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Abstract

The mechanical, structural, and morphological properties of polystyrene (PS) under fatigue combined with accelerated aging

were investigated. The results revealed that under the condition of fatigue (tension–tension) combined with UV-B exposure, in

the periods of 336 and 575 h, the mechanical resistance presented is lower when compared to PS subjected to only fatigue. The

modifications produced by the irradiation were evaluated by physical-chemical tests, which resulted in changes in the properties

of the degraded materials, such as reduced molecular mass due to chain cleavage and increased crystallinity. The predominant

failure mechanism in mechanically fractured specimens was also influenced by irradiation, so that the hardening of the surface

layer was characterized by Vickers microhardness.
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Abstract: The mechanical, structural, and morphological properties of polystyrene (PS) under fatigue
combined with accelerated aging were investigated. The results revealed that under the condition of fatigue
(tension–tension) combined with UV-B exposure, in the periods of 336 and 575 h, the mechanical resistance
presented is lower when compared to PS subjected to only fatigue. The modifications produced by the
irradiation were evaluated by physical-chemical tests, which resulted in changes in the properties of the
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degraded materials, such as reduced molecular mass due to chain cleavage and increased crystallinity. The
predominant failure mechanism in mechanically fractured specimens was also influenced by irradiation, so
that the hardening of the surface layer was characterized by Vickers microhardness.

Keywords: Fatigue Life, Thermo Mechanical Fatigue, Polymer, Thermal Aging Degradation.

Nomenclature

A0 – Surface area (cm2)

Ie – Incident energy (MJ/cm2)

P – Lamp power (W)

PS – Polystyrene

Ps – Incident power (W/cm2)

R – Distance form UV source to the sample (cm)

t - time (s)

UV – B – Ultraviolet B radiation

Wi – initial mass of the sample (g)

Wo – mass of the metal cage (g)

Ws – dry insoluble mass (g)

ΔHm – Heat of fusion (J/g)

ΔHm’ – Heat of melting for 100% crystalline PS

Introduction

Polystyrene (PS) is one of the most consumed rigid thermoplastic polymers worldwide owing to its high
refractive index, good chemical resistance, low moisture absorption, density, electrical conductivity, ease of
coloring, processability, and low cost of production [1]. The versatility of PS makes it useful in various
industrial applications, such as the components of machines, vehicles, electronics and appliances, as well as
in refrigerators, electric motors, seats, sanitary parts, heels and soles of shoes, stationery, and disposables
[1-5].

In several of these applications, failure due to fatigue is caused by the application of cyclic stresses, under
values below the fracture limit. Fatigue failure is observed by the formation of microscopic cracks that are
nucleated at stress concentrators or beneath the material surface until catastrophic failure occurs. Addition-
ally, when employed outdoors, the action of environmental agents on the surface of polymers can promote
structural changes of a physical, chemical, and mechanical nature [6-9].

Thus, the objective of this work was to evaluate the influence of ultraviolet (UV) radiation on the mechanical
behavior of PS subjected to fatigue. Macromolecular changes induced by the degradative process at different
exposure times were analyzed.

Materials and Methods

The PS used in this work is an all-purpose commercial product. This as-received PS was processed by
extrusion in the form of 6 mm thick plates. Samples with dimensions of 30 × 30 cm were produced by
mechanical machining of the as-received plate and were previously approved by visual inspection to ensure
accordance with the technical standards.

Exposure to ultraviolet radiation (UV-B), corresponding to the UV-B wave spectrum region (290–315 nm),
was performed at room temperature in a chamber of an accelerated nonmetallic aging system (Comexim

2
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C-UV) adapted to ASTM G154-12 [10]. Each sample face was exposed to UV radiation for 336 and 575 h
without simulating rain and/or mist. Comexim fluorescent lamps with 40 W intensity were used as a source
of UV radiation in the range of 280–320 nm, with a peak seen at 313 nm.

The incident energy in the samples was calculated using Equations 1 and 2, by employing fundamental
physical relationships.

Incident energy (Ie) = Ps ∗ t (1)

Ps = P∗ A0

4π∗ R2 (2)

where Ie is the value of incident energy on the sample,Ps is the incident power on the sample, t is the time
of exposure to radiation, P is the power of the lamp, A0 is the surface area of the test sample exposed to
radiation, and R is the distance from the UV source to the sample [11,12]. Table 1 presents the incident
energy for both exposure times, with R=5 cm andA0=900 cm2.

