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Abstract
In view of its combination of distinctive qualities, including strong tensile and tearing strength alongwith exceptional dynamic
capabilities,whichmake it a strategic and irreplaceablematerial to produce bigger tyres, rubber is among themost used polymer
in the world. The most widely employed sealing material in mechanical components is rubber. Failing of the rubber sealing
in structural parts that seal could result in disastrous mishaps. Rubber seals serve to eliminate scratches brought on by direct
contact between the piston and the cylinder block’s inner walls and stop the flow of hydraulic oil. Due to the challenging
work environment and discomfort of replacing rubber, it is important to suggest greater standards for its dependability. The
rubber’s reliability may be impacted by several variables over its life cycle, including load fluctuations, environmental factors,
and heat treatment. In the current study, polyvinyl-nitrile rubber was subjected to heat treatment. The heat treatment was
conducted with varying four different parameters such as curing time, curing temperature, post curing temperature, and post
curing time. Based on these four parameters, sixteen samples were heat-treated. The microhardness, tensile properties, and
fracture behavior of the tensile samples were analyzed by using Vicker’s microhardness tester, universal testing machine, and
scanning electron microscope. The outcomes revealed that the curing temperature and curing time has a significant effect on
the hardness and tensile properties, and the samples’ strength increased by 25% for curing temperature of 170 °C. The fracture
analysis revealed that the minimal variation in the fractured micrographs was seen during the heat-treated cycle, showing that
the environment seems to have less impact on the rubber matrix’s ability to adhere.
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1 Introduction

A seal is a tool or a piece of material that effectively shuts
an aperture to prevent the entry or exit of air, liquid, or other
substances. Since seals are a necessary component of prac-
tically all machinery and engines, they have a wide range of
industrial applications. Sealing is a need because most pro-
cess equipment, machinery, and engines work with some sort
of fluid. There are many ways to seal a system; hence there
are many different types of seals available and created for
specific applications. Elastomer seals are generallymanufac-
tured using materials such as PVC-Acrylonitrile-Butadiene
Rubber (PVC-NBR), Carboxylated Nitrile (XNBR), Ethy-
lene Acrylate (AEM), Ethylene Propylene Rubber (EPR),
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Ethylene Propylene-Diene Rubber (EPDM), Butyl Rubber
(IIR), Choloropropene rubber (CR), Fluorocarbon (FKM),
etc. The experimental analysis of the impact of process
parameters on a few key characteristics of a few widely used
industrial seals is covered by the current work. The following
headings feature discussions of the precise goals, the process
to be used to achieve them, and potential results.

The literature review covering the use of several seal types
in diverse industrial applications was done. Below is a survey
of some of the most important and pertinent scientific stud-
ies. A brush seal’s visualization and characterization process
revealed typical locations with diverse sorts of flows. Pres-
sure maps have been made after the axial pressure patterns
were determined across various inlet pressure scenarios [1].
Investigations were conducted into how to brush location,
geometry, and morphology affected the interaction between
the seal surfaces, hydraulic leak, and the resulting pressure
decrease [2]. To view and characterize the intricate fluid flow
in replicated single and double-brush sealings, a method has
been created. Within the brush, the flow patterns and asso-
ciated fluid speeds have been non-intrusively identified and
visually recreated [3]. They used the full-flow field monitor-
ing technique to examine the fluid velocity and flow patterns
within a set of brushes. These were graphically reconstructed
in order to identify the variables influencing changes in seal
leakage [4]. Under stable and lower rotor velocity circum-
stances, the leak behavior of a brushed sealing with gas
fluids has been examined. The given state concept was used
as a way of acquiring the statistics for air and CO2. The
results for helium, in contrast to that for air as well as CO,
exhibited a distinct curve [5]. For air turbine openers, a
non-contacting or clearing seal design made up of several
centrifugal blower motors as well as oil-air separators has
been created. A prediction of reliability improvement result-
ing from the development and qualification of a clearing seal
to replace a contact driveshaft seal is provided [6].

