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Abstract 

Natural rubber is widely used in industrial fields owing to its good elasticity and ductility. It is 

important to study the fatigue behaviour of rubber because it affects the service life of rubber 

products. The objectives of this study were to (1) develop a new protocol to understand how 

deformation, temperature, frequency, and aging impact natural rubber fatigue behavior; (2) 

investigate the relationship between the number of fatigue life cycles and the applied load; and (3) 

evaluate the macromorphology of the fracture area, and observe the crack propagation rate and 

direction. The dynamic fatigue process of rubber materials can generally be divided into three 

stages: stress softening, crack nucleation, and crack growth. When the frequency is below 5Hz and 

the deformation is 25% strain level, the crack growth rate is stable, the fracture interface is flat, 

and the fatigue life is long. Moreover, temperature influences include the effect of the 

environmental temperature and the heat generated by the self-heating of rubber. Thermal aging 

caused by high temperature will reduce the fatigue life of rubber, which is one-tenth of the fatigue 

life of unaged samples. The results of this work can be used to inform the future design, production, 

and application of rubber parts so that the emergence of rubber fatigue can be appropriately 

prevented or delayed.  
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Chapter 1: Introduction 

1.1  Background 

Owing to its superior elasticity and large deformation capacity, rubber is widely used in the 

manufacturing of machinery, automotive parts, and diverse components for many other 

industries, making it ideal for applications as varied as vibration isolators, belts, seals, 

medical devices, and more [1]-[2]. Fatigue behaviour is an important characteristic that 

affects the life of rubber products. Mechanical structures containing rubber dampers are 

subjected to various forms of loading during their normal service life and are expected to 

run reliably for several years. Therefore, it is essential to evaluate the fatigue life of rubber 

dampers under different conditions to determine how the parts will perform. 

Various tests are used to evaluate the performance of rubber components, including those 

that measure heat resistance, fatigue resistance, and aging resistance in a complex working 

environment. This working environment has stringent requirements to ensure the 

comprehensive performance of rubber and a long service life. The fatigue failure of rubber 

refers to the phenomenon whereby the mechanical properties of the material itself are 

reduced under periodic deformation or cyclic loading [2]. Crack nucleation and crack 

growth are two common approaches to measuring rubber fatigue [4]-[5]. At the microlevel, 

these approaches focus on predicting the position of the appearance of the first crack in a 

rubber sample and the growth of existing cracks or flaws [6]-[7]. The most obvious feature 
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is the appearance of cracks on the surface of rubber products. When the crack grows to a 

certain length, the rubber product completely fails. Therefore, it is important to explore 

damaging processes in order to predict fatigue life. 

Because of its large stretch ratio and high resilience, natural rubber is used extensively. 

Nearly 50% of the material used in high-performance tires for airplanes, race cars, and 

public transport vehicles consist of natural rubber [8]. Since natural rubber products have 

been so widely used under cyclic loading conditions, this study focuses on natural rubber 

material. 

1.2  Motivation for the study and objectives 

The objectives of this experimental investigation into the fatigue behaviour of natural 

rubber were to: 

1. Investigate a protocol of rounded samples to capture how strain level, 

temperature, frequency, amplitude, and aging impact the fatigue behaviour of 

natural rubber. 

2. Determine the relationship between the number of fatigue life cycles and the 

applied load for various loading and environment conditions. 

3. Evaluate the macromorphology of the fracture area and observe the rate and 

direction of crack propagation. 
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1.3  Outline 

The thesis includes five chapters. Chapter 1 contains the introduction and background of 

the study. Chapter 2 provides a review of the literature related to existing rubber fatigue 

studies and current knowledge gaps. Chapter 3 introduces the test material and describes 

the experimental method. Two kinds of results are presented and discussed in chapter 4: 

fatigue life analysis and observation of fracture characteristics. Finally, chapter 5 

summarizes the implications of the work performed, identifies the original contributions, 

and outlines suggestions for future work. 
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Chapter 2: Literature Review 

This chapter describes the development and application of natural rubber and the 

current situation of rubber fatigue research, including research on crack 

initiation and crack growth, and the influence of some external factors on rubber 

fatigue behavior. 

2.1  Material 

Natural rubber refers to the elastic solids made from natural rubber latex collected from 

Brazilian rubber trees through coagulation, drying, and other processing procedures [9]. 

Natural rubber is a natural polymer with cis-1,4-polyisoprene as the main component. Its 

molecular formula is (C5H8) n  [9]. Natural rubber has a hydrocarbon content of over 90%, 

but also contains a small amount of protein, fatty acid, sugar, and ash [10]. 

In terms of physical properties, natural rubber has high elasticity at room temperature, 

slight plasticity, high mechanical strength, low hysteresis loss, and low heat generation 

during multiple deformations. Hence, natural rubber also has good flex resistance. As a 

nonpolar material, natural rubber has good electrical insulation properties [10]. 

Natural rubber also has many favourable chemical properties. Because of the unsaturated 

double bond in cis-1,4-polyisoprene, natural rubber has high chemical reactivity [11]. For 

instance, light, heat, ozone, radiation, flexural deformation, and metals such as copper and 
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manganese can promote the aging of rubber. The major weakness of natural rubber is its 

inability to age. However, natural rubber that contains antiaging agents sometimes does not 

show much change after 2 months of exposure to the sun and can still be used as usual after 

3 years of storage in a warehouse. 

Given these physical and chemical properties, natural rubber has a wide range of 

applications [12]. For example, it is found in everyday items such as rain boots, hot water 

bottles, and elastic bands; medical items such as surgical gloves and biomembranes; tires 

and conveyor belts; acid- and alkali-resistant gloves used in industry; drainage and 

irrigation hoses and ammonia bags for agriculture; air-sounding balloons used in 

meteorological measurement; sealing and anti-vibration equipment used in scientific 

experiments; aircraft, tanks, artillery, and gas masks used in national defense; and even 

high-tech products such as rockets, artificial earth satellites, and spacecraft. 

