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Abstract—Mullins effect during uniaxial cyclic compression tests, together with its reversibility, of ethylene–
acrylic acid copolymer (EAA)/nitrile–butadiene rubber (NBR) thermoplastic vulcanizates (TPVs) were
investigated systematically. The results showed that EAA/NBR TPVs had excellent mechanical properties
when the weight ratio was 40/60. Morphology studies showed that sphere-like NBR particles were dispersed
evenly in the etched TPVs surface with diameters of 5–8 μm. The experimental results of Mullins effect indi-
cated that a stress softening phenomenon in the stress–strain curves of EAA/NBR TPVs during the uniaxial
loading–unloading cycles could be observed obviously; moreover, the reversibility of Mullins effect could be
significantly enhanced by increasing heat treatment temperature.
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INTRODUCTION

Thermoplastic vulcanizates (TPVs), a thermoplas-
tic/rubber blend in which rubber components are
cross-linked, is produced via dynamic vulcanization
[1]. As a typical of elastomer, TPVs have been receiv-
ing growing focuses on industrial practicability due to
the combination of the recyclability of thermoplastics
and the excellent elastic restoring force of conven-
tional rubbers [2, 3]. In addition, dynamic vulcaniza-
tion is a more direct method to prepare a polymer
material with convenience, efficiency and good
mechanical properties compared with complicated
chemical synthesis [4]. In situ reaction between the
thermoplastic and rubber during dynamic vulcaniza-
tion to form copolymers at the interface can effectively
improve the compatibility and interfacial adhesion of
the TPVs [5].

In general, TPVs can offer a substantial economic
advantage with respect to the fabrication of products
due to its unique characteristics. Over the past three
decades, TPVs played an important role in the appli-
cations of automotive, buildings and constructions,
wires and cables, etc [6, 7]. However, despite the refor-
matory progress dynamic vulcanization has made in
the recent years, it still remains of great importance for
the research on Mullins effect of TPVs in providing a
good mechanical model for the complex behavior of
industrial rubber. In order to control the properties of
TPVs effectively, the study related to this unique
behavior is an issue of major importance.

An important and intriguing characteristic of the
mechanical properties of vulcanized rubber compos-
ites is that the required stress under the same certain
strain is significantly decreased during the cyclic
deformations, which is commonly known as the stress
softening phenomenon or Mullins effect [8]. To pro-
vide a good mechanical model for the complex behav-
ior of industrial rubber-like materials, phenomeno-
logical and macromolecular models have been pro-
posed including bond rupture [9], molecules slipping
[10], filler rupture [11], disentanglement [12], and
double-layer model [13]. But until now, even though
the Mullins effect has been studied for more than sev-
enty years, it is still considered as a major challenge to
provide good mechanical modeling of the complex
behavior of industrial rubber-like materials [14]. Mul-
lins effect could not only be observed in uniaxial ten-
sion, but also in uniaxial compression [15], hydrostatic
tension [16], simple shear [17], and equi-biaxial ten-
sion [18, 19] etc. The subject of the cyclic uniaxial ten-
sile behavior attracts most of those researchers, while
the cyclic uniaxial compression behavior and the
strengthening effect of stress-softening phenomenon
is only attended by few researchers, as the research our
group work, the behavior of HIPS/SBR, EVA/NBR,
and HDPE/EPDM under the cyclic uniaxial com-
pression was investigated systematically [20].

Ethylene–acrylic acid copolymer (EAA) is a ther-
moplastic resin with the merits of excellent adhesion
and easy processing, which is widely used in packag-
ing, adhesives, sealing and other industries; moreover,
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Scheme 1.
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EAA is a polar polymer [21, 22] which consists of polar
acrylic acid and non-polar ethylene. Nitrile–butadi-
ene rubber (NBR) is a kind of polar unsaturated rub-
ber composed of butadiene and acrylonitrile, which
has the excellent properties of oil resistance, heat
resistance and adhesion [23], and has been widely
used in automotive, aerospace, petroleum, photo-
copying and other industries. To our best knowledge,
there is no report on the preparation and application
of EAA/NBR TPVs so far.

In this paper, we reported the preparation of
EAA/NBR TPVs via dynamic vulcanization, where
the mechanical properties, morphological properties,
Mullins effect and its reversibility under heat treat-
ment were investigated systematically.

