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The properties of nitrile rubber (NBR) reinforced by multiwalled carbon nanotube (MWCNT), conductive carbon black (CCB),
carbon black (CB), and precipitated silica (PSi) were investigated via viscoelastic behavior, bound rubber content, electrical
properties, cross-link density, andmechanical properties.The filler content was varied from 0 to 15 phr.MWCNT shows the greatest
magnitude of reinforcement considered in terms of tensile strength, modulus, hardness, and abrasion resistance followed by CCB,
CB, and PSi. The MWCNT filled system also exhibits extremely high levels of filler network and trapped rubber even at relatively
low loading (5 phr) leading to high electrical properties and poor dynamic mechanical properties. Although CCB possesses the
highest specific surface area, it gives lower level of filler network than MWCNT and also gives the highest elongation at break
among all fillers. Both CB and PSi show comparable degree of reinforcement which is considerably lower than CCB andMWCNT.

1. Introduction

NBR is used in numerous applications where high resistance
to hydrocarbon oil is required such as fuel hoses, o-rings,
gaskets, and industrial rolls. Unfortunately NBR is not crys-
tallizable under high strain, and therefore the reinforcing
fillers such as carbon black (CB) and precipitated silica
(PSi) are generally incorporated to yield sufficiently high
mechanical properties. As a drawback, the incorporation
of reinforcing fillers typically causes processability problems
due to high bulk viscosity of rubber compounds. Addition-
ally, the high loading of reinforcing fillers could give negative
results in some vulcanizate properties such as compression
set and hysteresis loss (or heat build-up). As a consequence,
novel reinforcing fillers with relatively high specific surface
area and/or aspect ratio have been introduced, for example,
nanoclay and carbon nanotubes (CNT).With the uses of such
fillers, the filler loading required for any given properties

could be markedly decreased while good dynamic mechan-
ical properties of the rubber could still be preserved. By
this means, a balance of processability, static and dynamic
mechanical properties is possible. As one can expect, the
difficulty in mixing is the major limitation for the utilization
of the nanofillers [1]. CNT has gained much attention in the
past 2 decades due to its extremely high mechanical strength
and electrical conductivity and therefore is attractive to be
used in a wide range of polymer composites [2–6]. It has been
reported that, at a given modulus of composites, the required
filler loading could be reduced remarkably by substituting the
conventional fillers such as CB and PSi with CNT [7–9]. The
uses of CNT as reinforcing fillers have been reported in both
plastic and elastomeric matrices [10–16].

Although comparison of reinforcement magnitude
between CNT and other fillers has been reported to some
extent, most of works have been focused on nonpolar rubbers
such as NR [17–19], EPDM [17], and SBR [20]. Consequently,
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Table 1: Physical characteristics of fillers.

Filler Mean primary particle size (nm) BET specific surface area (m2/g) DBPA (mL/100 g) Density (g/cm3)
MWCNT 9.5 (outer diameter) 286 — 2
CCB 30 1,103 420 —
CB 20–30 111 114 2
PSi 10–30 135 — 2.05

Table 2: Compounding recipe.

Ingredient Content (phr)
NBR 100
Filler (MWCNT, CCB, CB, and PSi) 0, 5, 10, and 15
Stearic acid 0.5
DCP 2

such comparison in polar rubbers including nitrile rubber
is of interest. This study aims to compare the reinforcement
efficiency of MWCNT with other conventional reinforcing
fillers (i.e., CB, PSi, and CCB) in peroxide cured NBR by
investigating viscoelastic behavior, mechanical properties,
electrical properties, bound rubber content, and cross-link
density of the rubber filled with these fillers.

2. Experimental

2.1. Materials. Nitrile rubber (NBR; N230SL) (acryloni-
trile content of 35% and density 0.98 g/cm3) was supplied
by JSR (Japan). Multiwalled carbon nanotubes (MWCNT;
NANOCYLTM NC7000) were manufactured by NANOCYL
(Belgium). All other materials were supplied by suppliers or
manufacturers in Thailand. Conductive carbon black (CCB;
Printex XE2-B) was supplied by JJ-Degussa Hüls (Thailand).
Carbon black (CB; N220) was manufactured byThai Carbon
Black PCL. Precipitated silica (PSi; Tokusil® 233) was pur-
chased from Tokuyama Siam Silica Co., Ltd. Details of filler
characteristics have been reported elsewhere as tabulated in
Table 1 [19, 21–27]. Commercial grade stearic acid and 98%
active dicumyl peroxide (DCP) were supplied by Chemmin
Co., Ltd. and Petchthai Chemical Co., Ltd., respectively.

