on strain
energy density. A prediction model for rubber crack propagation parameters that is suitable
for the Arrhenius equation has not yet been established. Furthermore, the mechanical
properties of rubber products are inevitably uncertain, owing to manufactory errors and
other factors. The methods for uncertainty analyses are typically probabilistic and fuzzy,
as are interval methods [23,24]. The uncertainties identified using the probability method
were more reliable. However, sufficient statistical information is typically lacking, thereby
making it difficult to obtain the probability distribution function of the parameters. Con-
versely, a non-probabilistic interval analysis method is more appropriate for cases with
limited information about uncertain parameters. Thus, to reduce the workload of the
existing uncertainty prediction methods and simplify the prediction process, this study
introduces an interval analysis method to characterize the uncertainty of rubber crack
propagation performance.

Based on the literature survey, though lots of studies have been conducted on the life
prediction of rubber products, some important issues still remain unsolved: (a) the method
for predicting the crack propagation of rubber products considering both uncertainties and
material deterioration is unreported; and (b) in traditional interval analysis methods, the
parameters for modelling the mechanical properties of rubber are assumed to be indepen-
dent. However, one of the major shortcomings based on independent assumptions is the
relatively large overestimation caused by the so-called “wrapping effect” [25]. Therefore,
it is desirable to develop a life prediction method that can effectively estimate the crack
propagation of rubber materials under interval uncertainties.

The aim of this study was to develop an effective method for predicting the fatigue
crack propagation parameter deterioration during the aging process of air spring airbag
rubber materials. To this end, the degradation of the fatigue crack propagation behavior
and the dispersion of the property distribution of aged CR at different accelerated temper-
atures were statistically analyzed. A correlation model of the rubber crack propagation
parameter interval was proposed to improve the interval propagation problem caused
by the independent interval parameters. Then, combined with the Arrhenius equation,
a prediction model of the crack propagation rate interval of aging rubber material was
established. The validity of the accelerated aging test was ensured based on the princi-
ple of constant activation energy. Finally, the accuracy of the life prediction method was
demonstrated by comparing it to the results of the fatigue crack propagation testing.
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2. Materials and Experimental Methods
2.1. Material

In this study, rectangular chloroprene rubber plates (thickness = 2 mm) were used as
the test material, which were obtained by cutting and layering the commercial air spring
airbag of a high-speed train. The main mechanical properties and filling composition of
the material are shown in Tables 1 and 2, respectively. A circulating air oven was used to
accelerate the aging of the plates at four different temperatures during specific aging times
to obtain different levels of aging of the rubber material. At the laboratory temperature
(296 K =£ 2K)), the tensile test and fatigue crack propagation test were conducted on the
aged rubber plates, according to relevant test standards, to obtain the change rule of the
fatigue performance of the aging rubber.

Table 1. Main mechanical properties of unaged rubber.

Mechanical Properties Values
Shore hardness (Ha) 56
Tensile strength (MPa) 16.8
Ductility (%) 640

Table 2. Material composition.

Components Proportion (phr)

CR 100

Carbon black 30
Zinc oxide 5
Magnesium oxide 4
Stearic acid 1
Accelerator 2.5
Diphenylamine antioxidant 3
P-phenylenediamine antioxidant 3

2.2. Accelerated Aging Tests

Accelerated aging tests were performed according to the ISO 188:2011 standard [26].
An air-circulating oven (QLH-100) with an active ventilation function was selected to ensure
a constant level of oxygen, thereby providing constant aging conditions. In order to ensure
the efficiency of the accelerated test and avoid the influence of an excessively accelerated
aging temperature on the aging mechanism of the rubber, the accelerated temperature
range was selected to be from 343 K to 373 K. In the range of this accelerating temperature,
rubber materials usually show an aging rate that increases by 0.5 times to 1 times for every
10 K rise in temperature [27,28]. This is because the air spring airbag usually appears with
obvious cracks and continues to expand after one and a half years of service. In order to
predict the crack propagation performance of air spring airbag rubber material after one
and a half years of service, the maximum aging time at each accelerated aging temperature
was determined according to this principle. The specific thermal aging conditions are listed
in Table 3. All the aging temperature deviations were controlled within +1.2 K. When the
set aging time was reached, the rubber samples were taken out of the oven and then cooled
on a flat surface. The aging rubber plates were maintained at room temperature for at least
24 h and their physical properties were tested.