EXPERIMENTAL
Materials

The ethylene–acrylic acid copolymer (EAA),
grade 300 (acrylic acid content: 9.7 wt %), was com-
mercially obtained from Dow Chemical Co. Ltd., US,
with a melt index (MFI) of 8.5 g 10 min–1 (190°C,
2.16 kg–1). The nitrile–butadiene rubber (NBR),
grade 3305 (acrylonitrile content: 35 wt %), was com-
mercially manufactured by Lanzhou Petrochemical
Co. Ltd., China, with the Mooney viscosity (ML1+4
(100°C)) of 45. Dicumyl peroxide (DCP), used as a
vulcanizing agent, was obtained from Gaoqiao Petro-
chemical Co., Ltd., China. Triallyl isocyanurate
(TAIC) was used as a crosslinking agent and obtained
from Rhein Chemie Co. Ltd., China. Antioxidant D
was used as an antioxidant and obtained from Shengao
Chemical Co., Ltd., Caoxian, China.

Preparation of Dynamically Vulcanized
EAA/NBR Blends

Commercially available EAA, NBR and the indus-
try raw materials, as above, were used for the TPVs.
The concentration for cross-linking the NBR system
was expressed in parts per hundred NBR rubbers by
weight (phr). The formula of NBR rubber system
using DCP as cross-linking agent was shown by weight
(phr) as below: 100 phr NBR, 2 phr DCP, 3 phr TAIC,
1 phr Antioxidant D.

The dynamically vulcanized EAA/NBR blends
were mainly prepared via the following two-step mix-
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ing process. In the first step, the preblend containing
NBR and the cross-linking ingredients was com-
pounded in a two-roll mill (SY-6215, Shiyan Precision
Instrument Co. Ltd., China) at room temperature,
and the preblend was removed from the mixer after
3 min of mixing. In the second step, the TPVs com-
pounds were prepared by melt-mixing the NBR pre-
blend with EAA resins and the EAA/NBR blending
ratio was controlled in the range of 20/80 to 60/40.
The mixer temperature was maintained at 165°C with
a constant rotor (cam type) speed of 43 rpm. The req-
uisite quantity of EAA resin was charged into the
mixer and allowed to fully melt, and the NBR based
preblend was added after 3 min. The mixing was con-
tinued for another 8 min to allow the dynamic vulca-
nization and finally the compound was removed from
the mixer. The compound was compression molded in
a plate vulcanizing machine (50 T, Shanghai Qun Yi
Rubber Machinery Co. Ltd., China) under a pressure
of 15 MPa at 170°C for 6 min, followed by cold com-
pression in another machine (SK2401, Kai Yuan
Machinery Co. Ltd., China) under a pressure of
15 MPa for 8 min at room temperature. The test spec-
imens were die-cut from the compression-molded
sheet and all specimens were used for testing after 24 h.

Mechanical Properties

According to ASTM D412, the dumbbell-shaped
specimens for the measurement of tensile properties
were prepared. The tearing strength was tested accord-
ing to ASTM D624 using unnotched right angle test
pieces. Both tensile and tearing tests were stretched on
a universal testing machine (TCS-2000, GoTech Test-
ing Machines Inc., China) at a crosshead speed of
500 mm/min until the specimens ruptured. The Shore
A hardness was determined using a hand-held Shore A
Durometer (LX-A, Shanghai Liu Ling Instrument
Factory, China) according to ASTM D2240. Both the
tearing strength and Shore A hardness were tested
using unnotched right angle test pieces. The schematic
diagram of unnotched right angle test pieces was
shown in Scheme 1. Tensile set at break was tested
according to ASTM D412 and Tensile set (100% elon-
gation) was tested according to ASTM D1566. The
average value of tensile strength was calculated for
5 test specimens and that of tearing strength, Shore A
hardness and Tensile set (100% elongation) were cal-
culated for 3 test specimens at room temperature.

Microscopy Analysis

Morphological study was carried out using field-
emission scanning electron microscopy (FE-SEM,
JEOL-6700F, Japan Electron Co. Ltd., Japan). For
the etched surface of TPV samples, the EAA resin was
extracted by immersing the blends into boiling xylene
at 130°C for 3 h, and then the etched samples were
ultrasounded for 5 min and dried in vacuum oven at



672 YINGTAO SUN et al.

Fig. 1. Stress-strain curves of (1) NBR vulcanizate and dynamically vulcanized EAA/NBR blends: (2) 20/80, (3) 30/70,
(4) 40/60, (5) 50/50, (6) 60/40, and (7) pure EAA.
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40°C for 12 h. Finally, the samples were sputtered with
thin layers of platinum and imaged using the FE-
SEM.