Table. 1: Energy incident in the samples depending on the exposure time.

Exposure time (h) Incident energy (MJ/cm²)

336 24.1
575 41.2

The mechanical, structural, and morphological properties of polystyrene under fatigue combined with ac-
celerated aging were investigated by mechanical fatigue, gel permeation chromatography (GPC), gel per-
centage, thermogravimetric analysis (TGA), differential scanning calorimetry (DSC), and scanning electron
microscopy (SEM).

The mechanical fatigue behavior was evaluated under load control (Instron universal testing machine 8874)
following the ASTM-D3479 [13] standard. The experimental conditions used included a load rate of LR =
0.5, frequency of 5 Hz at 25°C, and 50% relative humidity. For each group, five samples of type 1 ASTM-D638
[14] were tested.

The microhardness test was carried out using a Shimadzu Microdurometer with a pyramidal penetrator
containing a square diamond base with an angle of 136° in each of the specimens to assess the surface
hardness, according to the ASTM E384-11 standard testing method [15]. A load of 0.05 kgf was used for 30
s.

GPC was used to determine the weight-average molecular weight (Mw) and polydispersity (Mw/Mn) of the
samples, before and after UV irradiation on the investigated times. These GPC tests were performed on a
Shimadzu chromatography system (RID 20A) at 25°C using PA-grade chloroform as both the solvent and
mobile phase, at a flow rate of 1 mL/min. Mass standards of monodisperse polystyrene were used to calibrate
the GPC system.

The percentage of gel produced by the radiation action, before and after exposure to UV-B, was determined
by extracting the non-crosslinked fraction in a Soxhlet extractor following the ASTM D-2765 standard testing
method [16]. Decahydronaphthalene P.A. was used as a solvent for 6 h under reflux (189–192 °C) at a rate
of 40 drops per min. The insoluble fraction was dried at 110 °C for 12 h until the mass remained constant.
The degree of crosslinking was estimated using Equation 3,

Degree of cross− linking (%) = Ws− W0

Wi− W0
∗ 100 (3)

3
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where Ws is the dry insoluble sample mass (g), Wi is the initial mass of the sample (g), and Wo is the mass
of the metal cage.

TGA tests of the surface region of the samples were conducted (Netzsch model TG 209F1 Libra) under a
nitrogen atmosphere at a flow rate of 30 mL/min and heating rate of 10 °C/min, from 30 to 800 °C. The
inflection point of the thermogravimetric curve was considered as the onset of decomposition.

DSC tests were conducted using an Indian calibrated Netzsch model DSC 404 F1 Pegasus, which was coupled
to a computerized analysis system as per the ASTM D3417 standard testing method [17]. Samples were
collected from the surface region for each testing condition, weighing between 0.9 and 1.1 mg, and placed in
aluminum crucibles. The samples were subjected to a double heating/cooling cycle ranging from -100 °C to
300 °C at a heating rate of 10 °C/min under a nitrogen atmosphere at a flow rate of 20 mL/min. Under these
conditions, it was possible to calculate the degree of crystallinity of PS before and after radiation exposure
using Equation 4.

Degree of crystallinity (%) = Hm

Hm′
∗ 100 (4)

where Δ?? is the heat of fusion of each sample (J/g) and Δ??’ is the heat of melting for 100% crystalline
polystyrene, equal to 86 J/g [18].

The PS failure surface analysis was performed by observing the fracture cross-section after the test. This
surface was examined using SEM (Quanta FEG250, FEI). The samples were previously coated with platinum
in a vacuum chamber.

Results and Discussion

The investigation of the mechanical fatigue behavior of PS was carried out by maintaining the stress ampli-
tude between 7.5–13 Mpa, at room temperature until material failure occurred, as observed in Figure 1.A.
Figure 1.B shows the deformation response of the applied load.

4



P
os

te
d

on
A

u
th

or
ea

6
O

ct
20

20
—

T
h
e

co
p
y
ri

gh
t

h
ol

d
er

is
th

e
au

th
or

/f
u
n
d
er

.
A

ll
ri

g
h
ts

re
se

rv
ed

.
N

o
re

u
se

w
it

h
ou

t
p

er
m

is
si

on
.

—
h
tt

p
s:

//
d
oi

.o
rg

/1
0.

