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 A B S T R A C T

Tire aging is a complex process driven by several environmental and mechanical factors. It significantly impacts 
vehicle safety and performance, presenting a critical challenge for engineers material scientists. This review 
paper presents a comprehensive analysis of the key factors affecting the aging of tires (namely oxidation, 
thermal degradation, ultraviolet (UV) radiation, ozone concentration, and humidity) and examines how each 
contributes to the loss of mechanical integrity in rubber compounds. Quantitative analyses from the literature 
show, for instance, that prolonged aging of rubber compounds mainly reduces elongation at break and tensile 
strength, while modulus and hardness increase. On the tire, these changes lead to an increased risk of 
failure, reduced traction capabilities, handling issues. For each aging factor, the specific aging mechanism 
is explored. The review further examines the primary experimental methods used to study the tire aging 
phenomenon. Particular emphasis is placed on the use of accelerated aging tests and climate chambers. While 
most studies rely on simplified material specimens, this review highlights the need for methods that better 
replicate real operational conditions. The paper also addresses the complex synergistic effects arising from the 
simultaneous action of multiple aging factors, an area that is largely underexplored in the current literature. 
A major challenge is the definition of accelerated aging test procedures, especially for tires, which involve the 
combination of mechanical loading and environmental factors. This review bridges fundamental theory of tire 
aging with practical engineering applications, setting the groundwork for future research in this field.
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1. Introduction

The global tire market has seen significant growth in the past 
decade. According to the ‘‘Tire Global Market Report 2025’’ [1], the 
global tire market will grow steadily from USD$200.97 billion in 
2024 to USD$250.39 billion in 2029 at a compound annual growth 
rate (CAGR) of 4.3%. The growth can be attributed to increasing 
vehicle production, consumer preferences for performance, safety and 
regulations, innovations in tire materials.

The pneumatic tire is a crucial component of road vehicles, as 
it directly influences vehicle safety, performance, and efficiency. Its 
primary functions are to support the vehicle load, transmit traction and 
braking forces to the road surface, absorb road shocks. During their 
lifecycle, tires must face different types of stresses, namely mechani-
cal loads and exposure to environmental conditions surrounding [2]. 
Moreover, tires, as rubber products, have a limited service life due to 
aging.

Tire aging refers to the gradual deterioration of the physical and 
chemical properties of a tire over its service life [3]. The aging process 
is influenced by a variety of factors, including environmental condi-
tions, usage habits, and materials used in tire construction. As a tire 
ages, it undergoes changes that can impact its performance, safety, and 
overall effectiveness.

Several studies demonstrate that the safety of a vehicle is signif-
icantly influenced by the condition of the tires [4,5]. Based on data 
analysis from 2005–2006, the NHTSA (National Highway Traffic Safety 
Administration) agency estimates that about 90 fatalities and more than 
3000 injuries occur annually as a result of crashes that are probably 
caused by tire aging or where tire aging is possibly a significant 
factor [6]. Data refer to the warmer areas of the United States, namely 
Arizona, Florida, Texas, and Southern California.

The risks associated with age-related tire degradation are as follows:

• Increased failure risks. A significant decrease in elongation-at-
break is one of the most common signs of aging, making the 
tire more vulnerable to surface cracking, tread separation and 
blowouts.Aged tires are more prone to failure due to blowouts 
and tread separations. This situation can lead to sudden loss of 
control and accidents.

• Reduced traction. Rubber hardness increases due to aging. This 
causes tires have a decreased traction capability, particularly on 
wet or icy road surfaces. This increases the risk of skidding and 
accidents, especially during adverse weather conditions.

• Increased stopping distance. Aged tires result in longer stopping dis-
tances. This is critical in emergency braking situations, increasing 
the risk of collisions.

• Handling issues. An increase in modulus typically occurs during 
aging, reducing the rubber ability to deform and absorb energy 
and leading to a more brittle material. This compromises the 
tire ability to maintain proper contact with the road, especially 
under dynamic loads. This implies that aged tires exhibit changes 
in handling characteristics, which affect the vehicle’s dynamic 
response to steering inputs. This can lead to stability issues, 
especially during sudden maneuvers.

Safety is a key aspect of tire aging. For this reason, it is a topic of 
debate in the literature.

In 2002, the U.S. Department of Transportation (National Highway 
Traffic Safety Administration) [7] started a project with the aim of 
developing a laboratory-based test procedure for light vehicle tires [8]. 
The program aimed to define safety standards for tires in order to 
ensure greater reliability against aging degradation. In the preliminary 
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Fig. 1. Example of tire failure due to tread separation. 
Source: Adapted from [8].

Fig. 2. Example of tire failure due to sidewalls cracking (left) and sidewalls collapse 
(right).
Source: Adapted from [8].

phase, the study was intended to better understand the phenomenon 
of tire aging and identify the main failure mechanisms. The tread 
separation was identified as the most dangerous failure mechanism due 
to degradation. Degradation occurs when the tread, the outermost layer 
of the tire that contacts the road, separates from the underlying belt and 
carcass (see Fig.  1). Another important but less common failure mode 
concerns the collapse of the sidewalls [9], examples of which are shown 
in Fig.  2.

Many drivers are unaware of the impact of tire aging on safety. 
The results of the survey reported in [10] reveal that very few people 
identify the aging phenomenon as a potential cause of tire failure.

The study described in [11] refers to the analysis of 10 years of 
historical crash data in Wyoming. By investigating the factors that 
influence tire failures, it was found that tire-related crashes are more 
likely to occur during the summer season, daytime, dry road conditions, 
and rough surface conditions. These conditions make the tires more 
susceptible to degradation.

A common factor in the reported studies is that they refer to warm 
areas. As a rule of thumb, exposure to high temperatures accelerates 
the tire aging process and thus the risk of road accidents.

The influence of hot weather on the occurrence of road accidents is 
investigated in [12]. Most accidents due to tire failure occur between 
June and September (the hottest months of the year), with a higher 
concentration during the hottest hours of the day.

For the reasons outlined above, proper tire maintenance is essential 
to ensure both vehicle performance and road safety.

Tire aging is a complex phenomenon that occurs due to the action 
of several degradation agents. These include oxidation reactions, expo-
sure to environmental factors (high temperatures, UV radiation, ozone 
concentration, humidity), interaction with harmful fluids, mechanical 
fatigue, and the action of bio-organisms.

In particular, oxidation is a mechanism that occurs continuously due 
to the interaction of the rubber compound with the oxygen in the air. 
Some factors, such as high temperature, accelerate the rate of oxidation. 
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Other environmental factors contribute to both the increase in the rate 
of oxidation and the onset of other aging mechanisms. Repeated loading 
and unloading cycles cause fatigue in tire materials, while interactions 
between chemical components within the tire and external substances 
alter the material properties.

To investigate tire aging, researchers employ several methods, each 
with its benefits and limitations. The most prominent are as follows:

• Long-term field aging studies. They are based on the monitoring of 
tires throughout their actual service life or on the exposure of tires 
to climatic factors for a long time, producing natural aging.

• Accelerated aging experiments. They simulate long-term aging in 
a shorter time by exposing tires to high temperatures, oxygen 
levels, ozone concentrations, UV radiation and humidity.

In this context, climate chamber experiments play a key role in bridging 
the gap between accelerated tests and long-term field experiments, 
since they allow the study of the synergistic effect of multiple envi-
ronmental factors.

Despite the importance of this topic, a review of the existing sci-
entific literature reveals a noticeable gap in comprehensive studies 
focused specifically on tire aging. Most of the available reviews are ded-
icated to the aging behavior of specific rubber materials other than tires 
as complex components [13–15]. These studies explore deeply into the 
molecular mechanisms of oxidation, cross-linking, and chain scission in 
these materials under controlled conditions. Although such investiga-
tions provide insight into the fundamental aging mechanisms of rubber 
compounds, they fail in addressing the multifaceted phenomenon of tire 
aging.

The review published by Dubey et al. aims to collect studies carried 
out to describe the aging of butyl rubber. This class of elastomers has a 
wide range of applications, including tire parts. The review provides a 
qualitative discussion on the effects of thermo-oxidative aging, degra-
dation due to ozone, UV irradiation, and mechanical stresses. Despite 
the wide range of topics addressed, the knowledge is limited to butyl 
rubber.

Chung et al. reviewed studies dealing with the thermo-oxidative 
aging process of several classes of elastomers, including both natu-
ral rubber and synthetic rubbers. Only experiments carried out on 
rubber specimens were collected. Studies are grouped based on the 
techniques used to analyze the aging phenomenon, namely mechanical 
tests, viscoelastic tests, chemical characterization, thermal characteri-
zation, visual characterization and cross-linking density measurement. 
Based on the available literature, each method is reviewed. The find-
ings point out that the use of chemical, viscoelastic and mechanical 
tests separately may limit understanding of the aging phenomenon. 
The combination of multiple approaches allows for a comprehensive 
investigation of the aging mechanism.

A comprehensive overview of recent advances in understanding 
elastomer degradation is provided by Tayefi et al., who reviewed 
the key mechanisms underlying accelerated aging (such as thermo-
oxidative, photo-oxidative and ozone-induced degradation) and dis-
cussed how these mechanisms affect the structural and mechanical in-
tegrity of rubber materials. The work also discusses predictive models, 
including Arrhenius-based approaches and time–temperature superpo-
sition, to forecast long-term behavior under service conditions.

The work in [17] critically assesses the most effective methods for 
evaluating chemical and physical changes due to aging. The aim of 
the work is to provide guidance in investigating the complex degra-
dation phenomena that occur in rubber materials under environmental 
exposure.

Several standardized protocols are commonly employed to evalu-
ate the aging behavior of rubber materials and tires, including SAE 
J2979 [18], which outlines procedures for the accelerated aging of tires 
under controlled environmental conditions; ASTM D573-04 [19], which 
specifies a method for assessing rubber deterioration in an air oven 
through changes in physical properties; and ISO 188:2023 [20], which 
3 
provides guidelines for accelerated aging and heat resistance testing of 
vulcanized or thermoplastic rubber compounds.

Furthermore, there is a noticeable lack of research that addresses 
the synergistic effects of multiple aging factors on rubber materials 
or tires. The interaction between these factors can produce nonlinear 
degradation effects, making it challenging to extrapolate findings from 
single-factor studies to real-world conditions.

As an example, Bahrololoumi et al. attempt to model the syner-
gistic effects of aging on rubber materials. The purpose of the work 
is to study the concurrent exposure of rubber to fatigue and thermal 
aging. A micro-mechanical constitutive model based on the concept of 
damage accumulation is proposed. Each damage mechanism is modeled 
separately, then they are coupled to consider the synergistic effect.

This review paper aims to summarize the current pool of knowledge 
on tire aging. More in detail

• Investigate the primary environmental factors affecting the phe-
nomenon of tire aging. These are identified as temperature, ozone 
concentration, UV radiation, and humidity. For each factor, high-
light significant findings from tire aging studies found in the 
literature.

