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Abstract: Among the various components of a tire, this study explores the tread portion, which
has the longest contact with the ground during the summer, all-weather, and in the winter. The
mechanical properties of three types of tread crack specimens were measured, and a stress—strain
diagram for each specimen at low and high speeds was derived. Through the digital image correlation
method, the crack tip opening displacement and angle were considered as fracture parameters and
derived through equations. Subsequently, the different fracture progression regions were compared
and analyzed to confirm the characteristics of the elastic displacement field. It was found that under
both low- and high-speed conditions, the maximum elastic strains for the tread specimens were

attained in the following order: summer, all-weather, and winter.

Keywords: crack tip opening displacement; crack tip opening angle; tensile test; elastic strain field

1. Introduction

In this study, we analyzed the crack growth characteristics of rubber, which accounts
for about 90% of the materials that constitute tires. Among these materials, the tire tread
rubber of the tire tread comes into contact with the ground the most; thus, it is easily
worn out. Throughout the years, research studies investigating the fracture behaviors and
characteristics of rubber in different ways have been actively conducted, with researchers
considering metals, such as aluminum, iron, and steel, and viscoelastic materials, such as
plastic, rubber, and particle hardening composites. Several studies exploring the breaking
energy of composite materials, such as natural rubber or tire rubbers, with viscoelastic
properties, fracture mechanical properties, and crack resistance, have also been conducted.

Overseas, Rivlin et al. [1] theoretically tested and revealed that the tearing energy of
rubber varies depending on the size and location of the crack. However, when studying
natural rubber, it is difficult to apply particle-reinforced composites, such as tire rubber,
due to various variables and conditions. Schapery [2—4] presented the theory of predicting
the behavior of viscoelastic materials and the theory of initiation and growth of viscoelastic
cracks as tests after their application to non-linear viscoelastic materials. The authors also
compared the test results. Kakavas [5] verified the mechanical properties of ammonium
perchlorate by employing stress relief and creep tests. Bencher et al. [6] analyzed the
relationship between fracture toughness and crack propagation by conducting a fracture
toughness test of a center-cracked sheet specimen based on changes in the temperature and
test speed. Liu [7-9] studied the strain distribution and growth behavior of the crack tip
when a solid propellant with a crack received tensile force using linear fracture mechanics
in fracture dynamics. A certain pattern was inserted into the cracked specimen to conduct
a test, and changes in pattern movements were recorded and analyzed. The test results
yielded the stress expansion coefficient and crack growth rate. In the crack progress test of
the cracked specimen, it was found that the crack growth appeared repeatedly in stages. In
addition, the deformation of surface energy was analyzed using X-rays.
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In Korea, Kim Ho et al. [10,11] attempted to formulate tearing energy to predict the
life of rubber materials by interpreting Rivlin’s test results through ABAQUS. However,
the results presented were a comparison of the results analyzed through ABAQUS and
theory, and there was no comparison or verification made with the actual test results. The
following research on digital image correlation was actively performed. Na Sung-hyun
et al. [12,13] analyzed the crack resistance characteristics of particle-strengthening compos-
ite propellants through a digital image correlation. A fracture toughness test using a wedge
splitting test (WST) (a non-linear fracture behavior test) was carried out by assuming the
particle-strengthening composite as a linear viscoelastic material. The results and the strain
fields required for evaluating the crack resistance behavior were visualized by using the
digital image correlation method. The test temperature attained ranged from 50 °C to
—60 °C. In addition, a WST and a destructive energy evaluation of particle-strengthening
composite materials were conducted. The effects of breaking energy, crack progression,
and temperature on the crack tip opening displacement (CTOD) obtained from the WSTs
were studied. The speed was 50 mm/min. The room temperature was 50 °C, and the
other temperatures were —40 °C and —60 °C. The fracture energy was obtained from the
split load-CMOD graph. It was found that the temperature increased with a decrease
in temperature, and the strength at —60 °C increased due to the influence of the glass
transition temperature, thus exhibiting brittle behavior. The strain field was analyzed using
the digital image correlation method can be used to measure the displacement, deforma-
tion, and deformation rate of a structure by capturing images. Lee Jeong-won et al. [14]
conducted a study on the characteristics of the destruction energy and displacement field
of a particle-strengthening composite material by the digital image correlation method.
The fracture energy and displacement field characteristics of this material were analyzed.
The fracture energy at each temperature was calculated by performing a WST under the
room temperature condition, —40 °C, and —60 °C. The displacement field and strain field
were studied by visualization through the digital image correlation method. The fracture
energy decreased as the temperature decreased. The surface displacement field was similar
at room temperature. However, at —40 °C and —60 °C, it was greatly reduced due to the
brittle behavior. It was found that as the temperature decreased, the range of the strain
field also decreased [14]. Hong Sang-hyun et al. [15] evaluated the destructive behavior of
particle-strengthening composite materials using digital image correlation and performed
a WST to evaluate its fracture behavior. To analyze crack resistance, both the CTOD and
CTOA were used. The tests were performed under various temperature conditions, such
as 60 °C, room temperature, —20 °C, —40 °C, and —60 °C, and three evaluation rates—5,
50, and 500 mm/min—were employed. In addition, the digital image correlation method
was used to analyze the strain field for the crack tip. It was found that the fracture energy
increased as the temperature decreased, and the crack resistance increased with an increase
in load speed. Kim Wan-doo et al. [16-18] conducted material testing and studied the
properties of non-linear materials for the finite element analysis of rubber components.

