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Viscoelastic materials exhibit a variable mechanical behavior generally investigated through Dynamic
Mechanical Analysis (DMA). Such kind of test is carried out on standardized specimens, which have to be
specifically produced or extracted from the component to be characterized, causing its destruction. This
work, taking advantage of an innovative non-invasive testing procedure, based on an instrumented eval-
uation of indentation, aims to experimentally study the viscoelastic properties changes in polymer com-
pounds, caused by exposure to UV rays. The analysis has been executed on two different polymer
compounds designed for tire tread. An extensive use of UV radiation is performed to generate changes in
rubber compound properties, but as concerns tire compounds application, there are only a few studies in
literature and the same can be stated regarding the monitoring of properties over time using non-de-
structive procedures. In order to evaluate the viscoelastic properties variation, a proper test bench has been
developed employing an UV lamp coupled with an innovative testing device. A test campaign has been
carried out on the different tire compound specimens, tested in different conditions in terms of exposure
time, exposure face and after various time ranges from the exposition. The tested compound samples exhibit
a different chemical composition in terms of polymer blend ratio. The overall results highlight: the ability of
the proposed technique to measure the variation in the mechanical behavior of the materials induced by
exposure to UV rays and significant variations in viscoelastic properties induced on the compounds as a
function of the time of exposure to UV rays and of the chemical composition.
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1. Introduction

In the vehicle dynamics field, the investigation of the tire
tread compounds viscoelastic properties is fundamental to
understand the tire-road interaction phenomena. The knowl-
edge of such properties allows to obtain useful information
about the mechanical behavior of tire tread and how its
response changes over time. Thanks to such information, it is
possible to deeply investigate the phenomena that cause time
variations of the viscoelastic response, such as progressive wear
or specific chemical and physical modifications of the polymer.
In this context, it is well known that polymeric materials,

especially those containing double bonds and designed to be
used for outdoor applications, are particularly affected by
oxygen and/or UV radiation. In many cases, the combined
action of these external agents is mainly responsible for the so-
called photo-oxidative degradation. The UV radiation effects
have been extensively investigated in literature, and it has been
observed that there are various mechanisms involved in the
photodegradation processes of polymers and elastomers: from
the polymeric chains scission, to their crosslinking, due to free
radicals generation in presence of air, resulting in a deteriora-
tion of the mechanical properties, such as stiffening and
toughness reduction (Ref 1-7). In some applications, in which
elastomers are used in cementitious matrices, these UV-induce
changes in their behavior and surface finishing can be
positively adopted to enhance matrix performance (Ref 8, 9).
On the other hand, despite the presence of a correlation
between nano-mechanical and chemical variations induced by
the photo-oxidation of a vulcanized styrene-butadiene rubber
specimen (Ref 10), there are no specific works focused on the
correlative study between viscoelastic and chemical properties
variations of tires induced by the UV. Having this information
available allows an in-depth description of the viscoelastic
response of the tire tread compound and, consequently, a better
prediction of its performance. As a matter of fact, there is a
strong link between viscoelastic properties and grip generation
mechanisms that affect both tire performance and road safety
(Ref 11, 12). However, even if the experimental evaluation of
rubber tire�s viscoelastic behavior is necessarily required to
perform a detailed analysis of the contact mechanics, the
compound characterization is not always easy to be carried out,
or it can become a source of further issues. For example, in
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motorsport applications, or in the field of quality control for tire
manufacturing processes, the needed adoption of standard
destructive procedures, such as the DMA methodology, makes
the tire then unusable. The adoption of non-invasive testing
procedures allows to perform the mechanical characterization
of a component a theoretically unlimited number of times. This
gives the possibility to analyze the effects of the external
stresses or of the environmental conditions on the viscoelastic
properties of the tires� tread, monitoring the state during their
entire lifecycle. For this reason, an innovative non-destructive
methodology, known as VESevo (Viscoelasticity Evaluation
System evolved) (Ref 13), has been adopted for the experi-
mental study of the variations in viscoelastic properties.

