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Abstract The global rubber industry is seeking
alternatives to the widely-used antiozonant, N-(1,3-
dimethylbutyl)-N'-phenyl-p-phenylenediamine

(6PPD), due to its environmental toxicity concerns
when used in automobile tires. These substantial
research and development efforts on new antiozonants
for rubber are hindered by a general inability to
characterize the fundamental physical parameter of
ozone-induced tearing energy threshold for crack
growth, which underlies the practical ozone resistance
of rubber products. Therefore, this paper presents, for
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the first time, a novel experimental-numerical com-
bined approach to determine the tearing energy
threshold in rubber exposed to ozone, which is a key
criterion for assessing the resistance of rubber to ozone
crack growth. The approach is based on in-situ optical
analysis of ozone crack growth on the rubber surface
and the determination of the crack growth rate when
the rubber is stretched. Subsequently, the growth rates
form the basis for calculating the energy release rates
at the crack tips using the finite element method in
Ansys software. By comparing the calculated energy
release rates and experimentally measured crack
growth rates, the energy release rate interval corre-
sponding to the threshold tearing energy is deter-
mined. Based on this approach, the tearing energy
threshold for carbon black reinforced natural rubber
exposed to ozone was found to be a maximum of
2.12 J/m?. This value is 96% lower than the threshold
for the non-ozone-exposed specimens. In conclusion,
this novel methodology was able to determine the
ozone threshold tearing energy and represents a
powerful, unique tool for an efficient future develop-
ment of environmentally friendly antiozonants.

Keywords Rubber - Ozone - Crack - Threshold -
Antiozonant - FEM
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1 Introduction

One of the most common and aggressive chemical
processes causing rubber degradation is the reaction of
atmospheric ozone in polydiene rubbers with unsatu-
rated main chains, resulting in chain scission and a
reduction in the surface strength of the rubber. This
degradation process is commonly prevented by the use
of chemical raw materials known as antiozonants.
However, the recent studies have highlighted the
toxicity and its negative effects on organisms associ-
ated with the antiozonant N-(1,3-dimethylbutyl)-N'-
phenyl-p-phenylenediamine (6PPD), an essential
component of rubber compounds used in tires and
other rubber products containing unsaturated elas-
tomers (Brinkmann et al. 2022; Foldvik et al. 2022;
Tian et al. 2022; Chen et al. 2023; Lo et al. 2023). The
reaction of 6PPD with ozone forms 6PPD-quinone,
which enters the environment through tire wear
particles (Kole et al. 2017; Sommer et al. 2018;
Wagner et al. 2018; Klockner et al. 2021; Giere and
Dietze 2022) and can contaminate streams near road
run-offs, where it is particularly toxic to coho salmon,
as uncovered in the seminal work in this area (Tian
et al. 2022). Therefore, the development of suitable,
more organism-friendly antiozonants is currently an
extremely important challenge for rubber scientists.
Ozone is a relatively unstable molecule made up of
three oxygen atoms. Although it is present in very
small quantities in the atmosphere, it is of great
importance to living organisms. Depending in which
parts of the atmosphere it is found, it can play a
positive or negative role (Fabian and Dameris 2014).
Ozone in the stratosphere acts as a “UV filter’—a
shield that prevents harmful short-wave UV radiation
from reaching the Earth’s surface. In addition, ozone is
found in the lower part of the atmosphere—the
troposphere (Monks et al. 2014)—where it is more
relevant to our daily lives. This is where it gets in as a
product of burning fossil fuels, mainly from car traffic
(Shindell et al. 2012). In the troposphere, ozone is
considered a pollutant, because, as a strong oxidizing
agent, it attacks the respiratory tract, has harmful
effects on flora and fauna (Shindell et al. 2012) and
damages materials such as natural rubber (Lake 1970).
Therefore, its exposure is identified as a significant
factor impacting the longevity of rubber components.
The exposure of unsaturated rubber compounds to
ozone induces oxidative cleavage on the rubber’s
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surface, a phenomenon extensively studied (Harries
1905; Criegee 1975; Coran 2002). This oxidative
cleavage results in the breakage of molecules, leading
to the formation of what is commonly referred to as
ozone cracks. To prevent this phenomenon, antiozo-
nants are added to the formulation during the produc-
tion of rubber compounds (Braden and Gent 1962). A
combination of para-phenylenediamines (PPDs) (Cat-
aldo 2019) and wax (Dimauro et al. 1979) is most
commonly used to prevent ozone cracking. PPDs are
classified as chemical protection, as they chemically
react directly with the degradant. On the other hand,
wax serves as physical protection, migrating to the
surface of rubber compound, thus forming a physical
barrier between the polymer and the external
environment.

