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In this paper, graphene oxide (GO) and carbon nanotube (CNT) hybrid fillers were used to replace partial

carbon black (CB), and GO/CNT/CB/NR composites were prepared with excellent crack growth

resistance, low heat build-up and superior mechanical properties. Mechanical testing revealed

a significant synergistic reinforcement between GO/CNT and CB in NR composites. The improved

dispersion of GO/CNT hybrid fillers and CB in the NR matrix was characterized by transmission electron

microscopy (TEM). Through the fatigue test, the GO/CNT/CB/NR composites showed excellent fatigue

crack growth resistance and low heat build-up compared to CB/NR composites. These properties

provide the NR composites with better applications in industry.

1. Introduction

Natural rubber (NR) has many unique physical properties, such

as high elasticity, low heat build-up, excellent fatigue crack

growth resistant, etc.,1,2 and it can be widely used in many kinds

of engineering areas, such as tires and shock absorbers. Carbon

black (CB) is the most important reinforcing ller in the rubber

industry,3,4 which can greatly enhance the tensile strength,

elasticity modulus and compression resistance of NR. The

previous study by Hamed5–9 showed that the crack tip of CB/NR

composites arose as longitudinal cracking during a fatigue test,

which highly improved the crack resistance of rubber. Coinci-

dentally, the study of fatigue crack growth of NR lled with

different types of carbon black was undertaken by Nie.10 He

found that the carbon black could improve the viscoelastic

dissipation of CB/NR composites in front of the crack tip, which

improved the crack resistance of CB/NR composites. However,

to achieve the excellent mechanical properties of CB/NR

composites, at least 30 phr CB (NR 100 phr) should be added

into the NR matrix, leading to a difficult in dispersion of CB

during processing and a sharp rise of heat build-up under cyclic

loading. These questions will result in poor fatigue behavior of

NR, such as: the decrease of fatigue crack growth resistance and

fatigue life. Therefore, it is urgent to looking for other llers to

replace CB.

CNT has shown excellent mechanical, electrical and thermal

properties since it was discovered by Iijima.11 It has been used

as a novel ller to improve the electric properties or mechanical

properties of elastomers including NR.12 When NR was lled

with little CNT, a great enhancement of tensile strength and

modulus of NR was found due to the formation of CNT network.

Some researchers tried to use CNT to replace CB partially, and

a synergistic action was found between CNT and CB, which

greatly promotes the crack growth resistance of NR compos-

ites13 and reduces heat build-up efficiently.14 However, CNTs

agglomerate or bundle easily, which means that it does not

mono-disperse well in NR matrix. Therefore, how to make the

CNT dispersing well in NR matrix is the key issue to improve

mechanical properties of CNT/NR composites. Recently, as

a new type of carbon nanomaterial, graphene15–19 (GE) has

shown remarkable properties, such as the high thermal

conductivity and superior mechanical properties. Graphene

oxide (GO) has similar structure with GE, and GO shows

hydrophilic to hydrophobic property distribution from the edge

of graphene sheets to the center which can be used as interfacial

agent.20–25 The hybridization of GO and CNT can further

combine the advantage of the these llers, and have the

outstanding performance that the individual ller does not

have. Huan Pang26 fabricated a segregated network with GO and

CNT in HDPE, the obvious mechanical reinforcement was

ascribed by cooperative effect of GO/CNT hybrid llers. Tiemei

Lu27 prepared excellent thermal conductivity HBPE composites

through construct GO-CNT hybrid ller network in HBPE.

Hengyi Li28 mixed the CNT with GO aqueous solution together,

and got stable hybrid suspensions due to a surfactant effect of

GO and the strong p–p interaction between GO and CNT. The

result showed that GO and CNT were well dispersed in NR
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matrix, and the hybrid ller network could be served as sacri-

cial bond to dissipate energy before material failure, which led

to an excellent mechanical properties and the resistance of

fatigue crack growth. The GO/CNT hybrid llers can form the

unique three-dimensional ller network in NR matrix. Such

special ller network makes GO/CNT/NR composites greatly

improved in mechanical properties, fatigue crack growth

resistance and low heat build-up. Thus we tried to replace

partial CB with GO/CNT hybrid llers, and studied the inuence

of synergistic effect between GO/CNT and CB on mechanical

properties and fatigue behavior of NR.

