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Abstract. The composites consisting of ethylene-vinyl acetate rubber (EVM) and acrylonitrile butadiene rubber (NBR) were
prepared by two-step blending method, and were reinforced with carbon black (CB) using 1,4-bis(tert-butylperoxyisopropyl)
benzene (BIPB) as crosslinking agent. In addition, wear and oil resistance, morphology, vulcanization and dynamic mechanical properties of the composites were systematically investigated. 3D graph was used to analyze the trend of wear and
oil resistance of the composites. SEM images showed that the wear mechanism of the composites was mainly abrasive wear,
accompanied by fatigue wear. With the increase of NBR content, the wear resistance was effectively improved, which was
revealed by the DIN abrasion volume, worn surfaces morphology and roughness. Meanwhile, the oil resistance was also
improved according to the rate of volume change and surface contact angle. The EVM/NBR composites prepared by the
two-step blending method showed higher ΔH (maximum torque MH – minimum torque ML) than pristine EVM or NBR did.
The composites containing 30 phr of CB exhibited excellent wear and oil resistance, which broadened the applications field
of the EVM/NBR composites.
Keywords: polymer composites, wear and oil resistance, morphology, vulcanization, two-step blending method

1. Introduction
EVM is the accepted abbreviation for ethylene-vinyl
acetate copolymers with elastomeric properties and
containing between 40 and 90% vinyl acetate (VA)
[1]. It is also worth noticing that the substitution of
some hydrogen atoms in the PE chain with vinyl acetate units disturb the regularity of the polymer chain
structure. So the products with a different susceptibility to crystallization depend on the quantity of the
VA combined in EVM [2]. EVM is a special rubber
with good performance such as inherently excellent
ozone resistance, good flexibility at low temperature,
damping and mechanical properties, also, compatibility with inorganic materials, high heat resistance
and hot-air aging resistance [3–6]. It is widely used

in cables, rubber rollers, footwear, appliances in the
automotive industry [1]. However, the main chain of
EVM is saturated so that it can only be crosslinked
with peroxide. It is strictly influenced the properties
due to the presence of the heterogeneous network
structure with densely crosslinked region and loosely
crosslinked one, such as low tensile and tear strength.
That is all as well as its physical and chemical properties, which easily leads to its unsatisfactory wear
resistance [7–10]. Thus, the oil resistance is still not
high enough despite of the high VA content in EVM
[11]. These defects greatly limit the application of
EVM, especially in the automotive, footwear and oil
pipeline fields. Acrylonitrile butadiene rubber (NBR)
has excellent oil and abrasion resistance because of

*

Corresponding author, e-mail: pshuihe@scut.edu.cn
© BME-PT

1088

Wang et al. – eXPRESS Polymer Letters Vol.13, No.12 (2019) 1088–1103

the strong electronegativity cyano and intermolecular
forces [3]. However, it has some disadvantages in resistance to ozone, high and low temperatures and no
self-reinforcing effect due to non-crystallization and
unsaturated chain nature [12]. Blending with EVM
and reinforcing fillers are expected to obtain the
composites with excellent comprehensive properties
to take into account the advantages of both [13].
The wear of rubber is a complex phenomenon and dependent on a combination of processes such as mechanical, mechanochemical and thermo-chemical
[14]. The wear behavior of rubber can be commonly
classified into three types, depending on the mechanism responsible for removal of material from the surface: (1) abrasive wear, (2) fatigue wear, and (3) curl
wear [15]. The most severe wear is abrasive wear,
caused by the occurrence of microcutting and longitudinal scratches from tearing on the tips of sharp asperities. It leads to the formation of a characteristic
surface patterns, a series of parallel ridges lying perpendicular to the sliding direction [16]. Fatigue wear
happens on the blunt asperities by cyclic deformation of the rubber, leading to a small cavitation and
then propagation to a definite fracture. The curl wear
occurs on a smooth surface by roll formation of the
compressed rubber, which generates patterns detachment at the contact area. These patterns, known as
Schallamach patterns, propagate across the contact
zone from front to back [17]. Many researchers have
studied the friction and wear properties of rubber
composites. Schallamach [18] was the first to study
the abrasion pattern of rubber surfaces in detail. Tangudom et al. [15] investigated the mechanical and
wear behavior of natural rubber (NR), butadiene
styrene rubber (SBR) and NR/SBR blends filled
with silica hybrid filler.
Meanwhile, the polymer blending is a advantageous
way to develop a novel polymer composite compared to synthesis of new polymers to meet the ever
increasing performance demand [19]. Reinforcement
by fillers, especially carbon black, is one of the most
important aspects of polymer blending technology.
Investigations on EVM/NBR composites have been
reported by many research groups so far. Bhuyan et
al. [20] fabricated 3D multi-walled carbon nanotube
(MWCNT)/hectorite hybrid (HMH) nanofiller filled
NBR/EVA nanocomposites. Results showed that mechanical properties are significantly improved with
HMH content up to 4 wt% and best dynamic mechanical, dielectric response at 4 and 3 wt% HMH

