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Abstract: Polymers modified by graphene have become 
an attractive method to enhance the matrix properties, 
wherein the dispersion of graphene in the matrix and the 
interfacial interactions between graphene and matrix are 
critical to influence the final performance. In the present 
work, graphene nanosheet (GNS)-modified hydrogenated 
nitrile butadiene rubber (GNS/HNBR) composites were pre-
pared via solution-mixing and mechanical-blending meth-
ods. The curing performance, mechanical properties and 
heat resistance of the prepared composites were studied. 
The results showed that when the content was 0.2  wt%, 
the tensile strength and modulus at 300% elongation of 
the GNS/HNBR composite prepared via solution-mixing 
method reached 19.36 and 3.62  MPa, which increased by 
32% and 18% compared with those of pure HNBR, respec-
tively. In addition, the swelling index of the composite in 
cyclohexane was decreased from 413% to 337%. On the 
other hand, the tensile property of GNS/HNBR compos-
ite prepared by mechanical-mixing method became poor. 
SEM observation showed that GNS was well dispersed and 
incorporated into HNBR via the solution-mixing method, 
resulting in a significant reinforcing effect.

Keywords: graphene nanosheet; hydrogenated nitrile 
butadiene rubber; mechanical blending; mechanical 
properties; solution mixing.

1  �Introduction

Hydrogenated nitrile butadiene rubber (HNBR) has great 
mechanical properties, oil and heat resistance (1), and it 
has been widely used in automobiles and oil industries 
(2). Moreover, HNBR is well known for its thermal stability 
and usually replaced nitrile butadiene rubber (NBR) in the 
working place with high temperature or oxygen contents. In 
this kind of environment, thermal aging is the biggest threat 
to the service life of rubber products, and how to improve 
the aging and heat resistance and mechanic performance of 
rubber products is one of the important problems to be solved 
(3–5). Recent developments in oil and gas sectors require the 
products of HNBR having higher working temperature with 
uncompromised or even improved performances in mechan-
ical properties, solvent resistance, sealing and so on.

In the last decade, the modification of HNBR has been 
vastly reported (6, 7), and layered material-reinforced 
HNBR has exhibited a better performance than conven-
tional carbon-black reinforced one (8). For example, the 
layered structure of montmorillonite effectively hindered 
the growing of cracks in HBNR and improved the mechani-
cal properties/sealing performance of HNBR materials, 
even in the presence of only 3–6 wt% montmorillonite (9). 
In addition, the layered structure of montmorillonite can 
form a protective layer in the material, which can impede 
the entry of gas molecules, greatly reducing the aging of 
rubber in a multi atmosphere environment.

Graphene contains one to several layers of graphene 
with a thickness of nanometer (10, 11), which have excel-
lent mechanical properties, great electrical and thermal 
conductivities and huge specific surface area (12). Thus, 
compared with the montmorillonite, by using graphene to 
modify polymeric materials, their relevant properties can 
be enhanced simultaneously.

At present, there are many studies about using 
graphene-modified rubber (13–15), and the compound 
material is usually prepared by mechanical, solution  
or emulsion blending. Most attempts use graphene’s 
high mechanical strength and modulus to enhance the 
mechanical properties of the rubber, or to endow it with 
versatile functions, such as electrical conduction, thermal 
conductivity, electromagnetic shielding and so on (16–20).
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In addition, graphene nanostructures have large 
surface area and gas barrier property. The large-area and 
high-quality graphene has been fabricated out; however, it 
cannot be a filler material to enhance the polymers because 
of its expensive cost. The graphene nanosheets (GNSs) 
we used are prepared by mechanical method, and com-
pared with the high-quality graphene, it may be a little bit 
cheaper. The GNS has the advantages of low cost, and mass 
production of GNS has been realized in China (21–25).

Many studies show that GNS as a filler-reinforced 
rubber improves the mechanical properties and heat 
resistance, and thermal aging is feasible in theory. Studies 
have shown that the GNS cannot be effectively exfoliated 
through mechanical blending (26). It is difficult to disperse 
the GNS in traditional mechanical blending, let alone the 
expected effects. The exfoliation and uniform dispersion 
of the GNS can be obtained by solution method, but there 
are many limitations because of the present environmen-
tal protection programs, such as usage of organic solvents, 
often toxic and highly flammable, and miscellaneous 
steps. Thus, there is no such product applied in industry 
yet because of the cost and practical results.

