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Abstract:  The effective implementations for materials of polymeric structure require fixing the shelf life for them. The broad usages 

of this kind of materials (e.g., medicaments, engineering goods, food packaging,..., etc.) Impose upon scientists well understanding 

of the effects produced by various work circumstances factors (heat, light and UV radiation, oxygen, ozone, chemical substances, 

water vapor). Over a long term of the affecting, these factors acquire an essential role in polymeric aging. Considering of the 

produced alteration in the polymeric physical and chemical properties shows subjecting of these features of mathematical models. 

The ultimate durability of the stabilized polymer can be speculated. Moreover, using the technique of aging acceleration for polymer 

gives great results in this field. This paper recall shortly a review of a number of methods of account the impacting factors on 

degradation of polymers. As well as, it presents some examples of the postulated lifetime of rubber. The methods of describing 

degradation of polymers are present as well, through using the artificial accelerated aging, and extrapolation way from the induced 

thermal deterioration: the Arrhenius model. 
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Introduction 

The urban life almost has no aspect free by using the polymeric materials, which replaced the traditional materials in the various 

areas. Over the several past decades, invention of plastic supports the human life, economically and socially. This polymer's 

importance can be imagined through the average number of its production in 1950'is about 1.5 million tons, and then to be increased 

to 400 million tons in 2018. There are many characteristic features of this product, such as high mechanical properties, easy 

possibility, lightweight and affordable [1]. 

Polymeric materials applications count on their functional properties. The most common fields to use groups of plastic in them are: 

constructions, medicine, agriculture, household, food, chemical, automotive [2-10]. The employment of plastic as a cover material 

acquires a special prominence. Among all the different plastic types, polyethylene is produced by around 40 million tons, as plastic 

films [11].  

The quality of every material is determined by so-called the shelf life. It is rated as of high quality, as long as it keeps its chemical 

and physical properties for a long time. The worst probable threaten for polymer is the aging. That loses polymeric materials their 

aesthetic and mechanical properties, to be eventually useless [12-15]. Polymer sensibility to the oxidation and degradation process 

is the reason beyond this effect. The direct exposure of the plastic parts of tools and devices to the weathering factors (like heat, 

moist, UV-visible light) leads them to the degradation at the end [16]. 

The continual effect of degradation of plastic material is extremely slow but for a long term, might lead to catastrophic damage 

depending on the nature of the usage of those materials. However, the early precise prognosis of decline of polymeric material 

performance represents a precaution to avoid the worst. Especially, for the elastomeric parts which are used in aircraft, nuclear 

reactor, defense equipment, and medical tools [11,15,17,18].   

This paper shows the most important factors of environment cause deteriorations polymeric material and sophisticated methods used 

for analysis this phenomenon. The beginning is setting out several ways of polymeric degradation, giving a description of the factors, 

mechanisms different alterations produced by these procedures. The key point of this work is to make people know the importance 

of polymeric materials lifetime extrapolation going through analyzing their kinetics of some changing properties by the degradation. 

This matter entails an extensive knowledge of the degradation mechanism of the considered material. Consequently, it is necessary 

to review simple examples of some decomposition cases. 

2. Reasons of Polymer Degradation 

The molecular weight of polymer decreases through three basic kinds of processes lead to polymer chain scission: destruction, de-

polymerization, and degradation [19-21]. Destruction of polymer creates dissimilar compounds of lower molecular weight. De-

polymerization is a result of the thermal influence returns the polymer chains to the original monomers [22]. Polymer degradation 
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means that the polymer chains being separated as fragments; the latter is simpler than those chains. These processes represent the 

most probable defects of a polymer material lifetime [23–26]. 

2.1 Fruit of Degradation 

All the potential structural transformations which yield changes of chemical and physical properties of polymeric materials are listed 

under the topic of degradation. The effect of the environmental factors (e.g., heat, oxygen, ozone, light, radiation, UV radiation, 

water vapor, chemical substances,  high energy radiation, dynamic stresses) advances progressively over the long term. Eventually, 

the result is a trace of accumulated changes. Losing of polymeric characteristics is shown as a discoloration (e.g. Yellowing), 

brightness (tarnishing), and/or texture [30,31]. In operation life, synchronization of more than one environmental factor effect give 

complex traces caused by the overlapping deeds [29]. 

In general, the involved chemical reactions within the polymer degradation are chain cutting, cross linking, thermal oxidation, and 

destruction. These products represent irreversible changes in polymer structure; products of degradation process are shown in Figure 

1, [32]. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure1. Changes bin polymer properties result from the factors of chemical degradation like oxidation, and hydrolysis; and 

photochemical degradation like shear, heat, and UV light. 

    As an overview of the conceivable natural degradation processes, all that kinds can be mimicked experimentally [29]. The used 

methods are subjected to international standards which enables the scientists to recognize affecting factors on polymeric material. 

The changes of degradation can be classified into two sorts: a first one is of a positive effect on the some of the polymeric material 

properties like that of increasing crosslinking which leads to higher mechanical feature and under the effect of a specific temperature. 
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The second one starts when the continuing of degradation becomes a reason of decline the performance of that material, such as 

decreasing the molecular weight or the over crosslinking that makes it a different effect of degradation backfire [33]. 

2.2. Kinds of Degradation 

The polymeric degradation can be classified into different kinds, such hydrolytic, photo, thermal, mechanical, and bio [24]. Polymers 

are apt to deterioration by different levels. The initiators of degradation and corresponding types of degradation are summarized in 

Figure 2. 

 

Figure 2.  Chemical, physical and biological agents causing various types of degradation. 

The most important factors of elastomer degradation are: oxygen, ozone, and elevated temperature. This kind of degradation is called 

thermo-oxidative aging [15]. The stated types of degradation are connected strongly. In most often natural cases of degradation are 

caused by more than one factor [34]. 

The concurrent impact of the deed for each of light, oxygen, and weather factors occur alongside with the action of the duration and 

resistance of the tested polymer (involving changing in molecular weight, and occurring of defects in polymer) in addition to kind 

of impurities in the product, shape, and thickness of  the outcome [31]. Recent researches of polymer degradation proved that class 

of crystalline plays an axial role in supporting its resistance against the influencing factors in comparison with that of amorphous 

plastics. Moreover, branching of polymer enhances the shelf life more than those of linear structure [35]. Decay of the polymer show 

in obvious, relies directly on the molecular weight [36]. There are some certain chemical groups have an important impact in plastic 

degradation which is: ester, amide, and urea, through accelerating disintegration of polymers for their facility the hydrolyzing process 

[37]. 

