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Abstract. Polymers operating in various weathering conditions must be assessed for lifetime performance. 
Particularly, ultraviolet (UV) radiations alters the chemical structure and therefore affect the mechanical and 
fatigue properties. The UV irradiation alters the polymer chemical structure, which results into a 
degradation of the mechanical and fatigue behavior of the polymer. The polymer properties degradation due 
to UV irradiation is the result of a competitive process of chain scission versus post-crosslinking. Although
few studied investigated the effect of UV irradiation on the mechanical behaviour of thermoplastics, fewer
examined the UV irradiation effect on the fatigue life of polymers. This study focuses on investigating the 
effect of UV irradiation on the fatigue properties of bulk semi-crystalline polymer; the low density 
Polyethylene (LDPE). Tensile specimens were exposed to different dose values of UV irradiation then 
subjected to fatigue loading. The fatigue tests were achieved under constant stress amplitude at a frequency 
of 1Hz. The results show an important decrease of the fatigue limit with increasing absorbed UV irradiation 
dose.

1 Introduction

1.1 Context of the study

Because of their low cost, wide range of mechanical 
properties, and adaptability, polymers are extensively
used in a large range of applications, such as aerospace 
and automotive industries, fluid transport, medical 
sectors and many others. Polymers have a large variety 
of molecular and supramolecular structures, separated on 
two basic macromolecular arrangements: amorphous and 
semi-crystalline structures [1]. Polyethylene (PE) is a 
semi-crystalline polymer that is a largely produced 
polymer, because of its cheap cost, outstanding electrical 
and mechanical properties, suitable chemical  resistance, 
toughness, flexibility and transparency when used as thin 
films [2]. Polymers and particularly polyethylene
microstructure and mechanical properties degrade at 
different rates depending on the operation environment. 
Studies show that polymer degradation can be induced
by five processes [3]: photo-degradation by UV 
exposure [4], oxidation by chemical additives [5],
thermal degradation by heat [6], mechanical degradation 
by mechanical effects [7] and biodegradation by micro-
organisms [8]. Depending on the environmental and 
operating conditions, a degradation mechanism might be 
preponderant relatively to the others[9]. Hence, it is 
necessary to identify this preponderant degradation 
mechanism to control through design the material’s 
durability.

1.2 Ultraviolet effects on polymers

Because most of the materials operate under various 
weathering conditions, their lifetime must be assessed 
[10]. Photo-oxidation in polymers initiates a competitive 
degradation mechanism of chain scission versus
crosslinking. Although few studied investigated the 
effect of UV irradiation on the mechanical behaviour of 
thermoplastics, fewer examined the UV irradiation effect 
on the fatigue life of polymers. The photo-degradation 
consists in the absorption of a photon of light by the 
polymer resulting into an alteration of the chemical and 
macromolecular structure of the polymer[11]. During 
polyolefin photo-oxidation the rates of macromolecular 
scission and crosslinking changes with the absorbed UV 
dose[12]. Chain scission mechanism is driven by the free 
radicals resulting from the decomposition of 
hydroperoxide in the presence of UV and oxygen [13].
This mechanism takes place in the amorphous  phase  
and  in the amorphous-lamellar interface [14], where the 
diffusion of oxygen in those phases is easier[9]. On the 
other hand, the crystalline phase remains typically inert 
[15]. This unwelcome degradation can be accelerated by 
increasing the absorbed UV radiation by the polymer 
through longer exposure time[16][17]. Several 
experimental techniques could be employed to point out
changes of the chemical and mechanical properties 
undergone by polymers during and after degradation. 
The UV-degradation is a surface mechanism which 
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generally affects a thin surface layer, which thickness 
ranges from a few micrometres up to 1 mm at maximum 
[18]. At last, growth in crystallinity [19][20], tensile 
strength [21], modulus of elasticity [22], hardness [23],
density [24], etc, is an indicator of the prevalence of 
crosslinking mechanism.

