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ABSTRACT

The tear strengths of some conventional accelerated-sulphur vulcanizates of

styrene-butadiene rubber (SBR) with a sulphur to accelerator ratio of -1 .8,

containing no filler, 10, 30, or 50 parts per hundred rubber by weight (pphr)

precipitated amorphous white silica filler type VN3 were measured . The tear
tests were performed at different rates ranging from 0 .017 to 8.33 mm/s, at an

angle of 180' and at an ambient temperature (–23 The tear strengths of

the vulcanizates improved progressively and quite substantially with silica; a

trend which continued strongly when the amount of silica in the formulation
was increased to 50 pphr, but remained mostly unaffected by changes in the

rate of tear. For instance, the tearing energy rose by almost two orders of

magnitude, from -1 .5 to -100 kJlm 2 at a tear rate of 0 .017 mmls, when 50

pphr silica was loaded into the rubber. Likewise, the hardness of the

vulcanizates, which was measured at 24 .5 'C and a 15 s instant, was
enhanced significantly from -35 to -65 Shore A, when silica was added and

then increased progressively to its full amount in the rubbers.
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INTRODUCTION

The term reinforcement with respect to elasomers, is
often defined as the enhancement in physical and

mechanical properties such as hardness, tear strength

and abrasion . These physical effects are produced by

the inclusion of a second solid phase such as colloidal
carbon blacks and/or synthetic silicas in rubber

compounds . Silicas differ significantly from carbon

blacks both in their methods of manufacture and

chemical composition . These fillers are prepared by a
variety of techniques such as precipitation from

water-soluble silicates [I], and also from chemical

reaction between a sodium silicate solution and
sulphuric acid [2] . The surfaces of silicas possess
siloxane and'silanols chemical functional groups [3],

and the silanol or hydroxyl groups are acidic [4].
Moreover, because the surface of the filler is

(a) To whom correspondence should be addressed.
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polar and hydrophilic, there is a strong tendency to
adsorb moisture [5, 6].

Since silicas were introduced to the rubber
industry some years ago, there have been numerous
studies highlighting their reinforcing properties in
SBR vulcanizates . Dannenberg and Gotten [7] have
shown that substantial improvement in the tear
resistance and hardness of SBR vulcanizates can be
obtained with the use of silicas . Dunnom [8] and
Wagner [9] reported similar findings when they
measured the hardness of some silica-filled SBR
rubbers.

The aim of this study was to examine how a
progressively increasing amount of precipitated silica
in the formulation affected the tear strength and
hardness of some sulphur-cured SBR vulcanizates.
We were concerned chiefly with measuring the
physical effects produced by the inclusion of this
filler on these properties, and made no attempt to
investigate mechanisms of reinforcement or means by
which these effects were produced in these rubbers.
The latter will be the subject of future studies.

Theoretical Aspects
Fracture mechanics started with the original work of
Griffith [10] who proposed that a pre-existing crack
of length c in a body under tension, having linear
stress-strain relationships, extends if:

-de/dA >7

	

(1)

where : -le/dA is the energy release rate and y is the
surface free energy.

Rivlin and Thomas [I1] utilized the original
theory of Griffith and proposed the energy balance
criterion known as the fracture mechanics approach,
for studying the tearing behaviour of highly elastic
and non-linear rubbers.

The tearing energy T can be defined by the
following mathematical expression:

T =--(SU/8A)

	

(2)

where: U is the total elastic energy stored in the
specimen, A is the area of one fracture surface of the

crack, and the partial derivative indicates that the
specimen is held at constant length, 1, so that the
external forces do no work. The tearing energy, T, can
be calculated in terms of applied forces or
deformation for various test-piece geometries . The
tearing energy of a rubber is a measure of its tear
strength, and is independent of the test piece
geometry and hence can be considered to be an
intrinsic property of the vulcanizate studied [Il].

