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ABSTRACT: Curing characteristics, tensile properties,
fatigue life, swelling behavior, and morphology of waste
tire dust (WTD)/carbon black (CB) hybrid filler filled
natural rubber (NR) compounds were studied. The
WTD/CB hybrid filler filled NR compounds were
compounded at 30 phr hybrid filler loading with
increasing partial replacement of CB at 0, 10, 15, 20, and
30 phr. The curing characteristics such as scorch time, t2
and cure time, t90 decreased and increased with incre-
ment of CB loading in hybrid filler (30 phr content),
respectively. Whereas maximum torque (MHR) and mini-
mum torque (ML) increased with increasing CB loading.
The tensile properties such as tensile strength, elongation
at break, and tensile modulus of WTD/CB hybrid filler

filled NR compounds showed steady increment as
CB loading increased. The fatigue test showed that
fatigue life increased with increment of CB loading.
Rubber–filler interaction, Qf/Qg indicated that the NR
compounds with the highest CB loading exhibited the
highest rubber–filler interactions. Scanning electron
microscopy (SEM) micrographs of tensile and fatigue
fractured surfaces and rubber–filler interaction study
supported the observed result on tensile properties and
fatigue life. VC 2011 Wiley Periodicals, Inc. J Appl Polym Sci
121: 1143–1150, 2011
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INTRODUCTION

Natural rubber is known for its outstanding per-
formance in numerous properties. Although natural
rubber (NR) has its outstanding properties, reinfor-
cing fillers are necessarily added into NR in most
cases to gain the appropriate properties for specific
applications. A wide variety of particulate fillers are
used in the rubber industry for various purposes, of
which the most important are reinforcement, reduc-
tion in material costs, and improvements in process-
ing.1 Waste tires have become one of the major
wastes in the entire world. A huge quantity of waste
tires have being generated from the ever-increasing
use of transportation vehicles such as motor cycles,
cars, buses, and lorries throughout the world. The
European Union, USA, and Japan alone account for
around 6 million tons of scrap tires per year.2

USA itself generates � 242 million scrap tires per
year, representing 1.2 wt % of all municipal solid
waste. The US Environmental Protection Agency
estimates that 2–3 billion scrap tires have already
accumulated in illegal stockpiles or uncontrolled tire

dumps throughout the country, with millions more
scattered in ravines, deserts, woods, and empty lots.
The waste tire stream represents significant environ-
mental, health, and esthetic problems. Therefore, one
way to save the environment is by developing inno-
vative solutions to solve this problem.3 One method
is to reutilize the waste tires either for the commu-
nity or industry. Waste tires are still beneficial to the
industries in various applications. For example, acti-
vated carbon can be produced from waste tires.2,4

Besides, it is also used as additives for concrete
modifying.3,5 The addition of rubber in concrete has
resulted in the increase of toughness and ducti-
lity.3,5,6 Even though WTD itself has already con-
tained carbon black (CB), the addition of CB is still
a good solution as it is well known for its superior
reinforcement properties. However in this work,
the purpose of WTD addition was to study its
reinforcing effect on mechanical properties NR
compounds which involve tensile properties and
fatigue life. In this work, WTD was chosen instead
of shredded waste tire. It is because, WTD has
higher surface area, higher inclination to get con-
tact with NR and also able to disperse better
within matrix. NR was compounded with the mix-
ture of WTD and N330 CB hybrid in this work by
using a two roll mills. Curing characteristics, swel-
ling behavior, and morphological studies of WTD/
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CB hybrid filler filled NR compounds were also
studied.

EXPERIMENTAL

Materials

Table I shows the formulation used for this study.
Natural rubber (SMR L) was purchased from
Kumpulan Guthrie Sdn Bhd, Seremban, Malaysia.
The waste tire dust (WTD) was obtained from Watas
Holding (M) Sdn Bhd, Penang, Malaysia. An Ende-
cotts sieve was used to obtain WTD particle size of
150–250 lm. Carbon black (N330) was purchased
from Cabot (M) Sdn Bhd. Other compounding
ingredients such as zinc oxide, stearic acid, sulfur,
N-cyclohexyl-2-benzothiazole sulfonamide (CBS),
and 2,20-Methylene-bis (4-methyl-6-tert-butylphenol)
(BKF) were all purchased from Bayer (M) Ltd.