It explained how to construct, analyze, and evaluate non-
contacting gaseous facing sealing for aircraft applications. It
has been demonstrated that non-contacting sealing technolo-
gies are used in place of contact-facing gaskets in aircraft
sealing solutions to increase safety and improve leak vari-
ance [7]. Comparing the flow properties of the modeling
seals with motor sealing, a non-dimensional resemblance
has been found. The brushed sealing pack’s homogeneous
asymmetric impedance provided adequate flow rate proper-
ties. The simulation, nevertheless, did not accurately depict
the force distribution patterns [8]. For brushed sealings uti-
lized in aircraft engines, modeling and assessment of brush
deformations, bending stresses, and bristle or rotor contact-
ing pressures were performed. These pressures are produced
at the interaction of the fiber and rotor surfaces owing to
radial fluidflows.The complementingnon-dimensional load-
ing relationships have been created. The assessment of brush

stresses as well as deformations in the context of brushed
sealing mechanical investigation, justifies the application of
non-linear beam theory. The location and amount of the high
bending stresses have beenmeasured [9]. Therewas a discus-
sion of the benefits of non-metallic brushed sealings for oiled
sealing purposes. In comparison to metallic brushed seal-
ings and labyrinthine sealings, non-metallic brushed sealing
leaking effectiveness has been shown to be superior. The
advantages of creating the very same have been emphasized
[10]. A method for load calculations using a poroelastic
method has been created. The brushed sealingwas effectively
reflected by the findings as a permeable medium with a thin
technique [11]. The behavior of the bristle in brushed seal-
ings in 3D space has been predicted using a novel approach
and computer programming. The outcomes demonstrated
the anticipated behavior of bends seen in live brushed seal-
ings [12]. It has been suggested to create a seal with a
design like a brushed sealing but with thin strips in place
of the wires seen in typically brushed sealing. This sealing
design has been determined to be suitable for use in practice
[13]. The rigidity and damping properties of rubber O-rings
exposed to little amplitude reciprocating motion can be mea-
sured using a test method that has been provided. This might
be used to examine a variety of important variables that
have an impact on the dynamic characteristics of O-rings
[14]. Several researchers tested O-rings under accelerated
aging conditions to ascertain how variable their characteris-
tics were. Some researchers treated the compression set as a
single parameter. It was discovered that the NBR O-ring in
an electro-hydraulic mechanical actuation age considerably
more slowly than one that is solely exposed to air. It was
challenging to estimate the lifetime of O-rings due to a lack
of failure data. Thus, the accelerated deterioration test has
been employed by numerous researchers to determine the O-
rings’ expected lifetime [15, 16]. To comprehend the impact
of working conditions on the qualities of the seals, accel-
erated thermal aging studies on nitrile rubber O-rings were
carried out [17, 18]. A study was conducted to look into the
usage of an alternative material for the rectangular groove-
encased fluorocarbon seal in nuclear fuel delivery flasks. The
permeability to liquid, hydrogen, calcium, ormagnesium salt
solution and radiation resistancewere consideredwhile com-
paring the present seal materials to EPDM sealings. The
results showed that the EPDM polymers performed well
in terms of mechanical characteristics, radiation resistance,
and moisture resistance. Gas and water were discovered to
have greater permeation rates [19]. The effect of aging on
the ability of elastomeric O-rings to seal was studied, and it
was discovered that the leakage rate decreased with aging.
A significant decline in other material properties, however,
demonstrated that component functions like static leakage
rate do not always correlate with other mechanical properties
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[20].According to investigations [21, 22], rubberO-ring seal-
ings assist in preventing scratches generated by immediate
communication between the piston and the cylinder block’s
inner wall, as well as the leaking of hydraulic fluid. O-ring
utilization is restricted by factors including extreme tem-
peratures, rapid rubbing motions, hostile environments for
elastomeric materials, cylinder ports that seals must cross,
and wide shaft clearances [23]. O-ring sealings, an exam-
ple of an elastomer sealing, are used extensively throughout
many industry sectors for a variety of reasons, including their
broad operational range, ease of maintenance, low risk of
causing structural damage, compact design, high likelihood
of reusability, gradual failure, low cost, etc. [24]. Utilizing
fracture mechanics, the rupture behavior of rubbers was ana-
lyzed. For non-crystallizing rubbers, it was noted that there
was a good correlation with the experiment. However, under
these test conditions, crystallization cannot take place for nat-
ural rubbers that are strain crystallizing [25]. The responses
thatwere chosen for rubbermaterial utilized in footwear soles
were elongation at break and slip resistance. Particle swarm
optimization and backpropagation neural networks were the
two optimization methods used. To achieve greater elonga-
tion and slide resistance, mold temperature, mold pressure,
and holding time were optimized. There was a 30% decrease
in the cost of quality, according to experimental validation
data [26, 27].