content respectively. Varghese et al. [12] studied the
effect of various crosslinking systems, the blend
ratio, and various fillers on the mechanical properties
of NBR/EVA blends. It was found that the peroxide
shows the shortest cure time. The mechanical properties increase with the increment of EVA content.
The reinforcing ability of the fillers is in the order of
high-abrasion furnace black (HAF) > semireinforcing furnace black (SRF) > silica > clay. Shi et al. [21]
analysed the effects of polyvinyl chloride, chlorinated polyvinyl chloride, silica, carbon black, and phenolic resin on the mechanical and damping properties of EVM/NBR blends for the preparation of high
damping materials. Shi and Bi [22] chose both sulphur
and bis(tert-butyldioxyisopropyl) benzene (BIPB) as
the curing agents to see the effect of PVC on the
damping properties of EVM/NBR blends added in
silica and so on.
However, the previous reports mainly focused on the
effects of reinforcing fillers and vulcanization systems on the mechanical and damping properties of
NBR/EVM composites, regularly using NBR as the
main phase and EVM as the auxiliary phase by normal direct blending method. Yet systematical researching on wear and oil resistance of EVM/NBR
composites have rarely been reported. EVM and NBR
are complementary in structure and performance. In
order to acquire the benefits of the two polymers,
they can be blended together.
As we all know, it is difficult to disperse the ingredients in the rubber composites by the direct blending,
resulting in unsatisfactory wear and oil resistance,
mechanical and electrical properties. In this study,
EVM/NBR compatible systems using BIPB as crosslinking agent and carbon black as reinforcing filler
were fabricated by the simple two-step blending
method, we studied the effects of NBR content on
the wear and oil resistance, worn surfaces morphology, micro-morphology, vulcanization and dynamic
mechanical properties of EVM/NBR composites.

2. Experimental
2.1. Materials
EVM (Levapren 500HV) with 50% VA content,
mooney viscosity ML(1+4)100 °C 25, was obtained
from LANXESS Co., Germany. NBR (NANCAR
1052) with 33% acrylonitrile content, mooney viscosity ML(1+4)100 °C 33, was offered by Zhenjiang
Nandi Chemical Co., Ltd., China. High-abrasion furnace (CB N110), BET specific surface area 103 m2/g,
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particle size 10~20 nm and DBP absorption value of
114 cm3/100 g, was produced from Tianjin Billion
Huilong Chemical Technology Co., Ltd., China.
BIPB (14S-fl) was purchased from Akzo Nobel Co.,
Netherlands. Zinc oxide (ZnO), stearic acid (SA), zinc
stearate (ZnSA), anti-aging agent poly(1,2-dihydro2,2,4-trimethylquinoline) (RD) were purchased from
Tianjin Damao Chemical Reagent Co. Ltd., China.

2.2. Preparation of EVM/NBR composites
The preparation process of EVM/NBR composites
in the two-step blending method was as follows:
(1) As shown in Figure 1, EVM, ingredients (ZnO/
SA/ZnSA), CB, BIPB or NBR, ingredients (ZnO/SA/
ZnSA), CB, BIPB were added to the HAAKE Polylab OS torque rheometer in sequence to be plasticized and mixed uniformly according to the formula
ratio of Table 1, respectively. The rotor speed of the
HAAKE was set to 30 r/min in 60 °C and the mixing
time of each section was shown in Figure 1. It can
obtain EVM compounds A and NBR compounds B
with the CB content of 10, 20, 30, 40 phr, respectively. (2) The EVM compound A and NBR compound B with the same CB content were well mixed
together according to the formula ratio in Table 2,

for 6 min, in the two-roll mill with the roller distance
of 1 mm at 40 °C. The prepared EVM/NBR compounds were conditioned at 25 °C for 24 hours. To
obtain the sheets of EVM/NBR composites, the
EVM/NBR compounds were vulcanized in an electrically heated press at 175 °C for the optimum cure
time Tc90 which was determined by an UCAN UR2030 moving-die rheometer. After that, the cured
composites were tested after 24 hours at 25 °C.