Table 3. Aging parameters.

Aging Temperature (K) Durations of Aging (Days)
343 0,2,4,8,16,24
353 0,1,2,5,8,16
363 0,1,2,4,8,12

373 0,05,1,2,4,8
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2.3. Tensile Tests

Tensile tests were carried out to obtain stress—strain curves of the aged rubber mate-
rials, which were used to calculate the tearing energy of the crack tip of the aged rubber.
According to ASTM D412-a [29], the aged rubber plates were cut into dumbbell-shaped
rubber specimens, and the static tensile tests were carried out on the cut specimens. Elim-
inating the Mullin effect on rubber materials with repeated tensile tests is necessary to
obtain accurate tensile property data on the rubber materials. Before the actual tensile test,
cyclic tensile testing (rate: 50 mm/min) was conducted within the range of the strain to
be measured until the tensile test curve was stable under repeated loading. Note that the
maximum strain of the air spring bag rubber was typically less than 0.4; therefore, the test
strain range was set from 0 to 0.6. This method gradually stabilized the molecular chain
structure of the rubber, thereby eliminating the Mullin effect on the rubber materials [30].

2.4. Fatigue Crack Propagation Test

Pure shear rubber specimens have the advantages of a constant crack propagation rate
under the condition of constant amplitude fatigue-loading cycles [31]. Therefore, pure shear
rubber specimens were used in this study to investigate the crack propagation properties
of aging rubber. Figure 1 shows the theoretical structural dimensions of the specimen. To
ensure the validity of the experimental results, the test area of the sample was in the pure
shear state. The dimensions of the specimen were required to meet the appropriate length
to height ratio (a9 > 2hg) [32]. The prefabricated crack length (ag) and original height (/)
of the pure shear specimen were set as 20 mm and 10 mm, respectively.

Fatigue load

N

] q,=20 mm
— hy=10 mm

157140 mm |

r%
N

X

Figure 1. Dimensions of the pure shear rubber specimen (all dimensions in mm).

The variation in the specimen crack length within the effective test area is independent
of the crack-tearing energy. The tear energy can be calculated from the strain energy density
(w) at the far end of the crack and the original height (/) of the specimen, satisfying
Equation (1) [31]:

G=hy w 1)

According to the stress—strain results from the tensile tests on the rubber specimens,
the corresponding strain energy density can be obtained via integral calculation, as shown
in Equation (2).

w = /Osade 2)

According to the ASTM-D813-07 [33], the uniaxial cyclic tensile tests on the pure
shear rubber samples were performed using servo fatigue-testing equipment named MTS
Landmark (Figure 2). Previous studies have shown that, when the temperature is constant
and the fatigue cycle frequency is higher than 1 Hz, the change in the cycle load frequency
does not affect the fatigue properties of rubber materials [34]. However, the high frequency
of the fatigue load will lead to a temperature increase in the rubber specimen and affect
the experimental results. In order to obtain the data on the crack length and ensure
the temperature consistency of the fatigue test, the test was carried out in a semi-closed
incubator. Through the pre-test, it was found that, when the fatigue frequency was less than
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or equal to 4 Hz, the surface temperature rise in the sample was less than 2 K. Therefore,
the fatigue displacement load frequency of the test was set at 4 Hz and the stress ratio was
R = 0. The fatigue load shown in Figure 3 was applied to the rubber specimen. The crack
area of the specimen was photographed with an ultra-HD camera to identify the change
in the crack length. Thus, the crack propagation rate of the rubber material under fatigue
loads of various amplitudes can be obtained.

o T
IRy

Figure 2. Fatigue testing equipment.

0.60
0.55
0.50

0.45

Fatigue amplitude

Number of cycles
Figure 3. Diagram of fatigue cycle load.

3. Prediction Model and Theory of Rubber Aging Interval Parameters

This section establishes a model for predicting the crack propagation regions of aging
rubber materials. Because the traditional interval analysis method for material parameters
does not consider the correlation of the parameters, it inevitably leads to the phenomenon
of overestimation. Therefore, to avoid this problem, a correlation model for the crack
propagation interval parameters of the rubber materials is established. The description
accuracy of the rubber fatigue characteristic area is improved. In addition, using the aging
prediction method based on the Arrhenius Equation, an aging prediction model for the
rubber crack propagation characteristic region is established. It is then used to predict
the deterioration trend of the fatigue crack propagation properties interval of the aging
rubber materials.