The comparison was made between two distinct calibra-
tion methods of monitoring ozone content. The German
rubber business refers to a wet chemical analysis pro-
cedure, while the international rubber industry uses UV
spectroscopy. These two approaches would produce various
outcomes. Investigating the outcomes of real-world ozone
testing using samples of rubber was done side by side. Dis-
cussions were held regarding the effects of the variances in
the ozone concentration estimates produced by the two cali-
bration techniques [28].

Properties of rubber compound used in industrial seals
were studied and a relation predicting the properties for
varied manufacturing parameters was established using
machine learning techniques [29]. Compression set and
shear strengths were compared by varying the processing
conditions of a rubber compound widely used in sealing
applications [30].

From the literature review, the following components
have been identified. One of the crucial components of any
machine or engine is the sealing, and the effectiveness of
the seal has a big impact on how well the system works. To
optimize the process parameters used in the manufacture of
seals, extensive research is being conducted. Tensile strength
tests and microhardness tests are the most frequent tests per-
formed on elastomer seal materials. Fracture analysis could
be explored to study the failure process.

Fig. 1 Process flow chart of elastomer seal manufacturing process

2 Experimental description

2.1 Processing

The process flow chart of the elastomer seal manufacturing
process is shown in Fig. 1. In order to create NBR, acry-
lonitrile (CH2=CHCN) and butadiene (CH2=CH–CH=CH2)
must first be emulsified in water before their single-unit
molecules can be joined together to form larger, multi-
unit molecules under the influence of free-radical initiators.
Between 15 and 50 percent of the finished copolymer con-
tains acrylonitrile. The rubber gets stronger, more resistant
to swelling by hydrocarbon oils, and less permeable to gases
as its acrylonitrile content rises. However, due to the greater
glass transition temperature of polyacrylonitrile, the rubber
loses flexibility at lower temperatures (i.e., the temperature
below which the molecules are locked into a rigid, glassy
state). The following key componentswere added to the com-
pound in parts per hundred rubbers (phr). NBR � 70, PVC
� 30, Dioctyl Phthalate (DOP) � 50, with trace amounts of
Zn Stearate, Zn Oxide, Stearic Acid, and Sulfur as a compat-
ibilizer.

On observing the process and discussing it with the
process engineers, it was understood that curing and heat
treatment processes were ideal to be considered for this study
as they consumed significant time and energy resources. The
cause-and-effect diagram is constructed to understand the
factors affecting the response variables. Figure 2 shows the
cause-and-effect diagram with reference to the mechanical
properties of the PVC-NBR constructed using the R soft-
ware package.

To determine the ideal values of the parameters affecting
themechanical properties of theO-rings, the experiment used
a 24-design with three replicates. The experiment run order
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Fig. 2 Cause-and-effect diagram
for mechanical properties

was generated using Minitab software. Manufacturing pro-
cess control parameters, namely, curing temperature (150 °C,
170 °C), curing time (14 min and 18 min), post curing tem-
perature (50 °C and 100 °C) and post curing time (60 min
and 120 min) were varied and the response variables consid-
ered were tensile strength, load at the break, and percentage
elongation.