In this paper the GO/CNT/CB/NR composites were success-

fully prepared. We found the GO/CNT hybrid llers could

improve the dispersion of CB in NR matrix, and consequently

enhance the mechanical properties of NR greatly. Through the

DMA test, we found the introduction of GO/CNT hybrid llers

could make the CB ller network more completed. For the rst

time, the inuence of synergistic effect between GO/CNT and

CB on mechanical properties and fatigue behavior of NR was

studied. This paper can provide an instruction for the prepa-

ration of rubber product with excellent mechanical and fatigue

resistance properties.

2. Experimental section
2.1 Materials

Multiwalled CNT (NANOCYLTM NC7000) with an average

diameter of 9.5 nm and an average length of 1.5 mm were

purchased from Nanocyl. Industrial reduced graphene oxi-

de(GO) was purchased from Chengdu Organic Chemicals Co.

Ltd. The type of carbon black (CB) is N330 (themean diameter is

30 nm). N330 were purchased from China Rubber Group

Carbon Black Research & Design Institute (Zigong, Sichuan,

China). HA latex (60%wt% solid content) was obtained from the

Chinese Academy of Tropical Sciences. The sulfur (S), zinc oxide

(ZnO), stearic acid (SA), antioxidant N-iso-propyl-N0-phenyl-p-

phenylenediamine (4010NA), and N-cyclohexyl-2-

benzothiazolesulfenamide (CZ), were supplied by Sichuan

Haida Rubber Group Co. Ltd.

2.2 Materials preparation

The schematic of the preparation of NR composites was shown

in Fig. 1. CNT was added to 100 mL GO suspension with

a concentration of 1 mg mL�1, which was subjected to ice-bath

sonication for 2 h to obtain a homogeneous CNT/GO hybrid

suspension. Then mixed NR latex with CNT/GO hybrid

suspension under mechanical stirring to get homogeneous

mixture. The mixture was coagulated with saturated NaCl

solution and washed thoroughly with deionized water, then put

in vacuum oven at 40 �C for two days to remove water. Parts of

NR composites was processed with CB and curing agents in an

open twin-roll mill, the composites was belong to synergistic

system. The other one was only mixed with curing agents by

open twin-roll mill, the prepared composites was belong to

hybrid system. The recipe of curing agents is as follows: NR 100

phr (parts per hundreds of rubber), S 2 phr, ZnO 5 phr, CZ 1 phr,

SA 2 phr and 4010NA 1 phr. The curing temperature is 143 �C,

the curing pressure is 15 MPa, the curing time is 15 min.

2.3 Measurement and characterization

The dispersion state of GO/CNT and GO/CNT/CB within the NR

matrix was examined by using scanning electron microscope

(SEM, JEOL JSM-5900LV) and transmission electron microscope

(TEM, FEI TecnaiG2 F20 S-TWIN). Mechanical properties were

measured on a material testing machine (Instron 5567) at room

temperature with a tensile speed of 500 mmmin�1. For Mullins

effect, the samples were stretched to an increasing strain (100%,

200%, 300%, 400%) by cycling twice. For the Payne effect,

samples were measured at room temperature at 1 Hz in the

dynamic strain range 0–60% with a Q800 dynamic mechanical

device of TA Corp (New Castle, Delaware).

Fig. 1 Schematic description of the latex mixing method used for the preparation of the GO/CNT/NR composites and GO/CNT/CB/NR

composites.

10574 | RSC Adv., 2018, 8, 10573–10581 This journal is © The Royal Society of Chemistry 2018

RSC Advances Paper

O
p
en

 A
cc

es
s 

A
rt

ic
le

. 
P

u
b
li

sh
ed

 o
n
 1

5
 M

ar
ch

 2
0
1
8
. 
D

o
w

n
lo

ad
ed

 o
n
 8

/2
7
/2

0
2
2
 5

:4
6
:4

5
 A

M
. 