Numerous research papers (Braden and Gent
1960a, 1962; b; Kamaruddin and Muhr 2018; Lake
and Lindley 1965; Lake 1970, 1992; Ruggs 1952;
Serrano et al. 1993; Treib et al. 2022; Zheng et al.
2021) have reported the effects of ozone on crack
initiation, as well as on the mechanical and chemical
properties of rubber materials. Specifically, the aging
behaviour of natural rubber (NR) under ozone expo-
sure was examined by Zheng et al. (2021), where it
was concluded that the duration of ozone aging plays a
crucial role in the process, resulting in significant
changes in the mechanical properties of NR. It was
also determined that ozone aging progresses from the
material’s surface towards its interior. Additionally,
Treib et al. (2022) conducted an investigation about
the ozone aging of NR mixtures containing 6PPD and
paraffin wax as antiozonants, using various experi-
mental techniques. They concluded, that NR is always
somewhat sensitive to ozone even when 6PPD and
paraffin wax are present in the mixture. Finally,
Bensalem et al. (2024) conducted a comprehensive
review summarizing the current understanding of
elastomer degradation, encompassing various mecha-
nisms, notably the ozone degradation mechanism.

To assess the resistance of rubber materials to
ozone cracking, the ISO 1431-1 standard (ISO 2022) is
currently the most widely utilized. However, this
standard evaluates the ozone resistance of rubber
under specific static or dynamic loading and at a given
ozone concentration, only visually. Then, based on a
visual inspection of the specimen, it is possible to
qualitatively assess whether cracks are present in the
specimen, determine the time to crack initiation as
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well as the strain threshold for crack initiation. The
result is then simply a qualitative assessment of the
rubber’s resistance to ozone-induced crack initiation.
For a quantitative description of the effect of antio-
zonants or the composition of the rubber itself on the
already ozone-induced cracks, this standard is
inadequate.

The behaviour of already ozone-induced cracks has
been studied in the work (Lake and Lindley 1965),
where the authors concluded that the tearing energy
threshold value of crack growth rate under ozone
exposure, denoted as T, is significantly different and
orders of magnitude lower compared to the threshold
value under mechanical loading, denoted as Tj.
Consequently, the crack grows under ozone exposure
even below the Ty. Furthermore, the authors found that
the crack growth rate under ozone exposure is similar
under both dynamic and static loading conditions. In a
later study (Lake 1970), the author stated that with
increasing ozone concentration, the rate of growth is
also increasing. Furthermore, the use of antiozonants
increases the T, and simultaneously retards the crack
growth rate in the region above this threshold. All
these effects are illustrated in the scheme in Fig. 1.

This work is a continuation of the aforementioned
studies, focusing primarily on describing a novel
methodology for determining the tearing energy
threshold value of crack growth under ozone exposure,

0 A: increasing ozone concentration
B: effective antiozonant (AOz) added to rubber formulation

-2

Crack Growth Rate
log (r [mm/cycle])

-
[AOZZ] log (T [J/m?])

Tearing Energy

Fig. 1 Generalized crack growth rate curve for rubber under
ozone exposure. Shown are the tear strength (critical tearing
energy, T.), the mechanical tearing energy threshold (7}), and
the ozone-induced tearing energy threshold (7,), the latter
shown with and without an effective antiozonant in the rubber
formulation

T,. The aim is to establish a methodology capable of
reproducibly quantifying the influence of different
antiozonants on the value of 7, in the future. This
paper deals only with detailing the methodology itself,
with the research on the influence of various antiozo-
nants to be reported in the follow-up scientific work.

2 Theoretical background

The proposed methodology relies on an experimental—
numerical approach and is based on the theoretical
interaction between initiated cracks. Stress concentra-
tion occurs at the crack tip, while stress relief takes
place near the crack faces. If a smaller crack is near a
larger crack, the stress at the tip of the smaller crack is
significantly influenced by the stress relief of a larger
crack face. This leads to a considerably lower energy
release rate for the affected crack. For a clearer
understanding, one can consider the following exam-
ples, assuming an infinitely long specimen loaded with
uniaxial tension.