3.1. Interval Correlation Model of Rubber Crack Propagation Parameters

To construct the correlation model of the rubber crack propagation interval parameters,
the phenomenon of overestimation caused by the independent interval parameters calcu-
lated by the traditional Monte Carlo method is demonstrated. Then, the internal causes
of the problem are analyzed to determine the constraint relationship between the interval
parameters of the linear equations. Finally, the basic theory of rubber crack propagation is
introduced based on the constraint relationship between the obtained interval parameters
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of the linear equations, and a rubber crack propagation interval parameter association
model is established.

3.1.1. Interval Parameter Identification Method Based on the Monte Carlo Method

Lake et al. studied the trend between the tearing energy (G) and fatigue crack propa-
gation rate (da/dN) of rubber materials, and observed that, in the tearing energy range that
can lead to stable crack propagation, Equation (3) is satisfied between G and da/dN [9].
According to Equation (3), a linear relationship exists between G and da/dN in the loga-
rithmic coordinate system. Therefore, the interval analysis of the rubber crack propagation
parameters can be transformed into an interval parameter analysis of the linear equation.

%:a-Gb,ln(%):lr\u+b-lnG (3)
In Equation (3), a and b are the performance parameters that reflect the crack propaga-
tion characteristics of the rubber materials.
The Monte Carlo method can be used to solve the range of the parameter variation
in the linear equation in the linear region. Taking the linear region shown in Figure 4
as an example, the interval expansion phenomenon caused by the independent interval
parameters of the linear equation and its causes are analyzed.

y

R B

- e
R 3

XL X

2 e Xm
Figure 4. Schematic of restricted area.

In Figure 4, x;(i = 1,2,3,...,m) is in the range of [x1,x;,]. The Monte Carlo method
is used to randomly select y(x;) values in the illustrated area and the random values are
linearly fitted. Monte Carlo random sampling is carried out in a cycle until the limit values
of parameters c and d of the linear equation stabilize. The value ranges of parameters ¢
and d are obtained as ¢ € [¢1, 2] and d € [dp, di]. The limits for parameters ¢ and d are
obtained when the maximum slope line (L) and minimum slope line (L;) are as shown in
the region of Figure 5, respectively. Additionally, the equations for L1 and L, are expressed
as follows:

Ly:yy=c-x+dy 4)

Ly:yo=co-x+dy 5)

According to Equations (4) and (5), the limits of the linear region at x1 and x,; can be
obtained, respectively. Thus, the upper and lower boundary equations of the linear region
are obtained, respectively, as follows:

Ly:y3 =c3-x+d3 (6)

Ly:ys=c4-x+dy @)
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where L3 and L, are the upper and lower boundaries of the linear region, respectively. The
parameters are defined as follows:

03 = y1(Xm) —y2(x1) ds = XY (1) =21 Y2 (xm)

Xm—X1 4 Xm—X1
®)
o = ) =n) g X2 () =31y (Xm)
4 Xm—X1 104 Xm—X1
y
the maximum slope line (L1)
the upper boundary (13)

32 the lower boundaré/ (14)

d3 » ', the méinimum slope line (L2)

d,

- X
Y oox, cen X

Figure 5. Fitting results of each characteristic line of regional data.

Notably, the values of the interval parameters c and d in the fitting region correspond
to each other. For example, when parameter ¢ assumes the maximum value ¢, parameter
d can only assume the minimum value d;. However, when the interval parameters c and d
are independent variables, no mutual constraint limit is placed on the value range between
the parameters. When the value of c is the maximum value cy, if parameter d is arbitrarily
valued in the range of [dy, d1], it will lead to an expansion of the upper interval, as shown
in Figure 6. Similarly, when the value of c is the minimum value c;, it leads to an expansion
of the lower interval.

Y

: Upper interval extension
A

: Lower interval extension

P e e

Figure 6. Overestimation caused by independent interval variables ¢ and d.

As shown in Figure 6, when the interval parameters c and d are regarded as indepen-
dent interval variables, a clear overestimation is observed in the linear region described.
Therefore, to avoid the phenomenon of interval propagation caused by ignoring the cor-
relation between these interval variables, it is necessary to analyze the correlation of the
linear equation parameters.

