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A New Design Concept for Natural Rubber
Compounds Using Silanised Precipitated Silica

A. ANSARIFARX#, A. AZHAR*'*^ AND M. SONG*

The reinforcing effect of 30 p.h.r. silamsed precipitated amorphous white silica filler on the
technical properties of a sulphur cured natural rubber compound, with a sulphur to accelerator
ratio of about 0.046, was studied. The surfaces of the silica were pre-treated with bis [3-
triethoxysilylpropyl-)tetrasulphane (TESPT), a bifunctional organosilane, to prevent the silica from
interfering with the reaction mechanism of the sulphur cure system in the rubber This study showed
that hardness, tensile strength, abrasion resistance, stored energy density at rupture, and cohesive
tear strength of the rubber were enhanced substantially, but elongation at break and cyclic fatigue
life deteriorated after the filler was added to the rubber Interestingly, the technical properties of
the rubber improved even more significantly without the added sulphur, and by optimising the
reaction between the rubber reactive tetrasulphane groups of TESPT and the rubber compound.
The improved properties were due to the fine dispersion of the filler in the rubber matrix, and also
the strong rubber/TESPT interaction. The latter was produced by the addition of 4.4 p h.r of a
sulphenamide type accelerator to the rubber compound.

Key words: silanised precipitated silica; dispersion; natural rubber; sulphur cure; technical
properties; electron microscopy; fillers

Natural rubber (NR) is a versatile elastomer and
is used widely to manufacture a wide range of
industnal rubber products for example engine
mountings, tyres, and isolation bearings. Raw
elastomers such as NR can not be used for
industrial applications unless they are reinforced
with additives such as carbon black or/and
synthetic silica. There are numerous other
ingredients such as accelerators, activators, and
processing aids, which are added to and mixed
with raw elastomers, often in internal mixers,
to make them suitable for use in service.

Reinforcing fillers are by far the most important
group of additives used for enhancing physical
and mechanical properties of rubber com-
pounds. Since the discovery of their reinforcing
qualities in 1904, colloidal carbon blacks have
been used extensively to enhance technical
properties of rubbers. The term reinforcement
with respect to elastomers is defined as the
increase in properties such as tensile strength,
tear resistance, hardness, abrasion resistance and
stiffness1. This is brought about by the inclusion
of a second solid phase such as carbon black.
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In recent years, because of higher prices of
carbon black, the rubber industry has been
forced to concentrate more on silica fillers as
an alternative to carbon black Synthetic silica
has been replacing carbon black in some appli-
cations, offering major benefits to properties.
Silicas differ significantly from carbons both in
their methods of manufacture and chemical
composition These fillers are prepared by a
variety of techniques such as precipitation from
water-soluble silicates2, and also from chemical
reaction between a sodium silicate solution and
sulphuric acid1 The surfaces of silicas possess
siloxane and silanol functional groups4, and the
silanol groups are acidic" The acidic silanol
groups interact with the basic accelerators,
causing detrimental effects such as unaccept-
ably long cure times and slow cure rate4, and
also loss of crosslink density6 m sulphur-cured
systems. Moreover, because the surfaces of
these fillers are polar and hydrophilic, there is
a strong tendency to adsorb moisture'8, which
adversely influences curing reaction in these
systems and hence properties of the cured
rubber The amount of water adsorbed on the
surfaces of these fillers controls the icnisation
of the silanol groups5, resulting also in detri-
mental effects on the cure-attributes of rubber
compounds similar to the ones described
above4 When a large amount of silica is added,
the viscosity increases substantially10, causing
undesirable effects on the processibihty of
rubber compounds, and also excessive wear
and tear of the processing equipment. For these
reasons, use of silica in rubber products was
hampered until bifunctional organosilanes such
as TESPT were available