Pilot runs were conducted to ensure the proper function-
ing of the equipment. The process was carefully monitored
to ensure that everything was done according to the plan. It
was taken care to set the parameters as per the experimental
design. Standard order was formulated considering the pro-
cess parameters. To eliminate the effect of noise, the order of
running the experiment was randomized. The samples were
then analyzed for microhardness and tensile properties.

2.2 Property evolution

Shore A Microhardness testing is carried out as per IS 3400
(part-2): 1995 and is conducted to determine the micro-
hardness of the specimens cured and heat treated at various
temperatures and duration combinations. The specimens are
inspected for any defects and then placed on hard, even, and
horizontal surfaces. The tester is held in a vertical position,
and pressure is applied evenly until the pressure foot makes
firm contact with the specimen surface. The upper and lower
surfaces of the test piece should be lightly dustedwith talcum
powder. The indenter of the microhardness tester is placed
on the flat surface of the test piece for at least 5 s, and the
reading is taken. Readings are taken; at either 3 to 5 different
points distributed over the test piece, and the average value
is calculated.

The tensile samples were prepared as per the ASTM-E8
standards. The die is left to pre-heat to the necessary temper-
ature, which is 150 °C or 170 °C. The mixing stage produces
73–75 g of rubber compound, which is then collected. After
the mold has heated up, the die is opened and filled with
rubber compound. 150 kg/cm2 of pressure and 14 or 18 min
of cure time are the settings. To guarantee consistent mate-
rial distribution, the die is put into the pressing machine and
bumped twice. The timer has been set. The sheet is removed
from the die after it has been allowed to cure for the allotted
amount of time. To get rid of the excessive glare, the sheet is
cut. To ensure adequate proportions and a nice surface, the
sheet is examined. After that, it can cool. The cooled sheet
is installed on a hydraulic press and then cut into tensile test
specimens in the shape of Dumbles. The specimen’s length
and thickness are measured. The tensile test was carried out
on a universal testing machine with a crosshead speed of
0.25 mm/min. The accepted specimen is next brought to the
tensile testing equipment for examination. The tensile spec-
imens are shown in Fig. 3.

3 Results and discussion

3.1 Mechanical properties

The tensile test is carried out as per IS 3400 (Part-1):1987
Standards. The dumbbell-shaped test specimen is prepared
as described above, and a length of 25 mm is marked in the
span region. It is mounted on the tensile testingmachine onto
the roller gripper attachments. It is ensured that the test piece
is held firmly by both the top and bottom grippers uniformly.
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Fig. 3 Photograph of tensile test specimen

The specimenmounting is checked for perpendicularity with
the gripper. A new file is opened in the testing software is
opened. All the data with respect to workpiece dimensions,
specimen number, material, etc., are entered. Load cell num-
bers (1, 2, 3) and test units (kg, kN, N) are selected as per
the requirements. The group name can be added if required.
On clicking next, the testing window is displayed. This win-
dow displays three different partitions, namely the graphs
of Load versus Elongation, Stress versus Strain, and Load
versus Time. Parameters such as length, width, thickness of
the specimen, and test speed are entered. The sample set-up
is completed. On clicking Start, the machine applies a ten-
sile load on the specimen. The machine stops automatically
after the specimen breaks. All the results are displayed on the
monitor. The report can be generated by clicking the ’Report’
button, and the report print preview can be viewed.

Combinations of curing temperature, curing duration, post
curing temperature, and post curing time were designed and
tested for tensile strength investigation. The tensile properties
are shown in Table 1.

The tensile strength of Sample-1 is 6.59 N/mm2, it was
slightly increased to a value of 6.67 N/mm2 for Sample-2,
and showed significant increase to 7.44 N/mm2 for Sample-
3. The tensile strength was decreased further to a value of
7.25 N/mm2 for Sample-4 due to an increase in post cur-
ing temperature, increased to a value of 7.73 N/mm2 and
8.17 N/mm2 for Sample-5 and 6 due to an increase in curing
time. Finally, the tensile strength value increased to a value of
7.8375 N/mm2 due to an increase in post curing time. Over-
all, the highest and lowest tensile properties were recorded
for Sample-5 and Sample-1.