For trousers test-pieces (Figure 1) the tearing
energy is given by relation [12]

T=2FX/t-wW

	

(3)

where : F is the force applied to each leg; this is
calculated from the force versus time trace and is the
average tear force on the graph, t and w are the test-

F

F
Figure 1 . Trousers' tear test-piece.
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piece thickness and width, respectively, W the strain
energy density in the legs and ) is the extension ratio:
21. = 1 + e, where: e is the maximum strain in the legs.
When extension in the legs is ignored, as was the case
in this study, eqn (3) simplifies, since 2. -► 1 and W

0, to:

T = 2FIt

	

(4)

EXPERIMENTAL

Materials and Mixing Procedure
The raw elastomer used in this study was styrene-

butadiene rubber containing 23 .5 wt % of styrene
(SBR, Into) 1500-Enichem) with no filler, and 10, 30,
or 50 parts per hundred rubber by weight (pphr)
precipitated amorphous white silica type Ultrasil VN3
supplied by Degussa AG, Germany.

The silica was stored at 18 'C and an ambient
relative humidity of 76% for four weeks prior to use.
In addition to the elastomer and filler, some other
ingredients were also added, and are listed in Table 1.

Mixing was carried out in two stages on a
Farrel Bridge 6x12 inch two-roll open swing side
laboratory mill. A front speed of 2 ft/min and a
friction ratio of 2 were maintained during mixing.

Before mixing commenced, the temperature of

Table 1 . Recipe and mixing conditions for the compounds.

Compound designated number
Formulation (pphr) 1

	

2

	

3

	

4
Stage one mixing

Roll temperature ; 70 (C)
Raw elastomer temperature (C) 40 40 40 40
Styrene-butadiene rubber
(SBR - Intol 1500) 100 100 100 100
Zinc oxide 3 .5 3.5 3 .5 3.5
Stearic acid 2 .5 2.5 2 .5 2.5
Processing oil 5 5 5 5
(Enerflex 74)
Sentoflex 13 1 1 1 1
Precipitated silica (VN3) 0 10 30 50
Mixing time (min) 21 41 54 57
Compound temperature (C)
(when mixing ended) 64 63 65 67 .5

Stage two mixing
Roll temperature; 65 (C)
Compound temperature (C) 32 34 33 35
(when mixing started)

Santocure (CBS) 1 .1 1 .1 1 .1 1 .1
Sulphur 2 2 2 2
Mixing time (min) 5 5 5 7
Compound temperature (C) 62 59 66 64
(when mixing ended)
Total mixing time (min) 26 46 59 64

Silica properties
Moisture content (% by weight) -5 .7
Average panicle size (nm) -19
pH 5 .9

	

-
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Table 2 . The Mooney viscosities and results from the ODR tests.

Compound designated number
ML (1+4) at 100 C (Mooney units) 1

	

2

	

3

	

4

30

	

I

	

36

	

59

	

I

	

156

	

_

ODR results
Monsanto rheometer at 180 'C

Minimum viscosity (dN.m) 18 24 31 40
Maximum viscosity (dN .m) 63 63 70 88

Scorch time, te2 (min) 8 10 6 .5 8

Optimum cure time, hs (min) 20 25 78 280

Cure rate index (min') 8.3 6.7 1 .4 0.37

Type of cure (E : Equilibrium) E E E E

the rolls was raised to 70 and the raw elastomer
was placed in an oven at 40 'C for 30 min to soften it
prior to mastication on the mill.

The rubber was then recovered and placed on
the mill, and masticated for up to 8 min before adding
the ingredients. In the first stage of mixing, zinc
oxide, stearic acid, processing oil, Santoflex 13
(antidegradant), and white silica were added to the
raw elastomer and mixed . The mixing time of the
compounds with higher loading of silica increased
progressively, because it took longer times to add the
larger amounts of the filler to the elastomer on the
mill (Table 1). After the mixing ended, the compound
was removed from the mill and its temperature
measured with a thermocouple (Table I).