2.2. Composite Preparation. NBR compounds were prepared,
according to the formulation given in Table 2, by two-roll
mill at room temperature. NBR was initially masticated for
1 minute, and then stearic acid was added, followed by the
filler (MWCNT, CCB, CB, or PSi). DCP was added at 15th
minute of the mixing cycle. The mixing was continued for
another 5 minutes. A curing process of rubber compounds
was conducted using a hot-press at 160∘C with respect to the
optimum cure time (𝑡

𝑐90
) as predetermined from the moving

die rheometer (MDR, MD+/Alpha Technologies, USA).

2.3. Characterization. Bound rubber content (BRC), a mea-
sure of rubber-filler interaction, was measured by immersing
approximately 0.2 g of rubber compounds in 100mL acetone
for 7 days at room temperature. The insoluble fraction was

then filtered and dried at 60∘C until a constant weight was
obtained. The calculation of BRC is illustrated in [28]

BRC (%) =
[𝑤
𝑓𝑔
− 𝑤
𝑡
(𝑚
𝑓
/ (𝑚
𝑓
+ 𝑚
𝑟
))]

𝑤
𝑡
[𝑚
𝑟
/ (𝑚
𝑓
+ 𝑚
𝑟
)]

× 100, (1)

where 𝑤
𝑓𝑔

is the weight of filler and gel after being dried,
𝑤
𝑡
is the specimen weight before solvent immersion, and
𝑚
𝑓
and 𝑚

𝑟
are filler and rubber fractions in the compound,

respectively.
Viscoelastic behavior of the cured samples was measured

using a dynamic mechanical analyzer (Gabo Qualimeter
model Eplexor 25N, Germany). Strain sweep tests were
performed under tension mode with dynamic strain range
of 0.01–10%, frequency at 5Hz, and static strain of 10% at
25∘C. To determine the dynamic mechanical properties as
a function of temperature, the test specimen was deformed
sinusoidally at static and dynamic strain of 1% and 0.1%,
respectively, frequency of 10Hz with a heating rate of
2∘C/min.

Volume resistivity of the rubber was investigated by
a Hall Effect Measurement System (Bridge Technologies
model HMS 3000, USA). A conductive paste was applied on
the specimen surface prior to testing in order to improve
reliability of the test results.

Hardness test was performed using a Shore A durom-
eter (Wallace model H17A, UK) as per ISO 7619-1. Tensile
properties weremeasured using a universal mechanical tester
(Instron model 5566, USA) based on ISO 37 (die type 1).
Heat build-up of theNBR vulcanizates was determined by the
Goodrich flexometer (BF Goodrich Model II, USA) under
static load of 245N at 100∘C, frequency of 30Hz, and dynamic
deformation of 4.45mm. The volume loss or abrasion loss of
the vulcanizates was determined using DIN abrasion tester
(Zwick abrasion tester model 6120, Germany), according to
ISO 4649.

Swelling test was used to determine the cross-link density
of the NBR vulcanizates using the Flory-Rehner equation
[29]. The test specimens with dimensions of approximately
1 × 1 × 0.2 cm3 were immersed in 100mL acetone for 7 days.
The weights of the test specimens before and after immersion
were used to calculate the cross-link density as illustrated in

𝑛 = −
1

2𝑉
𝑠

(
ln (1 − 𝑉

𝑟
) + 𝑉
𝑟
+ 𝜒𝑉
2

𝑟

𝑉
1/3

𝑟 − (𝑉𝑟/2)

) , (2)

where 𝑛 is the number of cross-links per unit volume
(mole/cm3),𝑉

𝑠
is the molar volume of acetone (73.4mL/mol)

[30], 𝑉
𝑟
is the volume fraction of rubber in swollen gel (%),

and 𝜒 is the NBR-acetone interaction parameter (0.349) [31].
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Figure 1: Strain sweep results of the NBR vulcanizates filled with different fillers: (a) MWCNT; (b) CCB; (c) CB; and (d) PSi.

The calculation of 𝑉
𝑟
is exhibited in [32]

𝑉
𝑟
=

𝑚
1
𝑑
𝑠

𝑚
1
(𝑑
𝑠
− 𝑑
𝑟
) + 𝑚
2
𝑑
𝑟

, (3)

where 𝑚
1
is the weight of rubber before swelling, 𝑚

2
is the

weight of rubber after swelling, 𝑑
𝑟
is the density of NBR

(0.98 g/cm3), and 𝑑
𝑠
is the density of acetone (0.79 g/cm3)

[30].