2.3. Mechanism of Thermal Degradation in General 

There are several kinds of unique molecular mechanism matching the different kinds of polymer degradation. However, it is possible 

to occur more than one mechanism in degradation of material [34]. At all time, this process begins with cracking of a bond belongs 

to the polymer chain or other initiator molecules of degradation. The breaking of the chemical bond produces other subsidiary 

reactions causes more breakage, leads to substitution or recombination [38]. The initiation point of polymer decomposition represents 

the first stage of releasing the free radicals, in addition to disconnection of hydrogen atoms as a result of radiation, heat, light, or by 

an initiator existence [39], Equation (1): 

𝑅 − 𝐻 
ℎ𝑒𝑎𝑡,𝑙𝑖𝑔ℎ𝑡
→        𝑅. +𝐻. 

The next step is named propagation by which a series happening of reactions with molecules of oxygen to produce radicals of 

peroxides. The latter product grabs atom of hydrogen from another chain of polymer to compose a critical radical of peroxide. The 

next step is named propagation by which a series happening of reactions with molecules of oxygen to produce radicals of peroxides. 

The latter product grabs atom of hydrogen from another chain of polymer to compose critical radicals of peroxide radical, either 
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radical of hydroxides or new free peroxide. The high capability of an initiating radical to strip the atom of hydrogen from other 

polymer chains gives a facility in accelerating the chemical process by generating two new free radicals. The fastest free radicals, 

there would be more subject to termination by recombination and disproportionation. The reaction steps during the stage of 

propagation are summarized as follows [40,41]: 

𝑅.+𝑂2 → 𝑅𝑂𝑂. 

𝑅𝑂𝑂.+𝑅𝐻 → 𝑅.+𝑅𝑂𝑂𝐻 

𝑅𝑂𝑂𝐻 → 𝑅𝑂.+ . 𝑂𝐻 

𝑅𝑂.+𝑅𝐻 → 𝑅.+𝑅𝑂𝐻 

𝑂𝐻 + 𝑅𝐻 → 𝑅.+𝐻2 𝑂 

Eventually, occurring of the termination process as a result of a reaction between two compounds, each of them has won an unpaired 

electron, the come out is a feeble product. As an example of such reaction is that reaction happens between two radicals of peroxide, 

alkyl or even two different radicals in a system [41]: 

𝑅.+𝑅.→ 𝑅 − 𝑅 

2𝑅𝑂𝑂.→ 𝑅𝑂𝑂𝑅 + 𝑂2 

𝑅.+𝑅𝑂𝑂.→ 𝑅𝑂𝑂𝑅 

𝑅.+𝑅𝑂.→ 𝑅𝑂𝑅 

𝐻𝑂.+𝑅𝑂𝑂.→ 𝑅𝑂𝐻 + 𝑂2 

The degradable polymers as polyolefin (polypropylene-PP, polyethylene PE), are considered here. There are two essential styles of 

degradation which are photodegradation, and thermal. They are regarded within the most kinds of deterioration to be experienced 

by the polymeric industrial practices [42]. The reason of beginning the initiation stage is the existence of the UV chromophores 

which involved in the blended polymer. The saturation of polyolefin makes them have no more the capability to absorb UV radiation 

in a direct way. Mostly, the absorption is caused by the double bond structures which can be found in the chromophores of pigments 

or retardants of flame, residues of catalyst or in every organic molecule has a double bond structure. The degradation process can 

result from absorption of UV radiation, high energy in this spectrum range of the electromagnetic radiation, bonds of material suffer 

breakage. This change of material structure leads to successive steps of degradations through releasing the free radicals as a 

byproduct for bonds breaking. There is no a unique behavior of degradation of all polymers, for example, polypropylene undergoes 

a series of scissions. While of polyethylene the yield of degradation is a structure of cross-linking [43]. The degradation of polyolefins 

by UV radiations produces bonds about 300 nm of PE and 370 nm for PP [42]. For more clarification, polyolefin loses its properties 

by the influence of UV light, as the strength of high density polyethylene (HDPE) plate of width 1.5 mm reduces to 80% after UV 

light exposure for 2000 h [43].  

The kind of polymer, which is so-called Elastomer, suffers several alterations by the exposure time of the degradation factors of 

oxygen, heat, UV radiation. Nowadays, assessment of elastomers under the effect of a chemical environment or high temperature is 

achieved through using of some standards like ISO 188:2011 and ISO 1817:2015. Sharing of both heat and oxygen in aging of rubber 

reduces its mechanical properties, mostly the tensile strength. The process of measuring the changing values of tensile strength is 

not too easy to be determined for the reactions conflicting which are occurring at the same time [44,45]. Tobolsky et al. [46] Proposed 

a Tow-Network Theory to elucidate the mechanical conduct for the effected elastomer by different temperatures lead to cross-linked 

structure. There is a paradox in the attitude of elastomer at high temperatures, on one hand; it suffers softening as a result of 

degradation of molecular chains followed by cross-linking. On the other hand, there is an observable additional crosslinking produces 

a hardening in the material. The type of use antidegradants, fillers, and vulcanization order determine the dominated reactions, 

whether hardening or softening reactions under a certain conditions of aging [44,45]. 

 Perhaps, one of the best examples of crosslinking presence is that in polybutadiene (BR) and its copolymers. The most polymeric 

chain susceptible to scission is that which has a side group with ability of donating electron and attached to a carbon atom neighboring 

to double bond. Here, we are referring to all unsaturated elastomers with electron donating groups [47,48].  
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The future handbill is devoted to presenting more detailed depiction for the generic mechanism of thermal degradation. A key role 

is occupied by the process of a radical chain. That is accomplished through processes of mechanochemical, thermoxidation, or 

photochemical impact which are occurring under the effect of radiation. These undesired processes can be avoided or inhibited by 

enhancing the stability, boosting the material's resistance of aging. 

Among the different ways used to raise the degradation resistance of polymer in both kinds of chemical or physical methods, adding 

distinct additives like stabilizer, UV absorber, and antioxidants is regarded the most common used modifier [28,41,49].  