The compound was subsequently left at ambi-
ent temperature (–23 -C) to cool down to approx-
imately 30—35 'C, before it was re-introduced on the
mill and the accelerator and sulphur were added. We
allowed up to 7 min extra mixing time for incor-
porating these two additives (Table 1). Finally, the
compound was removed from the mil! and its
temperature was recorded (Table 1) . After mixing
ended, the compounds were stored in a freezer for 24
h before their cure properties were determined, and
then re-stored for an extra 48 h before they were
cured . The Mooney viscosities, ML (1+4), scorch
times, t,i, optimum cure times, t95 , and cure rate
indices of these compounds are shown in Table 2 . The
procedures utilized for measuring these properties

were described fully elsewhere [13], and will not be
mentioned here . Finally, the compounds were cured at
160 'C in a hydraulic press to form sheets of rubber,
9 x 9 inch in dimensions and approximately 2 .8 mm
thick, from which test-pieces for measuring tearing
energies and hardness were prepared.

Preparation of Test-pieces
Rectangular strips, 100 mm long and 30 mm wide,
were cut from the vulcanized sheets 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 trousers
test-pieces shown in Figure 1, for the tear experi-
ments . For determining the hardness of the rubbers,
samples 80 x 80 mm in dimensions, were utilized.

Test Procedure
The average particle size of the silica was measured
by -dispersing 0 .0045 g of the filler in 1 mL of
methanol by ultrasonic for 2 min and 36 s . A small
droplet of the sample was then transferred onto a
carbon grid using a pipette, and placed in a
transmission electron microscope . Some micrographs
were prepared and printed on photographic papers for
further work. A single print of magnification 100 K
was utilized for measuring the diameters of the
particles (Figure 2). The measurements were taken
manually from the print, using a statistical Ferret's
diameter [14] . In all, 115 particles were considered
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Table 3. Particle size measurements of silica.

No of particles

	

1

	

7

	

1

	

11

	

3

	

30

	

1

	

27

	

3

	

18

	

1

	

6

	

2

	

3

	

1

Diameter (nm)	 ea_ 6.7

	

10

	

11 .6

	

13.3

	

15

	

16 .7

	

18 .3

	

20

	

21 .7

	

23 .3

	

25

	

26 .7

	

30

	

33.3

	

40

(Table 3) . The average particle size was determined
using the following expression:

En, D ; /En,

	

(5)

where : n, is the number of particles of diameter D,.
For determining the hardness of the vulcaniz-

ates, two samples of rubber, each -2 .8 mm thick,
were put together to form a thicker section . The
section was then placed in a Shore A device, and the
hardness of the rubber was evaluated at 24 .5 ' C and
over a 15 s interval, after which a reading was taken.
This was repeated on six separate locations on the
sample, and an average value for the hardness was
calculated (Table 4) and plotted in Figure 3.

Silica pH was measured at 20 'C using a WPA
CD 720 pH-meter, after it was calibrated with pH 4
and 7 buffers . Silica in 5 g quantity was dispersed in
100 mL of de-ionized water, and stirred for 1 min.
The pH of the dispersion was further monitored for

Figure 2 . Print at 100 K magnification showing silica particles.

5 min until it stabilized, and finally a reading was taken,
The moisture content of the silica was deter-

mined by weighing -4 .94 g of the material, and
placing it in a vacuum oven at 110 ' C under a pressure
of 0 .04 bar equivalent to 96% vacuum for 6 h to dry.
The sample was subsequently removed from the oven,
and placed in a desiccator with fresh silica gel for 10
min to cool down . After this time elapsed, the sample
was recovered from the desiccator and immediately
weighed on an electronic balance . Finally, the weight
loss was calculated as a percentage of the initial
weight of the sample.

Trousers tear experiments, were performed at an
angle of 180 , at ambient temperature (-23 'C) and at
constant cross-head speed in a Lloyds mechanical
testing machine . In these experiments, the minimum
and maximum cross-head speeds of the machine at 2
and 1000 mm/min ; equivalent to about 0 .017 and 8 .33
mm/s tear rates, respectively, were utilized for tearing
the rubber . The length of the tear produced in the
rubber when the test-pieces were fractured, varied from
approximately 30 to 64 mm, respectively (Table 5).

