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Abstract

This study examined the effect of cellulose nanocrystal (CNC) loading on curing characteristics and mechanical 

properties of acrylonitrile-butadiene rubber (NBR)/natural rubber (NR) nanocomposites. The blend ratio of NBR and 

NR was kept constant at 50/50, excluding the raw NBR (NBR100). Four distinct samples with different CNC loadings, 

in parts per hundred rubber (phr), including NBR-C0 (0 phr), NBR-C1 (1 phr), NBRC-3 (3 phr), and NBRC-5 (5 phr), 

were prepared using an internal mixer at 70 oC and a rotor speed of 15 rpm. The cure characteristics of the 

nanocomposites were studied using a moving die rheometer (MDR), while the mechanical properties of the vulcanizates

were measured in accordance with ASTM standards. The results showed that scorch time, cure time and delta torque of 

rubber composites tended to increase with the CNC content, while NBR100 showed higher delta torque than those 

properties. Moreover, hardness, as well as the 100% and 300% modulus of rubber vulcanizates slightly increased with 

the CNC content. Furthermore, a NBR50-C1 composite containing CNCs at 1 phr showed an optimal value for tensile 

strength.
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1. Introduction

      Polymer nanocomposites (PNCs) are well-known

advanced  engineering  materials  that  currently  receive

wide interest among researchers. PNCs are based on the

idea  of  developing  a  very  large  interface  between

nanoscale heterogeneities (inorganic materials) and neat

polymer  macromolecules  (organic  polymers)  [1].

Therefore,  they  combine  the  benefits  of  inorganic

materials  (such  as  rigidity  and  thermal  stability)  with

those  of  organic  polymers  (e.g.,  flexibility,  dielectric

performance,  ductility,  and  processability)  [2].  PNCs'

unique properties allow them to be used in a wide range

of technologies, including advanced materials and goods,

medicines, energy devices, and sensors [3].

It is usually accepted that the objective of elastomer

blending is  to  produce the  greatest  number  of  suitable

combinations,  physical  properties,  and processability  at

an optimal cost. Natural rubber (NR) provides a number

of  advantages,  including  superior  tensile  and  tear

strengths as well as dynamic qualities. However, NR has

low resistance to deterioration caused by solvents, oils,

and  ozone  [4].  To  overcome  these  limitations,  NR  is

frequently blended with other elastomers that  are more

resistant  to  solvents,  oils,  and  ozone.   Acrylonitrile-

butadiene rubber (NBR) is an oil-resistant rubber that has

been applied in a wide range of applications as a stand-

alone rubber  or  in  combination with other  rubbers  [5].

Therefore, a combination of NR with NBR is designed to

produce a  vulcanizate  with  the  best  properties  of  each

component [6].

In  this  work,  cellulose  nanocrystals  (CNCs)  are

selected and used to improve the mechanical properties of

NBR/NR blends. CNCs are used to create new nanoscale

materials  and  this  approach  is  becoming  increasingly
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popular. They are obtained from plants and are produced

through an acid hydrolysis of cellulose [7]. During this

process,  disordered  domains  are  eliminated  from

cellulose  fibers.  The  final  product  consists  of  highly

crystalline  nanorods  [8].  Moreover,  CNCs have a  high

tensile strength (7500 MPa) and Young's modulus (100–

140 GPa), suggesting that they have much potential as an

ecofriendly  filler  for  polymer  reinforcement  [9].  As  a

result, many researchers found that embedding CNCs in

polymer  matrices  produces  polymer-based

nanocomposite materials with improved mechanical and

barrier  properties  in  comparison  to  neat  polymers  or

traditional  composites  [4,  7,  10].  To  the  best  of  our

knowledge, little research has been reported on the effect

of  cellulose  nanocrystal  loading  on  the  curing

characteristics  and  mechanical  properties  of  NBR/NR

blends. The aim of this study is to explore the effect of

CNC content on the curing characteristics and mechanical

properties  of  NBR/NR  nanocomposites.  Furthermore,

scanning  electron  microscopy  (SEM)  was  used  to

examine the morphology of the nanocomposites. 