3. Shelf life of Polymers 

The long life of polymer is a quite important factor for each of the manufacturers and the consumer. However, the subject of the 

capability to manage the polymer waste seems highly interesting; we recall that not all polymers are recyclable. Therefore, the 

degradation processes are always underlined [50]. The service life of the polymeric materials is considered a vital feature. The 

polymer resistance against the aging boosts the confidence of the producers to give a long warranty. After the shelf life the properties 

of products gets down to the half at the work environment of heat, moist, UV light, ...,etc. [51,52]. The storage life is related to the 

storage conditions, in addition to the type of the stored elastomer. However, the manufactured tool from that elastomer and its 

conditions of usage are vital factors to prolong the lifetime [15]. Rubber is characterized by its long lifetime in condition of stored 

in protective store avoids it the natural aging factors, considered as suitable storing places like heat of 25 C, dark storage far off the 

aggressive chemical matters. The polymeric lifetime may extend from 3 to 25 years within the typical conditions [15]. Polymeric 

lives of stored different made items of rubber are listed in the following table 1 [53]. 

 

Table 1. Shelf life of products made out of different types of rubber [51]. 

 

Constructing a clear vision about the capacity of polymer bearing the natural degradation requires applying an accelerated artificial 

weathering aging on considered polymer through achieving a simulation of natural degradation factors. The closer the simulation is 

to the conditions of use, the more effective the results. The precise prediction of the lifetime of polymer may offer a safe for people, 

when the tested polymer is used in a critical tool or equipment [18,30]. 

4.  Accelerated Polymer Weathering  

One of the greatest indicators to assess the shelf life of polymeric materials is artificial aging, by offering a comparison of the quantity 

or quality of polymers according to the stratified methodology [57-59]. Evaluation of plastics' goodness in nature requires not less 

than three and five years under the operating conditions of the considered soft and hard polymer, respectively. Hence, the simulated 

aging experimentally provides well means to satisfy the ultimate goal in a short time. The precise analysis of polymer degradation 

gives a good extrapolation for the polymeric resistance [28]. Given the importance of predicting the lifetime of polymer in its 

operation fields, such as defense types of equipment, safety components of nuclear reactors, and aircraft parts, enhancing and 

developing the accelerated aging of polymers are well underlined by inventing ways to approach the actual circumstances [17]. 

Quality of plastics is not significant just from an economic perspective but also from an environmental one. Due to the difficulty of 

several polymer degradation, this matter poses one of the most challenges for humanity to keep nature safe. Consequently, the 

necessity imposes to prepare polymer for long-term usage [50]. Searching in the field of polymer weathering highly needs to the 

similarity between the artificial and the natural condition, in which the polymer is used. In addition, to exposing it to different 

required temperatures for the process of aging, the chemical reaction rate is usually related to the temperature. The correlation 
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between rising polymeric sample temperature and changing its properties leads to deduce a relationship that binds the degradation 

reaction rate with the increasing temperature [15,51]. The degree of material degradation is extrapolatable after a certain period of 

time under a specific temperature [60]. Time of polymeric material degradation is shortened by subjecting the effective factors 

intensively, such as temperature, moisture, light, oxygen concentration, etc. Regardless of the selection of the type and intensity of 

the influencing agents, the speed of the changing of specimens is interesting as well. Accelerated aging results can tell the assessment 

of the polymeric resistance to aging. 

 5. Invented ways to the polymer Lifetime Predicting 

5.1 Thermo gravimetric Analysis for Thermal Degradation Kinetics 

Thermal analysis had had a great role in discussing the degradation mechanism of polymeric materials. The information is clear 

through the several notable published papers which are in specialist in this field [64-69]. In the last decade, Seifi et al. [70] Searched 

in the field of techniques of thermal analysis for the polymeric materials, specifically in the years (2010-2020). The goal was creation 

polymers of high thermo-degradation resistant.  At the present, protection of the environment is the matter of importance to be 

managed through figuring out polymers of a specific lifetime [11,50,67,69,71]. Among many different methods to assign the altered 

state of the tested specimen according to the change of temperature are thermo gravimetric (TG), and differential scanning 

calorimetry (DSC), which are considered the most famous measuring ways of samples under different conditions [64]. The thermal 

analysis methods are useful in tracking and discussing the phase variations of polymer, in addition to the chemical reactions resulting 

from substance temperature changes. It is found significances by those methods to the parameters of kinetic and thermodynamic 

reactions [74,75]. However, it is likely to deduce the related relationship which links the degradation reaction rate with temperature 

via exposing the polymer to upraised temperatures. It is feasible to reckon, at a known temperature, the degradation degree of 

polymeric material later than a limited duration, or the requested time for completion of a particular degradation degree [76]. Several 

authors embrace variant models of the kinetics, as well as their corresponding functions of conversion [77,78]. Using thermal analysis 

modes and their techniques has manifested specifically helpful [79,80]. A remarkable aspect of the degradation activity pattern is 

referred to by activation energy (Ea), Arrhenius pre-exponential factor (A), and order of reaction (n) [69,81-83]. The latter parameters 

have a special significance in both practical and theoretical aspects. These factors are supportable through the well realizing the 

mechanism of the degradation of polymer by the arisen chemical reactions. For processing sample at a constant temperature, since 

the parameter K is a function of temperature, therefore in this case it becomes a constant. As stated in the Arrhenius equation [64,84] 

the dependence of the fundamental kinetic of the degradation proceeding  is depicted by the following differential equation (2) 

[78,85]:   

       
dα

dt
= K(T). f(α)                                                                    (2) 

Whereas: 

 K (T) refers to the temperature-dependent reaction rate constant  

F (α)  indicates the paradigm of the chemical reaction. 

5.2 Arrhenius Style  

The measuring of the degradation stage of a material can be assessed by relying on the retreating of its properties [15,23,86]. 

Temperature is an essential player in determining the deterioration rate; the latter varies in according to the temperature [86]. Raising 

the temperature is the main reason for accelerating the reaction rate, consequently, raising the value of the reaction rate constant (K) 

[87,88]. The related links between the temperature and the reaction rate constant (K) are given in equation (3) as follows [78,89,90]:  

                                                K = K(T) = Ae
−Ea

RT                                                              (3) 

Whereas: 

A is the factor of the frequency. 

Ea refers to the activation energy. 

R is the general constant of the gases. 



International Journal of Engineering and Information Systems (IJEAIS) 

ISSN: 2643-640X 

Vol. 6 Issue 7, July - 2022, Pages: 23-34 

www.ijeais.org/ijeais 

29 

T refers to the absolute temperature. 