In each experiment, the tearing force was
recorded with time on a chart on a linear-linear axis to
produce a trace from which a force was measured.
The traces were either grooved (Figure 4) ; produced
when the rubbers had no filler and contained a
10 pphr silica, were fractured or smooth (Figure 5);
formed when the vulcanizates with 30 and 50 pphr
silica were tested . In the former case, the first groove

Table 4 . The hardness values of the vulcanizates tested.

Vulcanizate number 1

	

2

	

3

	

4

Hardness (Shore A) 35 43 .5 55 66

35 42 55 .5 66 .5

36 .5 41 .5 54 .5 65 .5
34 .5 41 .5 54 .5 62

35 .5 41 .5 55 .5 63

35 .5 41 55 64 .5

Average (Shore A) 35 .5 -42 55 -65
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Figure 3. Hardness (Shore A) as a function of silica content

corresponding to the onset of crack-growth, and the
last groove corresponding to when test stopped or leg
break occurred, were ignored . The remaining grooves
on the trace were utilized for calculating an average
tearing force for the rubber [12] (Figure 4). In the
latter case, where the traces were smooth, the tearing
force was measured from the plateau of the traces
[12] (Figure 5).

After these measurements were completed,
force values were placed in eqn (4) to calculate
tearing energies for the vulcanizates . The tearing
energies were subsequently plotted against nominal
tear-rate, measured from one half of the cross-head
speed of the mechanical testing machine [12] to
produce energy versus tear rate profiles (Figure 6) .

150

	

F

z

Ca
a

0
0

	

Time (min)

Figure 5 . Typical record of tearing force as a function of time
for the vulcanizates with 30 and 50 pphr silica . Data for the
rubber with 50 pphr silica, T=80 kJlm 2, tear tate=8 .33 mmis.

Details of some of the tear tests performed and the
tear .behaviour of these vulcanizates are summarized
in Table 5 . After the constant rate trousers tear
experiments were completed, the fracture surfaces
were examined visually, and a few of the samples
were subsequently photographed for further work
(Figures 7 and 8).

RESULTS AND DISCUSSION

The tearing energy versus tear rate results for the
vulcanizates are shown in Figure 6 . The data are
presented on logarithmic scales in order to
accommodate many orders of magnitude in tear rate

100

1
0 .01

	

0 .1

	

1

	

10
Tear rate (mm/s)

Figure 6. Tearing energy versus tear rate for the
vulcanizetes containing: no filler ; o, 10 pphr; •, 30 pphr;
and n , 50 pphr silica.

Fe(F,*Fr+FeF4;Fs+Fs*F,)!r

0.13
Time (min)

Figure 4 . Typical record of tearing force as a function of

time for the vulcanizates with no filler and 10 pphr silica.
Data for the rubber with no silica, T = 4 .5 kJ/m2 , tear rate =
8.33 mm/s.
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Table 5 . Details of some of the tear tests and tear behaviour of the vulcanizates.