In this study, we combine the above-mentioned 
methods, prepare GNS/HNBR composites by solution 
method (masterbatch method) and attempt to fabricate 
high-performance composites in a low-cost way.

2  �Experimental

2.1  �Materials

HNBR (3446) was purchased from Lanxess (Germany). 
N,N-dimethylformamide (DMF) and dicumyl peroxide 

(DCP) were bought from Xilong Chemical Co., Ltd. (China). 
GNSs were supplied by Xingang Technologies Co., Ltd. 
(China). All chemicals and materials showed in the Table 1 
were used without further treatment unless otherwise 
specified.

2.2  �GNS/HNBR composites prepared  
with a solution-mixing method

As depicted in Figure 1, for pretreatment, 0.2 g of GNS was 
mixed with acetone and dried. The GNS was then mixed 
with DMF under stirring for 5 min at 20,000 rpm and then 
sonicated for 1 h. Twenty grams of HNBR was placed and 
dissolved in DMF. GNS/DMF was slowly added to HNBR/
DMF under stirring. After 5  min, the solution was soni-
cated for 1 h, followed by further stirring for 3 h. Finally, a 
small amount of deionized water was added to precipitate 
the rubber, which was then repeatedly rinsed with ethanol 
for three times. The rinsed rubber was placed in an oven 
at 70°C until the weight was constant. Thus, the premixed 
GNS/HNBR was obtained.

Table 1: Details of experimental materials.

Reagent or material   Specification   Source

HNBR (3446)   AR   Lanxess, Germany
N,N-dimethyl 
formamide

  AR   Xilong Chemical Co., Ltd.

Dicumyl peroxide   AR   Xilong Chemical Co., Ltd.
Deionized water   Homemade   –
Graphene nanosheets  –   Xingang Technologies Co., Ltd.
Dicumylperoxid   AR   Xilong Chemical Co., Ltd.
Acetone   AR   Xilong Chemical Co., Ltd.

DMF GNS/DMF

Ultrasonic

1 h 70°C

Dry

GNS/HNBR

Composites

65°C

GNS/HNBR HNBR

DCP

HNBR

170°C/20 MPa/10 min

Figure 1: Preparation process of GNS/HNBR composites with the solution-blending method.
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The premixed GNS/HNBR and pure HNBR were 
weighed separately at a GNS content 0.2, 0.4 and 0.6 wt%. 
These three mixtures were separately mixed with 3 wt% 
of DCP and blended mechanically on a roller mill. The 
temperature of the roller was set to be 65°C. After the 
rubber was rolled and placed for 6 h, a composite material 
was molded and cured under at 170°C under 10 MPa for 
10  min. The molded and cured rubber was pressed into 
dog-bone-shaped specimens with a cutter.

2.3  �GNS/HNBR composites prepared  
with a mechanical-blending method

As illustrated in Figure 2, pure HNBR (20 g), GNS (40 mg, 
80  mg, 120  mg) and DCP (600  mg) were mechanically 
blended using a dual-roller mill at the temperature of 
65°C. The rolled rubber was further placed for 6 h at room 
temperature and then molded and cured at 170°C under 
10 MPa for 10 min. The cured rubber was finally pressed 
into dog-bone-shaped specimens.

2.4  �Test and characterizations

X-ray diffraction (XRD) characterization was conducted with 
an X’Pert Pro X-ray diffractometer (PANalytical Co., Ltd., the 
Netherlands) from 5° to 50° at a scan speed of 5°/min. The 

source of X-ray was CuKα with a tube voltage of 40 kV and 
tube current of 40 mA. Scanning electron microscope (SEM) 
images of samples (coated with gold) were obtained with a 
JSM-6380LV SEM (JEOL Co., Ltd., Japan). The curing time 
and torque of samples were tested with a rotor-free curing 
instrument according to the Standard ISO 6502:1991. Tensile 
properties of the samples were tested with a UTM4000 
computer-controlled electronic universal testing machine 
(Sansizongheng Technical Co., Ltd., Shenzhen City, China) 
according to the Standard ISO 37:1994. Thermogravimet-
ric analysis (TGA) analysis was performed with a Q-500 
TGA instrument (TA Co., Ltd., USA) from 25°C to 600°C at a 
heating rate of 10°C/min in nitrogen environment. Swelling 
resistance of the samples was evaluated according to the 
Standard GB-7763-81. (According to the characteristics of 
intelligent swelling and insoluble in cross-linked polymers 
in travel solvents, the samples were measured at constant 
temperature and mass ratio after swelling with preswelling.)