3.1.2. Linear Interval Parameter Correlation Model

The constraint relationship between the interval parameters is established based
on the analysis results of the phenomenon of overestimation due to the independent
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interval parameters, and a correlation model of the crack propagation interval parameters
is constructed.

When the slope parameter c of the linear equation changes within the range of [c1, ¢3],
the fitting line must be within the range of the fitted area to avoid overestimation. Because
the fitting line is a straight line, the values of y(x7) and y(x,,) of the fitted line only need to
satisfy the following equations:

y(x1) > y1(xq),
y(x1) < ya(x1), 9
]/(Xm) > ]/Z(xm)/
y(xm) < y1(xm)-

In Equation (9), y; represents Equation (4), y, represents Equation (5), y3 represents
Equation (6), y4 represents Equation (7), and x; and x;, are the boundary values of the
independent variable x in the fitted region, respectively. That is, the value of parameter d
needs to satisfy the following:

d>yi(x1) —c-xq,
d > ya(xXm) — ¢ Xm,

10
d<ys(x1) —c-xy, (10)
d<y1(xm) —c-xm

By analyzing the boundary area shown in Figure 5, we can observe that, when
c € [c1,¢], the range of d needs to meet certain conditions to ensure that the fitting
line is within the range of the region. These conditions can be divided into three cases:

I: For c€ [c3, 1], because the value of parameter c is greater than the slope parameter
c3 of the upper boundary, the value of the fitting line is greater than that of the boundary
line. Thus, the value of parameter d of the fitting line needs to meet the value of the fitting
line at x1, which is greater than the minimum value of the area, and the value of the fitting
line at x,,;, which is less than the maximum value of the area, that is:

d>yi(x1) —c-xq,
{d <y1(xm) — ¢ X (11)

II: For c€ [cy, c3], because the value of parameter c is between the slopes of the upper
and lower boundaries, the value of the fitting line is greater than that of the lower boundary,
but less than that of the upper boundary. Therefore, the value of parameter d needs to meet
the value of the fitting line at x;, which is greater than the minimum value of the region,
but less than the maximum value of the region, that is:

d>y(x1) —c-xq,
12
{dgyz(xl)—c~x1. (12)

III: for c€ [cy, ca], because the value of parameter c is less than the lower boundary
slope parameter ¢4, the value of the fitting line is less than that of the boundary line.
Therefore, the value of parameter d needs to meet the value of the fitting line at x;, which
is less than the maximum value of the area, and the value of the fitting line at x;,, which is
greater than the minimum value of the area, that is:

d > ya(xm) — ¢ Xm,
13
{dﬁyz(xl)—c-xl. (13)
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Based on the analysis results of the three cases above, a correlation model of the linear
equation parameters can be established as follows:

c € leq,c3),d=[y1(x1) —c-x1,y2(x1) — - x1], (14)

{c € [ca,c1],d = [y1(x1), —c - x1,y1(Xm) — ¢ - Xm],
c € [co,cal,d = [y2(xm) — ¢ X, y2(x1) — C- x1].

The interval correlation model of the rubber crack propagation parameters can be deter-
mined based on the established interval parameter correlation model of the linear equation.
Considering the rubber crack propagation region as the fitting region, the maximum slope line
(L1) and the minimum slope line (Ly) of the crack propagation rate within the range are fitted
by combining them with Equation (3), as shown in Equations (15) and (16), respectively:

Li:Yy=Ina;+b;-InG (15)

Ly:Y, =Inay+by,-InG (16)

In this case, Y is ln(;—l‘f]).
According to Equations (15) and (16), the upper and lower boundary equations of the
crack propagation rate are obtained by fitting:

L3 :Y3=1Inaz+b3-InG (17)

L4:Y4:1na4+b4-lnG (18)

where the parameters are defined as follows:

lnGM—lnGl lnGM—lnG1
b — Yz(lnGM)—Yl(]nGl) lna — ]_1’1GM'Y2(1I1G1)—]IIG1'Y1(1IIG]\/[)
4 InGp—In Gy ’ 4 InGp—In Gy

(19)

{b3 — Y](IHGM)7Y2(]IIGI)’1na3 _ ]IIGM-Yl(11’1G1)7].1’1G1-Y2(1nGM)

The interval parameter correlation model of the rubber fatigue crack propagation can
be obtained as follows:

Ina > y1(InGy

"Ina < y1(InGpy -In Gy
>

be [b4, b3] Ina =N (11’1 Gl In G1

)—b-InG
)—b
)—b.
‘Ina <yp(InGy) —b-InGy
)—b
)—b-

b € [bs, bi]

(20)

Ina > y(InGpy -In Gy

be [bZI b4], Ina < yz(ln G] In G1

Here, G; and G, represent the initial and final values of the tearing energy range of
the fatigue test, respectively.

