
Research Article
The Effect of Network Structure on Compressive Fatigue
Behavior of Unfilled Styrene-Butadiene Rubber

Liu Yang, Kaikai Liu, and Aihua Du

Key Lab of Rubber-plastics, Ministry of Education, Qingdao University of Science & Technology, Qingdao 266042, China

Correspondence should be addressed to Aihua Du; aihuadu@qust.edu.cn

Received 15 November 2019; Revised 17 February 2020; Accepted 24 February 2020; Published 17 April 2020

Academic Editor: Marino Lavorgna

Copyright © 2020 Liu Yang et al. +is is an open access article distributed under the Creative Commons Attribution License,
which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited.

+e effect of network structure on dynamic compressive fatigue behavior and static compressive mechanical properties of styrene-
butadiene rubber (SBR) were investigated. A series of SBR compounds with different amounts of sulfur and dicumyl peroxide
(DCP) were prepared, and their crosslinking densities were calculated using the Flory–Rehner equation. Compressive fatigue
resistance and creep behavior of the vulcanizates were performed on a mechanical testing and simulation (MTS) machine. +e
fatigue damage surface of SBR vulcanizates before and after a dynamic compressive fatigue test was observed with a scanning
electron microscopy (SEM). +e results suggested that the surface of the samples was badly damaged as the number of
compressive cycles increased. By comparison, compressive fatigue caused less surface damage to sulfur-cured SBR than to
peroxide-cured SBR. +e peroxide-cured SBR samples showed higher energy dissipation than sulfur-cured SBR during cyclic
compression. +e peroxide-cured SBR showed lower creep strain and compression set than the sulfur-cured SBR. +e -Sx-
linkages provided by the sulfur curing system allow dynamic compressive deformation but suffer from poor static compressive
resistance. However, the carbon-carbon linkages from DCP are irreversible and provide higher resistance to static compressive
stress, but they do not show obvious dynamic compressive fatigue resistance.

1. Introduction

Rubber materials are widely used in industrial fields because
of their high elasticity and excellent damping properties
[1, 2]. However, fatigue failures that are common in rubber
components remain a key issue. Rubber components, such
as seals, tires, and automotive mounts, are usually subjected
to static or dynamic compressive loading environments in
service life. Such rubber materials may fail due to cyclic
loading.+e damage surface shows as millimeter-sized voids
in the contact surfaces [3–9]. +e compressive fatigue
damage process of rubber materials is complex, affected by
many factors, and is still not completely understood. Cyclic
compressive deformation is one of the causes of fatigue
damage in rubber components which causes small voids and
cracks that propagate to eventual failure [10].

Some researchers [11–15] have studied the fatigue be-
havior of rubber materials under cyclic tension loading
conditions. Up to now, only several studies study the fatigue

behaviors of SBR under compression loading conditions
with different crosslink network structures [16–18]. Le Cam
et al. [19] described fatigue behavior in natural rubber filled
with carbon black under tension-compression conditions.
Seichter et al. [14] studied the effect of frequency on the
fatigue behavior of SBR/NR/BR blends under uniaxial
loading. Wu [20] studied the compression fatigue behavior
of compound concrete and discussed the changes in the
dissipated energy, Poisson’s ratio, residual strain, and fatigue
modulus of the cylindrical samples with the number of
compressive cycles. Wu [21] studied the stress-strain re-
sponse and mechanical properties of SBR/NR vulcanized
rubber fenders under static and dynamic compressive
conditions.

Rubber compounds are crosslinked by the curing sys-
tem. +e sulfur and peroxide are the two commonly used
curing system. Sulfur is commonly used in rubber com-
pounds in amounts of 1–3 phr. Sulfur curing system pro-
duces polysulfidic, disulfidic, and monosulfidic crosslink.
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+e former is good for fatigue resistance. Carbon-carbon
crosslinks are commonly introduced by peroxide curing
system into vulcanizates to improve static mechanical
performance. +e type of crosslink bonds and crosslinking
densities will determine the properties of vulcanizates under
static and dynamic loading conditions [22]. +us, the study
of the effect of network structure on fatigue behavior of
rubber is of major importance to extend the service life. Fu
et al. [23] investigated the influence of the network structure
on the mechanical properties and fatigue life of natural
rubber. It was found that the presence of the weak bonds in
the crosslink network provides higher toughness and tensile
strength, thereby further extending the fatigue life of natural
rubber.