2.2 Current studies 

2.2.1 Fatigue crack initiation and growth approaches 

The material fatigue failure process can be roughly divided into two stages: crack 

nucleation and crack propagation (Figure 2.1). The crack nucleation stage includes the 

microcrack growth period, and the crack propagation stage includes the macrocrack growth 

period and the instantaneous fracture period. Investigations of crack nucleation focus on 
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predicting the position of the appearance of the first crack in a rubber sample and the 

growth of existing cracks or flaws [13]. The maximum principal strain and strain energy 

density are the two main parameters of the crack nucleation stage [4]. The maximum 

principal strain is usually used to characterize the nucleation life of a crack in rubber [14]. 

From the late 1850s to the early 1960s, after some progress in the theoretical research on 

the fracture mechanics of rubber, strain energy density gradually became a parameter for 

predicting crack nucleation life [15]. Strain energy density measures the energy release rate 

of internal defects. Under certain conditions, the energy release rate is proportional to the 

product of strain energy density and crack size. Therefore, the strain energy density can 

evaluate the energy release rate. 

There are two theories about the formation of microcracks. One is the molecular motion 

theory [6]. According to this theory, under the action of a dynamic load, the stress is 

concentrated on the weak chemical bond of the rubber and thus causes microcracks. 

Another theory is Griffith’s theory, which is commonly used in the analysis of metal 

fractures [17]. As early as the middle of the 20th century, Mullins [18]-[19] had begun to 

use fracture mechanics theory to study the nucleation and propagation of cracks during 

rubber fatigue. Under cyclic loading, the stress received at the tip of the internal defect is 

much greater than the average stress level, and the tip therefore becomes the stress 

concentration point. When a mechanical defect and a chemical action make a certain defect 
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reach the damage limitation point, it evolves into a microcrack—fatigue failure begins here 

[17]. Under cyclic loading, microcracks become an observable macrocrack and continue 

to expand until the rubber material completely breaks. Therefore, fatigue damage is caused 

by the gradual destruction of microdefects inside the rubber under cyclic loading [20]-[21]. 

 

Figure 2.1: Fatigue failure process. 

2.3 Factors affecting rubber fatigue 

The factors that influence the fatigue performance of natural rubber have been well studied. 

In order to improve the durability of rubber components, these influencing factors must be 

qualitatively understood [22]. Only on this basis can fatigue failure be reasonably analyzed. 

2.3.1 Frequency 

Loading frequency affects the fatigue performance of different types of rubber in different 

ways. For rubber that produces deformation-induced crystallization, frequency has no 

obvious influence on fatigue life when the temperature is basically kept constant [23]. 



8 

 

For amorphous rubber that does not produce deformation and crystallization, crack 

propagation is restricted by viscoelasticity, and the loading frequency has a great influence 

on the fatigue life of the rubber [23]. 

Under high-deformation and high-frequency loads, the temperature of the specimen 

increases, and the failure mechanism becomes more complicated [24]. 

When the internal energy dissipation rate of the rubber is greater than the heat transfer rate 

with the surrounding medium, the internal temperature begins to rise, causing rapid 

degradation of the rubber. Some scholars have performed related temperature numerical 

simulations [25]. The temperature rise of a thicker specimen is more obvious than that in a 

thinner test piece. In the fatigue test, attention should be paid to measuring and comparing 

the actual temperature of the rubber, because temperature changes may affect the 

performance of the material. 

For strained crystalline rubber materials such as natural rubber, loading frequencies below 

5 Hz will not affect fatigue life [23]. When the loading frequency increases, self-heating 

will occur. The rate of energy loss inside the rubber is greater than the heat exchange with 

the environment, causing the internal temperature of the rubber to continue increasing, 

which causes accompanying effects such as rubber aging and degradation. This in turn 

affects the anti-fatigue performance of the rubber. 
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2.3.2 Deformation 

Cadwell et al. [26] initially found that increasing the minimum deformation increased the 

fatigue life of natural rubber. Later, Fielding [27] attempted to verify this result using two 

new synthetic rubbers, isobutylene isoprene rubber (IIR) and styrene–butadiene rubber 

(SBR). The findings for IIR agreed with the previous result, but those for SBR did not, 

indicating that deformation can be extended only by minimizing deformation. Beatty’s [28] 

results for natural rubber compounds also showed that when the minimum deformation 

increases, the fatigue life can be extended. Lindley [29] initially used the deformation ratio, 

R (the ratio of the minimum deformation to the maximum deformation, R = εmin/εmax), to 

represent the fatigue crack growth rate of natural rubber, as shown in Figure 2.2. 

 

Figure 2.2: Fatigue crack growth curve of unfilled natural rubber when R＞0 from [26]. 
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When investigating the effect of a loading condition on a material’s fatigue behaviour, 

researchers typically use the deformation ratio, R, as a parameter. So, the uniaxial test can 

be divided into three conditions. The first condition is R < 0, which means the condition is 

tension–compression, where the maximum strain is greater than zero and the minimum 

strain is less than zero. The second condition, when R = 0, is the full-relaxation tension test, 

which means the minimum strain equals zero. The tension–tension condition means R > 0. 

In this condition, the maximum strain and the minimum strain are both more than zero. 

When researchers investigate the damage mode, they attempt to predict the direction of 

crack nucleation and crack propagation. Figure 2.3 shows the relationship between the 

loading condition and the damage mode [30]. 

 

Figure 2.3: The relationship between the loading condition and the damage mode from [30]. 
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2.3.3 Environmental factors 

Rubber is used under a wide variety of environmental conditions. Its fatigue performance, 

which is greatly affected by environmental factors such as oxygen, gas, ozone, chemical 

media, light, heat, etc., can shorten the fatigue life of rubber. The unsaturated carbon–

carbon double bonds in the molecular chain of natural rubber easily interact with oxygen 

and ozone in the air. Exposure to oxygen causes the degradation and cross-linking of the 

molecular chain. Ozone can cause degradation only, while a rise in temperature can 

accelerate the oxidative aging of rubber [31]. 