Preparation of rubber compound

Mixing was carried out using a conventional labora-
tory two roll mill size (160 � 320 mm2) according to
ASTM designation D3184-80. Nip gap, mill roll speed
ratio, time of mixing, and the sequence of addition of
the ingredients were kept the same for all the compo-
sites. The sheeted rubber compound was conditioned
at a temperature of 23�C 6 2�C for 24 h in a closed
container before cure assessment using a Monsanto
moving die rheometer (MDR 2000). The respective
scorch time, t2 and cure time t90 were obtained from
MDR 2000 at 150�C. The maximum torque was also
determined from the rheograph. The rubber com-
pounds were compression molded at 150�C accor-
ding to their respective t90, into two types of rectan-
gular sheets; one with the size of 229 mm � 76 mm �
1.5 mm with beaded edges (fatigue test) and another
one is flatter sheet with 2 mm thickness (tensile test).

Determination of tensile properties

Dumbell specimens were cut out from compression-
molded sheets. Tensile test was conducted following

ASTM D412 using a universal tensile testing
machine Instron 3366 at room temperature (25�C 6
2�C) and with crosshead speed of 500 mm min�1.
Tensile modulus at 100% (M100) and 300% elonga-
tion (M300), tensile strength and elongation at break
(Eb) were recorded.

Determination of fatigue life

The vulcanized NR were cut into individual dumb-
bell samples using a BS type E dumbbell cutter.
Fatigue test of the compounds were then carried out
on a Monsanto Fatigue-to-Failure Tester (FTFT). Six
specimens were used for each test. The samples
were subjected to repeated cyclic strain at 100 rev
min�1 and the extension ratio of 14. The number of
cycles was recorded automatically. The fatigue life
was calculated based on the Japanese Industrial
Standard (JIS) average, which was determined from
the four highest values recorded using the eq. (1):

JIS average ¼ 0:5Aþ 0:3Bþ 0:1ðCþDÞ (1)

where A is the highest value followed by B, C, and D.

Measurement of rubber–filler interaction

Cured samples of dimension 30 mm � 5 mm � 2 mm
were immersed in toluene in dark environment until
equilibrium swelling was achieved, which normally
took 48 h at 25�C. The samples were dried in the oven
at 60�C until the constant weights were obtained.
Lorenz and Park equation7 has been applied to study
the rubber–filler interaction. According to eq. (2):

Qf=Qg ¼ ae�z þ b (2)

where f and g refer to filled and gum vulcanizates,
respectively; z is the ratio by weight of the filler
to the rubber hydrocarbon in the vulcanizates; and
a and b are constants. The higher the Qf /Qg

values, the lower the extent of interaction will be
between the filler and the matrix. In this study, we

TABLE I
Formulation of WTD/CB Hybrid Filler Filled Natural Rubber Compounds

Ingredients/compound WTD 30/CB 0 WTD 20/CB 10 WTD 15/CB 15 WTD 10/CB 20 WTD 0/CB 30

Natural rubber (SMR L) 100 100 100 100 100
Waste tyre dust (WTD) 30 20 15 10 0
Carbon black (N330) 0 10 15 20 30
Zinc oxide (ZnO) 5 5 5 5 5
Stearic acid 2 2 2 2 2
Sulphur (S) 2.5 2.5 2.5 2.5 2.5
N-cyclohexyl-2-benzothiazole
sulfonamide (CBS) 0.6 0.6 0.6 0.6 0.6

2,20-Methylene-bis (4-methyl-
6-tert-butylphenol) (BKF) 2 2 2 2 2
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determined the weight of toluene uptake per gram
of rubber hydrocarbon (Q) as eq. (3):

Q ¼ ðWs �WdÞ=ðWi � 100=Formula weightÞ (3)

where Ws is the swollen weight, Wd is the dried
weight, and Wi is the original weight.