• Present an overview of the main methodologies used to study 
tire aging. Using examples from the available scientific literature, 
discuss the benefits and limitations of each method.

• Recognize the current gaps of the existing research in under-
standing the phenomenon of tire aging. Propose areas for further 
investigation to improve testing methodologies.

The paper is structured as follows: a brief description of the struc-
ture and materials of the tire is given in Section 2; an outlook on 
the current challenges and research trends of the tire technology is 
provided in Section 3; the main factors that influence tire aging are 
discussed in Section 4; Section 5 details the experimental technologies 
used to analyze tire aging; conclusions are drawn in Section 6.

2. Tire structure and materials

Tires have a complex structure. They consist of multiple layers 
made from a wide variety of materials, tailored to provide specific 
performance characteristics [21–23].

The key components that constitute the tire structure are the tread, 
the belts, the sidewall, the carcass, the inner liner, the beads, and the 
shoulder [21,24,25].

A schematic cross-section of a tire is shown in Fig.  3. The tread is the 
outermost layer of the tire that comes into direct contact with the road. 
It is responsible for providing grip in different road conditions and has 
a high abrasion resistance [26]. The carcass consists of a framework of 
textile cords that form the main body of the tire. The belts are layers of 
steel cords embedded in rubber located beneath the tread. They provide 
strength and protection of the plies. The beads represent the innermost 
rings that secure the tire to the wheel rim, while the sidewall is the 
region connecting the tread to the beads [27]. It is designed to resist to 
weathering, environmental aging agents, abrasion, and tearing, and to 
provide good fatigue life. The transition area between the tread and the 
sidewall is called the shoulder. The inner liner is an internal membrane 
that ensures air retention.

The composition of the rubber compound used to manufacture tires 
involves a mixture of materials, balanced to meet specific requirements. 
The main ingredients of the rubber compound include elastomers and 
fillers. Additionally, a number of minor components are added, such 
as softeners, plasticizers, chemical vulcanizing agents, antidegradants, 
colorants, adhesion promoters, and hardeners [21,22,28].

In tire compounds, natural and synthetic rubbers are used. Natural 
rubber (NR) is suitable for tire manufacturing due to its high tensile 
strength, elasticity, and resilience. It is used primarily in the tread 
and in the carcass. Synthetic rubber is produced through the polymer-
ization of various monomers. The most common types used in tires 



P. Stabile et al. Engineering Science and Technology, an International Journal 69 (2025) 102101 
Fig. 3. Schematic cross-section of a tire. Figure created by the authors.

include styrene–butadiene rubber (SBR), polybutadiene rubber (BR), 
and ethylene–propylene–diene monomer (EPDM). SBR is used mainly 
in the tread, while BR is often blended with SBR in the tread to provide 
better wear resistance and low rolling resistance. EPDM is used in the 
sidewalls and other areas particularly exposed to environmental aging 
agents, as it features excellent properties of resistance to heat, ozone 
and UV radiation [29,30]. In addition, silica-based rubber compounds 
are used in high-performance tires, as they reduce rolling resistance and 
provide better traction capability [31].

Fillers help improve the abrasion resistance and the strength of 
the tire rubber compounds [21]. They mainly consist of carbon black 
(CB) and silica. Carbon black is a reinforcing filler that significantly 
enhances the durability and strength of the rubber. Silica is added to 
the tread because it offers improved grip and low rolling resistance. 
The predominant use of silica as fillers underlies the development of 
so-called ‘‘green tires’’, which are produced in response to the need 
for more environmentally friendly tires [32]. The use of silica helps 
reduce energy consumption and CO2 emissions. Nevertheless, their pro-
duction costs are expensive compared to traditional tires, and abrasion 
resistance is lower due to less use of carbon black [33,34].

Vulcanizing agents include sulfur and chemical accelerators such 
as zinc oxide and stearic acid. Sulfur acts by cross-linking rubber 
molecules, providing elasticity and strength. Chemical accelerators are 
used to speed up the vulcanization process.

Plasticizers, which mainly consist of aromatic oil, are used to im-
prove the workability of the rubber compound. They reduce the poly-
mer viscosity and hardness [21]. Adhesion promoters, such as resins, 
are used to enhance the adhesion between rubber and other materials 
within the tire structure [35].

To extend the life of the rubber compound, protective systems are 
used. Antioxidants and antiozonants are added to protect the rubber 
compound from oxidative aging and ozone degradation [36].

Table  1 summarizes the main ingredients and their average percent-
age of a typical tire rubber compound [21,24,25,37].

3. Tire technology: current aging-related challenges

Tire aging not only compromises vehicle performance and safety 
but also poses significant environmental concerns. Tire technology is 
currently facing significant challenges, driven primarily by sustainabil-
ity, performance, and extended durability demands. In this context, the 
field of materials science has a fundamental role.

In response to environmental regulations, sustainable and greener 
materials are explored as alternatives to traditional tire materials. Bio-
based elastomers offer rubber materials from renewable resources with 
promising mechanical properties. Additionally, green fillers derived 
from agricultural waste (e.g. rice husk ash silica, lignin) are being 
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Table 1
Typical composition of a tire rubber compound, expressed as both average percentage 
and parts per hundred of rubber (phr). Note that ranges may vary depending on the 
specific tire type (e.g., passenger car, truck, racing, off-road tires).
 Component Average percentage Phr  
 Natural rubber (NR) 20%–40% 40–60 
 Synthetic rubber  
 Styrene–butadiene rubber (SBR) 15%–30% 30–50 
 Butadiene rubber (BR) 10%–25% 20–40 
 Fillers  
 Carbon black (CB) 15%–35% 30–70 
 Silica 10%–15% 10–30 
 Plasticizers and oils 5%–10% 5–15  
 Curing agents  
 Sulfur 0.5%–3% 1–3  
 Accelerators 0.5%–2% 1–2  
 Antioxidants 1%–3% 1–3  
 Antiozonants 1%–3% 1–3  

investigated for their potential to replace carbon black while reducing 
the environmental footprint. However, integrating these materials into 
commercial tires poses challenges, mainly related to performance and 
processing compatibility.

One important issue is related to microplastic release and chemical 
leaching [38]. The degradation process causes tire wear and frag-
mentation, and the resulting tire wear particles (TWPs) are a signif-
icant source of microplastics in the environment [39]. These parti-
cles accumulate in soils, rivers and oceans, potentially entering food 
chains and representing toxicological risks to wildlife. In addition, as 
tires age, antioxidants, antiozonants, plasticizers, and vulcanization 
agents can leach into the environment [40]. For example, the widely 
used antioxidant 6PPD (N-(1,3-Dimethylbutyl)-N’-phenyl-p- phenylene-
diamine), oxidizes during aging to form 6PPD-quinone, a compound 
that has been shown to be acutely toxic to certain aquatic species [41]. 
Traditional antioxidants and antiozonants are effective but raise con-
cerns due to toxicity and environmental leaching. Efforts are being 
directed toward the synthesis of novel, environmentally friendly pro-
tective systems [42,43].

A major challenge in the tire industry is related to recycling and 
end-of-life concerns. Tires recycling is limited by factors such as the 
complexity of tires structure, the degradation of the rubber, the cost 
of the process [44,45]. Most of tires are incinerated in cement plants, 
landfilled or grinded to a fine powder for addition into asphalt or 
concrete. In this context, the aim of the current research is to design 
tires with improved recyclability [46].

To address the trade-off between mechanical strength and rolling 
resistance, hybrid filler systems, that combine the advantages of silica 
and carbon-black, are developed [47,48].

Nanotechnology offers a powerful toolset to improve the perfor-
mance of tire compounds. The incorporation of nanofillers such as 
graphene, carbon nanotubes, or nano-silica can significantly enhance 
the thermal conductivity, mechanical strength, and resistance to oxida-
tive aging. These fillers can bridge microcracks, retard crack propaga-
tion, and dissipate heat more effectively [49–52].

4. Factors influencing tire aging

Tire aging is primarily driven by the degradation of the rubber com-
pounds that make up its structural components. During their service 
life, rubber compounds undergo several types of degradation due to 
various factors. Ambient factors, such as temperature, UV radiation, 
ozone concentration, and humidity play a significant role in the aging 
process of rubbers [53–56] (see Fig.  4 for a simplified scheme with 
environmental aging factors and their respective aging mechanism). 
Moreover, the rate of degradation due to ambient factors is generally 
increased by the presence of mechanical stresses. The service life of 
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Fig. 4. Scheme showing the main environmental factors of tire aging and their aging 
mechanism. Figure created by the authors.

rubber compounds is characterized largely by the coexistence of multi-
ple environmental agents, which have a synergistic effect on material 
aging [54,57].

This Section aims to examine the main ambient factors that cause 
the aging of rubber. In particular, the study focuses on compounds 
used to manufacture tires. The effects of environmental agents on tire 
aging are discussed, and experiments investigating such phenomena are 
reported.

4.1. Oxidation

Oxidation is considered the most severe mechanism by which rub-
ber compounds degrade [3,58]. Oxidation reactions take place under 
normal ambient conditions, but are exacerbated by the action of several 
ambient factors. The mechanism by which oxidation occurs in rubber 
materials is extensively reviewed in the scientific literature [35,59–62].

Oxidation reactions of rubber compounds occur according to the 
following three-stage scheme [59,63]:

1. Initiation. Chemical reactions are initiated by a given energy 
source (e.g. heat, irradiation) and produce free radicals from the 
polymer chain.

2. Propagation. Radical species react with oxygen and polymer 
chain molecules to generate new free radicals, such as peroxide 
and hydroperoxide free radicals. The breakdown of the gen-
erated radicals forms new radicals that continue the chemical 
reactions.

3. Termination. The oxidation reaction ends when active species are 
removed and decomposed into non-radical products.

Oxidation reactions affect the rubber structure through two primary 
mechanisms: cross-linking and chain scission [3,58]. Cross-linking
refers to the formation of additional chemical bonds between polymer 
chains. Chain scission is the opposite phenomenon, referring to the 
breaking of long rubber polymer chains into smaller fragments [64].

Rubber oxidation reactions can be dominated by either cross-linking 
or chain scission, depending on several factors (mainly the rubber 
formulation and the operating conditions) [65]. The balance between 
cross-linking and chain scission determines the overall effects on rubber 
aging [66].

The main effects of cross-linking are an increase in the elastic 
modulus and hardness of the rubber, resulting in increased brittleness. 
Chain scission leads to a reduction in molecular weight and causes 
a decrease in strength and elasticity [3,58]. Both cross-linking and 
chain scission contribute to the rubber’s increased vulnerability to 
environmental factors such as heat, UV radiation, and ozone. As the 
material ages, it becomes less resistant to further oxidation, creating a 
feedback loop that accelerates the degradation process [59].
5 
Fig. 5. Blooming phenomenon on a tire subjected to oxidation reactions. Figure created 
by the authors.