2.3. Characterization
2.3.1. Wear and oil resistance measurement
DIN wear test was recommended by the ISO 4649:
2010 in the wear tester (GT-7012-D, Gotech Testing
Machines Inc.,Taiwan). A cylindrical sample with a
diameter of 16 mm and a height of 10 mm was
mounted in a rotating holder and abraded across the
surface of a rotating abrasive drum for a distance of
40 m. The DIN wear volume Vt [mm3] was calculated using Equation (1):
Vt =

m1 - m2
$ 1000
t

(1)

where m1 and m2 are the mass before and after the
wear test respectively [g], ρ is the density [g/cm3].

Table 1. Basic formulas of EVM and NBR rubber.
EVM

NBR

Carbon black

A

100

0

10; 20; 30; 40

2.4

2.0

B

0

100

10; 20; 30; 40

2.4

2.0

Sample

ZnO

BIPB

RD

SA

ZnSA

2.0

0.8

2.0

2.0

0.8

2.0

[phr] (parts per hundred of rubber by weight)

Table 2. Ratio of EVM/NBR composites by the two-step blending method.*
Sample codes
EN0

*A

Ratio of blending

Sample codes

A×100% + B×0%

Ratio of blending

EN40

A×60% + B×40%
A×50% + B×50%

EN10

A×90% + B×10%

EN50

EN20

A×80% + B×20%

EN100

EN30

A×70% + B×30%

A×0% + B×100%

and B represent the weight of the samples A and B in Table 1 when the carbon black content is 10, 20 ,30 and 40 phr, respectively.

Figure 1. Two-step blending method for preparing EVM/NBR composites.

1090

Wang et al. – eXPRESS Polymer Letters Vol.13, No.12 (2019) 1088–1103

The oil resistance test samples that were prepared
with a diameter of 16 mm and thickness of 4 mm
were immersed into 2,2,4-trimethylpentane at 25 °C
for 22 h. The rate of volume and weight change of
the samples were determined strictly according to
the ISO 1817:2015. The rate of weight change ∆m100
[%] and volume change ∆V100 [%] were calculated
with Equation (2) and (3) respectively:
Dm100 =

mi - m0
m0 $ 100%

(2)

DV100 =

tmi - ti m0
$ 100%
ti m0

(3)

where m0 [g] and mi [g] are the weight before and
after the sample being immersed in liquid, and ρi
[g/cm3] is the density after the samples being immersed in liquid.
2.3.2. Morphology and 3D optical profile
measurement
Scanning electron microscope (SEM) observation
was performed with an acceleration voltage of 10kV
(Merlin, ZEISS, Germany). The samples were fractured by immersing in liquid nitrogen. The obtained
fracture surfaces and the worn surfaces were coated
with a thin layer of gold before any observations.
Transmission electron microscope (TEM) were observed with an acceleration voltage of 80 kV (JEM2100F, Japan Electronics Corporation, Japan). And
the specimens were sliced with a diamond knife with
an ultramicrotome. To investigate the worn surfaces
roughness of the samples, it were scanned at rang of
0.66×0.88 mm using 3D optical profiler (Up DualMode, RTEC Instrument Co. Ltd., USA).
2.3.3. Dynamic mechanical thermal analysis
(DMA)
DMA was measured on a dynamic mechanical thermal analyzer (Q800, TA Instruments, USA). The
specimens (10×6×1 mm) were analyzed in tension
mode at a frequency of 1 Hz with 0.01% strain, which
carried out from –100 to 100 °C at a heating rate of
3 °C/min.
2.3.4. Vulcanization performances measurement
The curing of the composites were determined at
175 C by vulcameter (UR-2030 ,U-CAN Dynatex
Inc., Taiwan). The apparent crosslink density and
crosslink density of the composites were estimated

by equilibrium swelling experiments. The equilibrium swelling experiments were done at 25 °C following the recommended procedure published in ref.
[8]. Three pieces of each sample (10 mm diameter
and 2 mm thickness) were swollen in toluene (molar
volume Vs = 106.2 cm3/mol, density ρs = 0.87 g/cm3).
Samples were weighted initially (M0) with the density ρr [g/cm3] and then swollen up to equilibrium
during 72 h, renewing the solvent every 24 h. Samples were kept in the dark. In order to determine the
mass of swollen samples (M) [g] every once in a
while, we removed the excess of toluene with a tissue and weighted them immediately. Finally, the mass
of swollen samples (M2) [g] were weighed after 72 h,
and the solvent was evaporated from the samples in
a vacuum oven for 24 h at 60 °C before weighting
again the samples (M1) [g]. Thus, the degree of
swelling Q is computed as Equation (4):
Q=