Morphological study

Scanning electron microscopy (SEM) model Zeiss SU-
PRA 35VP FESEM was used to characterize the WTD
and fractured surface of WTD/CB hybrid filler filled

natural rubber compounds. All the surfaces were
examined by SEM after first sputter coating with gold
to avoid electrostatic charging and poor resolution.

Fourier transform infra red (FTIR) analysis

The chemical bonds in the WTD were analyzed
using Perkin–Elmer Spectrum One FT-IR spectro-
meter. A sample of the WTD was prepared by milling
it with KBr and compressed to a KBr disc for testing.
The selected spectrum resolution and the scanning
range were 4 cm�1 and 400–4000 cm�1, respectively.

RESULTS AND DISCUSSIONS

Curing characteristics

Figure 1 shows the effect of WTD/CB hybrid filler
loading on cure time (t90) of natural rubber com-
pounds. It can be seen that WTD/CB hybrid filler
filled NR compounds exhibit increasing trend with
the increment of CB. This is due to the presence of
crosslinked precursors and unreacted accelerator in
the WTD. In Figure 2, there are several infrared (IR)
spectrums representing several bonds such as NAH,
CAN, and ACH2. These bonds are believed to be the
bonds that exist in the unreacted accelerator within
WTD. Nonhydrogen bonded of NAH stretching
symmetric vibration can be seen at 3422 cm�1.8 Ali-
phatic CAN stretching is indicated by adsorption
band appeared at 1071 cm�1 while methylene asym-
metric CAH stretching is indicated by 2930 cm�1.9

Figure 1 The effect of WTD/CB hybrid filler loading on
the cure time (t90) of natural rubber compounds.

Figure 2 IR spectrum of a sample of WTD.
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This indicates the presence of unreacted accelerator
in WTD. The cure time difference between sample
with 30 phr of WTD and sample with 30 phr of CB
is only around 1.3, which is considered small in lab-
oratory scale processing but in term of bigger scale
processing this may be beneficial in term of time
saving.

Figure 3 shows the effect of WTD/CB hybrid
filler loading on the scorch time (t2) of natural
rubber compounds. This figure shows decreasing
trend of scorch time with the increment of CB. The
reason behind the decreasing trend is the curatives
in WTD itself. Antioxidant that exists within WTD
might be the reason of decreasing trend of scorch
time as seen in Figure 3. Higher amount of antioxi-
dant in rubber compound formulation can lengthen
the scorch time or retard the vulcanization of the
compound itself. The retardation phenomenon is
attributed to the steric hindrance of bulky groups in
the antioxidant i.e., 2,20-methylene-bis (4-methyl-6-

tert-butylphenol) (BKF). This steric effect would
retard the formation of active sulfurating agents, a
reaction intermediate necessary for vulcanization.10

The spectrum indicated at 1642 cm�1 is believed to
represent Benzene groups’ presence in BKF.9 There-
fore, higher amount of antioxidant exist within
WTD increased the scorch time of WTD/CB hybrid
filler filled NR compounds. The similar observation
was reported by Maridass and Gupta.11 The trends
observed in Figures 1 and 3 exhibit that incorpo-
ration of WTD give beneficial effect by decreasing
cure time and increasing scorch time of WTD/CB
hybrid filler filled NR compounds. This is beneficial
in term of processing of rubber.
Figures 4 and 5 show the effect of WTD/CB

hybrid filler loading on maximum torque (MHR) and
minimum torque (ML) of natural rubber compounds,
respectively. It can be seen that the minimum and
maximum torques of WTD/CB hybrid filler filled
NR compound increase with the increment of CB

Figure 3 The effect of WTD/CB hybrid filler loading on
the scorch time (t2) of natural rubber compounds.

Figure 4 The effect of WTD/CB hybrid filler loading on
maximum torque (MHR) of natural rubber compounds.

Figure 5 The effect of WTD/CB hybrid filler loading on
minimum torque (ML) of natural rubber compounds.