Our work focuses on styrene-butadiene rubber (SBR)
composites cured by peroxide-cured systems and sulfur
systems to investigate the effect of network structure on the
compressive fatigue behavior of unfilled styrene-butadiene
rubber. +e compressive fatigue behavior of unfilled SBR in
the dynamic conditions was correlated with the polymer
crosslink network structure. +e dynamic and static com-
pressive fatigue behavior was investigated by characterizing
their hysteresis loops, dissipated energy, S-N curves, damage
surface morphology, compression set, and creep behavior.
We attempted to obtain a better understanding of the in-
fluence of network structure on the compressive fatigue
behavior of unfilled SBR vulcanizates.

2. Experimental

2.1. Materials and Basic Formulation. Formulations of SBR
are shown in Table 1, where S-SBR and DCP-SBR represent
the sulfur- and DCP-cured SBR, respectively. Nos. 1–5#
represent the dosage of curing agent (1, 1.5, 2, 2.5, and 3 phr).

Styrene-butadiene rubber (ESBR 1502) was acquired
from Sinopec Qilu Company Ltd; other additives, such as
dicumyl peroxide (DCP), sulfur (S), zinc oxide (ZnO),
stearic acid (SA), accelerator N-tert-butylbenzothiazole-2-
sulphenamide (NS), and antiaging agent N-isopropyl-N′-
phenyl-p-phenylenediamine (4010 NA), were industrial-
grade products.

All the compounds given in Table 1 were masticated on a
two-roll laboratory mill. Vulcanization was carried out at
160°C (for S-SBR) and 170°C (for DCP-SBR) with a pressure
of 10MPa, according to the optimum curing time deter-
mined by the vulkameter (GT-M2000-A cure meter from
Gaotie Science and Technology Company, Taiwan, China).

2.2. Tests and Analysis. +e crosslinking densities of vul-
canizates were determined by the Flory–Rehner equation
shown in equation (1). To achieve their swollen equilibrium,
weighed samples were, respectively, immersed in toluene at
room temperature for 72 hours. +e toluene was changed
every 24 hours to ensure that all uncrosslinked rubber
materials were removed. +e swollen samples were dried
after 72 hours, and the crosslinking density (Ve) was cal-
culated using the following equation:

Ve � −
ln 1 − Vr(  + Vr + χV2

r

V1 V1/3
r − 1/2Vr( 

, (1)

where V1 is the molar volume of solvent, Vr is the volume
fraction of rubber in the swollen sample, and χ � 0.446
represents the Flory–Huggins rubber-solvent interaction
term.

Compression set was tested by the following steps. +ree
cylindrical samples with dimensions 12.5∗ 29∗ 29mm were
compressed 25% for 72 hours. +en, the samples were re-
laxed at room temperature for 30min. After that, the re-
covered height of cylindrical samples was recorded and the
compression value (Cd) was determined using the following
equation:

Cd �
H0 − Hf

H0 − Hs

× 100, (2)

where H0 is the original height of the cylindrical sample, Hs
is the compressed height (25% of H0), and Hf is the final
height of the sample.

Compressive fatigue behavior of the vulcanizates was
performed on an MTS machine. +e shape and size of the
testing sample are the same as those of the compression set
sample (12.5∗ 292mm). +e dynamic compressive fatigue
tests were carried out on an amplitude of 3.75mm at 10Hz
using a sinusoidal signal. At the beginning of the high-cycle
compressive experiment, the samples produced lateral de-
formation and this kind of deformation gradually became
apparent because of the compressive displacement. +is is
due to the high Poisson’s ratio of the rubber materials, as
shown in Figure 1(b).

Creep tests were also carried out on this MTS instrument
using 1MPa constant compressive stress and measuring
time-dependent deformation.

Changes in the specimen surfaces before and after fa-
tigue were studied using JSM-6700F scanning electron
microscope (SEM).

3. Results and Discussion

3.1. Effect of Curing Agent Amounts on the Crosslinking
Density of Vulcanizates. Table 2 shows the crosslinking
density of the vulcanizates as a function of the amounts of
curing agents used. +e crosslinking densities of samples
showed an ascending trend with the increase of sulfur and
DCP. To investigate only the influence of the linkage type,

Table 1: Formulations in parts per hundred rubber (phr).