3. Results and Discussion

The influences of filler type and loading on storage modulus
as a function of strain are shown in Figure 1. Theoretically,
there are four main factors governing 𝐸: (i) filler-filler
interaction, (ii) filler-rubber interaction, (iii) hydrodynamic
effect, and (iv) rubber network. The magnitude of filler-filler
interaction can be determined from the decrease in 𝐸 with
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Figure 2: Electrical volume resistivity of the NBR vulcanizates filled
with different fillers.

increasing strain. Obviously, for theMWCNT filled system, a
formation of transient filler network could be observed even
at relatively low filler loading (5 phr) and the magnitude of
transient filler network is much more pronounced at higher
loadings as evidenced by the higher 𝐸 at low strain. In the
CCB filled system, the formation of transient filler network
begins at 10 phr. However, at any given filler loading, the
magnitude of filler network of the CCB filled system is
considerably lower than that of the MWCNT filled system.
For the CB and PSi filled systems, the magnitude of transient
filler network is negligible throughout the filler loading range
studied.The filler network formations found in theMWCNT
and CCB filled systems are evidenced by electrical volume
resistivity results as shown in Figure 2. It is generally accepted
that the formation of filler network gives a sharp drop in
electrical resistivity because when filler network is formed,
the connected carbon black network is capable of carrying
electrons leading to a dramatic change of conductivity [33,
34]. This point is widely known as a percolation threshold.
Obviously, the sharp drop of electrical volume resistivity is
found when MWCNT and CCB are incorporated at 5 and
10 phr, respectively. Due to the absence of filler network,
the resistivity of the CB system is relatively unchanged even
though the CB is incorporated up to 15 phr. Since PSi is not
electrically conductive, predicting the level of PSi network
formation is not possible using the measurement of electrical
volume resistivity. The electrical volume resistivity of the PSi
filled system is therefore relatively high and comparable to
that of the unfilled system.

It could also be observed fromFigure 3 that, at sufficiently
high strain (10%) where the filler network is believed to be
fully destroyed, the MWCNT filled system still possesses the
highest 𝐸, followed by the CCB, PSi, and CB filled systems,
respectively. To explain the high magnitude of high-strain
𝐸
 found in the MWCNT and CCB filled systems, there are

three factors to be considered. The hydrodynamic effect, as
typically caused by a dilution of deformable polymeric phase
with an undeformable filler phase, is not very crucial and

PSi
CB

CCB
MWCNT

0

2

4

6

8

10

12

14

0 2 4 6 8 10 12 14
Filler loading (phr)

E


(M
Pa

)

Figure 3: 𝐸 at 10% strain of the NBR vulcanizates filled with
different fillers.
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Figure 4: Bound rubber content (BRC) of the NBR compounds
filled with different fillers.

could be neglected because all fillers employed herein have
comparable density.Therefore, the dominant factors affecting
the high-strain 𝐸 are (i) rubber-filler interaction and (ii)
rubber network. Figure 4 shows the BRC results of the filled-
NBR compounds. Apparently, the CCB and MWCNT filled
systems exhibit significantly higher BRC than the CB and
PSi filled systems. At 5 phr, MWCNT yields the highest BRC,
despite the inert surfaces of MWCNT [35].The unexpectedly
high BRC found at 5 phr ofMWCNT is believed to arise from
the rubber trapped in MWCNT agglomerates and network.
Although the BRC of the MWCNT filled system tends to
increase continuously with increasing MWCNT loading, it
is obvious that, at 10 phr and above, the system incorporated
with CCB gives higher BRC than that incorporated with
MWCNT. The explanation is given by the higher filler
structure and specific surface area of the CCB [22]. In
addition, at sufficiently high loading (≥10 phr) where network
of CCB is formed, the rubber trapped in CCB network could
also contribute to the high BRC. Although the CCB system
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Figure 5: Cross-link density of the NBR vulcanizates filled with
various fillers.

demonstrates the highest BRC and thus the rubber-filler
interaction at 10 phr or higher, the high-strain 𝐸 of this
system is still lower than that of the MWCNT filled system
at any filler loading (see Figure 1). This finding could be due
to the highest cross-link density of theMWCNT filled system
as evidenced by the cross-link density results calculated from
the Flory-Rehner equation (Figure 5). However, it must be
noted that the calculated cross-link density in this work
includes not only the actual cross-link density of rubber
network, but also the trapped and bound rubbers.