High temperature seriously affects the nucleation life and growth rate of rubber fatigue 

cracks, especially for amorphous rubber. When the test temperature rises from 0 to 100 ℃, 

the fatigue life of SBR decreases 104 times, but the fatigue life of natural rubber does not 

decrease significantly. Adding fillers to raw rubber can improve the sensitivity of the rubber 

to temperature changes to a certain extent [32]. Shi et al. [33] studied the effect of fatigue 

temperature on the dynamic bonding properties of steel cord vulcanizates and found that 

the increase in fatigue temperature caused the appearance of large-scale filler aggregate 

particles at the interface between rubber and steel cord. Eventually, these particles will lead 

to interface debonding failure. Factors such as the chemical formula of rubber, vulcanizing 

agent, and oxidizing agent can change the degree of influence that temperature has on 

rubber fatigue performance. In addition, an increase in temperature may accelerate the 
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breaking and cross-linking of molecular chains in natural rubber, change its chemical 

structure, and affect its fatigue life. 

A polymeric substance has three physical states: the glass state, the rubber-elastic state, and 

the viscosity flow state. In the glass state, the molecular chain of the polymer hardly moves; 

instead, it becomes very brittle, like glass, and loses its elasticity. When the temperature 

rises above the glass transition temperature (𝑇g), a polymer enters the rubber-elastic state. 

In this state, a polymer shows very good elasticity and the molecular chain segment motion 

is intensified, but there is no slip between molecular chains. After a force is applied, a 

rubber part subjected to a large deformation can returned to its initial position. When the 

temperature is over the viscosity flow temperature (𝑇f), the polymer begins to enter the 

viscosity flow state because of the overall movement of the molecular chain. In this state, 

the melting of the polymer can cause macroscopic flow under the action of a small external 

force. For natural rubber, 𝑇g≈–70 ℃ and 𝑇f≈130 ℃. Therefore, natural rubber products 

usually work in this temperature range. 
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Figure 2.4: The relationship between three states of natural rubber and temperature. 

Since the self-heating of rubber affects its aging and degradation, the effect of the working 

environment temperature on the fatigue behaviour of natural rubber products cannot be 

ignored. Between -70 and 130 ℃, natural rubber shows very good elasticity. Different 

types of rubber have different degrees of sensitivity to temperature. Compared with natural 

rubber, SBR is more sensitive to temperature. When the temperature increases from 0 to 

100℃, the fatigue life of SBR is reduced by 104, times while that of natural rubber drops 

by only by 4 times [34]. 

The elongation at break and the fatigue life of natural rubber decreases when the aging 

temperature and aging time increase [35]-[36]. In addition, the occurrence of heat aging is 

often accompanied by oxidative aging, which makes the rubber surface hard. Therefore, 

under cyclic loading conditions, cracks are easily formed and lead to failure in a short time 

[37]. With the increase of heat aging temperature, the hardness of rubber will also increase, 



14 

 

but the tensile strength and elongation will decrease [38]. Since Charrier et. al [39] focused 

on the application of rubber materials in the automotive industry, they chose a temperature 

range of 40 to 120 ℃ for the aging test. They observed that the thermal-oxidation process 

was evident on the failure surface. 

The influence of oxidative aging on the mechanical properties of rubber such as fatigue 

and fracture are irreversible. Usually, aging causes rubber embrittlement, promotes fatigue 

crack growth, reduces the critical value of fracture energy, and shortens fatigue life. Studies 

have shown that for elastic bodies that are more sensitive to deformation, aging affects the 

slope and intercept of the crack nucleation power function. Blackman et al. [40] studied 

the influence of various stages of aging on the fatigue life of natural rubber. When the 

oxygen content reached 1% of its own mass, the fatigue life was reduced by half. The 

influence of aging on the fatigue properties of rubber also greatly depends on the rubber 

formulation and processing technology. 

In a recent study, Gac et al. [41] conducted uniaxial fatigue tests and crack growth tests on 

natural rubber. They also evaluated the effect of air and seawater on the fatigue 

performance of natural rubber under the same R value. They found that under high force, 

the fatigue life of rubber in seawater is longer than that in air. Because the heat generated 

in the fatigue process of the specimen is more easily conducted in seawater, the high 
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temperature of the specimen in the air destroys the stress-induced crystallization that 

restricts crack propagation, thus accelerating the oxidation of the rubber molecular chain. 

  



16 

 

Chapter 3: Experimental Setup 

3.1  Test specimens 

While most recent studies of rubber fatigue have used flat, dumbbell-shaped rubber 

specimens, dumbbell volumetric samples are generally preferred because they are more 

representative of rubber parts [42]. It is easier to explore crack growth in the cross-section 

of a dumbbell volumetric specimen, and this configuration is well adapted to fatigue, since 

no bucking is induced under compression [42]. Therefore, to investigate the fatigue 

behaviour of natural rubber, the test specimens needed to have a dumbbell volumetric shape. 

All samples were purchased from the Elesa USA Corporation. The natural rubber material 

used had a hardness of 55 Shore A and a formulation typical of vibration isolators. Figure 

3.1 shows the configuration of the samples. 

 

Figure 3.1: Configuration of the samples (dimension in mm). 
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3.2 Testing equipment 

Uniaxial tensile testing was carried out using the ElectroPuls E3000 Linear-Torsion All-

Electric Dynamic Test Instrument (Instron Company, Norwood, Massachusetts, USA), a 

state-of-the-art, all-electric test instrument designed for dynamic and static testing of a wide 

range of materials and components (Figure 3.2). 

 

Figure 3.2: ElectroPuls E3000 Linear-Torsion All-Electric Dynamic Test Instrument. 

An environmental chamber (Instron Company; Figure 3.3) was used to adjust the 

temperature of the sample from ambient temperature to 350 ℃ during the test.  
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Figure 3.3: Environmental chamber. 

During the fatigue test, the temperature change of the rubber sample was measured by an 

FLIR A6700 MWIR thermal camera (FLIR Systems, Wilsonville, Oregon, USA; Figure 

3.4). Designed for electronics inspections, manufacturing monitoring, scientific research, 

and nondestructive testing, the camera is ideal for high-speed thermal events and fast-

moving targets. 
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Figure 3.4: FLIR A6700 MWIR thermal camera. 

According to the testing standard ASTM D572-04, rubber samples should be exposed to 

certain temperatures in an aging oven (Figure 3.5) for several days (ProJet Finisher Oven). 