M - M1
M1

(4)

The volume fraction of rubber in swollen gel, which
was used to represent the apparent crosslinking density Vr of the vulcanizates, was determined by Equation (5) [23]:
Vr =

1
t
M2
S
1 + M1 + 1 X dtr

(5)
s

δ is the mass fraction of the polymer in the formula.
The crosslink density Ve was estimated from the equilibrium swelling by using the Flory-Rehner equation
[24], which is given by Equation (6) [25]:
Ve =-

ln R1 - Vr W + Vr + |V r2
Vs SV r1/3 -

Vr
X
2

(6)

It is also important to use a correct value of the FloryHuggins parameter χ, which depends on the volumetric fraction of rubber. For the pair EVM/NBRtoluene, we used 0.444 here [26].
2.3.5. Physical performances measurement
A small amount of the uncured EVM/NBR composite with the same shape immersed in toluene for
7 days wrapping in a copper mesh. And the fresh
toluene was added to ensure sufficient swelling
every 2 days. The swollen sample was dried in a vacuum oven and then weighted again to determine the
bound rubber content WR according to the Equation (7):

1091

Wang et al. – eXPRESS Polymer Letters Vol.13, No.12 (2019) 1088–1103

W - RW2 - W3 W
WR = 1 W
$ 100%
1

(7)

where W1 is the mass of EVM/NBR in the EVM/
NBR composite before swelling, W2 is the initial
mass of EVM/NBR composite, and W3 is the mass of
EVM/NBR composite after swelling and drying.
The hardness was detected by hardness tester (LX-A,
Shanghai Liuling Instrument Co. Ltd., China) according to the ISO 7619:1986. The surface contact angle
was measured by droplet imaging analysis system
(DSA100 of Kruss, Germany). A small drop of water
(ca. 5 μL) was deposited on the surface of the sample, and the pictures were taken over a period of 10 s.
The contact angle was calculated by the software.

3. Results and discussion
3.1. Wear resistance of EVM/NBR composites
3.1.1. DIN abrasion volume
Wear includes abrasive wear, fatigue wear, adhesion
wear and curl wear in rubber [27]. The rubber abrasive wear strength (I) depends on the strength of fracture resistance by applying repeated deformation,
being directly proportional to the friction factor (μ)
and pressure (p) and inversely proportional to the
tensile strength (_0) and resilience (R). k is surface
friction constant, following Equation (8) [28]:
I=k

n Q1 - RV
v0 p

(8)

Firstly, the effects of NBR and CB bivariate on the
DIN abrasion volume of EVM/NBR composites were
studied. 3D graph (Figure 2) indicates that the increase of NBR and CB content significantly facilitates the decrease of the abrasion volume of pristine
EVM. Meanwhile, the abrasion volume decreases by

Figure 2. DIN abrasion volume of EVM/NBR composites
with different NBR and CB content.