3  �Results and discussion

3.1  �Morphology of GNS after sonication

The SEM images of GNS powder and GNS dispersed in DMF 
after the ultrasonic treatment are shown in Figures 3A,B. 
In GNS powder, many layers of GNS were stacked together 

DCP

GNS HNBR

65°C

Composites

170°C/20 MPa/10 min

Figure 2: Preparation process of GNS/HNBR composites with the mechanical-blending method.

A B

Figure 3: SEM images of (A) GNS powder and (B) GNS in DMF after the ultrasonic treatment (the insets are corresponding photographs).
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to form aggregates with the width of 20–30 μm. After the 
sonication, GNS was peeled off and stably dispersed in the 
DMF with thinner and smaller size (width of 2–4 μm), indi-
cating the consequence of sonication processing.

In addition, XRD patterns of GNS before and after the 
sonication are measured and illustrated in Figure 4. The 
unpeeled GNS exhibited an intense characteristic peak at 
25°. After the sonication, the intensity of the peak dramat-
ically decreased, indicating that the sonication had exfo-
liated GNS sheets to some extent while at the same time 
broke them into small pieces (27, 28).

3.2  �Dependence of the properties of GNS/
HNBR composites on mixing methods

3.2.1  �Dispersion of GNS in the composites

The SEM images of the rolled rubber prepared by the 
mechanical-blending method (M-GNS/HNBR) and 

solution-mixing method (S-GNS/HNBR) are illustrated in 
Figure 5A,B, respectively. The M-GNS/HNBR had large and 
stacked sheets with the width of 3–6 μm. The S-GNS/HNBR 
contained small and thin sheets, showing the uniform dis-
persion of GNS in the matrix of rubber. A contrast chart of 
the rolled rubber was prepared by two methods soaked in 
tetrahydrofuran (THF) solution. After 4 h, the supernatant 
was characterized by TEM. The TEM images of the GNS 
are illustrated in Figure 6C,D. The M-GNS/HNBR had large 
aggregates of GNS with the width of 1 μm, and the S-GNS/
HNBR contained thin sheets.

For the M-GNS/HNBR, the shear stress between the 
rollers was not strong enough to break or peel the large 
stacked GNS sheets, resulting in poor dispersion status. 
By contrast, GNS was effectively peeled off and ruptured 
into small pieces by the sonication and well dispersed in 
HNBR to form S-GNS/HNBR.

3.2.2  �XRD characterization of the composites

A characteristic peak of GNS (2θ = 26°) was observed in 
the XRD patterns of the M-GNS/HNBR and S-GNS/HNBR 
(Figure 7). A broad diffraction peak was observed for HNBR 
(2θ = 19°), indicating it is noncrystalline structure. The peak 
of S-GNS/HNBR was weaker than that of M-GNS/HNBR con-
taining relatively large GNS crystals, and the full wave at half 
maximum (FWHM) bandwidth broadens, indicating that 
the shear stress in the mechanical-blending process was not 
stronger than that in sonication, and the periodic structure 
of GNS might be ruptured during ultrasonic process and GNS 
has been exfoliated into monolayers or few layers (29).

3.2.3  �Curing performance of the composites

Both the maximum and the minimum torques (MH, ML) of 
the S-GNS/HNBR composite increased with the increase of 
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Figure 4: X-ray diffraction patterns of GNS before (A) and after (B) 
the sonication.
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Figure 5: SEM images of (A) M-GNS/HNBR (B) S-GNS/HNBR.
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GNS (Table 2), and the difference between the minimum 
and the maximum values was also increased, indicating 
that the cross-link density of the rubber was also increased. 
The curing time was shortened with an increasing content 
of GNS. The M-GNS/HNBR composite showed similar behav-
iors to a smaller extent. The reason could be the incorpo-
ration of thermally conductive GNS increased the thermal 
properties of the rubber, which facilitated the curing and 
shortened the scorch time and curing time. By contrast, 
the shear stress of the roller mill could not effectively peel 

and disperse GNS, resulting in the presence of GNS aggre-
gates in the rubber. Consequently, no thermally conductive 
network structure could be formed, and thus the curing 
performance of M-GNS/HNBR hardly changed.