The response variables for this experiment were percent-
age elongation, modulus at 100%, and tensile strength. The
experiment was run in a random order to reduce the impact
of noise. Each experiment was chosen at random. Run and

standard orders were determined. Plots of the main effects
and interaction effects were made using Minitab software.
Tensile strength’s effects are shown in Fig. 4, while its inter-
action is shown in Fig. 5.

Understanding how the specimen fails and how the crack
travels from the outside layer to the inner layer is made eas-
ier by the experimental data set. This event is described in
more detail in the part that comes next. The main effects
plots for tensile strength shown in Fig. 4 reveals that curing
temperature of 150 °C, curing time of 14 min, post curing
temperature of 50 °C and post curing time of 120min give an
effect on improvement of tensile strength. Curing time and
curing temperature have a significant impact on the tensile
strength as inferred from interaction plots portrayed in Fig. 5.

Analysis of Variance (ANOVA) was conducted for ten-
sile strength to know the significant factors influencing the
results. It observed from Fig. 6 that the P value for curing
temperature and combination of curing time-heat treatment
time is low; hence they play a significant role in controlling
the tensile strength. The R2 value is found to be high, which
indicates that the data best fits the model. Curing time and
heat treatment time also play a role in controlling the tensile
properties.

The following combinations of curing temperature, cur-
ing duration, post curing temperature, and post curing time
were tested for Shore A microhardness. Table 2 presents the
microhardness results.

The microhardness of Specimen-1 is 69 HV, it was
increased to 71 HV for Specimen-2 due to the increase in
post curing time, and the microhardness was decreased to
68HV for Specimen-3 owing to the decrease of post curing
temperature and post curing time. The same microhardness
(i.e., 68 HV) was maintained for Sample-4; it was increased
to 70HV for Sample-5 due to the increase in post curing time,
and the same microhardness was maintained for Sample-6.
The microhardness was decreased slightly to a value of 69
HVfor Sample-7 because of a decrease in post curing temper-
ature and post curing time, increased to 71 HV for Sample-8
due to an increase of the post curing time, again increased
slightly to a value of 72 HV for Sample-9 due to increase of
post curing temperature, and the samemicrohardness (i.e., 72
HV) wasmaintained for Sample-10. Themicrohardness then
decreased to a value of 70HVforSample-11due to a decrease
in post curing temperature and post curing time, decreased
slightly to a value of 69HV, and the samemicrohardness (i.e.,
69 HV) for Sample-12, Sample-13, and Sample-14. Finally,
the microhardness slightly decreased to a value of 68 HV for
Sample-15 due to a decrease in the post curing time, and the
same microhardness remained same for Sample-16.

Overall, by analyzing Figs. 7, 8 and 9, which illustrate the
main effects, interactions plots and ANOVA for hardness, it
has been found that the material’s microhardness has grown
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Table 1 Tensile test results
Std. order Run order Extension

(mm)
Displacement
(mm)

Yield load (N) Tensile strength
(N/mm2)

7 1 55.40 130.30 85.222 7.10

9 2 55.60 129.10 87.478 7.29

3 3 54.20 130.30 89.243 7.44

5 4 58.30 135.40 98.07 8.17

15 5 49.60 124.00 87.87 7.32

6 6 60.00 132.90 92.774 7.73

10 7 59.30 134.10 94.049 7.84

13 8 44.20 115.80 84.34 7.03

12 9 45.30 113.90 86.988 7.22

8 10 62.30 139.20 85.222 7.10

14 11 54.40 124.00 91.401 7.62

16 12 54.80 118.90 85.713 7.14

11 13 51.20 121.50 97.187 8.10

4 14 53.30 130.30 86.988 7.25

2 15 45.70 113.90 80.025 6.67

1 16 45.90 112.60 79.142 6.59

Fig. 4 Plots of main effects for
tensile strength

as the curing temperature has risen. Themicrohardness num-
ber varies by no more than 2, with a maximum of 72 and a
minimumof 68. It is also clear that post curing has little effect
on specimens 9 and 10 because the microhardness number
is unaffected by post curing times of 60 and 120 s.