Figure 6 The effect of WTD/CB hybrid filler loading on
tensile strength of natural rubber compounds.
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amount. The increment of torque indicates that the
processability of the compounds becomes more diffi-
cult. It is because of CB which is produced largely
from oil, consists of irregular, branched aggregates
of firmly fused nodular subunits. The dispersed
carbon black agglomerates form a network them-
selves in the polymeric media. With increasing CB
content, the network chains become shorter and the
number of entanglements between two crosslinks
decreases. Single molecules are likely to adsorb on
several carbon black surface sites, so the bound
rubber is essentially immobile. Reactive groups
including acid groups, phenolic groups, quinonic
groups, and lactone groups have all been identified
on the carbon black surface and influence adsorp-
tion.12 Therefore, the higher amount of CB, the more
difficulties in processing. This proves that incorpo-
ration of WTD increases processability of rubber
compounds which also indicates that less energy

needed for the compounds to be processed. This is
also beneficial in term of rubber processing.

Tensile properties

Figure 6 shows the effect of WTD/CB hybrid filler
loading on tensile strength of natural rubber
compounds. This figure shows increasing trend
of tensile strength with increment of CB loading.
Natural rubber compound filled with 30 phr of
WTD shows lowest value of tensile strength due to
the lack of interfacial adhesion between WTD and
natural rubber. WTD is a vulcanized rubber turned
into dusts. Even when vulcanized rubber is proc-
essed into crumbs or dusts, the rubber molecules
retain much of their physical properties. The
strength of the crosslink bonds makes adhesion
between WTD and natural rubber become difficult.13

Compared to WTD, CB adhered better with natural
rubber and has reinforcing effect as because of its

Figure 7 The effect of WTD/CB hybrid filler loading on
elongation at break of natural rubber compounds.

Figure 8 The effect of WTD/CB hybrid filler loading on
stress at 100% elongation of natural rubber compounds.

Figure 9 The effect of WTD/CB hybrid filler loading on
stress at 300% elongation of natural rubber compounds.

Figure 10 The effect of WTD/CB hybrid filler loading on
fatigue life of natural rubber compounds.
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porous surface.14 Matrix or rubber fulfill the pores
on CB’s surface and create strong adhesion between
rubber and CB which thus contributing to increasing
value of tensile strength.

Figure 7 shows the effect of WTD/CB hybrid filler
loading on elongation at break of natural rubber
compounds. Elongation at break of natural rubber
compound exhibits significant decrease with addi-
tion of CB. It can be seen that the compound with
30 phr of CB loading without addition of WTD
shows the lowest elongation at break value. Again
this was due to reinforcement effect of CB due to its
porous surface. Therefore when rubber matrix
fulfilled the pores on CB surface, it will hinder the
deformation or elongation of the compounds. A
similar observation was reported by Maridass
et al.11 and Ismail et al.15 for NR-waste rubber pow-
der compounds. The significant increase of elonga-
tion at break with increment of WTD exhibits the
advantage of WTD in term of toughness which also
indicates that incorporation of WTD will lead to
higher elongation of rubber compounds.
Figures 8 and 9 show the effect of WTD/CB

hybrid filler loading on stress at 100% elongation
(M100) and stress at 300% elongation (M300) of nat-
ural rubber compounds. M100 and M300 increase
with the increment of CB loading. This is expected

Figure 11 The effect of the WTB/CB hybrid filler loading
on the rubber–filler interaction of natural rubber compounds.

Figure 12 SEM micrograph of tensile fractured surface of WTD/CB hybrid filler filled natural rubber compounds: (a) 30
WTD/0 CB, (b) 20 WTD/10 CB, (c) 0 WTD/30 CB (magnification �100).
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as CB has higher stiffness than WTD. Moreover, CB
also tends to form agglomeration as the amount
increases as explained in maximum and minimum
torque session. Hence higher strength will be needed
to deform compounds filled with CB which resulting
in higher tensile modulus. Therefore, the higher
the amount of CB loading the higher the tensile
modulus will be.