Antioxidants are added to most rubber compounds to inhibit oxi-
dation [67]. The most effective antioxidants are the so-called ‘‘chain-
breaking antioxidants’’, which act by interrupting the free radical reac-
tion [68,69].

A critical problem with antioxidants is related to their toxicity. The 
traces of antioxidants released into the environment are harmful to 
human health and the environment [68,70]. However, antioxidants 
are responsible for the phenomenon of blooming, which occurs as 
a result of their diffusion onto the surface of the rubber [27,71]. A 
representative example of blooming on a tire subjected to oxidation 
reactions is shown in Fig.  5.

The type of crosslinking system used in rubber compounds signifi-
cantly affects their resistance to oxidative aging. Sulfur-based vulcan-
ization involves the formation of sulfur-sulfur linkages that are highly 
susceptible to oxidative degradation. In contrast, peroxide-based vul-
canization forms stable carbon–carbon crosslinks that exhibit greater 
resistance to oxidative aging [72–75]. Moreover, the concentration 
of antioxidant influences the thermo-oxidative behavior of rubber. 
The excessive antioxidant content could result in reduced crosslink 
efficiency [74].

The rate and severity of oxidation and the consequent degradation 
in tires are significantly influenced by environmental conditions, with 
temperature generally the most impactful, followed closely by oxygen 
availability.

The durability of tires, after being subject to oxidative aging, is 
investigated in [76,77]. Tires are oven aged at 65 ◦C, then run on 
a roadwheel with increasing load until failure. The time span before 
failure is used to indicate the endurance performance of the tires. The 
most frequent failure modes found are related to tread detachment, and 
less frequently also failures due to sidewall delamination and carcass 
cracking. The outcomes of the study revealed that the tire rubber 
compound tends to harden as a result of thermo-oxidative aging. The 
increase in hardness causes a more brittle failure of the rubber com-
pound, the extent of which depends on the specific rubber formulation 
including main polymers, antioxidants, fillers and reinforcing agents. 
In addition, the study indicates the inner liner as a key component 
to reduce oxidative aging throughout the whole tire section. Oxidative 
aging has a limited effect on the inner liner, since it is mainly composed 
of butyl rubber that has high oxidation resistance. Moreover, due to its 
low permeability, the inner liner acts as a barrier to oxygen permeation 
from the tire cavity to the tire section.

4.2. Temperature

The surrounding temperature plays a crucial role in the tire aging 
process. In particular, exposure to high temperatures influences the 
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rate of oxidation reactions in rubber compounds, accelerating the aging 
of tires [78–80]. The heat induced by high temperatures provides 
the energy required for chemical reactions within the rubber com-
pounds, namely cross-linking and chain scission. The effects on the tire 
rubber compound derived from both cross-linking and chain scission 
significantly influence the physical and mechanical properties of the 
tire [81,82].

Here are the key aspects related to the effects of high temperature 
on tire aging [76]:

• Embrittlement. Crosslinking causes the rubber to lose flexibility, 
making it prone to cracking under stress. This is extremely prob-
lematic in the tire sidewalls area.

• Loss of elasticity. Chain scission reduces the rubber material’s 
ability to return to its original shape after deformation, leading 
to permanent deformation. This affects the tire ability to perform 
under dynamic conditions.

Ahagon et al. claim that tire parts show three main types of aging 
mechanisms during service, based on the temperature conditions. Type 
I aging is experienced under both aerobic and anaerobic conditions and 
at low temperatures. It is characterized by an increase in modulus of 
elasticity at 100% elongation and decrease in elongation at break. In 
Type II aging, either a slight change or a reduction in modulus can 
occur when the elongation at break decreases. Type II aging occurs 
under anaerobic conditions at high temperatures. Type III aging occurs 
under aerobic conditions at high temperatures. Its behavior is similar to 
Type I aging, but differs in terms of extent of the effects on the modulus 
and elongation at break.

This approach is confirmed by Di Salvi et al.. Test samples from 
commercial tires were analyzed after natural aging. The study high-
lights a correlation between mechanical properties and the predom-
inant type of aging. The results from the tensile tests are presented 
using the Ahagon plot [58], i.e. a log–log plot of the elongation at 
break as a function of the modulus at 100% elongation. In accordance 
with Ahagon et al., the data fit on a straight line.

In the scientific literature, several papers are found dealing with 
studies performed on rubber specimens aged by the effect of high 
temperatures.

Wang et al. investigate the thermal aging process of carbon-black-
filled styrene–isoprene–butadiene rubber (SIBR-CB). The rubber com-
pound being studied is widely used for the tire tread. Changes in me-
chanical properties (i.e. modulus at 100% elongation, tensile strength 
and elongation at break) are analyzed in the temperature range of 
90 ◦C–130 ◦C. The findings of the study show significant degradation 
of the mechanical properties, leading to an increase in modulus and a 
decrease in both tensile strength and elongation at break. A comparison 
of aging experiments carried out on different rubber compound formu-
lations reveals that the thermo-oxidative aging phenomenon is strictly 
affected by the macromolecular structure of the polymeric chain. Some 
rubber compounds exhibit opposite behavior in the material properties 
change [85].

The macromolecular structure variation mechanism induced by 
thermal aging is also investigated in [86]. The experiments are carried 
out on vulcanized SBR samples, thermally aged in oven at 120 ◦C. The 
study assesses that the alteration of the cross-linking network influences 
the behavior of the aged samples. During thermo-oxidative aging of 
SBR, cross-linking and chain scission reactions occur simultaneously. 
However, the measured increase of the cross-link density is a sign 
of the predominance of cross-linking reactions. This results in the 
deterioration of tensile properties.

The work in [87] reports the effects of thermal aging on styrene–
butadiene rubber (SBR) material. Accelerated aging experiments are 
carried out in oven under different temperatures (from 50 ◦C to 100 ◦C) 
and for different exposure durations (from 7 to 60 days). The change in 
mechanical and chemical properties, namely tensile properties, shore 
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hardness and cross-link density is investigated. As the temperature 
and the exposure time increase, the stiffness and the shore hardness 
of the material increase, while the stress and the strain at break 
decrease. More in detail, stress and strain at rupture decrease up to 
approximately 85% and 50%, respectively, when aged at 100 ◦C for 60 
days [87]. These results are in agreement with the findings of Mostafa 
et al.. The ultimate properties decrease is a result of the cross-linking 
modification [89]. According to [90,91], the increase in shore hardness 
is attributed to the reduction of the polymer chains mobility.

Oven aging experiments are carried out in [92], in order to de-
rive the relationship between properties degradation, temperature, and 
time of exposure. The authors compare conventional tire compound 
(i.e. made from styrene–butadiene rubber (SBR), butadiene rubber 
(BR), and carbon black (CB) as reinforcing filler) with green tire 
compound (that involves the use of silica as the main reinforcing 
filler). Aged samples undergo increased hardness and stiffness, while 
tensile strength and elongation at break are reduced. However, the 
silica reinforced compounds tend to present a lower useful life when 
compared with the CB compounds.

Accelerated heat aging tests are performed in [93] to predict the 
life of vulcanized tire rubber. Dumbbells of vulcanized rubber are 
maintained inside an oven at an aging temperature ranging from 40 ◦C 
to 60 ◦C and subjected to constant cyclic deformation. Tensile strength 
and elongation at break exhibit a decreasing trend with increasing ag-
ing temperature and test duration. The trend of properties degradation 
for the test carried out at 60 ◦C is more marked with respect to tests at 
40 ◦C and 50 ◦C. This is explained by the fact that rubber degradation 
shows a faster rate with increasing temperature and it becomes more 
severe after a certain temperature (in this specific case it is found to be 
above 50 ◦C).

Fatigue life of natural rubber elastomers is also studied in [94], that 
combines thermal aging and cyclic loading. The rubber samples are 
thermally aged at temperatures of 60 ◦C up to 120 ◦C for a time period 
up to 100 days. The results show that the fatigue life at high loads is 
decreased most while fatigue life at lower amplitudes is decreased less. 
This causes a significant change in the slope of the material fatigue 
curve.

Klüppel and Jungk thermally age a wide variety of rubber com-
pounds at various temperatures. Among them are some typical tire 
tread compounds. Changes in mechanical and ultimate properties due 
to age show some dependence from the type of polymer, the applied 
curing system and the filler used.

For additional studies on the thermal aging of different rubber 
compound formulations, the reader can refer to Table  2.

Finally, in addition to the aging effects caused by high temperatures, 
it is worth mentioning that the exposure to excessively low tempera-
tures is harmful to the structural integrity of the tire. The main effect 
is the embrittlement of the rubber compound. Brittle rubber is more 
prone to cracking and damage [108].

4.3. Humidity

Humidity is the concentration of water vapor present in the air. It 
is typically expressed as relative humidity, referring to the percentage 
of water vapor in the air with respect to the maximum amount the air 
can hold at that temperature [109].

Polymeric materials are prone to absorb the water contained in the 
surrounding environment, accelerating the degradation process [110]. 
Humidity absorption impacts the aging process of tires.

The water absorption behavior is studied in [111], which analyzes 
the effect of hygrothermal aging on radial tire composites. A model 
of hygrothermal aging mechanism is proposed (see Fig.  6), where the 
morphology change of the cross-section of the rubber compound is 
examined.

The process involves three main phases.
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Table 2
Examples of thermal aging tests.
 Ref. Materials Test conditions  
 [96] NR/BR Oven aging at T = 100 ◦C for 24, 48 and 72 h 
 [97] NR Oven aging at T = 77 ◦C up to 21 h  
 [86] SBR Oven aging at T = 120 ◦C up to 336 h  
 [98] NR Oven aging at T = 50–90 ◦C up to 16 days  
 [84] SIBR-CB Oven aging at T = 90–130 ◦C  
 [76] NR, SBR Oven aging at T = 65 ◦C up to 8 weeks  
 [87] SBR Oven aging at T = 50–100 ◦C up to 60 days  
 [93] Vulcanized rubber Oven aging at T = 40–60 ◦C and cyclic 

deformation
 

 [99] NR Oven aging at T = 100 ◦C up to 168 h and 
compressive stress

 

 [100] EPDM Oven aging at T = 100 ◦C and T = 150 ◦C  
 [101] NR Oven aging at T = 85 ◦C, T = 100 ◦C and T =

115 ◦C
 

 [102] NR and SBR with 
antioxidants

Oven aging at T = 80 ◦C up to 2000 h  

 [103] NR and NR/BR Oven aging at T = 150–240 ◦C  
 [104] NR-CB Oven aging at T = 70 ◦C and T = 80 ◦C  
 [105] NR/BR Oven aging at T = 100 ◦C up to 48 h  
 [106] EPDM Oven aging at T = 50–100 ◦C up to 60 days  
 [107] EPDM Oven aging at T = 130, 150 and 170 ◦C  

Fig. 6. Scheme of the hygrothermal aging mechanism of rubber compounds. SEM 
images of the cross-section of the rubber compound.
Source: Adapted from [111].