Mullins Effect

In order to illustrate the material softening result-
ing from the Mullins effect, cyclic uniaxial compres-
sive tests were performed on EAA/NBR TPVs (20/80
to 60/40 weight ratio) with a TCS-2000 universal ten-
sile machine (GoTech Testing Machines Inc., China)
operated in a local strain control mode. For a given
cylindrical specimen, a cyclic uniaxial compression
test was performed with a maximum strain increasing
from 10 to 50% every 5 cycles and run at a low constant
strain rate of 0.0083 s–1. The compressive stress-strain
curves during the loading and unloading period were
measured.

Reversibility Behavior of the Mullins Effect

The reversibility behavior of Mullins effect of
EAA/NBR TPVs was also investigated. In the first
step, the sample was submitted to a cyclic uniaxial
compression with given strain on the universal tensile
machine. The strain was sequentially increased from
10 to 50% after each uniaxial compression cycle. The
second step was to heat-treat the sample under differ-
ent temperatures for 30 min in a vacuum oven after the
cyclic uniaxial test, and then the sample was removed
from the vacuum oven and cooled to room tempera-
ture. In the last step, the sample was submitted to a
cyclic uniaxial compression with the same given strain
again. The compressive stress-strain curves during the
loading and unloading period were measured.
PO
RESULTS AND DISCUSSION
Mechanical Properties of the Dynamically Vulcanized 

EAA/NBR Blends

The stress-strain curves of pure EAA, NBR vulca-
nizate, and dynamically vulcanized EAA/NBR blends
at different weight ratios are shown in Fig. 1. The
stress-strain curve of pure EAA in Fig. 1 shows that a
typical deformation processes of tough plastic during
the uniaxial tension could be found which included
the elastic deformation, yield point, strain softening,
and large deformation behavior obviously, indicating
the hard and tough characters of EAA resin; while the
stress-strain curve of NBR vulcanizate showed the
elastomeric character of being soft and tough. The
stress-strain curves of dynamically vulcanized
EAA/NBR blends were similar in the shape of their
curves and exhibited the representative elastomer with
soft and tough character.

Table 1 shows the mechanical properties of pure
EAA, NBR vulcanizate and the dynamically vulca-
nized EAA/NBR blends at series weight ratios. As can
be seen in Table 1, the tensile strength and elongation
at break of the dynamically vulcanized EAA/NBR
blends reached a maximum value at 40 phr EAA incor-
poration. The EAA content had a significant effect on
the tearing strength and shore A hardness, both of
which increased linearly with the increasing of EAA
content, indicating that the content of EAA was a
major factor determining the mechanical properties of
the blends.

The tensile set at break increased significantly with
increasing EAA loading when the EAA content was
below 50 phr; however, all the tensile set (100% elon-
gation) values were less than 50%; the dynamically
LYMER SCIENCE, SERIES A  Vol. 62  No. 6  2020
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Table 1. Mechanical properties of pure EAA, NBR vulcanizate, dynamically vulcanized EAA/NBR blends

EAA/NBR, 
weight ratio

Tensile strength, 
MPa

Elongation at 
break, %

Tensile set at 
break, %

Tearing 
strength, kN/m

Shore A 
hardness

Tensile set 
(100% 

elongation), %

0/100 2.6 342 2.5 9.1 44 /
20/80 3.7 346 55.0 25.0 56 20
30/70 4.0 332 115.0 35.1 71 30
40/60 6.4 357 170.0 49.4 82 45
50/50 6.3 302 160.0 53.0 86 45
60/40 6.2 199 80.0 57.4 89 35
100/0 12.6 421 385.0 100.1 90 /
vulcanized EAA/NBR blends could be described as
elastomers according to the standard of ASTM D1566
standard.

As we know, the main structural units of EAA and
NBR molecules are acrylic acid and acrylonitrile, all
of which have strong polarity, resulting in the well
compatibility and the strong interface interaction in
the EAA/NBR blends, which is contributed to the
high mechanical properties of the EAA/NBR blends.