In the first case (see Fig. 2a), we assume that only
one crack is initiated in the specimen. The stress
concentration occurs at the crack tip, while stress relief
takes place along the crack faces. It can be presumed
that if the energy release rate is higher than the
threshold value for crack growth rate, the crack will
grow, and vice versa.

In the second case (see Fig. 2b), we consider the
initiation of two cracks, each with a different size and
sufficiently far apart. Again, it can be presumed that if
the energy release rate for each individual crack is
higher than the threshold value for crack growth rate,
the cracks will grow, and vice versa. There is no
mutual influence between the cracks in this scenario.

In the third case (see Fig. 2c), we explore the
initiation of two cracks, each with a different size, but
initiated in close proximity. For a larger crack, it can
be expected to behave independently of a shorter
crack, and if the energy release rate for larger crack
exceeds the threshold value, a larger crack will grow,
and vice versa. However, the shorter crack is influ-
enced by the stress relief occurring near the larger
crack face, resulting in a reduction of stress concen-
tration at the shorter crack tip and thus in areduction in
the energy release rate. Due to this stress relief, the
energy release rate may fall below the threshold value,
causing the crack to cease growth.
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(a)

(c)

Fig. 2 Schematic explanation of crack interaction. The red shaded regions represent stress concentration, and the blue shaded regions

represent stress relief

When observing crack growth on a specimen
during an experiment, where cracks are initiated in
close proximity, according to this hypothesis, the
gradual arrest of shorter cracks can be expected. By
determining the sizes of individual cracks and their
relative positions at different times, utilizing the FEM,
the T, value can be determined by classifying the
calculated energy release rates based on whether the
crack continued to grow or not. This requires also the
knowledge of the specimen dimensions, pre-straining
conditions and material stiffness.

3 Material and experimental methods
3.1 Material

The rubber material used in this study was NR of
Standard Malaysian Rubber (SMR) grade 10. The
polymer was compounded with various additives,
including 50 phr of N550 type carbon black (CB), 1
phr of antiozonant/antioxidant 6PPD and 1 phr of
antioxidant 4-and 5-methyl-2-mercaptobenzimidazole
(MMBYI), along with other ingredients. The complete
formulation for the rubber compound is provided in
Table 1.

The rubber compound was produced in an internal
mixer (Everplast Machinery, Taiwan) with the cham-
ber volume 2 L, the fill factor 0.75, and an open mill
(LabTech, Taiwan) in two mixing steps.

In the first step, masterbatch containing rubber,
filler, antioxidant, antiozonant, ZnO and stearic acid
was prepared in the internal mixer. The total mixing
time in this case was 5 min until temperature reached
130-140 °C. Afterwards mixture was cooled down
and shaped on an open mill. Then, masterbatch with
the curatives (accelerators and sulphur) was mixed for
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Table 1 Rubber compound formulation

Ingredient Type Amount (phr)
Polymer NR SMR 10 100
CB N550 50
Activator ZnO?* 3

Stearic acid 1
Antiozonant 6PPD 1
Antioxidant MMBI 1
Accelerator CBS® 2
Vulcanizing agent sulphur 1

#Zinc oxide

°N-Cyclohexyl-2- benzothiazole sulfenamide

3 min to the final temperature of less than 110 °C (the
second mixing step).

After relaxation for at least 24 h, the rheological
behaviour of the rubber compound was analysed on
Moving Die Rheometer (MonTech MDR 3000 Basic,
USA) at 160 °C. Obtained parameters are summarized
in Table 2.

Mechanical properties were tested on test speci-
mens cut from vulcanized (cured) rubber sheets using
a die. The sheets were produced by compression
moulding of the compound on the hydraulic press
(Fontijne LabEcon Series 300, the Netherlands) under

Table 2 Cure characteristic of rubber compound

Parameter Value
Temperature 160 (°C)
Minimal torque My 1.81 (dNm)
Maximal torque My 14.13 (dNm)
Scorch time tg; 1.87 (min)
Curing time f9q 4.32 (min)
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the temperature of 160 °C and pressure 150 kN. The
rubber sheets (150 x 150 x 2 mm) were vulcanized
in accordance to the determined curing time, foq
(Table 2). Test specimens were consequently cut out
of the sheets according to standard requirements for
ozone ageing test (ISO 2022).