1.3 Equivalence principle

As polyethylene pipes are widely used in water and 
natural gas distribution system, they could be subjected 
to both UV radiations and variable mechanical loading. 
It is therefore important to examine the effects of UV 
aging on the ultimate properties and more precisely on 
the fatigue limit. 
The time–temperature equivalence principle is 
generally used to build a master curve of a given 
material mechanical property from a set of data obtained 
at different temperatures or strain rates [25]. In other 
words, the time–temperature principle consists in 
making a master curve from the measurements of a 
mechanical property (fatigue life for example) in a 
specified range of temperatures (or strain rates). The 
resulting curves are then superimposed by shifting them 
via a shift factor noted 𝑎𝑎𝑇𝑇 that is determined from 
equation (1). This equivalence, suited for viscoelastic 
materials, allows to estimate the chosen property in the 
range of temperatures or strain rates experimentally 
unreachable (very long-time process for example). One 
of the most known model is the Arrhenius type law,
which expresses the shift factor in the following form:

𝑎𝑎𝑇𝑇 = 𝑒𝑒𝑒𝑒𝑒𝑒 �
𝐸𝐸𝑎𝑎
𝑅𝑅𝑅𝑅

� (1) 

where 𝐸𝐸𝑎𝑎, is the effective activation energy, R is the gas 
constant, and T is absolute temperature.
Furthermore, when radiation (e.g., UV) is added to 
temperature in the aging process, this latter becomes 
more complex. Thermal aging leads to establishing free 
radicals at a thermally weak region of the polymer 
chains. With UV radiation, the energy involved produces 
more varied free radical species. 

When specimen are submitted to UV irradiation, several
attempted to extract an equivalence principle [25]
[26][27]. The most suitable in our case is based on dose 
equivalency which is consistent with the concept of a 
limited diffusion inducing an oxidative degradation in a 
thin layer of the specimen [27]. In this case, the shift 
factor is simply expressed as follows:

𝑎𝑎𝑅𝑅 = 1 + 𝑅𝑅𝑥𝑥 (2) 

𝑡𝑡′ =
𝑡𝑡
𝑎𝑎𝑅𝑅

(3) 

Where R is the dose in [J/m²] and 𝑒𝑒 is a parameter to be 
determined through the experimental results. this value 
being chosen to get the best fitting of the experimental 
data. The reduced time (or service lifetime under 

irradiation ageing) is expressed according to equation 
(3). 

2 Materials and Experimental Setups

2.1 Material 

The material is a low-density polyethylene (LDPE)which 
was supplied by QAPCO©. The physical properties of 
the material as provided by the supplier are as follows: 
Melting temperature, 109°C; Melt Flow Index 0,30 
(g/10min), density (0.92 g/𝑐𝑐𝑐𝑐3).
The geometry of the specimen is shown in figure 1.The 
fatigue samples were extracted from plates of 2 mm 
thickness. This geometry of the fatigue sample was 
chosen to localize the deformation in the centre of the 
specimen allowing fatigue crack location in the smallest
cross section. Note that the radius is sufficiently large to 
ensure a triaxiality ratio close to that of uniaxial tension. 

Fig. 1. Specimen geometry (dimensions in mm) 

2.2 Mechanical analysis

The fatigue tests were performed on an
electromechanical device (INSTRON Electro-pulse 
E3000) as shown in figure. 2. 

.

Fig. 2. Experimental setup (Instron E 3000)

The fatigue tests were achieved under force control with 
a R ratio equal to 0. The load control condition was more 
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desirable than displacement control condition as creep is
induced during fatigue test (the minimum strain 
increases) which results into compression loading and 
hence buckling of the sample as shown in figure 3. 

Fig. 3. Displacement control fatigue test

The tensile tests were achieved using a video 
extensometer (Video-Traction) device which allows
keeping the strain rate at a constant value 
of 10−3𝑠𝑠−1during the test. The method principle is based 
upon following 4 markers painted on the front surface of 
the sample, two marks are aligned along the tensile 
direction and the two other marks are aligned along the 
transverse direction in the minimum cross section.

2.3 UV aging procedure

The aging procedure consists in subjecting the specimen 
to UV radiations. During the procedure, exposure time is 
controlled in order to control the amount of energy 
absorbed by the specimen. A Dymax UV light-curing 
flood (2000) lamp was used to irradiate the specimens. 

Fig. 4 .Experimental set up for UV radiations

The specimens were placed side by side under the UV 
lamps and exposed to irradiation (figure 4). The 
irradiation process is achieved in the absence of 
controlled temperature and humidity. Temperature 
measurements at the surface of the specimen raises up to
69°C due to the irradiation lamps. At mid-test, the 
specimen is turned on the other side in order to obtain 
the same exposure times on both sides. Table 1gives the 
corresponding values of the UV dose correlating with a
given exposure time.