3.2. Interval Accelerated Aging Prediction Model
3.2.1. General Arrhenius Equation

The basic theory behind rubber thermal acceleration tests is to accelerate the degrada-
tion process of the rubber materials using high-temperature thermal stress. The temperature
change in a particular range only changes the aging rate, without changing the aging mech-
anism. Methods such as dynamic curves, function fitting, and neural networks are typically
used to study the deterioration of rubber aging properties [35]. In this study, the efficiency
of analyzing the effect of aging on the material properties of rubber is improved by using
the dynamic curved straight method to simulate the aging performance, which is generally
expressed as in Equation (21). Both sides of Equation (21) are converted to a logarithmic
form simultaneously to obtain Equation (22):

P =Py e Kt (21)
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InP=In(Py) —K-t* (22)

where P is the aging characteristic value of the rubber, P is the initial value of P without
aging, t represents the aging time, K is the reaction rate constant related to the thermally
accelerated temperature, and « is the adjustment parameter of the linearity fitting. The
linear correlation in Equation (22) is improved by adjusting the value of a (typically [0, 1]),
which is determined by calculating the minimum value of the sum of the square errors of
the test and predicted values.

The reaction rate constant K and thermal accelerated aging temperature T (Kelvin
temperature) satisfy the Arrhenius equation, as shown in Equation (23) [36]:

K=27 e & (23)

In Equation (23), Z is the regression constant, E, represents the activation energy
(J/mol), and R represents a gas constant (8.314 J/mol).

A failure mechanism test was conducted using the K values to ensure the consistency
of the accelerated aging mechanism. According to the relevant theory of the activation
energy E, [31], when the failure mechanism is consistent, the E, values corresponding to
each aging characteristic index are constants that do not change with temperature. The
activation energy E, can be obtained using Equation (23). The activation energy Ear,, at
the m-th accelerated degradation temperature can be expressed as follows:

In KT

m+l ln KTm

Ear, = ‘R (24)

1 1
(Tnl+1 - Tm)

3.2.2. Interval Crack Propagation Rate Prediction Based on Arrhenius Equation

According to the Arrhenius equation, each parameter in the interval parameter corre-
lation model of the rubber crack propagation rate is considered as an aging characteristic
index. The relationships between the parameters, accelerated aging temperature, and aging
time are established. The prediction results of each aging characteristic index are inputted
to the interval parameter correlation model of the rubber crack propagation, and a regional
description model of the aging rubber crack propagation characteristics is constructed to
predict the fatigue characteristics. The steps for establishing this interval aging prediction
model are divided into the following;:

(1) The fatigue crack propagation test is conducted on the rubber after accelerated ag-
ing, and the variation in the crack propagation rate of the accelerated aging rubber
materials is obtained.

(2)  According to the test results area of the rubber material with each degree of aging, the
values of each parameter in the interval parameter correlation model of the rubber
material crack propagation with this degree of aging are obtained through random
sampling fitting, that is, the limits of each crack propagation parameter of the rubber
materials: Inaq,Inay, by, by.

(38) The parameters (Inaj,Inay, by, by) are considered as the aging characteristic index, P.
Because the parameters (Inaq,Inay) are negative, their absolute value is used as the
aging characteristic index:

P! = |Ina;|, P?> = |Inay|, P? = by, P* = by (25)

(4) Using Equations (21)—(23), the relationship between each aging characteristic index
(Pj ,j =1,2,3,4), aging temperature T, and aging time t is constructed, as follows:

Pl =Py exp(— K - 19),Ki = 7] . e~ (26)

(5) According to Equation (24), the consistency of the aging acceleration mechanism
of each aging characteristic index P/ is checked to ensure that the accelerated test
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temperature does not change the rubber aging mechanism. The validity of the aging
prediction model is determined.