The non-invasive nature of the technique allows to pursue
the aim of the present research: the investigation of the
viscoelasticity variations of the tire tread polymers� compound
caused by exposure to UV rays, as it could significantly
influence vehicle safety.

The analysis has been executed on two tire tread compounds
with different chemical compositions in terms of polymer blend
ratio. The UV rays effects have been investigated on both
compounds varying several parameters, such as exposure time,
exposure face and time from the exposition. The paper is
organized as follows: in Sect. 1, the principles of viscoelasticity
and friction phenomena have been described. Subsequently, in
Sect. 2, the innovative non-destructive procedure for viscoelas-
tic properties evaluation is presented. Section 3 is focused on
the experimental set-up adopted for the test campaign, whereas
Sect. 4 shows the most significant results obtained.

2. Viscoelastic Behavior and Grip Generation
Mechanisms

Pneumatic tires tread can be considered as a viscoelastic
material due to its styrene-butadiene rubber (SBR) composition
which offers high adhesion thanks to its peculiar mechanical
behavior, described as a combination of purely elastic and
viscous response to solicitations (Ref 14, 15). Typically, the
viscoelastic properties of the polymeric materials are investi-
gated with dynamic experiments imposing a sinusoidal oscil-
lating input in terms of strain (or stress) and measuring the
resulting response (Ref 16, 17). For viscoelastic materials, a
signal shift between input and output occurs with a phase angle

between 0 and 90�, as shown in Fig. 1(a). The input solicitation
and the output response are related to each other by a transfer
function which contains all the information on the physical
properties of the sample. This peculiar function, known as
complex dynamic modulus, is defined as follows:

E� ixð Þ ¼ E0 xð Þ þ iE00 xð Þ ðEq 1Þ

where E0 xð Þ is related to energy storage mechanisms, whereas
E00 xð Þ describes completely irreversible processes which are
not recoverable when external loads are removed. For these
reasons, they are called Storage Modulus and Loss Modulus,
respectively (Ref 18-23). The ratio between these two dynamic
functions is equal to:

tan d xð Þ ¼ E00 xð Þ
E0 xð Þ ðEq 2Þ

and is defined as Loss Factor, that is a measure of the polymeric
material�s attitude to dissipate energy in a loading–unloading
cycle, as in Fig. 1(b). These viscoelastic properties play an
important role in the two mechanisms of grip generation which
take place at rubber-road interface (Ref 11, 24-26), as shown in
Fig. 2:

– The first mechanism, known as road roughness effect, in-
volves the hysteretic nature of the rubber tire that causes
its asymmetrical deformation generating a tangential force
in opposite direction to the slippage speed. This results in
a hysteretic grip generation;

– The second one is molecular adhesion which involves the
polymeric chains� ability to resist to deformation thanks to
their viscous properties, generating friction.

From these considerations, it is noticeable how evident is a the
link between vehicle performance and safety and the tire tread
viscoelastic behavior.

3. Non-Destructive Viscoelasticity Evaluation

The viscoelastic analysis of tire tread compounds can be
carried out with different testing methods. They can be
destructive or non-destructive tests, depending on the capability
to perform the analysis without damaging the tire sample itself.
Among these characterization techniques, the Dynamic
Mechanical Analysis is one of the most known. However, the