• Initial stage. The water diffuses into the rubber composites through 
the interface between natural rubber and additives.

• Second stage. The different swelling of the components of the 
rubber compound generates internal stresses that lead to the for-
mation of microcracks. Moreover, hydrolysis reactions occur, as 
additives react with water and dissolve, leading to the formation 
of holes on the natural rubber surface.

• Third stage. The voids generated by the additives dissolution lead 
to additional water swelling. This results in the rapid spread of 
cracks and pores.

Hydrolysis is a primary mechanism of tire degradation in the case 
of water absorption. Hydrolysis reactions involve water molecules re-
acting with rubber composites, leading to the breakdown of chemical 
bonds in the polymer chains [112,113]. The hydrolysis process alters 
the chemical structure of rubber and results in the cleavage of polymer 
chains. This causes changes in the mechanical properties of the rubber, 
such as decreased tensile strength and increased brittleness [114]. 
Based on the experiments carried out by [111], hydrolysis reactions 
are highly influenced by temperature, with an increase in the reaction 
rate at higher temperatures.

Given the effects of the hygrothermal mechanism, the weight gain 
is a good measure of the aging of rubber compounds when exposed 
to environments with high levels of humidity [111]. An high degree 
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of swelling clearly indicates that the material is in advanced state of 
aging.

4.4. UV radiation

Solar irradiance is a measure of the power per unit area received 
from the Sun in the form of electromagnetic radiation. The intensity 
of solar radiation varies with the wavelength of the radiation, and the 
distribution of the Sun irradiance across different wavelengths is called 
spectrum of solar energy [115].

The solar energy spectrum is primarily composed of three regions: 
ultraviolet (UV), visible, and infrared (IR) radiation. Ultraviolet radia-
tion accounts for about 10% of the solar irradiance and encompasses 
wavelengths ranging from 10 nm to 400 nm. The UV range is further 
subdivided into three regions, namely UVA, UVB, and UVC. UVA 
represents long-wave UV (320 nm to 400 nm), which penetrates deeply 
into materials. UVB is medium-wave UV (280 nm to 320 nm) and is 
responsible for direct chemical modifications [116]. Finally, UVC is 
short-wave UV, mostly absorbed by the Earth’s atmosphere and not 
significantly contributing to surface level effects.

The polymeric materials that constitute the tires rubber compounds 
are highly sensitive to UV radiation exposure [117–119]. UV radiation 
has a significant impact on tire surfaces, contributing to the degradation 
of rubber compounds and altering the physical properties of tires.

Photo-oxidation is the primary mechanism of rubber materials 
degradation due to UV radiation [120]. Rubber materials absorb UV 
photons, particularly from the UVA and UVB regions. The absorption of 
UV energy leads to the breakdown of the chemical bonds in the polymer 
chains of the rubber and to the formation of free radicals, which are 
highly reactive molecules. Free radicals react with the oxygen present 
in the air, causing the scission of the polymer chains. In some cases, 
free radicals can induce cross-linking between polymer chains, forming 
new bonds. Studies have shown a dependency of the evolution of the 
cross-link density on the wavelength of irradiation [121]. The cross-link 
density increases in the region of medium-wave UV, while decreasing 
for long-waves UV.

The primary effects of photo-oxidation on tire aging include:

• Embrittlement. Both the scission and the formation of cross-links 
lead to the reduction of the rubber elasticity and to an increase 
in brittleness.

• Visual appearance changes. The formation of surface cracks is 
a visible effect of the tire degradation due to photo-oxidation. 
Moreover, UV radiation produces color changes and fading of the 
tire surface, which affects the aesthetic appearance of the tire.

The bibliographical research has brought to light articles concerning 
the aging effects on rubber materials due to the phenomenon of photo-
oxidation. Some examples are given, where the objects of study are 
formulations of rubber typically used in tires.

Mifune et al. conduct an experimental campaign where SBR samples 
are subjected to UV radiation, either by outdoor exposure and by 
accelerated test in a climatic chamber. Field-aged samples are exposed 
on the rooftop of a building in Tokyo for 400 days. Accelerated tests 
are performed in two chambers, according to different procedures. 
The first procedure involves the combination of photo-irradiation and 
intermittent water spraying. Specifically, 18 min of water spray are 
repeated every 120 min of continuous UV radiation. The second proce-
dure considers only the effect of UV radiation. Both accelerated tests 
are performed at 63 ◦C, for a total exposure time of 1000 h. The 
analysis of the aged samples shows almost the same behavior for both 
field-aged specimens and samples subject to accelerated degradation, 
with the samples exposed to intermittent water spraying resulting 
in a higher change in properties. In particular, the surface hardness 
increases rapidly in the initial exposure period and then stabilizes, 
the shear modulus increases, and the swelling network density of the 
rubber gradually increases.
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The effect of combining water spraying and UV radiation is in-
vestigated more specifically in [123]. The condition that combines 
water spraying and photo-irradiation causes the appearance of more 
noticeable cracks on the exposed surface. This is the result of the dimen-
sional change due to temperature decrease during water spraying and 
temperature recovery when photo-irradiation is continued. The rubber 
sample expands and contracts internally with temperature change, but 
the flexibility of the part exposed to UV radiation is reduced due to 
aging. The findings of this study indicate that rain is a factor that 
accelerates the aging process of tires.

The work in [124] aims to investigate the photo-degradation mech-
anism of samples made from NR, SBR and their 50–50 blend by 
analyzing the molecular and physical changes. Samples are subjected to 
an irradiation of 60 W∕m2 in the range of 300 nm to 400 nm. Deionized 
water is sprayed for 18 min after every 112 min of the cycle. The 
temperature of the chamber is maintained at 38 ◦C, with 50% relative 
humidity. The total exposure time is equal to approximately 1000 h. 
Infrared spectroscopy reveals that pristine samples undergo more chem-
ical modifications than the NR/SBR blend, that is, NR is characterized 
by decreased cross-link density, while SBR shows increased cross-link 
density. The NR/SBR blend results less susceptible to photo-oxidation. 
Moreover, by analyzing the specimens’ thickness, the formation of an 
oxidized stiff skin is observed.

An intensive research activity, aimed at comprehensively investi-
gate the aging behavior of ethylene–propylene–diene monomer
(EPDM) exposed to artificial weathering, is published in the following 
papers [89,125,126]. The experimental campaign leverages the use 
of an artificial climatic chamber to simulate weathering exposure. 
Changes in appearance, morphology, mechanical properties and chemi-
cal structures are monitored. In [89,127], ultraviolet fluorescent lamps 
are used to irradiate the samples at an irradiance of 0.55 W∕m2. 
The aging cycles alternate 4 h of irradiance at 50 ◦C and 4 h of 
condensation at 50 ◦C, up to a total exposure time of 90 days. The 
surface color of the aged EPDM samples turns redder, yellower and 
lighter already at the beginning of the aging. Weathering causes the 
formation of surface voids, which become greater and more numerous 
with increasing exposure time. A strict correlation between cross-link 
density and tensile strength is found. The aging process features cross-
linking reactions. This results in an increase in the tensile strength 
in the first phase, which then decreases with a further increase in 
cross-link density. The work in [125] involves a weathering cycle that 
alternates rain cycles of 12 min and dry cycles of 108 min. A xenon 
lamp is used to apply an irradiance intensity of 65 W∕m2 to the samples. 
Temperature and humidity are set to 55 ◦C and 65%, respectively. The 
findings of the study reveal that the tensile properties of the material 
undergo severe degradation, with decreasing elongation at break and 
increasing hardness. In accordance with [89,127], tensile strength 
increases in the first stage of aging and then decreases, given the 
continuous increase in cross-link density. SEM images show an increase 
in surface roughness, with the formation of voids and microcracks over 
time, and the formation of an oxidation layer on the irradiated surface.

The effect of UV-induced aging on different rubber compounds 
is studied by Syabani et al.. FTIR (Fourier-transform infrared spec-
troscopy) analysis is used to monitor the photo-oxidation aging process, 
showing that the polymer chain is broken by ultraviolet radiation. All 
the analyzed compounds show a significant variation of mechanical 
properties, such as hardness, tensile strength and elongation at break.

Ruch et al. investigate the photo-oxidative behavior of NR and 
SBR samples. Rubber specimens are exposed to artificial UV radiation 
for up to 7 consecutive days. The study reveals that NR and SBR 
behave differently due to photo-oxidation. A pronounced fading of NR 
samples is found, while SBR is only slightly discolored. The thickness 
of the degraded region is larger for NR. Finally, for NR samples, cracks 
appear initially on the surface and continuously grow through the 
thickness, while SBR samples show smaller and more discontinuous 
surface cracks. Results from this study confirm the effectiveness of 
using SBR in the regions of the tire most susceptible to aging (e.g. the 
sidewalls).
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4.5. Ozone

Ozone concentration in the atmosphere varies significantly with 
altitude and latitude, creating distinct zones characterized by different 
levels of ozone.

In the stratosphere, which extends from about 10–15 km to about 50 
km in altitude, ozone plays a crucial role in screening the Earth’s sur-
face from UV radiation. The troposphere, the lowest layer of the Earth’s 
atmosphere, is characterized by relatively low ozone concentration.

However, high ozone concentrations at ground-level are primarily 
caused by the presence of nitrogen oxides (NOx) and volatile organic 
compounds (VOCs), which react in the presence of sunlight [130,131]. 
Weather conditions lead to changes in ozone levels [132,133], with a 
general increase during the summer season due to increased solar radia-
tion [134]. The release of ozone in the atmosphere is also related to the 
industrialization level, with urban and industrial areas characterized by 
high ozone concentration [135]. Ground-level ozone is proven to have 
harmful effects on human health [136].

Based on extensive scientific evidence about the effects of ozone on 
human health and welfare, the current air quality standard for ozone 
defined by EU [137] states that the daily maximum 8 h mean ozone 
concentration should not exceed 60 ppb.

The exposure to ozone significantly affects the aging mechanism 
of tires. Due to their chemical structure, the rubber compounds used 
to manufacture tires are highly sensitive to ozone. Their molecular 
structure features long chains of polymers with double bonds C=C, 
which are primarily responsible for the characteristics of elasticity and 
strength of tires.

The process by which rubber compounds degrade due to the action 
of ozone is generally known as ozonolysis [53,138,139]. When the 
ozone molecule comes into contact with the rubber surface, it reacts 
with the double bonds C=C in the polymer chains. The ozone breaks 
the double bonds, resulting in the breaking of the polymer chains.

Physical phenomena of ozone damage are the formation of surface 
cracks and the decay of mechanical properties. Surface discoloration 
and cracks extending in the direction perpendicular to the applied stress 
are a clear indicator of the ozone attack [140].

Cracks nucleation in the rubber structure occurs as a result of the 
material deformation.

Unstressed elastomers are resistant to cracking when exposed to 
ozone, even at quite high concentrations [141]. If no strain is applied, 
the ozonolysis process is limited to a thin surface layer and continues 
until all the surface double bounds are consumed. The rate of ozonolysis 
reactions progressively decreases after the unsaturated double bonds at 
the surface are depleted. An inert layer of ozonized rubber is created, 
with a thickness ranging from 10 to 40 molecular layers [142].