(6) The prediction equations for each parameter (Inaq, Inay, by, by) are introduced into
the interval parameter correlation model of the rubber crack propagation. A pre-
diction model for the crack propagation characteristic region of the aging rubber
is established.

According to the above steps and the performance test results of the accelerated aging
rubber, the interval prediction model of the aging rubber’s crack growth characteristics
can be constructed. It is important to note that the prediction model is based on two
assumptions: (1) The actual service temperature fluctuation of the rubber material should
not be too large. Because the model is based on the test data at a room temperature of
296 K, theoretically, it can only predict the performance of the rubber material at this room
temperature of 296 K after aging at ambient temperature for a period of time. (2) In order
to simplify the characterization model of the rubber crack growth characteristics, a power
function model is used to describe the relationship between the rubber crack growth rate
and energy release rate, ignoring the tear threshold value of the rubber material. Therefore,
this model is mainly applicable to the prediction of rubber crack propagation characteristics
when the amplitude of the fatigue load is small and has a medium strain.

4. Results and Discussion
4.1. Results of the Fatigue Test

The test curve of the rubber crack propagation rate was obtained by controlling the strain
amplitude using a servo fatigue-testing machine; however, da/dN, under the action of G;(j =
1,2,..., M), could not be obtained directly from the test. First, using Equations (1) and (2), the
strain energy and energy release rate G of the rubber specimen in the pure shear state
at different strain amplitudes could be calculated. Then, the fatigue crack propagation
test results of each rubber specimen were interpolated and fitted, using Equation (3) to
determine the crack propagation rate da/dN(G;).

Based on the rubber crack propagation test, when the tear energy of the non-aging
rubber material was approximately 400 ] /m?, the crack propagation rate was close to a
1 x 10-% mm/cycle. When the strain of the rubber with the deepest aging degree was 0.4,
the maximum tear energy at the rubber crack tip was approximately 6500 J/m?. Therefore,
the test results for the crack propagation region with the energy release rate in the range of
400 J/m? to 6500 J/m? were selected as the modelling range.

Figures 7-10 show the relationship between the In(da/dN) and In G of the rubber
materials in logarithmic coordinates at different accelerated aging temperatures. The
fatigue test results of the aging rubber all show an obvious linear trend between the crack
propagation rate and energy release rate in the logarithmic coordinate system. Moreover,
the crack propagation rate corresponding under the same G increased significantly with
the degree of aging. The average crack propagation rate of the aging rubber at 373 K for
eight days under the action of G = 3000 J/m? was a 0.0254 mm/cycle, which was 17.3 times
higher than that of the unaged rubber. The curve slope of the crack propagation rate
increased significantly after the aging of the rubber material. This phenomenon indicated
that the rubber material became brittle and its fatigue resistance decreased. The aging
rubber materials were more sensitive to changes in tear energy. Moreover, the discreteness
of the rubber crack propagation rate varied with the degree of aging and the interval radius
of the rubber crack propagation rate increased after aging. Clearly, thermal oxygen aging
had a significant effect on the crack propagation properties of the rubber materials. The
fatigue life of the rubber materials depended not only on the fatigue amplitude, but also on
the degree of the aging of the material.
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Figure 7. Rubber crack propagation performance after aging at 343 K.
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Figure 9. Rubber crack propagation performance after aging at 363 K.
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Figure 10. Rubber crack propagation performance after aging at 373 K.

From the fatigue test data on the aging rubber shown in Figures 7-10, the range of
the limiting values of the crack propagation parameters of the rubber with different aging
degrees was obtained via fitting, as shown in Table 4.



Polymers 2023, 15, 2445 14 of 19

Table 4. Crack propagation parameter values of accelerated aging rubber.