42.9% when NBR content increases from 0 to 50 phr
in the composites containing 10 phr of CB. By analogy, the abrasion volume decreases by 47.3, 52.6 and
45.2% when NBR content increases from 0 to 50 phr
with 20, 30, 40 phr of CB, respectively. Therefore,
it is the most obvious improvement in wear resistance with 30 phr of CB.
The reason is that the strong polarity of NBR molecule leads to strong intermolecular force. With the
increase of NBR content, the cohesive energy density increases rapidly so that it is difficult to rotate
within the molecular chain of EVM/NBR composites. Therefore, the stress concentration is weakened
and the probability of molecular chain being cut and
broken is reduced. When the content of NBR exceeds 30 phr, the abrasion volume decreases slowly,
probably, due to the transformation of NBR from dispersed phase to a co-continuous phase resulting in
the increment of rubber-filler mutual friction. In addition, the content of bound rubber and hardness increase with the increment of CB content (Figure 5c
and 5d) in composites, which make against the improvement of external shear deformation to decrease
the abrasion volume [29].
3.1.2. Worn surfaces morphology
Figure 3 shows that the worn surfaces appear ridged
stripes which are vertical to the sliding direction
(Figure 3 red arrow direction) and parallel to each
other, the Schallmach pattern, with tiny tongues on
the surfaces [16]. As shown in Figure 3a EN0 and
3b EN0, abrasive wear and fatigue wear appear on
pristine EVM [18]. Worn surfaces appear the deepest
furrow and the uneven ridged stripes with the largest
width. There is a lot of wear debris indicating a higher friction coefficient. As shown in Figure 3a EN10,
EN30, EN50 or Figure 3b EN10, EN30, EN50, the
wear mechanism of EVM/NBR composites is also
dominantly abrasive wear. And the SEM images appear even ridged stripes with the narrower width,
shallower furrow and the smoother worn surfaces.
Moreover, the wear debris effectively decreases with
the increment of CB content on account of lower
friction coefficient compared Figure 3a EN0 and 3b
EN0, 3a EN10 and 3b EN10, 3a EN30 and 3b EN30,
3a EN50 and 3b EN50 with the CB content of 20 and
30 phr. Therefore, the increase of NBR and CB contents within a certain range is beneficial to improve
the worn surfaces morphology of EVM/NBR composites.
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Figure 3. SEM images of the worn surfaces morphology of EVM/NBR composites with different NBR content, (a) CB
20 phr, (b) CB 30 phr, the red arrow and white square separately indicates the abrasion sliding direction and paralleled ridged stripes.

Due to the scratch of the sharp micro-protrusion of
the rigid surface, local stress concentration is generated on the surface. The composites are subjected to
greater friction than its shear strength. It triggers surface crack and periodic tear wear leading to the formation of tongues under the condition of unidirectional relative sliding. Afterwards, the tongues closely
turn over after contacting with sharp micro-protrusion again. The crack continues to expand under the
repeated pulling force, and the tensile stress causes
the root of the tongues to break resulting in wear debris. Hence, the stripe pattern, Schallmach pattern,
slowly moves to the sliding direction to form the
ridged stripes during the wear process.
3.1.3. Worn surfaces 3D optical profile
The 3D optical profile, surface roughness (Ra), root
mean square roughness (Rms) of the worn surfaces
are measured as shown in Figure 4 and Table 3. Generally, the smaller surface roughness is, the smoother
surface is, which means that the composites exhibit
Table 3. Worn surfaces roughness of EVM/NBR composites
with different NBR content.
Sample codes
CB
Roughness
[phr]
EN0 EN10 EN20 EN30 EN40 EN50
20
30

[μm]

13.5

10.3

9.5

8.1

7.8

7.0

Rms [μm]

16.3

12.3

11.3

10.1

9.5

8.5

Ra

[μm]

12.2

9.2

8.1

7.3

6.8

5.6

Rms [μm]

15.0

11.2

10.0

9.2

8.5

7.1

Ra

a smaller friction coefficient and have better wear resistance to shear deformation. As shown in Figure 4a
EN0 and 4b EN0, the 3D optical profile grooves are
wide and deep of pristine EVM. The Ra are 13.5 and
12. 2μm, and Rms are 16.3 and 15.0 μm with the CB
content of 20 and 30 phr, respectively. When NBR
reaches 50 phr, the 3D optical profile grooves become narrower and shallower as shown in Figure 4a
EN50 and 4b EN50, and Ra decreases by 48% and
54% with the CB content of 20 and 30 phr. These results indicate the improvement of wear resistance as
revealed by the result of the SEM.

3.2. Oil resistance of EVM/NBR composites
3.2.1. Rate of volume and weight change
Determination of the rate of volume and weight
change of rubber after immersion in the medium
plays an important role in predicting the oil resistance of rubber [30]. Figure 5a and 5b show the 3D
graphs that the rate of volume and weight change of
the composites decrease by 38.0 and 48.0% when
NBR content increases from 0 to 50 phr in the composites containing 10 phr of CB. By analogy, the rate
of volume change decreases by 58.8, 59.0 and 56.1%
and the rate of weight change rate decreases by 57.2,
56.1 and 55.3% when NBR content increases from
0 to 50 phr with 20, 30 and 40 phr of CB, respectively. Therefore, the oil resistance is greatly reduced
with 30 phr of CB.