 T
h
is

 a
rt

ic
le

 i
s 

li
ce

n
se

d
 u

n
d
er

 a
 C

re
at

iv
e 

C
o
m

m
o
n
s 

A
tt

ri
b
u
ti

o
n
-N

o
n
C

o
m

m
er

ci
al

 3
.0

 U
n
p
o
rt

ed
 L

ic
en

ce
.

View Article Online

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/c7ra12830d


The fatigue test were conducted on edge-notched prismatic

specimens, the dimensions of specimens is 60 mm (gage

length), 25 mm (width), 2 mm (thickness). The edge of speci-

mens were cut with an initial crack of length of around 5 mm by

a sharp blade. The specimens were subjected to tension–

tension fatigue testing with a displacement-controlled mode in

MTS810 at room temperature. The displacement was prescribed

as a sinusoidal pulse at a frequency of 3 Hz with a maximum

strain of 0.2 and an R ratio (R ratio is dened as the ratio of

minimum to maximum deformation of rubber) is 0. The crack

length was measured by vernier caliper every 5000 cycles. The

dimension of compression specimens is 26 mm (diameter),

13 mm (thickness). In this procedure, the dynamic strain

increases (3 ¼ 5%, 10%, 20%, 30%, 40%, 50%) aer 10 000

cycles. During test, the heat build-up of specimens was

measured by infrared imaging devices (FLIR T420, Sweden). The

thermal conductive coefficient of sample was measured by LFA

(HOT DISK 2500-OT, Sweden).

3. Result and discussion
3.1 Mechanical properties of NR composites

The striking synergistic reinforcement has been achieved in NR

composites lled with GO/CNT hybrid llers and CB. As illus-

trated in Fig. 2, the mechanical properties of synergistic systems

outperform the hybrid systems. The unlled NR has a relatively

low tensile strength of 20.5 MPa. Incorporation of GO/CNT

hybrid llers slightly increase the tensile strength of NR. As

for CB/NR composites, the tensile strength is 21.7 MPa.

Intriguingly, a signicant reinforcement effect was found by the

addition of GO/CNT hybrid llers in CB/NR composites. The

improved mechanical properties of GO/CNT/CB/NR composites

were mainly attributed to the strong interaction of ller–ller

and ller–rubber.29 The dispersion of llers is the important

factor with regard to ller–ller and ller–rubber interaction

under the high ller loadings condition. We suspect that the

addition of GO/CNT llers makes a better dispersion of CB in

NR which results in the increased tensile strength. The fracture

toughness which is dened as the area under the stress–strain

curve is signicantly improved, as shown in Fig. 2d. In partic-

ular, GO : CNT (1 : 3)/CB/NR composites have a fracture

toughness of 11.08 GJ m�3, which is almost twice as much as

that of the CB/NR composites. The fracture toughness is almost

related to the tenacity of NR composites upon deformation.

Thus we conrm that GO/CNT hybrid llers can make CB

dispersed well in NR, and also prompt CB to form a perfect ller

network which possesses a higher effective and reinforced

capability.30,31

3.2 Dispersion state of GO/CNT hybrid llers and CB in NR

composites

To characterize the dispersion state of the llers upon hybrid-

ization, SEM and TEM images of GO-CNT/NR composites and

GO-CNT/CB/NR composites are shown in Fig. 3. The salient of

strips (the red triangle) are the extracting of CNTs cladded with

NR matrix and the sheet-like protuberance (the red orthogon)

Fig. 2 Mechanical properties of NR nanocomposites. (a) Stress–strain of NR filled with hybrid fillers (b) stress–strain of NR filled with hybrid fillers

and CB (c) tensile strength of NR filled and unfilled with CB (d) fracture toughness of NR composites.
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Fig. 3 (a–c) SEM diagrams of GO : CNT(1 : 3)/NR, GO : CNT(1 : 1)/NR, NR (d–f) SEM of GO : CNT(1 : 3)/CB/NR, GO : CNT(1 : 1)/CB/NR, CB/NR