. . . Crack Propagation Parameter
Aging Temperature (K)  Duration of Aging (Days)

Inaq Ina, b1 b
0 —40.101 —33.697 3.902 3.046
2 —41.550 —34.656 4.201 3.279
243 4 —42.432 —35.122 4.368 3.392
8 —44.338 —36.469 4.675 3.625
16 —46.368 —37.929 5.012 3.888
24 —48.003 —39.251 5.263 4.097
1 —40.933 —34.113 4.105 3.195
2 —42.085 —34.875 4311 3.349
353 5 —44.146 —36.237 4.658 3.602
8 —45.295 —37.041 4.850 3.750
16 —47.884 —39.030 5.259 4.080
1 —41.844 —34.750 4.254 3.306
2 —43.076 —35.511 4.485 3.475
363 4 —44.623 —36.476 4.743 3.657
8 —47.043 —38.333 5.130 3.970
12 —48.359 —39.341 5.340 4.140
0.5 —41.223 —34.238 4.160 3.228
1 —42.479 —35.111 4392 3.408
373 2 —43.967 —35.965 4.644 3576
4 —46.089 —37.520 4.985 3.843
8 —48.371 —-39.213 5.350 4132
4.2. Interval Prediction of Crack Propagation
According to the steps of the prediction model for the crack propagation rate interval of
the aging rubber, which were established in Section 3.2.2, the parameters (— Ina;, — Inay, by, by)
were used as the aging characteristic indices P/. The relationships between the aging character-
istic index, accelerated aging temperature, and aging time are shown in Figures 11 and 12.
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Figure 11. Accelerated aging data of the aging characteristic indices: (a) P!; and (b) P2.
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Under the action of each accelerated temperature stress, a linear regression analysis
was performed on the decay trajectory of each aging characteristic index with aging time
using Equation (22). The coefficients of the decay trajectory function were obtained through
fitting curves, as listed in Table 5. To ensure the consistency of the rubber material’s degra-
dation mechanism under the accelerated test temperature, according to the data in Table 5,
the activation energy at each acceleration temperature was determined using Equation (24),
as listed in Table 6. The results show that the maximum deviation between the activation
energy and the mean value was 7.4% in the range of the acceleration test temperature. The
effectiveness of the accelerated test was illustrated by applying the Arrhenius equation
(Equation (23)). Table 7 shows the temperature acceleration model coefficients obtained for
each aging characteristic index. Notably, each correlation coefficient was greater than 0.95,
thereby indicating a good fitting effect.

Table 5. Fitting results of dynamic curve parameters for each accelerated aging characteristic index.

Aging Characteristic Index InP, K o
343 353 363 373
P! 3.689 0.0299 0.0378 0.0462 0.0594 0.575
p? 3.516 0.0198  0.0249  0.0315  0.0410 0.650
p3 1.358 0.0630  0.0780  0.0932  0.1162 0.500
p* 1.111 0.0585 0.0723 0.0869 0.1079 0.518

Table 6. Calculation results of activation energy for each accelerated temperature interval.

Temperature Range

343 to 353 353 to 363 363 to 373 Average Value
E, of P! 23,628 21,463 24,435 23,175.3
E, of P? 23,009 25,217 23,931 24,052.3
E, of P 21,514 19,921 21,932 21,122.3

E, of P4 21,253 20,551 21,377 21,060.3
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Table 7. Fitting results of Arrhenius equation parameters for each aging feature.
InZ E,/R Correlation Coefficient
p! 4913 2891.3 0.956
p? 5.078 3091.9 0.952
p3 4.747 2577.6 0.960
p* 4.678 2579.1 0.972

Thus, the evolution of the aging characteristic indices with aging time (t) at different
temperatures (T) was obtained as follows:

Ina; = —P! = — exp(3.689 + exp(4.913 — 2891.3/T) - t79) 27)
Ina, = —P? = —exp(3.516 + exp(5.078 — 3091.9/T) - t60) (28)
by = P = exp(1.358 + exp(4.747 — 2577.6/ T) - t°°00) (29)
by = P! = exp(1.111 + exp(4.678 — 2579.1/T) - t*518) (30)

4.3. Verification and Application

This study verified the accuracy of the interval prediction model for rubber crack
propagation, considering the effects of aging, by conducting a fatigue cyclic tensile test on
rubber materials aged at 333 K for 20 d. The validity of the proposed prediction model
was determined by comparing the description area of the interval parameter correlation
model’s (IPCM) prediction results with that of the crack propagation rate test results for the
aging rubber and the description area of the independent interval variable model’s (ITVM)
prediction results.