The materials used in this study were carbon black, natural rubber, synthetic rubber,
and rubber used in tire treads, with the addition of various rubber-based chemicals. The
process could be defined as a type of rubber particle-hardening complex. The tire tread
rubbers were the parts that had come into contact with the ground during their usage. The
parts were always exposed to repeated deformation by rotation and external impacts. Thus,
the tire treads could have cracked at any time. The types of cracks occurring in tires can
be largely divided into two types: mechanical and chemical cracks. Mechanical cracks are
thick and long and are mainly caused by strong external impacts, while chemical cracks
are caused by conditions such as fluctuating temperatures, vehicle conditions, ultraviolet
exposure, and aging. It is imperative to perform fracture mechanical experiments on crack
growth following the cracking of tire rubber. The purpose of the experiment was to obtain
the fracture mechanical properties of materials with different crack characteristics through
the stress expansion coefficient and crack progress speed and analyze the effect of speed.
Based on the results, the fracture dynamic parameters, crack growth characteristics, and
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fracture progress regions for each tire tread rubber can be analyzed to define the fracture
dynamic characteristics for each material by speed.

In this study, tensile test pieces with cracks were inserted into three types of rubber
materials. The experimental results were analyzed through image analysis by capturing
1 cut per 100 ms of video using a camera to observe the deformation behavior of the
specimen surface. Through these images, the crack front opening displacement, which is
a fracture toughness parameter to simulate non-uniform crack progress (a characteristic
of viscoelastic material), was measured, and the crack front opening angle was obtained
based on this result. Further, the fracture progress region was analyzed by visualizing the
strain field of the specimen surface through digital image correlation. These results are
expected to be basic research to clarify the growth characteristics when cracks occur on the
tread surface of finished tires.

2. Theoretical Background
2.1. Crack Tip Opening Displacement (CTOD) and Crack Tip Opening Angle (CTOA)

When a tire rubber with both viscosity and elasticity receives a load from the outside,
the deformation of viscosity and elasticity occurs simultaneously. This phenomenon is
called stress relaxation. If the body is elastic, it is restored to its original state upon load
removal. However, in the case of viscoelastic materials, the restoration occurs gradually. In
other words, this is a phenomenon wherein a certain amount of load is instantaneously
applied to cause deformation, and when the applied load is removed, the stress maintaining
the current strain is gradually relieved over time. Due to these characteristics, the stress
relief characteristics of viscoelastic materials can be investigated to better understand the
crack progress behavior of tire rubber.

Figure 1 shows the stress—time graph of a viscoelastic material based on its elasticity,
viscoelasticity, and viscosity angular characteristics over time. It can be seen that the stress
of viscoelasticity gradually becomes relieved over time.

Elastic
... Constant
Strain

Viscoelastic

Stress

Viscous fluid

Time
Figure 1. Stress relaxation curves of elastomer material.