(g–j) TEM diagrams of GO/CNT/NR, GO/CNT/CB/NR (the red arrows represent GO nanosheet, the blue arrows represent CNT, the black arrow

represent CB).
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on the fracture surface of composites is the embedding of GO in

NR matrix. GO/CNT hybrid llers are well dispersed in NR due

to the surfactant effect of GO for CNT (Fig. 3g). Fig. 3d–f show

the SEM images of GO : CNT(1 : 3)/CB/NR, GO : CNT(1 : 1)/CB/

NR, CB/NR composites and Fig. 3i and j show the dispersion

of GO/CNT/CB llers in NR matrix by TEM. CB llers aggregate

obviously (the red circle indicates the CB aggregation) and some

giant cracks have been found, which demonstrates the poor

ller dispersion and ller–rubber interaction in CB single ller

composites. While the CB ller dispersion state in GO/CNT/CB/

NR composites is signicantly improved (Fig. 3d, e, i and j),

which demonstrates GO/CNT hybrid llers can prompt CB to

disperse well in NRmatrix. Compared to CB/NR composites, the

fracture surface of GO/CNT/CB/NR composites is much

rougher, which is corresponding to the result of fracture

toughness of NR composites.

It is noteworthy that parts of CNT strings and CB particles

were absorbed on the surface of GO sheet which could form

a hybrid network architecture efficiently (Fig. 3i and j, the black

cycle represent GO/CNT hybrid llers (or GO, CNT) absorb the

CB on the surface). The synergistic intercalation among the GO

nanosheets, string-like CNTs and CB particles could inhibit

their re-agglomeration and form developed network architec-

ture.32,33 Hence, it's reasonable to believe that the signicant

improved CB ller dispersion in NR matrix.

3.3 Payne effect of NR composites

It is commonly believed that the incorporation of llers in

a polymer matrix leads to the formation of ller network, due to

the aggregation of llers and the interaction of ller–ller.

When the llers connect each other well in NRmatrix, the llers

will form more perfect ller network efficiently. Generally, the

absolute value of storage modulus in the low-strain regime is

related to the degree of ller network or ller–ller

interaction.34,35

In low-strain regime, a strong nonlinear reduction of storage

modulus (E0) versus strain, commonly known as Payne effect36 is

present in Fig. 4. Due to the partial breakage of ller network,

the Payne effect was found and additional energy dissipation

was occurred when the strain amplitudes increased.33 In highly

lled rubber, the addition of GO/CNT llers could improve the

dispersion of CB in NR matrix, and CB aggregates were bridged

through brous CNTs and layer-like GO nanosheets to form

a more perfect hybrid ller network. Thus, based on strain-

amplitude sweeps, a more perfect ller network can improve

the load carrying capacity of the ller network in highly lled

composites, which also can be the reason of high storage

modulus of GO/CNT/CB/NR composites compared to CB/NR

composites. The magnitude of the Payne effect are shown in

Table 1. As for hybrid system, the GO/CNT/NR composites

shows little improvement of storage modulus, because the weak

ller network formed with low loading llers didn't work on

modulus of composites efficiently. In synergistic system, the

obviously promotion of storage modulus of CB/NR composites

with the addition of GO/CNT hybrid llers, which indicates that

the GO/CNT hybrid llers can synergistically promote CB to

form a powerful and efficient network; meanwhile, the powerful

ller network represents the strong energy dissipation under

deformation.37

3.4 Energy dissipation of NR composites

The addition of nanollers obviously increases the viscoelastic

character of the NR composites. Under the cyclic loading condi-

tion, the strain cannot follow the stress of NR composites, which

shows a distinct hysteresis ring, as shown in Fig. 5(a and c). This

phenomenon was known asMullins effect.38 TheMullins effect is

closely related to the change of ller network structure in highly

lled NR composites during the cyclic loading. To quantify the

Mullins effect, the hysteresis ring was integrated, and the phys-

ical name was hysteresis loss. As shown in Fig. 5(b and d),

compared with neat NR, the hysteresis loss of GO/CNT/NR

Fig. 4 Storage modulus versus strain curve. (a) NR filled with hybrid fillers (b) NR filled with hybrid fillers and CB.