Under cyclic deformation, the ozonized rubber layer is moved aside 
and the ozone penetrates in the underlying unsaturated rubber. The 
ozone concentration has a direct influence on the time to generate 
cracks [143] and on the rate of crack growth [144], with the time 
decreasing as the concentration increases.

The noticeable effects of the ozone attack on a tire are shown in the 
Fig.  7.

Several methods are employed to describe the aging mechanism of 
elastomers due to ozonolysis. They are divided into two main groups. 
The first group gathers methods that focus on the study of surface 
cracks, utilizing the tear energy as a key parameter to assess the ma-
terial resistance to crack initiation and propagation. These approaches 
predict the material lifespan under ozone exposure by evaluating its 
ability to withstand crack formation [144,145]. Methods of the second 
group are based on the study of the ozone diffusion kinetics and use 
the diffusion rates of ozone in the elastomeric material to estimate 
the extent of ozone penetration, and consequently, the lifetime of the 
material when subjected to ozone attack [146,147].

The review in [141] states that the resistance capability of rubber 
compounds to ozone attack is affected by many factors. The most influ-
encing factors are: ozone concentration, applied stress on the specimen, 
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Fig. 7. Ozone-induced aging. Cracks formation on aged tire in both tread (left) and 
sidewall (right) regions. Figure created by the authors.

and temperature of exposure. A further list of factors is directly related 
to the chemical composition of the rubber compounds, namely the 
chemical base of the polymer, the presence of antiozonants, and the 
type and content of filler and plasticizer.

Based on the chemical structure of the polymer chain, different 
types of rubber react differently to ozone attack. For instance, natu-
ral rubber (NR) and certain synthetic rubbers like styrene–butadiene 
rubber (SBR) and nitrile–butadiene rubber (NBR) are more prone 
to ozone attack compared to other synthetic rubbers like ethylene–
propylene–diene monomer (EPDM) rubber, which has better ozone 
resistance due to the absence of double bonds in its structure [143]. 
Elastomers within the class of butyl rubbers (IIR) show very good ozone 
resistance due to the low degree of unsaturated bonds [141].

When exposed to moderate ozone concentrations and levels of 
stress, NR develops multiple and fine cracks, while SBR and NBR 
develop fewer but much larger and deeper cracks. These polymers also 
show a different response to protection by antiozonants, with SBR more 
receptive to protection than NR and SBR. Experimental tests show that 
different rubber compounds age differently, even if they contain the 
same amount of antiozonant [141]. According to [141], the degree of 
protection provided by antiozonants to rubber products is affected by 
other factors in addition to the base compound of the polymer. In fact, 
the amount and type of plasticizers, oils and filler have a significant 
effect on the effectiveness of antiozonants. Moreover, there is evidence 
that an inadequate amount of antiozonants is actually worse than using 
none.

The problem of ozone-induced cracking on tires was first addressed 
by the United States (US) Government in the early 1950s. The cause 
was the formation of severe cracks on the tires of military vehicles. 
The US Government then established several research projects that 
led to the development of antiozonants for pneumatic tires applica-
tions [148].

Physical methods to protect rubber compounds from attack by 
ozone mainly consist of the addition of waxes or chemical antiozonants 
to the rubber compound [142,149].

Paraffin waxes form a surface film that is resistant to ozone. They 
ensure mainly static protection against ozone attack. In conditions 
where cyclic deformation is applied, blending with antiozonants is 
more effective. Antiozonants consist of molecules which are able to 
migrate, that is, to move from the bulk of the rubber compound to the 
surface of the rubber compound in order to be ready to react with the 
incoming ozone. Antiozonant molecules feature high speed of reaction 
with ozone, generally one order of magnitude faster than the ozonolysis 
reactions of double bonds of rubber. This ensures antiozonants react 
with ozone before it has time to attack the double bonds [142,149]. The 
most common antiozonants are N,N’-substituted p-phenylenediamines 
(PPDs), such as 6-PPD [53].

The literature review has brought to light a number of studies 
investigating the aging effects of ozone. However, no study concerns 
the aging of tires. They are mainly intended to investigate the ozone-
induced aging of rubber specimens [150–152]. Some examples dealing 
with the class of rubbers used in tire manufacture are reported.
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Fig. 8. Ozone-induced aging. Surface after aging at 20% deformation for 96 h at 
75 pphm ozone concentration. Samples are made from: NR mixture with 6PPD and 
wax (left), NR mixture with only 6PPD (center), pristine NR (right).
Source: Adapted from [153].

Treib et al. perform artificial aging experiments on three NR com-
pounds, namely a pristine NR, a compound containing 6PPD antiozo-
nant, and a compound containing both 6PPD and paraffin wax. The 
purpose of the study is to investigate the aging mechanism due to 
ozone and quantify some characteristic material changes. An acceler-
ated aging procedure is developed with the aim of reproducing real 
aging conditions. The temperature is controlled at 40 ◦C, to prevent the 
effect of accelerated thermo-oxidative aging and to avoid altering the 
migration behavior of antiozonants. Relative humidity is set to 50%, to 
have a negligible effect on rubber degradation. An ozone concentration 
of 75 pphm is applied for 111 h, which is a concentration up to 5 times 
higher than the maximum ambient concentration. Rubber samples are 
aged in both unstrained conditions and by applying 20% deformation. 
Based on the results of the experimental campaign, the NR mixture 
with 6PPD and wax does not reveal significant mechanical changes and 
no surface cracks are visible (Fig.  8). When subjected to deformation, 
compounds without wax develop visible cracks perpendicular to the 
strain direction. The results are consistent with the principle that, 
during ozone aging, strain is necessary for cracks to evolve. Pristine NR 
samples show more and finer surface cracks compared to NR samples 
with 6PPD (Fig.  8).

The formation and growth of cracks for NR due to ozone aging 
is correlated with strain, ozone concentration, and time. Zheng et al. 
study the mechanism of ozone aging for natural rubber. Using an ozone 
aging chamber, pre-stretched samples (to 20% strain) are tested in 
ozone rich environments, at room temperature and relative humidity 
less than 10%. Two ozone concentrations are considered, namely 50 
pphm and 100 pphm. The exposure time varies from 1 to 9 h. Changes 
in the surface morphology are detected. Surface cracks appear, perpen-
dicularly oriented to the direction of the external force. With increasing 
exposure time, the cracks become more noticeable and deeper. The 
development of the cracks shows an up-down-up trend. In the first 
phase the increase in the amount of cracks is accompanied by the 
increase in the cracks size. Then, the adjacent cracks are combined 
to form the new cracks, resulting in an increased mean size and a 
decreased number of cracks. The influence of ozone aging on the 
molecular structure for NR is evaluated by FTIR. The ozone molecule 
works as a scissors to cut the molecular chain of the rubber. Changes 
in mechanical properties are measured, and both tensile strength and 
elongation at break deteriorate with aging time. The authors found that 
the degradation of mechanical properties due to ozone aging is even 
worse than that produced by thermo-oxidation and photo-oxidation. 
The reason is the formation of marked cracks on the surface, leading 
to serious damage of the rubber compound when exposed to ozone.

Additional readings on the study of the effects of ozone-induced 
aging can be found in [139,143,155].
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4.6. Synergistic effects

Rubber materials are commonly exposed to multiple environmental 
factors simultaneously, such as ultraviolet radiation, ozone, elevated 
temperatures, and humidity. The combined effects of these factors 
can accelerate the aging process of rubber through synergistic interac-
tions, leading to a significant degradation of its physical and chemical 
properties.

Studies that discuss how the combination of several environmental 
factors accelerate the aging process are reported in the following.

The combination of ozone exposure with other environmental fac-
tors leads to an exacerbation of the aging effects. The presence of 
high temperatures accelerates the chemical reactions between ozone 
and rubber compounds in tires. The kinetic energy of the molecules 
increases with temperature, leading to more frequent and intense inter-
actions between ozone and rubber. Moreover, the thermal degradation 
of the rubber causes the breakdown of the polymer chains. This leads 
to an increased susceptibility of the material to attack by ozone.

The fatigue life of natural rubber compounds subjected to ozone 
attack and thermal aging is investigated by Spreckels et al.. The study 
analyzes the time to the appearance of the first crack, the cracks 
growth rate and the time to rupture of specimens exposed to ozone 
concentration ranging from 50 to 400 pphm. Tests are performed for 
both non-thermally aged specimens and rubber samples preaged for 
3 days at 80 ◦C. A significant reduction of the rubber compounds 
durability is observed, when the material is subjected to both thermal 
and ozone-induced aging.

The synergistic effect between ozone and UV radiation leads to 
accelerated degradation. The study in [156] found that the carbonyl 
index, an indicator of oxidation, increased more significantly under 
combined exposure than the sum of individual exposures.

Rubber compounds undergo physical and chemical changes more 
rapidly in the presence of high levels of humidity. When combined 
with other environmental factors, the water vapor in the air acts to 
accelerate the overall aging process [57].

In particular, the aging effect of high water content in the sur-
rounding environment is exacerbated in presence of high temperatures. 
Moist and warm environments accelerate the rate of chemical reactions, 
such as oxidation and hydrolysis [157,158]. Studies that investigate 
the hygrothermal characteristics of rubber compounds are described 
in [157,158]. Effects on mass gain, hardness, tensile strength, and 
elongation at break are discussed.

Deng et al. conducted an extensive study on the hygrothermal aging 
performance of vulcanized silicone rubber over a duration of 51 weeks. 
The research used a controlled environment with saturated water vapor 
at 100 ◦C to simulate combined humidity and elevated temperature 
conditions. The study underscores the critical impact of combined 
thermal and humid conditions on the durability of rubber materials.

Humidity facilitates the diffusion of ozone into the rubber, increas-
ing the rate of ozone-induced degradation. The work in [160] finds 
evidences showing that high humidity conditions have a significant 
impact on rubber degradation due to ozone. Artificial aging tests are 
carried out by means of a temperature–humidity chamber equipped 
with an ozone generator. Samples made from vulcanized isoprene 
rubber (IR) are exposed to ozone at a concentration of 50 pphm 
for 48 h. The air inside the chamber is controlled at 40 ◦C, under 
relative humidity ranging between 20% and 90%. Moreover, rubber 
specimens are subject to a 0.2 constant strain. The authors claim that 
the ozone degradation mechanism under high humidity condition is 
distinguished from that of the ordinary ozone degradation under low 
humidity condition. A significant impact of humidity on the aging 
mechanism due to ozone is found for relative humidity values greater 
than 50%. The authors hypothesize that this condition is attributed to 
the generation of hydroxyl radical due to reaction of water vapor and 
ozone. The results extracted from digital microscope images of the aged 
surfaces are shown in Fig.  9. Samples exposed to ozone at 20% relative 
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Fig. 9. Digital microscope images for the surface and the cross section of the CB filled 
IR vulcanizates exposed to ozone at 20% RH (left) and 80% RH (right).
Source: Adapted from [160].

humidity show wide and deep cracks on the surface, while more and 
finer surface cracks are generated in samples subject to ozone under 
80% relative humidity.