22
54

1/
au

.1
60

19
97

30
.0

68
93

48
9/

v
1

—
T

h
is

a
p
re

p
ri

n
t

an
d

h
a
s

n
o
t

b
ee

n
p

ee
r

re
v
ie

w
ed

.
D

a
ta

m
ay

b
e

p
re

li
m

in
a
ry

.

(A) (B)

Figure 1: (A) Stress x number of cycles, (B) Strain x number of cycles, both of the fatigue behavior presented
by polystyrene.

It is noted that the graph of the number of cycles vs. stress shows a constant behavior until fracture occurs,
which was expected. However, the same behavior was not observed in the response to tension. After the
25x103 cycle, PS acts as a viscoelastic material, and a softening process began that may be associated with
localized heating. This is a result of the frequency employed and the low thermal conductivity of the PS.
However, no significant temperature variation (± 2 °C) was observed during equipment testing.

Many products used in industry are usually influenced by physical and chemical conditions as well as by
fatigue stress. Thus, conditions of accelerated aging combined with fatigue stress were imposed on the PS
samples in order to discuss the relationship and the influence of both on the material. Table 2 shows the
effect of UV-B on the fatigue behavior of the PS, under a constant load and amplitude previously presented
until total failure of the samples occurs.

Table 2: Results obtained in behavior under fatigue for all conditions.

Exposure time (h) Total Cycles in break Softening Cycle (onset)
Softening Deformation
(onset)

0 44000±10360 23167±3276 0.47±0.45
336 24500±11846 17597±12495 0.20±0.06
575 21500±10408 17147±9061 0.15±0.08

The average values obtained in this study clearly show that the cyclic stresses and the exposure to UV
significantly influenced the mechanical properties of PS, presenting a relative dispersion characteristic when

5
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dealing with fatigue. Thus, the useful life (number of cycles to failure) of the irradiated PS was less than
that of the as-received PS, with a reduction of 45% for 336 h of exposure, corresponding to an energy of
24.1 MJ/cm2. A reduction of 51% for 575 h of exposure was observed, which corresponds to almost twice
the energy of the previous result, 41.2 MJ/cm2. This indicates a weakening of the irradiated material, as
highlighted in Figure 2.A.

Cyclic loading under tension control does not have a constant strain range. In this study, it was observed that
the material resistance to cyclic deformation increases with the fatigue process, in addition to presenting an
exponential behavior. Therefore, in order to quantitatively evaluate the behavior of the material regarding
softening, the relationships between the onset of this phenomenon with respect to the number of cycles
(Figure 2.B) and cyclic deformation (Figure 2.C), both depending on the exposure time, were performed and
noted during the test.

The results obtained in the tests show that the softening process occurs after half the useful life of the
material with 53% for PS under fatigue, 72% for PS fatigued and exposed to radiation for 336 h, and 80%
for PS fatigued and exposed to radiation for 575 h.

6
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(A) (B)
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(C) (D)

Figure 2: Results of behavior under fatigue; (A) total cycles x expose time, (B) softening cycles x expose
time, (C) softening strain x expose time, (D) strain variation.

In addition, the lifetime of the exposure condition of 575 h indicated a progressive upward trend but was
still less than that of non-irradiated material. This result is possibly related to the surface conditions of the
specimens and the depth of the degraded layer, which were not measured in this study.

The surface hardness of the samples was characterized using a Vickers meter; the results are presented
in Table 3. The sample data exhibited a normal and homogeneous distribution along the surface of the
specimens. The results of this analysis showed that there was a difference in the conditions evaluated. The
mean hardness for all the irradiated samples of PS evaluated was significantly greater than that of the ”as
received” PS. However, the irradiated groups showed statistically similar values, suggesting a saturation of
the superficial degradation of this material.

Table 3: Average values of Vickers microhardness.

Exposure time (h) Microhardness (HV)

0 9,90±0,93
336 22,86±0,53
575 23,36±0,38

Chain reactions of chemical decomposition forming free radicals can promote the formation of micro-cracks
and/or surface hardening. The orientation of the phases would be beneficial to the increase in the mechanical
properties. In this way, the molecular weight, gel content, and thermal analyses were investigated.

The average weight molecular weight (??) and polydispersion (??/??), obtained through the surface region

8
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GPC curves, before and after UV irradiation, are shown in Figure 3. A tendency of molecular weight
reduction was observed, as a variation of polydispersion in the investigated times. This behavior was also
reported by other researchers in distinct works on degradation process [19].