This part of the experiment is described in section 3.3.5.a on thermal aging. 

 

Figure 3.5: Aging chamber. 
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3.3 Specimen test methods and procedures 

In the aerospace, automotive, construction, and other industries, natural rubber is often 

used as a raw material in antivibration products to reduce or eliminate the transmission of 

mechanical vibration, thus enabling shock absorption, noise reduction, and impact damage 

reduction. Natural rubber antivibration products are usually served in the state of a cyclic 

alternating spiral, which is easy to fatigue and lose under the action of cyclic stress. 

Among the complex fatigue forms, tensile fatigue is the simplest uniaxial fatigue damage 

method. It is the basis for studying the complex fatigue characteristics of rubber and is of 

great significance in predicting the service life of actual components. 

Our primary research objective was to investigate a testing protocol and compare it with 

ASTM D4482-11 standard. Since the deformation and frequency need to be examined in 

this experiment, our research attention is also dedicated to the internal heat that it is 

unavoidable. Moreover, our experimental system allows us to monitor the applied load 

during the entire test and record load history. Another obvious difference between this 

experiment and ASTM D4482-11 is the shape of the sample. The ASTM standard uses 

dumbbell-shaped rubber sheets, but our experiment uses dumbbell-shaped rubber samples 

in order to minimize the sample edges on fatigue sample performance. Therefore, the crack 

propagation process can be understood more accurately 
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A reference experiment is needed to study the influence of various factors on the fatigue 

life of natural rubber. All experimental data were compared with this reference group. The 

uniaxial tensile test was strain controlled, with the maximum strain of 50% set at a 

frequency of 10 Hz.  

All tests were performed at room temperature (23 °C). In this study, the criterion of fatigue 

failure was the complete fracture of the rubber sample. 

3.3.1 Factor of deformation 

Based on the reference experiment, the factor that needs to be changed is strain level. In 

this uniaxial tensile test, the deformation should be 25%, 50%, and 75% strain at 10 Hz. 

All tests were performed at room temperature. 

3.3.2 Factor of frequency 

When studying the influence of frequency on the fatigue life of natural rubber, the 

deformation is 50% strain level, but the frequencies of the loaded sine curve are 1, 2.5, 5, 

7.5, and 10 Hz. All tests were performed at room temperature. 

3.3.3 Temperature conditions 

Compared with the reference experiment, the temperatures in this group of experiments 

were 50 °C and 80 °C. This temperature range was chosen because natural rubber is in a 
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rubber-elastic state between 20 °C and 100 °C, which is also the temperature range where 

rubber products often work. 

3.3.4 Factor of size 

Samples of different shapes are used when studying the fatigue characteristics of rubber. 

The most common include flat, dumbbell-shaped rubber sheets, diabolo-shaped rubber 

bodies, and cylindrical rubber blocks. This experiment used samples of the same shape but 

different sizes to compare fatigue failure characteristics. The specific experiment 

requirements were the same as those of the reference experiment. 

 

Figure 3.6: Configuration of small samples (dimension in mm). 
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3.3.5 Aging conditions 

3.3.5.a Thermal aging effect 

According to ASTM D572-04, rubber samples should be exposed to 120 °C for 2, 4, 8, and 

16 days in order to evaluate the impact of thermal aging on the properties of the material. 

After the thermal aging treatment, the samples need to be cooled to room temperature on a 

flat surface and allowed to rest for at least 16 h but no more than 96 h before performing 

the uniaxial tensile test. 

3.3.5.a Liquid aging effect 

According to ASTM D571, the samples were immersed in reference oil IRM 902 for 70 

and 166 h under dark conditions (Figure 3.7). After the sample was removed from the oil, 

the same experimental steps were performed as those done in the reference experiment. 

 

Figure 3.7: Reference oil IRM 902. 
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3.4 Test plan 

Table 3.1 shows the experimental plan for the entire study. 

Table 3.1 Test plan. 

Factors Testing Condition  Number of Tested Sample 

Deformation 

25%, 23 °C, 10Hz 4 

50%, 23 °C, 10Hz 6 

75%, 23 °C, 10Hz 6 

Frequency 

50%, 23 °C, 1Hz 6 

50%, 23 °C, 2.5Hz 6 

50%, 23 °C, 5Hz 6 

50%, 23 °C, 7.5Hz 6 

50%, 23 °C, 10Hz 6 

Temperature 
50%, 10Hz, 50℃ 6 

50%, 10Hz, 80℃ 6 

Size Small size sample, 50%, 23 °C, 10Hz 3 

Thermal Aging 

50%, 23 °C, 10Hz, 120℃ 2days 4 

50%, 23 °C, 10Hz, 120℃ 4days 4 

50%, 23 °C, 10Hz, 120℃ 8days 2 

50%, 23 °C, 10Hz, 120℃ 16days 4 

Liquid Aging 
50%, 23 °C, 10Hz, 70h 6 

50%, 23 °C, 10Hz, 166h 6 
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Chapter 4: Results and Discussion 

This chapter is divided into two parts. The first part shows how the fatigue life of 

rubber changes under the influence of different factors. The second part is to 

observe the fracture cross section of the sample to understand the crack 

propagation mode and direction from a macro perspective. 

4.1  Fatigue life analysis 

This part mainly analyzes the relationship between fatigue life and various influencing 

factors. It also uses the fatigue life curve to characterize the entire process of the fatigue 

failure of rubber samples. The reference experiment data are presented as an example. 

Under the requirements of the reference experiment, a total of nine experiments were 

carried out. The number of cycles for each experiment is shown in Table 4.1. 

Table 4.1: Reference experiment data. 

Sample No. No. of cycles 

1 106 694 

2 99 952 

3 92 450 

4 107 295 

5 100 000 

6 115 542 
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According to these six sets of data, the average fatigue life cycle is 103 655, with a standard 

deviation of 7262. Therefore, sample 1 was chosen because it was the sample with a fatigue 

life cycle closest to the average reference value. 