The crack tip open displacement was proposed by Irwin [19]. The CTOD represents
the distance between cracks and refers to a phenomenon in which initial cracks are caused
by external forces. When this value reaches the material’s intrinsic value or a certain
distance, the crack begins to grow.

The governing equation of the above CTOD is as follows:

(5:

Al

G
o )

Y
where ¢ is the CTOD and is being used as one of the parameters under the international
standards. G is the energy release rate, and oy is the yield strength. This study measured

the CTOD and analyzed it by using the digital image correlation method.
In Figure 2, J is the CTOD and gy is an initial crack.
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Initial Crack Shape

Figure 2. Crack tip opening displacement (CTOD).

The advantage of the CTOA is that it can be determined through simple mathematical
calculations and without any complicated theories. In addition, the CTOA reveals the
non-linear and discontinuous behavior due to heterogeneity and stress relief properties,
which are characteristics of viscoelastic objects. The CTOA is excellent when it comes to
expressing this non-linear behavior.

The governing equation of the above CTOA can be given by

-1 CTOD

Aa ()

CTOA(a) =

where o denotes the CTOA. Viscoelastic and super-elastic rubber occur from microcracks.
In Figure 3, a represents the CTOA and 4 denotes the initial crack length.

Figure 3. Crack tip opening angle (CTOA).

2.2. Digital Image Correlation Method

The digital image correlation method can be used to measure the displacement, defor-
mation, and deformation rate of a structure by capturing images of the disorder patterns
of a structure with a camera using a non-contact optical method and then comparing the
images before and after deformation. By tracking images before and after the deformation
of the speckle pattern applied to the specimen, the modified distance can be found by
grasping the correlation with the amount of change that can be determined through the
following two equations (Equations (3) and (4)):

ou ou

X' =X+ AX —AX+ —AY
o+ + U+ X + 5Y 3)
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where AX and AY are the distances from points P to O, and U and V denote the mean
movements in the X and Y directions. Figure 4 schematically shows the changes before and

after deformation.
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Figure 4. Deformation of tensile test before and after image [15].

Vector X (?) is a displacement vector and can be expressed through Equation (5). It is
a correlation coefficient.

2.3. Fracture Progress Region

The fracture progress region for a particle hardening complex, such as tire tread rubber,
is distributed as a non-linear region, unlike metals that are mostly distributed as linear
regions. The reasons it is formed as a non-linear region are as follows. First, due to the
non-homogeneity of the material, a non-linear region occurs inevitably, unlike metals with
high homogeneity. In addition, due to the influence of fine cracks, crack progression occurs
simultaneously at various locations. This plays a role in reducing the energy released from
the crack tip. At the same time, since the crack region increases non-linearly, more fracture
energy is absorbed. Therefore, in the case of particle hardening complexes, such as tire
treads, the fracture behavior of the fracture progression region at the crack point inevitably
exhibits a condition wherein stable fracture behavior cannot occur as in linear elastic
fracture mechanics. In other words, unstable behavior is shown, which makes it difficult
to predict the destructive behavior, e.g., the path and location of the crack. Therefore, if
the strain field of the specimen surface is checked through the digital image correlation
method, the fracture behavior of the nonlinear fracture progression region can be analyzed.

3. Experimental Results
3.1. Materials and Specimens

The specimens used in this study were produced with a total of three tread compound
specimens. The first was a summer compound specimen optimized for tire grip and mainly
used in the development of high-performance tires. The second was a compound specimen
characterized for all-weather usage and mainly employed in low-rolling resistance tires.
The last was a winter tread compound with enhanced snow performance. The specimen
was formed to take the shape of a bar with an initial crack of about 5 mm. As shown in
Figure 5, the size was 70 x 25 x 6 mm (length x width X height). The specimen was
molded through vulcanization at 160 °C for 20 min. Thereafter, a white spray with thin
particles was thinly and uniformly applied on one side of the specimen was uniformly
sprayed with a thin layer of white paint to form a foundation coat. When the coating was
dried, black paint was sprayed on the white surface by keeping a 1 m spraying distance to
create black random dots. This is referred to as a speckle pattern. The final step specimen
was produced by applying an initial crack with the length of 5 mm introduced to the
specimen by driving a sharp blade on the specimen.