Humidity combined with UV radiation results in a more rapid 
photo-oxidation process [161]. In addition, although not an environ-
mental factor, the occurrence of mechanical stresses accelerates the 
water uptake by opening the existing internal cavities [162,163].

A research focused on the influence of UV radiation on the structure 
and performance of EPDM revealed that prolonged UV exposure led to 
oxidation reactions on the rubber surface, resulting in the formation 
of oxygenated species and microcracks. The study suggested that the 
combined effects of UV radiation and mechanical stresses could exac-
erbate these degradation processes, leading to significant reductions 
in mechanical properties such as tensile strength and elongation at 
break [164].

Zhou et al. study the synergistic effect of thermo-oxidative aging 
and UV radiation on NR samples. Specifically, an aging chamber is used 
to expose the test samples to thermo-oxidative aging and UV radiation, 
separately. Then, by means of the same chamber, the samples are aged 
by combining thermal and UV effects. The chamber features an UV-A 
lamp which produces a maximum irradiation of 1.35 W∕m2 at 340 nm. 
The combined aging tests are performed by exposing the samples to 
UV radiation for 24, 48, 72, 96, and 120 h at 80 ◦C. The results show 
that thermal aging has a significant exacerbating effect on UV aging. 
The surface morphology and the mechanical properties of NR change 
dramatically during the combined aging. In particular, the main effects 
are the appearance of cracks and the deepening of color on the surface, 
with the size of the cracks gradually increasing with the aging time. 
Mechanical properties, such as tensile strength and elongation at break, 
are reduced.

5. Experimental methodologies

In order to fully understand how tires degrade over time, re-
searchers employ various experimental methods. This section explores 
the most commonly used methods for studying pneumatic tire ag-
ing, discussing their methodology, advantages, disadvantages, and 
providing examples to illustrate their application.

Experimental methods are classified into two main categories,
namely long-term field aging experiments and accelerated aging tests.

5.1. Accelerated aging tests

Researchers are increasingly exploiting accelerated aging tests to 
understand the aging behavior of rubber compounds or tires.

In the context of tire aging, accelerated experiments aim to replicate 
the natural aging process of tires under controlled conditions in a 
reduced time. In particular, tires are placed in controlled environments 
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and exposed to severe environmental stress conditions. These condi-
tions often involve high temperatures, increased ozone concentration, 
and UV radiation.

By artificially enhancing the aging conditions in a controlled lab-
oratory, the phenomenon of tire degradation is observed much faster 
than in normal usage.

Accelerated tests provide a number of benefits, summarized in the 
following points.

• Time and cost efficiency. Accelerated tests provide results faster 
than on-field aging studies. The effect of ambient factors on 
tire aging can be quickly assessed without waiting for extended 
periods of time.

• Consistency and reproducibility. Due to controlled conditions, ac-
celerated aging experiments lead to consistent and reproducible 
results. The testing conditions can be replicated, ensuring the 
reliability of the collected data.

• Support in design stage. By reproducing actual operating condi-
tions, accelerated tests are used to evaluate potential issues in 
the design of tires. In this way, the manufacturing process can 
be adjusted early in the tire development stage.

• Identification of critical factors. By customizing the test condi-
tions, accelerated aging experiments can identify the most influ-
ential factors affecting tire aging. This allows for defining useful 
guidelines for the tire design process.

Several methods are used to perform accelerated aging tests. The 
scientific literature provides many procedures, most of them involving 
experiments on vulcanized rubber specimens.

The work in [166] describes accelerated aging tests performed using 
a controlled temperature oven. The oxidation mechanism is studied 
for tires aged at different temperatures, ranging from 50 ◦C to 70 ◦C, 
and for a time span of 8–16 weeks. The results show an increase of 
crosslink density and modulus over the aging time (up to about 70%), 
while both peel strength and elongation-to-break decrease of about 
70% of their initial value. After aging, the rates of change for given 
mechanical properties are measured and compared with the findings 
presented in [167], where the same tires are subjected to long-term 
field aging. From the comparison between oven aging and field aging, 
acceleration factors are derived and used to relate the artificial aging to 
the aging of field-aged tires [168]. In the given example, considering 
the case study of tires aged in Phoenix, an acceleration factor of 31 
means that reproducing the aging of an average 6-year-old tire would 
require approximately 10 weeks in an oven at 70 ◦C.

The study in [166] reveals the main limitations of accelerated aging 
tests. Over a certain temperature, the phenomenon of diffusion-limited 
oxidation (DLO) occurs. Diffusion-limited oxidation is common in re-
active systems in which oxygen diffuses into a solid and occurs when 
the rate of oxygen consumption within the material is greater than the 
rate at which oxygen can be resupplied [169]. Bauer et al. found that 
the oxidation rate starts to decrease above 80 ◦C. For accelerated tests, 
the definition of test conditions that prevent the occurrence of DLO is 
crucial in order to correctly correlate the changes in material properties 
produced in the laboratory with those observed in service [170,171]. 
Since the primary mechanisms by which the components of the tires 
degrade during service involve oxidation reactions, a sufficient supply 
of oxygen into the internal components of the tire provides the avail-
able O2 to avoid the condition of anaerobic reaction, namely the DLO 
phenomenon.

A further limitation of static oven aging is that it neglects the tire 
temperature rise due to convective heating from the road, radiative 
heating from the sun, and internal heating from driving use. An increase 
in temperature of up to 5 ◦C is estimated.

The actual tire operating conditions involve the combination of mul-
tiple environmental factors (i.e. temperature, humidity, UV exposure, 
etc.). To the authors’ best knowledge, few studies on tire aging, carried 
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out by accelerated experiments, replicate the synergistic effect of dif-
ferent environmental agents. This represents a limitation of accelerated 
tests. The interaction between different ambient factors is difficult to 
replicate since it requires the use of more complex test machines and 
equipment tools. The lack of full environmental complexity leads to 
results that do not perfectly mirror the aging process experienced by 
tires during service.

A case in point is the work described in [172]. Accelerated tests 
are carried out on specimens directly cut out from the tires structure 
and the influence of several factors on the aging process of tires is in-
vestigated. However, the effects of climate variations (i.e. temperature 
and humidity variations), ozone concentration and UV radiation are 
assessed separately.

A similar approach is proposed in [173]. The work aims to develop 
an accelerated cyclic aging procedure that simulates multiple factors. 
Experiments are carried out on tire samples and are based on several 
single-factor sub-tests. Samples are subject to oxygen bomb, UV expo-
sure, ozone attack, and water exposure. Single cycles are performed 
one at a time, the simultaneous direct action of multiple factors is not 
considered.

Some authors report accelerated aging tests that study the com-
bined effect of at most two factors. These approaches are beneficial 
when accelerated tests are used to study a failure mechanism mainly 
determined by few predominant factors.

For example, Nair et al. investigate the aging characteristics of 
EPDM and SBR blends, which are used in tires construction, when 
exposed to ozone attack and water-rich environments.

Below are some examples of accelerated aging experiments.
The study reported by [174] involves subjecting tires to accelerated 

aging according to three laboratory test procedures and comparing the 
results with those obtained with on-field aging [8]. Two procedures 
combine tire aging and durability tests carried out using an indoor 
roadwheel. The first procedure requires tires to be inflated with a 
50%N/50%O2 gas mixture and run for up to 500 h. The second test 
features shorter duration (up to 240 h). The gas mixture to inflate the 
tires is designated to provide sufficient O2 to the internal components 
of the tire to avoid diffusion-limited oxidation. The third method is 
based on pre-aging in an oven for a period of time to accelerate the 
aging process. Then, durability tests with the roadwheel are performed. 
The analysis of the material properties reveals a good consistency 
with the mechanism of thermo-oxidative aging and with the change 
of properties observed with on-field aging.

In [175], accelerated tests are carried out to study the aging of tires 
due to thermo-oxidation. The study aims to assess the influence of tires 
aging on their safety performance. Tires are subjected to oven aging 
at constant temperature, in order to simulate a shelf aging up to five 
years.

Wright et al. use accelerated tests to assess the influence of age on 
the tire stiffness characteristics. Tires are aged on a static oven, accord-
ing to the procedure described by [166,168]. The hardness is measured 
on both the sidewall and tread regions, with sidewall hardness showing 
a more significant change. The tire vertical stiffness shows an initial 
softening, then it increases consistently. In the final stage of the aging, 
the rate of stiffness change remains almost constant.

A method to determine the service life of tread rubber compound 
is reported by [93]. For the purpose of the work, testing equipment is 
designed to subject the rubber specimens to constant cyclic deformation 
and to high temperature exposure.

5.1.1. Mathematical approaches
Several approaches use the findings of accelerated aging tests to 

estimate the lifetime of tires at ambient conditions.
The Time–Temperature Superposition (TTS) principle is a key tool 

in rubber aging studies. This approach allows for the estimation of the 
long-term aging behavior of rubber materials by performing accelerated 
tests at high temperatures [177–179].
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Fig. 10. Williams–Landel–Ferry method. Left: property variation with respect to aging 
time for three aging temperatures (𝑇1< 𝑇2< 𝑇3). Right: aging curves shifting and master 
curve definition at temperature 𝑇1. Figure created by the authors.

The TTS principle is based on analyzing the degradation over time of 
a given property of the rubber material at different aging temperatures.

The obtained temperature-dependent degradation curves are related 
by a multiplicative factor, referred to as the shift factor.

By applying the shift factor, data obtained at different temperatures 
are superimposed onto a single master curve that describes the material 
behavior over a wide range of timescales. The master curve aims to 
extend the short-term experimental data to predict long-term behavior. 
The main purpose of master curves is to evaluate the lifetime of rub-
ber compounds at lower temperatures. Moreover, master curves allow 
for estimating the time for the rubber compound to reach a critical 
threshold of degradation.

For some examples of studies involving the use of the TTS principle, 
the reader may refer to the following works [178,180,181].

The relationship between material property degradation, time and 
temperature is often described using either the Arrhenius equation or 
the Williams–Landel–Ferry (WLF) equation [182].

The Arrhenius model is suitable when physico-chemical mecha-
nisms are dominant. The WLF approach is appropriate when rubber 
aging is controlled by a visco-elastic process.

The Williams–Landel–Ferry method [183] involves shifting the
isothermal curves obtained from different temperatures, until the
curves partially overlap. The result is a master curve at the reference 
temperature (see Fig.  10). The master curve is then used to predict the 
lifetime of rubber at lower temperatures.