3.2.4  �Mechanical properties of the composites

As can be seen from Table 3, the tensile strength and 
modulus at 300% elongation of the S-GNS/HNBR were 
significantly increased. At 0.2  wt% GNS, the tensile 
strength reached 19.36  MPa and modulus at 300% 
reached 2.73 MPa, which were 30.98% and 18.18% higher 
than those of pure HNBR, respectively. However, the 
M-GNS/HNBR with the same content of GNS had tensile 
strength of only 11.75 MPa, lower than that of pure HNBR 
by 20.5%.

The stress-strain behaviors of S-GNS/HNBR and 
M-GNS/HNBR are shown in Figure 8. As the GNS had high 
strength, high modulus and large specific surface area, 
the GNS was well dispersed in the matrix of S-GNS/HNBR. 
The great dispersion and resulting strong interactions 
improved the mechanical properties of S-GNS/HNBR. 
On the contrary, GNS was not fully peeled (see Figures 5 
and  6) and poorly dispersed in the matrix of M-GNS/

A

C D

B

Figure 6: GNS/HNBR dissolve in the THF (A), and stand still for 4 h (B), TEM images of (C) M-GNS/HNBR (D) S-GNS/HNBR.
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Figure 7: XRD patterns of the M-GNS/HNBR and S-GNS/HNBR 
composites.
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HNBR. The added GNS was weakly bonded with the 
rubber at interfaces, leading to the absence of enhancing 
the effect of GNS and poor tensile performance of M-GNS/
HNBR.

3.2.5  �Thermal properties of the composites

The DTG profiles of GNS (0.4 wt%)/HNBR and HNBR are 
illustrated in Figure 9, and the temperatures at specific 
weight losses are described in Table 4. At the weight loss of 
5% and 15%, the decomposition temperatures of M-GNS/

HNBR (426°C and 450°C) and S-GNS/HNBR (428°C and 
452°C) were only a little higher (even lower) than those 
of the pure HNBR (427°C and 449°C). By comparison, the 
DTG curve of M-GNS/HNBR and pure HNBR are nearly 
overlapping; the DTG curve of S-GNS/HNBR moves to the 
right with respect to the reference curves. The reason for 
the unimproved thermal stability is that the content of 
GNS was low or not fully peeled, and hence GNS could not 
form a lamellar network structure in the matrix. During 
the heating process of TGA, the evolution of small gas 
molecules could not be effectively impeded in the absence 
of the network structure.

Table 3: Mechanical properties of the GNS/HNBR composites.

Preparation method   Content of 
GNS (wt%)

  Modulus at 100% 
elongation (MPa)

  Modulus at 300% 
elongation (MPa)

  Tensile 
strength (MPa)

  Elongation 
at break (%)

Pure HNBR   0.0  1.31  2.31  14.78  457.40
Solution-blending method   0.2  1.34  2.73  19.36  467.75

  0.4  1.39  2.49  16.35  383.38
  0.6  1.47  3.62  15.17  426.10

Mechanical-blending method   0.2  1.38  3.38  11.75  402.51
  0.4  1.38  3.43  12.45  418.15
  0.6  1.44  3.66  12.59  387.33
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Figure 8: Typical stress-strain behavior of (A) S-GNS/HNBR and (B) M-GNS/HNBR.

Table 2: Curing performance of the GNS/HNBR composites.