Morphology and Microstructure of EAA/NBR TPVs

The FE-SEM image of the tensile fracture surfaces
of EAA/NBR TPVs with 40/60 weight ratio prepared
by dynamic vulcanization are shown in Fig. 2. The
rough structure indicated that the tensile fractured
surfaces of EAA/NBR TPVs consisted of numerous
strip-like fibers, the tearing strips will generate and
result in the large energy consumption; however, no
rubber particles were observed on the fracture surface
due to the firm adhesion and coverage of the EAA
matrix. It could also be seen in Fig. 2 that there was no
obvious phase separation in the surface, indicating
POLYMER SCIENCE, SERIES A  Vol. 62  No. 6  2020

Fig. 2. FE-SEM of tensile fracture surfaces of EAA/NB

10 μm(а)
that EAA phase had good compatibility with NBR
phase.

During the process of dynamic vulcanization, the
viscosity of the NBR increased quickly due to the ini-
tiation of the cross-linking reaction and then the NBR
phase was gradually broken down into dispersed parti-
cles under the shear force. In our experiment, the EAA
matrix phase in the surface of EAA/NBR TPVs with
40/60 weight ratio was extracted by etching TPVs with
xylene and the FE-SEM images of the etched surfaces
are shown in Fig. 3. As can be seen from Fig. 3, the
vulcanized rubber domains remained undissolved and
adhered to the surface with the diameter of about 5 to
8 μm. It could also be found that the crosslinked NBR
particles, with irregular morphologies, were dispersed
evenly in the thermoplastic matrix.

Mullins Effect of EAA/NBR TPVs

Figure 4 shows the stress-strain curves of
EAA/NBR TPVs submitted to five cycles uniaxial
loading-unloading compression tests with the given
stain which was 10, 20, 30, 40, 50%, respectively (five
cycles of loading-unloading from zero stress up to the
R TPVs with 40/60 weight ratio: (a) ×1000, (b) ×2000.

10 μm(b)



674 YINGTAO SUN et al.

Fig. 3. FE-SEM of etched surfaces of EAA/NBR TPVs with 40/60 weight ratio: (a) ×1000, (b) ×2000.

10 μm 10 μm(а) (b)
maximum strain down to zero stress). From Fig. 4, a
softening phenomenon could be observed that is spe-
cific to materials exhibiting the Mullins effect and the
softening appeared obviously after the second loading-
unloading cycle. It could also be seen that when the
compression exceeded the maximum strain previously
applied, the stress-strain response followed the same
return path as that of the monotonous uniaxial tension
test, indicating that previous strain had little influence
on the stress-strain properties at greater strain. More-
over, the softening phenomenon was enhanced with
increasing EAA content in TPVs, which could be
clearly demonstrated from the increasing deviation
degree between loading and unloading curves [24].

The maximum stress of EAA/NBR TPVs with
40/60 weight ratio as a function of the number of the
loading-unloading cycles under different compression
strain are shown as Fig. 5a. It could be seen in Fig. 5a
that the stress-softening phenomenon under larger
strain was more obvious than that under smaller strain;
moreover, the maximum stress could be found under
the first loading with given strain, and then it
decreased slightly in subsequent cycles. To character-
ize the uniaxial tensile behavior, Mullins and Tobin
[25] proposed a microstructural model, the stress-
softening virgin material consisted of an amorphous
mixture containing a hard phase and a soft phase
microstructure, most of the deformation occurred in
the soft phase and the extent of the damage depended
on the maximum previous strain experienced by the
materials. In our experiment, the EAA, as a hard
phase, was the matrix of the blends; during the first
loading, the plastic deformation and the tearing strips
of EAA matrix would generate and result in the large
energy consumption. During the subsequent loading-
unloading cycles, most deformations took place in the
soft regions of the NBR, and the hard regions of the
EAA matrix made little contribution to the deforma-
tion, but they may be broken to form soft regions
during first loading, after the previous cycle, the con-
PO
tribution of hard region in deformation was relatively
small and the measured stress at a given strain was
mainly exerted to the soft region; therefore, the maxi-
mum stress values decreased slightly at the later cycles
after the second loading.

Figure 5b illustrated the residual deformation of
EAA/NBR TPVs with 40/60 weight ratio in the uniax-
ial loading-unloading cycles. Generally, one of the
important features in Mullins effect was the accumu-
lation of residual deformation as the deformation
could not recover completely. It could be observed in
Fig. 6b that residual deformation was increased obvi-
ously with increasing compression strain and loading-
unloading cycles. It was easy to understand that large
deformation required a large amount of energy and
would result in relatively high residual deformation
due to the large plastic deformation of the EAA
matrix.