The tensile investigations of these portions were con-
ducted under identical circumstances by Rattapol et al. [31].
In order to remove the impact of outside influences on the test
and guarantee the precision of the comparison test. Findings
from the tensile tests of 16 specimens with varying porosities
that had not undergone heat treatment have been contrasted

with those of the corresponding heat-treated samples. The
ultimate strength of the heat-treated sample has been typi-
cally higher compared to the un-treated sample when both
specimens were identical in permeability. The heat-treated
sample had a smooth first linear elastic tension phase and
a sharper slope. Additionally, the heat-treated specimen’s
strength was improved substantially. The cause of this phe-
nomenon is that heat treatment releases themechanical power
(frictional elastic potential) created by the cold pressingof the
wire and partially removes the residual stress in the specimen
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Fig. 5 Interaction plots for tensile strength

Fig. 6 ANOVA for tensile strength with varying process parameters

that was caused by the pretreatment and higher tempera-
ture treatments. Within a particular range of permeability,
the ultimate strength of the test specimen steadily dropped
as permeability increased. It was the case since the sam-
ples with high permeability included less metallic wires and
had been, therefore, unable to tolerate greater tension forces,
whereas the test sample’s elasticity rose as permeability rose.
This has been caused by the weaker connections between the
spiral wires and the wires during the drawing process in the
sample with greater porosity. As an outcome, it was simpler

to straighten them,which increased elongation progressively.
They concluded that both heat-treated and un-treated speci-
mens’ tensile qualities declined as permeability increased, as
well as the heat-treated specimens generally had greater ten-
sile characteristics than the un-treated samples. This could
be explained by the observation that there are unique varia-
tions in the test specimen’s inner structure upon processing,
which cause a tiny variance in the tensile results. Addition-
ally, on one side, the heat treatment would deteriorate the test
specimen’s internal component and its mechanical qualities.

123



International Journal on Interactive Design and Manufacturing (IJIDeM)

Table 2 Hardness number for
varying curing parameters Sp. No. Curing temp. °C Curing time, Min Post curing

temp. °C
Post curing
time, Min

Hardness
(VHN)

1 150 14 100 60 69

2 150 14 100 120 71

3 150 14 50 60 68

4 150 14 50 120 68

5 150 18 100 60 70

6 150 18 100 120 70

7 150 18 50 60 69

8 150 18 50 120 71

9 170 14 100 60 72

10 170 14 100 120 72

11 170 14 50 60 70

12 170 14 50 120 69

13 170 18 100 60 69

14 170 18 100 120 69

15 170 18 50 60 68

16 170 18 50 120 68

Fig. 7 Main effects plots for
hardness

On the other side, in the tensile testing, the tensile fixtures
would lose a little bit of force when retaining the specimen
for structural purposes and this will affect the accuracy rate
of the apparatus directly.

The mean tensile performance of each specimen is docu-
mented findings byCalrke andChough [32, 33]. Their results
demonstrate how well the carbon black has an impact on
each specimen set’s tensile strength. Furthermore, polyblend
specimens showedgreater tensile strengths thanun-filledvul-
canized rubber specimens. This discoverymight be explained

by effective rubber-filler interaction. Although un-cured rub-
ber and carbonblack initiallymixed effectively, rubber chains
have a chance of coming into touch with the material and
becoming twisted or caught in the gaps of carbonblack aggre-
gate. Rubber chains that have been entwined on the surface
of the carbon black granules served as physical cross-links.
Physical cross-linking prevents rubber chains from moving
around and prevents the rubber from deforming, enhancing
the ML of injected rubber even when it is still in the un-
cured stage. The torque is increased when polymer chains
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Curing Temp