1093

Wang et al. – eXPRESS Polymer Letters Vol.13, No.12 (2019) 1088–1103

Figure 4. Worn surfaces 3D optical profile of EVM/NBR composites with different NBR content, (a) CB 20 phr, (b) CB
30 phr.

The increment of NBR content plays a excellent effect on the oil resistance of the composites. The
schematic diagram of oil molecule impregnation resistance of the composites is shown in Figure 6.
There is an excellent compatibility between the weakly polarity EVM and non-polarity oil molecules. The
oil molecules enormously enter the matrix directly
per unit time, so the swelling volume changes greatly.
While the NBR chain contains a strong polarity
cyano group, which extremely excludes to the nonpolarity oil molecules and availably prevents oil molecules entering the matrix directly. So the oil molecules entering the matrix are limited and the swelling
volume rarely changes [31].

It is worth noting that the rate of volume and weight
change of the composites decrease when the CB
content varies from 10 to 30 phr, but that are slightly
raised in more than 30 phr of CB. This is ascribed to
that the increase of CB content promotes the increment of physical and chemical entanglement, which
leads to the significantly increase of the bound rubber content and hardness (Figure 5c and 5d) of the
composites. Meanwhile, CB is more difficult to be
swollen than the polymer chains. When the content of
CB exceeds 30 phr, in spite of appearing the growth
of hardness, the agglomeration of the CB is easily
generated in the polymer matrix. So the effective contact area between the CB and the matrix is reduced
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Figure 5. (a) Oil resistance rate of volume change (b) rate of weight change (c) the bound rubber content and (d) hardness
of EVM/NBR composites with different NBR and CB content.

leading to the drop of the bound rubber (Figure 5c ),
which in turn reduces the oil resistance [32]. Figure 5d shows that the addition of CB greatly improves the hardness of the composites, and the addition of NBR has a moderate increase on the hardness.
This may be ascribed to that the increase of CB content significantly promotes the increment of physical
and chemical cross-linking compared with NBR.
The hardness maintains about 65 degrees of Shore A
in the composites containing 30 phr of CB, which
plays an important role in obtaining a soft polymer
composite.
3.2.2. Surface contact angle
The oleophobicity of the material can be explained
from the contact angle θe that is a measure of the material wetting. The smaller θe is, the more oleophobic
material surface is. It can be seen from Figure 7, for
pristine EVM, θe is 116.8 and 113.6° in samples containing 20 and 30 phr of CB, respectively, and the
surface of the material behaves as lipophilic. θe

decreases by 34.2 and 38.3% behaving as hydrophilic, when NBR reaches 50 phr in samples containing 20 and 30 phr of CB, respectively. The surface
of the CB contains polar groups including hydroxyl
group, carboxyl group, and carbonyl group. NBR
has cyano group, which are all polar groups. Therefore, the polarity of the sample surface was enhanced, leading to better hydrophilism and enhanced
ability to resist swelling in oil as revealed by the result of the oil resistance testing.
Table 4 compares the properties of EVM/NBR composites prepared by the direct and two-step blending. The abrasion volume, oil resistance rate of volume and weight change decrease by 30.0, 25.1 and
24.5% by the two step blending method. And the
bound rubber content increases by 28.6%. This may
be ascribed to that the ingredients and CB can disperse well, which effectively weakens the difficulty
of dispersion due to polarity difference between the
filler and polymers by the two-step blending
method.
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Figure 6. Schematic diagram of oil molecule impregnation resistance of pristine EVM and EVM/NBR composites.
Table 4. Comparison of properties of EVM/NBR composites prepared by the direct and two-step blending methods (NBR
30 phr, CB 30 phr).
Blending method

The bound rubber
content
[%]

Oil resistance rate of
volume change
[%]

Oil resistance rate of
weight change
[%]

DIN abrasion volume
[mm3]

Direct

14

29.5

18.4

117

Two-step

18

22.1

13.9

82

Figure 7. Surface contact angle of EVM/NBR composites with different NBR content. (a) CB 20 phr, (b) CB 30 phr.

3.3. Vulcanization performances of
EVM/NBR composites
The EVM/NBR composites exhibited excellent wear
and oil resistance containing 30 phr of CB, so 30 phr
of CB was selected for the following filler content.

As shown in Figure 8a and Table 5, the ΔH (MH – ML)
increases with the increment of the NBR content and
the EVM/NBR composites shows higher ΔH than
pristine EVM or NBR does. This indicates that chemical cross-linking has also occurred between the
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Figure 8. Effects of NBR content on (a) vulcanization curves (b) vulcanization rate curves of EVM/NBR composites.