Figure 4.1 shows the relationship between load and fatigue life cycles and the entire fatigue 

failure process of a rubber sample. It is divided into three parts from left to right. The first 

part is the beginning of the experiment. Because the stress changed sharply, the 

phenomenon of stress softening appeared. Then, in the second part, the curve enters a 

plateau. The stress changed slowly, and microcracks were generated on the surface of or 

inside the rubber material, a phenomenon referred to as crack nucleation. In the last part, 

the curve had a significant turning point. Usually at this time, visible cracks of 2 to 3 mm 

on the surface of the rubber sample can be observed. When macrocracks appear, the rate 

of crack propagation is very fast, and then the sample will be completely broken. 



27 

 

 

Figure 4.1: The relationship between fatigue life and load of reference experiment. 

4.1.1 Deformation effect 

Figure 4.2 shows the life cycles of natural rubber samples under different levels of strain. 

When deformation is 25%, the fatigue life is about 1 million cycles, which is 10 times the 

fatigue life at a deformation of 50%. When deformation is 50%, the fatigue life is about 

100 000 cycles, which is 6 times the fatigue life at a deformation of 75%. 

The amount of deformation has a significant impact on the fatigue life of rubber. The 

greater the deformation, the greater the force that the rubber mesh chain bears, resulting in 
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severe stress concentration and accelerating the fracture of the chain with lower bonding 

strength. 

During testing, the natural rubber sample is stretched by a cyclic external force and 

generates heat owing to the internal friction of the molecular chain. This heat also has an 

impact on the fatigue life of rubber. 

 

Figure 4.2: Fatigue life of natural rubber samples at different deformations. 

Table 4.2 shows that at a 25% strain level, the surface temperature of the rubber sample 

was 55 °C. When the deformation was 50%, the surface temperature of the sample was 

78 °C. The highest surface temperature of a sample was 106 °C, at a deformation of 75%. 



29 

 

The temperature difference in the heat generated by these three levels of strain was about 

30 °C. 

Table 4.2: The surface temperature of the sample during the experiment. 

 
Deformation 

25% 50% 75% 

Temperature of sample (°C) 55 78 106 

According to Figure 4.3, as the amount of deformation decreases, the tensile force on the 

rubber samples decreases, but both deformation and the tensile force have similar fatigue 

curves and characteristics. 

 

Figure 4.3: The relationship between fatigue life and load of different deformations. 
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4.1.2 Frequency effect 

The fatigue life cycles of the samples varied with frequency (Figure 4.4). When the 

frequency was increased from 1 to 5 Hz, the fatigue life also increased. When the frequency 

continued to increase to 10 Hz, however, the fatigue life decreased. 

Under low-frequency conditions, the molecular chain breakage caused by mechanical 

fatigue damage plays a decisive role; under high-frequency conditions, owing to the large 

increase in the amount of heat generated, the main cause of damage is not mechanical 

fatigue, but rather thermal degradation caused by the high temperature. Chemical changes 

play an important role in the destruction of rubber [38]. Therefore, in the next step, a 

thermal camera was used to detect the temperature of the sample during testing. 

 

Figure 4.4: Fatigue life of natural rubber samples at different frequencies. 
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Figure 4.5 shows the temperature at the centre of the sample measured by a thermal camera. 

As the frequency increased, the temperature inside the sample also increased. Samples at 

all frequencies reached a relatively stable temperature within a similar time frame (~750 

s), and the temperature no longer increased. The higher the frequency, the faster the heating 

rate. 

At a frequency of 1 Hz, the surface temperature of the rubber product stabilized at ~32 °C. 

At 2.5 Hz, the temperature stabilized at about 39 °C. At 5 Hz, the surface temperature of 

the sample was 54 °C. The surface temperature of the 7.5 Hz sample reached 63 °C. At 10 

Hz, the fastest frequency, the surface temperature of the sample was also at its highest, 

reaching 78 °C.  

The higher the loading frequency, the faster the internal structure of rubber changes over 

time. As the movement of the rubber macromolecular chains intensifies, there is increased 

interaction between molecular chains and additives.  

The large amount of heat generated by friction between molecular chains cannot be 

exchanged with the external environment in time, so the surface temperature of the sample 

is increased, thereby accelerating the initiation and propagation of cracks, and reducing the 

fatigue life of the rubber. 
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Figure 4.5: Samples surface temperature at different frequencies. 

When the temperature increases appropriately, such as to 54 °C, heat increases the mobility 

of molecules in the rubber. Then the stress relaxation rate can increase, which leads to a 

decrease in stress concentration. The stress concentration is reduced, thereby reducing the 

possibility of molecular chain breaking, and the natural rubber samples are difficult to 

fatigue. 

However, as the temperature rises too high, such as to 78 ℃, owing to poor thermal 

conductivity it is difficult for rubber to dissipate fatigue heat. The further the temperature 
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rises, the more likely it is to cause thermomechanical damage and increase thermal 

oxidation to accelerate fatigue. Proper heating can extend the fatigue life of rubber, but the 

heat generated by too high of a temperature will accelerate the breakage of molecular 

chains, which accelerates fatigue. Therefore, when conducting temperature experiments, 

the choice of 50 and 80 °C allows the influence of external temperature on fatigue aging 

life to be observed. 

 

Figure 4.6: The relationship between fatigue life and load of different frequencies. 
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Figure 4.6 shows the relationship between the force on the sample and the fatigue life at 

different frequencies. When the tensile test entered a plateau, although the external force 

experienced by the sample was basically the same under different frequency conditions, 

the load was about 185 N. However, the time at which macroscopic cracks began to appear 

on the surface of the sample varied with the frequency. In the last stage, the crack 

propagation rate was basically the same because the descending curves were almost 

parallel. 

The loading frequency affects the sample temperature during the test. The surface 

temperature of the sample affects the crack nucleation of natural rubber. When macroscopic 

cracks appear on the surface, as the cracks increase, the surface temperature has almost no 

effect on the crack propagation rate. 

4.1.3 Temperature effect 

Figure 4.7 shows the number of fatigue life cycles under different environmental 

temperatures. With increasing temperature, the number of fatigue life cycles decreased. 