3.2 Ozone test

The specimen for ozone test was fixed to a clamping
system and subsequently exposed to ozone in an ozone
cabinet (Gibitre Ozone Check-UV, Italy). The dimen-
sions of the specimen were as follows: 125 mm in
length, Ly + 2 L., with a working length, Ly, of
100 mm after clamping in position, width, w, of
13 mm and a thickness, #, of 2 mm. The specimen was
placed between clamps in an unstrained state, see
Fig. 3a out of the cabinet, fixed, and then stretched by
AL, 20 mm, corresponding to a 20% elongation of its
total length, see Fig. 3b, resulting in deformed length,
Ly, of 120 mm. Finally, the complete fixing assembly
with the stretched specimen was located into the
cabinet.

The test was conducted under controlled conditions
with a 50 pphm ozone concentration, a temperature of
30 °C, and relative humidity of 60%. The time
dependence of ozone concentration, temperature and
humidity is shown in Fig. 4. The sudden drops, after
certain times (2 h, 4 h, and 8 h), corresponds to

Fig. 3 Clamping system

suspensions of the test due to removing of the
specimen from the ozone cabinet and its optical
observation and surface recording under a microscope
(Leica DVM2500, Germany), whereas the specimen
stayed still in elongated state. The microscopically
observed area of the surface was located approx. at its
centre from the length viewpoint, but at the edge from
the width viewpoint (see Fig. 3b). The dimensions of
the captured area were approx. 6 mm in length and
4.5 mm in width. To observe the evolution of the
cracks, the same area was captured during all
observations.

3.3 Determination of the tearing energy threshold
value under mechanical loading

The measurement of the tearing energy threshold
value under mechanical loading is not directly related
to the methodology for determining the T, but it was
conducted to verify the difference in threshold values
under mechanical loading, 7, and ozone exposure
alone, 7,.

Two “planar extension” or so called “pure-shear”
specimens (Stocek et al. 2020) were used for the
experimental analysis determining the threshold
value, Ty, of crack growth rate. These specimens were
dimensioned to be 100 mm in width, with a working
length of 10 mm after clamping into a position, and a
thickness of 2 mm. The testing was conducted using

Clamps

with unstretched specimen
(a), and with stretched

/ Specimen, thick. t \

specimen (b)

(a)

(b)
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Fig. 4 Time dependence of ozone concentration, temperature and relative humidity during the ozone test

the Intrinsic Strength Analyser (ISA), produced by
company Coesfeld GmbH & Co. KG, Germany, an
experimental device utilizing the Lake-Yeoh cutting
method (Lake and Yeoh 1978) to determine Ty,

The measurement was based on the following
procedure. Two specimens were first stretched for 5
cycles up to a strain of 30% at a loading rate of
0.1 mm/min. Then, the specimen was cut in a defined
manner on one side so that the crack tip was located in
the pure-shear region of the specimen. In the next step,
the specimen was subjected to strains ranging from 0.1
to 20%. For each strain, the specimen was first relaxed
for 3 min to a steady state stress level. The blade then
cut the material at three successive constant rates
(10 mm/min, 0.1 mm/min, and 0.01 mm/min). Dur-
ing cutting, the strain energy density, w, and cutting
force, f, were recorded. These values were the basis for
calculating the threshold value, 7,. The general
scheme of the tearing energy threshold test is shown
in Fig. 5.

For more details about the ISA as well as the test
protocol used (based on Lake and Yeoh’s cutting
method), the authors refer to information provided in
publications (Mars et al. 2019; Robertson et al.
2019a, b, 2021).

@ Springer

4 Experimental results and discussion

The images captured during the experiment are
depicted in Fig. 6. From these images, the evolution
of cracks on the specimen surface over time is evident.
In the majority, crack initiation occurred at the edge of
the specimen. However, the initiation of two cracks
from the centre of the specimen was also observed.
The initiation and propagation of cracks during the test
can be described as similar to those in the publications
(Zheng et al. 2021; Treib et al. 2022). Furthermore, the
selected cracks for the 3D finite element analysis
(FEA) are represented by the red region in the Fig. 6.