Appl. Sci. 2022,12,7931

6 of 13

2Imm

*
Li |

Initial Crack

25mm

"

(Gmm T0mm

Figure 5. Configuration and dimensions of the tensile test specimen.

3.2. Experimental Method of Opening the Crack Tip

The stress and strain required for crack progression were measured using INSTRON's
low-capacity load cell shortening tensile material tester. The tester comprises a load cell
of 10 kN and can adjust the speed in the speed band of 0.001-1500 mm/min. The results
obtained by this experiment were photographed using a wide-angle camera to capture
the changes in the speckle pattern on the specimen surface. The data were collected while
measuring the length of the crack using images classified at regular intervals of 1 cut
per 100 ms of the video captured by the camera. In addition, the following experimental
conditions were established.

(1) The temperature was set at room temperature (25 £ 3 °C). In addition, since tire tread
rubber has weaker strength than ordinary metals and is soft (unlike metals), direct
engagement of the grip with the tester would have resulted in a major deformation in
the area. Therefore, compression deformation was prevented in advance by fastening
the specimen with the tester through epoxy and sandpaper to maintain the gripping
force even under weak loads and to ensure more accurate tensile test results by
preventing slipping. The overall test control and test results were secured through the
INSTRON program.

(2) The speed conditions were selected in two ways. The experiment was conducted by
setting two types of test speeds to simulate the growth of chemical cracks: 5 mm/min,
the speed condition that showed rapid crack growth due to strong external impact;
and 50 mm/min to consider the growth rate of mechanical cracks due to repeated
fatigue and aging.

3.3. Digital Image Correlation Method

The deformation rate was analyzed through the digital image correlation method
by using images classified at regular intervals. A commercial program, VIC-2D ver. 6,
was used. This is a program that helps you visualize strain by analyzing digital images
transmitted from the camera in pixels. The overall analysis procedure is shown in Figure 6.

Viscoelastic objects always undergo deformation; thus, if the subset is infinitely small
to improve accuracy, the interpretation does not occur smoothly. Therefore, the specimen
was interpreted as a subset of various conditions to obtain sufficient analysis results,
with interpretations performed as accurately as possible. Finally, subset 15 was used for
the analysis.

Although the scope of the analysis prevented the viscoelastic rubber materials from
undergoing deformation, including any large deformation in the tensile test, the parts
where irregular deformation occurred were excluded from the scope of the analysis.
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Figure 6. Experimental system of the digital image correlation method.

4. Experimental Results and Discussion
4.1. Results for Tensile Test

It could be observed that rubber, a viscoelastic composite, exhibited ductility. It also
showed brittleness depending on the temperature. However, rubber is basically a viscoelas-
tic material with ductility. Since carbon black was included to satisfy the characteristics
of the finished product, the physical properties of rubber, which were elastic, underwent
a change; thus, the tire exhibited characteristics different from those of general natural
rubber. As described above, tire rubber with both viscosity and elasticity shows the stress
relaxation phenomenon, and deformation occurs by a certain amount of load in a moment.
When the applied load is removed, the stress maintaining the current strain is gradually
relieved over time. Consequently, tire rubber, in general, exhibits non-linear behavior.

Figure 7a,b show the stress—strain diagrams obtained from the tensile tests with load
speeds of 5 mm/min and 50 mm/min for summer, all-weather, and winter specimens. It
was predicted that the stress would be high in the summer specimen with high hardness;
on the contrary, large stress was required for the winter specimen.

40
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O All-weather x
) A 30
A Winter NE ] X
X L A
A ‘B A X
% = 20 &
A ]
X [m] g X
Z ul o X Summer
X =} v 10 A O All-weather
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5 10 15 20 25 30 0 5 10 15 20 25 30
Strain, € [%] Strain, € [%]
(a) (b)

Figure 7. Experimental stress(Y)-strain(X) curves: (a) experimental stress(Y)-strain(X) curves at
5 mm/min; (b) experimental stress(Y)-strain(X) curves at 50 mm/min.