Table 1. Time exposure and corresponding UV dose 

UV duration 
[hour]

Dose   per side 
[mJ/mm²]

0 0
5 580,03
9 1038,98
13 1497,93

3 Experimental results 

3.1Tensile tests 

The tensile tests were performed on as received and aged 
samples. The video extensometer allows to calculate the 
true strain and consequently the true stress in the 
minimum cross section. Figure 5 shows the true stress as 
a function of true strain for the as received material and 
two samples with different time exposures to UV aging. 
It is clearly shown that both the stiffness and the yield 
stress are not affected by the UV aging. The yield stress 
of the material is approximately 10 MPa. Nevertheless,
the ultimate properties are affected by UV aging as 
indicated by table 2 for the strain at failure. 

Table 2.Engineering strain at failure

UV[hours] Engineering strain at failure %
0 425%
9 239%

13 95%

Fig. 5.Tensile tests of as received and UV-aged LDPE

3.2 Fatigue results

The fatigue tests under load control and constant 
amplitude were carried out up to the total failure of the 
specimens. The number of cycles to failure was therefore 
taken (as a first approximate) as the fatigue life. Figure 6 
shows the evolution of the applied stress as a function of 
the fatigue life (Wohler curve). The data, plotted in a 
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semi-logarithmic scale, correspond to the results 
obtained for 2 aging conditions: as received specimen 
and aged specimen (in this case, time exposure is 13 
hours corresponding to an energy of 1497 mJ/mm²). 

As clearly shown, the data are quite scattered. Even 
scattering is generally observed when dealing with 
fatigue, one can note that in this case, it is relatively 
important. This could be the consequence of the self-
heating induced by cyclic loading, the material being 
viscoelastic.

Nevertheless, when fitting the two set of data separately 
with straight lines (in the logarithmic scale), the effect of 
aging is clearly highlighted.

Fig. 6.Wohler curve for as received and UV-aged LDPE 

Indeed, the equations of the straight lines are written in 
the following form:

𝜎𝜎 =  𝑎𝑎. 𝑙𝑙𝑜𝑜𝑜𝑜10(𝑁𝑁𝑓𝑓)  +  𝑏𝑏 (4) 

Either the slope or the fatigue limit decreases with UV 
aging, as reported in the following table. This kind of 
behaviour was already reported in the literature but for 
varying R ratios [25] . In our case, the load ratio is 
constant and equal to 0. But, if we assume that UV aging 
induces mechanical properties change in a thin layer, 
then the specimen must be seen as a composite structure.
Therefore, even the global R ratio is 0, residual stresses 
acting in the layers could modify locally the value of the 
load ratio.

Table 3.Wohler curves slopes

UV [mJ/mm²] per side a (MPa)
0 -0,238

1038 -0,355
1497 -0,464

Figure. 6 shows the evolution of the shift factor
(equation 2) as function of the dose undergone by the 
specimen. In our case, the value of the parameter x is 6.

Fig. 7. shift factor function of absorbed dose

According to figure. 7, the power law evolution is an 
indicator of the damage severity provoked by UV 
radiations. 

Applying the equivalence principle by multiplying the 
fatigue life data by the corresponding shift factor allows 
to obtain a master curve as shown in figure. 8. 

Fig. 8. Fatigue life master curve 

4 Conclusion
In this paper, we have investigated the fatigue life 
behaviour of bulk low-density polyethylene submitted to
UV-radiations. UV radiations generally modify the 
molecular structure inducing chain scission mechanism 
in a thin layer of the irradiated surface which thickness 
depends on the absorbed energy. 
We have found that UV aging does not affect the 
mechanical response of the bulk material but the fracture 
properties. Indeed, stresses and strains at break decreases 
with increasing UV absorbed dose. 
Fatigue tests were performed under load control to avoid 
compression loading induced by creep during fatigue
cycling. We have noted an important scattering of the 
fatigue life data partly induced to self-heating. 
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Nevertheless, the whole data can be unified using a 
master curve which is obtained by applying an 
equivalence principle based upon the radiation dose 
undergone by the specimen. 
The decrease of the fatigue life due to aging may be 
explained by the existence of micro cracks initiated at 
the surface, which density clearly depends on the UV 
exposure time. Another source of the degradation of the 
mechanical ultimate properties could be the modification 
of the microstructure in the thin layer affected by UV 
radiations. That means the specimen behave globally as 
a composite structure, the mechanical properties 
exhibiting a gradient along the thickness. 
As an outlook, this work must be completed by a deeper 
analysis of the fracture surface and by an estimation of 
the affected thickness as a function of the irradiation 
dose. An analysis of the microcracks in terms of size and 
density is also required to estimate the damage induced 
by UV aging.
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