Regardless of the filler type, the cross-link density
increases with increasing filler loading.The results are under-
standable as the magnitudes of trapped rubber and bound
rubber increase with increasing filler loading. At any given
loading, the MWCNT filled system represents the highest
cross-link density followed by the CCB, PSi, and CB filled
systems, respectively. The explanation is given to the greatest
amount of trapped rubber in MWCNT network. It could be
also observed that cross-link density of the MWCNT system
as calculated from the Flory-Rehner equation is unexpectedly
high particularly at high MWCNT loadings. This is probably
due to the high extent of MWCNT network which is capable
of resisting the solvent swelling of the rubber matrix.

Figure 6 shows the temperature-dependent tan 𝛿 of the
NBR vulcanizates. The damping peak (tan 𝛿max) of all vul-
canizates is found at the temperature of approximately −9∘C,
regardless of filler type and loading. However, the tan 𝛿max
and relative tan 𝛿 area (as tabulated in Table 3) decrease with
increasing filler loading due to the dilution effect, particularly
in the MWCNT filled system containing the relatively high
magnitude of trapped rubber, followed by CCB, PSi, and CB
filled systems, respectively. Some authors have reported the
relationship between tan 𝛿max of unfilled and filled rubber as
shown in [36, 37]

tan 𝛿
𝑚𝑓
=
tan 𝛿
𝑚𝑢

1 + 𝛽𝜙
, (4)

where tan 𝛿
𝑚𝑓

and tan 𝛿
𝑚𝑢

represent maximum tan 𝛿 of filled
and unfilled systems, respectively; 𝛽 is a phenomenological

Table 3: Summary of dynamic viscoelastic response.

Loading (phr) MWCNT CCB CB PSi

tan 𝛿max

0 1.54 1.54 1.54 1.54
5 1.12 1.38 1.50 1.51
10 0.88 1.19 1.44 1.40
15 0.7 0.99 1.38 1.32

Relative tan 𝛿 area

0 1.00 1.00 1.00 1.00
5 0.80 0.94 0.99 1.00
10 0.66 0.85 0.97 0.95
15 0.55 0.74 0.94 0.93

𝛽𝜙
∗

0 0 0 0 0
5 0.38 0.12 0.03 0.02
10 0.75 0.29 0.07 0.10
15 1.20 0.56 0.12 0.17

∗Calculated from (4).

interaction parameter determining the interfacial interaction
of filler and matrix; 𝜙 is an effective volume fraction of
filler; the 𝛽𝜙 values as illustrated in Table 3 demonstrate the
combination of interfacial interaction strength and effective
volume fraction. As expected, the MWCNT filled system
shows the highest 𝛽𝜙 value which is considerably higher
than those of the CCB, CB, and PSi. However, due to the
poor interaction between MWCNT and rubber as a result
of inert surfaces of MWCNT, the 𝛽𝜙 value is dominated
by the effective volume fraction. The 𝛽𝜙 values of the CCB
filled system are higher than those of the CB and PSi filled
systems because the CCB possesses higher specific surface
area and structure. Also, at the temperature range of 20–70∘C,
the MWCNT filled system shows the highest tan 𝛿 despite
its highest cross-link density. The poor interfacial interaction
and the highmagnitude ofMWCNT network are responsible
for such highest magnitude of energy dissipation. On the
other hand, the tan 𝛿 values of the CB and PSi filled systems
are comparable and relatively low, compared with that of the
MWCNT filled system.This is mainly attributed to the lower
specific surface area and lower level of filler network of CB
and PSi.

Table 4 shows mechanical properties of the NBR vul-
canizates. Regardless of the filler type, most mechanical
properties such as tensile strength,modulus, and hardness are
continuously improved with increasing filler loading. Also,
the degree of reinforcement depends greatly on the filler
characteristics; that is, MWCNT gives the highest level of
reinforcement, followed by CCB, whereas both PSi and CB
show the lowest level of reinforcement.Greater reinforcement
of MWCNT over other conventional reinforcing fillers is
in agreement with previous work [10, 18, 38]. Compared to
the unfilled system, the abrasion loss of the filled systems
decreases with increasing filler loading, mainly attributed to
the dilution effect and the increased cross-link density and
thus modulus and hardness. At any given filler loading, both
CCB and MWCNT filled systems possess markedly greater
abrasion resistance than the CB and PSi filled systems. This
is the consequence of the greater magnitudes of modulus,
cross-link density, and hardness as discussed earlier. The
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Figure 6: tan 𝛿 values of the NBR vulcanizates filled with different fillers: (a) temperature range of −50–70∘C; (b) enlarged temperature range
of 20–70∘C.
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Table 4: Mechanical properties of NBR vulcanizates.