As shown in Figure 7a, at the speed of 5 mm/min, the load required for deformation
for the all-weather specimens in the 10% initial strain section was lower due to the influence
of hardness and elastic modulus than for the summer or winter specimens. For the winter
specimens, the required load at the beginning of the test was similar to the all-weather
specimens, but the required load increases rapidly compared to the all-weather specimens.
In addition, in the case of the summer specimen, the load required was higher than that
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of all-weather and winter in the initial strain section, but it can be seen that the winter
specimen reverses when the strain exceeds 15%.

As shown in Figure 7b, at the speed of 50 mm/min, the load required for deformation
for the winter specimen in the 10% initial strain section required a larger load than the
summer or all-weather specimens. In the subsequent sections, the increasing slope of the
stress—strain diagram for the winter specimen was lower than that for the other specimens,
meaning that a large deformation could be continuously caused even under small loads.
In other words, when the load resisting the tension of the rubber material itself exceeded
a certain section, the physical result values of the winter and summer specimens were
reversed. In the tensile section, before the initial strain of about 10%, the tensile resistance
was large, but it easily increased when the initial strain of the load exceeded 10% of the load.
Therefore, when the winter specimen passed through the initial strain section compared to
the summer specimen, the crack progress accelerated.

4.2. Results of Crack Tip Opening Displacement

Figure 8a—c summarize the hardness, elastic modulus, elongation at 300% of the
tensile test, and the related standard deviation for the three types of specimens at the room
temperature (25 £ 3 °C) test. Moreover, Figure 8c is the maximum elongation shown on
the graph equal to the elongation at the break. According to the results, the hardness of the
winter specimen was the same as that of the summer specimen and was less than that of
the all-weather specimens. However, at 300% of the tensile test for the winter specimens,
the modulus of elasticity was 33 kgf/cm? lower than that of the summer specimens and
63 kgf/cm? lower than that of the all-weather specimens.

BSummer DOAll-weather OWinter
BSummer DAll-weather OWinter BSummer DOAll-weather OWinter
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Figure 8. Mechanical properties: (a) hardness (Shore A); (b) elastic modulus at elongation of 300%
(kgt/ cm?); (c) elongation (%).

Further, for the winter specimens, elongation was 180% higher than that of the summer
specimens and 250% higher than that of the all-weather specimens.

Figure 9a,b show the CTOD for each specimen based on the time taken to analyze
the images collected by the camera during the tensile test, at speeds of 5 mm/min and
50 mm/min, using the digital image correlation method. Due to the characteristics of
viscoelastic and super-elastic materials, the CTOD increased infinitely over time. Cracks,
such as those in metals and fine cracks, occurred around the initial crack tip. In other words,
fine tearing occurred discontinuously and unevenly.
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Figure 9. CTOD(Y)-time(X) curves: (a) CTOD(Y)-time(X) curves at 5 mm/min; (b) CTOD(Y)-time(X)
curves at 50 mm/min.

Figure 9a shows the CTOD of the three types of rubber at the low-speed condition
of 5 mm/min. It was confirmed that the CTOD of the three types of rubber exhibited
non-linear behavior. This difference can be attributed to the difference in performance,
derived from the constituent elements of each material. It can be said that the effect of
elastic modulus played a major role rather than the effect of the hardness or elongation at
the low speed of 5 mm/min.

In the case of the all-weather specimens, the growth of the CTOD was about 62% faster
until the 35-s section compared to the summer and winter specimens. However, after 35 s,
the CTOD growth rate of the summer and winter specimens increased rapidly, reducing
the difference to about 10%. In other words, it can be interpreted that the hardness of the
all-weather specimens was low, which was disadvantageous for CTOD growth. It also had
a larger value than the summer and winter specimens. After increasing by a certain amount
or more, it was found that the CTOD growth rate of the summer and winter specimens was
faster than that of the all-weather specimens due to the elastic modulus and elongation. In
other words, the mechanical properties of the material, such as elastic modulus, elongation,
and strength, had an absolute effect at the speed of 5 mm/min.

Figure 9b shows the CTOD of the three types of rubber at 50 mm/min, the high-speed
condition. At the high-speed condition of 50 mm/min, all types of rubbers exhibited
non-linear behavior, but the growth trend was similar.