HT Temp

HT Time

Curing Time

1814 12060
71

70

69

71
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69

71
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71
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69

10050

Curing
Temp
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170

Curing
Time

14
18
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Temp

50
100

HT Time
60

120

Interactions Plots for Hardness Test

Fig. 8 Interactions plots for hardness

Fig. 9 ANOVA for hardness with varying process parameters

are entangled with carbon black, acting as physical cross-
links in elastomers. The amount of physical cross-linking is
shown by ML, the torque required to melt un-cured rub-
ber at 150 °C. The tensile strength of vulcanized rubber
is between 0.5 and 15 MPa, with the polyblend of NBR
exhibiting the ultimate tensile strength. Vulcanized rubber
substances range in microhardness from 32 to 51, with NBR
exhibiting greater microhardness due to the acrylonitrile ele-
ment in its molecular structure. Generally, reinforcing rubber

compounds outperform unfilled vulcanized rubber materi-
als in terms of tensile strength.

3.2 Fracture analysis

The fracture images and tensile fractured images of all the
conditions are shown in Figs. 10, 11, 12, and 13. Minimal
variation in the fractured micrographs was seen during the
heat-treated cycle, showing that the environment seems to
have less impact on the rubber matrix’s ability to adhere.
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Fig. 10 SEM images of the fractured samples under different conditions (150-14)

Various researchers also studied the fracture behavior of
heat-treated rubber. Not that all tears are caused by foreign
substance harm. Cracks form as a result of excess tension
in vulnerable regions. White et al. [34] used both opti-
cal microscopy LOM) and scanning electron microscopy to
study an inner rubber fracture. An OM magnification of
20 × has been discovered to be adequate for recording the
coarser striation marks. On the other side, scanning electron
microscopy has been necessary to reveal the inner fractures
caused by fatigue striation marks which have been visible at
beaded locations andonone shoulder, as shown inFig. 10a–d.
Additionally, the authors showed how the improved field of
view of the scanning electronmicroscope could be employed
to investigate deeper into closedfissures quite effectively than
with the OM. Large-scale striation marks on tread separat-
ing substrates that are apparent to the naked eye are thought

to be growth-arrest patterns, and if correctly examined, they
can yield valuable data. The meniscus instabilities across
the full width of the spreading rip determine how the stri-
ation marks may curve or bend. The striation marks would
be bent in the reverse directions from what would happen
if the rip had been capable of moving more rapidly along
the crown, whether it advances more quickly at the shoulder
regions. In the current experiment, the propagation pathway
that favored the crown region and the bowdirectionwere con-
gruent. The rubber sections can sometimes disclose regions
of permeability that are typically confined to specific regions,
as shown in Fig. 11a–d. The placement of such permeable
regions is crucial data that can help explain how they formed.
The trapped air kind of blow brought on by too much air in
the tyre cable was depicted in a photo by Jenkins et al. [35].
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Fig. 11 SEM images of the fractured samples under different conditions (150-18)

A blow occurred between the flanges consequently. Illustra-
tion of a strike to the shoulder shows additional pockets of
permeability are seen because of extreme heat accumulation
[36]. Cell wall investigation under a microscope occasion-
ally produces diagnostic data. Cell walls may have a smooth,
smooth yet pock-marked or gritty texture. Because of rub-
ber tear, permeability caused by excess heat accumulation
in a "hot spot" while in use frequently exhibits a grainy tex-
ture on cell walls. While the source of permeability brought
on by early access of pressure after polymerization typically
results in cell walls that are mirror-smooth. The presence of
blossoming on the cell wall surfaces should also be noted
(Fig. 12a–d) because this could reveal further crucial details
regarding the porosity’s temperature history. The walls of

confined air pockets are mirror-smooth. The scanning elec-
tron microscope is especially useful for viewing the surface
areas of cells at higher magnifications.