Ingredients
Quantity

S-SBR DCP-SBR
SBR 100 100
ZnO 5 5
SA 2 2
4010 NA 2 2
NS 1 —
S Variable (1, 1.5, 2, 2.5, 3) —
DCP — Variable (1, 1.5, 2, 2.5, 3)
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the crosslinking density of samples must be in the same
range for both types of linkage. +erefore, five samples with
different crosslinking types but similar crosslinking density
(S-SBR 1, DCP-SBR 3, DCP-SBR 4, S-SBR 2, and S-SBR 3)
were chosen for comparison.

3.2. Dynamic Compressive Fatigue Behavior. +e surface
morphology of samples compressed at different cycles and
stress-strain relationship for samples S-SBR 2 and DCP-SBR
5 during fatigue cycling are shown in Figure 2. Even if the
crosslinking density of the two samples is similar, the fatigue
behavior of the two samples is very different. To illustrate the
process of surface damage, the high-cycle compression was
stopped periodically (every 2000 cycles) and photos of the
sample surface were taken. As shown in Figures 2(a) and
2(b), these samples are damaged due to cyclic compression,
and the sample surface is badly damaged. For better ob-
servation, concentric circles of different colors were drawn
on the surface of the samples before the cyclic compression
test. +e experimental results indicate that the compressive
fatigue behavior is significantly affected by the type of
linkage. +e surface damage of the two samples is more
serious as the number of compressive cycles increases.
Moreover, cyclic compression caused less surface damage to
S-SBR 2 than to DCP-SBR 5 under the same compressive
cycles. With the combination of the photos and three-di-
mensional hysteresis loops in Figures 2(c) and 2(d), the
fatigue behavior was explored and correlated with hysteresis
to reveal the rubber damage mechanism. +e maximum
stress decreases greatly during the first several cycles and
then stabilizes after several cycles. +is phenomenon is
known as Mullin’s effect. After that, the stress increased
progressively. When the stress of the samples decreases to

the minimum value, the vulcanizate is regarded as com-
pressive fatigue failure, and the corresponding cycle of
failure is considered to be the compressive fatigue life of the
SBR (Nf ). As shown in Figures 2(a) and 2(b), during the first
few thousand cycles, only a small amount of debris and voids
appeared on the surface and then the surface began to be
damaged gradually. +e decrease in stress during the
compressive fatigue test is mainly caused by cracks. After
approximately Nf cycles, the surface morphology began to
change that the debris was gathered in the middle area and
gradually became dense, which led to an increase in stress.
+e minimum stress is observed at about Nf � 4000 for
S-SBR 2 and Nf � 1000 for DCP-SBR 5. Hence, Nf is the
transitional phase, in which the hysteresis changed signifi-
cantly. +is correlates very well with Figures 2(a) and 2(b).
All tests are performed for at least 10000 cycles to ensure that
minimum stress can be observed.

Figures 2(e) and 2(f) show the stress-strain hysteresis
loops of S-SBR 2 and DCP-SBR 5 obtained in the 10th and
100th cycles up to the Nf cycles of the cyclic compression
test. Dissipated energy Ediss is defined as the area of the
hysteresis loop and it represents the energy loss during one
cycle which is converted into heat. Since this additional
thermal load can gradually degrade the rubber, it is im-
portant to investigate the dissipated energy. As shown in
Figures 2(e) and 2(f), the Ediss decreases rapidly at the be-
ginning and then remains stable. Based on the consideration
of the different crosslink network structures within the
S-SBR 2 andDCP-SBR 5, the hysteresis loop of the DCP-SBR
5 changes more than that of S-SBR 2. +is correlates also
very well with Figures 2(a) and 2(b); the surface damage of
DCP-SBR 5 was worse than that of S-SBR 2. Compared with
the sulfur-cured system, the networks of the peroxide-cured
SBR were composed of a large amount of C-C crosslink

(a) (b)

Figure 1: Testing setup and samples. (a) MTS test system; (b) cylindrical sample under compression.
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bonds that have worse chain flexibility than polysulfide
bonds. +erefore, its local segment moves slowly. It was
considered responsible for the poor dynamic fatigue resis-
tance due to localized stress accumulation.