The WLF method is based on the equation that reads (Eq. (1)) 

𝑙𝑜𝑔(𝛼𝑇 ) =
−𝐶1 ⋅ (𝑇 − 𝑇𝑟)
𝐶2 + (𝑇 − 𝑇𝑟)

(1)

where 𝛼𝑇  is the shift factor, 𝑇  is the temperature of interest, 𝑇𝑟 is the 
reference temperature, 𝐶1 and 𝐶2 are empirical constants specific to the 
material [184]. The WLF method shows high reliability in the case that 
the degradation process does not change with temperature. It follows 
that a high degree of superimposition gives evidence that the same 
chemical mechanism pathway dominates the entire temperature range 
of accelerated experiments [185].

The Arrhenius method is based on the Arrhenius equation and 
assumes that a chemical degradation process is controlled by a reaction 
rate 𝑘 proportional to 𝑒(−𝐸𝑎∕𝑅𝑇 ), where 𝐸𝑎 is the Arrhenius activation 
energy, 𝑅 the gas constant (8.314 J mol−1 K−1), 𝑇  the absolute tem-
perature and 𝐴 the pre-exponential factor (a constant specific to the 
reaction) [186]. The Arrhenius equation (Eq. (2)) reads 
𝑘 = 𝐴𝑒(−𝐸𝑎∕𝑅𝑇 ) (2)

From accelerated tests performed for different constant tempera-
tures, the degradation rate of a given property is calculated for each 
aging temperature (see left plot in Fig.  11). The Arrhenius plot is built 
(right plot in Fig.  11), namely a logarithmic plot of the degradation 
rate (𝑙𝑜𝑔(𝑘)) versus the inverse of the absolute temperature (1∕𝑇 ). The 
Arrhenius plot results in a straight line, allowing for extrapolating the 
aging behavior to lower, real-world temperatures.
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Fig. 11. Arrhenius method. Left: property degradation with respect to aging time for 
three aging temperatures (𝑇1< 𝑇2< 𝑇3). Right: Arrhenius plot. Figure created by the 
authors.

The fatigue life of many types of rubber used in the tires sidewalls 
is studied by [187] applying the Arrhenius equation. According to the 
approach used, the fatigue characteristics curves of aged rubber are 
obtained for different aging times and temperatures. Then, the fatigue 
life under room temperature aging conditions is derived by applying 
the Arrhenius equation.

Ben Hassine et al. exploit an approach based on the combination of 
the TTS principle and the Arrhenius method to study the aging behavior 
of EPDM compounds subject to thermal aging. Applying the time–
temperature equivalence principle, a shift factor obeying the Arrhenius 
law is derived, and master curves are built for the ultimate mechanical 
properties and the average molar mass.

The Arrhenius method is effective in predicting the lifetime of 
rubber compounds at room temperature. However, some limitations 
arise.

A key requirement of the Arrhenius method is that the chemical 
mechanism of degradation does not change over the analyzed temper-
ature range. However, in real-case scenarios, multiple aging processes 
featuring different temperature dependence may occur simultaneously.

Non-Arrhenius behavior is shown by the results of many aging stud-
ies, meaning the aging of a certain indicator is not well-approximated 
with a straight line. Exposure to accelerated aging conditions involves 
changes in the chemical degradation pathway [185]. In some instances, 
DLO effects at high temperatures are responsible for curvature in Ar-
rhenius plots resulting in longer aging times [189]. Celina et al. assume 
that the non-Arrhenius behavior is attributed to the occurrence of two 
independent reactions with individual rate constants. In particular, 
a high temperature process with high activation energy and a low 
temperature process with lower activation energy are distinguished.

5.1.2. Climate chambers
Climate chambers play a crucial role in tire aging studies, providing 

a controlled environment to replicate real-world conditions. By sim-
ulating several environmental factors, climate chambers allow for a 
comprehensive study the aging process of tires. The key advantages of 
using climate chambers are summarized in the following points.

• Control multiple climate factors. Climate chambers can handle a 
wide range of temperatures, from extremely cold to very hot 
environments. High temperatures are essential to accelerate the 
aging process, allowing for the study of long-term effects in 
a shorter period. Climate chambers offer precise control over 
humidity levels, from very dry to very humid conditions. Climate 
chambers equipped with UV lamps simulate sunlight exposure, 
reproducing the photo-oxidative degradation due to UV radiation. 
By introducing an ozone generator, climate chambers can control 
the ozone level of the air. The capability to control such climate 
factors enables the isolation of certain factors (to study their 
separate influence on tire aging) and the combination several 
factors (to analyze their synergistic effect on aging).
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• Customize test conditions. Climate chambers enable the tailoring of 
test parameters to specific environmental conditions. This allows 
for the replication of particular geographic or seasonal conditions. 
The benefit is the capability to carry out targeted studies on how 
tires age in specific regions or under certain climatic conditions. 
Different failure phenomena, found in products on the market, 
can be investigated.

• Time efficiency. Climate chamber testing is time-efficient com-
pared to waiting for natural aging processes. Results are obtained 
in a relatively short period, accelerating the development and 
testing phases of the tire manufacturing process.

• Reproducibility. Climate chambers provide a controlled and re-
producible testing environment. Consistency in testing conditions 
allows for reliable comparisons between different tire designs and 
aging scenarios. A precisely controlled environment ensures high 
levels of safety for researchers and equipment.

However, while climate chambers provide useful insights, they 
come with several limitations that affect the validity of the results. 
The main weak points of artificial aging tests performed using climate 
chambers are summarized as follows:

• Non-realistic simulation of complex road conditions. A primary draw-
back is the difficulty in fully replicate the mechanical stresses ex-
perienced by tires during actual driving (i.e. dynamic loads due to 
weight and steering, braking or acceleration maneuvers, impacts 
and vibrations from road irregularities). Moreover, the rotation 
may generate high heat due to friction with the road. Conse-
quently, results may not accurately reflect the multi-dimensional 
degradation process that occurs on the road.

• Acceleration factors identification. The improper identification of 
the acceleration factor leads to non representative degradation. 
Extreme conditions may induce failure mechanisms that are not 
typical of natural aging, making it difficult to translate the find-
ings to real-world tire lifetimes.

• High cost. Climate chambers require sophisticated and costly 
equipment for regulating temperature, humidity, UV exposure, 
and other environmental factors. Moreover, running extended 
experiments in these chambers is expensive due to high energy 
consumption and need for ongoing maintenance.

As an example, an advanced test setup that features a roadwheel 
simulator with climate control capabilities is described in [172]. This 
setup enables controlled application of mechanical loading in conjunc-
tion with exposure to a wide range of temperatures, ozone concentra-
tions, UV radiation, and humidity.

Most of the climate chambers described in the scientific literature 
refer to devices that handle aging tests on samples of rubber material 
rather than real tires.

It is found that the size of the specimen has a significant influence 
on the results, affecting the acceleration of the aging mechanism [173]. 
The study performed in [173] notices premature failure for tests per-
formed on smaller samples. In the study, the authors exploited the 
acceleration effect of using small specimens to accelerate artificial 
aging without excessively increasing the temperature.

The climate chamber described in [191] can control the temperature 
in the range −40 ◦C to 180 ◦C and the humidity ranging from 10% to 
98%.

The study in [143] leverages a climate chamber to perform aging 
tests on NBR specimens. The chamber can control the ozone concen-
tration in the range of 0.25 ppm to 400 ppm, the temperature from 
15 ◦C to 70 ◦C, the humidity from 10% up to 95%. Moreover, special 
equipment allows for the application of specific deformation to the 
rubber samples. Experiments are performed under test conditions that 
are more severe than those in a normal operating environment, leading 
to evident cracks in just 1 to 25 h of aging.
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The work carried out by Karekar et al. aims to analyze the molecular 
and physical changes of sulfur-cross linked natural rubber, styrene–
butadiene rubber (SBR), and their 50/50 blend when subjected to 
accelerated weathering. Accelerated weathering consists of cyclically 
exposing specimens to irradiation for 102 min followed by a spray 
cycle of 18 min by reverse-osmosis deionized water for a total exposure 
duration of 988 h. The provided irradiation is 60 W∕m2 in the range 
of 300 nm to 400 nm, while the test chamber temperature is set to 
38 ◦C with relative humidity of 50%. Results of accelerated experiments 
demonstrate that aging behavior is material dependent. SBR specimens 
show a continuous increase in cross-link density over the weathering 
duration. In contrast, NR exhibits dominant chain scission reactions. 
Finally, the blend shows lower chain modifications than a weighted 
average of the two polymers, proving that the blend is more resistant 
to weathering than its constituent elastomers.

5.2. Long-term field aging studies

Long-term field aging experiments involve exposing tires to real-
world aging conditions for extended durations and monitoring changes 
in their properties [192,193].

These experiments are characterized by simple implementation. 
However, on-field aging tests require a long duration (often several 
years) to produce meaningful results, which can delay the implemen-
tation of findings.

The wide range of variables in real world conditions introduces 
significant variability, making it challenging to isolate specific factors 
that affect tire aging. In addition, the findings are highly dependent on 
the location in which the tests are performed.

The scientific literature provides some examples of long-term field 
aging experiments in which tires are subjected to on-field aging. Long-
term studies are often performed in conjunction with accelerated tests, 
with the aim of providing on-field validation.

In [167], a comprehensive field experiment was carried out to 
study the effects of oxidative aging. The study analyzes over 1500 
tires collected from several cities in the US, which mainly differ in 
temperature and ozone level. The aging of the collected tires ranges 
from 2 years up to six years. After aging, rubber samples were extracted 
from the aged tires and the change in tensile and elongation properties 
was measured. The results show significant variability even in tires 
from the same location. This variability mainly depends on a number of 
factors that influence the temperature history of the tires, i.e. parking 
habits (fraction of time parked in the shade versus the sun), inflation 
pressure, load, driving style (speed and aggressiveness). As a result, 
the modulus increases with oxidation time while the peel strength and 
the elongation-to-break decrease. A direct proportional relationship be-
tween the modulus and the oxidation time is found, while a reciprocal 
relationship between the peel strength and elongation at break with 
respect to the oxidation time is proposed.

The study described in [8] examines the aging of six tire models 
after varying service life durations and covered mileages. Tire models 
were collected from use on private vehicles in the metropolitan area of 
Phoenix. Once the tires were retrieved, they underwent non-destructive 
inspections. These include visual inspections for cracks and detach-
ments, tread depth and hardness measurements, and shearographic 
interferometry to investigate possible separations of the tires inner 
layers. As reported, the average Shore hardness A of the treads showed 
a linear increase with aging time. Separations of the inner layers were 
detected by shearography. After inspections, the performance of the 
aged tires was evaluated using an indoor laboratory roadwheel. The 
results suggested that aged tires become less resistant to overloading 
or underinflating operating conditions.