In order to investigate the internal friction loss
during the loading-unloading compression tests, the
integral results of the hysteresis rings were calculated
by Origin 8.0 software [26], and the results are shown
in the Fig. 6. From Fig. 6, it could be found that the
maximum internal friction loss was generated in the
first loading-unloading cycle and the internal friction
loss was increased with the increase of compression
strain; moreover, it was decreased obviously during
the second loading-unloading cycle while only
decreased slightly during the later loading-unloading
cycles at given strain. It should be pointed out that the
variation of internal friction loss was consistent with
the variation of residual deformation as described
above. During the first loading-unloading cycle, the
plastic deformation of EAA matrix results in the large
energy consumption and residual deformation, result-
ing in the relatively large hysteresis ring and internal
friction loss; however, in the subsequent loading-
unloading cycles, the measured stress under the same
strain was mainly exerted to the soft phase and the
LYMER SCIENCE, SERIES A  Vol. 62  No. 6  2020
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Fig. 4. Stress-strain curves of EAA/NBR TPVs submitted to 5 uniaxial loading-unloading cycles with given strain. EAA/NBR =
(a) 20/80, (b) 30/70, (c) 40/60, (d) 50/50, (e) 60/40.
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residual deformation only changed slightly, resulting
in the lower internal friction loss.

In order to illustrate the stress softening phenome-
non of EAA/NBR TPVs better, the integral results of
the strain energy were calculated by Origin 8.0 soft-
ware, and the degree of stress softening effect (DS) can
be calculated by following Eq. (1) [27]:

(1)ε − ε= ×
ε

1

1

( ) ( )(%) 100%,
( )

iW WDs
W
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where W1 is the strain energy needed during the first
loading at given strain and Wi(ε) is the strain energy
needed during No.i loading at given strain, and it is
calculated by integrating the area surrounded by the
horizontal axis and stress-strain curve during loading
period. The results of Ds are shown in Fig. 7a, the more
times the loading-unloading cycles at a given strain,
the softer will be the TPVs, resulting in the signifi-
cantly increasing of the Ds for a specific strain; more-
over, the degree of stress softening effect was
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Fig. 5. Maximum compressive stress and residual deformation of EAA/NBR TPVs with 40/60 weight ratio as a function of the
number of loading-unloading cycles. λ = (1) 10, (2) 20, (3) 30, (4) 40, (5) 50%.
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Fig. 6. Internal friction loss of EAA/NBR TPVs with 40/60 weight ratio as a function of the number of loading-unloading cycles.
λ = (1) 10, (2) 20, (3) 30, (4) 40, (5) 50%.
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decreased obviously with increasing compression
strain.

To illustrate the Mullins effect more directly, the
damping factor (tan δ) of the EAA/NBR TPVs can be
expressed using following Eq. (2):

(2)

where Ei(ε) represents the internal friction value of
each cycle, namely the areas between loading-unload-
ing cycle curves and x-axis in each cycle, while Wi(ε)
is the strain energy needed during the loading at given
strain, which is calculated by integrating the area that
surrounded by the horizontal axis and the stress-strain

εδ =
ε

( )tan ,
( )

i

i

E
W

PO
curve during loading period [28]. The degree of tanδ is
shown in Fig. 7b. As can be seen in Fig. 7b the tanδ of
EAA/NBR TPVs with 40/60 weight ratio were
increased obviously with increasing compression
strain, while they were constantly decreased with
increasing loading-unloading cycles at given strain
and changed slightly eventually.