TESPT (Scheme Id) is used to improve the
reinforcing capability of fillers with silanol
groups on their surfaces such as precipitated
silicas, and also as an integral part of curing
systems to enhance crosslmkmg network
properties4. This silane possesses tetrasulphane

and ethoxy reactive groups The tetrasulphane
groups are rubber reactive and react in the
presence of accelerators at elevated tempera-
tures. ie 140°C-240°C. with or without
elemental sulphur being present, to form
crosslinks in rubbers containing chemically
active double bonds such as NR4 (Scheme 2)
The ethoxy groups react with the silanol groups
on the surfaces of these fillers during
compounding (Scheme //>), and this leads to
the formation of stable filler/TESPT bonds
(Scheme lc] In addition, TESPT reaction with
silanol groups reduces their numbers, and the
remaining groups become less accessible to the
rubber chains because of the TESPT layer4 The
fewer, less accessible silanol groups that
remain weaken the strong silica-silica interac-
tion and thus prevent the formation of silica
network4 These changes help reduce the
viscosity of rubber compounds411, and also
improve cure characteristics by preventing
acidic silicas from interfering with the reaction
mechanism of sulphur-cured systems411. As a
result of these improvements, silica and silane
are being used increasingly in rubber products,
and this is likely to continue

The silamsation reaction of silica surfaces
takes place in two different ways Firstly, silica
and silane are mixed together in the required
ratio and homogenised in an additional,
preliminary mixing stage The modification
reaction is carried out at the optimum
temperature and reaction time12, or, silamsation
is carried out m situ*' This is usually done in an
internal mixer in the first stage of mixing,
where the silane is added together with, or after
the addition and dispersion of the silica This
process is carried out within the specified
limits of temperature increases in the mixer and
strict mixing times13

Effect of up to 10 p h r TESPT on the
technical properties of some sulphur cured
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Chemical structure of TESPT (a), Reaction of TEPT with silica (b), TESPT modified silica (c).

Scheme 1

natural rubber compounds containing 10 p.h.r.
precipitated silica were studied by the author
and co-workers14. The silanisation of the silica
surfaces was carried out in situ. The silica
was sprayed with TESPT in a glass flask at
ambient temperature (~ 23°C) and was shaken
manually for about 20 min to facilitate the
wetting out of the filler surfaces by TESPT
before it was added into the mixer. The study
revealed that properties such as cohesive tear
strength and tensile strength were improved

slightly after the filler and TESPT were added
to the rubber. In a recent study15, the degree
of dispersion of the silica in some natural
rubber compounds was assessed by electron
microscopy. The silica was sprayed with
TESPT before it was added to the rubber
compound. It emerged that the silica particles
were poorly dispersed in the rubber and
probably had not been properly silanised. This
had adversely affected the ability of the filler to
optimise the rubber properties.
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The accelerated crosslinking reaction of TESPT modified silica with
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Scheme 2

Stumpe16 reported that undispersed fillers
weakened the rubber by creating structural
flaws and were damaging to the properties of
rubber compounds. Polmanteer and Lentz17

examined effects of silica dispersion on the
physical properties of some sulphur-cured
synthetic rubbers, and discovered that some
properties (tensile strength, tear strength and
300% modulus) were improved as the quality
of the filler dispersion increased. The silica
fillers and rubber compounds which were
tested17 were different from the ones used in
this study, but the findings were of significant
interest to the present work. Interestingly, Pal
and De18 observed a similar behaviour when
they examined effect of silica dispersion on the
properties of a cured rubber such as tensile
strength. They also found that the silica
dispersed better as the loading of TESPT in the
mix was raised.

The density of crosslinks in elastomers
determines their mechanical and physical
properties. Silica and silane influence the
formation of crosslinks and crosslink density in

rubbers during the curing process4. Pal and
De18 examined the effect of reinforcing silica
on the vulcanisation, and technical properties
of a sulphur-cured natural rubber compound in
the presence of TESPT coupling agent. The
loading of the silica and silane in the rubber
increased progressively from 0 p.h.r. to 40 p.h.r.
and 0 p.h.r. to 2 p.h.r., respectively. Properties
such as tensile strength, 300% modulus,
and tear strength of the rubbers containing
TESPT were noticeably higher than rubbers
without any coupling agent, but compression
set, rebound resilience, and hardness were
adversely affected by the addition of silane to
the rubber compounds.