Fig. 1 (a) Phase shift between stress and strain; (b) Stress–strain curves at different phase angles (0< d< p=2 for viscoelastic materials)
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complex and bulky equipment related to this technology
implies that it can be carried out only in particular and
controlled environments, such as laboratories. In addition,
DMA cannot be always applied for tread characterization
because the tire must necessarily be destroyed in order to
extract a specimen with specific dimensions required by the
standardized testing procedures. In this scenario, recent studies
have been conducted in order to develop different methodolo-
gies for non-destructive characterization of polymers (Ref 28,
29). In this regard, VESevo technology has been proven to be a
valid alternative to conventional destructive characterization
methods (Ref 13). More in detail, in (Ref 28), it has been
demonstrated that the results obtained with the proposed testing
procedure show the same relative ranking between the com-
pounds obtained by the DMA, both for the storage modulus and
the loss tangent. Developed by the Vehicle Dynamics Research
Group of the Industrial Engineering Department at the Univer-
sity of Naples ‘‘Federico II’’, VESevo is capable of character-
izing tire tread compound viscoelastic properties, their
variations due to cooling/heating thermal cycles and to monitor
their time-evolution. VESevo has been designed to characterize
compound viscoelasticity directly on tires, performing tests

both in laboratory and on track. As shown in Fig. 3(a), VESevo
device houses a rod-spring mechanism which consists of a steel
rod with a semi-spherical indenter and a spring element. A
suitable zero-friction guide allows the steel rod to slide with a
negligible damping and to bounce freely once it hits the sample
surface. A specifically developed semi-automatic drop system
is implemented to ensure that the rod motion starts always from
the same initial position, thereby guaranteeing a high measure-
ment repeatability. During each test, the rod displacement is
measured by means of an optical laser sensor with high
resolution and frequency response, whereas a compact size IR
pyrometer is used for the real-time measurement of the tread
surface temperature. A proper acquisition unit, illustrated in
Fig. 3(b), is connected to VESevo device to record and store
acquisitions in real-time. A typical raw signal of the displace-
ment curve obtained during a single acquisition is shown in
Fig. 4 for a specific measured temperature. The displacement
curve exhibits three different phases which are essential for the
evaluation of several physical magnitudes related to the
viscoelastic behavior. The first phase is represented by the
monotonically decreasing curve section, which reflects the free
fall of the steel rod followed by the sinking of the indenter,

Fig. 2 Main mechanisms of grip generation in tire-road interactions (Ref 27). Reproduced from Applied Sciences under the CC BY license

Fig. 3 (a) VESevo device with the relative internal sensors and rod-spring mechanism together with (b) the data acquisition system
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corresponding to the minimum point of the acquisition curve.
In the second phase, the rod reaches the maximum point of the
curve after the first indentation as a result of its interaction with
the tread surface. The last phase is characterized by a stabilized
rod displacement value corresponding to the indenter-sample
contact when the rebound phenomenon is completely extinct.
In order to investigate the temperature dependence of the
compound viscoelastic response, the displacement curves are
acquired over the entire operating temperature range. Typically,
the VESevo test session is carried out using the following
standard testing procedure:

– About 30 acquisitions at ambient temperature;
– Cooling down to about �20 �C employing a climatic cell,

a freezing spray or any other method capable to keep the
temperature low and stable and then, performing VESevo
acquisitions during the natural heating process up to ambi-
ent temperature;

– Forced heating up to 100 �C through a thermal blanket or
a professional heating gun and then, carrying out acquisi-
tions down to ambient temperature.

In Fig. 5, it is clearly highlighted how the temperature strongly
affects the rod-sample interaction and, consequently, the
rebound phenomenon, both in terms of the amplitude and of

the bounces number, reflecting the viscoelastic response
variation: At low temperatures, high energy dissipation occurs
and the material behaves as a glassy solid; when the compound
is heated up to about 100 �C, on the other side, a progressive
decrease in the energy dissipation is observed with a resulting
increase in rebounds number, with an evident highlight of the
rubbery behavior. Here, it is worth noting that the first phase of
rod free fall is not dependent on the sample�s temperature; thus,
the impact velocity of the rod is always the same in all the
tested temperature range generating, in turn, the same material
excitation.