When the outside temperature rises, it is difficult to dissipate the heat generated by the 

rubber sample, which also increases the sample temperature. Therefore, thermal oxidative 

degradation becomes the main reason for accelerating the fatigue behaviour of natural 

rubber. 
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Figure 4.7: Fatigue life of natural rubber samples at different ambient temperatures. 

The relationship between load and fatigue life under different temperatures is shown in 

Figure 4.8. At the beginning of the experiment, owing to the phenomenon of stress 

softening, the load gradually decreased until it remained basically unchanged. In the stable 

phase of the experiment, the environmental temperature did not affect the load, which was 

185 N. However, the fatigue life of rubber at 80 °C was significantly shortened. When 

macrocrack appeared, the crack growth rate seemed to be the same. 
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Figure 4.8: The relationship between fatigue life and load of different temperatures. 

4.1.4 Size effect 

The length of the test sample was half that of the reference sample. The diameter through 

the test sample centre was 2 mm shorter than that of the reference sample. Under the same 

experimental conditions, the fatigue life of the small sample was about 70 000 cycles, 

which is 70% that of the reference sample. 
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As observed by the thermal camera, the surface temperature of the small sample in the 

experiment was about 61 °C, which was 17 °C lower than the centre temperature of the 

reference sample. 

According to Figure 4.9, the fatigue characteristics of the two samples are the same, but 

after entering the plateau, the load of the small sample is smaller, about 150 N.  

After entering the crack growth stage, the curve of the small sample is slightly flat when it 

drops. In other words, the crack propagation rate should be slower. 

 

Figure 4.9: The relationship between fatigue life cycles and load of different sizes. 
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4.1.5 Aging effect 

4.1.5.a Thermal aging 

Samples were placed in an aging chamber and aged at 120 °C for 2, 4, 8, and 16 days. Then, 

the same tests were performed with same requirements as those used in the reference 

experiment.  

As Figure 4.1 shows, when the aging time is 2 days, the fatigue life is about 70 000 cycles. 

The fatigue life is greatly reduced to 13 874 cycles when the aging time is 4 days. When 

the aging time is 8 and 16 days, the fatigue life of the rubber samples is only 4700 and 3598 

cycles, respectively, which is slightly lower than the fatigue life of the samples aged for 4 

days. However, the fatigue life of the unaged sample was about 20 times longer than that 

of the samples aged the longest.  



39 

 

 

Figure 4.10: Fatigue life of natural rubber samples at different aging times. 

The relationship between aging and load is shown in Figure 4.11. Compared with the 

unaged rubber sample, the sample aged for 2 days had the same tensile strength in the 

plateau period, but the fatigue life was short. The curve of the sample aged for 4 days 

basically conformed to the fatigue characteristic curve of the unaged sample, but its tensile 

strength is reduced, with a load of about 150 N, and the sample failed quickly. The curves 

of the samples aged for 8 and 16 days are completely different from those of the unaged 

samples, which shows that heat aging greatly changes the physical properties of rubber. 

Figure 4.11 clearly shows the fatigue characteristics of the samples. 
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Figure 4.11: The relationship between fatigue life and load of different aging times. 

According to the broken blue line, the fatigue failure process can be divided into two stages, 

but the failure process of samples aged for 8 and 16 days was not the same.  

For samples aged 8 days, there was also a stress softening phenomenon at the beginning of 

the experiment, so the load gradually decreased. However, the curve did not enter a plateau 

afterwards but continued to gradually decline. Until entering the second stage, the curve 

showed a significant turning point, and then the sample failed. 

For the sample aged for 16 days, the load drop at the beginning of the experiment was not 

the result of stress softening. Instead, the rubber sample lost its elasticity and became brittle 
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because of a long aging period. When the sample was stretched under a huge load, multiple 

cracks immediately appeared on the surface of the sample, a phenomenon referred to as 

brittle fracture. After that, the load on the sample dropped almost linearly. Since cracks had 

appeared on the surface of the sample, this part of the curve represents the crack 

propagation area. When entering the second part of the curve, there was a clear turning 

point. At this stage, because the previous stress was concentrated on a certain crack, the 

plane where the crack was located eventually developed into a fracture section, and the 

sample failed. 

 

Figure 4.12: The relationship between fatigue life and load of 8 and 16 days aging. 
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During the high-temperature aging process, the breakage of the molecular chains in the 

natural rubber led to a change in the chemical and physical properties of the sample. As the 

aging time increased, the internal molecular chain breakage also increased. The rubber 

sample became brittle, and the elasticity of the rubber sample decreased. Therefore, the 

fatigue life was also greatly reduced, and different fatigue failure processes became evident. 

4.1.5.b Liquid aging 

Figure 4.13 shows that the curve of the sample with an aging time of 70 h almost coincides 

with the curve of the unaged sample. The tensile strength of the sample did not change 

either. The fatigue life of the sample with an aging time of 166 h was slightly longer than 

that of the unaged sample by 10 000 cycles. During this time, liquid aging had almost no 

effect on the fatigue resistance of the rubber samples. 
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Figure 4.13: The relationship between fatigue life and load of different liquid aging times. 

4.2 Fracture characteristics 

This section includes an analysis of the fracture cross-section of the rubber sample. The 

similarities and differences of fracture modes were investigated under the influence of 

various external factors from a macro perspective. Figure 4.14 shows the fracture cross-

section of the reference experimental sample. 
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(a) 

 

(b) 

Figure 4.14: (a) Reference experimental sample fracture and (b) interface and schematic diagram. 

According to experimental observations, the direction of crack propagation was from left 

to right. The fracture section can be divided into three parts: the crack initiation zone, the 

crack growth zone, and the final ligament zone. Part 1 is the crack initiation zone, which is 
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always located close to the surface of a sample. The reason why the initial crack always 

appears on or near the surface of a test coupon is because during the uniaxial tension test, 

the total length of the coupon increases and the cross-sectional area becomes smaller. 

However, the deformation of the outer surface is the largest, and the molecular chain moves 

the most violently, and hence the surface of the test coupon easily becomes the region of 

stress concentration. The direction of crack growth is usually perpendicular to the direction 

of the load. This zone is identified by the orientation of the stripes on the fracture surface. 