Vukanlzale
Tear rate Tearing energy

Tear path
Fracture surface

(rna
T >rhen tear fast ,(mm/a) (mm2) morphology

completed
With no silica 8.33 - 4.5 linear rough 80

1 .67 - 4.5 non-linear 35
0.25 - 3 .5 - - 32

0.05 - 2 - 37
0 .017 -1 .5 - - -

With 10 pphr silica 8 .33 - 10 nop-Ilnear rough 38

2.5 - 9 - - 38

1 .67 - 10 - - 57

0.33 -9.5 linear - 43
0 .25 -9 - - -

0 .075 -10 - - -
0.05 - 7 - - -

0 .017 -7 - - -

With 30 pphr silica
-

8 .33 - 41 non-linear smooth 60
2 .08 - 38 .5 38

1 .67 - 50 fairly smooth 45

0.29 - 44 linear - 30

0.25 - 51 - - -

0.05 - 45 - - -
0 .042 - 43 - - -

0 .017 -42 - - -

With 50 pphr silica 8 .33 - 80 Meer smooth 60

2.92 - 87 64
1 .67 - 80.5 - • 38

0 .25 -86 - - -

0 .21 -- 97 - - -

0 .05 - 89 - - -

0 .017 -98 - - -

and energy. The tear strength of the vulcanizate with
no filler improved noticeably as a function of tear
rate, and the tearing energy increased from -1 .5 to
-4 .5 kllm2, when the rate of tear was extended from
0 .017 mm/s ; the lowest rate available, to 833 mm/s;
the highest rate possible, respectively . That is to say
the energy-rate relation had a positive gradient . A
similar trend was also reported by Gent and co-
worker [15] when they measured the tear strength of
some unfilled sulphur cured SBR vulcanizates with a

sulphur to accelerator ratio of 1 .25, at different tear
rates including 0 .017 to 8 .33 mm/s . This increase in
tearing energy with rate reflected the viscous or visco-
elastic dissipation of energy during the tear process
[16] . Importance of these dissipative processes in
measuring the tearing energy of rubbers when tearing
is steady has already been discussed [17].

Tearing energy, T, which is considered as the
energy expended irreversibly in tearing, may be
attributed to the extension and rupture of the rubber in

Iranian Polymer Journal / Volume 9 Number 3 (2000) 159
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A

f .'j Fracture surtax,

Figure 7 . Typical fracture surface cor responding to rough
continuous tearing of the vulcanizates with no filler and 10
pphr silica . Data for the rubber with no silica, T 3 .5 kJlm2,
tear rate = 0 .25 mmis.

the immediate vicinity of the tip of a tear, and can be
given by the following expression [ i 2]:

T=dE

	

(6)

where d is the effective diameter of the tip of the tear
and E is the work to breaklunit volume in simple
extension for the rubber in the absence of cuts and
flaws . E may be expected to vary with the rate of
extension of the rubber during its measurement. It has
been argued [12] that when tearing starts, the rubber
at the tip of the tear is in simple extension, and the

A

(A) Fracture surface

Figure 8 . Typical fracture surface corresponding to smooth
continuous tearing of the vulcanlzates with 30 and 50 pphr
silica . Data for the rubber with 50 pphr silica . T = 80 kJlm 2,
tear rate = 8 .33 mmis.

rate of extension of the rubber will depend on the rate
of propagation of the tear.

Provided the tearing is steady and the diameter
of the tip of the tear, d, remained unchanged during
tearing ; these two conditions were satisfied in our
tearing tests (Figures 4 and 5), then T and E could be
expected to vary in a similar manner, at least quali-
tatively, with the rate of tear propagation and the rate of
extension, respectively [12] . This implied that T would
increase as a function of tear rate, and our results have
shown this to be the case (Figure 6), It is worth
mentioning that the fracture surfaces were rough and
irregular. The roughness of the fracture surface reflects
the diameter of the tip of the tear [16]. For unfilled
rubbers such as SSR, d is often about 0 .2 mm, which is
of the same order of the size of the roughness observed
on the fracture surfaces (Figure 7).

The tear behaviour of the rubber was likewise
affected by changes in the rate of tear. For example,
occasionally the tear propagated almost linearly in the
rubber (Figure 9,), and sometimes it deviated side-
ways, noticeably (Figure 9y).

When 10 pphr silica was added to the formul-
ation, the tear strength of the rubber was enhanced
largely, and the tearing energy increased to 7.3 k71m2 at
0 .017 mmis and continued rising to about 10 Urn ' at
8 .33 mmis (Figure 6) . The energy-rate relation for this
vuicanirate also had a positive gradient. It is interesting
that adding an extra 20 pphr of silica to rubber
diminished the energy-rate gradient to almost zero,
'rearing energies up to -50 kJlin2 were recorded for the
vulcanizate with 30 pphr silica, and the tear strength
was essentially independent of the rate of tear.