From the rod displacement raw signals, it is possible to
evaluate the viscoelastic properties. Particularly, the Loss Factor
can be defined with the following mathematical relationship
obtained by modeling the dynamic response of the steel rod with
a second-order damped mass-spring system (Ref 30):

tan d ¼ xsrc
Kc

ðEq 3Þ

where xs is the frequency of the damped motion of the rod on
the viscoelastic surface, while Kc and rc represent the equivalent
contact stiffness and damping coefficient, respectively. It is worth
noting that as described in (Ref 28), since we referred to the
damped motion of the rod, the frequency value xs depends on
the temperature of the specimen in a single acquisition. The
lower the temperature, the shorter the contact duration; contrary,
increasing the temperature, the compound behaves as a pure
viscous solid and the indentation phase will be longer

4. Experimental Set-Up

The polymeric materials degradation, induced by the UV
radiation exposure, and the relative changes of their mechanical
properties have been investigated by setting up a proper test
bench for the viscoelasticity characterization of different
polymer compounds designed to be used as tire treads. Notice
that all the tests have been conducted on tire tread flat samples,
with the same testing procedure described in Sect. 2 and in the
same environmental conditions. Thus, there are no-influences
of typical tires parameters such as inflation pressure. The
polymeric samples, provided by a compounds manufacturer,
are SBR/BR rubber blends. In more detail, two polymeric
compounds, denoted as Compound A and B, have been
selected in the shape of 10 9 10 cm square slabs with different
blend ratios. For each slab, four zones of measurement have
been characterized with VESevo device before the UV
treatment in order to verify the homogeneity of their properties.
After this check, each compound has been divided into three
square-shaped subsamples, as summarized in Table 1:

– First subsample has been chosen as reference material, and
it has not been interested by any irradiation treatment;

– Second and third subsamples, instead, have been subjected
to a UV exposure cycle.

Particularly, two different exposure times have been chosen to
investigate viscoelastic properties variations and the com-
pounds� susceptibility to UV rays as the blend ratio changes.
The UV irradiation has been performed following the ISO
standard for the UV exposure (Ref 31): All subsamples under
analysis have been irradiated in dry conditions with the same

Fig. 4 Raw signal of the rod displacement at a measured
temperature of 30 �C

Fig. 5 Displacement curves at different temperatures of the tire
tread surface
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irradiation intensity, regardless of the exposure time. In
addition, no external stress is applied to the specimens during
the UV exposure treatment. The test bench mainly consists of:

– UV rays source: a Scangrip UV-Gun showed in Fig. 6(a),
which houses a UV lamp capable of emitting ultraviolet
radiation with a UV peak at 395-400 nm;

– A horizontal worktable on which the UV-Gun is placed
and a vertical surface on which the polymer subsamples to
be exposed are fixed.

In order to obtain the right irradiance and a proper curing area such
as to guarantee uniform irradiation of all polymer subsamples at
the same time, the UV curing lamp is positioned at a distance of
56 cm from the specimens. An external IR pyrometer, Fig. 6(b),
has been used for the real-time monitoring of the specimens
temperature, to verify that eventual significant thermal heating did
not occur during the UV exposure cycle. After the irradiation
treatment, VESevo has been employed. Three tests have been
carried out for each subsample with the aim of having a
statistically representative measurement set of the viscoelastic
characterization outputs. The overall results shown in the
following section represent the average of such three tests.

5. Result Analysis

In order to measure only the UV-induced viscoelastic
changes, it is important to ensure that the virgin polymer
compounds do not exhibit intrinsic time variations in their
mechanical behavior, due to early aging phenomena. To this

end, all subsamples have been tested with the VESevo device
before the UV treatment in two separate test sessions, at a
distance of two months from each other. The single test session
involves two sub-sessions consisting of two consecutive days
of testing carried out in the same week. The resulting VESevo
curves confirmed that the specimens exhibit long-term stability
of the viscoelastic properties. In addition, VESevo character-
ization has shown that the two selected compounds exhibit
different viscoelastic responses as the blend ratio changes, as
shown in Fig. 7. Particularly, both the Loss Factor peak and the
corresponding temperature decrease with the rise of Butadiene
Rubber content. Conversely, there are no evident differences at
higher temperatures. After this preliminary analysis, UV
irradiation has been carried out. During the UV exposure
cycle, an increase in the subsamples surface temperature of
about 10 �C has been measured by the external IR pyrometer.
To understand if the UV irradiation is able to propagate inside
the material causing modifications in the viscoelastic response,
only one face of the polymeric subsamples has been exposed to
UV rays. After one hour from the exposure cycle, the treated
side of the specimens has been tested with the VESevo device