Preparation method   Content of GNS (wt%)  MH (Nm)  ML (Nm)  MH - ML (Nm)  T10 (s)  T90 (min)

Pure HNBR   0.0  3.390  0.298  3.091  25.2  4.24
Mechanical-blending method   0.2  6.569  1.002  5.567  17.4  2.45

  0.4  6.665  1.004  5.661  19.8  2.35
  0.6  6.599  1.152  5.513  20.4  2.29

Solution-blending method   0.2  5.062  0.403  4.659  23.6  3.45
  0.4  5.283  0.906  4.377  22.8  3.16
  0.6  5.484  2.057  3.427  14.4  2.52
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3.2.6  �Swelling resistance of the composites

The swelling indices of HNBR, S-GNS/HNBR and M-GNS/
HNBR against soaking time (solvent: cyclohexane) are 
illustrated in Figure 10. The index of S-GNS/HNBR was the 
lowest (336.66% after the soaking time of 48 h), indicating 
that the dispersed lamellar GNS could effectively prevent 
the access of molecules of solvent into the gaps between 
the molecular chains of the rubber. Moreover, because of 
the large specific surface area of GNS sheets, GNS could 
be entangled with a portion of the molecular chains of the 
rubber, enhancing the resilience of the molecular chains 
and lowering the swelling index of the matrix. This effect 
was more significant in S-GNS/HNBR due to the effective 
peeling and great dispersion of GNS as discussed (30). For 
M-GNS/HNBR, the poor dispersion of GNS caused weak 
interfacial interactions between the GNS aggregates and 
the matrix of rubber. After the soaking process, the mole-
cular chains of the rubber expanded, and the interfaces 
were loosened, resulting in the removal of GNS from the 
matrix. Accordingly, the swelling index declined after a 
long period of soaking.

3.2.7  �Tensile fracture surfaces of the composites

The tensile fracture surface of S-GNS/HNBR was folded, 
and the peeled GNS sheets were 2–3 μm in width 
(Figure 11A). No cracks and aggregates were observed. On 
the contrary, most of the peeled GNS sheets on the tensile 
fracture surface of M-GNS/HNBR were large aggregates, 
and a large number of cracks were observed (Figure 11B).

According to the afore-mentioned experimental and 
characterization results, the mechanisms of tensile frac-
ture of S-GNS/HNBR and M-GNS/HNBR are analyzed. In 
detail, GNS was well dispersed in the rubber matrix of 
S-GNS/HNBR and tangles with matrix molecular chain. It 
is not liable to cracks and peels off from the matrix in the 

Table 4: Decomposition temperatures of GNS (0.4 wt%)/HNBR and 
HNBR.

Preparation method Td5% (°C) Td15% (°C) Tmax (°C)

HNBR 427 449 473
M-GNS/HNBR 426 450 471
S-GNS/HNBR 428 452 475
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Figure 9: DTG profiles of GNS (0.4 wt%)/HNBR and HNBR.
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Figure 11: SEM images of the tensile fracture surfaces of (A) S-GNS/HNBR and (B) M-GNS/HNBR.
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stretch process. The network cross-link point disperses 
the stress concentration, makes the rubber chain and 
gets the effective orientation and relaxation. In addition, 
GNS can effectively resist crack initiation and transfer the 
stress, leading to better mechanical properties. In M-GNS/
HNBR, the dispersion of GNS was poor, and large aggre-
gates were present. The cavitation and stress concentra-
tion were generated when the aggregates were loosened or 
removed by the tensile force, resulting in the formation of 
cracks neighboring the aggregates. The cracks caused the 
fracture of the material. 

4  �Conclusion
1.	 With the method of solution blending under soni-

cation, GNS was effectively peeled and uniformly 
dispersed in HNBR. However, GNS was only slightly 
cracked (not peeled) by the shear stress in the 
mechanical-blending process.

2.	 With the increase of the content of GNS, the cross-
link density and curing rate of S-GNS/HNBR 
increased more dramatically. At the content of GNS 
of 0.2  wt%, the tensile strength of S-GNS/HNBR 
reached 19.36 MPa, and modulus at 300% elongation 
reached 2.73  MPa, which increased by 30.98% and 
18.18%, respectively, in contrast with pure HNBR.

3.	 The presence of GNS lowered the swelling index 
of HNBR, especially in S-GNS/HNBR. For instance, 
the swelling index of S-GNS (0.4  wt%)/HNBR was 
336.66%, 18.5% lower than that of pure HNBR, after a 
soaking process in cyclohexane for 48 h.�
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