For the five samples involved in this study, the variations
of stress (S) with the applied cycles (N) are shown in
Figure 3(a). +e results show that the fatigue life of S-SBR
samples gradually extends with the increase of sulfur con-
tent, while the fatigue life of the DCP-SBR samples decreases
with increasing DCP content. Additionally, theNf data show

that the vulcanizates cured with sulfur exhibit longer fatigue
life compared with the DCP-SBR samples. It can be at-
tributed to the greater chain flexibility of polysulfide bonds
(-Sx-). +e -Sx- with greater chain flexibility can deliver
higher energy and prolong the compressive fatigue life of
vulcanizates. +e flexibility of the -Sx- can relieve stress and
help to improve the mechanical properties, eventually
leading to the good compressive fatigue resistance of SBR.
However, carbon-carbon single bonds (C-C) have higher
bond energy, which is more rigid, leading to stress

N = 0 N = 2000 N = 4000

(a)

N = 0 N = 2000 N = 4000

(b)

0
40

0.2
0.4

30

0.6

St
re

ss
 (M

Pa
)

0.8 S-SBR 2

Strain (%)

20

1

N

1.2

10
0 100 101 102 103 104 105

(c)

N100

105

0
40

0.5

1

St
re

ss
 (M

Pa
)

1.5
DCP-SBR 5

Strain (%)

20

2

2.5

0

(d)

D
iss

pa
te

d 
en

er
gy

 (K
J/m

3 )

0 1000 2000 3000 4000

2.5

3.0

3.5

10 th
100 th 
1000 th

2000 th
3000 th
4000 th

Number of cycles

0.0

0.2

0.4

0.6

0.8

1.0

St
re

ss
 (M

Pa
)

5 10 15 20 25 300
Strain (%)

(e)

0 200 400 600 800 1000
2

4

6

8

10

12

10 th 
100 th
1000 th

D
iss

ip
at

ed
 en

er
gy

 (K
J/m

3 )

Number of cycles

0.0

0.5

1.0

1.5

2.0

2.5

St
re

ss
 (M

Pa
)

5 10 15 20 25 300
Strain (%)

(f )

Figure 2: (a, b) Top view of damage surfaces of S-SBR 2 sample and DCP-SBR 5 sample after different compressive test cycles, (c, d) three-
dimensional compressive stress-strain curves of two samples, and (e, f ) stress-strain curves and corresponding dissipated energy of two
samples during fatigue cycling.
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concentration during the compressive cycle. +e C-C
linkages fromDCP-SBR samples are irreversible and provide
lower resistance to fatigue.

Figure 3(b) shows the hysteresis loops obtained in the Nf
cycles of the five different samples.+e Ediss increases slightly
with increase of crosslinking density. It increases the inner
friction of rubber which is provided by the increase in Ediss.
When the crosslinking densities are similar, the Ediss values
of the peroxide-cured SBR samples are higher than those of
the sulfur-cured SBR.+e greater chain flexibility of the -Sx-
linkages could offer effective energy delivery to avoid rubber
damage. Compared with the S-SBR system, the DCP-SBR
samples have higher energy dissipation. As we discussed
before, the DCP-SBR samples are more vulnerable to stress
concentration, which leads to the breakdown of the crosslink
network. +e breakage of the -C-C- crosslinks provides high
energy loss during deformation. +e dissipated energy is
transferred into heat, which leads to serious damage to the
DCP-SBR samples. From the analysis above, it was con-
cluded that sulfur-cured SBR worked better than peroxide-
cured SBR under dynamic compressive conditions. It infers
that polysulfide crosslinks are highly resistant to cyclic
deformations.

3.3. Surface Damage Characteristics before and after Dynamic
Compressive Fatigue. +e scanning electron microscopy
(SEM) images of the damaged surface are shown in Figure 4.
+e flat surface was found on the top side of the sample
before the compression test. However, for the sample after
10000 cycles of the compressive test, the surface morphology

turned rough. At the same time, peeling and voids were
formed on the surface. In addition, due to the significantly
high amount of granular powder accumulated in the central
region, the compact layer was formed on the sample surface
as shown in Figure 4(b). Generally, after the compressive
fatigue test, there are two main types of damage: peeling and
spalling. +e peeling usually shows as a wave (Figure 4(c)),
while the spalling shows as deeper voids (Figure 4(d)) on the
surface.