The rubber performance parameters under the verification test conditions were pre-
dicted using the prediction model of the rubber crack propagation parameter limits ob-
tained in Section 4.2 (Equations (27)—(30)). The predicted results for each parameter were
obtained as follows:

Ina; = —44.605,Inay = —36.100,b; = 4.926,b, = 3.784 (31)

Ina € [—44.605, —36.100], b € [3.784,4.926] (32)

Using Equation (19), the boundary equation parameters of the aging rubber were
obtained as follows:

_ Y1 (InGp)—Yo(InGy) _
by = 2w NnGy) _ 4 g77
Ina = MEn O -m O BnCu) 47 897

InG,)-Yi (1
by = 22 IllnGGm)—er}ES?Gl) =4.043

(33)

_ ]nGm-Yz(lnGl)flnG]~Y1(1nGm) _
Inay = L = —39.480

The parameter values in Equations (31) and (33) were introduced into the interval
parameter correlation model of the rubber crack propagation (Equation (20)). The variation
range relation of the crack propagation parameters after the rubber aging in the verification
group was obtained using the following equation:

b € [4.043,4.877),Ina = [—15.093 — b - 5.991, —13.430 — b - 5.991] (34)

b € [3.784,4.043),Ina = [~15.093 — b - 5.991, —1.355 — b - 8.780]
b € [4.877,4.926],Ina = [—2.876 — b - 8.780, —13.430 — b - 5.991]

Finally, the crack propagation areas of the aging rubber in the validation group were
described using the IPCM and IIVM, respectively. The results of these models were
compared to those of the fatigue test on the aging rubber in the verification group, as
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shown in Figure 13 (IPCM was used to establish an interval parameter correlation model,
i.e., Equation (34); IIVM considered the crack propagation parameters as independent
interval variables, i.e., Equation (32)).
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Figure 13. Comparison of trial results with predicted results..

As can be seen from the comparison results shown in Figure 13, the interval obtained
by IPCM effectively covered the rubber fatigue test results of the verification test. Within
the description range of the rubber crack propagation interval parameters, the maximum
error between the prediction and test results on the upper boundary of the rubber crack
propagation rate was 14%, and that on the lower boundary of the rubber crack propagation
rate was 18%. However, the maximum error between the predicted results of the rubber
crack propagation parameters based on the average value and experimental results was
80%. The boundary error of the prediction results based on the interval parameters was
considerably smaller than that of the average prediction results.

5. Conclusions

This study developed a method for predicting the variational range of the crack prop-
agation performances of the aging CR materials of an air spring airbag. In the prediction
method, an interval prediction model, considering material aging for a determination of
the crack propagation parameters of the CR, was proposed. This provided a means of
application for fatigue crack propagation life reliability research on air spring airbags with
a long service life. The test results showed that, with the aging of the rubber, the rubber
material hardened and its anti-fatigue property decreased greatly. The validity of the pre-
dictive model was verified by comparing the rubber fatigue crack propagation test results
obtained via the validation test with the region described by the rubber crack propagation
parameter interval prediction results, and the following conclusions were obtained.

(1) A comparison of the test results with the prediction results shows that the maximum
deviation between the predicted and experimental values for the median crack prop-
agation rate of the aged rubber was greater than or equal to 80%. However, when
the crack propagation rate interval was considered in the characteristic equation, the
maximum deviation between the experimental and calculated values was significantly
reduced to less than 18%. Therefore, the deterioration behavior of the aging rubber’s
fatigue crack propagation rate could be predicted with more accuracy using the rubber
crack propagation rate interval prediction equation.

(2) By applying the parameter correlation equation, the rubber’s fatigue crack propaga-
tion characteristics were described more accurately. Compared to the independent
interval parameter analysis method, the proposed method effectively avoided the
interval expansion problem caused by independent interval parameters. Moreover, it
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eliminated the inconsistency between the parameter variation range caused by the
interval parameter optimization method and the actual situation.

The prediction model in this study was established based on test data at constant
temperature (296 K), only considering the influence of this temperature on the rubber aging.
Therefore, the premise of the application of this model is to meet the requirement that a
change in ambient temperature will not directly affect the properties of rubber materials.
It is worth noting that this paper only demonstrated the effectiveness of the proposed
prediction model in predicting the fatigue crack propagation characteristic interval of air
spring bag rubber (CR) after aging. By a suitable extension, the method may be applied to
the prediction of other kinds of rubber products under uncertainties and air aging.
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