The usual representation of the above equation is given in a logarithmic formula [15,91], see the following equation (4): 

 ln k(T) = −
Ea

RT
+ lnA                                                                       (4) 

The reaction rate is obtainable from every change of the potential property of a polymer related to the temperature according to an 

exposure time at each particular temperature [92]. For successive reaction rates Ki at varying temperatures Ti, a specified property 

(Xa) is reachable after different reaction times to (Figure 3) [15,93], Equation (5):  

                                  F(Xa) = Ki (Ti) ti                                                                              (5)  

Where F (Xa) indicates the function of the reaction state. 

 

Figure 3. Variation of feature with time at three variant temperatures T1 < T2 < T3 [59]. 

It is possible to get a logarithmic relationship [15,94], Equation (6) by merging the two equations (4) and (5), as shown below: 

                                      ln 𝑡𝑖 =
𝐸𝑎

𝑅𝑇
+ 𝐵                                                                               (6) 

Whereas, B is a constant. 

The relationship is depicted as Ln (t) proportions with an inverse value of temperature. This representation is called the Arrhenius 

equation graph [95], Ln (t) proportional directly with T-1. This method presents an extrapolation for a specified polymeric material 

at a given temperature. That is accomplished by calculating the following Equation: 

                                    𝑒ln 𝑡𝑖 = 𝑡𝑖                                                                                           (7) 

To cancel the reliance on time in Equation (2), which is linked with the temperature (T) and  diversion rate (α), when heating 

progressive throughout equal time intervals, in this case, the differential equation is divided by the heating rate [85], Equation (8): 

dα

dT
=
A

β
 e
−Ea
RT f(α)                                                                      (8) 

The heating rate is indicated by β-dT/dt. 

By applying the velocity equation which depends on the time, in addition to the linear transformation, evaluating the parameters of 

kinetic: activation energy (Ea), and echo factor (A) [85], Equation (9): 

ln (

dα
dT
f(α)

) = ln (
A

β
) −

Ea
RT
                                                          (9) 
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Observation the procedure of aging with one exposure time is inadequate. The requirement imposes to specify the direction of the 

curves for properties of material at different experimental circumstances. The eventual target of this assessment is to find the 

extrapolation of the polymer lifetime. Arrhenius plot, Figure 4, shows the extrapolated time as a function of inverse temperature of 

the material. 

 

Figure 4.  Arrhenius diagram shows a changing of time extrapolating versus the inverse temperature [59].  

Ln (tie) proportionate to Ea/RT, the activation energy is represented by Ea. R is the gas constant. An aging time than can be 

extrapolated in accordance with then (temperature of using) [59]. Arrhenius' method postulates the degradation mechanism at 

elevated temperature is alike to that under the operating conditions of the material. However, that is not fruitful for all cases because 

some queer behavior happens for several materials, especially at low temperatures. Therefore, it is not possible to apply such dealing 

to taking an idea about the polymeric material's lifetime [88]. 

When were Lewandowski et al. (2016) [15] working on characterizing elastomers by using Time-Temperature Superposition, and 

Arrhenius' methods, they figured out that the obtained comets were unprocessed. However, this disappointed result might happen 

just for degradation of elastomers at the complicated conditions. The circumstances under which polymer materials are exposed to 

physical and chemical interference. Furthermore, the condition of degradation which leads to, alteration of the degradation 

mechanism is relying on temperature.  

In addition, Xiong et al. (2013) [96] exploited this way in order to predict the lifetime of the Nitrite-Butadiene Rubber (NBR) sheet 

if composite in aviation kerosene by utilizing a fitted nonlinear curve of ATR-FTIR spectra. The measurements were 11, 113 days 

at 20oC, and 6467 days at 40oC. For the authors, the Arrhenius equation gave valuable results. The composite panels of NBR are still 

safely applicable in storing the flight kerosene if they succeeded in this use at room temperature for eight years. 

Madej-Kiełbik et al. (2019) [97] used the methodology based on analyzing the protective materials of motorcyclists depending on 

Arrhenius' equation. The constituents of the characterized material were a copolymer of ethylene-vinyl acetate (EVA) and 

polyurethane. The kinetics changes of the physical or chemical properties polymeric material are helpful to assign the eventual life 

normal (xa) of that material, at intervals of temperature of 10oC. Conclusively, the calculation of the real material aging time has 

being possible. 

In (2019) Koga et al. [98] search in the field of PVC deterioration and analyzing the causes and results of that chemical reaction. 

The temperature of that reaction was an essential factor to be considered. The tests of the investigation were Fourier transform 

infrared spectroscopy (FTIR), small punch testing (SP), and tensile testing. According to the outcomes tests activation energy and 

the estimated time have been calculated by using Arrhenius method. It turned out the results of the small punch test gave the best 

result of accuracy. In addition, the latter test predicts the life time of the early minimum destructive effect. 

Wang et al. (2019) [99] submitted a model that predicts the lifetime which is related to the aging of the polyethylene (PE) natural 

gas pipeline. The most important considered condition was the various exerted pressure on the pipeline by the aging of the oxidation 

under the effect of heat which is so-called Thermal Oxidation Aging (TOA). The relation of Arrhenius was expounded and dealt 

with as a linear correlation between the oxidation induction time (OIT) as a logarithmic scale at variant temperatures of tests and the 
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inverse of temperature (1/T). The prognosis of the lifetime is over the range 0-0.4 MPa at 20oC. The result shows a surplus required 

lifetime of 50 years. The authors demonstrated that the method is proper for the pipes of PE and for whatever plastic pipes under the 

same conditions.  

Arrhenius method is helpful for several polymeric materials (e.g., EVA, PE, PVC, NBR, EPDM). The obtained consequences by 

Arrhenius are helpful but not for the limited degradation by diffusion. This methodology is applicable for predicting polymer lifetime 

within a temperature domain in a condition of a particular degradation mechanism. Arrhenius Model is the most preferable for the 

authors to foretell the polymer lifetime for its ability to save time, high reliability, and account for the alteration of aging performance 

at any time.   

6. Conclusions 

Several factors take part to produce the polymeric material degeneration. These factors could be chemical such as the operation 

conditions, physical as temperature and radiation, and mechanical factors like stress. Hence, the expected degradation mechanism is 

to be of massive complication. The most public factors are covered in this paper. Kinetic analyses based on prognoses, because of 

their practical importance the kinetic style of the polymers can be assessed at potential temperatures out the used values at the 

laboratory. Arrhenius paradigm presumes the degradation mechanism at temperatures higher than that of the natural using 

circumstances is resemble at all. Unfortunately, this postulation is not right for all the cases. 