2. Materials and methods

2.1 Materials

Cellulose nanocrystals (CNCs) (diameter < 20 nm 

and length ~ 100-300 nm) were extracted from Luffa 

cylindrica (L.) Rox. in our laboratory, using the same 

conditions reported in the doctoral thesis of Punyarat 

Jantachum [11]. Acrylonitrile-butadiene rubber (NBR), 

natural rubber latex (NR) and curing agents including 

zinc oxide (ZnO), stearic acid, N-

cyclohexylbenzothiazole-2-sulfenamide (CBS) and sulfur

were purchased from GSP Products Co., Ltd. (Bangkok, 

Thailand).

2.2 Preparation of NR/CNC masterbatches

CNCs at 1, 3 and 5 parts per hundred rubber (phr) 

were added to NR latex. The ratio of fiber to distilled 

water was 1:30 (g/mL). The pre-dispersed CNCs were 

stirred at room temperature for 15 min. Then, the mixture

was sonicated at 20 kHz in an ultrasonic bath at 30 oC for 

30 min. After that, pre-dispersed CNCs were added into 

the NR latex and stirred at room temperature for 30 min. 

The mixture was poured onto a glass plate and dried at 

room temperature. Then, the NR/CNC masterbatch was 

dried at 80 ºC for 3 h.

2.3 Preparation of CNC filled NBR/NR compounds

Formulations of CNC filled NBR/NR compounds 

are shown in Table 1. The NBR/NR ratio was fixed at 

50/50 phr and the amounts of CNCs were varied from 0 

to 5 phr. The amounts of other rubber chemicals were 

identical for all formulations. The rubber compounds 

were mixed in an internal mixer at 70 oC and a rotor 

speed of 15 rpm. The mixing time of all rubber 

compounds was kept constant at 12 min, as shown in 

Table 2.

Table 1. Formulations of rubber compounds

Table 2. Mixing procedure of rubber compounds

2.4 Preparation of CNC filled NBR/NR vulcanizates

The  specimens  were  shaped  at  160  oC  via

compression  molding.  Cure  characteristics  of  rubber

compounds  were  determined  using  a  moving  die

rheometer (MonTech/MDR-3000). The maximum torque

(MH),  minimum torque (ML),  scorch time (ts2) and cure

time (tc90) were determined from the cure curve.

2.5 Testing of CNC filled NBR/NR vulcanizates



3

XXXX-XXX

Tensile properties were measured using an Instron

universal tester (Instron/3366) with a crosshead speed of

500  mm/min,  in  accordance  with  ASTM  D412.  The

results of tensile property testing were revealed in terms

of the 100% and 300% modulus, %elongation at break

and tensile strength.

Morphology of rubber vulcanizates was examined

using  scanning  electron  microscopy  (Hitachi-SEM-

SU3800). Fractured surfaces were prepared by cutting a

rubber sheet. Then, each rubber piece was immersed in

liquid nitrogen. The fracture surfaces of the vulcanizates

were coated with Au and microscopically examined at an

accelerating voltage of 5 kV.

3. Results and discussions

Cure characteristics of CNC filled NBR/NR 

composites are shown in Table 3. It was found that the 

scorch and cure times of NBR/NR blends filled with 

CNCs tend to increase with increasing CNC content. 

These results indicate that the adsorption of accelerators 

on CNC surfaces increased with the CNC content, 

resulting in a slowing of the vulcanization process [12]. 

NBR100 had higher scorch and cure times than NBR/NR 

blends filled with CNCs. This may have been due to the 

degree of unsaturation of NBR, which is less than NR 

[13, 14]. Moreover, delta torque values of the NBR/NR 

blends filled with CNCs were lower than that of 

NBR100. A possible explanation for this is that the 

addition of NR into NBR can reduce the viscosity of 

rubber compounds. Furthermore, the delta torque values 

of NBR/NR blends tended to increase with the CNC 

content, indicating increased stiffness of the vulcanized 

compounds. This may have been due to CNC restricting 

the mobility of the rubber molecules.