The examination and discussion will begin with the
microscope images of the cracks, specifically those
taken after 8 h and 24 h. The aim is to determine the
observability of the hypothesized crack behaviour
described in Theoretical background. The cracks that
were initiated after 8 h of ozone exposure but are
shorter and surrounded by larger cracks in the images,
did not grow further. These non-growing cracks can be
seen in Fig. 7 with red dots at their tips. Conversely,
cracks whose tips were not in proximity to any larger
crack continued to grow. This behaviour is evident for
cracks initiated both at the specimen’s edge and in the
centre of the specimen surface. Thus, it can be
concluded that there is a phenomenon where the
growth of certain cracks ceases while others continue,
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Fig. 5 General scheme of
the tearing energy threshold
test

Fig. 6 Outputimages of the
ozone test

Specimen
preparation

and evaluation

Edge of the specimen

)
End of the test

Pre-conditioning

cut length and rate

—>| Pre-stretching
5 cycles
Several cuts with different .
-~ -<«——| Relaxation

Fig. 7 Crack behaviour on microscope images after 8 h and 24 h of ozone exposure

and the hypothesis described in Theoretical back-
ground provides an explanation for this phenomenon.

A specific group of 5 cracks was carefully selected
and analysed in detail, their relative positions (Fig. 8a)

and their lengths at different time intervals (Fig. 8b)
were evaluated. However, the depth of cracks was
impossible to determine. The cracks were labelled
from 1 to 5, and their growth behaviour on the

@ Springer



O. Peter et al.

Fig. 8 Mutual distances
between individual cracks in
mm (a), the length of the
cracks in measured time
intervals (b)

(@)

specimen surface was assessed. The results are
summarized in Table 3 and graphically represented
in Fig. 9. This group was selected because the cracks
located in the middle of this group ceased to grow,
indicating that the energy release rate fell below the

0.10 |10.08(0.08( 0.14

threshold value. However, the outermost cracks con-
tinued to grow, with their energy release rate surpass-
ing the threshold. This visual information obtained
from the images, which indicate the crack lengths
associated with growth or cessation, enable the use of

Table 3 Summary of crack lengths and determination of crack growth state

After 2 h After 4 h After 8 h After 24 h
Crack length Grows Crack length Grows Crack length Grows Crack length
(mm) further? (mm) further? (mm) further? (mm)
Crack 0.23 Yes 0.54 Yes 1.20 Yes 3.62
1
Crack  0.14 No 0.14 No 0.14 No 0.14
2
Crack  0.17 Yes 0.39 Yes 0.45 No 0.45
3
Crack  0.17 Yes 0.32 No 0.32 No 0.32
4
Crack  0.23 Yes 0.54 Yes 1.17 Yes 3.15
5
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—e—Crack 1
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Fig. 9 Graphical representation of selected crack lengths with
respect to ozone exposure time

computational simulations to determine the specific
range in which the T, value has to be located.

5 Numerical modelling
5.1 Material model

To utilize the FEM for calculating the energy release
rate of individual cracks, it is necessary to determine
the material stiffness of the investigated rubber
compound. As the “uniaxial” specimens used for
ozone exposure test are manually elongated in the
clamps, it is not feasible to directly measure the
necessary force for elongation. Hence, data from pre-
cycles on planar strain specimens used for measure-
ment of Ty, particularly the last pre-cycle, were
employed to estimate the material constants for
simulation of tearing energy threshold values. The
pre-cycles were conducted at very small displacement
rates, ensuring that the measured data correspond to
the relaxed state, for the utilization of only a hyper-
elastic material model for the simulation.

As the material model, the Extended Tube model
(Kaliske and Heinrich 1999) was selected. As two
planar strain specimens were tested, material param-
eters were sought to best match the simulation results
to both sets of experimental data. The optimal
agreement between the simulation results and mea-
sured curves was achieved using the response surface
methodology (Myers et al. 2016) in the Ansys
Workbench (Ansys 2020) environment.

FEA model geometrically corresponded to the
working area of the planar strain specimens. The area
of the specimens used for clamping was replaced with
boundary conditions in the model. The dimensions of
the working area were 100 mm in width, 10 mm in
height and 2 mm in thickness. The FE mesh was
created using 16,000 hexahedral quadratic elements
(SOLID186). The boundary conditions are shown in
Fig. 10a, and the deformed shape of the specimen
model is shown in Fig. 10b.