Acknowledgements 

I'd like to present my thankful and appreciation to Dr. Mera, Education College for the Pure Sciences, for her exceptional supporting 

to achieve this work.  

References 

1. Jim Jem, K.; Tan, B. The Development and Challenges of Poly (lactic acid) and Poly (glycolic acid). Adv. Ind. Eng. Polym. Res. 2020, 3, 60–70. [CrossRef] 

2. Küçük, V.A.; Çınar, E.; Korucu, H.; Simsek, B.; Bilge Güvenç, A.; Uygunoglu, T.; Kocakerim, M. Thermal, electrical and mechanical properties of filler-doped 

polymer concrete. Constr. Build. Mater. 2019, 226, 188–199. [CrossRef] 

3. Rod, K.A.; Nguyen, M.; Elbakhshwan, M.; Gills, S.; Kutchko, B.; Varga, T.; Mckinney, A.M.; Roosendaal, T.J.; Childers, M.I.; Zhao, C.; et al. Insights into the 

physical and chemical properties of a cement-polymer composite developed for geothermal wellbore applications. Cem. Concr. Compos. 2019, 97, 279–287. 

[CrossRef] 

4. Zarrintaj, P.; Jouyandeh, M.; Ganjali, M.R.; Shirkavand, B.; Mozafari, M.; Sheiko, S.S. Thermo-sensitive polymers in medicine: A review. Eur. Polym. J. 2019, 

117, 402–423. [CrossRef] 

5. Chauhan, D.; Afreen, S.; Talreja, N.; Ashfaq, M. Multifunctional copper polymer-based nanocomposite for environmental and agricultural applications. In 
Multifunctional Hybrid Nanomaterials for Sustainable Agri-Food and Ecosystems; Abd-Elsalam, K.A., Ed.; Elsevier: Rotterdam, The Netherland, 2020; pp. 189–

211.  ISBN 9780128213544. 

6. Zhong, Y.; Godwin, P.; Jin, Y.; Xiao, H. Biodegradable Polymers and Green-based Antimicrobial Packaging Materials: A mini-review. Adv. Ind. Eng. Polym. 
Res. 2020, 3, 27–35. [CrossRef] 

7. Mishra, M. Household Goods: Polymers in Insulators: Polymers for High-Voltage Outdoor Use. In Encyclopedia of Polymer Applications, 3 Volume Set; CRC 

Press: Boca Raton, FL, USA, 2018; pp. 1549–1562. ISBN 9781351019422. 

8. Patil, A.; Patel, A.; Purohit, R. An overview of Polymeric Materials for Automotive Applications. Mater. Today Proc. 2017, 4, 3807–3815. [CrossRef] 

9. Jasso-Gastinel, C.F.; Soltero-Martínez, J.F.A.; Mendizábal, E. Introduction: Modifiable Characteristics and Applications. In Modification of Polymer Properties; 

William Andrew: Norwich, NY, USA, 2017; pp. 1–21. ISBN 9780323443982. 

10. Kaur, R.; Marwaha, A.; Chhabra, V.A.; Kaushal, K.; Kim, K.; Tripathi, S.K. Facile synthesis of a Cu-based metal-organic framework from plastic waste and its 

application as a sensor for acetone. J. Clean. Prod. 2020, 263, 121492. [CrossRef] 

11. Laycock, B.; Nikoli´c, M.; Colwell, J.M.; Gauthier, E.; Halley, P.; Bottle, S.; George, G. Lifetime prediction of biodegradable polymers. Prog. Polym. Sci. 2017, 
71, 144–189. [CrossRef] 

12. Barba, D.; Arias, A.; Garcia-gonzalez, D. Temperature and strain rate dependences on hardening and softening behaviours in semi-crystalline polymers: 

Application to PEEK. Int. J. Solids Struct. 2020, 182–183, 205–217. [CrossRef] 

13. Yan, C.; Huang, W.; Lin, P.; Zhang, Y.; Lv, Q. Chemical and rheological evaluation of aging properties of high content SBS polymer modified asphalt. Fuel 

2019, 252, 417–426. [CrossRef] 

14. Awaja, F.; Zhang, S.; Tripathi, M.; Nikiforov, A.; Pugno, N. Cracks, microcracks and fracture in polymer structures: Formation, detection, autonomic repair. 
Prog. Mater. Sci. 2016, 83, 536–573. [CrossRef] 

15. Lewandowski, M.; Pawłowska, U. Part I. Degradation of elastomers and prediction of lifetime. Elastomery 2016, 20, 24–30.   

 16. Gijsman, P.; Meijers, G.; Vitarelli, G. Comparison of the UV-degradation chemistry of polypropylene, 



International Journal of Engineering and Information Systems (IJEAIS) 

ISSN: 2643-640X 

Vol. 6 Issue 7, July - 2022, Pages: 23-34 

www.ijeais.org/ijeais 

32 

polyethylene, polyamide 6 and polybutylene terephthalate. Polym. Degrad. Stab. 1999, 65, 433–441. [CrossRef] 

17. Gillen, K.T.; Celina, M. The wear-out approach for predicting the remaining lifetime of materials. Polym. Degrad. Stab. 2000, 71, 15–30. [CrossRef] 

18. Hondred, P.R. Polymer Damage Mitigation-Predictive Lifetime Models of Polymer Insulation Degradation and Biorenewable Thermosets through Cationic 
Polymerization for Self-Healing Applications. Ph.D. Thesis, Iowa State University, Ames, IA, USA, 2013. 

19. Ashter, S.A. Mechanisms of Polymer Degradation. In Introduction to Bioplastics Engineering; William Andrew: Norwich, NY, USA, 2016; pp. 31–59. ISBN 

978-0-323-39396-6. 

20. Gogate, P.R.; Prajapat, A.L. Depolymerization using sonochemical reactors: A critical review. Ultrason. Sonochem. 2015, 27, 480–494. [CrossRef] 

21. Godiya, C.B.; Gabrielli, S.; Materazzi, S.; Pianesi, M.S.; Stefanini, N.; Marcantoni, E. Depolymerization of waste poly(methyl methacrylate) scraps and 

purification of depolymerized products. J. Environ. Manag. 2019, 231, 1012–1020. [CrossRef] 

22. Wiles, D.M.; Scott, G. Polyolefins with controlled environmental degradability. Polym. Degrad. Stab. 2006, 91, 1581–1592. [CrossRef] 

23. Bhuvaneswari, G.H. Degradability of Polymers. In Recycling of Polyurethane Foams; Thomas, S., Rane, A.V., Kanny, K., Abitha, V.K., Thomas, G.M., Eds.; 

William Andrew: Norwich, NY, USA, 2018; pp. 29–44. ISBN 9780323511339. 