Rheometer tests have been used extensively
to assess effect of concentration of curing
agents on the properties of rubber compounds.
Wolff12 discovered that different accelerator or
sulphur concentrations in the curing system
yielded different crosslink densities in
some TESPT/silica filled rubber compounds.
Changes in crosslink density were studied
by measuring A torque, where A torque was
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the difference between the maximum and
minimum torque values on the cure traces of
the rubbers tested.

The aim of this study was to evaluate the
reinforcing effect of 30 p.h.r, silanised
precipitated amorphous white silica on the
technical properties of some sulphur-cured
natural rubber compounds. The degree of
dispersion of the silica in the rubber was
examined by electron microscopy, and the
information was utilised to select a suitable
mixing time for incorporating the filler into the
rubber. Rheometer tests were also used to
assist with the selection of curing agents in the
rubber compounds. The properties tested were
cohesive tear strength, elongation at break,
cyclic fatigue life, tensile strength, hardness,
stored energy density at rupture, and abrasion
resistance. It emerged that the presence of the
filler had a profound influence on some of the
properties of the rubber.

Table 1. The filler was kept in a sealed plastic
container for four weeks before use. In
addition to the rubber and filler, the other
additives were zinc oxide, sulphur, A-
cyclohexyl-2-benzothiazole sulphenamide
(Santocure CBSK), JV-(1,3-dimethylbutyl)-A'"t-
phenyl-/j-phenylenediamine (Santoflex 13fe).
In total, twenty nine compounds were prepared
for this study.

Mixing the Rubber Compounds

Control compound. Mixing was carried
out in two stages on a two-roll open
swing side laboratory mill. Before mixing
commenced, the raw elastomer was placed in
an oven at 60°C for'l h, to soften it prior to
mastication on the mill. The rubber was
then placed immediately on the mill and
masticated for up to 12 min before adding the
ingredients. The compound temperature was
about 61°C.

EXPERIMENTAL

Materials

The raw elastomer used in this study was
standard Malaysian natural rubber grade L
(SMR L). The reinforcing filler was Coupsil
8113*' supplied by Degussa AG, Germany.
Coupsil 8113-"' is silanised precipitated
amorphous white silica-type Ultrasil VN3K.
The surfaces of the filler were pre-treated with
bis[3-triethoxysilylpropyl-]tetrasulphane
(TESPT), a bifunctional organosilane, to
prevent the silica from interfering with the
reaction mechanism of sulphur cure in the
rubber. TEPST is also known as Si69 coupling
agent, and is a sulphur containing material
(Scheme 1} that is suitable for use in sulphur
cured rubber compounds such as NR.
Properties of Coupsil 8113* are shown in

In the first stage of mixing, the zinc oxide,
CBS and antioxidant were added to the raw
elastomer and mixed for 8 min. The compound
temperature was 60°C. In the second stage,
sulphur was added to the elastomer and mixed
for 6 min. The compound temperature was
about 61°C. Finally, the compound was
removed from the mill, and stored at 23°C for
48 h, before its viscosity and cure properties
were determined.

Filled compounds. The compounds con-
taining the filler were prepared in a HAAKE
RHEOCORD 90, a small sized laboratory
mixer with counter rotating type rotors. In
these experiments, the rotors and the mixing
chamber were maintained at 50°C, and the
rotor speed was 45 r.p.m. HAAKE Software
Version 1.9.1. was utilised for controlling the
mixing condition and storing data.
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TABLE 1. PROPERTIES OF COUPSIL 81131

Item Properties

Silica

N2 surface area (m2/g)

Silane

Silane content (%)

Appearance

Solubility

Range of particle size3 (jwn)

Ultrasil VN3®

175

Bis-(3-triethoxysilylpropyl)-tertrasulphane (Si69® coupling agent)

11.3

White to slightly yellow powder

Insoluble in all common organic and inorganic solvents

0.020 - 0.054

a Measured by transmission electron microscope

TABLE 2. RECIPE AND MIXING CONDITIONS FOR THE RUBBER AND FILLER

Formulation (p.h.r.)