Table 1 Magnitude of the Payne effect for the rubber composites

filled with different fillers. (The E
0

0 and E
0

N represent the storage

modulus of NR composites in low strain to large strain)

E
0

0 E
0

N E
0

N � E
0

0

NR 1.641 0.748 0.893

GO : CNT(1 : 1)/NR 2.007 0.754 1.253

GO : CNT(1 : 3)/NR 1.761 0.666 1.094
CB/NR 3.202 1.076 2.126

GO : CNT(1 : 1)/CB/NR 4.478 1.399 3.079

GO : CNT(1 : 3)/CB/NR 4.885 1.484 3.401

This journal is © The Royal Society of Chemistry 2018 RSC Adv., 2018, 8, 10573–10581 | 10577
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composites shows little distinction during the 3 # 300% (3

represent the strain of NR composites); when 3 $ 300%, the

hysteresis loss of GO/CNT/NR composites shows much higher

than neat NR, which is caused by the breakdown of hybrid ller

network during large deformation. However, when the GO/CNT

hybrid ller and CB were added in NR together, the hysteresis

loss of NR composites was much higher than CB/NR composites

under different strain. Here are the reasons we speculate: the

layer-like GO and brous CNT can serve as bridge to make CB

aggregates form more efficient and powerful ller network. The

more powerful ller network breakdown, the more energy dissi-

pated. Thus the hysteresis loss can be larger.

To nd out the main reason inuence the Mullins effect, the

NR composites was subjected to the second tensile cycles with

different strains. A remarkable stress-soening effect is shown

in Fig. 6(a and c). As a result, during the second tensile cycles,

the NR composites are more elastic-like with smaller hysteresis

loss, as shown in Fig. 6(b and d). In hybrid system, the hyster-

esis loss of GO/CNT/NR composites is almost similar with neat

NR under different strain, due to the friction among NR mole-

cule is the main reason inuence the Mullins effect. In syner-

gistic system, the hysteresis loss of GO/CNT/CB/NR composites

was almost same with CB/NR composites when 3# 300%, while

larger than CB/NR composites when 3 $ 300%. Because the

perfect ller network was not destroyed entirely. Under large

deformation, the partial ller network still dissipated energy

and contributed to the hysteresis loss. Thus we can conclude

that the more powerful CB network with the addition of GO/

CNT hybrid llers, the larger hysteresis loss of GO/CNT/CB/

NR composites compared to CB/NR composites.

3.5 Crack growth of NR composites

The crack growth resistance is closely related to energy dissi-

pation of lled NR composites. In this section, we studied the

crack growth of NR under cyclic loading and the relationship

between the crack-growth rate (dc/dn represent the derivative of

crack length to cycle number) and the tearing energy (T).39,40 In

Fig. 7(a and b), the plots of crack length versus fatigue cycle are

presented. It is clear that the GO : CNT(1 : 1)/NR composites

and GO : CNT(1 : 1)/CB/NR composites show best crack resis-

tance. The magnitude of dc/dn was determined from the

sustaining change in the crack length to the corresponding

fatigue cycles. The relationship between crack growth rate and

tearing energy is shown in Fig. 7(c and d). As for hybrid system,

the GO/CNT llers rarely improve the crack growth of NR

composites, even when the ratio of GO : CNT is 1 : 3, the crack

growth resistance of NR composites decreases. The reason of

that is the llers could not dissipate energy efficiently and

caused the stress concentration easily. In synergistic system,

when T # 2 kJ m�2, the crack growth rate of GO/CNT/CB/NR

composites is lower than CB/NR composites. Because the

addition of GO/CNT llers, the CB ller network easily conned

Fig. 5 Energy dissipation of NR composites during first tensile cycle. (a) Cyclic hysteresis curves of NR filled with hybrid fillers at different strain (b)

hysteresis loss of NR filled with hybrid fillers (c) cyclic hysteresis curves of NR filled with hybrid fillers and CB at different strain (d) hysteresis loss of

NR filled with hybrid fillers and CB.
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Fig. 7 (a and b) Crack length versus the fatigue cycles for the NR composites (c and d) dc/dn (crack growth rates) versus T of NR composites.