EVM and NBR by the two-step blending method.
ΔH increases by 61.2% when the NBR content varies
from 0 to 50 phr. One reason is the strong intermolecular force of the NBR and the other is that the crosslink density is gradually increased [33]. As shown in
Figure 9b, the Vr and the Ve increase by 1.9 times
and 4.8 times, respectively, when the NBR content
increases from 0 to 50 phr.
It is obvious that the vulcanization rate of pristine
NBR is greater than EVM (Figure 8b). It also can be
assumed that the crosslinking of NBR may be prior
to the EVM in the composites. This is owing to the
fact that BIPB radicals promote NBR active free radical more than EVM during vulcanization totally because of active double bonds of NBR. Figure 8b
shows that the vulcanization rate of composites is
greater than that of pristine NBR or EVM around the
maximum cure rate peak. This is ascribed to that
some co-crosslinking may be generate between NBR
and EVM molecular chain as shown in Figure 10
[35]. Table 5 shows that the positive cure time Tc90
has some elongation than that of pristine EVM. This

may be due to the existence of co-crosslinking of the
composites. The scorch time Ts2 decreases than that
of pristine EVM and NBR. This may be due to that
the two-step blending method and the increment of
polarity all promote the dispersion of the crosslinking ingredients in the matrix, which promotes the
crosslinking speed.
As shown in Figure 10, the symbol R1• and R2• represent the free radicals generated by BIPB at high
temperature, which respectively capture the H atom
of the EVM and NBR molecular chains, inducing
the EVM and NBR molecular free radicals. By the
two-step blending method, firstly, the molecular free
radicals crosslink intramolecularly forming a small
cross-linking network with free radicals, and then
each small cross-linking network co-crosslinks
through free radical pairing leading to the increment
of the ΔH. Moreover, the NBR molecular chain contains unstable double bonds with high reaction reactivity, so the pristine NBR has a higher vulcanization
rate than EVM (Figure 8b). It is also produced more
chemical cross-linking points in NBR molecular

Figure 9. Effects of NBR content on (a) equilibrium swelling (b) Vr and Ve of EVM/NBR composites.
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Figure 10. Schematic diagram of BIPB vulcanized EVM/NBR composites by the two-step blending.
Table 5. Vulcanization datas of EVM/NBR composites with
different NBR content.
Ts2
[min]

Tc90
[min]

ML
[dN·m]

MH
[dN·m]

ΔM
[dN·m]

EN0

1.15

6.18

0.57

7.69

7.12

EN10

1.12

6.87

0.69

9.22

8.53

EN20

0.98

6.10

0.78

10.61

9.83

EN30

0.92

6.95

0.69

10.90

10.21

EN40

0.85

9.08

0.91

11.13

10.22

EN50

0.85

8.58

0.79

12.27

11.48

EN100

1.12

6.40

0.60

9.02

8.42

Sample
codes

*ΔM:

difference between maximum torque (MH) and minimum
torque (ML); Ts2: scorch time.

chain per unit volume than the EVM [34]. That all
explains the increment of crosslink density.
Figure 9a also shows that NBR can significantly reduces the swelling of vulcanized rubber. On the one
hand, NBR are more resistant to the swelling of
toluene. On the other hand, the Vr and Ve increase with
the rise of NBR content (Figure 9b), forming a tighter
cross-linked network to restrict the molecular segment mobility. So the cross-linked segment is more
difficult to stretch and is also not easily swelled by
2,2,4-trimethylpentane.

3.4. Micro-morphology of EVM/NBR
composites
Figure 11 shows the low temperature brittle fracture
surfaces for EVM/NBR composites. It can be seen
that the filler particles are mostly exposed outside