Natural rubber

Coupsil8113®
Mixing time (min)

Compound temperature (°C)
(After mixing ended)

Compound number
1

100

14

1

61

2

100
14

2

72

3

100

14

3

72

4

100

14

5

81

5

100

14

8

78

6

100

14

11

77

Properties of the Rubber Compounds

The viscosity of the rubber compounds was
measured at 100°C in a single-speed rotational
Mooney viscometer according to the British
Standards procedure19. The scorch and
optimum cure times were determined at 140°C
± 2°C by an oscillating disc rheometer at an
angular displacement of ±3° and a test
frequency of 1.7 Hz20. The cure rate index,
which is a measure of the rate of cure in the
rubber, was calculated following the British
Standards method21. The rheometer tests ran
for up to 3 h.

Procedure for Designing the Filled
Compounds

Filler dispersion. Filler-batch mixing time is
an effective way to disperse fillers in rubber
compounds13. In order to select a suitable
mixing time for incorporating the filler in the
rubber, six compounds were prepared (Table 2'),
The mixing time was increased from 1 min to
11 min. Twenty four hours after mixing ended,
samples of rubber approximately 2 mm wide,
50 mm long, and 2 mm thick, were placed on
top of a flat glass top, and a source of ordinary
white light was positioned underneath them in
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Figure 1 Sample of i itbbei compound containing !4pht sihimwd whta Vlwing time 8 ini/i



1 mm

Figure 2. Sample of rubber compound containing 14 p.h.r. silanised silica showing agglomerates.
Mixing time 3 min.



100 jam El IT - 5.00 kV Signal A - InLens Date: 8 Jul 2002
Pholo No. = 1730 Time: 14:44:10

Figure 3. SEM micrograph showing silica dispersion in (he rubber. Mixing lime 3 ruin.



EHT = 5.00 kV Signal A = InLens
Photo No. = 1736

Date: 8 Jul 2002
Time: 15:00:28

Figure 4. SEM micrograph showing silica dispersion in the rubber. Mixing time 8 min.
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Figure 5. Composition of the agglomerates seen in Figure 3.

order to shine light through the rubber and
visually observe the dispersion of the filler. A
digital camera was also used to photograph the
samples. The photographs were subsequently
printed out for further analysis. Some samples
were completely transparent (Figure 1), and a
few were impenetrable by light (Figure 2). In
fact in the latter case, large agglomerates of the
filler were also seen. To investigate this further,
dispersion of the filler in the rubber was
assessed by a LEO 1530 VP Field emission gun
scanning electron microscope (SEM). Samples
of the uncured rubber, 12 mm2 m area, and 5
mm thick were coated with gold, examined and
then photographed in the SEM. The degree of
dispersion of the filler was subsequently
studied from two SEM photographs shown
in Figures 3 and 4 . In the opaque sample
(Figure 2) agglomerates up to 300 um in size
were measured (Figure 3'). However, in the
transparent sample (Figure 1) the size was

reduced to about 0.04 (am (Figure 4), The
particle size of the filler was about 0.020 urn -
0.054 uni (Table 1). Energy Dispersive X-ray
Microanalyser EDAX Phoenix was used to
determine the composition of the agglomerates
(Figure 5). This confirmed that the filler was
poorly dispersed in the opaque samples, but
was finely dispersed in the transparent one.
It was concluded that the rubber transparency
was a good indication of the quality of the filler
dispersion in the rubber. In the subsequent
work with the rubbers containing 30 p.h.r.
filler, we selected a filler-rubber batch mixing
time of (0 min to produce transparent rubber
compounds before the other ingredients were
added into the mixer.