Part 2 is the zone corresponding to crack propagation through the bulk of the sample. In 

Figure 4.14, it is indicated by a pattern of stripes. This area represents a period when the 

crack propagation rate is relatively stable, and crack propagation is also stable. As the crack 

grows, the surface becomes rough.  

Part 3 corresponds to the final fracture surface and is very smooth. A brittle fracture 

occurred in this part of the sample, and a small piece of rubber eventually broke away from 

the test coupon, causing the sample to completely fracture and fail.  

4.2.1 Deformation effect 

Figure 4.15 shows the fracture interface morphology of the rubber sample under different 

levels of strain. The fracture surface of the sample with a deformation of 25% is flat and 

has only a few fine lines. Compared with the reference experimental sample, there is no 



46 

 

third-stage brittle fracture region. The entire crack propagation process is smooth and 

uniform. The fracture surface of the sample with a strain level of 75% is rougher. The 

direction of crack propagation is not perpendicular to the direction of the force but inclined. 

Compared with the reference experimental sample, the brittle fracture region in the last 

stage is larger. 

As the amount of deformation increased, the fracture surface of the sample became 

increasingly rougher, and the final brittle fracture area increased. 

 

Figure 4.15: Fracture surface of sample at (a) 25% (a), (b) 50%, and (c) 75% strain level. 

4.2.2 Frequency effect 

Figure 4.16 shows the macroscopic morphology of the fractured surface of rubber samples 

at different frequencies. The fracture planes of these samples were relatively flat overall. 

For the first three types of samples, their fracture process shows only the first two stages; 

because there was no third brittle fracture stage, their fracture surface shows stripes only. 

(b) (a) (c) 
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As the frequency increased, the fracture surface became increasingly rougher. When the 

frequency increased to 7.5 Hz, a third zone appeared on the fracture surface. This also 

provides evidence that the fatigue life of the sample was reduced as a result of the 

appearance of brittle fracture, because brittle fracture occurs in an instant. The larger the 

brittle fracture area of the third stage, the shorter the fatigue life of the sample. 

In conclusion, as the frequency increased, the fringes on the surface of the sample in the 

crack extension zone became rougher. When the frequency exceeded 5 Hz, a third brittle 

fracture zone appeared on the fracture surface, which is also the reason for the shorter 

fatigue life of the rubber sample. 

 

Figure 4.16: Fracture surface of sample at (a) 1Hz, (b) 2.5Hz, (c) 5Hz, (d) 7.5Hz, and (e) 10Hz. 

(a) (b) (c) 

(d) (e) 
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4.2.3 Temperature effect 

From the top view (Figure 4.17), the crack propagation conditions reflected by the fracture 

interface of the rubber samples at different temperatures were basically the same, and they 

all transitioned through the three stages of crack propagation. However, from the side view 

shown in Figure 4.18, as the temperature increased, the overall fracture section of the 

sample became increasingly uneven. In other words, the direction of crack propagation was 

not perpendicular to the direction of force but inclined upward or downward. 

 

Figure 4.17: Top view of the fracture surface of a sample at (a) 20 ℃, (b) 50 ℃, and (c) 80 ℃. 

 

Figure 4.18: Side view of the fracture surface of a sample at (a) 20 ℃, (b) 50 ℃, and (c) 80 ℃. 

(a) 

(a) 

(b) 

(b) 

(c) 

(c) 
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4.2.4 Size effect 

Although the experimental requirements were the same, the crack propagation phenomena 

for rubber samples of different sizes looked different (Figure 4.19). The fracture surface of 

the small sample was relatively flat and perpendicular to the direction of the force, that is, 

the direction of crack propagation was perpendicular to the direction of the force. But its 

fracture surface did not have the third stage — brittle fracture. The fracture surface of the 

small sample was more similar to that of the reference test sample at low frequency or low 

amplitude, as it was full of stripes and had relatively average roughness. 

 

Figure 4.19: Top view of fracture surface of (a) reference sample and (b) small sample. 

4.2.5 Aging effect 

4.2.5.a Thermal aging 

Figure 4.20 shows the fracture surface of all aging conditions. For the sample aged 2 days, 

the fracture surface can be divided into three zones. After the microcracks appeared on the 

(a) (b) 
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surface, they gradually expanded from left to right. The surface with stripes, on the left, 

was rough, and the one on the right was smooth. This is because the final brittle fracture 

occurred in the sample, and thus the final fracture surface was smooth. This crack 

propagation method is the same as it was for the aged sample. 

The fracture surface of the sample aged for 4 days was similar to that of the sample aged 

for 2 days. However, the difference is that the sample aged for 4 days had a smooth, narrow 

ring near the sample surface. The area inside the ring exhibited a typical crack propagation 

pattern.  

 

Figure 4.20: Fracture surface of (a) unaged sample and samples aged for (b) 2 days,   

(c) 4 days, (d) 8 days, and (e) 16 days. 

(a) (b) (c) 

(e) (d) 
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According to the fatigue curve of the sample mentioned in section 4.1.5.a, the fatigue 

failure process of the samples aged for 8 days and 16 days was completely different from 

that of the reference experimental group. After a long thermal aging treatment, the chemical 

and physical properties of the rubber sample had changed. From a macro point of view, 

after 8 days of heat aging, the surface of the sample becomes harder and its elasticity also 

worsens. When the tensile test was carried out, multiple cracks immediately appeared on 

the surface of the sample, which at that point became a brittle fracture. The appearance of 

the fracture interface is the ring close to the surface of the sample. The fracture section 

inside the ring also showed similar fatigue crack propagation progress.  

This feature looks clearer on the fracture surface of samples aged 16 days. In other words, 

the crack propagation direction is from the edge of the sample to the centre. According to 

Charrier et. al [39], this phenomenon is due to the diffusion limited oxidation (DOL) effect, 

resulting in a sharp aging profile.  

For the samples aged for 8 and 16 days, their elasticity is reduced owing to the change in 

chemical properties, and these samples are no longer suitable for use. 

4.2.5.b Liquid aging 

According to Figure 4.21, a sample immersed in the reference liquid and the sample not 

immersed showed the same fatigue crack propagation progress. Even if the length of 
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immersion in the liquid was different, it did not have a significant effect on the chemical 

properties and fatigue aging properties of the sample. 