Figure 3: Molecular weight and polydispersion for all exposure times.

The reduction in the mass produced with increasing exposure times of 336 and 575 h was 6% and 13%,
respectively. There was no stability trend, suggesting that longer exposure times would imply smaller
molecular masses [19-21]. The profile of the curves obtained suggests the occurrence of oxygen diffusion
and the attenuation of UV radiation on the surface region of the investigated PS, as a consequence of
heterogeneous degradation and lack of mass uniformity [22, 23].

The gel percentages for all conditions are shown in Table 4. No significant increase was found in the degree
of crosslinking after UV irradiation as compared to the as-received PS. A maximum of 1% increase at an
irradiated dose of 575 h was observed when compared to the non-irradiated material [24, 25].

Table 4. Degree of cross-linking of PS, before and after UV radiation.

Expouse time (h) Degree of cross-linking (%)

0 0,2±0,1
336 0,3±0,1
575 0,4±0,1

Table 5 presents the results obtained by TGA and DSC thermal analysis of PS before and after exposure
to UV radiation. Figure 4 brings the complete results for the DSC analysis. A similarity between the onset
decomposition temperatures of the irradiated materials was identified when compared to the as-received PS,
guaranteeing thermal stability under the studied conditions. However, the degree of crystallinity increased
considerably for the UV-irradiated materials, suggesting the occurrence of rearrangement of the macromo-
lecules that were cleaved in the amorphous region. This corroborates the chromatography and gel content
results that were obtained [26, 27].

9
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Table 5. Thermal analysis (TGA / DSC) results obtained for all conditions. Complete results are shown in
Figure 4.

Exposure time (h) Decomposition temperature (ºC) onset Decomposition temperature (ºC) midset Glass transition (°C) onset Degree of crystallinity (%)

0 392.97 421 99.2 9.13
336 398.33 424 99.4 17.24
575 399.67 422 98.4 17.34

Figure 4: DSC Results obtained for all conditions.

With respect to the fatigue results, it should be noted that as the time of exposure to UV radiation increases,
the number of cycles changes, probably due to the surface degradation of the samples. This behavior results
from the embrittlement of irradiated PS due to its high crystallinity and reduction of molecular weight
produced by the degradation caused by UV radiation [20].

SEM micrographs of the fracture surfaces of the fatigue-tested specimens are shown in Figure 5. According
to the equivalent stress amplitude levels, in which all evaluation groups were subjected, the PS in the non-
irradiated condition supports a much higher number of cycles than the UV degraded material. All samples
exposed to UV radiation displayed a predominantly brittle fracture, indicating that the main failure mode
for the mechanical fatigue mechanism. However, when analyzing the fracture surface of the non-irradiated
PS, regions of brittle behavior and ductile appearance are observed, which is typical of mixed fractures [28].

The brittleness of the degraded surface, confirmed by the reduction in molecular mass, is evidenced in the
micrographs of the UV degraded groups. In addition, the progressive recovery of resistance observed in the
fatigue test is noteworthy because the fracture surface of the PS 575 UV group has ductile regions. These
regions could be associated with molecular chain movements such as rotation and stretching.
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Figure 5: SEM photomicrograph of fracture surface: a) 0h exposure, b) 336h exposure and c) 575h exposure.

Conclusions

The evaluation of the experimental results obtained along with the information contained in the literature
indicates that PS when exposed to UV-B radiation in an oxidizing atmosphere exhibits macromolecular
modification that influences its mechanical properties.

• The UV degradation of PS occurs preferably by cleavage of the molecular chains, as indicated by
chromatography and gel content. No crosslinking is produced; however, there is a reduction in molecular
mass as a function of exposure time in the surface region.

• Exposure to UV radiation at exposure times of 336 and 575 h was not sufficient to change the de-
composition temperature of PS, as this remained virtually unchanged. However, significant changes in
the degree of crystallinity were obtained and attributed to a possible crystalline rearrangement after
cleavage of the chains.

• Regarding the mechanical behavior of PS, UV radiation alters its mechanical fatigue, resulting in
changes in specimen properties, such as the reduction in the number of cycles accumulated until
fracture. This behavior is possibly related to the surface conditions of the specimen and its degradation
thickness.

• Relating the fracture surface characteristics, it appears to be a mixture of brittle cleavage of molecular
chains with ductile rotation and stretching of these chains.
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