24. Anju, S.; Prajitha, N.; Sukanya, V.S.; Mohanan, P.V. Complicity of degradable polymers in health-care applications. Mater. Today Chem. 2020, 16, 100236. 

[CrossRef] 

25. Melnikov, M.; Seropegina, E.N. Photoradical ageing of polymers. Int. J. Polym. Mater. 1996, 31, 41–93. [CrossRef] 

26. La Mantia, F.P.; Morreale, M.; Botta, L.; Mistretta, M.C.; Ceraulo, M.; Sca_aro, R. Degradation of polymer blends: A brief review. Polym. Degrad. Stab. 2017, 

145, 79–92. [CrossRef] 

27. White, J.R. Polymer ageing: Physics, chemistry or engineering? Time to reflect. C. R. Chim. 2006, 9, 1396–1408. [CrossRef] 

28. Chmielnicki, B. Niektóre aspekty starzenia wytworów z poliamidów wzmocnionych. Cz. 1 Podatno´s´c poliamidów na procesy starzenia. Przetwórstwo Tworzyw 

2009, 15, 116–122. 

29. Rojek, M. Metodologia Bada´n Diagnostycznych Warstwowych Materiałów Kompozytowych o Osnowie Polimerowej; Dobrza´ nski, L.A., Ed.; International 
OCSCO World Press: Gliwice, Poland, 2011; ISBN 83-89728-89-3. 

30. Sobków, D.; Czaja, K. Influence of accelerated aging conditions on the process of polyolefines degradation. Polimery 2003, 48, 627–632. [CrossRef] 

31. Gijsman, P. Review on the thermo-oxidative degradation of polymers during processing and in service. E-Polymers 2008, 8, 1–34. [CrossRef] 

32. Moraczewski, K.; Stepczy ́  nska, A.; Malinowski, R.; Karasiewicz, T.; Jagodzi ́  nski, B.; Rytlewski, P. The E_ect of Accelerated Aging on Polylactide Containing 

Plant Extracts. Polymers 2019, 11, 575. [CrossRef] [PubMed] 

33. Masłowski, M.; Zaborski, M. E_ect of thermooxidative and photooxidative aging processes on mechanical properties of magnetorheological elastomer 
composites. Polimery 2015, 60, 264–271. [CrossRef] 

34. Król-Morkisz, K.; Pielichowska, K. Thermal Decomposition of Polymer NanocompositesWith Functionalized Nanoparticles. In Polymer Composites with 

Functionalized Nanoparticles; Elsevier: Rotterdam, The Netherland, 2019; pp. 405–435. ISBN 978-0-12-814064-2. 

35.  Mierzwa-Hersztek, M.; Gondek, K.; Kope´c, M. Degradation of Polyethylene and Biocomponent-Derived Polymer Materials: An Overview. J. Polym. Environ. 

2019, 27, 600–611. [CrossRef] 

36.  Muthukumar, A.; Veerappapillai, S. Biodegradation of Plastics—A Brief Review. Int. J. Pharm. Sci. Rev. Res. 2015, 31, 204–209. 

37. Lyu, S.; Untereker, D. Degradability of Polymers for Implantable Biomedical Devices. Int. J. Mol. Sci. 2009, 10, 4033–4065. [CrossRef] 

38. Wojtala, A. The e_ect of properties of polyolefines and outdoor factors on the course of polyolefines degradation. Polimery 2001, 46, 120–124. [CrossRef] 

39. Laurence,W.M. Introduction to the E_ect of Heat Aging on Plastics. In The E_ect of Long Term Thermal Exposure on Plastics and Elastomers; William Andrew: 
Norwich, NY, USA, 2014; pp. 17–42. ISBN 978-0-323-22108-5.  

 40. Reis, A.; Spickett, C.M. Chemistry of phospholipid oxidation. Biochim. Biophys. Acta 2012, 1818, 2374–2387.[CrossRef] 

41. Kröhnke, C. Polymer Additives. In Polymer Science: A Comprehensive Reference; Elsevier, B.V.: Amsterdam, The Netherlands, 2012; Volume 8, pp. 349–375. 

ISBN 9780444533494. 

42. Liu, X.; Gao, C.; Sangwan, P.; Yu, L.; Tong, Z. Accelerating the degradation of polyolefins through additives and blending. J. Appl. Polym. Sci. 2014, 131, 

9001–9015. [CrossRef] 

43. Tolinski, M. Ultraviolet Light Protection and Stabilization. In Additives for Polyolefins; William Andrew: Norwich, NY, USA, 2015; pp. 32–43. ISBN 

9780323358842. 

44. Lu, M.; Zhang, H.; Sun, L. Quantitative prediction of elastomer degradation and mechanical behavior based on di_usion–reaction process. J. Appl. Polym. Sci. 
2020, 1–9. [CrossRef] 

45. Bin Samsuri, A.; Abdullahi, A.A. Degradation of Natural Rubber and Synthetic Elastomers. In Reference Module in Materials Science and Materials Engineering; 

Elsevier Ltd.: Amsterdam, The Netherlands, 2017; pp. 1–32. ISBN 9780128035818. 

46. Tobolsky, A.V. Properties and Structure of Polymers; Wiley: New York, NY, USA, 1960. 

47. Rybin´ ski, P.; Kucharska-Jastrza˛bek, A.; Janowska, G. Thermal Properties of Diene Elastomers. Modif. Polym. 2014, 56, 477–486. [CrossRef] 



International Journal of Engineering and Information Systems (IJEAIS) 

ISSN: 2643-640X 

Vol. 6 Issue 7, July - 2022, Pages: 23-34 

www.ijeais.org/ijeais 

33 

48. Coquillat, M.; Verdu, J.; Colin, X.; Audouin, L.; Nevie, R. Thermal oxidation of polybutadiene. Part 1: E_ect of temperature, oxygen pressure and sample 

thickness on the thermal oxidation of hydroxyl-terminated polybutadiene. Polym. Degrad. Stab. 2007, 92, 1326–1333. [CrossRef] 

49. Masek, A. Flavonoids as Natural Stabilizers and Color Indicators of Ageing for Polymeric Materials. Polymers 2015, 7, 1125–1144. [CrossRef] 

50. Thompson, R.C.; Moore, C.J.; Saal, F.S.; Swan, S.H. Plastics, the environment and human health: Current consensus and future trends. Philos. Trans. R. Soc. B 

Biol. Sci. 2009, 364, 2153–2166. [CrossRef] 

51. ISO, the International Organization for Standardization. Rubber, Vulcanized or Thermoplastic—Estimation of Life-Time and Maximum Temperature of Use 
(Standard No. ISO 11346:2014); International Organization for Standardization: Geneva, Switzerland; pp. 1–10. 