Selection of accelerator. Fifteen compounds
were prepared and tested in the rheometer at
140°C to measure A torque. The loading of the
accelerator (CBS) in the rubber was increased
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TABLE 3. RECIPE AND MIXING CONDITIONS FOR THE FILLED RUBBER AND ACCELERATOR

Formulation (p.h.r.) Compound number

Natural rubber
Coupsil8113®
Mixing time (min)
Compound temperature °C

Santocure® (CBS)
Mixing time (min)
Compound temperature (°C)

(After mixing ended)

7 8 9 10 11 12 13 14 15 16 17 18 19 20 21
Stage one mixing

100 100 100 100 100 100 100 100 100 100 100 100 100 100 100
30 30 30 30 30 30 30 30 30 30 30 30 30 30 30
10 10 10 10 10 10 10 10 10 10 10 10 10 10 10
78 78 79 78 78 79 79 77 79 79 80 79 80 78 77

The rotors were stopped and the compound was cooled down to 50°C
before mixing restarted

Stage two mixing
0 0.3 0.6 0.9 1.3 1.8 2.2 2.6 3.0 3.4 3.8 4.4 4.8 5.5 5.9
3 3 3 3 3 3 3 3 3 3 3 3 3 3 3
- 72 72 72 72 72 72 72 72 72 72 71 72 71 71

Santocure®: N-Cyclohexyl-2-benzothiazole sulphenamide (CBS)

TABLE 4. RECIPE AND MIXING CONDITIONS FOR THE
FILLED RUBBER WITH ACCELERATOR AND ACTIVATOR

Formulation (p.h.r.)

Natural rubber
Coupsil8113®
Mixing time (min)
Compound temperature (°C)

Santocure® (CBS)

Zinc oxide
Mixing time (min)
Compound temperature (°C)

(After mixing ended)

Compound number
22

100
30
10
79

The rotors

4.4

0
3

71

23

100
30
10
79

24

Stage one mixing
100
30
10
78

25

100
30
10
79

were stopped and the compound was
to 50°C before mixing restarted.

4.4
1

3
72

Stage two mixing
4.4

2.5

3
72

4.4

4
3

70

26

100
30
10
79

cooled down

4.4

5.5
3

72
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TABLE 5 RECIPE AND MIXING CONDITIONS FOR THE COMPOUNDS

Formulation (phr)

Natural Rubber (SMR L)

Silanised silica (Coupsil 8113)®

Mixing time (mm)

Compound temperature (°C)

Santocure® (CBS)

Mixing time (mm)

Compound temperature (°C)

Zinc oxide

Mixing time (mm)

Compound temperature (°C)

Santoflex 1 3® (Antidegradant)b

Sulphur

Mixing time (mm)

Compound temperature (°C)
(After mixing ended)

Compound number

27a 28 29

Stage four mixing

100 100 100

0 30 30

10 10

80 79

The rotors were stopped and the compound was cooled
down to 50°C before mixing restarted

Stage four mixing

44 44 44

1 1

70 68

The rotors were stopped and the compound was cooled
down to 50°C before mixing restarted

Stage four mixing

2 5 2 5 2 5

1 1

69 65

The rotors were stopped and the compound was cooled
down to 50°C before mixing restarted

Stage four mixing

1 1 1

02 02 0

3 3

72 70

a Control compound (mixing condition
b Santoflex 13® N-(l,3-dimethylbutyl>

described in the text)
•Nf -phenyl-p-phenylenediamme
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TABLE 6. RESULTS FROM THE VISCOSITY MEASUREMENTS
AND THE ODR TESTS CARRIED OUT AT 140°C

Compound numbers

Mooney viscosity, ML (1 + 4) at 100°C

Minimum torque (dN.m)

Maximum torque (dN.m)

A torque (Dw - Dm J

Scorch time, t^ (min)

Optimum cure time, tg5 (min)

Cure rate index (min"1)

27a

25

7

40

33

84

140

1.79

28

71

ODR results

22

89

67

20

46

3.85

29

71

21

79

58

18

57

2.56

' Control compound

40

30

?
S

A
 T

or
qu

e 
(d

—
 

K>
0

 
0

0

-

,0-0 —— o-o-
o^

o^
o/"

o/
o^

^0/o

o"0/

0 2 4 6
CBS loading (p.h.r.)