As mentioned earlier, the response surface method-
ology was chosen to find the optimal combination of
material parameters that would correspond to the
conducted measurements. A total of 144 simulations
were performed with various combinations of material
parameters. Based on them, a response surface was
determined between the inputs (material parameters)
and outputs (computed forces at different levels of
elongation). The identified material parameters are
presented in Table 4, and the graphical comparison of
the measured and computed curves is shown in the
Fig. 11. As shown in the figure, the calculated curve is
slightly below the measured curves up to 10%
elongation. Above 10% elongation, it falls within the
range of the measured curves. Thus, the identified
material parameters provide a good fit to the measured
curves. However, they are considered only as math-
ematical fit without going into discussions of the
physical background of the model.

5.2 Determination of cracks energy release rate

Once the material model is determined, the dimen-
sions of the specimen used for the ozone test are
known, along with the applied pre-strain during the
test and the lengths and mutual distances of selected
cracks at different time intervals are evaluated, it is
possible to perform numerical simulations to deter-
mine the energy release rate at the crack tips of each
individual crack.

However, it is important to introduce several
assumptions at this stage. Due to limitations in the
microscopic observation during the ozone test, only
the length of individual cracks on the surface of the
specimen can be accurately determined, while their
depth remains unknown. To address this, it is assumed
that the cracks possess a semi-elliptical shape. The
scheme of this shape is shown in Fig. 12.
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(a)

Type: Directional Deformation(Y Axis)

Unit: mm
3 Max
2,6667
2,3333
2
1,6667
1,3333
1
0,66667
0,33333
0 Min

(b)

U, Uz=0mm § Uy=3mm

Ux, Uy, Uz=0 mm

Fig. 10 The boundary conditions (a) and deformed shape (b) of the specimen model

Table 4 Extended Tube material model parameters

Model parameters Value

0.1811 (MPa)
0.9047 (MPa)

Crosslinked network modulus, Gc

Constraint network modulus, Ge

Furthermore, based on previous studies (Zheng
et al. 2021; Treib et al. 2022) that describe material
degradation primarily on the surface of the specimen,
it can be further assumed that the crack growth will
mainly occur along the surface rather than into the

Empirical parameter, f3 0.1442 (-) depth. Treib et al. (2022) measured a maximum crack
Extensibility parameter, & 0.1019 (-) depth of approx. 0.3 mm on NR rubber containing
Incompressibility parameter, d; 0 (MPa) 6PPD after 96 h of exposure to 75 pphm ozone.
Therefore, this study performed simulations
Fig. 11 Validation of 200 T T T T T T
material model
180 [ 4
160 7
140 - .
120 |
£
S 100 4
S
L
80 [ 1
60 [ &
40 -
Measurement - Specimen 1
20 Measurement - Specimen 2|
= Simulation
0 1 1 1 1 1 1
0 5 10 15 20 25 30 35
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Observed length

7,

Depth

Semi-elliptical crack

Fig. 12 Scheme of semi-elliptical crack used in numerical
modelling

considering different crack depths (assuming the same
depth for all cracks) at 0.05 mm, 0.1 mm, 0.2 mm,
and 0.3 mm from the specimen’s surface. The influ-
ence of these depths on determining the 7, value,
under the influence of ozone, was examined. Addi-
tionally, the cracks were assumed to be straight for
simplification purposes. It is worth noting that slight
curvature of the cracks can be observed in the
microscope images (see Fig. 8a). It was assumed that
this curvature did not have any influence on T, results.

The FEA utilized two models in this part of the
study. The first model represented the complete
specimen without any cracks, which was pre-strained
to 20% elongation, mirroring the actual test condi-
tions, see Fig. 13a. This model consisted of 20,800
quadratic hexahedral elements (SOLID186) and was
fixed at one end while allowing movement in the
elongation direction at the other end. To optimize
computation time, a sub-model was derived from this
initial model, reducing its length to 3 mm instead of
the original 100 mm, as shown in Fig. 13b. Within the

Fig. 13 Full-model with
boundary conditions (a),
sub-model with boundary
conditions and mesh
example (b), detail of fine
mesh around the cracks (c¢)