52. Dobkowski, Z. Lifetime prediction for polymer materials using OIT measurements by the DSC method. Polimery 2005, 50, 213–215. [CrossRef] 

53. ISO, the International Organization for Standardization. Rubber Products—Guidelines for Storage (Standard No. ISO 2230:2002); International Organization for 
Standardization: Geneva, Switzerland; pp. 1–11. 

54. Shah, C.S.; Patni, M.J. Accelerated Aging and Life Time Prediction Analysis of Polymer Composites: A New Approach for a Realistic Prediction Using 

Cumulative Damage Theory. Polym. Test. 1994, 13, 295–322. [CrossRef] 

55. Kiliaris, P.; Papaspyrides, C.D.; Pfaendner, R. Influence of accelerated aging on clay-reinforced polyamide 6. Polym. Degrad. Stab. 2009, 94, 389–396. [CrossRef] 

56. Calixto, E. Accelerated Test and Reliability Growth Analysis Models. In Gas and Oil Reliability Engineering; Gulf Professional Publishing: Houston, TX, USA, 

2013; pp. 63–118. ISBN 978-0-12-391914-4. 

57. Jachowicz, T.; Sikora, R. Methods of forecasting of the changes of polymeric products properties. Polimery 2006, 51, 177–185. [CrossRef] 

58. Singh, H.K. Lifetime Prediction and Durability of Elastomeric Seals for Fuel Cell Applications. Ph.D. Thesis, Virginia Polytechnic Institute, Blacksburg, VA, 

USA, 2009. 

59. Le Huy, M.; Evrard, G. Methodologies for lifetime predictions of rubber using Arrhenius and WLF models. Die Angew. Makromol. Chem. 1998, 261–262, 135–

142. [CrossRef] 

60. Gillen, K.T.; Bernstein, R.; Celina, M. Challenges of accelerated aging techniques for elastomer lifetime predictions. Rubber Chem. Technol. 2015, 88, 1–27. 
[CrossRef] 

61. Käser, F.; Roduit, B. Lifetime prediction of rubber using the chemiluminescence approach and isoconversional kinetics. J. Therm. Anal. Calorim. 2008, 93, 231–

237. [CrossRef] 

62. Denis, L.; Grzeskowiak, H.; Trias, D.; Delaux, D. Accelerated Life Testing. In Reliability of High-Power 

Mechatronic Systems 2; ISTE Press—Elsevier: London, UK, 2017; pp. 1–56. ISBN 9781785482618. 

63. Li, J.; Tian, Y.; Wang, D. Change-point detection of failure mechanism for electronic devices based on Arrhenius model. Appl. Math. Model. 2020, 83, 46–58. 

[CrossRef] 

64. Budrugeac, P. Theory and practice in the thermoanalytical kinetics of complex processes: Application for the isothermal and non-isothermal thermal degradation 

of HDPE. Thermochim. Acta 2010, 500, 30–37. [CrossRef] 

65. Pielichowski, J.; Pielichowski, K. Application of thermal analysis for the investigation of polymer degradation processes. J. Therm. Anal. 1995, 43, 505–508. 

[CrossRef] 

66. Kutz, M. Thermal Degradation of Polymer and Polymer Composites. In Handbook of Environmental Degradation of Materials; William Andrew: Norwich, NY, 
USA, 2018; pp. 185–206. ISBN 9780323524728. 

67. Ajitha, A.R.; Sabu, T. Applications of compatibilized polymer blends in automobile industry. 

In Compatibilization of Polymer Blends. Micro and Nano Scale Phase Morphologies, Interphase Characterization and Properties; Elsevier: Rotterdam, The 
Netherland, 2020; pp. 563–593. ISBN 9780128160060. 

68. Lühr, C.; Pecenka, R. Development of a model for the fast analysis of polymer mixtures based on cellulose, hemicellulose (xylan), lignin using thermogravimetric 

analysis and application of the model to poplar wood. Fuel 2020, 277. [CrossRef] 

69. Dai, L.;Wang, L.Y.; Yuan, T.Q.; He, J. Study on thermal degradation kinetics of cellulose-graft-poly(l-lactic acid) by thermogravimetric analysis. Polym. Degrad. 

Stab. 2014, 99, 233–239. [CrossRef] 

70. Seifi, H.; Gholami, T.; Seifi, S.; Ghoreishi, S.M.; Salavati-Niasari, M. A review on current trends in thermal analysis and hyphenated techniques in the 
investigation of physical, mechanical and chemical properties of nanomaterials. J. Anal. Appl. Pyrolysis 2020, 149, 104840. [CrossRef] 

71. Lau, K.S.Y. High-Performance Polyimides and High Temperature Resistant Polymers. In Handbook of Thermoset Plastics; Dodiuk, H., Goodman, S.H., Eds.; 

William Andrew: Norwich, NY, USA, 2014; pp. 297–424. ISBN 978-1-4557-3107-7. 

72. Niu, S.; Yu, H.; Zhao, S.; Zhang, X.; Li, X.; Han, K.; Lu, C.;Wang, Y. Apparent kinetic and thermodynamic calculation for thermal degradation of stearic acid 

and its esterification derivants through thermogravimetric analysis. Renew. Energy 2019, 133, 373–381. [CrossRef] 

73. Artiaga, R.; Cao, R.; Naya, S.; Garcia, A. Polymer Degradation from the Thermal Analysis Point of View. Mater. Res. Soc. 2004, 851, 499–510. [CrossRef] 

74. Blanco, I. Lifetime prediction of polymers: To bet, or not to bet-is this the question? Materials 2018, 11, 1383. [CrossRef] [PubMed] 

75. Nyombi, A.; Williams, M.; Wessling, R. Determination of kinetic parameters and thermodynamic properties for ash (Fraxinus) wood sawdust slow pyrolysis by 
thermogravimetric analysis. Energy Sources Part A Recover.Util. Environ. E_. 2018, 40, 2660–2670. [CrossRef] 



International Journal of Engineering and Information Systems (IJEAIS) 

ISSN: 2643-640X 

Vol. 6 Issue 7, July - 2022, Pages: 23-34 

www.ijeais.org/ijeais 

34 

76. Woo, C.S.; Park, H.S.; Kwang, M.C. Design and applications: Evaluation of characteristics for chevron rubber spring. In Constitutive Models for Rubber VIII; 

Gil-Negrete, N., Alonso, A., Eds.; CRC Press: Boca Raton, FL, USA, 2013; pp. 621–626. ISBN 9781138000728. 