for pristine EVM, which is weakly connected with
the matrix, showing a tiny fish scale pattern (Figure 11a). As shown in Figure 11c and 11e, the exposed filler particles are tightly coated by rubber molecular chain as the increase of NBR content. There
is also no obvious phenomenon of agglomeration to
significantly improve the interface between the filler
and resin in the composites.
The microstructure of the composites is further verified by TEM, as shown in Figure 12. It shows that
there are multiple clusters of filler in pristine EVM
and the agglomerates are larger, but the filler are more
evenly dispersed than pristine EVM in EVM/NBR
composites only occurring a slight small agglomeration (Figure 12c and 12e). According to the principle of equal viscosity of the blending, it is easy to
obtain a uniformly dispersed blends if the two polymers are similar to the viscosity. But the EVM and
NBR are different in mooney viscosity. It can effectively weaken the difficulty of dispersion due to interaction difference between the filler and the polymers by the two-step blending method, instead of
mixing the filler and EVM/NBR together. Figure 12b, 12d and 12f are the enlarged pictures of Figure 12a, 12c, and 12e, respectively. It also can be
found that the dispersion of the filler is much more
uniform with the increase of NBR content, which enhances the interaction between filler and resin. This
reduces the probability of filler frictional shedding
and increases the content of bound rubber (Figure 5c).
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Figure 11. SEM images of EVM/NBR composites with different NBR content. a) and b) 0 phr NBR, c) and d) 20 phr NBR,
e) and f) 40 phr NBR with 30 phr of CB.

Figure 12. TEM images of EVM/NBR composites with different NBR content. a) and b) 0 phr NBR, c) and d) 20 phr NBR,
e) and f) 40 phr NBR with 30 phr of CB.

So the increase of polarity and the improvement of
processing method contribute to the improvement of
the wear and oil resistance of the composites.

3.5. Dynamic mechanical thermal analysis of
EVM/NBR composites
Figure 13 shows temperature dependence of the storage modulus E′ of the composites with different
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Figure 13. Temperature dependence of the E′ of the EVM/NBR composites with different NBR content, (a) original, (b) magnification.

L1
L2
L3
L4
L5
L6
L7
L8
L9
L10
L11
L12
L13
L14
L15
L16
L17
L18
L19
L20
L21

NBR content. It can be clearly seen from Figure 13b
that the E′ obviously decreases from –90 to –30 °C
with 10 phr of NBR. When the NBR loading exceeds
10 phr, the E′ gradually increases. Firstly, EVM and
NBR separately belong to continuous and dispersed
phase, which leads to the decrease of E′ owing to the
less restricted NBR molecular. It is not easy to adjust
the relative segment position because of the ascent
of crosslink density with the increment of NBR content, which prevents the segments from moving.
It is difficult to make EVM and NBR be fully compatible by ordinary blending because of the great polarity discrepancy. Here, DMA was employed to explore the compatibility of EVM/NBR composites
prepared by the two-step blending method. Figure 14a and Table 6 show the relationship between
the tanδ and temperature. It can be clearly found that
the glass transition temperature Tg of pristine EVM
and NBR are –1.8 and 13.5 °C, respectively. The
EVM/NBR composites appear only one Tg peak and
the Tg are between –1.8 and 13.5 °C with sharp peak

shape of the composites. As the NBR content increases, the Tg is gradually closer to 13.5 °C. So the
EVM/NBR composites possess good compatibility
prepared by the two-step blending. In addition, the
tanδ peaks are lower than that of pristine EVM. This
is ascribed to the increment of crosslinking density
restricting the movement of molecular chain. So
there is a great improvement of the wear and oil resistance. The tanδ peak shape of EN30 is wider,
which possibly results from the increment of effective NBR volume fraction and a good filler-rubber interface adhesion affected by 30 phr of well dispersed
CB. Furthermore, there may be exist the transition of
the NBR from the dispersed phase to the continuous
phase with 30 phr of NBR. The composites develop
a co-continuous state when NBR is more than
30 phr, the filler-rubber mutual interaction increases
resulting in the rising of tan δ peak [36].
As is well-known to all, the tan δ at 60 °C represents
the rolling resistance of rubber composites. It can reflect the friction of the vulcanized rubber with the

Figure 14. The tan δ–T curves of EVM/NBR composites with different NBR content, (a) original, (b) magnification.
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Table 6. Datas of Tg and tan δ of EVM/NBR composites.
EN0

EN10

EN20

EN30

EN40

EN50

Tg [°C]

Sample codes

–1.8

0

1.7

9.4

11.1

11.2

13.5

tan δ peak

0.902

0.759

0.635

0.543

0.631

0.724

1.111

tan δ at 60 °C

0.180

0.182

0.169

0.161

0.148

0.138

0.132

contact surface. It can be seen from Figure 14b and
Table 6 that tan δ progressively decreases with the
increment of NBR content to reduce the friction at
60 °C. The reduction of the friction decreases the
friction coefficient and improves the wear resistance
of the composites. So the the wear resistance of the
composites is closely related to its dynamic mechanical properties.

EN100
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