Ux, Uy, Uz=0 mm

Imported displacements

(b)

sub-model, the entire group of cracks was modelled
with crack lengths on the specimen surface according
to the measured values during the experiment for times
2 h,4 h, 8 h, and 24 h, and crack depths of 0.05 mm,
0.1 mm, 0.2 mm, and 0.3 mm. Subsequently, the
calculations were performed. The mesh consisted of
quadratic tetrahedral elements (SOLID187), with the
number of elements ranging from 160,160 to
3,332,692 depending on the crack sizes (see Fig. 13c
for an illustrative example). Additionally, the model
accounted for frictional contact between the crack
faces with friction coefficient p = 0.3, enabling sim-
ulation of potential complete closure of the cracks.
The boundary conditions applied were based on the
displacements obtained from the first full-model and
were inserted at both ends of the sub-model. Finally,
the energy release rates along the entire crack tip were
calculated, but only the rates on the surface of the
specimen model were evaluated because, as men-
tioned earlier, material degradation due to ozone
primarily occurs on the surface. The rates were
calculated using well-established Material Force
method, which is implemented within the Ansys
software. This method is very similar to well-known
J-integral method and differs only in the integration
algorithm. For more details about the method, the
authors refer to information provided in a white paper
(Ansys 2014).

Uy, Uz=0; Ux=20 mm

(c)
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6 Results and discussion

First and foremost, it is crucial to consider the
discussion regarding the interaction of cracks as
outlined in Theoretical background. The experimental
results clearly reveal the cessation of certain cracks,
providing substantial support for the proposed hypoth-
esis. In order to validate the presented hypothesis,
computational simulations of such scenarios, as
detailed in Theoretical background, were firstly con-
ducted using FEM. The computational normal stress
gy distribution profile around the cracks is illustrated
in Fig. 14. In cases where smaller cracks are either
independent (Fig. 14a) or located at a greater distance
from larger cracks (Fig. 14b), the profile of normal
stress distribution is as expected. Stress concentration
is observed at the crack tip, while stress relief is
located near the cracks faces. Conversely, when a
smaller crack is in close proximity to a larger crack, a
significant decrease in stress concentration at the crack
tip is observed, leading to a lower energy release rate
at the tip of the smaller crack. In contrast, stress
concentration at the larger crack tip remains unaf-
fected. This illustrative example suggests the validity

(a)

of the proposed hypothesis in Theoretical background.
To confirm this hypothesis, simulations of a selected
group of cracks were conducted based on the exper-
iment and compared with the measured cracks
behaviour.

The normal stress distribution profile resulting from
computational simulations around a studied group of
cracks, each with a depth of 0.1 mm, following 4 h
and 8 h of ozone exposure, is depicted in Fig. 15.
Notably, the outermost cracks (designated as 1 and 5)
exhibited continuous growth in the experiment (see
Fig. 9) at both time intervals, aligning with the
absence of any impact on the cracks due to crack
interaction in the simulations. From the images in
Fig. 15, it is evident that the most affected crack is
crack 2, surrounded by material that is nearly unloaded
(without stress), indicated by the blue colour. The
second most affected crack is crack 4, followed by
crack 3. These results are consistent with the exper-
imental findings, where crack propagation stopped
first at crack 2, then at crack 4, and finally at crack 3
(see Table 3). Consequently, these specific instances
of observation confirm the presented hypothesis that

(©)

Fig. 14 Normal stress g distribution profile (MPa) of 1 small crack (a), of larger and smaller cracks at a greater distance (b), of larger

and smaller cracks in close proximity (c)
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the cessation of certain cracks is attributed to the stress
relief zone created by neighbouring cracks.

Furthermore, computational simulations were con-
ducted to determine the energy release rates at the
crack tips on the surface of the specimen model. The
crack lengths corresponded to the measured values
(see Table 3) for each ozone exposure time, covering
four different crack depths. The results are depicted in
Fig. 16. It is evident that the highest energy release
rates were observed at the outermost cracks 1 and 5,
which were unaffected by interactions with other
cracks. Conversely, the rates at cracks 2, 3, and 4 were
notably lower. For crack depths of 0.2 mm and
0.3 mm, these rates dropped to zero after 8 h of ozone
exposure, indicating cessation of mechanical loading
due to the specimen pre-straining. Subsequently, these
results were categorized into two groups: cracks that
continued to propagate and those that ceased. The
ozone exposure times at which each crack continued
or ceased to propagate are detailed in Table 3. By
analysing these categories, we identified the minimum
energy release rate for crack propagation and the
maximum energy release rate at which crack propa-
gation ceased. Following this procedure, the minimum
and maximum values of the energy release rate can be
obtained, thus allowing the determination of the
interval within which the threshold value T, is located.
T, is derived as the average of these two rates,
accompanied by the deviation to the maximum and
minimum values of the rate.