Fatigue life

Figure 10 shows the effect of WTD/CB hybrid filler
loading on fatigue life of natural rubber com-
pounds. This figure exhibits increasing trend of
fatigue life with increment of CB loading. This
increasing trend was due to reinforcement effect of
CB. As previously explained, CB has porous surface
which was fulfilled by rubber matrix. The pores ful-
filling by rubber matrix will ‘‘lock’’ or hinder any
deformation happen within rubber compound. This
may result to the increase of fatigue life with the
increment of CB loading.

Rubber–filler interaction

Figure 11 shows the effect of WTB/CB hybrid filler
loading on rubber–filler interaction, Qf/Qg of WTB/
CB hybrid filler filled natural rubber compounds.
Qf/Qg of WTD/CB hybrid filler filled natural rubber
compounds decreased with increment of CB. This
was due to good interaction between natural rubber
and CB compared to natural rubber to WTD. The
good interaction hindered toluene from penetrating
through the natural rubber compound.

Morphological study

Figure 12 shows the SEM micrograph of tensile frac-
tured surface of WTD/CB hybrid filler filled natural
rubber compounds. Figure 12(a–c) shows the tensile
fractured surface for WTD/CB hybrid filler filled
natural rubber compounds with 0, 10, and 30 phr of
CB, respectively. For natural rubber compound filled
with 30 phr of WTD, the fractured surface is rough
and coarse and detachment of WTD can be seen
(shown by arrow). As for WTD/CB hybrid filler

Figure 13 SEM micrograph of fatigue fractured surface of WTD/CB hybrid filler filled natural rubber compounds: (a) 30
WTD/0 CB,(b) 20 WTD/10 CB, (c) 0 WTD/30 CB (magnification �100).
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filled NR compound with 10 phr partial replacement
of CB [Fig. 12(b)], the fractured surface is rougher
than NR compound filled with 30 phr WTD [Fig.
12(a)]. This is evident from increasing value of
tensile modulus with increasing partial replacement
of CB for WTD/CB hybrid filler compared to NR
compounds filled with 30 phr of WTD which signi-
fies higher stress to propagate the cracks. In this
figure, WTD is seen embedded within rubber matrix
(shown by arrow). In Figure 12(c), the tensile
fractured surface of natural rubber compound filled
with 30 phr of CB exhibits many tear lines which in
fact indicates high value of tensile strength. This is
proven by the highest tensile strength value of NR
compound filled with 30 phr of CB.

Figure 13 shows the SEM micrograph of fatigue
fractured surface of WTD/CB hybrid filler filled
natural rubber compounds. Figure 13(a–c) shows the
fatigue fractured surface for WTD/CB hybrid filler
filled natural rubber compounds with 0, 10, and
30 phr of CB respectively. From Figure 13(a), it can be
seen that WTD particle was less wetted by rubber ma-
trix (shown by arrow). This exhibits weak interaction
between WTD and natural rubber matrix. On the
other hand, after 10 and 30 phr partial replacement of
CB more tear lines started to be seen which proven
higher value of fatigue life [Fig. 13(b–c)]. Figure 13(c)
also shows that CB was dispersed and wetted by rub-
ber matrix which indicated the good interaction
between CB and NR as compared to WTD and NR.
The better filler dispersion and wettability improve-
ment of the filler by the matrix reduce the formation
of stress concentration points and consequently
increase the fatigue life of the composites.16 The good
interaction between CB and natural rubber has
resulted to highest value of fatigue life of WTD/CB
hybrid filler filled natural rubber compounds.

CONCLUSIONS

From this study, the following conclusions can be
drawn:

1. The incorporation of CB for WTD/CB hybrid
filler filled NR increased the cure time, t90 and

decreased the scorch time, t2. For maximum
torque (MHR) and minimum torque (ML), the
values increased with increasing partial
replacement of CB.

2. The tensile properties i.e., tensile strength and
tensile modulus, increased with increasing
partial replacement of CB loading except for
elongation at break.

3. Results from measurement of rubber–filler
interaction showed that the WTD/CB hybrid
filler filled natural rubber compounds with
highest CB loading exhibited the highest rub-
ber–filler interactions.

4. SEM study indicated that the better WTD/CB
hybrid filler dispersion and wettability by the
natural rubber matrix increased the tensile
strength and fatigue life of NR compounds.
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