Table 3. Cure characteristics of CNC filled NBR/NR 

compounds

Property
NBR

100

NBR50

-C0

NBR50

-C1

NBR50

-C3

NBR50

-C5

MH 10.98 8.78 8.89 8.54 9.47 

(dN.m)

ML

(dN.m)
0.49 0.63 0.75 0.65 0.74 

MH-ML

(dN.m)
10.49 8.15 8.14 7.89 8.73

ts2

(min)
2.97 1.83 2.16 2.09 2.31 

tc90

(min)
22.47 5.38 6.05 5.43 6.11 

Table 4 shows the tensile properties of CNC filled

NBR/NR vulcanizates. The elasticity of NR in polymer 

blends and tensile strength of NBR/NR vulcanizates were

found to be higher than that of NBR100 vulcanizate. One 

explanation for this is that NR has a higher tensile 

strength as a result of the strain-induced crystallization 

phenomenon of NR [6]. Interestingly, an NBR50-C1 

composite containing CNCs at 1 phr shows an optimal 

tensile strength value. It is possible that good dispersion 

of CNCs in NBR/NR blends is the cause. As the content 

of CNCs increased, the tensile strength of vulcanizates 

tends to decrease. It is observed that aggregation of CNCs

increases with their content, as evidenced by the SEM 

images of Figs. 1 (d and e). According to 

Balachandrakurup and Gopalakrishnan [15], cellulose 

nanofibers may agglomerate and disrupt load transfer, 

resulting in decreased tensile strength of rubber 

nanocomposites.

Table 4. Tensile properties of CNC filled NBR/NR 

vulcanizates

Property
NBR

100

NBR50

-C0

NBR50

-C1

NBR50

-C3

NBR50

-C5

Tensile

strength

(MPa)

4.2 

± 0.5

22.5 

± 0.5

24.5 

± 1.8

21.3 

± 1.8

14.7 

± 1.1

 %EB 435 ± 15 638 ± 13 634 ± 14 633 ± 8 589 ± 12

   100% 

Modulus

(MPa)

1.22 

± 0.04

1.03 

± 0.01

1.12 

± 0.03

1.11 

± 0.03

1.25 

± 0.01
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   300% 

Modulus

(MPa)

2.38 

± 0.10

2.17 

± 0.03

2.52 

± 0.09

2.40 

± 0.07

2.76

 ± 0.02

%Elongation at break (%EB) of the NBR/NR 

vulcanizates was the highest at 1 phr of CNCs. It tended 

to decrease with increasing CNC content. This is because 

as the level of CNCs in NBR/NR vulcanizates increases, 

the elasticity of the vulcanizates may decrease. However, 

%EB of NBR/NR vulcanizates was higher than that of 

the NBR100 vulcanizate.

It was found that the 100% and 300% modulus of 

the NBR/NR vulcanizates increase with CNC content. 

These findings suggest that increasing the CNC levels in 

NBR/NR vulcanizates increases stiffness. Additionally, 

the 300% modulus of NBR/NR vulcanizates is clearly 

higher than the 100% modulus.

SEM micrographs of tensile fractured surfaces of (a)

NBR100, (b) NBR50-C0, (c) NBR50-C1, (d) NBR50-C3 

and (e) NBR50-C5 with various contents of CNCs at 0, 1,

3, and 5 phr are show in Fig. 1. Fig. 1 (a) displays an 

SEM image of an unfilled NBR100 vulcanizate with a 

smooth surface. SEM images of fractured surfaces of 

NBR/NR blends at various CNC contents are shown in 

Figs. 1 (b) – (e), indicating aggregation of CNCs when 

the CNC content is increased. This may have been 

because the CNCs are difficult to disperse after drying 

due to hydrogen bonding interactions between the CNCs 

and fibers [16].

Fig 1. SEM images of CNCs filled NBR/NR 

vulcanizates,

(a) NBR100, (b) NBR50-C0, (c) NBR50-C1, 

 (d)   NBR50-C3, (e) NBR50-C5

4. Conclusions

The present study demonstrates the potential of 

cellulose nanocrystals as a reinforcing filler for NBR/NR 

nanocomposites. Addition of CNCs to NBR/NR blends 

increases scorch and cure times, indicating a reduction in 

the rate of the vulcanization process. The composite 

torque differences are lower than for NBR gum 

(NBR100), indicating that composite viscosities are 

decreased. Designed and controlled loading of CNCs into

an NBR/NR matrix appreciably enhanced the mechanical 

properties of the composites in comparison to those of 

unfilled NBR gum (NBR100). Compared to other 

samples, the optimal CNCs level is 1 phr (NBR50-C1). 

This sample had a higher tensile strength and elongation 

at break, indicating good CNC dispersion in the NBR/NR

blend. This finding is supported by SEM imagery. 
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