1234 5

(b)

Fig. 15 Normal stress o, distribution profile around cracks with the depth of 0.1 mm after 4 h (a), and after 8 h (b)

The categorized values of energy release rates are
summarized in Fig. 17, while Table 5 provides the
average T, values. Notably, for a crack depth of
0.05 mm, the computed energy release rate results in
an illogical scenario where the maximum value for a
crack that has ceased exceeds the minimum value for a
crack that is still growing. This discrepancy suggests
that the actual crack depth exceeded 0.05 mm, making
it impossible to determine the T, value for this specific
depth. However, the results for other crack depths are
meaningful. Specifically, for a crack depth of
0.10 mm, the 7, value is determined to be
2.12 & 0.70 J/m>. Likewise, for a crack depth of
0.20 mm, T, is 0.90 + 0.70 J/m2, and for a crack
depth of 0.30 mm, 7, is 0.20 = 0.10 J/m>.

These findings reveal significantly lower values
compared to the measured values on two specimens of
the same rubber compound under mechanical loading
on the ISA device and ambient environmental condi-
tions. The tearing energy threshold values, T, were
measured to be 56.32 J/m* and 57.43 J/m’. This
results in an average T, ag. value of 56.88 J/m>. Thus,
there is a decrease of 96% on the specimen surface in
the threshold value under ozone exposure (for crack
depths of 0.10 mm) compared to the average value
measured on the ISA device under mechanical load-
ing. These results confirm the existence of two distinct
threshold values for crack propagation in rubber. The
first is the threshold value T, from mechanical loading
of the material, and the second is the threshold value T,
from ozone exposure. If a material already contained
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Crack depth = 0.05mm
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Fig. 16 Calculated energy release rates of each crack for different crack depths and ozone exposure times

an initiated crack and was subjected to both mechan-
ical loading and ozone exposure, then if its tearing
energy was higher than 7, but lower than T, the crack
would only propagate due to ozone exposure. Once the
crack enlarged to the point where the tearing energy
exceeded the threshold value 7, mechanical loading
would also become damaging to the material. If the
tearing energy of the crack was lower than both
threshold values T, and T,, the crack would not
propagate.

@ Springer

7 Conclusions

This article presents a novel methodology for deter-
mining the tearing energy threshold for crack growth
of a rubber compound subjected to ozone. This method
combines experimental and numerical techniques. It
begins by observing crack development on the surface
of a stretched specimen during an ozone exposure test,
followed by evaluation and computational modelling
using FEM to calculate the energy release rate at the
crack tips on the specimen surface. Finally, the
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Fig. 17 Energy release
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Table 5 Tearing energy threshold values for crack growth under ozone exposure determined for different crack depths

Crack depths ~ Minimum threshold value,

Maximum threshold value,

Average threshold value, Standard deviation

(mm) T, min (J/m?) T, max (IIm?) T, ave (J/m%) (/m*)
0.05 Illogical results

0.10 1.42 2.81 2.12 + 0.70
0.20 0.20 1.59 0.90 + 0.70
0.30 0.10 0.30 0.20 + 0.10

threshold value is determined from the calculated and
measured data.

The results confirm previous studies, asserting
significant differences between the threshold value
under mechanical loading and ozone exposure. For the
given rubber compound, the threshold value under
mechanical loading was found to be T;, = 56.88 J/mz,
while under ozone exposure the highest estimated

value is T, = 2.12 J/m” for an assumed cracks depth of
0.10 mm.

However, it should be noted that the presented
methodology assumes the initiation of multiple cracks
in close proximity. If only a few isolated cracks are
initiated that do not influence each other, this approach
for determining threshold values under ozone expo-
sure cannot be applied. There is also room for
refinement in determining the threshold value,
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particularly in the experimental part. If it were
possible to record both the length and depth of the
cracks at the edges of the specimen, it would enhance
the accuracy of determining the threshold value.
Additionally, increasing the number of measurements
could contribute to reducing the variability in the
determined threshold value.

For outlook, it can now, for the first time, be
conducted a quantitative assessment of the impact of
different antiozonants within rubber compounds on
the tearing energy threshold when exposed to ozone.
This innovative approach, together with current stan-
dards for ozone resistance in rubber, holds the
potential to discover more effective antiozonants,
ultimately enhancing the durability of rubber compo-
nents. This will enable a comprehensive description of
the fatigue resistance of rubber to ozone, including
both crack initiation resistance and resistance to crack
growth.
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