Regardless of the type of specimen, the CTOD increased rapidly in the section from
about 2 s to about 6 s after the start of the experiment, and this increasing trend reduced
after 6 s. Once the crack began to open up, it indicated that destruction could occur rapidly
due to the influence of speed. In other words, at 50 mm/min, the destructive behavior was
expected to appear differently under the influence of the external environment, such as
temperature and road conditions, rather than the characteristics of the compound.

4.3. Results of Opening Angle of Crack Tip

Figure 10a,b show the CTOA according to the test speed. The growth of microcracks
was measured with a vernier caliper, and the CTOA was calculated by substituting it into a
mathematical equation as described above. In addition, the critical CTOA was considered at
the room temperature set in the previous study [13]. Further, considering the characteristics
of tire rubber and assuming that no cracks progressed, such as that in metals and fine
cracks, the critical CTOA was assumed to be 90°.
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Figure 10. CTOA(Y)-time(X) curves: (a) CTOA(Y)-time(X) curves at 5 mm/min; (b) CTOA(Y)-
time(X) curves at 50 mm/min.

Figure 10a shows a test speed of 5 mm/min; the critical CTOA was reached in the
order of winter, summer, and all-weather specimen. In other words, when chemical cracks
occurred, there was a difference in time with regard to attaining the critical CTOA for each
rubber due to the difference in rubber properties. The faster the time, the more vulnerable
it was in terms of safety. It was shown that the winter specimen with the lowest elastic
modulus reached the critical CTOA at about 20 s, which was followed by the summer
specimen at about 30 s, and the all-weather specimen after 40 s. All specimens appeared to
be greatly affected by the elastic modulus, not the hardness and elongation.

On the other hand, Figure 10b shows the test speed of 50 mm/min; the critical CTOA
was reached in the order of winter, summer, and all-weather specimens, which was similar
to the results of the previous 5 mm/min, but the difference was less than about 10%. In
other words, similar to the previous CTOD ‘all specimens’, it can be said that it was more
vulnerable to the influence of the external environment than the influence of the physical
properties of rubber. The time and angle for reaching the critical CTOA can be applied as
destruction parameters of cracks for rubber materials in the future.

4.4. Strain Energy Distribution

Figures 11 and 12 show the strain distributions over time of the change in the fracture
progression region for each material at the speeds of 5 mm/min and 50 mm/min, the two
types of test conditions, using digital image correlations. The maximum strain field in the
fracture progression region was a plastic region shape based on general yield and had a
shape similar to the strain shape of mode I in the open displacement of metal materials [18].
However, the strain shape of the viscoelastic material, a particle-strengthening composite
material such as tire rubber, appeared to assume the overall elastic strain shape rather than
plastic deformation when a certain level of stress was applied.

The following characteristics were observed under the low-speed condition of the test
speed of 5 mm/min in Figure 11.

In the case of the summer specimens, the strain was smaller than that of the all-
weather specimen. Although it was not in the form of the maximum strain field, it could be
seen that the maximum strain field was formed at the end of the crack. Due to the high
hardness and elongation, sufficient resilience was generated at the low speed of 5 mm/min,
which delayed the expansion of strain, resulting in a smaller destruction area compared to
all weather.

In the case of the all-weather specimens, the maximum plane strain among the strain
shapes was observed from the beginning of the test over the entire area because the
hardness of rubber was lower than that of summer and winter specimens. It was relatively
enlarged compared to the summer and winter specimens. Since the resilience, which is one
of the characteristics of viscoelastic objects, was easily offset due to its low hardness, the
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destruction progress area expanded from the beginning for the all-weather specimen than
for the summer and winter specimens. This means that when the fracture began to occur,
the deformation in the all-weather specimen began to occur at the fastest rate.

In the case of the winter specimens, the compound comprised a composition ratio that
was completely different from that of the summer and all-weather specimens; thus, the
progress shape of the destruction area was greatly different. The strain field of the winter
specimen surface was the least deformed of the three specimens. However, the strain was
less than that of the summer specimens, and the shape of the generated strain field showed
the shape of the maximum elastic strain. Therefore, when a crack occurred, the rate of
growth slowed down.