Properties Loading (phr) MWCNT CCB CB PSi

Tensile strength (MPa)

0 2.9 ± 0.37 2.9 ± 0.4 2.9 ± 0.4 2.9 ± 0.4
5 8.6 ± 0.1 4.3 ± 0.1 4.1 ± 0.2 3.6 ± 0.4
10 12.9 ± 0.4 9.1 ± 0.2 5.3 ± 0.5 3.8 ± 0.2
15 17.7 ± 0.5 14.6 ± 0.6 8.5 ± 1.5 5.3 ± 0.3

Elongation at break (%)

0 182 ± 14 182 ± 14 182 ± 14 182 ± 14
5 176 ± 2 196 ± 3 202 ± 10 210 ± 17
10 178 ± 3 244 ± 2 217 ± 14 220 ± 1
15 171 ± 6 277 ± 6 231 ± 14 218 ± 10

Modulus at 100% (MPa)

0 1.73 ± 0.04 1.73 ± 0.04 1.73 ± 0.04 1.73 ± 0.04
5 5.04 ± 0.09 1.93 ± 0.02 1.82 ± 0.10 1.79 ± 0.06
10 7.49 ± 0.56 2.47 ± 0.07 1.79 ± 0.05 1.75 ± 0.06
15 11.28 ± 0.35 3.30 ± 0.27 2.15 ± 0.10 2.30 ± 0.12

Hardness (Shore A)

0 53.3 ± 0.3 53.3 ± 0.3 53.3 ± 0.3 53.3 ± 0.3
5 61.8 ± 0.3 56.0 ± 0.0 55.3 ± 0.3 54.8 ± 0.8
10 69.0 ± 0.5 61.7 ± 0.6 56.5 ± 0.9 56.8 ± 1.0
15 69.3 ± 0.8 65.5 ± 0.5 58.2 ± 0.3 59.9 ± 0.8

Heat build-up (∘C)

0 7.5 ± 0.7 7.5 ± 0.7 7.5 ± 0.7 7.5 ± 0.7
5 11.5 ± 0.7 9.0 ± 0.0 8.0 ± 0.0 8.0 ± 0.0
10 18.5 ± 0.7 14.0 ± 0.0 9.0 ± 0.0 9.0 ± 0.0
15 29.0 ± 1.4 21.0 ± 0.0 10.5 ± 0.7 10.0 ± 0.0

Abrasion loss (mm3)

0 250.7 ± 10.8 250.7 ± 10.8 250.7 ± 10.8 250.7 ± 10.8
5 82.0 ± 12.7 91.4 ± 10.0 188.2 ± 4.7 171.2 ± 25.0
10 54.2 ± 3.7 54.9 ± 3.1 132.6 ± 12.6 155.7 ± 8.8
15 48.0 ± 2.6 53.3 ± 1.3 90.8 ± 6.3 127.7 ± 9.9

heat build-up test results also agree well with the tan 𝛿
results as discussed previously; that is, the heat build-up
increases consistentlywith increasing filler loading.At a given
filler loading, the MWCNT filled system shows the highest
temperature rise due to its relatively high magnitude of filler
network and poor filler-rubber interfacial interaction [22,
38, 39]. However, except for the MWCNT filled system, the
elongation at break appears to increase with increasing filler
loading. Such increase is believed to be due to the slippage
of un-cross-linked rubber molecules around filler particles
which increases the specimen volume under high extension
[40].

4. Conclusions

MWCNT shows the greatest reinforcing efficiency as evi-
denced by the sharp increases in tensile strength, 100%
modulus, hardness, and abrasion resistance of the NBR
vulcanizates. The presence of MWCNT also leads to the
significant reduction of volume resistivity even at very low
filler loading (5 phr). However, due to its poor interfacial
interaction and highmagnitude of filler network, the addition
of MWCNT results in poor dynamic mechanical properties
and thus highmagnitudes of tan 𝛿 and heat build-up. Despite
its highest specific surface area, the reinforcing efficiency of
CCB is slightly inferior to that of MWCNT. However, CCB
still gives higher reinforcement than CB and PSi.
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