Recovery Behavior of Mullins Effect of EAA/NBR TPVs

The recovery behavior of the Mullins effect has
been observed through the reversibility of the perma-
nent set or comparing the extent to which the two
stress-strain curves are close to each other. Mullins
studied the stress-recovery of filled NR which showed
LYMER SCIENCE, SERIES A  Vol. 62  No. 6  2020
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Fig. 7. (a) Degree of stress softening effect and (b) damping factor (tanδ) of EAA/NBR TPVs with 40/60 weight ratio as a function
of the number of loading-unloading cycles. λ = (1) 10, (2) 20, (3) 30, (4) 40, (5) 50%.
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a temperature-dependent feature of the reversibility.
The influence of heat treatment on the recovery
behavior of Mullins effect in cyclic compression test
was researched, and the specimens were subjected to
the heat treatment at different temperatures for 30 min
after the first cyclic compression and then submitted
to the second cyclic uniaxial compression, the stress-
strain curves are shown in Fig. 8, the recovery behav-
ior of Mullins effect can be observed by comparing the
extent to which the two strain-stress curves are close to
each other. It could be seen in Fig. 8 that the revers-
ibility of Mullins effect showed a temperature-depen-
dent feature and was enhanced with the increasing
temperature. When the specimen was kept at room
temperature after the first cyclic compression, the sec-
ond cyclic compression curve showed a slight recovery
behavior; however, the reversibility was enhanced
remarkably when increasing the heat treatment tem-
perature to 105°C, indicating the fine deformation
reversibility of the EAA/NBR TPVs.

Table 2 shows the initial heights (h0) and the heights
(h) of specimens after heat treatment. Residual compres-
sion strain (K) can be calculated by following Eq. (3):

(3)−= ×0

0

K(%) 100%h h
h

POLYMER SCIENCE, SERIES A  Vol. 62  No. 6  2020

Table 2. Residual compression strain of EAA/NBR TPVs un

Temperature, °C
initial height h0, mm

23 9.95
60 9.87
75 10.01
90 9.88

105 9.95
It could be seen from Table 2 that the residual com-
pression strain was 5.5% when the heat treatment tem-
perature was 23°C; however, when the heat treatment
temperature was raised to 105°C, it decreased to
‒0.6%, indicating that the deformation recovery abil-
ity of Mullins effect of TPV was improved obviously
with increasing heat treatment temperature. Usually,
Mullins effect is thought to be caused by Micro-dam-
age accumulation [29], we could understand that the
maximum stress at a specific strain could not achieve
the value in the first loading-unloading cycle, indicat-
ing that the breaking of some weak molecular interac-
tions and some chains; moreover, some micro-dam-
age generated during the deformation became perma-
nent and could not recover under our experimental
conditions. However, under the heat treatment, the
plastic deformation of thermoplastic resin could be
recovered and the destroyed interface interaction in
TPVs could also be recovered partially, leading to the
partial healing of Mullins effect. When the specimens
were subjected to the high temperature treatment after
the first cyclic compression, the stress only could
recover partially during the later cyclic uniaxial load-
ing-unloading compression, indicating that even
though rubber-plastic bonds were broken under large
der different heat treatment

Properties

height after heat
treatment h, mm

residual compression
strain, %

9.40 5.5
9.67 2.0
9.86 1.5
9.80 0.8

10.01 –0.6
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Fig. 8. Influence of heat treatment temperatures on the reversibility of Mullins effect of EAA/NBR TPVs with 40/60 weight ratio
submitted to cyclic uniaxial compression under given strain. Heat treatment temperature: (a) 23, (b) 60, (c) 75, (d) 90, (e) 105°C.
(1) First compress, (2) second compress.
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deformation, the molecular interaction could also be
regenerated under the high treatment temperature.

CONCLUSIONS

EAA/NBR TPVs with different weight ratios were
prepared by dynamic vulcanization in the presence of
PO
the DCP and the mechanical properties and Mullins
effect of the prepared blends were investigated system-
atically. The experimental results showed that increas-
ing the content of EAA in the TPVs could contribute
to the increase of tearing strength and hardness, while
tensile strength and elongation at break both reached
the maximum when the EAA content was 40 phr. FE-
LYMER SCIENCE, SERIES A  Vol. 62  No. 6  2020
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SEM studies showed that the tensile fractured surface
of EAA/NBR TPVs consisted of numerous tearing
strips and there was no obvious phase separation on
the fracture surfaces of the TPVs with 40/60 weight
ratio, indicating the strong interface interaction
between the EAA phase and the NBR phase. The
NBR particles with average diameter of 5~8 μm were
dispersed evenly in the etched surface of EAA/NBR
TPVs. The Mullins effect was observed in our exper-
iment, increasing compression strain and EAA con-
tent in TPVs could strengthen the Mullins effect.
Moreover, the reversibility of Mullins effect showed
a strong dependence on the heat treatment tempera-
ture, and increasing the heat treatment temperature
could strengthen the reversibility of Mullins effect
remarkably.
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