Overload or fatigue-related rubber failures mainly include
many components. The inner rubber breakdown has been
brought on by rubber fatigue [37–39]. "More mileage would
have caused the treads and carcasses to separate." Other find-
ings demonstrated entrapped air and undesirable particles
to be the starting point of fatigue damage in samples. The
source of blistering in a vehicle tyre sidewall and found that
the mechanism that led to the blistering was tension fatigue
in rubber starting at the helices of the tyre cables [40–44].
When the early, isolated divisions had gotten, big sufficient,
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Fig. 12 SEM images of the fractured samples under different conditions (170-14)

cable-to-cable propagation began. When air pressure even-
tually arrived, it compelled the divide to widen. A scanning
electron microscope photograph of a rubber fracture starting
at the top of a glass cable utilized as a belt in earlier belted bias
vehicle tyres was displayed [45–50]. The additional scanning
electron microscope image of the damaged surface exhibited
an interface abrasion-rounded texture that was comparable
to the texture often associated with carbon black aggregation
prominences, as shown in Fig. 13a–d.

Aportionof the tyrewithmicrocracks emergingnear cable
endpoints at the belt edges of a wire-belted vehicle tyre as
a photo-micrograph in one of many studies concerned with
the beginning and spread of fractures in cable-rubber lami-
nates [51–60]. The belt edge phase separations in-depth and

provided additional micro images displaying the texture of
these fissures when they were not covered by interface abra-
sion, both on tyre carcasses and tread pieces ejected from
them. In certain instances, it has been shown that stereo-
scopic magnifications and crucial lighting can reveal data
on the direction of ripping. Surface textures of tears among
vehicle tyre belt wires brought on by belt edge separations
have also been shown [61–68]. Their findings demonstrate
the intricacy of tear topologies, with one resulting from "ring
rips" that are packed lengthwise along the wire resembling
shish kebabs and another from larger-scale radial tearing that
advance across iron belts out from belt edges towards the
tire’s crown [69–78]. For instance, involving non-rubber part
fatigue, methodically examined the fracture ends of Nylon
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Fig. 13 SEM images of the fractured samples under different conditions (170-18)

tyre cables removed from failing vehicle tyre sidewalls in
order to find a solution to the fatigue issue. An investigation
under a microscope showed that bias ruptures had caused
Nylon threads to break [79–85].

The level of fatigue failure in any one place could be mea-
sured by counting skewed shape breakages inside a single
cable, and an explanation underlying the occurrence was put
forth. It may be inferred from the numerous research and
current investigations that this environment can lessen the
rubber matrix’s adherence. As a result, this environment has
an impact on the rubber strength, but that impact is much
less pronounced than it is in the heat-treated environment
[86–92].

4 Conclusions

In the present study, the polyvinyl rubber was subjected
to different heat treatments by varying the processing vari-
ables such as curing time, curing temperature, post curing
temperature, and post curing time. Then the mechanical
characteristics such as microhardness, tensile properties, and
fracture behavior were analyzed, and the following conclu-
sions were drawn. The tensile strength increased with the
increase in the curing time and curing temperature. The val-
ues of load at break are analyzed; it observed that the P value
for curing temperature and combination of curing time-heat
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treatment time is low; hence they play a significant role in
controlling load at the break. TheR2 value is found to be high,
which indicates that the data best fits themodel. Observations
of main effects plots indicate that the mean load at break is
highwhen the curing temperature is high, i.e., 170 °C. Curing
time and heat treatment time also play a role in controlling
the load at the break. The hardness also followed a similar
trend to tensile strength. Overall, it is observed that as the cur-
ing temperature increases, the hardness of the material has
increased. The variation in the hardness number is within a
range of 2, with a maximum of 72 and a minimum of 68. It
can also be seen that for specimens 9 and 10, post curing is
not playing a significant role, as for post curing of time of 60
and 120, the hardness number remains unaltered. It was con-
cluded from the fracture analysis that the environment could
lower the rubber matrix’s adherence. As a result, this envi-
ronment has an influence on rubber strength, but that impact
is much less pronounced than it is in the heat-treated envi-
ronment.
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