Time

Summer Specimen All-weather Specimen Winter Specimen €

Early stage
@ 10 sec

Final stage
@ 40 sec

Figure 11. Major strain contours at 5 mm/min.

The high-speed test conditions of 50 mm /min in Figure 12 showed a different pattern
from the low-speed one. In the case of the summer and all-weather specimens, parallax
occurred due to an absolutely lower elongation than in the winter specimens, and the final
shapes of all three types of specimens were the same as the maximum strain shapes of the
elastic strain. In other words, the strain field expanded to the maximum before the stress
relaxation behavior or resilience occurred due to the influence of speed. The following
characteristics appeared under the high-speed conditions of 50 mm/min.

In the case of the summer specimen, the results were slightly different from that of the
lower speed in that the deformation rate occurred faster compared to the winter specimen.
Similar to the summer specimen of low-speed, the strain region tended to grow gradually,
i.e., the growth of the crack point was faster than the winter specimen.

In the case of the all-weather specimens, the results obtained were similar to the
low-speed conditions. Since the strength of the rubber was low, the elastic deformation
rate based on yield was observed over the entire area from the beginning, indicating that
the movement at the end of the crack grew relatively fast compared to the other specimens.

In the case of the winter specimen, different results were obtained compared to those
obtained under low-speed conditions. First, the strain region shape was larger compared to
the low-speed condition, and it changed in the same manner as the elastic strain shape, such
as in the summer specimen. In other words, it indicated that the growth rate of the cracks
was more likely to increase and destroy the specimen; in particular, it was disadvantageous
compared to the speed increase in the summer specimen.
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Figure 12. Major strain contours at 50 mm/min.

5. Conclusions

In this study, the three types of complexes used had different hardness values, elastic
moduli, and elongations depending on the composition ratio. All three types exhibited
different mechanical properties.

Since tires are rubber complexes, it is unreasonable to set the tear energy suggested by
previous researchers as a fracture parameter from a fractural epidemiological point of view.
The following conclusions can be drawn from the results.

(1) From the tensile test of the crack specimen, the initial stress values of the summer and
all-weather specimens were expected to be higher in the initial elastic region, but the
initial stress of the winter specimen was higher. This means that different results were
obtained depending on the mechanical properties of the tire rubber.

(2) At the low speed of 5 mm/min, which is a chemical crack condition, the CTOD was
mainly influenced by the elastic modulus rather than by the hardness and elongation.
After the initial elastic region, the elastic modulus and elongation were affected. In
addition, the same trend was observed in the CTOA. At the high speed of 50 mm/min,
which is a mechanical crack condition, the CTOD was destroyed before the restoring
force (which is a rubber characteristic) acted. In other words, the low speed was
influenced by the compound, and the high speed was predominantly influenced by
the speed.

(3) From the fracture progression region observations made through digital image corre-
lation, the maximum strain field of the fracture progression region had a shape similar
to the strain shape in the load mode I of destruction. In the low-speed fracture region,
the maximum elastic strain field was attained in the order of all-weather, summer, and
winter specimens. In the case of low speed, different maximum strain shapes were
exhibited due to the mechanical properties of rubber. Even in the high-speed fracture
region, the maximum elastic strain field was reached in the order of all-weather, sum-
mer, and winter specimens, but unlike in the low-speed condition, the same strain
field was shown in all specimens.

Therefore, it could be observed that the tire rubber was vulnerable to speeds that
occurred during cracking. In other words, it is believed that chemical cracks can be
prevented by considering the CTOD and critical CTOA when developing tread compounds.
However, mechanical cracks are difficult to predict only by tuning the characteristics of the
compound. Therefore, it is important to ensure sufficient thickness for each part as well as
tread thickness when designing tires.



Appl. Sci. 2022,12,7931 13 0f 13

However, not all destructive factors for rubber were identified by these results alone.
If studies on repeated loads, e.g., fatigue and compressive forces, such as shocks, are
conducted later, rubber that has been pre-verified for destruction from a compound’s devel-
opment stage can be applied to finished tires and, eventually, safer tires can be developed.
In addition, further research will be needed to compare the tread crack characteristics of
finished tires by each season.
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