+e mechanism of compressive fatigue behavior was
similar to fatigue wear in the early stage. With further cyclic
compression, stress concentrated in the center which lead to
cracks below the surface and ultimately appeared on the
surface. Cracks below the surface led to fatigue wear and
formed a large piece of debris and left many voids. As the
number of cycles further increases, the wave extends and the
number of voids increases. Finally, in Figure 4(b), a compact
layer can be observed in the central region.

Figure 5 illustrates a schematic of rubber fatigue damage
caused by repeated compressive stress cycles and the crack
initiation process. It is obvious from the subsurface defor-
mation of rubber material that the maximum stress will
generate cracks and develop below the surface [24, 25]. +e
small cracks that develop below the surface will then
propagate to the free surface and combine with each other
because of repeated stress cycles, and finally, rubber damage
occurs.

3.4. Monotonic Compressive Behavior. At the same time, we
tested the static compression behavior in two modes, i.e.,
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Figure 3: S-N curves (a) and dissipated energy (b) of five different samples with the same crosslinking density degree but different types of
linkages.
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compressive creep behavior and compression set tests. +e
creep behavior of rubber materials is time-dependent de-
formation under stress as shown in Figure 6(a). +e results
show that initial creep strain accounts for a large proportion
of the total creep strain, and the creep strain remains rel-
atively stable during the period 500 to 3600 s. +e com-
pressive creep analysis of SBR shows that the magnitude of
creep strain decreases with an increase in crosslinking
density. When the samples are subjected to repeated com-
pressive loads, the mobility of molecular chains is limited by
rearrangement and orientation. +e higher the crosslinking
density is, the worse the molecular mobility is. In addition,
the DCP-SBR samples and S-SBR samples show obviously
different creep behaviors. +e DCP-SBR samples have
smaller creep strain than the S-SBR samples even though the
crosslinking densities of DCP-SBR samples are lower than
those of S-SBR 2 and S-SBR 3, implying that the DCP-SBR

possesses superior creep resistance. +e better creep resis-
tance of peroxide-cured SBR is because C-C crosslink for-
mation brings about a harder SBR, which further improves
the creep resistance. +e compression set offers clues about
rubber’s resistance to deformation under compressive stress.
+e trend of the compression set is similar to the creep strain
curve. Figure 6(b) shows a compression set of S-SBR samples
and DCP-SBR samples under the compression state. +e
compression set of all the samples increased with decreasing
crosslinking density. As mentioned above, the elevated
crosslink density limits the mobility, as the crosslinked
network prevents the polymer from reaching high
deformations.

+ese results provide evidence that peroxide-cured SBR
samples possess excellent creep resistance and lower com-
pression set at room temperature. It is ascribed to a large
number of carbon-carbon linkages that have higher bond
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(d)(c)
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x 50 100μm
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Figure 4: SEM images of surface damages of S-SBR 2 sample before and after 10000 compressive test cycles: (a) before fatigue test,
(b) central region after test, (c) showing the wave, and (d) showing the voids.
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Figure 5: Characteristics of fatigue wear in rubber caused by repeated compressive stress cycles applied.
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energy as compared with the polysulfide linkages. +is
characteristic is responsible for the reduced compression set
and creep deformation of DCP-SBR samples.

4. Conclusions

In this work, we prepared a series of S-SBR and DCP-SBR
compounds with different sulfur and DCP loadings. +e effect
of network structure on compressive fatigue behavior was
investigated. +e main conclusions are summarized as follows:

(i) +e surface damage of the two samples grows more
serious as the number of compressive cycles in-
creases. Moreover, cyclic compression caused less
surface damage to S-SBR 2 than to DCP-SBR 5
under the same compressive cycles. After the
compressive fatigue test, there are two main types of
damage: peeling and spalling. +e peeling usually
shows as a wave, while the spalling shows as deeper
voids on the surface.

(ii) Even if the crosslinking density of the two samples is
similar, DCP-SBR 5 provides higher energy dissi-
pation than S-SBR 2 during cyclic compression.

(iii) +e creep deformation and compression set of all
the samples decreased with the crosslinking density
increasing. +e DCP-SBR samples show smaller
creep deformation and compression sets than the
S-SBR samples.

Data Availability

+e data used to support the findings of this study are
available from the corresponding author upon request.
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