Figure 6. Torque versus CBS loading for the rubber containing 30 p.h.r. silanised silica.
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a 40a"
I

20
2 4

Zinc oxide loading (p.h.r.)

Figure 7. Torque versus zinc oxide loading for the rubber containing 30 p.h.r. silanised silica.

80

48

16

90
Time (min)

180

Figure 8. Torque versus time by ODR at l40°Cfor the control compound.
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150

90 -

30
Time (min)

60

Figure 9. Torque versus time by ODR at 140°Cfor the fitted compound with 0,2 p.h.r. sulphur.

100

46

Time (min)

92

Figure 10. Torque versus time by ODR at 140°Cfor the filled compound with no added sulphur.

from 0 p.h.r. to 5.9 p.h.r. (Table 3) in order
to maximise the reaction between the rubber
reactive tetrasulphane groups of TESPT
and the rubber compound. This in turn
strengthened the rubber/TESPT interaction.
Full details of the mixing conditions are
given in Table 3. Figure 6 shows A torque
versus CBS loading. Evidently, 4.4 p.h.r.
CBS optimised the crosslink density of the
rubber.

Selection of activator. Five compounds were
prepared and tested in the rheometer at 140°C
to measure A torque. The loading of zinc oxide
in the rubber was increased from 0 p.h.r. to
5.5 p.h.r. (Table 4) in order to optimise the
efficiency of the accelerator by way of
selecting a suitable loading of the zinc oxide.
Full details of the mixing condition are given in
Table 4. Figure 7 shows A torque versus zinc
oxide loading. Apparently, 2.5 p.h.r. of this
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additive optimised the effectiveness of the
accelerator.

After these measurements were completed,
two filled compounds were selected for further
work (Table 5). The compounds also contained
antidegradant to protect them against environ-
mental ageing. One of the filled compounds
contained 0.2 p.h.r. sulphur in order to assess
effect of sulphur on the properties of the rubber.
The control compound was prepared lastly
(Table 5). The compounds were kept at ambient
temperature (23°C) for at least 24 h before their
viscosity1'1 and cure properties20'21 were measured
(Table 6). The cure properties were determined
from some cure traces shown in Figures 8-10.
The compounds were subsequently cured in a
compression mould at 140"C in a hydraulic
press to form test pieces for measuring the
technical properties of the rubber.

Test Pieces and Test Procedure

Hardness, For determining the hardness of
the rubbers, cylindrical samples 12.5 mm thick
and 28 mm in diameter, were cured. The
samples were then placed in a Shore A
Durometer hardness tester, and the hardness
of the rubber was measured at ambient
temperature (23°C) over a 15-second interval
after which a reading was taken. This was
repeated at three different positions on the
sample, and median of the three readings
calculated" (Table 7).

Abrasion resistance. For determining the
DIN abrasion resistance index value of the
rubbers, moulded cylindrical test pieces, 8 mm
thick and 16 mm in diameter were cured.
The tests were performed at 23°C in
accordance with BS ISO 4649:200^ using
method B (rotating test piece) (Table 7) by
Rubber Consultants (Tun Abdul Razak

Research Centre. Brickendonbury, Hertford,
UK.)

Cyclic fatigue life. The cyclic fatigue life of
the rubbers was measured in uniaxial tension in
a Hampden dynamic testing machine, using
dumbbell test pieces 3.6 mm wide (Figure 11}.
The test pieces were die-stamped from the
sheets of cured rubber. The tests were
performed at a constant maximum deflection
of 100% (the central neck was stretched to
50 mm), and a test frequency of 1.42 Hz24. The
test temperature was about 23"C, and the strain
on each test piece was relaxed to zero at the end
of each cycle. For each rubber, eight test pieces
were cycled to failure and median of the eight
readings was determined. The results were
presented in an increasing order of magnitude
in Table 8.