Table 1 Identification names of the polymer compounds under analysis

Testedcompound Blend ratio, SBR/BR Subsample ID UV exposure time, min

A 85/15 A0 (reference) Unexposed
A1
A2

10
30

B 70/30 B0 (reference)
B1
B2

Unexposed
10
30

Fig. 6 (a) Scangrip UV-Gun; (b) Dual laser beam IR pyrometer

Fig. 7 Loss Factor master curves of reference tested polymer
subsamples
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following the standard testing procedure. The same test has
been carried out after 24 h on both sides of the slabs in order to
verify if the effects of the UV curing treatment on the
viscoelastic properties change over this time period. The results
of Compound A are shown in Fig. 8. For this compound, an
exposure time of 10 min leads to a slight decrease in the Loss
Factor peak after 1 h and a more marked reduction after 24 h;

both sides are affected by the same hardening phenomenon. On
the other hand, an exposure time of 30 min causes a slight
decrease in Loss Factor only for the cured side tested after 1 h,
while in all other cases, an evident increase in the Loss Factor
peak values has been observed. The same viscoelastic analysis
has been performed on Compound B (Fig. 9). It shows different
viscoelastic responses as a function of the exposure time.

Fig. 8 Master curves of Compound A 1 h (a-b) and 24 h (c-d) after the UV treatment compared to the reference compound
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Particularly, with an exposure duration of 10 min, the following
trends are observed:

– A slight reduction in the Loss Factor values at low temper-
atures after one hour from the UV rays treatment compared
to the unexposed reference material although this effect
does not appear on the cured side;

– Tests carried out 24 h after the UV radiation show a slight
reduction in the Loss Factor on both sides of the com-

pound under analysis.

An exposure duration of 30 min seems to have no effect on the
Loss Factor curves of both sides of the compound tested after
one hour. After 24 h, an increase in the Loss Factor peak value
on the unexposed side has been observed. The overall results
highlight that the UV curing treatment affects not only the
surface properties but also the viscoelastic response of the
polymer compound in the bulk. The most significant variations

Fig. 9 Master curves of the Compound B 1 h (a-b) and 24 h (c-d) after the UV treatment compared to the reference compound
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are observed at low temperatures, close to the Loss Factor peak,
especially after 24 h from the treatment. In addition, Com-
pound A seems to be more susceptible to UV radiations as
viscoelastic curves suggest.

6. Conclusions

In this work, the investigation of the viscoelastic properties
variations of polymeric materials induced by UV irradiation has
been performed. The viscoelasticity characterization has been
carried out on different polymer compounds by means of a non-
destructive testing device, known as VESevo. The output
curves obtained with the VESevo technology clearly highlight
different viscoelastic responses of the compounds as a function
of the exposure time and blend ratio. The compound with a
higher content of SBR seems to have a greater susceptibility to
the UV treatment, especially for higher exposure times. In
general, both sides of each sample exhibit noticeable variations
proving that the UV radiation exposure affects both surface and
bulk properties. Interesting future developments might include:

– A correlation study between the UV-induced viscoelastic
properties variations measured by the VESevo technology,
and chemical-physical properties measured with appropriate
instrumentation;

– Investigation of the UV radiation effects directly on the
tires evaluating how the UV-induced changes in viscoelas-
tic properties affect the grip performance of the pneumatic
tires.

– Thanks to the proposed methodology, new research scenar-
ios could be opened, investigating how the tires aging due
to their exposure to the natural UV Ray affects the vis-
coelastic properties. This may help to define strategies to
check their stability to improve vehicle safety.
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