 

Figure 4.21: Fracture surface of (a) unaged sample and samples aged for (b) 70h and (c) 166h. 

 

 

 

 

(a) (b) 

(c) 
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Chapter 5: Conclusion and Future Work 

In this final chapter, a summary of conclusion from each chapter is presented and 

proposes requirements and ideas for future work. 

5.1 Conclusion 

The purpose of this article is to explore the influence of external factors on the fatigue life 

of natural rubber and the process of the macroscopic crack growth. The general conclusion 

can be summarized as follow:  

1. The rubber undergoes three stages from fatigue to failure under uniaxial tension. The 

first stage is stress softening leading to a decrease in load. The second stage is when 

the load enters a plateau, and internal microscopic cracks are formed. The third stage 

is the formation of macroscopic cracks on the surface of the sample. As the cracks 

growth, the sample will eventually break completely. 

2. The rubber fracture section is divided into three parts: the crack initial zone, the crack 

propagation zone and the brittle fracture zone.  

3. The initial zone of the crack is close to the surface of the sample, relatively flat and 

small. The crack expansion area is larger, the surface is covered with stripes and is 

getting rougher and rougher. The final brittle fracture zone is very smooth. 
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4. With the increase of the deformation, the fatigue life of natural rubber decreases, and 

the more heat generated by the self-heating effect, the higher the surface temperature 

of the rubber sample. 

5. When the deformation amount is 25%, the fracture surface of the sample is flat and 

there is no third brittle fracture zone. When the amount of deformation increases, the 

brittle fracture zone appears on the surface of the sample. 

6. Below 5 Hz, as the frequency increases, the fatigue life of the rubber increases, and the 

fracture surface without brittle fracture zone. When the frequency exceeds 5 Hz, as the 

frequency increases, the fatigue life of the rubber sample decreases, and the brittle 

fracture shows on the fracture surface. 

7. As the frequency increases, the heat generated by the self-heating effect of rubber also 

increases, making the surface temperature of the rubber higher. The time for the surface 

temperature of the sample reach to certain degree and remain stable is almost the same. 

8. As the temperature increases, the fatigue life of the rubber decreases, and the area of 

the brittle fracture zone of the fracture surface increases, and the crack propagation 

direction is not perpendicular to the load direction. 

9. For dumbbell-shaped short rubber samples, the cracks occurred at the smallest diameter 

of the middle sample. The fractured surface is flat and covered with stripes. 

10. Thermal aging has a greater impact on the fatigue life of rubber. When the aging time 

is within 4 days, although the fatigue life is reduced, the complete fatigue failure 
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process can be maintained. When the heat aging time exceeds 4 days, the physical 

properties of the rubber will change, become hard and lose its elasticity. The fatigue 

life is greatly reduced, so it also cannot be in use. 

11. Liquid aging has almost no effect on rubber aging life. The fracture cross-section is 

similar to that of the unaged sample without any significant difference. 

12. When the deformation, frequency, and temperature increase, the fatigue life of the 

rubber decreases, the fracture section is rugged, the crack propagation direction is no 

longer perpendicular to the load direction, and the brittle fracture zone becomes larger. 

5.2 Future work 

Although the results of this work can be used to provide information for the future 

design, production and application of rubber components, which can appropriately 

prevent or delay the appearance of rubber fatigue, there are many aspects that can be 

further explored. Suggested next research steps ar1.e as follows: 

1. Perform the experiment at negative temperature and compare the fatigue performance 

with the experimental results at positive temperature. Observe the similarities and 

differences of the fractured sections. 

2. Observe the formation of microscopic cracks and the way and the direction of crack 

propagation through X-ray CT scanning. 
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3. Observe the microscopic characteristics of the fractured surface by Scanning Electron 

Microscope and explore the different or typical characteristics of microscopic cracks 

under the influence of external factors. 
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Appendices 

  

(a) (b) 

  

(c) (d) 

  

(e) (f) 

Appendix 1: References experiment data - 50% strain level, 23 °C, 10Hz. 
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(a) 

Appendix 2 : Deformation of 25% experiment data - 23 °C, 10Hz. 
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(c) (d) 
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(e) (f) 

Appendix 3: Deformation of 75% experiment data - 23 °C, 10Hz. 
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(c) (d) 
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(e) (f) 

Appendix 4: Frequency of 1Hz experiment data - 50% strain level, 23 °C. 
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(c) (d) 
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(e)  

Appendix 5: Frequency of 2.5Hz experiment data - 50% strain level, 23 °C. 
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(c) (d) 
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(e) (f) 

Appendix 6: Frequency of 5Hz experiment data - 50% strain level, 23 °C. 
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(c) (d) 
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(e)  

Appendix 7: Frequency of 7.5Hz experiment data - 50% strain level, 23 °C. 
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(c) (d) 
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(e) (f) 

Appendix 8: Temperature of 50 °C experiment data - 50% strain level, 10Hz. 
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(c) (d) 
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(e) (f) 

Appendix 9: Temperature of 80 °C experiment data - 50% strain level, 10Hz. 
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(c)  

Appendix 10: Small sample experiment data - 50% strain level, 23 °C, 10Hz. 
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(a) (b) 

  

(c) (d) 

Appendix 11: 2 days thermal aging experiment data - 50% strain level, 23 °C, 10Hz. 

  

(a) (b) 
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(c) (d) 

Appendix 12: 4 days thermal aging experiment data - 50% strain level, 23 °C, 10Hz. 

  

  

(a) (b) 

Appendix 13: 8 days thermal aging experiment data - 50% strain level, 23 °C, 10Hz. 
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(a) (b) 

  

(c) (d) 

Appendix 14 : 16 days thermal aging experiment data - 50% strain level, 23 °C, 10Hz. 
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(c) (d) 

Appendix 15: 70 hours liquid aging experiment data - 50% strain level, 23 °C, 10Hz. 
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(c) (d) 
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(e)  

Appendix 16: 166 hours liquid aging experiment data - 50% strain level, 23 °C, 10Hz. 