Cohesive tear strength. Rectangular strips,
100 mm long and 30 mm wide, were cut from
the cured sheets of rubber and a sharp crack,
approximately 30 mm in length, was intro-
duced into the strips half way along the width
and parallel to the length of the strips, to form
the trousers test pieces shown in Figure 12, for
the tear experiments. Trousers tear tests were
performed at an angle of 180°, at ambient
temperature (~23°C) and at a constant cross-
head speed of 100 mm/min25 in a Lloyd
mechanical testing machine. The tears
produced in the rubber after the test pieces
were fractured were 22 mm to 70 mm in length.
In each experiment, the tearing force was
recorded to produce a trace from which an
average force was measured (Figure 13). The
first peak corresponding to the onset of
crack-growth, where the tearing force was still
rising, and the last peak corresponding to when
test stopped or the sample broke were not
considered. The remaining peaks on the trace
were utilised for calculating an average tearing
force for the rubber (Figure 13). For each
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Figure 11. Dumbbell test piece for cyclic fatigue life tests.

Figure 12. Trousers tear test piece.
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= (F1+F2+F3+F4)/4
30

20

10

90
Cross-head separation (mm)

180

Figure 13. Typical record of tearing force as a function of cross,head separation.
Data for the control compound: T = 17 kJ/m2.

TABLE 7. HARDNESS AND DIN ABRASION RESISTANCE INDEX VALUES OF THE RUBBERS

Compound numbers

Reading

1

2

3

Median values

27a

24.5

25.0

26.5

25.0

28

Hardness (Shore A)

53

53

54

53

29

52

52

52

52

DIN Abrasion resistance index value (%)

- 107 69

Control compound
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TABLE 8. CYCLIC FATIGUE LIFE TEST RESULTS

Compound numbers

Sample number

1

2

3

4

5

6

7

8

Median values

Standard deviation

27a

79.9

118.7

122.4

134.4

137.4

148.6

164.0

164.6

135.9

25.9

a Control compound

28

Cyclic fatigue life (kc)

45.8

45.9

50.6

55.5

57.0

60.8

63.9

75.4

56.3

9.3

29

58.8

60.8

63.7

63.8

65.4

69.6

70.9

77.7

64.6

5.7

TABLE 9. TEARING ENERGIES OF THE VULCANISATES

Compound numbers

Sample number

1

2

3

4

5

Median values

Range of values

27a

16.5

17.1

17.3

20.5

_

17.2

3.9

28

Tearing energy (kj/m2)

35.6

36.6

37.7

37.9

41.7

37.7

6.1

29

41.7

44.7

47.8

48.0

48.9

47.8

7.2

a Control compound
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TABLE 10. TENSILE STRENGTH, ELONGATION AT BREAK AND
STORED ENERGY DENSITY AT RUPTURE

Compound numbers

Sample number
1
2

3
Median values

Sample number
1
2
3

Median values

Sample number
1
2

3
Median values

2T

19.2

19.4

22.1
19.4

1621
1647

1671

1647

28

Tensile strength (MPa)

35.0
35.8

37.2
35.8

Elongation at break (%)

934

950
996
950

Stored energy density at rupture

78.8
83.4
91.8
83.4

127.6
134.6
141.0

134.6

29

37.7
38.4

38.5

38.4

1038
1075
1084
1075

(MJ/m3)

142.6
149.0

153.6
149.0

Control compound

compound, five test pieces were used. After these
measurements were completed, and following
the procedure described previously25, extension
in the legs of the test pieces was ignored and the
force values were placed26 in Equation 2:

T = 2F/t ...2

where F is the force, and t is the thickness of
the test piece, to calculate tearing energies for
the rubbers. The median values of the tearing
energies were subsequently noted (Table 9).