The vulcanizate with 50 pphr silica possessed
an even higher tear strength, with the tearing energy
increasing to -98 k11m 2 at 0 .017 mmis and gradually
diminishing to about 80 klltn 2 when the rate of tear
was extended to 8 .33 mmis . It was also evident in
Figure 6 that the energy-rate relation had a negative
gradient . It is worth noting that the fracture surfaces
of the vulcanizate with 10 pphr of silica were rough
(Figure 7), and the tear sometimes deviated sideways
(Figure 9b ) . On the other hand, the surfaces produced
when the rubbers with 30 and 50 pphr silica, were
tested were smooth (Figure 8), and likewise the tear
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A

	

area ofone fracture surface of the tear

T

	

tearing energy

r

	

surface free energy

U total elastic energy
F

	

force
t

	

thickness
w width
W

	

strain energy density

• extension ratio

e maximum strain

n number ofparticles

D

	

particle diameter
d

	

effective diameter

E work to break/unit volume of the rubber in
simple extension

REFERENCES

1. Wagner M.P ., Precipitated silicas, a compounding alternative

with impending oil shortages. Elastomerfcs, 40-44, August,

1981.

2. Glassven., Precipitated silica for tire reinforcement, Tire.

Technol. Inter, 99, 36-37. May, 1999.

3. Wolff S ., Geri U ., Wang Mi . and Wolff W., Silane modified

silicas Ear. Rub. J., 16, 16–19, 1994.

4. Hair M.L. and Heill W ., Acidity of surface hydroxyl groups, J.

Phys . Chem ., 74, 91-94, 1970.

5. Bassett D .R., Boucher E .A. and Zettlemoyer A .C ., Adsorption

studies on hydrated and dehydrated silicas, J. Colloid

Interface Sei., 27, 649–658, 1968.

6. Hockley I .A. and Pethica B.A ., Surface hydration of silicas,

Faraday Trans. Soc., 57, 2247-2262, 1961,

7. Dannenberg B .M. and Cotten G .R., L'infuence des
modifications de surface des charges sur le renforcement des

Blastomeres . 1 . Cas de la silice, Rev. Gen . Caaut. Plast. 5,

347–350, 1974.

8. Dunnom D .D., Use of Reinforcing Silicas, Rub. Age., 100, 5,

49-57, 1968.
9. Wagner M.P ., Non-black reinforcers and fillers for rubber,

Rub . World., 46-54, August . 1971.

10. Griffith A.A., The phenomena of rupture and flow in solids,

Phil. Trans., A 221, 163-198, 1920.

11. Rivlin R .S. and Thomas A .G., Rupture of rubber . I.

characteristic energy for tearing, J. Polym, Sat., 10, 291-318,

1953.
12.Greensmith H .W. and Thomas A.G ., Rupture of rubber. III.

determination of tear properties, J. Polym . Sef., 43, 189–200,

1955.

13.Ansarifar M .A., Chugh J .P. and Haghighat S ., Effects of silica

on the cure properties of some compounds of styrene-

butadiene rubber, Iran. Polym . J., 9, 2, 81-87, 2000.

14. Rhodes M.J ., (Ch. 2) Principles of Powder Technology ., John

Wiley, UK, 19-20, 1990.

15.Gent A .N . and Henry A.W., On the tear strength of rubbers,

Proc. Int. Rub. Conf., Brighton, Maclaren, London, 193-204,

1967.

16.Greensmith H.W., Mullins L . and Thomas A .G., Rupture of

rubber, Trans. Soc. Rheal., 4, 179–189,1960.

17. Mullins L., Rupture of rubber, Trans . Inst. Rub. Ind., 35,

213–222, 1959.

162

	

Iranian Polymer Journal / Volume 9 Number 3 (2000)


	page 1
	page 2
	page 3
	page 4
	page 5
	page 6
	page 7
	page 8
	page 9
	page 10