The study in [83] aimed to characterize the thermo-oxidative aging 
of commercial tires parts, under natural aging, and for varying mileage 
levels. Commercial tires test samples were cut from a passenger bus 
that traveled the same fixed route. In particular, characterizations were 
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performed on belt samples. The considered mileages ranged from 5000 
to 150000 km. Tensile tests were performed to analyze the change 
in modulus and elongation at break. For low mileage levels, an in-
crease in modulus and a decrease in elongation at break was observed. 
After 50000 km, the samples exhibited a decrease in modulus and 
an increase in elongation at break. This change could be attributed 
to heat build-up after covering such a high distance. After covering 
a mileage of 100000 km, the tires showed a significant decrease in 
modulus, caused by an excessive increase in heat. The results of the 
hardness tests confirmed the same correlation between covered mileage 
and change in properties. The hardness decreases significantly for 
mileages up to 25000 km. Then it increases and after 150000 km it 
begins to reduce. The rebound resilience is also investigated, with the 
purpose of characterizing the elasticity of rubber and the ability to 
return to its natural state after deformation. The resilience increases 
with aging, owing to the increased density of cross-links in the rubber 
during thermo-oxidative aging and the formation of new cross-links 
that contributed to the increase in stiffness in the polymeric matrix.

For examples of long-term aging experiments performed on samples 
made from rubber compounds, readers can refer to [194–198].

The work in [197] describes long-term aging tests performed on 
different types of rubber compounds, at five locations throughout the 
world. Samples were naturally aged up to five years. To investigate 
the aging phenomenon, the variation in tensile properties, hardening 
properties and cross-link density were evaluated. The degradation of 
properties was highly influenced by the location, with a higher rate 
of degradation found in samples exposed to locations with higher 
temperature and UV radiation. Results were compared with accelerated 
laboratory aging tests, showing a good degree of correlation.

The authors in [194,195] performed natural weathering on rubber 
samples made from a blend of styrene–butadiene rubber/recycled acry-
lonitrile butadiene rubber (SBR/NBRr). Samples were placed in an open 
area without being sheltered by other objects for a period of up to six 
months. After the aging period, samples showed a decay of the tensile 
properties and a surface deterioration due to cracks formation.

Oldfield and Symes carried out several long-term aging studies on 
different silicone elastomers compounds. Experiments are carried out 
by exposing samples in Australia to hot-wet, hot-dry and temperate 
environments for aging periods up to 20 years. Inspections of the aged 
specimens are carried out periodically, that is after 2, 5 and 10 years. 
A visual inspection after 20 years shows that most of the elastomers 
subjected to temperate aging were still intact and uncracked. The 
specimens from the hot-dry site were in good conditions, while the 
specimens aged in hot-wet environment showed more signs of aging. 
Considering changes in mechanical properties, tensile strength and 
elongation at break exhibited similar relative changes after 20 years 
for all sites. The hardness increased with exposure time at all sites but 
in a less consistent manner than for tensile strength or elongation at 
break.

5.3. Comparison of accelerated aging tests and long-term field aging tests 
for tires

As discussed in previous sections, the study of tire aging relies 
on two primary approaches: accelerated aging tests conducted in con-
trolled environments and long-term field aging tests that involve mon-
itoring tires as they age naturally under real-world conditions. Each 
method provides unique insights into the aging process of tires, but 
they differ significantly in their objectives and methods.

The review in [199] discusses artificial accelerated tests and natural 
tests related to ozone-induced aging. The review compares a number 
of works, and the following conclusions are drawn. The major issue is 
related to obtaining a precise correlation between the two test methods. 
In accelerated tests, ozone and temperature are precisely controlled, 
and other influencing variables are absent. Natural aging tests suffer 
from the presence of other environmental factors that affect the aging 
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behavior of rubbers [200]. Moreover, ozone fluctuations during the 
exposure period significantly influence the results of the studies. An 
important dependence on the location where the natural test takes 
place is present. This aspect causes significant variability of the results. 
A large sample size is necessary to mitigate this problem [167]. For 
accelerated tests, the difficulty arises in properly setting test parame-
ters to reproduce the natural phenomenon of aging. Finally, the long 
period required to conduct the tests is a disadvantage for natural aging 
experiments.

Table  3 summarizes the key features, differences, advantages, and 
limitations of accelerated aging tests and long-term field aging tests 
performed on tires.

Despite their differences, accelerated and field aging tests are not 
mutually exclusive but rather complementary. Accelerated tests provide 
a rapid and controlled means of understanding specific degradation 
mechanisms, which can then be correlated with the findings from long-
term studies to ensure accuracy and relevance. The integration of both 
approaches can help bridge the gap between laboratory predictions and 
real-world performance, offering a more comprehensive understanding 
of the phenomenon of tire aging.

6. Conclusions

Tire aging represents a critical area of research due to its signifi-
cant implications for road safety, tire performance, and environmental 
sustainability.

This paper examines the main environmental factors that influence 
tire aging, the primary methods used to analyze this phenomenon, and 
the comparative strengths and limitations of these approaches. The re-
view of a large number of aging studies has yielded several key findings 
that are critical for better understanding how tires degrade over time. 
The findings highlight the complex interplay between environmental 
conditions, material properties, and experimental methodologies.

The environmental factors that influence tire aging are discussed, 
namely temperature, ozone concentration, UV radiation, and humidity. 
For each aging factor, a detailed investigation of the induced chemical 
and physical degradation is provided.

The most widely used experimental methods for analyzing tire aging 
are long-term field aging tests and accelerated tests. Long-term aging 
experiments provide the most realistic data, but are time consuming 
and resource intensive, limiting their practicality for rapid testing. Ac-
celerated aging tests significantly reduce the time required for analysis 
by exposing tires to extreme environmental conditions; however, they 
may not always replicate real-world aging mechanisms accurately. In 
the context of accelerated aging tests, the use of climate chambers plays 
a key role. Climate chambers enable precise control of environmental 
variables, facilitating both detailed studies of individual factors and 
studies of the synergistic effect due to several environmental aging 
agents.

Given the large amount of scientific papers collected and based on 
the results of the reported studies, Table  4 summarizes, for each envi-
ronmental aging factor, the aging mechanisms and the corresponding 
effects on tires. The results are drawn from both long-term field aging 
experiments and accelerated tests.

The paper presents the current state of research and highlights its 
weak points. Most studies focus on the aging of rubber samples rather 
than full tires, leading to a lack of data on how entire tire structures 
degrade under real-world conditions. Studies often fail to incorpo-
rate dynamic testing, which combines environmental and mechanical 
stresses to simulate real driving scenarios. Few investigations explore 
the synergistic effects of multiple environmental factors. Traditional 
aging studies often isolate single environmental factors to assess their 
individual impact on rubber degradation. Although these studies pro-
vide information on specific aging mechanisms (e.g., thermo-oxidation, 
ozonolysis, photo-oxidation), the complex and simultaneous stressors 
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Table 3
Comparison between accelerated aging tests and long-term field aging tests.
 Aspect Accelerated aging tests Long-term field aging tests  
 Objective Simulate tire aging in a shorter time frame by 

exposing tires to extreme environmental 
conditions.

Study tire aging under real-world conditions over 
the course of its typical lifespan.

 

 Testing environment Controlled (e.g., climate chambers with controlled 
temperature, ozone levels, humidity, and UV 
exposure).

Natural, real-world environments, including varied 
temperature, UV exposure, road surfaces, and 
usage patterns.

 

 Time required Short (days to months, depending on test severity). Long (several months to years).  
 Cost Higher initial cost due to investment in equipment, 

lower operational costs due to shorter test 
duration and repeatability.

High cost due to extended duration and complexity 
of monitoring tires in real-world conditions.

 

 Reproducibility High: conditions are precisely controlled and 
repeatable.

Low: environmental and usage conditions vary 
significantly in real-world scenarios.

 

 Focus on specific factors Isolates and intensifies specific aging factors (e.g., 
UV, ozone, temperature, mechanical load) for 
detailed study.

Provides a holistic view of all interacting factors 
but cannot isolate specific contributors to aging.

 

 Realism Low: may not capture all interactions between 
environmental and mechanical stresses found in 
real-world use.

High: directly reflects how tires age in practical 
applications.

 

 Examples of tests Heat aging tests, ozone chamber tests, UV 
exposure, and dynamic climate chamber tests with 
mechanical loading.

Fleet testing, storage monitoring, and road usage 
monitoring.

 

 Advantages Rapid results, cost-effective for repeated studies, 
allows isolation of specific factors, reproducible 
data.

Provides a realistic representation of tire 
performance, accounts for all real-world factors, 
suitable for long-term reliability assessments.

 

 Limitations May not replicate real-world conditions, possible 
overestimation or underestimation of certain 
effects, limited in studying combined effects.

Time-consuming, high cost and resource-intensive, 
difficult to control for specific variables, results are 
less reproducible, high variability of results.

 

Table 4
Aging effects caused by temperature, ozone, UV radiation, and humidity on tires.
 Aging factor Mechanism Main effects on tires  
 Temperature Thermal oxidation; accelerated molecular reactions Hardening of rubber in tread and sidewall 

(crosslinking); cracking due to thermal stress; 
reduced elasticity

 

 Ozone Reaction with double bonds in unsaturated rubber 
molecules

Formation of ozone-induced cracks (especially 
under tension); surface embrittlement

 

 UV radiation Photo-oxidation Surface discoloration; formation of surface cracks; 
loss elasticity

 

 Humidity Water penetration into rubber; hydrolysis of 
susceptible bonds

Swelling of rubber; softening or hardening 
depending on the rubber formulation.

 

experienced by tires during actual service conditions are not accurately 
replicated.

To address the gaps in tire aging research, the following areas are 
identified:

• Comprehensive studies on full tires. Conducting experiments on full 
tires, rather than rubber samples, is essential to understand the 
combined effects of environmental and mechanical stresses on the 
entire structure. Including factors such as tread wear, sidewall 
integrity, and bead durability in studies will provide a holistic 
view of tire aging.

• Dynamic testing protocols. Developing testing setups that com-
bine the capabilities of climate chambers with rotational and 
load dynamics is critical to replicate real-world conditions. Dy-
namic climate chambers with capabilities for controlled mechan-
ical loading, rotational speed, and environmental variables are a 
promising solution.

• Multi-factorial studies. Investigating the synergistic effects of tem-
perature, ozone, UV radiation, humidity, and mechanical stresses 
will offer deeper insights into the complex interactions that affect 
aging. Establishing universally accepted protocols for accelerated 
aging tests will improve reproducibility and comparability across 
studies and industries. Incorporating machine learning and data-
driven approaches into the study of tire aging has the potential 
to identify correlations in large data sets, leading to accurate 
predictive models.

By combining multi-factorial exposure and dynamic loading, re-
searchers can develop more realistic aging tests that mimic the actual 
15 
tire usage. This allows enhancing the predictive accuracy of laboratory 
tests in estimating tire service life.

Future research must adopt an approach that integrates advanced 
experimental setups, mathematical modeling, and sustainability con-
siderations. The assessment of the environmental impact of tire aging 
is essential to evaluate their sustainability and to develop effective 
mitigation strategies.

Addressing these challenges will pave the way for safer, longer 
lasting, and more environmentally friendly tires, meeting the demands 
of modern transportation and mobility.
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