Tensile properties. The tensile stress,
elongation at break, and stored energy density
at rupture of the rubbers were determined
in uniaxial tension in a Lloyd mechanical
testing machine, using dumbbell test pieces
(Figure If). These samples were die-stamped
from slabs of cured rubber. The tests were
performed at ambient temperature (ca - 23°C)
and at a cross-head speed of 500 mm/min27.
Lloyd DAPMAT computer software was
utilised for storing and processing the data
(Table 10).
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RESULTS AND DISCUSSION

Properties of the rubber, as reported in Tables
7-10^ were influenced differently by the
filler The tensile strength and stored energy
density at rupture were increased from about
19 MPa to 36 MPa and 83 MJ/m3 to 135
MJ/mJ respectively, when the filler \\ as added
to the rubber (Table 10} Similarly, the
cohesive tear strength (Table 9) and hardness
(Table 7) were also improved from about
17 kJ m2 to 38 kJ/m' and 25 to 53 Shore A
respectively, as a result of adding the filler to
the rubber Probably the most interesting
effect of the filler addition was the \ery
substantial increase in the DIN abrasion
resistance index value of the rubber The
filled rubber with 0 2 p h r added sulphur
had an index value of about 107% (Table 7)
Typical tyre tread rubber compounds
containing 65 p h r reinforcing carbon black
(average particle size about 0 03 urn) have
index values of 95%2S Notably the inclusion
of the filler had a detrimental effect on the
elongation at break and cyclic fatigue life of
the rubber The elongation at break dropped
from about 1650% to 950% (Table 10), and
the fatigue life shortened from approximately
136 kc to 56 kc (Table 8) It \\as interesting
that the filled rubber \uth no added sulphur
possessed e\en better properties For
example, the tensile strength and stored
energy density at rupture were increased to
about 38 MPa and 149 MJ m (Table 10),
respectively The elongation at break
recovered to 1070% (Table 10), but the
hardness remained unchanged at 52 Shore
A (Table 7) The abrasion resistance index
value decreased significantly to 69%
(Table 7), and was noticeably lower than the
values reported for typical tyre tread
compounds28 Moreover, the cohesi\e tear
strength and cyclic fatigue life were also
enhanced to about 49 kJ/m2 (Table 9) and

65 kc (Table 8) respectively, for the filled
rubber with no added sulphur (Table 5)

As mentioned earlier4, the tetrasulphane
groups of TESPT are rubber reactive and
react in the presence of accelerators at
elevated temperatures, with or without
elemental sulphur being present, to form
crosslinks in unsaturated rubbers The
reaction between these groups and the rubber
compound was maximised with 4 4 p h r
CBS (Figure 6) This helped to eliminate the
need for extra added elemental sulphur to
control the technical properties of the rubber
In fact, it was evident from the results
(Tables 7-10) that adding sulphur to the
compound had a detrimental effect on the
technical properties of the filled rubber
This work confirmed that the silamsed
precipitated silica was truly a multifunctional
filler and performed at least two functions
in the rubber It greatly reinforced some
physical and mechanical properties of the
cured rubber, and at the same time, the
tertasulphane groups of TESPT crosslmked
with the rubber compound, removing the need
to add elemental sulphur This was achieved
by finely dispersing the filler in the rubber
matrix by means of selecting a suitable
filler-rubber batch mixing time, and also
by optimising the reaction between the
tetrasulphane groups of TESPT and the
rubber compound by way of adding the right
amounts of CBS and zinc oxide

CONCLUSIONS

This study has shown that when 30 p h r
silamsed precipitated amorphous white silica
was added to a sulphur cured natural rubber
compound, with a sulphur to accelerator ratio
of about 0 046, the technical properties of the
rubber were profoundly affected

150



A. Ansarifar et al.: A New Design Concept for NR Compounds Using Silanised Precipitated Silica

It emerged that:

• The tensile strength, stored energy density
at rupture, hardness, abrasion resis-
tance, and cohesive tear strength of the
filled rubber were substantially higher.
than the control compound. However,
the elongation at break and cyclic
fatigue life were adversely affected
when the filler was incorporated in the
rubber compound.

* The properties aforementioned (not
including the hardness and abrasion
resistance) were improved far greater
without the added sulphur, and by
optimising the reaction between the
rubber reactive tetrasulphane groups of
TESPT and the rubber compound.
The improved properties were due to
the fine dispersion of the filler in the
rubber matrix, and also the use of the
right amounts of CBS and zinc oxide
in the rubber compound. The latter
helped to strengthen the rubber/TESPT
interaction.
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