Fig. 6 Energy dissipation of NR composites during second tensile cycle. (a) Cyclic hysteresis curves of NR filled with hybrid fillers at different

strain (b) hysteresis loss of NR filled with hybrid fillers (c) cyclic hysteresis curves of NR filled with hybrid fillers and CB at different strain (d)

hysteresis loss of NR filled with hybrid fillers and CB.
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the crack growth of NR composites and the CB dispersed

homogeneously in NR matrix caused little stress concentration.

Thus we can conclude that the addition of GO/CNT hybrid ller

will obviously improve the crack growth resistance of CB/NR

composites.

3.6 Heat build-up and thermal conductivity of NR

composites

Heat build-up is deemed to be one of the most important

impact on NR dynamic fatigue. It is mainly determined by the

hysteresis loss of NR matrix and the ller network.41 Generally,

we know the ller network of high lled NR composites

contributes the most hysteresis loss under cyclic deformation.

As Fig. 8 shows, during the rst 2 � 104 cycles, heat build-up

appears little distinction among the NR composites, because

the small compression strain did not make large structural

change of composites. As the cycles increased, the compression

strain became larger, which induced sustainable structural

deformation of NR composites. A sustainable structural defor-

mation of NR composites will cause a large amount of energy

dissipation transferred to heat. So the heat build-up of NR

composites increased with the increasing cycles. While there

also appears heat radiation which determined by thermal

diffusivity or thermal conductivity, as shown in Table 2. The

heat build-up is contradiction to heat radiation, and a compe-

tition relationship was formed between them.

With regard to the synergistic system, the heat build-up of

GO : CNT(1 : 1)/CB/NR composites is smaller than CB/NR,

Table 2 The magnitude of thermal conductivity and thermal diffusivity of NR and NR composites

NR

GO : CNT

(1 : 3)/NR

GO : CNT

(1 : 1)/NR CB/NR

GO : CNT

(1 : 3)/CB/NR

GO : CNT

(1 : 1)/CB/NR

Thermal conductivity (W m�1K�1) 0.1624 0.1718 0.1924 0.2706 0.2950 0.3034

Thermal diffusivity (mm2 S�1) 0.1891 0.2077 0.2268 0.4660 0.5956 0.7948

Fig. 8 (a) Heat build-up of NR composites filled with hybrid fillers during dynamic fatigue test (b) heat build-up of NR composites filled with

hybrid fillers and CB during dynamic fatigue test (c) infrared temperature rise diagram of NR composites.
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which indicated that the better dispersion of CB and the more

efficient ller network can greatly prompt the thermal

conductivity of NR composites, thus leading to a smaller heat

build-up compared to CB/NR. Herein, we can conclude that the

introduction of GO/CNT hybrid llers can reduce the fatigue

heat build-up of CB/NR composites.

4. Conclusions

In conclusion, an obvious synergistic reinforcement was ach-

ieved by the incorporation of GO/CNT hybrid llers and CB into

NR matrix. With the addition of GO/CNT hybrid llers,

improved dispersion state of CB in NR matrix was achieved.

Moreover, the improved dispersion of llers led to the forma-

tion of a more robust and efficient network, which improved the

modulus and energy dissipation of NR composites. The intro-

duction of GO/CNT hybrid llers and CB in NR matrix signi-

cantly improved the fatigue crack growth resistance and

reduced the heat build-up of NR composites. This provides

a good basis for the preparation of natural rubber composite

materials with excellent mechanical properties and outstanding

fatigue performance.
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