77. Kaczmarek, H.; Kosmalska, D.; Malinowski, R.; Bajer, K. Advances in studies of thermal degradation of polymeric materials. Part I. Literature studies. Polimery 
2019, 64, 239–314. [CrossRef] 

78. Capart, R.; Khezami, L.; Burnham, A.K. Assessment of various kinetic models for the pyrolysis of a microgranular cellulose. Thermochim. Acta 2004, 417, 79–

89. [CrossRef] 

79. Materazzi, S.; Vecchio, S. Evolved Gas Analysis by Mass Spectrometry. Appl. Spectrosc. Rev. 2011, 46, 261–340. [CrossRef] 

80. Qin, L.; Han, J.; Zhao, B.; Wang, Y.; Chen, W.; Xing, F. Thermal degradation of medical plastic waste by in-situ FTIR, TG-MS and TG-GC/MS coupled analyses. 

J. Anal. Appl. Pyrolysis 2018, 136, 132–145. [CrossRef] 

81. Li, L.Q.; Guan, C.X.; Zhang, A.Q.; Chen, D.H.; Qing, Z.B. Thermal stabilities and thermal degradation kinetics of polyimides. Polym. Degrad. Stab. 2004, 84, 

369–373. [CrossRef] 

82. Jin, W.P.; Sea, C.O.; Hac, P.L.; Hee, T.K.; Kyong, O.Y. A kinetic analysis of thermal degradation of polymers using a dynamic method. Polym. Degrad. Stab. 
2000, 67, 535–540. [CrossRef] 

83. Yang, K.K.; Wang, X.L.; Wang, Y.Z.; Wu, B.; Yin, Y.D.; Yang, B. Kinetics of thermal degradation and thermal oxidative degradation of poly(p-dioxanone). 

Eur. Polym. J. 2003, 39, 1567–1574. [CrossRef] 

84. Plonka, A. Kinetics in condensed media. In Dispiersive Kinetics; Springer: Heidelberg, Germany, 2001; pp. 194–195. ISBN 978-94-015-9658-9. 

85. Park, B.D.; Kadla, J.F. Thermal degradation kinetics of resole phenol-formaldehyde resin/multi-walled carbon nanotube/cellulose nanocomposite. Thermochim. 

Acta 2012, 540, 107–115. [CrossRef] 

86. Van Krevelen, D.W.; Te Nijenhuis, K. Thermal Decomposition. In Properties of Polymers; Elsevier Science: Rotterdam, The Netherland, 2009; pp. 763–777. 

ISBN 9780080548197. 

87. Saha, T.K.; Purkait, P. Transformer Insulation Materials and Ageing. In Transformer Ageing: Monitoring and Estimation Techniques; Wiley-IEEE Press: New 
York, NY, USA, 2017; pp. 1–34. ISBN 978-1-119-23996-3. Materials 2020, 13, 4507 22 of 25 

88. Celina, M.; Gillen, K.T.; Assink, R.A. Accelerated aging and lifetime prediction: Review of non-Arrhenius behaviour due to two competing processes. Polym. 

Degrad. Stab. 2005, 90, 395–404. [CrossRef] 

89. Vyazovkin, S. Activation energies and temperature dependencies of the rates of crystallization and melting of polymers. Polymers 2020, 12, 1070. [CrossRef] 

[PubMed] 

90. Moon, B.; Kim, K.; Park, K.; Park, S.; Seok, C.S. Fatigue life prediction of tire sidewall using modified Arrhenius equation. Mech. Mater. 2020, 147. [CrossRef] 

91. Tsuji, T.; Mochizuki, K.; Okada, K.; Hayashi, Y.; Obata, Y.; Takayama, K.; Onuki, Y. Time–temperature superposition principle for the kinetic analysis of 

destabilization of pharmaceutical emulsions. Int. J. Pharm. 2019, 563, 406–412. [CrossRef] [PubMed] 

92. Hulme, A.; Cooper, J. Life prediction of polymers for industry. Seal. Technol. 2012, 9, 8–12. [CrossRef] 

93. Brown, R.P.; Greenwood, J.H. Prediction Techniques. In Practical Guide to the Assessment of the Useful Life of Plastics; Smithers Rapra Technology: Shropshire, 

UK, 2002; pp. 85–94. ISBN 978-1-85957-312-9. 

94. Moon, B.; Jun, N.; Park, S.; Seok, C.S.; Hong, U.S. A study on the modified Arrhenius equation using the oxygen permeation block model of crosslink structure. 
Polymers 2019, 11, 136. [CrossRef] 

95. Whitten, K.; Davis, R.; Peck, L.; Stanley, G. Chemical Kinetics. In Chemistry; Mary Finch: Boston, MA, USA, 2018; pp. 606–628. ISBN 978-0-495-39163-0. 

96. Xiong, Y.; Chen, G.; Guo, S.; Li, G. Lifetime prediction of NBR composite sheet in aviation kerosene by using nonlinear curve fitting of ATR-FTIR spectra. J. 
Ind. Eng. Chem. 2013, 19, 1611–1616. [CrossRef] 

97. Madej-Kiełbik, L.; Ko´sla, K.; Zieli ´ nska, D.; Chmal-fudali, E.; Maciejewska, M. E_ect of Accelerated Ageing on the Mechanical and Structural Properties of 

the Material System Used in Protectors. Polymers 2019, 11, 1263. [CrossRef] 

98. Koga, Y.; Arao, Y.; Kubouchi, M. Application of small punch test to lifetime prediction of plasticized polyvinyl chloride wire. Polym. Degrad. Stab. 2019, 

109013. [CrossRef] 

99. Wang, Y.; Lan, H.; Meng, T. Lifetime prediction of natural gas polyethylene pipes with internal pressures. Eng. Fail. Anal. 2019, 95, 154–163. [CrossRef]    

  


